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Some books—if I may use a comparison I have used elsewhere—must be regarded more as we regard those
cathedrals where work of many different periods is mixed and produces a total effect, admirable indeed but
never foreseen nor intended by any one of the successive builders. It is misleading to think of . . . an author
in our modern sense and throw all the earlier work into the category of ‘sources’. He is merely the last
builder, doing a few demolitions here and adding a few features there.

(C.S. Lewis, The Discarded Image—An Introduction to Medieval and
Renaissance Literature, 1964, p. 210)
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Preface

As the title suggests, this book concerns the evolu-
tionary role played by genetic exchange. In some
cases this exchange can be termed natural hybrid-
ization; for other examples it is more apropos to
refer to the process as lateral or horizontal gene
transfer, and yet for other instances the distinction
between these processes is blurred. One goal of this
work then is to exemplify the similarities—with
regard to fundamental evolutionary outcomes—of
genetic exchange, whatever its underlying mecha-
nism. I am unaware of another synthesis that has
highlighted these similarities.

One reason I have been unable to identify such a
synthesis (other than the fact that I might have
overlooked it) is that the processes of natural
hybridization and lateral gene transfer are seen as
non-overlapping in their mechanism and outcome.
Undoubtedly some of the avenues for genetic
exchange—such as introgression through sexual
recombination versus lateral gene transfer medi-
ated by transposable elements—are based on defin-
ably different molecular mechanisms. However,
even such widely different mechanisms may result
in similar effects on adaptations (new or trans-
ferred), genome evolution, population genetics,
and the evolutionary/ecological trajectory of
organisms.

A second reason, somewhat related to the first, is
an organism-biased viewpoint among some evolu-
tionary biologists. This viewpoint can be summed
up by a quote from a colleague at a recent congress
on evolutionary biology—Lateral gene transfer
occurs in microorganisms and has nothing to do
with animals. In contrast, natural hybridization
affects the latter, but not the former.” I answered this
colleague in the following manner. First, I
reminded him that genetic exchange sensu lato

could produce the same, important evolutionary
consequences, notwithstanding the underlying
mechanism causing the exchange. For example, this
is seen in the evolution of novel adaptations—
involving lateral gene transfer—leading to the flea-
borne, deadly, causative agent of plague from a
rarely fatal, orally transmitted, bacterial species. In
terms of evolutionary outcomes, this is quite simi-
lar to the adaptations accrued from natural
hybridization between annual sunflower species
resulting in the formation of several new species.
Furthermore, I pointed out that natural hybridiza-
tion and lateral gene transfer have impacted both
‘higher” and ‘lower” organisms. Consider, on the
one hand, evidence for introgressive hybridization
between the lineages leading to humans and chim-
panzees, and the impact of retroviral-like elements
on these same lineages, and on the other hand the
effect of natural hybridization and lateral gene
transfer on species of trypanosomes or yeast.

The chapter structure of this book reflects my
goal of presenting the conceptual framework indi-
cated above. This conceptual framework can be
summarized with a metaphor. Thus, instead of a
simple bifurcating tree of life, I believe that a better
metaphor for describing evolutionary diversifica-
tion is a web of life. I also believe that this is not a
novel viewpoint. The recognition of divergence
accompanied by ongoing, or at least episodic,
genetic exchange was championed in the last cen-
tury (e.g. see the work of Ledyard Stebbins and
Edgar Anderson) and is also reflected in a growing
number of contemporary, evolutionary publica-
tions. As with Darwin’s descent with modification,
a number of groups/workers in evolutionary biol-
ogy have arrived at the same conclusion nearly
simultaneously. I cover the work by many of the

vii
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groups contributing to this paradigm shift, but I
will apologize beforehand for inevitable, and
totally accidental, oversights.

Chapter 1 includes a brief history of pre-
Darwinian, evolutionary studies concerning genetic
exchange. I then turn my attention to various
organismal systems to exemplify some ways in
which post-Modern Synthesis research has been
pursued to test the evolutionary role of genetic
exchange. I have chosen examples of well-developed
evolutionary model systems including plants, ani-
mals, bacteria, and viruses. I have chosen these
as exemplars because they reflect broadly based,
in-depth studies of the possible evolutionary conse-
quences from natural hybridization and/or lateral
gene transfer. Some cases (e.g. viral lineages) also
afford the opportunity to point to the uncertainty in
categorizing them as either natural hybridization or
lateral gene transfer. This reflects a tension that I
hope to maintain throughout this book. The tension
results from the observation that these processes of
genetic exchange blend together somewhat in
terms of mechanism of occurrence and evolution-
ary outcome.

Chapter 2 introduces the topic of species con-
cepts and the study of genetic exchange. I will use
only four (biological, phylogenetic, cohesion, and
prokaryotic) of the many definitions to illustrate
how our concept of (i) what a species is and (ii) how
it originates influences what evolutionary impor-
tance (or lack there of) we ascribe to genetic
exchange. I end this chapter by suggesting how we
might use species concepts—often the bane of evo-
lutionists interested in gene exchange—to afford a
clearer understanding of the importance of natural
hybridization and lateral gene transfer.

In Chapter 3, I discuss methodologies to test the
hypothesis of genetic exchange. The goal of this
chapter is to indicate the diversity of approaches
that facilitate such tests. I begin by examining con-
flicting conclusions, drawn by different investiga-
tors, concerning the importance of gene flow in the
genus Quercus. I use this to indicate the importance
of utilizing a comparative approach when investi-
gating possible instances of genetic exchange. I
then discuss five methodologies to test for such
exchange: (i) trans-generational hybrid zone analy-
ses; (ii) estimates of phylogenetic discordance;

(iii) analyses involving gene genealogies and mod-
els of speciation; (iv) estimations of intragenomic
divergence; and (v) the application of nested clade
analysis. I review examples that highlight the
specific utility of each of these approaches.

In Chapter 4, I turn my attention to the barriers
that limit genetic exchange. The conceptual frame-
work for this chapter assumes that specific barriers
are part of a multi-tiered process. In sexually repro-
ducing organisms these barriers can be easily
placed into the categories of pre- and postzygotic.
However, even for those organisms thought to
spend most of their life history reproducing asexu-
ally (e.g. bacterial species) limits to genetic
exchange can be typified with this concept. Various
ecological, behavioral, gametic, viability, and fertil-
ity barriers can thus isolate both ‘asexual” and ‘sex-
ual” species. The model that I adopt in this chapter
is one in which multiple, life-history-stage-specific
characteristics must be overcome for gene exchange
to occur.

Chapter 5 illustrates possibly the most significant
fact highlighted in my first book, Natural
Hybridization and Evolution (1997, Oxford University
Press): hybrid genotypes, like any other set of geno-
types, demonstrate a range of fitness estimates. In
keeping with the subject of this present work, I
demonstrate this point with examples involving
natural hybridization, viral recombination, and lat-
eral gene transfer. For all classes the conclusion is
the same, some hybrid/recombinant genotypes
have lower, some the same, and others higher fit-
ness estimates relative to their progenitors.

Chapter 6 reflects a fundamentally important out-
come of genetic exchange, that of gene duplication.
As throughout this book, I consider instances where
the genetic exchange, in this case resulting in
genomic duplications, has derived from sexual
reproduction as well as other forms of recombina-
tion. I consider how genetic-exchange-induced
duplications are seen as affecting genome evolution,
gene function, adaptations and radiations of entire
clades. In keeping with the tenor of the entire book,
I emphasize evolutionarily creative outcomes that
derive from the duplication of the genomic compo-
nents of microorganisms, plants, and animals.

Chapter 7 includes examples of the effects of gene
exchange on the formation of new evolutionary



lineages. In some cases this can be viewed as the
origin of new species, in others the organisms
formed from genetic exchange are given subspecific
classifications. In some instances, the genetic
exchange event is seen to be the basal event for
entire evolutionary assemblages. Regardless of the
evolutionary timing of such events and the taxo-
nomic identity of the products, the importance
remains in the outcome: that is, novelty has been
produced, both in terms of new organisms and new
adaptations. As in other chapters, I will use exam-
ples from a wide range of microorganismic and
multicellular lineages. Furthermore, I will highlight
cases of diversification that can be placed into the
categories of polyploid, homoploid, ecological, and
recombinational speciation. Yet, as mentioned
above, I will not limit my discussion to only those
cases that involve the origin of single lineages rec-
ognized as ‘species’. Rather, I will include an array
of exemplars that reflect the diversity of outcomes
that include the formation of novel evolutionary lin-
eages and clades.

Topics in Chapter 8 include those associated with
positive and negative effects of genetic exchange on
the fate of endangered flora and fauna. In particu-
lar, I consider the role that such gene flow may have
(i) in replenishing populations with limited genetic
variability or (ii) in causing genetic assimilation of
rare forms by more numerous, related taxa. I will
argue that if evolutionary diversification is indeed
a web-like process, then we should not give weight
to whether members of one evolutionary lineage
exchange genes with another when attempting to
determine a value for conservation. Instead, we
should ask the question of whether genetic
exchange can help or hinder the conservation of
manageable units (i.e. taxa). I also examine the
hypothesis that invasive species sometimes origi-
nate through introgressive hybridization.

Chapter 9 reviews findings relating to the effect
of genetic exchange on the evolution of the human
lineage and lineages of organisms with which we
interact (e.g. disease vectors, food sources). I con-
sider fossil and genetic data that suggest gene flow
between various archaic taxa, and between archaic
taxa and anatomically modern Homo (for this section
I borrow heavily from Arnold and Meyer 2006).
I demonstrate the disastrous effects of natural
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hybridization and lateral gene transfer in disease
and disease-vector evolution. However, I also con-
sider the highly beneficial results from the same
processes in producing food products, drugs, and
even clothing. Chapter 9 concludes with a discus-
sion demonstrating that Homo sapiens has played an
active role in producing new strands of the web of
life. Our species has accomplished (and continues
to accomplish) this through the genetic modifica-
tion of microorganisms, plants, and animals. In the
past, we were limited in this exercise to methods
involving crosses between related organisms—
through introgressive hybridization. Most recently,
however, we have begun a program of lateral gene
transfer, through ‘genetic modification’, to produce
hybrids carrying genes from more and more dis-
tantly related forms.

In Chapter 10 I begin by reflecting upon the
major theme of this book: that genetic exchange is
pervasive across all biological lineages. I discuss
the implications of this regarding the tree-of-life
and web-of-life concepts. I include a discussion of
research directions that will benefit our under-
standing of the role of genetic exchange in evolu-
tion. Some of these, including the use of genomic
information to discern web processes, are gaining
momentum with the appearance of many new
data-sets. Others, such as studies that investigate
the role of ecological setting on the outcome of
genetic exchange, are rare, yet they represent
another Golden Fleece because of their potential to
yield new insights of major importance. I conclude
Chapter 10 with a quote from Darwin that (as is
usual for his writings) encapsulates the theme I try
to communicate.

There is a glossary of definitions at the back of
the book. All terms listed in the Glossary are itali-
cized in the text where they are first used.

Many undergraduate, graduate, and postgradu-
ate scholars, along with evolutionary biologist col-
leagues at the University of Georgia and elsewhere,
have provided crucial data and concepts that form
the basis of this book. I owe a huge debt to Ed
Larson—my colleague and friend—who spent
countless hours with me in discussion and writing
sessions that led to our Wilson Quarterly article in
which we summarized the concept of the web of
life. Wyatt Anderson, the late Marjorie Asmussen,
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John Avise, Jim Hamrick, Jessie Kissinger, Rodney
Mauricio, Daniel Promislow, and John Waves from
the Department of Genetics, University of Georgia,
have given much of their limited and valuable time
to discussions of the ideas presented in this book.
Over the many years of our friendships, Dan
Howard and Loren Rieseberg have given encour-
agement and guidance in the research paths taken
by my group. Much of their guidance has resulted
in the ideas and data collected in this book. The fol-
lowing graduate students and postdoctoral associ-
ates in the Department of Genetics, University of
Georgia, read, and helped revise, portions of this
book: Scott Cornman, Eleanor Kuntz, Noland
Martin, Monica Poelchau, Jeff Ross-Ibarra, and
Scott Small. Paul Harvey and Peter Holland of the
University of Oxford graciously expended much
time and effort that resulted in my Visiting

Research Fellowship at Merton College, Oxford. Ian
Sherman, Abbie Headon, Kerstin Demata, and
Stefanie Gehrig provided invaluable editorial sup-
port at all stages of this project. During the writing
of this book, I have been supported financially by a
grant from the National Science Foundation (DEB-
0345123). Finally, I take full responsibility for any
mistakes or omissions in this text.

As with my first book, I must direct most of my
thanks and praise to my wife Frances and my
children—now adults—Brian and Jenny. Without
their continuous love and support, without their
understanding and patience, without their encour-
agement and faith in my ability to do what I
thought impossible—that is, to write books—this
project would not have even been contemplated. As
with Natural Hybridization and Evolution, I dedicate
this book to them.
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CHAPTER 1

History of investigations

The large number of cases of introgression [reported led to the complaint] that we ‘were seeing
hybrids under every bush’. The truth of the matter was that we had learned under exactly which
bush to look.

(Anderson 1951)

... hybridization between species or near-species can provide the genetic variation necessary for
natural selection to produce a new adaptive norm.
(Lewontin and Birch 1966)

On a phylogenetic time scale, lateral transfer is one cause of reticulate evolution that can result in
inconsistencies in taxonomic relationships.

(Kidwell 1993)

Horizontal transfer, even at very low levels, produces a mosaic chromosome comprised of genes
of differing ancestries and durations in the genome.

(Lawrence and Ochman 1998)

This tree-of-life notion of evolution attained near-iconic status in the mid-20th century with the
modern neo-Darwinian synthesis in biology. But over the past 15 years, new discoveries have led
many evolutionary biologists to conclude that the concept is seriously misleading and, in the case
of some evolutionary developments, just plain wrong. Evolution, they say, is better seen as a

tangled web.

1.1 Pre-Darwin, Darwin, the Modern
Synthesis and genetic exchange:
development of a paradigm

The role of genetic exchange in evolution has been
of intense interest and debate for at least a century.
However, the accumulation of data sets, the
consideration of new models, and the resurrection
of old models has led to a paradigm shift, reflected
by an appreciation of the importance of gene
transfer. In spite of this, arguments emphasizing an
unimportant role for genetic exchange are still
reflected in recent evolutionary literature (e.g.
Coyne and Orr 2004). The goal of this text is to
highlight numerous examples that illustrate the
widespread and significant impact from the

(Arnold and Larson 2004)

various mechanisms of genetic exchange on organ-
ismal evolution (i.e. molecular to phenotypic).
Considerations of the relative importance of
genetic exchange began with conceptualizations
and studies concerning the evolutionary role of
natural hybridization (see the Glossary for a defini-
tion). Much later came the recognition of the addi-
tional pervasiveness of lateral or horizontal gene
transfer (Katz 2002; Zhaxybayeva et al. 2004; Beiko
et al. 2005; Gogarten and Townsend 2005; Obornik
and Green 2005; Simonson et al. 2005; Serensen et al.
2005; Shutt and Gray 2006). Although mythological
‘hybrids’ are legion in Greek, Egyptian, and Hindu
writings and art, scientific investigations into the
process and products of natural hybridization are
not seen clearly until the mid-eighteenth century

1



2 EVOLUTION THROUGH GENETIC EXCHANGE

and the work of Linnaeus. Linnaeus believed in a
Special Creation model for the origin of species.
Surprisingly, he also held that species could arise
through hybridization (i.e. hybrid speciation)
between previously created forms. In this regard,
he wrote in his Disquisitio de Sexu Plantarum (1760;
as cited by Grant 1981, p. 245), ‘It is impossible to
doubt that there are new species produced by
hybrid generation.” Just over 100 years later, the
German botanist Joseph Kolreuter studied the
consequences of experimental hybridization in
plants. Kolreuter (as referenced by Darwin
1859, pp. 246-247) found that hybrids from het-
erospecific crosses were often sterile, a result that
cast doubt on the possibility of hybrid species forma-
tion. As with Kolreuter, Darwin seemed most
impressed by the fact that heterospecific crosses
were difficult to form and that the offspring from
such crosses (i.e. ‘mongrels’) were generally highly
infertile. Such observations led Darwin to conclude
that the most likely outcome of natural hybridiza-
tion would be the rare production of hybrid off-
spring with uniformly low fitness, and thus
reflected an evolutionary dead-end (Darwin 1859,
pp- 276-277).

The view of genetic exchange (in particular, natural
hybridization) as an evolutionarily important process
came to be championed by workers such as the
Dutch botanist Johannes Lotsy in the period between
the publication of On the Origin of Species and the neo-
Darwinian synthesis. Unlike Kélreuter and Darwin,
Lotsy (1931) envisioned natural hybridization as the
primary mechanism for evolutionary change.
Specifically, Lotsy (1931) hypothesized that new taxa
originated from the interbreeding of individuals
from different syngameons ('...an habitually inter-
breeding community ...", Lotsy 1931, p. 3), and not
from the gradual accumulation of heritable differ-
ences. In contrast, the advent of the neo-Darwinian
synthesis, or Modern Synthesis ushered, in a concep-
tual framework unfavorable to an appreciation for
the role of reticulate evolution. As the concepts of the
Modern Synthesis took root and spread—
particularly through the writings of Ernst Mayr and
Theodosius Dobzhansky—the viewpoint that evolu-
tionary diversification resulted almost entirely
through allopatric divergence (i.e. in the absence of
gene flow) became entrenched. Furthermore, if it did
occur, genetic exchange (once again in regard to

natural hybridization) was seen as an epiphenome-
non of ‘normal” evolutionary processes. Mayr voiced
the viewpoint of many evolutionary zoologists in the
following ways: ‘Successful hybridization is indeed
a rare phenomenon among animals’ and “.. . avail-
able evidence contradicts the assumption that
hybridization plays a major evolutionary role...
(Mayr 1963, p. 133).

Yet, simultaneously with the establishment of the
paradigm that gene exchange was of little signifi-
cance for animals, workers in botanical systems
were finding evidence for its widespread and
important role in diversification and adaptation.
Edgar Anderson and Ledyard Stebbins, in particu-
lar, formulated arguments concerning the effects of
genetic exchange and then demonstrated experi-
mentally the effect of natural hybridization on the
evolutionary trajectory of numerous plant assem-
blages. Anderson highlighted, for example, the key
importance of environmental disturbance as a
cause of introgressive hybridization (Anderson 1948;
see also de Kort et al. 2002a, b for an example of
introgressive hybridization due to habitat modifi-
cation). Anderson (1949) also predicted future
results demonstrating the role of adaptive trait
transfer in producing introgressed forms capable of
invading novel habitats (e.g. Figure 1.1; Lewontin
and Birch 1966).

Though possibly not a part of his consideration,
Anderson also presaged the understanding of how
such adaptations might form in microorganisms
through the processes of lateral gene transfer, viral
recombination, etc. Indeed, the occurrence of new
adaptations through genetic exchange between
microorganisms became evident at this time (i.e.
the 1950s) with the discovery that bacteria could
acquire multiple antibiotic resistances through
lateral gene transfer (Ochman ef al. 2000). However,
it would take approximately 40 years, and the
advent of multiple-gene genealogies, before it
was understood that genetic exchange among
microorganisms was rampant, and of fundamental
evolutionary importance (Boucher et al. 2003;
Olendzenski et al. 2004; Ochman et al. 2005;
Simonson et al. 2005). Like studies of eukaryotes,
genetic exchange involving members of the other
domains of life was detectable by non-concordance
between phylogenies constructed using different
genes. This non-concordance indicated that a large
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Distribution of the Queensland fruit fly, Dacus tryoni (now Bactrocera tryoni). This species has extended its range during the past 150

years to include locations east of the dashed line. This range expansion is hypothesized to be the result of the introgression of genes from Dacus
neohumeralis (now Bactrocera neohumeralis) controlling adaptations to the colder climates (from Lewontin and Birch 1966).

fraction of the genomes of microorganisms had
been acquired laterally from other taxa (see
Doolittle 1999 for a review). Yet, between the
discovery of the transfer of antibiotic resistance and
the collection of genomic data in the 1980s and
1990s, the evolutionary impact of genetic exchange

among microorganisms was thought to be slight
(Simonson ef al. 2005).

Like Anderson, Ledyard Stebbins emphasized
the role of natural hybridization in affecting the
evolution of plant species. In 1954, in a classic paper
entitled ‘Natural hybridization as an evolutionary
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stimulus’, Stebbins, with Anderson, argued that
natural hybridization was of widespread and fun-
damental importance for the formation of novel
adaptations and new evolutionary lineages
(Anderson and Stebbins 1954). Furthermore,
Stebbins proposed that allopolyploid species made up
a large proportion of flowering plants (Stebbins
1947). It may seem somewhat surprising then that
evolutionary biologists in general were seen to
endorse a negative outlook on the evolutionary role
of genetic exchange, especially given that Stebbins
was recognized as one of the architects of the
Modern Synthesis. Yet, as the synthesis hardened
this was the scientific atmosphere.

I'have argued elsewhere (e.g. Arnold 1997, p. 13)
that this negative viewpoint has as much to do with
sociology and philosophy as it does with biology.
Thus I believe that two philosophical issues have
resulted in the conclusion that natural hybridiza-
tion is inherently deleterious. The first of these is
the fact that genetic exchange may prevent system-
atic/taxonomic treatments from being sharply
defined. It is much more satisfying to have multi-
ple, resolved, and concordant phylogenies.
Reticulate events may derail these analyses by lead-
ing to non-concordant phylogenetic hypotheses
(e.g. Rieseberg et al. 1990b; but see McDade 1992).
The second factor affecting negative viewpoints
toward the role of genetic exchange can be couched
in terms of violations of species integrity. Paterson
(1985) reflected a similar conclusion when stating,
‘In English, notice how approbative are words such
as “pure”, “purebred”, “thoroughbred” and how
pejorative are those like . . .“hybrid”. Such cultural
biases . .. might well predispose the unwary to
favour ideas like that of “isolating mechanisms”
with the role of “protecting the integrity of
species” ’. Natural hybridization is seen as a breach
in this integrity.

However, the above does not explain fully why
the Modern Synthesis was a watershed for the
reaffirmation of the opinion voiced by Kolreuter
and Darwin, especially in the face of so much
evidence of the evolutionary role played by genetic
exchange. I believe that one explanation for this turn
of events lies in the profligacy of publications by
Mayr and Dobzhansky. Their emphasis on
allopatric divergence, with little or no role for

diversification concurrent with genetic exchange,
was the most widely publicized and well-known
paradigm. As a result, I would suggest that there
has been an attempt by many to explain the evolu-
tionary pattern of all organisms with a narrowly
based, zoological paradigm. I will argue in later
chapters that the effects from web processes (i.e.
genetic exchange due to introgression, viral recom-
bination, and lateral gene transfer) are replete in
animal species as well, in this case mediated by
introgressive hybridization. However, until recently
this has not been a well-appreciated fact, as reflected
by the following two quotes penned by evolution-
ary zoologists: ‘Botanists recognize the importance
of introgressive hybridization in evolution. Our
results . .. indicate that zoologists must do the
same’ (Dowling and DeMarais 1993) and ‘Today,
DNA sequence data and other molecular methods
are beginning to show that limited invasions of the
genome are widespread, with potentially important
consequences in evolutionary biology, speciation,
biodiversity, and conservation” (Mallet 2005).

At the end of the time period encapsulating the
Modern Synthesis (c.1950) the tenets that species
arise in allopatry, through the gradual accumula-
tion of mutations, and that the evolutionary history
of species complexes does not include the exchange
of genetic material were established. In the ensuing
decades, this viewpoint, though not well supported
by data from plants and microorganisms—nor, as
recognized later, by already existing data from
many animal groups (Arnold 1997)—was adopted
as fact. This in turn had (and continues to have) an
effect on how subsequent analyses were designed
and what conclusions were drawn (e.g. see Barton
and Hewitt 1985 and Coyne and Orr 2004 for
examples of such approaches in studies of genetic
exchange). For example, a recent study of the two
sister species, Drosophila yakuba and Drosophila
santomea, found that the mitochondrial DNA of the
former species has replaced that of the latter
through introgressive hybridization (Llopart et al.
2005). Furthermore, this same analysis detected
‘significant introgression’ for two of 28 (7%) of the
nuclear loci studied. In spite of their findings of
such high levels of introgression, Llopart et al.
(2005) adopted the classical argument that “. . . gene
flow has not been extensive . . .".



In contrast to the above, studies of some species
complexes have indeed been couched in terms of a
web-of-life rather than a tree-of-life metaphor (see
Arnold 1997 for a review), while others were
designed with an appreciation of both metaphors.
The following examples illustrate the type of study
that has informed an understanding of the dual
processes of genetic exchange and evolutionary
diversification. I use these examples for two
purposes. The first purpose is to exemplify the
scientific development of four species complexes—
including plants, bacteria, animals, and viruses—as
model systems for studying genetic exchange dur-
ing the post-Modern Synthesis period. The second
purpose is to demonstrate the similarity in out-
comes, in terms of genetic structure and evolution-
ary trajectory, resulting from genetic exchange
mediated by such diverse mechanisms as sexual
reproduction, lateral gene transfer, and viral recom-
bination. For the microorganisms, the literature
reviewed is very recent. This reflects the general
lack of an appreciation for the extent of genetic
exchange (in the form of lateral gene transfer and
viral recombination) that has occurred among
microorganisms until relatively recently (the late
1980s).

1.2 Post-Modern Synthesis: case studies
of genetic exchange

1.2.1 Louisiana irises

Taxonomic uncertainty fuels evolutionary clarification

In 1931, a paper appeared in the Contributions of
the New York Botanical Gardens. Entitled ‘Botanical
interpretation of the Iridaceous plants of the
Gulf States’, and authored by J.K. Small and
E.J. Alexander, this paper was the stimulus for an
entire scientific cottage industry reflected in studies
by research groups now spanning seven decades
(e.g. Viosca 1935; Foster 1937; Riley 1938, 1939,
1942, 1943a, b; Randolph et al. 1961, 1967; Bennett
and Grace 1990; Arnold et al. 1990a; Cruzan and
Arnold 1993; Carney et al. 1994; Burke et al. 1998a,
b; Johnston et al. 2004; Bouck et al. 2005; Martin et al.
2005). The focus of Small and Alexander’s (1931)
study was the plant group commonly known as the
Louisiana irises. Ironically, Small and Alexander’s
main conclusion—that there existed over 80 species
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of Louisiana iris within the confines of Louisiana—
was demonstrably wrong. Instead, Small and
Alexander had discovered, and named in some
detail, products of introgressive hybridization
between three morphologically, developmentally,
reproductively, and ecologically definable species
(Viosca 1935; Foster 1937; Riley 1938). Although
Small and Alexander’s taxonomic work was
flawed, their studies resulted in recognition of the
Louisiana irises as an excellent example of the evo-
lutionary effects arising from web processes.
Specifically, these species occupy a fundamentally
important scientific and historical niche as the
exemplar of Edgar Anderson for the process of
introgressive hybridization (Anderson 1949).

In rapid succession, Viosca (1935), Foster (1937),
and Riley (1938, 1939, 1942, 1943a, b) responded to
Small and Alexander’s (1931) taxonomic treatment
with overwhelming evidence that the majority of
‘species’ named by them were actually recombinant
(i.e. hybrid) genotypes (e.g. Figure 1.2; Riley 1938).
The data generated by Viosca, Foster, and Riley
demonstrated that three species, Iris fulva, Iris brevi-
caulis, and Iris hexagona, had hybridized naturally
to form the 70 or more remaining forms described
by Small and Alexander (1931). Comparisons of
these species showed differences in pollinators,
ecological setting, and flowering seasons. However,
when in sympatry, I. fulva, I. brevicaulis and I. hexa-
gona formed hybrid zones (Viosca 1935; Riley 1938).
This then was the explanation for the many forms
recognized by Small and Alexander (Figure 1.2).

Edgar Anderson published his classic
Introgressive Hybridization (Anderson 1949) subse-
quent to the initial flurry of research regarding the
number of Louisiana iris species. In the first chapter
of his book, Anderson chose the morphological
characters (Figure 1.2) described by Riley (1938)
to illustrate the process of introgressive hybridiza-
tion (i.e. ‘introgression’; Anderson and Hubricht
1938). In an earlier paper Anderson (1948) had
used these same species to exemplify the effect of
human disturbance on introgression. In both of
these treatments, Anderson proposed a significant
role for hybridization in the evolutionary history
of Louisiana iris species. In particular, he con-
cluded that natural hybridization had resulted in
introgression. Anderson held that the general
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Figure 1.2  Character index distribution for populations of
Louisiana irises. Each population (i.e. F, G, H1, H2) demonstrates
admixtures of characters from Iris fulva and Iris hexagona var.
giganticaerulea. A character index score of 0 indicates /. fulva
individuals, a score of 17 typifies I. hexagona var. giganticaerulea plants
and intermediate scores reflect hybrid genotypes. The hybrid plants
possess morphologies typical of plants listed as different species by
Small and Alexander (1931) (from Riley 1938).

significance of introgression was to greatly increase
the ’...variation in the participating species ...’
and thus “. .. far outweigh the immediate effects of
gene mutation” (Anderson 1949, pp. 61-62).
Anderson’s viewpoint concerning the evolutionary
importance of mnatural hybridization in the
Louisiana irises (and other species; Anderson 1949)
rested on his conclusion that introgression had
impacted the gene pools of the hybridizing species.

On the second page of Introgressive Hybridization
Anderson stated, ‘Riley, Foster, Viosca, and
Anderson are in virtual agreement concerning the
following account. ... This ‘account’ referred to
the description of introgression in the Louisiana
irises. One name omitted was that of L.F. Randolph.
Yet, data from a cytological study by Randolph
(1934) were cited in the same paragraph containing

Species A

Species B
— >

Figure 1.3  Expected morphological distributions for parental
species, F, and later-generation hybrid individuals. The filled regions
indicate parental and F, morphologies, while the stippled areas
indicate later-generation hybrid phenotypes. The arrows beneath the
distributions indicate the taxonomic descriptions of individuals
possessing the various morphologies (from Anderson and Hubricht
1938).

the affirmation of agreement among the other
authors. I have suggested previously that, at the
time of publication of Anderson’s book, Randolph
may already have held a contrary viewpoint
concerning the importance of introgressive
hybridization among these species. Regardless,
Randolph’s  publication, entitled ‘Negative
evidence of introgression affecting the stability of
Louisiana iris species’ (Randolph et al. 1967),
indicated clearly his opposition to the conclusions
drawn by Anderson (Arnold 1994). Randolph’s
paper reported morphological—with limited
pollen fertility—data for populations of I fulva,
I. brevicaulis, I. hexagona, and their natural hybrids. In
contrast to Anderson (1949), the results from the
morphological and pollen fertility studies led
Randolph et al. (1967) to conclude that there
was only localized hybridization and introgression
between all of the Louisiana iris species.
Randolph et al. (1967) thus concluded that natural
hybridization among the Louisiana irises was not a
‘typical example” of an extensive, and evolutionar-
ily important, role for introgressive hybridization.
One explanation for the opposing conclusions of
Anderson and Randolph lay in the lack of resolving
power afforded by the data sets used by both
research groups. Anderson and Hubricht (1938)
had discussed such a lack of power for detecting
introgression when using quantitative (e.g. mor-
phological) traits (Figure 1.3). They emphasized
that the effect of repeated backcrossing between
hybrids and parental taxa was to transfer a small
proportion of genetic material from one species into
another (i.e. introgression). Such transfer might



Figure 1.4 Proportion of /. fulva (filled) and /. hexagona (unfilled)
genetic markers in 10 Louisiana iris populations. Each pie diagram
represents a separate population sample. /. fulva populations 1-3 and
I. hexagona populations 4—7 show no evidence of introgression.
However, the morphologically /. fulva-like population 9 and

. hexagona-like population 10 reflect the effect of introgressive
hybridization, as does the contemporary hybrid zone (population 8;
from Amold et al. 1990a).

result in evolutionarily novel and important
genotypes (Anderson and Hubricht 1938; Anderson
1949; Anderson and Stebbins 1954; Lewontin and
Birch 1966; Chiba 2005). However, the ‘... wider
spread of a few genes . . . might well be impercepti-
ble ..." (Anderson 1949, p. 102). Thus for Anderson
and Randolph, the available methodologies made it
problematic to test whether introgression had
affected greatly the evolution of the Louisiana
irises. The test of the alternate viewpoints would
await the availability of discrete molecular
markers.

The evolutionary genetics of introgression and

hybrid speciation

The joining of the necessary genetic markers with a
research program interested in the evolutionary
role of genetic exchange occurred during the late
1980s. These initial studies supported Anderson’s
contention (Anderson 1948, 1949) that introgression
had indeed impacted greatly this species complex
(Figure 1.4; Arnold et al. 1990a). We were thus able
to find genetic footprints of past and ongoing
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introgression between each of the three species,
L fulva, 1. brevicaulis and I. hexagona (Figure 1.4;
Arnold ef al. 1990a, b; Nason et al. 1992).

The initial genetic surveys led to further analyses
by which we dissected the effects of the two
avenues for gene exchange in plants (i.e. seed and
pollen) in causing the observed introgression.
Either mode was seen as possible/probable for the
Louisiana iris species; all species possess buoyant
seeds that float in the bayous and marshes of their
native habitats and have pollen vectors (bumble-
bees and hummingbirds) capable of long-distance
flights between allopatric populations (Viosca 1935;
Emms and Arnold 2000; Wesselingh and Arnold
2000). Inferring seed movement was made possible
through assays of the maternally transmitted
chloroplast DNA (cpDNA; Arnold et al. 1991;
Cruzan et al. 1993). We were therefore able to use
the cpDNA as a seed parent-specific (i.e. maternal)
marker, and the biparentally inherited, nuclear
markers as monitors of pollen flow. Used in
concert, data from these marker systems supported
the hypothesis of introgression being initiated first
by direct pollen flow between the species, rather
than by seed dispersal, followed by pollen
exchange (Figure 1.5; Arnold et al. 1991, 1992;
Arnold 1993; Arnold and Bennett 1993).

As discussed above, Randolph discounted the
effects from introgressive hybridization among
the Louisiana iris species. However, he did posit a
hybrid origin for a species he designated, Iris
nelsonii. Randolph (1966) demonstrated a natural-
ist’s eye when he described I. nelsonii, on the basis
of limited habitat, cytological, and morphological
evidence, as a tri-hybrid product of I fulva,
I brevicaulis, and I. hexagona. When our group
tested this hypothesis using species-specific nuclear
(ribosomal DNA, restriction fragment length
polymorphisms (RFLPs), randomly amplified poly-
morphic DNAs (RAPDs), and allozymes) and cyto-
plasmic (cpDNA) markers, Randolph’s insightful
description of the derivation of I nelsonii was
supported (Arnold et al. 1991; Arnold 1993).

Pre-zygotic barriers to F, formation

A failed experiment led to a series of investigations
into the cascade of barriers that limit reproduction
among L fulva, I. brevicaulis and I. hexagona. In an
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Figure 1.5 Distribution of species-specific nuclear (RAPD) and chloroplast (cpDNA) markers in a Louisiana iris hybrid zone involving /. fulva,

. brevicaulis, and I. hexagona. Each pie diagram represents a single plant. Though nuclear markers introgress freely, the cpDNA markers are restricted
in their distribution as indicated by the lack of cpDNA introgression between the A and B portions of this zone, even though the distance between
these subpopulations is only approx. 30 m. This indicates the restricted amount of seed-mediated relative to pollen-mediated introgression (from

Arnold 1993).

effort to simulate the evolution of a hybrid zone, a
mixed population of I. fulva and I. hexagona was
established by introducing 200 individuals of the
latter species into a natural population of I. fulva.
The experimental design incorporated the natural
transfer of pollen by bumblebees and humming-
birds within and between the two species.
Surprisingly, the expected high-frequency produc-
tion of F, hybrids was not obtained. Over the 3-year
study we instead observed only 0.03 and 0.74% F
seeds from I. fulva and I. hexagona fruits, respect-
ively. Furthermore, no F, or later-generation hybrid
plants became established in this mixed population
(Hodges et al. 1996). In contrast, numerous (Arnold
et al. 1990a, b, 1992; Nason et al. 1992; Arnold 1993;
Cruzan and Arnold 1993, 1994; Johnston et al. 2001)

analyses of natural hybrid zones involving various
combinations of I. fulva, I. brevicaulis, and I. hexag-
ona detected hundreds of genotypes consistent with
advanced-generation (i.e. BC,, BC,, F,, F,, etc), but
not F,-generation hybrids. These combined results
suggested the need for a series of studies designed
to test for pre- and post-pollination reproductive
barriers to F; formation. I will discuss the results of
these analyses in Chapter 4 of this volume in the
context of illustrating reproductive isolation as a
multi-staged process. In short, we found that both
and gamete competition
affected the production of both F, and later-genera-
tion hybrid individuals (e.g. Carney et al. 1994;
Emms and Arnold 2000; Wesselingh and Arnold
2000).

pollinator preferences



Hybrid zone evolution

The discovery of Louisiana iris hybrid zones,
replete with later-generation hybrid genotypes,
suggested that post-F, hybrid plants should be
formed at significantly higher frequencies relative
to the F, generation (Arnold 1994, 2000). The dis-
covery of a high frequency of adult plants in
natural hybrid zones demonstrating later-
generation hybrid genotypes is consistent with this
hypothesis. We also chose to test experimentally
whether the formation of first-generation backcross
progeny (i.e. BC,) and second filial generation (i.e.
F,) hybrid progeny demonstrated a relaxation of
the constraints apparent for the F, generation. To do
this, artificially produced F, plants were introduced
into an I fulva/l. hexagona mixed population
(Hodges et al. 1996) monitored previously for the
frequency of F, formation (Arnold et al. 1993). In all,
100 F, rhizomes were planted in this mixed
population (Hodges et al. 1996).

There was an enormous disparity in the number
of parental and F, flowers produced during this
flowering season (i.e. >1500 parental compared
with 34 F)). It thus seemed unlikely that the F,
individuals would act as the pollen parent for more
seeds on the parental flowers than would the more
numerous, alternate  parental individuals.
However, this was exactly what Hodges et al. (1996)
discovered. The frequencies of F, offspring formed
in I. hexagona and I. fulva fruits were 0.74 and 0.03%,
respectively. In contrast, the percentage of BC,
progeny formed on I. hexagona and I. fulva were 6.9
and 1.7%, respectively. The extremely rare F,
flowers, relative to parental flowers, caused an
order of magnitude or more increase in hybrid
production in the fruits of the two parental species
(Hodges et al. 1996). This finding was consistent
with the hypothesis that the formation and estab-
lishment of F, hybrids between the Louisiana iris
species was the bottleneck for hybridization,
introgression, and hybrid speciation. However,
once this rare event occurred, the F,-generation
plants functioned as a substantial bridge for further
genetic exchange and evolutionary diversification
(Arnold 2000).

In Louisiana irises, there appears to be a relax-
ation of the barrier for genetic exchange subsequent
to the F, generation. However, we have collected
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numerous data with regard to mating patterns and
hybrid zone structure that detected factors that lim-
ited which later-generation hybrid genotypes con-
tributed to further evolutionary innovations. In
particular, the Louisiana iris parental and hybrid
populations are genetically structured by wide-
spread asexual reproduction (i.e. from rhizomatous
spread; Burke et al. 2000a; Cornman et al. 2004). This
asexual reproduction results in copies of identical
genotypes distributed in natural iris populations.
Such clonal reproduction could affect hybrid zone
evolution if sexual reproduction occurred most
often between genotypically similar or identical
individuals. Cruzan and Arnold (1994), Hodges
et al. (1996), and Cornman et al. (2004) did indeed
find evidence for a higher than expected frequency
of matings between similar hybrid genotypes. In
addition, evidence of post-zygotic selection, result-
ing in hybrid zones with fewer and more similar
hybrid genotypes than expected, was also discov-
ered (Cruzan and Arnold 1994; Cornman et al.
2004).

Taken together, the above studies suggest that (i)
the F, generation is the most restrictive sieve for the
establishment of genetic exchange among I. fulva,
L brevicaulis, and I. hexagona and (ii) F, BC,, and
later-generation hybrids are formed at significantly
higher frequencies than F, progeny, but that (iii)
genetic structuring caused by clonal reproduction
and post-zygotic selection, leading to a higher fre-
quency of recruitment of similar genotypes, limits
the genotypic complexity of hybrid zones.

Hybrid fitness

It has been argued for decades that natural
hybridization between divergent populations of
animals is an evolutionary deadend . .. A common
rationale for this conclusion is the view that the out-
come of hybridization episodes is governed by
selection against hybrids independent of the envi-
ronment. Although some plant biologists (e.g.
Anderson 1949; Stebbins 1959) have been more
open to environment-dependent models of hybrid
zone evolution, process-oriented studies of plant
hybrid populations have been few. This has
resulted in a dearth in our understanding of pat-
terns of hybrid fitness and the importance of
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environment-dependent selection in plants (Arnold
1997; p. 113).

This statement is now only partially correct. First,
though some authors—zoologists in particular—
still argue for its lack of importance in the evolu-
tionary history of many, if not most, organisms (e.g.
Schemske 2000; Coyne and Orr 2004), more and
more researchers have discovered patterns that
suggest a major role for genetic exchange in evolu-
tionary diversification (e.g. see Arnold 2004a,
b; Arnold et al. 2004; Seehausen 2004; Mallet 2005
for reviews). In addition, we now have extensive,
process-oriented studies of natural hybridization in
plants. In particular there are numerous studies
that provide estimates of the fitness of hybrids as it
relates to introgression and hybrid speciation (e.g.
Schweitzer et al. 2002; Fritz et al. 2003; Rieseberg
et al. 2003). However, the above quote reflects well
the need for more of such data sets in order to test
(i) the appropriateness of various hybrid zone
models, (ii) the role of natural hybridization in the
evolution of plant lineages, and (iii) the impact of
web-like processes in the evolution of organisms in
general (Arnold and Larson 2004).

With regard to analyses involving the Louisiana
iris species complex, hybrid fitness has been
estimated in a number of ways. The motivation for
these studies was the recognition of the part played
by hybrid fitness estimates (or assumptions) in
assessments of the evolutionary importance of
genetic exchange mediated by natural hybridiza-
tion (Arnold 1992, 1997; Arnold and Hodges 1995).
Though no single study has produced measure-
ments of lifetime fitness for Louisiana irises—some-
thing difficult, or impossible, to accomplish for
long-lived genotypes that can potentially maintain
themselves indefinitely through asexual reproduc-
tion (e.g. Burke et al. 2000a; Cornman et al. 2004)—
fitness estimates have been generated for multiple
life-history stages and for numerous parental and
hybrid genotypes. These experiments have
detected the following: (i) differential seed viability
correlated with various hybrid and parental classes
(Cruzan and Arnold 1994); (ii) habitat-dependent
and -independent fitness values for hybrid and
parental species’ genotypes (Emms and Arnold
1997; Burke et al. 1998a, b; Emms and Arnold 2000;

Wesselingh and Arnold 2000; Johnston et al. 2001,
2003; Cornman et al. 2004; Bouck et al. 2005; Martin
et al. 2005); and (iii) high relative fitness due to het-
erosis and transgressive segregation for certain
hybrid genotypes (Burke et al. 1998a; Johnston et al.
2004). Overall these investigations into the relative
fitness of Louisiana iris genotypes demonstrate that
different hybrid and parental genotypes can
demonstrate a range of fitness values (e.g.
Figure 1.6; Johnston et al. 2003). In some instances
relative fitness is environment-dependent, and in
other instances it is not. A fair proportion of hybrid
genotypes demonstrate high relative fitness regard-
less of environment while other classes of hybrid
genotypes possess relatively low fitness, also
regardless of the environmental setting. Unlike ear-
lier (Darwin 1859; Mayr 1963) and more recent
(Coyne and Orr 2004) conceptualizations, our stud-
ies thus indicate that many hybrid genotypes
demonstrate high fitness when compared to their
parents.

Consistent with the findings from the studies of
Louisiana irises (Randolph 1966; Arnold 1993),
there are numerous examples of lineages receiving
genetic material through sexual reproduction, other
forms of recombination (e.g. that found in viruses),
or horizontal transfer, resulting in the expression of
novel adaptations (Figure 1.7). Particularly striking
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Figure 1.6 Proportion of seeds that germinated in four genotypic
classes of Louisiana iris (IB, /. brevicauls; IF, I. fulva; two F, hybrid
crosses, F,F, F, plants formed using F, plants with /. fulva cytoplasm;
F,B, F, plants formed using F, plants with /. brevicaulis cytoplasm). All
data shown were from a single soil moisture treatment (i.e. moist).
Letters indicate results from means comparisons within each light
treatment (from Johnston et al. 2003).
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Figure 1.7 Phylogenetic relationships and characteristic traits of various bacterial species. + indicates the presence and — the absence of a
trait in more than 85% of the strains of a given species. Genes contributing to the species-specific characteristics have been acquired through

horizontal transfer (from Ochman et al. 2000).

examples of acquisition of novel adaptations can be
seen in human pathogens, such as plague.
Furthermore, this organism is an excellent example
of the debate over the relative importance of
genetic exchange versus other processes, like point
mutations and gene silencing, in the development
of adaptations necessary for the invasion of new
habitats. In the case of pathogens, the expression of
the novel adaptations causes a novel set of patholo-
gies in host species.

1.2.2 Plague

Yersinia pestis: microevolution and origin

Alexandre Yersin is credited with isolating the
causative agent for plague (his namesake, Yersinia
pestis) in 1894 (Perry and Fetherston 1997). As the
announcement of the discovery was being made,
the third pandemic of plague, this time originating
in China and spreading along shipping routes that
intersected Hong Kong, was underway (Achtman
et al. 1999). The death toll from plague, at least
during recorded history, has been estimated at
approx. 200 million (Perry and Fetherston 1997).
A large proportion of these fatalities occurred dur-
ing the three pandemics that swept through differ-
ent portions of the known world: (i) the Justinian
plague from 541 to 544 AD in the Mediterranean
basin, Mediterranean Europe, and the Middle East;

(ii) the European Black Death from 1347 to 1351 AD
(followed by epidemic cycles until the nineteenth
century); and (iii) the pandemic begun in the
Yiinnan province of China around 1855 that subse-
quently spread via steamship routes to Africa,
Australia, Europe, Hawaii, India, Japan, the Middle
East, the Philippines, North America, and South
America (Perry and Fetherston 1997). Significantly,
Y. pestis is now well defined as a derivative of the
rarely lethal, enteric bacterial species Yersinia pseudo-
tuberculosis (Achtman et al. 1999, 2004; Parkhill et al.
2001; Chain et al. 2004). In the context of this book,
the question we need to ask is, did genetic transfer
play a role in the evolution of this pathogen? More
specifically, did genetic transfer result in the origin
of adaptations necessary for the ecological shift
from a gastrointestinal bacterial species, transferred
through contaminated food and water, into a
‘systemic invasive infectious’ disease-causing
pathogen (Parkhill ef al. 2001) transferred either sub-
cutaneously by an insect intermediate or through
the air by infected humans? These questions are
now answerable using data from studies of both the
population genetic structure and genomic constitu-
tion of Y. pestis and its congeners (Achtman et al.
1999, 2004; Parkhill et al. 2001; Chain et al. 2004).
Achtman and his colleagues carried out two
genetic surveys (Achtman et al. 1999, 2004) to define
microevolutionary patterns within Y. pestis. In the
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first of these they estimated the population genetic
structure of three Yersinia species (Y. pestis, Y.
pseudotuberculosis, Y. enterocolitica) by collecting (i)
partial sequence data from six genes (dmsA, glnA,
manB, thrA, tmk, trpE) and (ii) RFLP data using the
insertion element IS100 as a probe. The gene
sequence information was collected for worldwide
samples of Y. pestis (36 strains), Y. pseudotuberculosis
(12 strains), and Y. enterocolitica (13 strains). The
RFLP data were collected from 49 strains, repre-
senting three biotypes (i.e. biovars) of Y. pestis.
Though no differences were detected in their
virulence or pathology in humans or other animal
hosts, these biovars had been defined previously by
their ability to convert nitrate to nitrite and to fer-
ment glycerol (Perry and Fetherston 1997). The
RFLP data allowed an assessment of microevolu-
tionary patterns, independent of phenotype, within
Y. pestis (Achtman et al. 1999). The conclusions from
this first analysis were summarized by the title of
the paper containing these data, Yersinia pestis, the
cause of plague, is a recently emerged clone of
Yersinia pseudotuberculosis’ (Achtman et al. 1999). It
was thus found that the plague bacteria differed
little in sequence variation from either of its
congeners and, in particular, was highly similar to
Y. pseudotuberculosis. This study did however detect
molecular variation that clustered the three biovars
into separate clades.

The second analysis of Y. pestis population
genetic structure also defined microevolution-
ary/population genetic structure within and
among the strains sampled (Achtman et al. 2004).
However, this analysis did not find reciprocal
monophyly for the various biovars. Instead geo-
graphic origin of the samples was a better predictor
of phylogenetic patterning. This study did define
the time of origin for the Y. pestis lineage as being
.10 000-13 000 years before present (YBP), with a
cladogenetic event occurring some 6500 YBP giving
rise to strains more commonly associated with
human populations (Achtman et al. 2004).

Yersinia pestis: lateral transfer, gene loss, and the
evolution of virulence

Two analyses, both using a genomic approach, illus-
trate the diverse array of genetic processes that have
contributed to the evolution of Y. pestis. Conclusions

from the first of these, a study by Parkhill et al.
(2001), emphasized the role of genetic exchange in
giving rise to the evolutionary trajectory resulting in
plague. First, these authors detected sequence foot-
prints (i.e. insertion sequence element perfect
repeats and anomalous GC base-composition
biases) in the genome of Y. pestis indicating numer-
ous recombination events (Parkhill et al. 2001).
Second, they discovered evidence for widespread
gene inactivation in the Y. pestis genome, relative to
its sister taxon Y. pseudotuberculosis. The large-scale
gene inactivation was indicated by the presence of
approx. 150 pseudogenes. Specifically, they detected
numerous genes thought to be associated with the
ancestral, enteric-bacterial habitat that had been
preferentially silenced (Parkhill et al. 2001). Third,
these authors argued that Y. pestis acted as the recip-
ient of DNA from multiple donors, including bacteria
and viruses (Parkhill et al. 2001). The data assem-
bled in this analysis suggested that Y. pestis had
developed adaptations as a result of both lateral
exchange and gene silencing.

In contrast to Parkhill et al. (2001), the conclu-
sions drawn from a more recent study (Chain et al.
2004) emphasized the role of gene loss and modi-
fication in the evolutionary pathway leading to the
plague bacterium. These latter authors thus
concluded that ‘Extensive insertion sequence-
mediated genome rearrangements and reductive
evolution through massive gene loss . . . appear to
be more important than acquisition of genes in
the evolution of Y. pestis’ (Chain et al. 2004). Yet,
even with this emphasis, these authors detected
a role for lateral transfer in producing 32 Y.
pestis-specific chromosomal genes as well as two
Y. pestis-specific plasmids. Significantly, one of
these unique plasmids carries a gene that encodes
phospholipase D (Hinnebusch et al. 2002;
Hinchliffe et al. 2003). This gene product has been
shown to be necessary for the viability of the
plague bacteria in the midgut of its vector, the rat
flea Xenopsylla cheopsis (Hinnebusch et al. 2002). Its
function is believed to involve protection of the
bacterium from digestion by a blood plasma
cytotoxic digestion product found in the gut of X.
cheopsis. Put into context, the plague bacterium
has, since the divergence of the Y. pestis and Y.
pseudotuberculosis lineages ¢.10 000-13 000 YBP,



(i) acquired 32 chromosomal genes and two plas-
mids containing genes of key function for the
bacterium’s life history and (ii) lost, through
deletion or silencing, approx. 470 genes present in
Y. pseudotuberculosis (Parkhill et al. 2001; Chain
et al. 2004).

Taken together, the results of the various studies
involving Y. pestis may be best reflected by the
following quote: ‘The evidence of ongoing genome
fluidity, expansion and decay suggests Y. pestis is a
pathogen that has undergone large-scale genetic
flux and provides a unique insight into the ways in
which new and highly virulent pathogens evolve’
(Parkhill et al. 2001). A multitude of genetic events,
including extensive genetic exchange, followed by
natural selection, have molded the evolutionary
trajectory of this organism.

This same conclusion has also been drawn from
over three decades of studies involving a very dif-
ferent species group, the Darwin’s finches (genus
Geospiza). Obviously, like the Louisiana irises, the
genetic exchange among species of Geospiza
results from sexual reproduction and introgres-
sion, rather than lateral gene transfer. Yet, like the
plague bacterium and Louisiana irises, studies
into this group of organisms did not begin with an
assumption of genetic exchange-derived evolu-
tion. Instead, the realization that a web-of-life
metaphor described better the pattern of evolu-
tionary diversification in this model system devel-
oped as data were collected from observations of
natural populations and through experiments. As
such, the evolutionary analyses into Darwin’s
finch species reflect another excellent example of
how studies of genetic exchange have evolved as
more and more data came to light.

1.2.3 Darwin’s finches
Hybridization and the origin of species variability?

The most curious fact is the perfect gradation in the
size of the beaks in the different species of Geospiza,
from one as large as that of a hawfinch to that of a
chaffinch, and . . . even to that of a warbler . . . Seeing
this gradation and diversity of structure in one
small, intimately related group of birds, one might
really fancy that from an original paucity of birds in
this archipelago, one species had been taken and
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modified for different ends (Darwin 1845, pp.
401-402).

With this statement, Darwin may have been describ-
ing accurately the morphologically detectable con-
sequence of repeated episodes of hybridization and
selection among the birds named in his honor, the
Darwin’s finch species. However, as indicated
above (section 1.1), Darwin’s conclusions concern-
ing the evolutionarily unimportant role of the for-
mation of ‘mongrels’ did not predispose him to
conclude that genetic exchange contributed to their
gradated variation. Instead, he emphasized the role
of natural selection alone in refining the variation
and through this process ’...from an original
paucity of birds in this archipelago, one species had
been taken and modified for different ends’.
Intriguingly, his  further observation that
‘...instead of there being only one intermediate
species . . . there are no less than six species with
insensibly graduated beaks’ (Darwin 1845, p. 402) is
the expected outcome from the formation of the F,
individuals followed by either (i) their breeding
with one another to form F, individuals or (ii) back-
crossing with one or both of the parental species
(Anderson and Hubricht 1938; Anderson 1949).

In contrast to Darwin’s emphasis on the singular
role of natural selection in the diversification of
these finches, Lowe some 90 years later presented a
paper entitled, ‘The finches of the Galdpagos in
relation to Darwin’s conception of species’ (Lowe
1936). In this paper, Lowe suggested the following;:
‘.. .itis difficult to resist the conclusion that in the
Finches of the Galapagos we are faced with a swarm
of hybridization segregates which remind us . . . of the
“plant” swarms described by Cockayne and Lotsy
in New Zealand forests as the result of natural
crossings . . . I think it was William Bateson who
always maintained that the Finches . .. could only
be explained on the assumption that they were
segregates of a cross between ancestral forms. ..’
(Lowe 1936, pp. 320-321). Yet, the significance of
Lowe’s work may not have resided mainly in his
conclusions, but rather in its catalytic effect in stim-
ulating the investigations of Lack. Thus was born
the ‘...the first modern treatment of the
finches ...” (Grant 1993) culminating with Lack’s
1947 classic, Darwin’s Finches.
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Unlike Lowe, Lack’s conclusions followed the
Darwinian paradigm of negating a major role for
genetic exchange in affecting the evolution of
Darwin’s finch species. Though Lack recognized
that Lowe and others felt the variability in the
finch species was likely a result of “. . . an unusu-
ally large amount of interbreeding between the
species . .."” (Lack 1947, p. 95) he explained the
overall high variability and the intermediacy of
certain specimens in the following way. ‘Some
forms . .. are intermediate in appearance between
two species, but in most cases this is probably due
to the intermediate nature of their ecological
requirements and not to a hybrid origin...To
conclude, it seems probable that hybridization has
not played an important part in the origin of new
forms of Darwin’s finches’ (Lack 1947, p. 100).

Since Lack’s seminal studies, the role of
genetic exchange through introgression has
been considered as a possible evolutionary
mechanism impacting the diversification of the
Darwin’s finches. However, in reviewing these
various studies Grant (1993) concluded, ‘Since
1947, and prior to the study reported here,
hybridization in the Galdpagos has been nei-
ther neglected nor satisfactorily demonstrated.”’
Until the work of Peter and Rosemary Grant
and their colleagues, the evolutionary role of
genetic exchange among the Geospiza species
was, at best, speculative. Thus, their earliest
description of rare hybridization events lead-
ing to introgression between these species
(Grant and Grant 1992) presaged the important
evolutionary  consequences of  genetic
exchange—mnot only for the Darwin’s finches,
but also for the bird clade in general (Grant and
Grant 1992).

Environmental shifts and the relative fitness of hybrids

The fluctuation, over time, in the relative impact of
genetic exchange on the evolution of Darwin’s
finches is an excellent example of its characteristic
pattern of episodic importance. Furthermore, the
frequency and strength of effect from genetic
exchange in Geospiza also exemplify the import-
ance of interactions between novel, hybrid geno-
types and the environment. From 1976 to 1982
hybridization between Geospiza fortis and Geospiza
fuliginosa produced 32 fledglings and that between

G. fortis and Geospiza scandens produced one
(Grant and Grant 1993). Of these hybrid fledg-
lings, only two of the G. fortis X G. fuliginosa F,
individuals survived to breed (even then only
reproducing after 1983). The single G. fortis X G.
scandens F, survived less than 1 year without
reproducing (Grant and Grant 1993). In contrast,
between 1983 and 1991 hybrid birds not only sur-
vived, but also exceeded the value (i.e. 1.0) of
fledglings necessary to replace themselves by a
factor of 1.3 (Figure 1.8). During this same time G.
fortis and G. fuliginosa did not produce sufficient
fledglings to maintain their group sizes (Grant and
Grant 1993). Specifically, ‘In the period 1983 to
1991 finches bred in 6 of 9 years. Those that
hybridized were at no obvious disadvantage. They
bred as many times as conspecific pairs and pro-
duced clutches of similar size...G. fortis X G.
fuliginosa pairs (3.9 eggs)...G. fortis pairs
(3.9) ... G. fuliginosa pairs (4.0), G. scandens X G.
fortis pairs (3.7) and G. scandens pairs (3.7, Grant
and Grant 1992).

The observed transition in fitness estimates, par-
ticularly for hybrid offspring, generates the obvious
question concerning causality. In this regard, the
main causal factor was identified to be the El Nifio
of 1982-1983 that produced approx. 1400 mm of
rainfall (Grant and Grant 1993). As a comparison,
from 1976 to 1982 the maximum rainfall in any
given year was approx. 150 mm. This extraordinary
climatic fluctuation resulted in an equally extraor-
dinary changeover in ecological setting for the
Darwin’s finch individuals. Although the El Nifio
event in 1982-1983 was ecologically revolutionary,
the environmental perturbations did not stop with
this year. Indeed, another extremely high rainfall
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Figure 1.8  Fitness of F, hybrids between G. fortis and G. fuliginosa

expressed in terms of survivorship relative to the survival of G. fortis
before (1976-1981; A) and after (1983-1987; [J) the 1982—1983 El
Nifio event (from Grant and Grant 1993).



total of approx. 600 mm accumulated in 1987. In
contrast, rainfall in the years 1985 and 1988 was
negligible (Grant and Grant 1993). The ecology of
the Galdpagos islands and the habitats for the finch
species and hybrids were placed in upheaval by
this series of climatic disturbances. Grant and
Grant (1993) explained the changeover in this way:
‘Most Galdpagos islands . ..support drought-
adapted communities of plants. Effects of abun-
dant rainfall...on these communities
profound ...Changes in plant communities
caused changes in the granivorous finch popula-
tions . . . The evidence for selection for small beak
size in the G. fortis population . . . is consistent with
the survival advantage experienced by hybrids at
the same time...the two evolutionary changes
were apparently caused by the common factor of a
change in food supply.” The high fitness of hybrids
and smaller classes of G. fortis individuals was seen

were

to be a direct result of the decrease in abundance of
large, hard seeds and concomitant increase in the
abundance of small seeds (Figure 1.9; Grant and
Grant 1993, 1996).
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Figure 1.9 Changes in seed abundance before and after the El
Nifio event of 1982-1983. (a) Small seed abundance and (b) large
seed abundance (from Grant and Grant 1993).
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Genetic and phenotypic convergence caused by
introgression and natural selection

The differentiation of the ground finch species
based on morphological data is not reflected
in...DNA sequence phylogenies ... We suggest
that the absence of species-specific lineages can be
attributed to ongoing hybridization involving all
six species of Geospiza.

(Freeland and Boag 1999)

The footprints of past and current hybridization in
the Darwin’s finch species are apparent in the
degree of overlap in their genetic constitution.
This is the conclusion reached by Freeland and
Boag (1999) based upon sequence data from both
the mitochondrial DNA control region and the
nuclear internal transcribed spacer 1 region. Each
of these genomic components is expected to accu-
mulate mutations rapidly and therefore be appro-
priate for assessing relationships among recently
diverged species. However, in place of species-
specific genotypes among the Geospiza taxa,
Freeland and Boag (1999) discovered incongruen-
cies between (i) species identifications of individ-
uals from genetic markers on the one hand or
morphological characters on the other, and (ii)
mitochondrial and nuclear markers in individual
finches (Figure 1.10; Freeland and Boag 1999).
Consistent with these results were findings from a
recent identity
between sympatric populations of species pairs

investigation of the genetic

compared with the genetic identity between
allopatric populations (Grant et al. 2005). This lat-
ter study discovered a pattern in which species
were more similar genetically to a sympatric rela-
tive than to allopatric populations of that same rel-
ative. Like those of Freeland and Boag (1999),
these results were best explained by introgressive
hybridization between sympatric populations of
different species (Grant et al. 2005).

The above studies indicate the large degree to
which introgressive hybridization has impacted
the Geospiza species. However, specific examples of
ongoing hybridization indicate a complex pattern
of effects of introgression on different species. For
example, Grant et al. (2004, 2005) discovered the
following with regard to introgression of genetic
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G. conirostris, G. magnirostris
Genovesa
G. scandens, G. fortis Santa Cruz

G. fortis Espanola, Daphne
G. magnirostris Marchena
G. difficilis Genovesa

G. difficilis Genovesa

G. scandens Santa Cruz

G. fuliginosa Marchena

G. magnirostris Santa Cruz

212
0.06
89 0.06
211
0.03
6.33
0.03 L
0.03 0.06
6.34
8.47
2
6.33
2.09
62 2.09
19.40

G. conirostris Espafiola

G. scandens Marchena
G. fuliginosa Santa Cruz

G. fortis Santa Cruz, Marchena

Certhidea olivacea

Figure 1.10 Phylogenetic tree of Geospiza species based upon nuclear ribosomal internal transcribed spacer sequences.
Collection locality is noted after the species name. Branch lengths and bootstrap values are written above and below the

branches, respectively (from Freeland and Boag 1999).

markers between G. fortis and G. scandens on the
Galdpagos island of Daphne Major: (i) there has
been an increase in overall genetic heterozygosity
in G. scandens, but not in G. fortis; (ii) alleles found
in only G. fortis prior to the 1982-1983 El Nifio are
now found in high frequency in G. scandens; (iii)
known hybrids (F, and BC, individuals) increased
significantly in G. scandens samples between 1982
and 2002, but did not increase in G. fortis samples;
and (iv) the two species converged genetically, but
the convergence was explained by an increase of
similarity of the G. scandens samples to G. fortis,
and not vice versa (Figure 1.11; Grant ef al.
2004). The asymmetrical nature of the effects from
introgressive hybridization between these two
species can also be seen in comparisons of genetic
variation and morphological character change over
the same 30-year period (Figure 1.12; Grant et al.

2005). Indeed, the best-known morphological char-
acters of this model system—i.e. beak size and
shape—also appear to have been impacted by
recent, and presumably past, genetic exchange.
Specifically, Grant et al. (2004) found that G. scan-
dens became significantly more like G. fortis in
terms of beak characteristics. Overall then, G. scan-
dens was affected much more by introgression as
reflected in its being drawn more toward the
G. fortis genetic and morphological type than
G. fortis to the G. scandens constitution (Grant et al.
2004, 2005). This is a pattern that is very reminis-
cent of Darwin’s observation of infinitesimally
graduated beak shapes between the various
species.

As discussed above, the change in the fitness of
hybrids subsequent to the El Nifio event of 1982-1983
was caused by a change in the environment. In the
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Figure 1.11  Genetic convergence of G. fortis and G. scandens.

G. scandens became increasingly similar to the 1982 G. fortis sample,
while G. fortis retained its initial genetic distinctness. In the 1982
sample, G. scandens individuals demonstrated an average genetic
distance of > 0.5 compared to G. fortis samples. After 30 years, the
genetic distance between the two species had dropped to approx. 0.3
(from Grant et al. 2004).
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Figure 1.12 Convergence in overall genetic identity and beak
shape of G. fortis and G. scandens from Daphne Major island (from
Grant et al. 2005).

same way, the introgression and convergence of
these two species may be largely a result of natural
selection favoring the G. fortis phenotype and thus
hybrids/G. scandens individuals that approach a
G. fortis type (Grant et al. 2004, 2005). However,
demography and behavior, also affected by differ-
ential survivorship during the environmental fluc-
tuations (i.e. flood and drought years), most likely
played a role as well (Grant and Grant 2002). The
greater proportion of introgression from G. fortis
into G. scandens appears to have been, at least ini-
tially, affected by more severe competition for
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mates among G. fortis than G. scandens females. The
environmental fluctuations thus reduced the sur-
vivorship of G. scandens females, leaving the sur-
viving females with a surplus of conspecific males
with which to pair. This led to (i) G. scandens
females mating with conspecific males, but (ii) a
fraction of the G. fortis females pairing with the
excess of G. scandens males. Backcrossing of the F,
progeny formed in the mixed nests occurred with
G. scandens females because mate choice is affected
largely by imprinting on the paternal (in this case,
G. scandens) song (Grant and Grant 2002).

Introgressive hybridization as a cause of adaptive
radiation?

Several reports have suggested a role for introgres-
sive hybridization in the adaptive radiation of
Darwin’s finches. As discussed above, Lowe (1936)
argued that the pattern of morphological variation
among the finch species was the result of hybridiza-
tion. Likewise, Freeland and Boag (1999) concluded
that ‘Hybridization has apparently played a role in
the adaptive radiation of Darwin’s finches.’
Furthermore, Seehausen (2004) used the genetic
and morphological data for the finches to propose
them as an example of adaptive radiation from an
initial ‘hybrid swarm’ stage. Indeed, radiation
within this species complex may have been
afforded somewhat because ‘Hybridization may
enhance fitness to different degrees by counteract-
ing the effects of inbreeding depression, by other
additive and nonadditive genetic effects, and by
producing phenotypes well suited to exploit parti-
cular ecological conditions” (Grant et al. 2003).
However, Grant et al. (2005) sound a cautionary
note concerning the role of hybridization in the
adaptive radiation of Darwin’s finches when they
state that ‘... we doubt that hybridization was
necessary for any part of the adaptive radiation of
Darwin’s finches proposed under the hybrid
swarm hypothesis . ../

Regardless of the impact of introgression on the
adaptive radiation within Geospiza, its effect on
adaptive  evolution cannot be  doubted.
Introgressive hybridization has affected the evolu-
tionary trajectory of at least certain species (e.g.
G. scandens on Daphne Major) through the transfer
of genes that allow an increase in fitness in
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changing environments (Grant et al. 2004). As
Petren et al. (2005) concluded, ‘Gene flow does not
constrain phenotypic divergence [in Darwin’s
finches], but may augment genetic variation and
facilitate evolution due to natural selection.” This
conclusion is very similar to that reached in cases of
genetic exchange in other organismal complexes,
including that of our next example, influenza
viruses.

1.2.4 Influenza

Genetic reassortment, natural selection, and the

origin of influenza strains

Like the Darwin’s finches, plague bacteria, and
Louisiana irises, influenza viral types evolve
through a combination of genetic exchange and
natural selection (Ghedin et al. 2005). In particular,
‘The introduction and subsequent spread in the
human population of influenza A viruses with a
novel hemagglutinin (HA) or a novel HA and neu-
raminidase (NA) subtype results from a sudden and
major change in virus antigenicity ... Pandemic
strains contain new HA or NA genes derived from
animal influenza A viruses. Influenza A viruses of
15 recognized HA subtypes and 9 NA subtypes are
known to circulate in birds and other animals, cre-
ating a reservoir of influenza A virus genes available
for genetic reassortment with circulating human
strains . ..” (Subbarao et al. 1998). The NA and HA
mutations often arise and accumulate in a reservoir
outside the human host. Recombination among
these different viral lineages may then lead to a viral
pathogen that is transferable, and highly patho-
genic, to humans (Subbarao et al. 1998).

Before and after recombination events among
the influenza strains, natural selection continues to
favor antigenic shifts that allow “...escape from
immunity induced by prior infection or vaccina-
tion” (Smith et al. 2004). For example, genetic
exchange between a human and a swine HA gene,
producing a recombinant form, has been postu-
lated as a key step in the evolution of the variant
that caused the 1918 Spanish Flu pandemic (Gibbs
et al. 2001; but see Worobey et al. 2002;
Taubenberger et al. 2005). In addition, it is likely
that selection for the specific sequence of the HA
and NA genes present in the 1918 variant

contributed greatly to its heightened virulence
(Kobasa et al. 2004; Taubenberger et al. 2005).
Indeed, Kobasa et al. (2004) documented a change
from a non-pathogenic to pathogenic form of
influenza A when sequences complementary to the
1918 NA and HA variants were inserted. The syn-
thetic viral strain caused a pathology characteristic
of that found in victims during the 1918
pandemic—that is, infection of the entire lung and
infiltration of inflammatory cells leading to severe
hemorrhaging (Kobasa et al. 2004). Recombination
may have created the unique combination of viral
genes in the 1918 variant, but natural selection
likely contributed to its virulence.

Humans are not the only species affected
adversely by the web-like evolution of influenza
strains. For example, outbreaks of swine influenza
in the USA were first documented during the 1918
Spanish Flu pandemic (Zhou et al. 1999). Since
that time, influenza A-type viral infections have
risen to be the most common cause of respiratory
disease in pigs (Zhou et al. 1999). Like human
pathogens (and those of other species), the swine
variants are compilations of genes from multiple
sources (Table 1.1). The H3N2-type swine isolates
contain genomic elements from the human H3N2
and the pig HIN1 viral lineages (Zhou et al. 1999).
Other H3N2 swine isolates are tripartite reassor-
tants, possessing avian-like, human-like, and
pig-like genomic elements (Zhou et al. 1999; Richt
et al. 2003).

A recent analysis also indicated that felid species
were susceptible to infection by the avian variant of
most concern as a potential cause of the next
human pandemic, H5N1. Kuiken et al. (2004)
demonstrated that this avian virus could infect cats
both through contact between infected and unin-
fected animals and through uninfected cats feeding
on birds infected with H5N1. These data indicated
the risk of lethal infections in domestic cats and the
risk that cats would act as a reservoir of viruses that
could move from the infected felids into humans
(Kuiken et al. 2004).

Genetic reassortment, natural selection, host shifts,

and the origin of epidemics and pandemics

In any given year, influenza infections claim
approx. 500000 lives (Stohr 2002). In addition,
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Table 1.1  Two influenza A viral strains (SWNC98 and SWTX98) isolated from infected pigs
during a North American outbreak of swine influenza. The diverse origins of the eight genes
compared in this analysis demonstrate the mosaic nature of the viral genomes caused by
reassortment among human, swine, and avian viral lineages (Zhou et al. 1999)

Viral isolate SWNC98

Viral isolate SWTX98

Gene Region Putative Per cent Putative Per cent
compared lineage of homology lineage of homology
(base pair origin shared with origin shared with
position) lineage of lineage of

origin origin

PB2 44-1600 Swine 93 Avian 93

PB1 1088-2236 Human 98 Human 99

PA 25-620 Swine 94 Avian 97

HA 78-1061 Human 98 Human 98

NP 34-1024 Swine 98 Swine 98

NA 26—-1411 Human 99 Human 99

M 52-964 Swine 95 Swine 98

NS 22-866 Swine 97 Swine 98

highly virulent strains of influenza A kill, or at least
cause humans to destroy, hundreds of millions of
fowl (Normile and Enserink 2004). The evolution-
ary progression of the yearly influenza epidemics
and pandemics includes a circuitous course
through various hosts. Reservoirs in which these
viral lineages are housed, mutate, and recombine
with one another include species as diverse as
domestic and wild ducks, chickens, tree sparrows,
quail, egrets, geese, Grey herons, horses, pigs, and
humans (Steinhauer and Skehel 2002; Li et al. 2004;
Hulse-Post et al. 2005; Liu ef al. 2005). The life his-
tory of the viral strains, which includes passing
through multiple hosts, is apparently required for
the process of viral genetic exchange. From this life
history emerges genomes of pathogenic forms that
are mosaics (i.e. from RNA recombination or gene
segment reassortment; Steinhauer and Skehel 2002)
of strains from multiple hosts.

As discussed above, a recombination event has
been postulated as causal in the origin of the highly
virulent 1918 pandemic strain (Gibbs et al. 2001).
Notwithstanding the debate over the mosaic nature
of the Spanish Flu genome (Gibbs ef al. 2001, 2002;
Worobey et al. 2002; Taubenberger et al. 2005), “The
viruses that caused the pandemics of 1957 and 1968
were derived from reassortment of avian and

human strains . ..In 1957, the HA, NA and PB1
gene segments came from an avian virus and the
other segments were obtained from the human
HINI viruses . .. The H3N2 viruses that emerged
in 1968 resulted from the replacement of HA and
PB1 gene segments of circulating human H2N2
viruses with their counterparts from an avian
source. The host species in which these reassort-
ment events took place is not known . . .”; however,
‘Pigs have been proposed as a potential “mixing
vessel” for reassortment...and both avian and
human strains can replicate in these hosts...’
(Steinhauer and Skehel 2002).

Presently, the influenza A viral lineage of most
concern as the potential seed for the next human
pandemic is the H5N1 avian influenza strain (Laver
et al. 2000). Six of the 18 Hong Kong residents
infected in 1997 with this ‘new’ virus (i.e. never iso-
lated previously from humans) died. The steps
taken to limit the epidemic included destruction of
all the chickens—the carriers from which the
humans contracted the disease—in Hong Kong
(Laver et al. 2000). Of course, one of the major con-
cerns stems from the likelihood that genes will
enter a pathogen’s genome, through recombination
or other means, resulting in the transfer or de novo
origin of adaptations. As stated above, this is a
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possible outcome when the greatly increased geno-
typic diversity provided by genetic exchange is
acted upon by natural selection (Anderson 1949;
Anderson and Stebbins 1954; Lewontin and Birch
1966; Arnold 1997; Kim and Rieseberg 1999;
Ochman et al. 2000; Gogarten et al. 2002; Rieseberg
et al. 2003; Martin et al. 2006). Of course, the effects
from the adaptive evolution of the influenza A viral
lineages, though beneficial to the virus, can be a
devastatingly severe form of natural selection on
their host populations, including those of humans
(Webby and Webster 2003; Kuiken et al. 2004).

The epidemiological and evolutionary history of
H5N1 viral lineages is instructive as an exemplar of
how genetic exchange and natural selection can act
in concert, resulting in the newest pandemic threat.
In the case of H5N1, these processes have resulted
in an organism with a mosaic genome that demon-
strates radically different adaptations. Various
influenza A genomes have contributed, and con-
tinue to contribute, to the evolution of HS5NI1
viruses. For example, the ‘internal’ genes (non-
structural protein, matrix protein, nucleoprotein,
and three polymerase protein genes) present in
H5N1 lineages that first infected humans in 1997
were donated by HIN2 viruses from quail (Guan
et al. 1999). Genetic exchange resulting in the lethal
1997 variant actually involved an already circulat-
ing H5N1 lineage with both HON2 and H6N1 line-
age viruses (Guan ef al. 1999). This occurred most
likely as a result of the coexistence of the three viral
lineages in the same host. The strain of H5N1 that
caused human infections and deaths in 1997 has not
been isolated since (Guan et al. 2002). However, the
precursors of this strain were not eliminated by the
control measures taken at the time (Guan ef al. 2002;
Li et al. 2004). Since 1997, genetic exchange among
numerous aquatic bird and terrestrial poultry viral
lineages has given rise to a plethora of H5N1 vari-
ants (Figure 1.13; Guan et al. 2002; Webby and
Webster 2003; Li et al. 2004). In total, Li et al. (2004)
reported the presence of 14 H5N1 lineages resulting
from genetic exchange. Of these, one became pre-
dominant by 2004 (Figure 1.13). Therefore, the

. series of genetic reassortment events traceable
to the precursor of the H5N1 viruses . . . gave rise to
a dominant H5N1 genotype (Z) in chickens and
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Figure 1.13 Genotypes of H5N1 influenza viral lineages
demonstrating mosaicism caused by genetic exchange. The eight
genes sampled were (horizontal bars starting at the top
downwards): PB2, PB1, PA, HA, NP, NA, M, and NS. Each color
represents a viral lineage (red indicates origin from the ancestral
viral lineage Gs/Gd/1/96). Letters indicate different genotypes
defined by gene phylogeny: a shared phylogenetic lineage was
used as evidence of a shared ancestor. Genotypes A, B, and C
were formed from genetic exchange between the ancestral
Gs/Gd/1/96 and one or more aquatic avian viruses. Genotype D
was formed when the NP gene from an HIN2 virus replaced the
NP gene of genotype C. Genotype E arose through the
replacement of the NP gene of genotype C with another NP
avian virus gene. Further genetic exchange involving genotype E
and additional aquatic avian influenza viruses resulted in the
genotypes X;—X,. Genotype W differs from genotype B in its PB2,
NP, and M genes. Genetic exchange of genotypes A and/or B
with aquatic avian viral lineages gave rise to genotypes \, Y, Z,
and Z*. Genotype V may have resulted instead from reassortment
of genotype Z with other aquatic avian viruses (from Li et al.
2004). See also Plate 1.



ducks that was responsible for the...highly
pathogenic avian influenza H5N1 disease in
poultry ...” (Figure 1.13). Furthermore, the 2003/
2004 outbreak was ‘... unprecedented in its geo-
graphical extent . ..” and ‘ominous’ in its transmis-
sion to humans (Li et al. 2004).

With regard to adaptive evolution, the observa-
tion that H5N1 can transfer directly between avian
and human hosts is highly significant. Prior to the
1997 outbreak, infection of humans by avian
influenza was postulated to require an intermedi-
ate host. In this regard, . . . the receptor specificity
of avian influenza viruses was thought to prevent
their direct transmission to humans. Transmission
from aquatic birds to humans was hypothesized to
require infection of an intermediate host, such as
the pig, that has both human-specific...and
avian-specific . . . receptors’ (Webby and Webster
2003). The H5N1 viral lineage that caused six fatal-
ities out of 18 infections had obtained a novel
adaptation through genetic exchange and natural
selection allowing its direct spread from birds to
humans. In addition, Li et al. (2004) argued that the
replacement of older viral lineages by more recent
reassortant forms (Figure 1.13) was an indication
that the younger lineages possessed higher
survivorship through the acquisition of novel
adaptations.

The significance of genetic exchange among
influenza A viral lineages for the acquisition of
novel adaptations was also indicated by a study
of the evolution of increased pathogenicity to
mammals of H5N1 from 1999 to 2002 (Chen et al.
2004). In particular, these investigators found that
the viruses occurring in domestic ducks between
these years gained the ability to infect and kill
mice without further adaptations within the
mammalian host. As mentioned above, a key step
in the evolution of pathogenicity to mammalian
systems by an avian virus is the development of
the ability to be transmitted from the avian reser-
voir to a mammalian host. Chen et al. (2004) used
swine influenza epidemics as an analogy for how
genetic exchange can accomplish the evolution of
this adaptation. In particular, the H3N2 viruses
isolated from a 1997 swine influenza outbreak
were shown to be mosaics of human, pig, and
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avian viral genomes (see previous section).
In another case, the HIN1 swine influenza
viruses from Europe were found to contain avian
influenza genes that had been transferred via
genetic exchange in 1979 (Chen et al. 2004).
Comparisons of the data from the increase in
lethality of H5N1 to mammalian species, as well
as the data for the swine influenza epidemics,
caused Chen ef al. (2004) to conclude, ‘Our results
demonstrate that while circulating in domestic
ducks, H5N1 viruses gradually acquired the char-
acteristics that make them lethal in mice...” and
also that ‘... avian influenza virus genes, when
they are part of certain gene constellations, seem
able to promote transmission among mammalian
species.” The ‘constellations’ that evolved through
numerous genetic exchanges between various
avian and mammalian viruses were the basis of
these new adaptations for transmissibility and
virulence.

1.3 Summary and conclusions

Since the times of Linnaeus, Kolreuter, and
Darwin the importance ascribed to genetic
exchange in affecting the evolution of organisms
has waxed and waned. In the past decade,
numerous research groups—studying a wide
array of species complexes—have reported find-
ings that indicate an evolutionary pattern best
described as a web rather than as a bifurcating
tree. The research described above exemplifies
the types of studies leading to the recognition of
the web-of-life metaphor. Because these examples
include viral, bacterial, plant, and animal species
or variants, the molecular mechanisms underly-
ing the genetic exchange are extremely diverse.
They include RNA recombination, lateral gene
transfer, and recombination during meiosis. In
spite of the breadth of mechanisms, the outcomes
for each of these exemplars are quite similar.
Louisiana irises include a new tri-hybrid species
possessing novel adaptations. Darwin’s finch
species have changed both genetically and
phenotypically due to the action of natural selec-
tion acting upon introgressed genotypes leading
to changes in suites of adaptations (e.g. beak
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shape). Plague bacteria arose as a consequence of
lateral gene transfer and gene silencing resulting
in an adaptive shift from a non-lethal gut bac-
terium. Finally, influenza A continues to be a
moving target for avian and mammalian immune
systems as recombinants between viruses housed

in such diverse organisms as ducks, chickens, and
humans recombine to form new mosaic genomes.
The effects of genetic exchange on evolutionary
pattern and process are pervasive, important, and
long lasting.



CHAPTER 2

The role of species concepts

No one definition has as yet satisfied all naturalists; yet every naturalist knows vaguely what he
means when he speaks of a species . . . From these remarks it will be seen that I look at the term
species, as one arbitrarily given for the sake of convenience to a set of individuals closely resem-
bling each other . ..

(Darwin 1859, pp. 44, 52)

... aspecies is a group of individuals fully fertile inter se, but barred from interbreeding with other
similar groups by its physiological properties (producing either incompatibility of parents, or
sterility of the hybrids, or both).

(Dobzhansky 1935)

... the most inclusive group of organisms having the potential for genetic and/or demographic
exchangeability.

(Templeton 1989)
While the current data set is rather limited compared with the total breadth of prokaryotic diver-

sity . .. [it indicates that the species definition] . .. could be as stringent as including only strains
that show a > 99% [average nucleotide identity] or are less identical at the nucleotide level, but

share an overlapping ecological niche . . .

(Konstantinidis and Tiedje 2005)

A phylogenetic species is an irreducible . . . cluster of organisms, diagnosably distinct from other
such clusters, and within which there is a parental pattern of ancestry and descent . . .

2.1 Species concepts and understanding
genetic exchange

The definitions for the various mechanisms of
genetic exchange considered in this book do not
depend upon the species concept applied.
Furthermore, I would argue that holding to a given
species concept does not preclude studying any of
the mechanisms or outcomes of genetic exchange.
Indeed, I would be so bold as to state that every
study of genetic exchange, and indeed evolutionary
biology, has at least an implicit assumption of how

(Cracraft 1989)

to define the category of species. Even a cursory
examination of the scientific literature describing
natural hybridization and lateral gene transfer
reveals a close association between these studies
and debates concerning the nature of species and
the process of speciation. For example, natural
hybridization has been described alternatively as
unimportant or of profound importance in plant
and animal evolution based largely on the
researcher’s underlying definition of species.
of the evolutionary
importance and consequences from any form of

However, considerations

23
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genetic exchange have been affected by the under-
lying species concept.

The relegation of genetic exchange into the cate-
gory of evolutionary epiphenomena has been caused
partially by the assumption that exchange between
species is, by definition, impossible. For example,
Willi Hennig is considered the architect of modern
phylogenetic analysis and thus the founder of the
phylogenetic species concept. However, in his classic
work, Phylogenetic Systematics (Hennig 1966), he
emphasized repeatedly an application of the biologi-
cal species concept (Dobzhansky 1935, 1937; Mayr
1963). This led him to the following conclusion
regarding the origin of hybrid species: ‘Is not the
species concept that the species includes all indi-
viduals that together are capable of producing com-
pletely fertile offspring, and must we not then
consider groups whose individuals can produce
new species by hybridization as partial groups of
one species? If we speak of the origin of species by
species hybridization, are we not guilty of circular
reasoning between premise and conclusion?’
(Hennig 1966, p. 208). In this way hybrid speciation,
and indeed hybridization if it is defined as occurring
only between species, is defined out of existence.

At the other end of the reproductive spectrum,
Hennig (1966) considered whether asexual organ-
isms posed a significant problem for species defini-
tion; that is, whether the requirement of the
potential for bisexual reproduction in defining
species was of major importance. He concluded that
it was indeed crucial that species be defined by
attributes of bi-sexual reproduction and thus be
demonstrable members of a ‘reproductive commu-
nity” (Hennig 1966, p. 65). In any event, he did not
feel that asexuality was an important consideration
because of the scarcity of such lineages among ani-
mal taxa. Furthermore, as a general statement of the
importance of non-sexually reproducing organisms,
his statement that *...the question of the species
concept in organisms without bisexual reproduction
is no more than a relatively subordinate species
problem of systematics’” (Hennig 1966, p. 44)
summed up well the viewpoint of many of the
architects of the neo-Darwinian synthesis (e.g. Mayr
1963). Given that organisms that reproduce at least
partially through asexual/clonal mechanisms make
up a large proportion of overall biodiversity, and

that they often demonstrate the evolutionary effects
of genetic exchange, their dismissal from evolution-
ary considerations reflects not so much the “species
problem’, as a problem with species concepts. Hey
et al. (2003) reflect, in the following manner, the ten-
sion created by the complexity contained within the
term species and the application of any species con-
cept: “These two ideas—that species are categories
that are created...by the biologists who study
them, and that species are objective, observable enti-
ties in nature—have long been in conflict.”

In this chapter I will consider four species con-
cepts: biological, phylogenetic, cohesion, and
prokaryotic. For the phylogenetic species concept, I
will discuss two competing methods for defining
species: history- and character-based phylogenetic
species (Baum and Donoghue 1995). In the case of
the prokaryotic species concept, I will also review
two approaches for delimiting species: the phylo-
phenetic species concept (Rossell6-Mora and
Amann 2001) and the phylogenetic and ecological
divergence concept (Cohan 2002). The discussion of
the biological, phylogenetic, cohesion, and
prokaryotic species concepts will illustrate (i) how
the strict application of some concepts may limit
investigations into the evolutionary role of genetic
exchange, (ii) how, in contrast, a discerning appli-
cation of any given species concept can facilitate
such studies, and (iii) that we can largely avoid the
tension described by Hey et al. (2003) in the same
manner as that used to dismiss genetic exchange as
an evolutionarily important process; that is,
through an appropriate application of definitions.
I'will borrow heavily from Natural Hybridization and
Evolution (Chapter 2, Arnold 1997) for the discus-
sion of the biological, phylogenetic, and cohesion
species concepts. I believe that my earlier descrip-
tions remain useful for understanding the issues
surrounding the application of these concepts to
studies of genetic exchange.

2.2 Genetic exchange considered

through four species concepts
2.2.1 Biological species concept

It is somewhat of a false dichotomy to represent the
biological species concept as the only framework



that is defined by the occurrence, or lack thereof, of
genetic exchange. Most, if not all, concepts consider
genetic exchange to be of primary concern for
defining species (e.g. see Sites and Marshall 2004
for a discussion of several methodologies for delim-
iting species that assume reproductive isolation).
As illustrated above, one has only to read
Phylogenetic Systematics (Hennig 1966), the canoni-
cal treatment for the phylogenetic species concept,
to see the importance given to defining reproduc-
tive communities as a litmus test for aiding in the
description of species. It is more accurate to state
that the biological species concept, unlike some oth-
ers, emphasizes the development of barriers to
genetic exchange as the paramount process by
which species should be defined (Figure 2.1).
Mayr’s (1942) definition that ‘Species are groups
of actually or potentially interbreeding natural
populations, which are reproductively isolated
from other such groups’ was based on earlier
descriptions by Dobzhansky (1935, 1937). This con-
cept thus defines species based upon the presence
of reproductive isolation, with the process of speci-
ation equivalent to the development of barriers to
reproduction. Logically, if one substitutes the
process of genetic exchange sensu lato in the place of
introgression  through sexual recombination,
‘reproductive isolation” can be extended to include
organisms that do not reproduce sexually (e.g.
Arnold 2004a). I do, however, realize that the sub-
stitution of ‘genetic exchange’ (inclusive of, for
example, introgression, lateral gene transfer, and
viral recombination) in place of strict sexual recom-
bination incorporates many processes and organ-
isms not included by workers like Mayr and
Dobzhansky. Mayr (1963, p. 28) did, however,
address the perceived difficulties presented for the
biological species concept by asexually reproducing
organisms. He stated, “Various proposals have been
made to resolve the difficulty that asexuality raises
for the biological species concept. Some authors
have gone so far as to abandon the biological
species concept altogether . . . I can see nothing that
would recommend this solution. It exaggerates the
importance of asexuality...” Though Mayr was
speaking mainly of animal taxa, he did make a
most perceptive observation regarding ‘asexual
organisms’ in general when he stated, ‘Indeed
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clandestine sexuality appears to be rather common
among so-called asexual organisms” (Mayr 1963,
p-27). If broadened to include all the various forms
of genetic exchange, Mayr’s conception that truly
asexual organisms are very rare, or non-existent, is
supported quite well by subsequent studies (e.g.
Gogarten et al. 2002).

As emphasized in section 2.1, a strict application
of the biological species concept negates the possi-
bility of species exchanging genes; reproductive
isolation defines species and it is thus incorrect to
speak of species exchanging genetic material.
Within the framework of the biological species con-
cept, the problem of genetic exchange between
well-defined species can be addressed in two ways.
These two approaches were formulated by Mayr
(1942, 1963) and have been used repeatedly by sub-
sequent workers. First, Mayr (1942, 1963) argued—
from the standpoint of sexual reproduction and
introgression between animal taxa—that if viable,
fertile hybrids were produced then one should con-
sider the hybridizing forms to be subspecies or
semispecies. Second, he allowed that species might
occasionally meet and mate, but that “The majority
of such hybrids are totally sterile...Even those
hybrids that produce normal gametes in one or
both sexes are nevertheless unsuccessful in most
cases and do not participate in reproduction.
Finally, when they do backcross to the parental
species, they normally produce genotypes of infe-
rior viability that are eliminated by natural selec-
tion” (Mayr 1963, p. 133). In this way genetic
exchange, and in particular introgressive
hybridization, is reduced to a rare vagary of bio-
logy, and is seen as not worth studying.

Following Harrison (1990), I have defined natural
hybridization as successful matings in nature
between individuals from two populations, or
groups of populations, that are distinguishable on
the basis of one or more heritable characters (Arnold
1997). Furthermore, I have incorporated the effect of
genetic exchange through its various mechanisms
under the description of reticulate evolution (i.e. a
web-like set of phylogenetic relationships reflecting
genetic exchange [through lateral transfer, viral
recombination, introgressive hybridization, etc.]
between diverging lineages). In the context of these
definitions, the potential evolutionary role of genetic
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Figure 2.1 Stages and processes associated with allopatric speciation as envisioned by Mayr (1942, p. 160).

exchange is not diminished by the application of the
biological species concept. Under these definitions, it
does not represent a violation of the biological
species concept for organisms from different evolu-
tionary lineages to form viable, fertile hybrids,

recombinants, or reassortants. For example, sub-
species and semispecies are defined under the bio-
logical species concept in part by the presence of
ongoing or potential gene flow (i.e. subspecies are
made up of populations of a single species; Mayr



1963, p. 348). For the same reasons, given the defini-
tions from this and my earlier work (Arnold 1997),
evolutionary outcomes from genetic exchange such
as adaptive trait introgression are also not explicitly
discounted by the biological species concept. Yet,
Mayr also argued that the results from crosses
between even subspecies or semispecies are often
maladaptive and transitory. He stated this viewpoint
in the following manner: ‘In natural populations
there is usually severe selection against introgres-
sion. The failure of most zones of conspecific
hybridization to broaden...shows that there is
already a great deal of genetic unbalance between
differentiated populations within a species” (Mayr
1963, p. 132). In contrast to these conclusions, a num-
ber of zoological examples have come to light in
which natural hybridization is seen to be a frequent
and, evolutionarily, important process (e.g. Dowling
and DeMarais 1993; Grant et al. 2005).

One way in which to illustrate the importance of
genetic exchange is to catalog its widespread occur-
rence in organisms as diverse as bacteria and mam-
mals (Arnold 1997 and the present book). However,
it is equally crucial to emphasize that the rarity of a
particular event is not predictive of its potential evo-
lutionary importance. If it were the case that rarity
of occurrence predicted unimportance, then muta-
tions that result in an increase in fitness—which of
course form the basis for Darwinian or adaptive
evolution—would be disregarded. In the same way,
the frequent observation of lowered fertility and
viability of F, hybrids, relative to conspecific indi-
viduals, could lead one to conclude that these prog-
eny will play a minor role in the evolution of a given
species complex. A portion of the following quote
was used in section 1.1 to exemplify how minor of a
role was ascribed to genetic exchange (in the context
of this quote, introgressive hybridization) in the
evolution of animal groups. However, it is an excel-
lent example of the conclusion that rarity of occur-
rence equals lack of importance. “The total weight of
the available evidence contradicts the assumption
that hybridization plays a major evolutionary role
among higher animals. To begin with, hybrids are
very rare among such animals, except in a few
groups with external fertilization. The majority of
such hybrids are totally sterile, even where they dis-
play ‘hybrid vigor.” Even those hybrids that produce
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normal gametes in one or both sexes are neverthe-
less unsuccessful in most cases and do not partici-
pate in reproduction. Finally, when they do
backcross to the parental species, they normally pro-
duce genotypes of inferior viability that are elimi-
nated by natural selection. Successful hybridization
is indeed a rare phenomenon among animals’
(Mayr 1963, p133). In contrast to this prediction,
there are numerous instances in which, for example,
the rarity of viable gametes has not prevented
important evolutionary effects from F, and later-
generation hybrid formation (Arnold et al. 1999).
One example from the plant literature involves the
annual sunflower species Helianthus annuus and
Helianthus petiolaris. Experimental crosses involving
these two species produce F, individuals that pos-
sess pollen fertilities ranging from 0 to 30% (mean
approx. 14%; Heiser 1947). Additionally, experimen-
tally produced F, and first backcross generation
plants produce a maximum seed set of 1 and 2%,
respectively (Heiser et al. 1969). Notwithstanding
these extremely low levels of fertility and viability
in the initial hybrid generations, natural hybridiza-
tion between H. annuus and H. petiolaris has resulted
in at least three stabilized hybrid species (Rieseberg
1991).

It can be seen from the above discussion that the
application of the biological species concept has
almost always led to the conclusion that genetic
exchange, particularly natural hybridization, pro-
duces relatively unimportant evolutionary conse-
quences. Yet, the definition of species in terms of
reproductive barriers led Dobzhansky to view the
process as extremely important. In this case, how-
ever, the ascription of importance was once again
merely a reflection of the assumption of a uni-
formly maladaptive outcome from genetic
exchange. Dobzhansky (1940, 1970) argued that the
significant evolutionary effect from natural
hybridization was to finalize the construction of
prezygotic barriers to reproduction (i.e. ‘reinforce-
ment’; Blair 1955). Reinforcement was hypothe-
sized to occur when individuals from previously
allopatric, and genetically divergent, populations
came back together spatially and mated, resulting
in less fit hybrid offspring and thus selection favor-
ing those individuals that mated with conspecifics
(Dobzhansky 1940, 1970; Noor 1995; Hoskin et al.
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2005; Lukhtanov et al. 2005). As seen through the
window of the biological species concept, such
instances reflect the role of natural hybridization as
merely a means for finalizing speciation. Though of
possibly large evolutionary effect for certain groups
of organisms (see Servedio and Noor 2003 for
review), reinforcement reflects once again an
emphasis on hybridization/genetic exchange as
being maladaptive.

Reinforcement is a model describing how natural
hybridization can act as a mechanism by which
reproductive isolation (and within the biological
species concept the process of speciation) is com-
pleted. Under this model, natural hybridization
plays a key, though secondary, role in ‘biological’
speciation. Similarly, the majority of zoological, and
some botanical, treatments of hybridization have
utilized this process as a tool for identifying how
barriers to reproduction accumulate (e.g. Ramsey
et al. 2003; Britton-Davidian et al. 2005). In many
cases, the origin of barriers to reproduction has
been inferred using hybrid zones as indicators of
incipient speciation. The framework of the biologi-
cal species concept suggests that speciation is an
extended, gradual process occurring in an
allopatric setting (Mayr 1942). As an extension of
these assumptions, hybridizing taxa are considered
to be at some genetically, evolutionarily, and eco-
logically intermediate point between conspecific
and specific status. Studying hybrid zones is thus
seen as an adjutant to viewing steps in early stages
of speciation (i.e. before reproductive barriers are
completed). The inferred utility of hybrid zones for
studying ‘biological speciation” is reflected in their
description as a ‘window’ (Harrison 1990) through
which an evolutionary biologist may peer, or a
‘natural laboratory” (Hewitt 1988) in which to
experiment. In the context of the biological species
concept, hybrid zones allow the opportunity to
determine the processes that have been causal in
the origin of barriers to one mechanism for genetic
exchange; that is, introgressive hybridization.

As stated at the outset of this section, the estimate
of the strength of reproductive barriers as the lit-
mus test for species and speciation is not unique to
the biological species concept. However, the fact
that this species concept has been widely applied
has resulted in an emphasis on cessation of gene

flow as the necessary and sufficient component for
speciation. In a similar way, the strict application of
the phylogenetic species concept is also problem-
atic for considerations of evolutionary effects from
genetic exchange. However, it is also the case that
some work within the context of the phylogenetic
species concept has taken into account the possibil-
ity of reticulate, rather than simply bifurcating, evo-
lutionary networks (e.g. Baum and Donoghue
1995). As with the biological species concept, and
indeed any species concept, applying the phyloge-
netic species concept does not need to limit studies
that test the importance of reticulate evolution.
Furthermore, if the application of any concept lim-
its the study of evolutionary processes, then that
species concept must be modified until it reflects
biological reality.

2.2.2 Phylogenetic species concept

The origin of the phylogenetic species concept can
be traced back at least to Hennig (1966), although
Darwin (1859) also presented evolutionary diversi-
fication as a bifurcating tree in the only illustration
found in On the Origin of Species. However,
Hennig’s treatment is the basis for the modern phy-
logenetic approach for studying evolutionary
diversification. In the context of this discussion,
Hennig’s methodology can be placed within the
history-based format of the phylogenetic species
concept. Hennig (1966) argued that populations
belonging to the same species must share a single,
common ancestor (i.e. that they be monophyletic).
Similarly, Cracraft (1989) defined species as “.. . an
irreducible (basal) cluster of organisms, diagnos-
ably distinct from other such clusters, and within
which there is a parental pattern of ancestry and
descent . . ." Inherent then in Hennig and Cracraft’s
(and indeed Darwin’s) definitions of species is the
aspect of evolutionary/phylogenetic history. The
object of some variants of the phylogenetic species
concept is thus the determination of the pattern of
phylogenetic relationships as the basis for the defi-
nition of species. Use of the Hennigian concept to
define species, and the process of speciation, relies
upon the identification of ancestral and derived
character states. Understanding the polarity of
character evolution allows a resolution of the



pattern of branching within phylogenies and
demarcates monophyletic species ‘boundaries’ (i.e.
‘irreducible clusters’; Cracraft 1989).

As indicated in section 2.1, the application of the
requirement of monophyly eliminates the possibil-
ity of heterospecific hybridization in the origin of
new species. Such an origin would be necessarily
polyphyletic. Cracraft (1989) illustrated the view-
point of Hennig and others when stating, ‘In the
majority of cases, phylogenetic species will be
demonstrably monophyletic; they will never be
nonmonophyletic, except through error.” Hennig
(1966, p. 207) recognized that ‘Special complica-
tions would arise if new species could also arise to
a noteworthy extent by hybridization between
species.” The complications of such events were,
however, discounted by arguing that ‘...in all
cases in which a “polyphyletic origin of species” has
been recognized, the species involved were so
closely related that they could just as well be con-
sidered races of one species . . . We must consider a
polyphyletic origin of . . . stages below species to be
possible, through hybridization for example, but
this does not touch the question of the monophyly
of the higher taxa” (Hennig 1966, pp. 208-209). As
discussed above, Hennig (1966) not only used
monophyly in his species definition, but also the
requirement that different species reflect separate
(i.e. non-hybridizing) reproductive communities.
Nixon and Wheeler (1990) outlined a similar view-
point in the following way: ‘With the strictest
application of the phylogenetic species concept,
species that show extensive intergradation will be
treated as a single species’.

Hybrid speciation is only one of the many out-
comes that may result from genetic exchange; other
outcomes include introgression between the
donor and recipient, genetic assimilation of one
taxon by another, and reinforcement of barriers to
reproduction (see Arnold 1992, 1997 for reviews).
Furthermore, the definitions of hybridization and
reticulate evolution adopted for this book result in
the observation that genetic exchange can have
similar effects whether occurring between or within
species. Yet, the context for a majority of cases of
reticulate evolution involves organisms placed in
taxonomic categories of species or higher—at the
extreme between taxa from different domains of life
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(Boucher et al. 2003). Therefore, as additional
genomic information becomes available, it may
become more and more difficult to use the require-
ment of strict monophyly (i.e. all sequences in
organisms from taxonomic groupings of species or
above are from a single ancestor) in determining
species boundaries (e.g. Pinceel et al. 2005).

It may seem counterintuitive that a ‘phyloge-
netic’ approach for defining species could lack a
history-based assumption. It would instead seem
logical that all such analyses, given that they have a
phylogenetic/cladistic analysis as a goal, should
instead be grouped within the history-based cate-
gory. However, this is not the case for the character-
based methodologies. A character-based approach
thus “. . . does not rely on phylogenetic analyses in
order to be implemented...” but rather defines
‘... species as the smallest aggregation . . . diagnos-
able by a unique combination of character
states . ..” (Nixon and Wheeler 1990). It is illustra-
tive that in their review of concepts for defining
species, Sites and Marshall (2004) placed this
approach in the category of ‘nontree-based meth-
ods’ for species delimitation.

Notwithstanding the significant theoretical and
methodological differences between the history-
based and character-based phylogenetic species
concepts, the latter, like the former, assume that
species are ‘diagnosable’. In this case, diagnosabil-
ity reflects unique character sets that are not found
in other species. If genetic exchange occurs, those
characters exchanged will not be used to define the
species and thus the process itself (i.e. genetic
exchange) cannot be detected. Once again defini-
tional constraints limit genetic exchange to taxo-
nomic groups below the species level. This, in turn,
disallows consideration of exchanges between
well-differentiated taxa, thus reflecting a large pro-
portion of such cases.

In Chapter 1, I illustrated the similar outcomes
from gene exchange in both eukaryotes and
prokaryotes. In the next section we will see that,
unlike the biological or phylogenetic species con-
cept, the cohesion species concept has taken into
account the role of gene exchange in explaining and
predicting evolutionary diversification. I will con-
tinue to argue that this is necessary for a complete
understanding of organismal evolution in general.
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2.2.3 Cohesion species concept

The cohesion species concept defines species as
’... the most inclusive group of organisms having
the potential for genetic and/or demographic
exchangeability” (Templeton 1989). Templeton
(1989) argued that one of the main weaknesses of
the biological species concept was its lack of appli-
cability to either asexual organisms or to taxa
belonging to syngameons. In Templeton’s (1989) ter-
minology the difficulty resulted from either ‘too lit-
tle” or ‘too much sex’. Templeton (1989) proposed
the cohesion species concept to address problems
with the biological species concept as well as other
species concepts. The cohesion species concept was
thus designed to accommodate all of the microevo-
lutionary processes thought to contribute to specia-
tion (Templeton 1989). ‘Genetic exchangeability’
incorporated the process of gene flow and ‘demo-
graphic or ecological exchangeability” the processes
of genetic drift and natural selection (Templeton
1989). Specifically, ‘. . . genetic exchangeability . . . is
the ability to exchange genes during sexual repro-
duction” and ’...demographic exchangeability
occurs when all individuals in a population display
exactly the same ranges and abilities of tolerance to
all relevant ecological variables” (Templeton 1989).
For the current discussion it is important to ask how
the cohesion species concept can accommodate bio-
logical instances in which genetic exchange between
divergent lineages is detected (i.e. when there is ‘too
much sex’).

Unlike the biological, phylogenetic, and other
species concepts, cohesion species are defined on
the basis of independent evolutionary/ecological
trajectories (Templeton, 1989, 2001). Among other
implications from this concept, cohesion species
may arise as products of a reticulation event
between lineages defined as species (Templeton
1981, 2001). As importantly, cohesion species may
participate in some degree of genetic exchange with
other lineages and yet maintain their species status
(Templeton 1981, 1989, 2001, 2004b). For example,
syngameons (Figure 2.2) are a result of species hav-
ing greater genetic than ecological exchangeability.
In contrast to the biological or phylogenetic species
concepts, the cohesion species concept does not
require that these taxa be reduced to subspecific

Figure 2.2 An illustration of a syngameon involving the Pacific
Coast irises, series Californicae. Each small circle represents a
separate species. The species designations are as follows: BRA,

Iris bracteata; MUN, Iris munzii; TEN, Iris tenax; PUR, Iris purdyi;
INN, Iris innominata; TMA, Iris tenuissima; FER, Iris fernaldii; MAC,
Iris macrosiphon; CHR, Iris chrysophylla; DOV, Iris douglasiana;
HAR, Iris hartwegii. A line connecting two circles indicates natural
hybridization between those taxa (from Lenz 1959).

categories. Rather than viewing hybridization as a
problem to be overcome for the process of diver-
gent evolution to proceed, the application of the
cohesion species concept indicates that it is more
constructive and instructive to incorporate reticu-
late evolution into an evaluation of evolutionary
process and pattern (Templeton 2004b).

Another strength of the cohesion species concept
is that it allows the construction of hypotheses that
are testable within the widely applied phylogeo-
graphic paradigm of Avise (2000b). By constructing
such null hypotheses, it is possible to incorporate
geography and distribution of population genetic
variation into a genealogical analysis (Figure 2.3
Templeton 2001, 2004b). The rejection of the null
hypotheses, (i) that geographically associated sam-
ples are from a single evolutionary lineage and
(ii) that the lineages discovered by (i) are not
exchangeable in terms of genetic or ecological char-
acteristics, results in the inference that more than



Figure 2.3  Phylogenetic and reticulate evolutionary patterns
overlain on the geographic distribution of the brown trout species
complex. The evolutionary patterns were inferred using DNA sequence
data from the transferrin (TF) locus. Ovals indicate the approximate
geographic locations of clades (as defined by the TF haplotypes, such
as TF 100). Solid arrows indicate phylogenetic transitions between
clades; dashed arrows indicate recombination events (from Templeton
2004b).

one evolutionary lineage (or species) is present in
the sample (Templeton 2001). It could be argued
that the phylogenetic species concept, but not the
biological species concept (without the occurrence
of sympatric populations), also allows such a rigor-
ous identification of evolutionary lineages with
separate trajectories. However, it is problematic to
decide the weight to be given to the characters that
identify a ‘phylogenetic species’ (Avise 2000a). In
contrast, the cohesion species concept allows a sta-
tistical test of whether evolutionarily distinct line-
ages exist, and also whether reticulation, past or
present, has impacted said lineages (Templeton
2001, 2004b). As such, the application of this para-
digm reflects an encompassing, rather than exclu-
sionary, approach for the deciphering of
evolutionary pattern and process. In the same way,
the prokaryotic species concept can be seen to
embody the web-of-life metaphor, rather than a
tree-of-life metaphor based on the biological or
phylogenetic species concepts.

2.2.4 Prokaryotic species concept

The pervasive effects of lateral gene transfer in the
evolutionary history of prokaryotic taxa are now
well established (Boucher et al. 2003). This appreci-
ation of the fundamental importance of genetic
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exchange in the diversification of bacterial species
has been factored into some systematic treatments.
For example, Rossell6-Mora and Amann (2001)
reflected the generality of problems inherent in all
species concepts as well as the development, in
their view, of a scientifically more robust prokary-
otic species definition by stating, “The species con-
cept is a recurrent controversial issue that
preoccupies philosophers as well as biologists of all
disciplines. [The] prokaryotic species concept has
its own history and results from a series of empiri-
cal improvements . . .’

With regard to the present discussion, one of the
salient “improvements’ in bacterial systematic stud-
ies has been the addition of DNA sequence infor-
mation (Doolittle 1999; Rossell6-Mora and Amann
2001; Cohan 2002; Stackebrandt et al. 2002;
Konstantinidis and Tiedje 2005). Workers applying
any of the prokaryotic species concepts utilize this
type of data. However, it is of particular significance
for studies that incorporate phylogenetic and/or
phenetic approaches in defining bacterial species
(e.g. Woese 1987; Doolittle 1999; Stackebrandt et al.
2002). Both the phylo-phenetic species concept (e.g.
Rossell6-Mora and Amann 2001) and the phyloge-
netic and ecological divergence concept (e.g. Cohan
2002) utilize DNA sequence information in deter-
mining the taxonomic status of bacterial isolates.
Furthermore, both frameworks incorporate a con-
sideration of phenotypic/ecological distinctiveness.
Finally, there is an implicit and explicit inclusion of
phenetic similarity, estimated from DNA sequence
information, for the phylogenetic and ecological
concept and the phylo-phenetic species concept,
respectively (Rossell6-Mora and Amann 2001;
Cohan 2002). However, unlike the phylo-phenetic
species concept, Cohan (2002) drew parallels with
concepts applied to eukaryotes when he stated,
‘... A species is a group of organisms whose diver-
gence is capped by a force of cohesion; divergence
between different species is irreversible; and differ-
ent species are ecologically distinct.” Furthermore,
he argued that unlike commonly accepted system-
atic treatments for bacteria, ‘...these universal
properties are held not by the named species . . . but
by ecotypes ...” and ‘A named species is thus more
like a genus than a species” (Figure 2.4; Cohan
2002).
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Figure 2.4 The effect of lateral gene transfer on phylogeny
reconstruction within a bacterial ecotype. (a) The true evolutionary
history/phylogeny. (b) The inferred history/phylogeny illustrating that
lateral gene transfer following diversification has resulted in an
incorrect inference of a recent, shared ancestor for the two lineages
on the extreme right (from Cohan 2002).

Consistent with both of the iterations of the
prokaryotic species concept, overall genetic similar-
ity, coupled with phenotypic traits associated with
ecological setting, has been emphasized as a basis
for systematic treatments of prokaryotes
(Stackebrandt et al. 2002; Gevers et al. 2005;
Konstantinidis and Tiedje 2005). Thus, ‘A bacterial
species is essentially considered to be a collection of
strains that are characterized by at least one diag-
nostic phenotypic trait and whose purified DNA
molecules show 70% or higher reassociation val-
ues . .." (Konstantinidis and Tiedje 2005). The refer-
ence to reassociation values was in regard to the
yardstick that strains from the same species would
demonstrate at least 70% DNA-DNA hybridization
during  reassociation  kinetics  experiments
(Konstantinidis and Tiedje 2005).

With the advent of direct DNA sequencing, there
was a need to correlate sequence data with the 70%
reassociation standard. Without such a correlation,
groups in which sequence data were available for
some taxa, but not all, could not be treated exhaus-
tively wusing this systematic ~methodology
(Stackebrandt et al. 2002). However, even given the
availability of such a correlation (e.g. Rossell6-Mora

and Amann 2001), the phenotypes of the bacterial
taxa of interest are also taken into account when
defining species. However, the effect of horizontal
gene transfer on phenotype is known to be wide-
spread. Indeed, the profound effect of the inclusion
of laterally transferred adaptations on evolutionary
treatments is easily discernible in prokaryotic sys-
tems (Doolittle et al. 2003). Thus genes or traits
involved in lateral transfer ’. . . are often fundamen-
tal to cell physiology and ‘lifestyle,” and are of the
sort that microbiologists traditionally used to define
such prokaryotic taxa, or employed in deducing
phylogenetic relationships between them...
(Boucher et al. 2003). These ‘phenotypes’ may then
be unreliable for use in prokaryotic systematics (e.g.
see Figure 1.7).

As stated above, there have been significant
advances made—in particular through the acquisi-
tion of DNA sequence data—in the ability to define
species of prokaryotes. Yet, the occurrence of wide-
spread lateral gene transfer still represents a signif-
icant barrier for systematic treatments, regardless
of whether the phylogenetic and ecological, phylo-
phenetic, or some other species concept is applied.
For example, Doolittle and his colleagues have
emphasized repeatedly the significance that must
be placed on accounting for lateral gene transfer
not only in prokaryotic origins, but in eukaryotic
origins as well (Doolittle 1999; Boucher et al. 2003).
Though a cautionary note for those who wish to
construct prokaryotic phylogenies or, ultimately,
the “universal tree of life’, the consideration/recog-
nition of the role of genetic exchange in organismal
origins reflects a wonderful illustration of the thesis
of this book—that genetic exchange affects greatly
evolutionary pattern and process. One of
Doolittle’s (1999) conclusions illustrates well the
central role played by genetic exchange in the ori-
gins, and continued evolution, of the three domains
of life. He states ‘More challenging is evidence that
most archaeal and bacterial genomes (and the
inferred ancestral eukaryotic nuclear genome) con-
tain genes from multiple sources...Molecular
phylogeneticists . . " may fail “... to find the ‘true
tree,” not because their methods are inadequate or
because they have chosen the wrong genes, but
because the history of life cannot properly be
represented as a tree.” This conclusion then reflects
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Figure 2.5 A representation of the history of biological
diversification of all life illustrating the effect of reticulate and
divergent evolution (from Doolittle 1999).

the reality of the web-of-life metaphor as the best
representation of long-term evolutionary pattern
and process (Figure 2.5; Arnold and Larson 2004).

2.3 Summary and conclusions

Over the past decade a paradigm shift has affected
how species are defined in the context of evolution,
conservation, and ecology (e.g. see Hey et al. 2003;
Sites and Marshall 2004 for discussions of topics
related to this conclusion). Many now realize that it
is necessary to consider the possibility of ongoing
genetic exchange as species arise and as they con-
tinue to evolve (see Levin 2000; Mallet 2005). As
indicated by the topics in each of the chapters of the
present book, genetic exchange must be considered
as being of possible fundamental importance for
organisms as varied as viruses and mammals.
Notwithstanding the amount of data available to
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support this conclusion, works still appear that pre-
suppose a paradigm emphasizing a minor role for
genetic exchange—works usually focused on
‘higher organisms’ (e.g. Coyne and Orr 2004).
Though somewhat limited in their ability to deci-
pher evolutionary pattern and process, such con-
ceptual frameworks may be wuseful as null
hypotheses against which to test various data sets,
thus allowing much to be learned concerning the
processes associated with genetic exchange.

As discussed in this chapter, some of the restrictive
pigeon-holing of evolutionary phenomena—such
that genetic exchange becomes unimportant—is due
to the application of restrictive species concepts.
However, this need not be the case. Instead, diversifi-
cation that is coincident with genetic exchange
among lineages can be incorporated into a consider-
ation of evolutionary processes in general. Accepting
this approach allows the recognition, rather than the
rejection or ignorance of, the philosophical and scien-
tific tension created by studying a dynamic process
(Hey et al. 2003; Pigliucci 2003; Sites and Marshall
2004). This approach also allows the application of
conceptually and mechanistically broadly based,
rather than narrow, models for defining species. In
this regard, any of the species concepts discussed in
this chapter may be relaxed to incorporate reticulate
evolution. However, models of the type encapsulated
by the cohesion species concept allow the most
straightforward opportunity for addressing all of the
possible evolutionary processes. Using this category
of concept, or relaxing other concepts, allows rigor-
ous tests for the role of genetic exchange in the devel-
oping evolutionary trajectories (past and present) for
organisms as different as bacteria and plants. Such an
approach would seem to hold the most promise for
deciphering the relative effects of all processes asso-
ciated with evolutionary diversification.



CHAPTER 3

Testing the hypothesis

... chloroplast DNA in natural populations may be acquired from distantly related organisms, so
that relationships shown by this molecule may not be representative of the genome as a whole . . .

(Whittemore and Schaal 1991)

When gene copies are sampled from various species, the gene tree relating these copies might dis-
agree with the species phylogeny. This discord can arise from horizontal transfer (including
hybridization), lineage sorting, and gene duplication and extinction . .. all of the gene trees are
partof the species tree, which can be visualized like a fuzzy statistical distribution, a cloud of gene
histories.

(Maddison 1997)

... there is growing evidence that lateral gene transfer has played an integral role in the evolution
of bacterial genomes, and in the diversification and speciation of the enterics and other bacteria.

(Ochman et al. 2000)

Bifurcating phylogenies are frequently used to describe evolutionary history of groups of related
species. However, simple bifurcating models may poorly represent the evolutionary history of

species that have been exchanging genes.

3.1 Genetic exchange as a testable
hypothesis

In each of the following sections, I will examine dif-
ferent methodologies that have been used to test for
the presence of genetic exchange. As each is dis-
cussed, it will become obvious that none are with-
out weaknesses, mostly due to underlying
assumptions of the likelihood of genetic exchange.
For example, as discussed in Chapters 1 and 2,
zoologists often assume that allele sharing between
different taxa is due to incomplete lineage sorting
while botanists are more likely to assume that the
same pattern of allele sharing in plants is due to
introgression. In addition, those working on lower”
organisms—viruses, bacteria, and fungi—assume
varying levels of lateral gene transfer, reassortment,
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(Machado and Hey 2003)

etc., depending upon the paradigm applied (e.g. Ge
et al. 2005). Such seemingly idiosyncratic conclu-
sions, drawn by different investigators studying the
same organismic group, are widespread in the evo-
lutionary literature. Several examples of alternate
conclusions regarding the importance of lateral
gene transfer, introgressive hybridization, and viral
recombination were mentioned in Chapter 1,
involving Yersinia, Louisiana irises, Darwin’s
finches, and influenza A. Since the present chapter
reviews approaches for detecting evidence of
genetic exchange, it is instructive to discuss in
detail a species complex characterized by alternate
conclusions concerning the evolutionary role of this
process. The example I will use to illustrate how
conclusions can vary from one study/investigator
to the next involves the genus Quercus. This example



will help communicate two points: (i) it will again
illustrate the debate that surrounds the role of
genetic exchange in evolution and (ii) it will
emphasize the power of a comparative approach
that incorporates all relevant information, drawn
from as wide an array of different types of data (e.g.
morphology and DNA sequences) as possible.

3.2 Controversy over genetic exchange:
examples from oaks

3.2.1 North American oaks

Inferences of introgressive hybridization and
hybrid speciation are replete for oaks in general.
For example, Trelease (1917) reported over 120
hybrid derivatives from natural hybridization
between various North American species. The data
for this study came from his examinations of
herbarium specimens and from reports of hybrids
found in the scientific literature. In a reanalysis of
hybridization among the same species examined by
Trelease, Palmer (1948) arrived at the same conclu-
sion, that introgression had been a major contribu-
tor to the evolution of these taxa. In the latter
study more than 70 individual hybrid types (from
different interspecific pairings) were identified.
Grant also reflected such a conclusion when, in
his classic Plant Speciation, he used white oak
species as an example of a syngameon (Grant 1981,
pp- 237-238).

Not only systematic analyses, but also numerous
population studies have been undertaken to test for
the effects of genetic exchange among North
American Quercus species. For example, in the first
issue of the journal Evolution, Stebbins et al. (1947) re-
examined the hypothesis of Davis (1892) that
Quercus marilandica and Quercus ilicifolia hybridized
naturally on Staten Island, New York. Describing the
population, Davis (1892) observed that there were
hundreds of individuals easily identified as belong-
ing to one or the other species. However, he also
noted ‘... a number of trees whose place is not so
evident, and it becomes a question when viewing
them as to whether they exhibit more of the charac-
ters of ilicifolia or nigra [now marilandica]. They form
when taken together a series leading from one
species to the other ...” (Davis 1892). Stebbins et al.

TESTING THE HYPOTHESIS 35

(1947) tested this anecdotal report by collecting mor-
phological data from allopatric and sympatric popu-
lations of Q. marilandica and Q. ilicifolia. These data
were used for a hybrid index analysis. As Davis’
insightful description suggested, the distribution of
the species-specific characters made it clear that
hybridization and introgression had impacted both
of these species (Stebbins et al. 1947).

Like earlier, mainly taxonomic, descriptions (e.g.
Trelease 1917; Palmer 1948), some population-level
analyses had as their primary goal to test the
hypothesis that certain taxa had arisen through nat-
ural hybridization. One such case involved the ori-
gin of the taxon known as Quercus alvordiana. Tucker
(1952) examined herbarium specimens and sampled
many natural populations of this species and its
putative parents, Quercus douglasii and Quercus tur-
binella. Although he did not recognize Q. alvordiana
as a separate species, Tucker (1952) did conclude
that it was a geographically widespread hybrid
derivative from crosses between Q. douglasii and
Q. turbinella. In addition, he detected the effect of
ongoing gene flow between the two progenitor
species. Morphological analyses of populations from
these species that were outside of, but adjacent to, the
hybrid zones often detected ‘modifications” (Figures
3.1-3.4). Tucker (1952) thus concluded, ‘The fact that
this modification is usually in the direction of the
other species is taken as evidence of introgression.’

More recent tests for introgressive hybridization
among North American Quercus species have uti-
lized discrete, molecular markers. For example,
Whittemore and Schaal (1991) assayed genetic vari-
ation for cpDNA and nuclear ribosomal DNA
(rDNA) genes among eastern white oak species.
They found that cpDNA variation, unlike that of
rDNA, correlated well with geography rather than
taxonomic identity of the samples. Thus species in
sympatry shared cpDNA haplotypes. In contrast,
the rDNA showed species-specific distributions
(Whittemore and Schaal 1991). Furthermore, these
species are well differentiated on the basis of mor-
phology, allozymes, and ecological associations
(Whittemore and Schaal 1991). The conclusion
drawn from the cpDNA variation was that
‘... sympatric species of oak in the eastern United
States do not represent fully isolated gene pools,
but are actively exchanging genes’. For the present
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Figure 3.1 Hybrid index scores for allopatric populations of

Q. douglasii (from Tucker 1952).
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Figure 3.2 Hybrid index scores for allopatric populations of
Q. turbinella (from Tucker 1952).

discussion of how contrasting conclusions can be
drawn concerning the extent of genetic exchange, it
is illustrative that based on genetic markers derived
from nuclear loci (e.g. rDNA and allozymes), these
same species could be used as an example of lim-
ited introgression. Indeed, this was the conclusion
drawn from an analysis of nuclear DNA and mor-
phological variation within and between the west-
ern white oak species, Quercus grisea and Quercus
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Figure 3.3  Hybrid index scores for populations of Q. douglasii
adjacent to the putative hybrid species Q. alvordiana (from crosses
between Q. douglasii and Q. turbinella; from Tucker 1952).
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Figure 3.4 Hybrid index scores for populations of Q. turbinella
adjacent to the putative hybrid species Q. alvordiana (from crosses
between Q. douglasii and Q. turbinella; from Tucker 1952).

gambelii (Howard et al. 1997). These workers
detected the introgression of nuclear markers in a
majority of individuals from some populations
near sympatric regions. However, these authors
also found that species-specific nuclear DNA mark-
ers and morphological characteristics were signifi-
cantly correlated, in the same individuals, even in
sympatry. Thus introgression could be seen as
being of minor importance with regard to the
molecular markers and morphological characteris-
tics sampled (Howard et al. 1997). Yet, a separate
analysis by these same authors (Williams et al. 2001)
detected patterns consistent with increased fitness
of certain hybrids in specific habitats. Furthermore,



Howard et al. (1997) did not negate the possibility
of introgression involving many portions of the
genome; rather they pointed out that the few por-
tions of the genome that controlled species-specific
morphological characteristics were not apparently
being exchanged. Finally, Howard et al. (1997) cited
the findings of Whittemore and Schaal (1991) and
suggested that cytoplasmic elements might be
expected to introgress at a much higher frequency
than elements of the nuclear genome. If, as
expected, the cpDNA shows greater levels of intro-
gression in the western species individuals as well,
then the nuclear plus cytoplasmic introgression
would indicate extensive, rather than limited,
genetic exchange.

Taken together, the studies from Davis (1892) to
those of Whittemore and Schaal (1991), Howard
et al. (1997) and Williams ef al. (2001) reveal the need
for a broad-based approach that takes into consider-
ation all of the available data for robust tests of
hypotheses concerning the extent and evolutionary
effect of genetic exchange. A single data set might
result in either support for or rejection of the
hypothesis of significant amounts and evolutionary
effects from genetic exchange. For example, focus-
ing on only nuclear-based markers, or only popula-
tion genetics without fitness estimates, could lead to
the conclusion that introgression between North
American Quercus species was limited in its effect.
This would hardly seem reasonable with the weight
of evidence now available. Examples of conflicting
viewpoints concerning the role of genetic exchange
among oak species are, however, not restricted to
North American taxa. The literature on the evolu-
tion of European species also contains an example
of contradictory conclusions.

3.2.2 European oaks

Hybridization among Old World species of
Quercus, as with New World forms, has often been
inferred (e.g. Ferris et al. 1993; Muir et al. 2000;
Belahbib ef al. 2001; Jiménez et al. 2004; Valbuena-
Carabania et al. 2005). One species pair in particular,
Quercus robur and Quercus petraea, has been the
focus of many studies involving a wide array of mor-
phological and molecular characteristics (e.g. Grant
1981, p. 241; Ferris et al. 1993; Dumolin-Lapegue et al.
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1997, 1998, 1999; Petit et al. 1997, 2003; Streiff et al.
1999; Muir et al. 2000, 2001; Muir and Schlotterer
2005). There seems to be no question that these two
European oak species hybridize. Indeed, discus-
sions of the evolutionary, population genetic, and
even conservation biology implications are replete.
Citing earlier surveys, Grant (1981, p. 241) reflected
the already accepted fact that *. . . where it is native,
Q. robur hybridizes with Q. petraea . ..” More recent
analyses have focused on such topics as (i) the role
of separate refugia and post-glacial expansion on
patterns of introgression (Ferris et al. 1993;
Dumolin-Lapeégue et al. 1997; Petit et al. 1997), (ii)
the effect of mating system on patterns of introgres-
sion (Bacilieri et al. 1996), (iii) the role of introgres-
sion as a dispersal mechanism (Petit et al. 2003), (iv)
the extent of interspecific cytoplasmic gene flow as
assayed for both mitochondrial and chloroplast
DNA, (v) molecular mechanisms that may affect
the expression of introgressed genes (Muir et al.
2001), and (vi) the effect of extensive introgres-
sion—resulting in the absence of species-specific
genetic markers—on taxonomy and thus forest
management (Muir et al. 2000).

Notwithstanding all of the above evidence indi-
cating introgression between Q. petraea and Q. robur,
Muir and Schlétterer (2005) concluded the follow-
ing: ‘Based on our results we propose that the low
genetic differentiation among these species results
from shared ancestry rather than high rates of gene
flow’. For their study, Muir and Schlétterer (2005)
examined genetic variation among microsatellite
loci for several populations of each species. This
analysis allowed a test for (i) species-specific mark-
ers and (ii) genetic differentiation of populations
that were in geographic proximity compared with
those more distant. From this analysis it was dis-
covered that there were no microsatellite loci that
were species-specific (although there were private
alleles) and that populations that were closer geo-
graphically did not show significantly higher levels
of interspecific gene flow (based upon indirect esti-
mates) than those separated by greater distances.

Since this is only a single study, compared with
many previous analyses, it is instructive for the
present discussion to consider how these authors
came to an alternative conclusion. To do this, these
authors had to account for the results from a wide
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range of characters and from many studies, includ-
ing their own (Muir et al. 2000, 2001). The data sug-
gesting high levels of introgression between
Q.robur and Q. petraea that Muir and Schl6tterer
(2005) had to contend with was based upon mor-
phological and molecular data sets, the latter
including both nuclear and cytoplasmic (i.e. mito-
chondrial DNA (mtDNA) and cpDNA) sequence
information. They first suggested that direct esti-
mates of hybrid formation drawn from seed prog-
eny (Streiff et al. 1999) were overestimates because
these samples did not reflect post-zygotic selection
during establishment. This conclusion is almost
certainly correct (see Cruzan and Arnold 1994;
Cornman et al. 2004 for examples of such postzy-
gotic selection). However, Streiff et al. (1999)
detected 7% hybrid progeny. Such a large propor-
tion is consistent with the presence of high levels of
gene flow between these species. Second, Muir and
Schiétterer (2005) concluded that although each of
the many studies of phylogeographical variation
for cytoplasmic genomes (including cpDNA and
mtDNA) detected high rates of introgression,
‘... gene flow is difficult to quantify in the chloro-
plast genome as the latter represents a single locus.”
In contrast, these workers did not account satisfact-
orily for the potentially high level of homoplasy
contained within their own (microsatellite) marker
data set. In summary, these authors dismiss find-
ings from morphological surveys and molecular
markers (including their own previous work) in
favor of a single data set that is likely affected by
homoplasy. This seems to be a non-parsimonious
approach. More importantly, to dismiss numerous
data sets and thus reject a comparative methodo-
logy seems antithetical to a robust examination of
evolutionary process and pattern.

3.3 Methods to test for genetic
exchange

As with the oak studies, the patterns of variation in
each of the species systems discussed within the
following sections could be accounted for partially
by (i) incomplete lineage sorting (i.e. sharing of
ancestral polymorphisms), (ii) genetic exchange, or
(iii) a combination of both processes. These are
likely only partial causes of the patterns detected

because we must also assume that selection and
drift may play ongoing roles in the structuring of
genetic variation. To understand the potential effect
of genetic exchange on evolutionary lineages, I will
discuss various examples of the following method-
ologies: (i) trans-generational sampling of popula-
tions associated with hybrid zones, (ii) tests for
phylogenetic discordance caused by introgressive
hybridization and horizontal gene transfer, (iii) the
combined use of gene genealogies and models of
speciation, (iv) the assessment of intragenomic
divergence, and (v) the application of nested clade
analysis.

3.3.1 Concordance across data sets: hybrid
zone analyses

Robust tests for the presence of ongoing genetic
exchange are made possible through examinations
of genetic or phenotypic variation and
habitatXgenotype associations within hybrid
zones, especially if made across generations. In par-
ticular, such data collected from populations within
and outside of putative hybrid zones allow tests for
reoccurring admixtures of alleles/characteristics
normally found in one or other of the parental
forms. The utility of such studies, for testing
hypotheses concerning the occurrence and evolu-
tionary effect from genetic exchange, has already
been illustrated in Chapter 1. It is thus clear that
without multi-data set/multiyear (i.e. generational)
sampling, the conclusions drawn concerning the
evolutionary role of genetic exchange for Darwin’s
finches, Louisiana irises, and influenza A would not
have been possible. Yet, each of these examples was
used for other topics and not for illustrating the
power of such research designs in testing for
genetic exchange. In the following sections I will
use two complexes of insect species—the
Australian grasshopper genus Caledia and the
North American cricket genus Allonemobius—to
illustrate the utility of multiple data sets for detect-
ing genetic exchange and for testing for the effects
of exchange on the lineages involved.

Caledia captiva
The Australian grasshopper genus Caledia is a
remarkable model system for studying evolutionary



phenomena. Shaw and his colleagues have
addressed such diverse topics as population genet-
ics, chromosomal evolution, speciation, adaptation,
and the role of climate change in organismal distri-
butions—all examined and illustrated by a genus
that ostensibly contains only two species, Caledia
captiva and Caledia species nova 1 (Shaw 1976). The
presence of two recognized species (but see below
for the discussion of a sibling species) within this
genus belies the remarkable genetic, ecological,
behavioral, and developmental diversity housed
within various subspecific taxa (e.g. Shaw 1976;
Shaw et al. 1976, 1980; Shaw and Wilkinson 1978;
Daly et al. 1981; Arnold et al. 1986; Kohlmann et al.
1988; Groeters and Shaw 1992).

Some of the earliest studies of Caledia discovered
cytologically distinct forms that occurred in popu-
lations stretching continuously from southern
Victoria, up the east coast of Australia to northern
Queensland, along the north coast to the
Northern Territory and across the Torres Strait to
Papua New Guinea (Shaw 1976; Shaw et al. 1976).
Subsequent analyses of chromosome, allozyme,
highly repeated DNA, morphological, and experi-
mental hybridization data further differentiated
this genus into eight recognizable taxa (Shaw 1976;
Shaw et al. 1976, 1980, 1988; Moran and Shaw 1977;
Daly et al. 1981; Arnold and Shaw 1985; Arnold 1986;
Arnold ef al. 1986, 1987a, b; Marchant et al. 1988).
These included the southeast Australian, Moreton,
southern Torresian, northern Torresian, Northern
Territory Torresian, Papuan Torresian, Daintree,
and C. species nova 1 forms. Further assignment of
populations to evolutionary groupings was made
possible by employing the numerous available
data sets. For example, although a north—south
cline in centromere position for each chromosome
(Figure 3.5) resulted in completely acrocentric link-
age groups in Victoria, and metacentric chromo-
some complements in the extreme northern
populations (Shaw et al. 1988), the southeast
Australian and Moreton taxa were recognized as
belonging to the same subspecies. Thus similarities
in chromosome banding patterns (Shaw et al. 1988),
allozyme variation (Daly et al. 1981), mtDNA
(Marchant and Shaw 1993; Shaw et al. 1993), and
highly repeated DNA sequences (Arnold and Shaw
1985), along with reproductive compatibilities

TESTING THE HYPOTHESIS 39

1l

Torresian Moreton
{ILLLLL TR
AANAAAAA Aladadda

) 0haasaan

--------------------- “,7 ) Gradual north-south
cline in pericentric
rearrangement frequency

Lakes Entrance
southeast Australia

[N 0RNBAARD
<« AADOAAAA

Figure 3.5 The distribution of chromosome variation within the
Torresian, Moreton, and southeast Australian races. The location of the
contemporary hybrid zone between Torresian and Moreton races is
noted. The changeover in the frequency from the Moreton to the
Torresian chromosomal form is indicated by the histogram at the top.
This changeover occurs over a distance of only 200 m (from Shaw and
Coates 1983).

detected through experimental hybridization
(Shaw et al. 1980), indicated that the populations
located along this cline belonged to a single evolu-
tionary clade. The same type of data also indicated
that all of the Torresian forms should be placed into
a second subspecies, but that the Daintree form was
a sibling species of C. captiva and that C. species nova
1 represented a third, morphologically differenti-
ated species (Arnold et al. 1987b). The richness of
the Caledia species complex for tests of evolutionary
pattern and process is thus seen clearly. However,
these organisms are likely best known for their uti-
lization in detailed, multi-year analyses elucidating
hybridization, introgression, and reproductive iso-
lation within and between taxa.

As with the complexity of chromosomal
rearrangement and highly repeated DNA sequence
differences (reflected in vastly different chromosome
banding patterns), levels of reproductive isolation
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Figure 3.6 The pattern of reproductive isolation found among the various C. captiva forms (from Shaw et a/. 1980).

also vary greatly depending upon the taxa examined
(Figure 3.6; Shaw et al. 1980, 1982; Shaw and Coates
1983). For example, the Daintree sibling species pro-
duces few F, progeny when paired with any of the
other C. captiva taxa and these hybrid progeny are
sterile (Figure 3.6; Shaw et al. 1980). In contrast, the
viability and fertility of F, individuals produced
by crossing Moreton/southeast Australian and
Torresian individuals is not significantly reduced
compared to control (within-subspecies) crosses
(Shaw et al. 1980). However, a significant reduction
in the viability of the reciprocal BC, generations and
the F, generation is detected (Figure 3.6; Shaw et al.
1980, 1993). Indeed, crosses between Torresian indi-
viduals and the various chromosomal races of the
southeast Australian/Moreton result in BC, viabili-
ties ranging from approx. 40 to 70% and F, viabilities

of approx. 0-45% (Shaw et al. 1993). It is apparent
that barriers to genetic exchange among the sub-
species and species are quite strong (Figure 3.6). In
the context of the present discussion, we must there-
fore ask the question of whether multiple data sets
support or reject a hypothesis of genetic exchange
between the various taxa. In particular, does multi-
generational sampling from inside and outside con-
temporary hybrid zones detect patterns of genetic
variation suggesting introgressive hybridization?
Furthermore, if the hypothesis of genetic exchange is
supported, does the pattern of genetic variation sug-
gest processes that affect the extent of introgression
for different genomic (cytoplasmic and nuclear)
elements?

Hybrid zone analyses within the C. captiva
species complex have focused on the parapatrically



distributed Moreton and Torresian subspecies.
These subspecies were found to be diagnostically
different for chromosome rearrangements, chromo-
some banding, cytological distribution of highly
repetitive DNA families, DNA sequence variation
for highly repetitive DNA families, rDNA
sequences, allozymes, and mtDNA (Shaw 1976;
Shaw et al. 1976; Daly et al. 1981; Arnold and Shaw
1985; Arnold et al. 1986, 1987a, b; Marchant et al.
1988; Marchant and Shaw 1993). The first data col-
lected and used to test for genetic exchange
involved investigations of the chromosomal-
rearrangement differences between these two sub-
species near and within the region of parapatry
(Moran and Shaw 1977; Moran 1979). Populations
of the two subspecies, near the area of parapatry,
differ cytologically in that Moreton individuals
have a preponderance of submetacentric or meta-
centric chromosomes while Torresian individuals
possess acrocentric or telocentric chromosomes
(Figure 3.5). By sampling from one side of the zone
of parapatry to the other, Moran and Shaw (1977)
detected (i) individuals polymorphic for the ‘diag-
nostic’ chromosome rearrangements and (ii) the
presence of Torresian-specific chromosome variants
on the Moreton side of the zone of parapatry, but no
Moreton-specific variants on the Torresian side of
the zone. These findings led to the conclusion that
introgressive hybridization was indeed occurring
and that it was asymmetric; that is, only from
Torresian into Moreton (Moran and Shaw 1977).

A second analysis of the diagnostic rearrange-
ment differences was made during a subsequent
generation. This study involved the assaying of
chromosomal variation for both the original tran-
sect across the zone of parapatry assayed by Moran
and Shaw and also for a second transect (Shaw et al.
1979). In addition, allozyme variation was sur-
veyed across the hybrid zone. In the case of the
chromosomes, asymmetric introgression from
Torresian into Moreton populations was once again
supported, this time reflected by two transects. Like
the chromosome markers, the allozyme variation
also suggested introgression between the sub-
species. However, unlike the cytological markers,
introgression was symmetrical with the allelic vari-
ants typical for each subspecies found in popula-
tions on both sides of the zone of overlap (Shaw
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et al. 1979; Moran et al. 1980). The asymmetry of the
chromosome introgression was hypothesized to
reflect the selective advantage for the Torresian
chromosomes (Shaw et al. 1979, 1993). It was con-
cluded that the advantage was environmentally
mediated. In this case the ecological trigger was a
drought that led to environment X genotype inter-
actions that favored introgression from the xeric-
adapted  Torresian  individuals into the
mesic-adapted Moreton grasshoppers (Kohlmann
et al. 1988). Consistent with this conclusion was the
observation that the asymmetric introgression was
reversed in generations of grasshoppers that expe-
rienced more rainfall (Shaw et al. 1985, 1993). This
reversal suggested that greater rainfall favored
components of the Moreton (mesic-adapted)
genome and thus caused their introgression into
populations on the Torresian side of the zone of
overlap (Shaw et al. 1993). As with the diagnostic
cytological (chromosomal-rearrangement) charac-
ters, molecular markers distinguished an area of
increased polymorphism in the region of parapatry.
This added evidence was also consistent with a
hybridization hypothesis. These findings, in con-
cert with all the other data sets, were thus conclu-
sive in regard to the location of a zone of secondary
contact.

Given the support for the hypothesis of genetic
exchange between the Moreton and Torresian sub-
species it is then possible to ask whether the vari-
ous markers demonstrate similar patterns of
introgression. Like the chromosomal markers, an
asymmetry was also detected when the Moreton
and Torresian sides of the hybrid zone were com-
pared for both nuclear and cytoplasmic markers
(i.e. rtDNA and mtDNA; Arnold et al. 1987a;
Marchant et al. 1988). When these same individu-
als/populations were surveyed for the diagnostic
allozymes the same asymmetrical pattern was
found for these markers as well (Shaw et al. 1990). It
is important to note that earlier studies resolved
allozyme variation, suggesting symmetrical intro-
gression of allozyme markers (e.g. Moran et al.
1980). The finding of asymmetry in the later studies
likely reflects the more intensive sampling regime
of these analyses. Regardless, the asymmetry
detected with the rDNA, allozyme, and mtDNA
markers was consistent in that introgression largely
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involved the transfer of Moreton markers into
Torresian populations near the zone (Shaw et al.
1990, 1993). However, the extent of introgression
(i.e. the distance of introgressed markers from the
current hybrid zone) of molecular markers com-
pared to that of chromosome structural differences
was significantly different (Arnold et al. 1987a;
Marchant et al. 1988). Thus near the zone of contact
the chromosome rearrangement and C-band differ-
ences changed from 100% Moreton to 100%
Torresian within 1 km of the hybrid zone. In con-
trast, the Moreton molecular markers were found
up to 450 km from the present-day hybrid zone
(Shaw et al. 1990).

The most parsimonious explanation for the coin-
cidental occurrence of Moreton allozyme, rDNA,
and mtDNA markers up to 450 km north of the
present-day zone of overlap is that the zone has
moved, leaving the Moreton markers in its wake
(Marchant et al. 1988). Given the well-established
pattern of environmental change that has caused a
switch from mesic to xeric habitats north of the
present-day hybrid zone, it would be expected that
the xeric-adapted Torresian form would have dis-
placed Moreton populations. However, the fre-
quency of the introgressed allozyme, rDNA, and
mtDNA markers is also of interest. As expected for
the trailing behind of neutral markers as a hybrid
zone moves, the Moreton allozymes are not in high
frequency in the more northerly populations
(Marchant et al. 1988). In contrast, the Moreton
mtDNA and rDNA markers are in the majority in
these populations—indeed fixed in some of these
chromosomally Torresian populations (Shaw et al.
1990). Various scenarios can be proposed to explain
this pattern. However, comparison with other sys-
tems and experimental analyses have suggested
that (i) the introgressing Moreton mtDNA may have
been selected for in the Torresian nuclear back-
ground (Arnold 1997) and (ii) the Moreton rDNA
acted as the template for gene-conversion events,
leading to its preponderance in the introgressed
Torresian populations (Arnold et al. 1988).

The trans-generational surveys of the Caledia
species complex reflect a robust method for testing
genetic exchange. In addition, such multi-year
analyses allowed numerous inferences concerning
the pattern and underlying causes of introgression

between the hybridizing taxa. Similarly, studies of
another model animal system—the cricket genus
Allonemobius—illustrate well the strength of such
research programs for discerning evolutionary pat-
tern and process.

Allonemobius

Like the Caledia research program, the work of
Howard and his colleagues on the cricket genus
Allonemobius has encompassed evolutionary ecol-
ogy and evolutionary biology. In the course of
analyses over the past quarter of a century, these
workers have addressed topics as diverse as habitat
choice, systematic relationships, hybrid zone struc-
ture, gamete competition, reinforcement of pre-
mating barriers to reproduction, and the effect of
endosymbionts on speciation (e.g. Howard and
Harrison 1984a, b; Howard 1986; Howard and
Waring 1991; Howard et al. 1993, 1998; Britch et al.
2001; Marshall et al. 2002; Marshall 2004). Another
similarity with the C. captiva work is that the
research on Allonemobius by Howard ef al. is an ele-
gant model of how to detect the presence and
effects of genetic exchange using data across gener-
ations. Indeed, results from their long-term analy-
ses have transformed this genus, and particularly
Allonemobius fasciatus and Allonemobius socius, into
another clear exemplar of evolutionary diversifica-
tion coincident with ongoing genetic exchange.
However, the unexpected finding that the taxon
known as A. fasciatus contained two cryptic species
necessarily preceded initial evidence for interspe-
cific hybridization within Allonemobius. In this case
allozymic differentiation was defined, suggesting
concordant and strong discontinuity at several
allozyme loci between northern and southern
populations of A. fasciatus (Howard 1982, 1983).
From these data it was concluded that the northern
and southern forms should be considered different
species, A. fasciatus and A. socius, respectively
(Howard 1982, 1983). In addition to electrophoretic
variation, these largely cryptic species could also be
differentiated based upon morphometrics and
analyses of calling or mating songs (Howard and
Furth 1986). Like the cryptic Moreton and Torresian
forms of C. captiva, the parapatrically distributed
A. fasciatus and A. socius were also candidates for
investigating genetic exchange via introgression.



The initial evidence consistent with genetic
exchange between the two Allonemobius species, as
with the original detection of A. socius, came from
allozyme analyses (Howard 1986). The first indica-
tion that natural hybrids were being formed
between A. fasciatus and A. socius came from hybrid
index scores (the character-index methodology of
Sage and Selander 1979 as adapted by Howard
1986) for populations collected along transects
(i) on the eastern seaboard of the USA and (ii)
inland across the Allegheny mountains (Figure 3.7).
Along each transect, populations were detected in
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which crickets occurred that demonstrated admix-
tures of alleles characteristic for A. fasciatus and
A. socius (Howard 1986). In fact the frequency of
putative hybrid genotypes within the zone of
overlap in the mountain transect ranged from 20
to 33%. Furthermore, genetic variation in one
population separated by approx. 100 km from the
nearest mixed population indicated the effect of
introgressive hybridization from A. fasciatus into
A. socius; 3% of the genotypes found in this popu-
lation could be assigned to hybrid classes (Howard
1986).
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Figure 3.7 Map showing the distributions of the Allonemobius populations in the mountain (1-12) and east coast (13—21) zones of overlap.
The unnumbered circles are additional samples intended to reflect the range of the two species (from Howard 1986).
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It is likely that different numbers of generations
produced the genetic variation sampled along the
two Allonemobius transects. Thus the population
samples reflected indirect estimates of the contribu-
tions of multiple generations to the population
genetic structure. Howard (1986) also carried out
indirect trans-generational sampling when he
detected significant deviations from Hardy-
Weinberg expectations consistent with a genetic-
exchange hypothesis. In this case, the deviations
resulted from the deficit of ‘hybrid” genotypes. This
is the expected outcome if two species hybridize to
produce a certain proportion of recombinant geno-
types possessing lower fitness. Indeed, this is the
pattern observed in numerous plant and animal
hybrid zones (Barton and Hewitt 1985; Arnold
1997). However, it is important to note that the
parental and hybrid classes do not always show
increased fitness (as measured by relative survivor-
ship) of A. fasciatus and A. socius genotypes relative
to hybrid genotypes (Howard et al. 1993).

In addition to the results from the allozyme
analyses, studies of other types of genetic markers
and the species-specific calling song parameters
also detected variation indicative of genetic
exchange between these two taxa. First, the defini-
tion of RAPD marker variation among populations
near and within an area of overlap in Illinois
detected banding phenotypes similar to those
found in experimental hybrids (Chu et al. 1995).
These same individuals were also assayed for
species-specific allozyme markers, confirming the
hybrid RAPD genotypes. However, Chu et al. (1995)
argued that these results, along with earlier find-
ings, suggested only limited genetic exchange
between A. fasciatus and A. socius. Along with the
molecular marker data, calling-song variation in
natural populations outside and within the zones of
overlap between these two species also reflects
apparent genetic admixtures (Mousseau and
Howard 1998; Roff et al. 1999). In this case, some
populations that are ‘hybrid” on the basis of genetic
markers also possess ‘intermediate’ calling songs
(e.g. Mousseau and Howard 1998). Further support
for the hybridization hypothesis came from the
observation that the proportion of admixture in
the hybrid genotypes was strongly correlated
with the calling-song phenotype. Thus, hybrid

individuals (not just populations) possessed inter-
mediate songs (Mousseau and Howard 1998).

Each of the above studies reflects direct (in the
case of survivorship of the parental and hybrid
classes) or indirect (in the case of population
genetic samples) assays across generations that can
be used to test for genetic exchange between
A. fasciatus and A. socius. Each data set supports the
hypothesis of introgressive hybridization (albeit
argued to be limited in extent, e.g. see Howard
1986). Yet the findings from Howard and his col-
leagues are applicable to not only the detection of
genetic exchange, but also to answering many
questions concerning the processes and effects from
such exchange. For example, many of the studies
and reviews from this group have focused on tests
for the presence of reproductive character displace-
ment caused by reinforcement (e.g. Howard 1986,
1993; Benedix and Howard 1991, Howard and
Waring 1991; Howard and Gregory 1993; Howard
et al. 1993; Cain et al. 1999; Britch ef al. 2001).

In regard to the role of reinforcement in the evolu-
tion of reproductive isolation between A. fasciatus
and A. socius, Howard’s group has found evidence
from various studies that is consistent with its
impact on this species complex. First, patterns of
genetic variation and levels of reproductive isolation
have been found to correlate well with the expecta-
tion that a wider area of overlap between these two
species is accompanied by a greater level of repro-
ductive isolation (Howard 1986). This is expected if
the width of the overlap reflects a greater opportun-
ity for hybridization, leading to stronger selection for
premating isolating barriers (Howard and Waring
1991). Second, the detection in A. fasciatus males of a
calling-song ‘displacement’—a change, in sympatry,
in song characteristics found in allopatric popula-
tions—suggested character displacement for this
trait thought to be important for mate choice by
females (Benedix and Howard 1991). Such a dis-
placement was thought to reflect selection for
A. fasciatus males that had maximum calling-song
differences from A. socius in areas of sympatry,
allowing females to choose the correct (i.e. conspe-
cific) mate and thus increase their fitness (Benedix
and Howard 1991). Third, Howard (1982, 1986) and
his colleagues (e.g. Harrison 1986) had defined the
concept of mosaic hybrid zones—zones that resemble a



patchwork quilt with alternating populations con-
taining one or other of the parental species and oth-
ers containing parentals and hybrids (Figure 3.7). In
mosaic zones, relative to other types of hybrid zone,
reinforcing selection is expected to occur under a
greater array of conditions (Cain et al. 1999).

Several data sets have thus suggested a role
for reinforcement in the evolution of the two
Allonemobius species. However, other findings have
indicated that this process may have been of lim-
ited effect. These findings include the following:
(i) though, in earlier studies, correlations between
zone width and degree of reproductive isolation
seemed consistent with reinforcement, later analy-
ses did not support this conclusion (Howard and
Waring 1991); (ii) male calling-song displacement
was apparently not due to differential female pref-
erence because females from neither species
showed a preference for the conspecific male songs
(Doherty and Howard 1996); and (iii) the fact that
populations of the two species, along with mixed
populations within the overlap zone, are found in a
mosaic has not seemed to result in a strengthening
of reproductive isolation, at least during a decade
and half of observations (Britch et al. 2001).

Notwithstanding the remaining questions con-
cerning the overall importance of reinforcement in
the evolutionary history of A. fasciatus and A. socius,
the research program built up around years of
study indicates the power of multi-year/multi-
generational analyses of genetic exchange. For
example, by studying hybrid zones across genera-
tions and between different geographical locales,
Howard constructed the basis for what is known as
the mosaic hybrid zone concept (Howard 1982,
1986; Harrison 1986, 1990). Inherent in this concept
of hybrid zones is the hypothesis that environment-
dependent selection affects greatly the genetic
structure and habitat associations of various popu-
lations. This model has become the touchstone for
analyses of genetic exchange via introgressive
hybridization (e.g. see Arnold 1997 for a review)
and has resulted in an appreciation of the key role
of environmentally mediated selection.

Of equal importance to reframing our concept of
hybrid zones was Howard and colleagues’ discov-
ery that gamete competition formed a strong bar-
rier to genetic exchange between the Allonemobius
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Figure 3.8 Predicted (filled bars) and observed (open bars)
proportions of F, hybrid offspring between A. fasciatus and A. socius.
The A cages contained equal numbers of the two species. The B cages
contained 80% A. socius individuals. The C cages contained 80%

A. fasciatus individuals (from Howard et al. 1998).

taxa (Howard and Gregory 1993; Howard et al.
1998, 2002). This conclusion would not have been
possible without the multi-generational data that
demonstrated limits to genetic exchange. Indeed,
their work reflects a general model for deciphering
processes associated with post-fertilization barriers
for introgression. Specifically, their studies demon-
strated that the pre-zygotic process of conspecific
sperm precedence (i.e. gamete competition)
resulted in few hybrid offspring formed when
females mated with both conspecific and het-
erospecific males (Figure 3.8; Howard and Gregory
1993; Howard et al. 1998, 2002). I would argue that
their findings, and the findings from a diverse array
of other taxa (e.g. Carney et al. 1994; Chang 2004;
Geyer and Palumbi 2005), have yielded a renais-
sance in our understanding of the importance of
prezygotic barriers in affecting the patterns of
genetic exchange.

Recently, the long-term studies of the
Allonemobius hybrid zones have likewise resulted in
the detection of hybrid-zone evolution consistent
with a causal role for global environmental changes.
Britch et al. (2001), using the cumulative 14 years-
worth of data for the east coast transect and the
mountain transect described above detected differ-
ential hybrid-zone responses (Figure 3.9). In
particular, the mountain transect showed an
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Figure 3.9 Hybrid index profiles for mountain (MTN) and east coast (EC) populations over 14 years. The x-axis indicates hybrid index score, with
A. socius individuals reflected in the negative scores at the left of each histogram, A. fasciatus reflected in the positive scores at the right, and the
proportion of hybrid individuals indicated by the filled portion of the bars (from Britch et a/. 2001).



increase in the frequency of A. socius genotypes in
many of the populations. Britch et al. (2001) inferred
that “These increases suggest a northward movement
of this southern cricket and may reflect response to
warming of the climate in the Appalachian
Mountains.” In contrast, A. socius did not increase in
frequency along the east coast transect (Figure 3.9).
In answer to the question of why there were not
similar increases in frequencies along both transects,
Britch et al. (2001) suggested that “. .. the Atlantic
Ocean buffers temperature and moisture fluctua-
tions brought about by climate warming...” The
transects reflect different patterns of hybrid-zone
evolution, yet both are determined environmentally.

It is important to note that although I have
focused on two insect systems to highlight the
power of trans-generational studies in tests for the
occurrence and evolutionary consequences of
genetic exchange, as stated in the introduction to
this section I could have instead chosen influenza
A, Darwin’s finches or Louisiana irises (see Chapter
1)—or a number of other examples from widely
divergent species complexes (Arnold 1997). Thus,
wherever multi-generational observations have
been implemented, important findings in regard to
genetic exchange have been made. In a similar way,
I will use a small set of species complexes in the
next section to illustrate how discordance in phylo-
genies constructed from different data sets can be
used to test for the evolutionary effects of genetic
exchange.

3.3.2 Phylogenetic discordance

Various processes can cause non-concordance (i.e.
different branching patterns and taxa associations)
between phylogenies derived from different char-
acter sets. However, the retention of ancestral poly-
morphism and reticulate events (caused by
introgressive hybridization and lateral gene trans-
fers) are viewed as being two of the main causal fac-
tors. In the following examples—including putative
cases of both horizontal transfer and introgressive
hybridization within plants, animals, and an api-
complexan parasite—different approaches were
used to test whether retention of ancestral poly-
morphisms or genetic exchange best accounted
for the resolution of discordant phylogenetic
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hypotheses. For some species complexes, genetic
exchange involved different domains of life, while
in other instances the exchange involved congeners.
In all cases, the footprints of genetic exchange were
detected with some form of comparative approach.

Senecio

The plant genus Senecio has proven to be another
excellent system for illustrating the descriptive and
predictive value of the web-of-life metaphor. In
particular, the species contained within this genus
form the basis for understanding the processes of
hybrid speciation, the semi-permeable nature of
species boundaries, barriers to reproduction, adapt-
ive trait introgression and the relative effects of
incomplete lineage sorting and genetic exchange on
phylogenetic hypotheses (Abbott 1992; Abbott et al.
1992, 2003; Comes and Abbott 1999, 2001; Lowe and
Abbott 2000, 2004; Abbott and Forbes 2002; Abbott
and Lowe 2004; Chapman et al. 2005). This system
is well known for the discovery of two newly
formed (i.e. approximately 100-200 YBP) polyploid,
hybrid taxa: (i) the tetraploid Senecio eboracensis
formed from introgressive hybridization between
the British Isles-native, tetraploid Senecio vulgaris
and the introduced diploid species Senecio squalidus
(Abbott et al. 1992; Lowe and Abbott 2004; James
and Abbott 2005) and (ii) the hexaploid Senecio cam-
brensis also formed from hybridization between
S. vulgaris and S. squalidus (Ashton and Abbott
1992). Work by Abbott and his colleagues has con-
firmed both the mode of formation of these species
as well as the degree of reproductive isolation
between parents and hybrid derivatives and the
processes that contribute to this reproductive isola-
tion (Abbott 1992; Lowe and Abbott 2000, 2004;
Abbott and Lowe 2004). In addition, these workers
have demonstrated that the introgression of the
loci causing ray florets in the hybrid species
S. eboracensis is likely adaptive, although there are
fitness tradeoffs due to the cost of outcrossing
(rather than the high frequency of self-fertilization
seen in the parental species) by the hybrid geno-
types (Abbott et al. 2003).

In the context of the current topic—using phylo-
genetic discordance to discern the evolutionary
effects of genetic exchange compared with other
processes such as incomplete lineage sorting—the
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Figure 3.10 Gene tree (maximum parsimony) derived from cpDNA haplotypes found in Senecio populations. Each branch reflects a single
mutational step, with numbers along the branches merely indicating the specific polymorphism involved. The black dots indicate unobserved,
intermediate haplotypes. Clades | and Il have associated bootstrap values of 64 and 89%, respectively (from Comes and Abbott 2001).

work of Abbott and colleagues on the genus Senecio
is also illustrative. In particular, inferences concern-
ing species relationships based on nuclear (internal
transcribed rDNA [ITS rDNA] sequences and
RAPD loci), cpDNA, and morphological characters
were considered in a geographic context (Figures
3.10 and 3.11; Comes and Abbott 2001). Through
this analysis it was possible to test for the role of
genetic exchange and retention of ancestral poly-
morphisms among species of Mediterranean
Senecio (section Senecio). However, these authors
reflected the limitations of such studies when they
stated, ‘Obviously, these alternative processes [i.e.
reticulations and incomplete lineage sorting] are
not necessarily mutually exclusive and are notori-
ously difficult to disentangle.”

The illustrative nature of Comes and Abbott’s
(2001) study is thus not solely in what they were
able to conclude with some measure of confidence,
but also in what they were not able to discern.
Indeed, these authors made the common discovery
that they were limited by the distribution of genetic
variation, both within and between the taxa sam-
pled. This limitation made it possible only to infer
how incomplete lineage sorting or reticulation may

have affected the evolutionary diversification for
a portion of the species studied (Comes and Abbott
2001). However, these authors did conclude that
incomplete lineage sorting and reticulations were
both likely causal factors in the evolution of section
Senecio. For example, they concluded that the
phylogenetically discordant (relative to relation-
ships derived from morphology) cpDNA variation
found in populations of the widespread diploid
species, Senecio gallicus, was best accounted for by
the retention of ancestral polymorphisms, rather
than introgressive hybridization. The findings
supporting this conclusion were that (i) although
S. gallicus is a distinct species based upon breed-
ing experiments and phenotype, it shares the
three cpDNA haplotypes with two other species
(Figure 3.11), (ii) unlike most other species within
its cpDNA subclade, S. gallicus is genetically unified,
as reflected by allozyme variation, and (iii) there
is no evidence for present-day sympatry or hybrid-
ization with the other diploid species or the
tetraploid S. vulgaris that also harbor the cpDNA
variation found in S. gallicus (Figure 3.11; Comes
and Abbott 2001). In regard to S. gallicus, Comes
and Abbott (2001) considered the caveat that
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Parsimony tree derived for 37 accessions and 18 species of Senecio based on nuclear ITS rDNA sequences. Three informative

insertion/deletion events are listed in the key and their placement is indicated on the phylogeny. Numbers located above and below the branches
indicate the bootstrap values and the number of nucleotide changes, respectively. Boxed species indicate two examples of discordance between

ITS rDNA, cpDNA, and species taxonomy (from Comes and Abbott 2001).

ancient reticulation, resulting from Pleistocene cli-
matic perturbations, brought this species into con-
tact with the other diploid species located across
the Strait of Gibraltar (Comes and Abbott 2001).
Notwithstanding this cautionary note, these workers
suggested a stronger inference that incomplete
lineage sorting was causal in the pattern of cpDNA
variation.

Comes and Abbott (2001) did not only infer
effects from incomplete lineage sorting in produc-
ing the phylogenetic discordance among Senecio
species. They also concluded that both past and
contemporary hybridization was reflected in two
species pairs (Figures 3.10 and 3.11). The evidence
for past reticulate evolution was resolved for the
species Senecio flavus and Senecio glaucus. In this
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case, populations of S. flavus from Israel have
recently been found to not be diploid, but rather
tetraploid. Though morphologically highly similar
to S. flavus subsp. flavus, this taxon possesses ITS
rDNA and cpDNA sequences that are ‘glaucus-like’
(Comes and Abbott 2001). This suggests that either
S. glaucus was the maternal (cpDNA) parent in the
cross forming the new (allo-)polyploid species, or
that introgressive hybridization occurred between
the polyploid form and S. glaucus subsequent to the
polyploidy event (Comes and Abbott 2001). In
either case, genetic exchange was apparently
involved in the evolution of these species. The sec-
ond case for which reticulate evolution has been
inferred involved what Comes and Abbott (2001)
referred to as ‘contemporary hybridization and
introgression’. Specifically, they found that Senecio
rupestris and Senecio vernalis, on the basis of
allozyme variation, morphology, and life-history
differences were (i) highly divergent from one
another and (ii) sister taxa of species belonging to
separate cpDNA clades. Surprisingly, Comes and
Abbott (2001) discovered cpDNA and ITS rDNA
variation in one sample of S. rupestris that was
indistinguishable from some S. vernalis populations
(Figures 3.10 and 3.11). Considering all of the data,
Comes and Abbott (2001) concluded that, like the
flavus/glaucus example, one species (in this case
S.vernalis) had been the donor for both the ITS
rDNA and cpDNA sequences.

In general the Senecio species complex reflects
numerous outcomes associated with the web of life.
Comes and Abbott (2001) demonstrated, however,
that reticulate events are likely accompanied by
other processes such as incomplete lineage sorting.
The application of tests for phylogenetic discor-
dance thus allow the detection of patterns that are
consistent with one or other of these evolutionary
phenomena. In the next section I will consider stud-
ies of phylogenetic discordance that have also
allowed the detection of genetic exchange in a par-
asitic eukaryote, in this case exchange involving the
process of lateral gene transfer.

Cryptosporidium

The eukaryotic phylum Apicomplexa contains sev-
eral human parasitic pathogens including the gen-
era Plasmodium, Toxoplasma, and Cryptosporidium.

Unlike other members of this phylum,
Cryptosporidium paroum lacks the relictual plastid
(and its genome) known as the apicoplast (Zhu et al.
2000b; Abrahamsen et al. 2004). Furthermore, this
organism contains a degenerate mitochondrion
lacking a genome (Abrahamsen et al. 2004).
Although C. parvum is usually only fatal to
immunocompromised individuals, the lack of an
effective treatment and its resistance to normal
chlorine disinfection in water have resulted in the
concern that this organism could be used as a
water-borne bioterrorism agent (see the US Centers
for Disease Control Bioterrorism Agents/Diseases
list; www.bt.cdc.gov/agent/agentlist.asp).

Of particular interest for the topic under consid-
eration is the observation that depending on which
gene sequences are examined, different phyloge-
netic relationships between C. parvum and other
apicomplexan species are resolved (Carreno et al.
1999; Zhu et al. 2000a; Leander et al. 2003). First, the
use of various combinations of sequences derived
from small-subunit rRNA, large-subunit rRNA,
protein-encoding and B-tubulin genes have indi-
cated that C. paroum is (i) a sister species to the gre-
garine (e.g. parasites of annelids and insects)
complex (Carreno et al. 1999; Leander et al. 2003) or
(i) basal to the entire apicomplexan clade (Zhu et al.
2000a). Most importantly, however, is the finding
that numerous genes in the C. parvum genome
(Abrahamsen et al. 2004) place this species alter-
nately with cyanobacteria, eubacteria, or
plant/algae species (Striepen et al. 2002; Huang
et al. 2004). For example, the gene encoding leucine
aminopeptidase associates C. parvum with
cyanobacteria, the glucose-6-phosphate isomerase
gene sequences place it with algal/plant taxa, and
its tryptophan synthetase 8 subunit gene indicates
its relationship with eubacteria (Figure 3.12; Huang
et al. 2004). Indeed, based upon phylogenetic dis-
cordance, approx. 30 genes were identified as hav-
ing entered the C. parvum genome through
horizontal gene transfer (Huang ef al. 2004). The
donors of gene sequences for this eukaryotic para-
site’s genome thus include “... a-, 8-, and e-pro-
teobacteria, cyanobacteria, algae/plants and
possibly Archaea’ (Huang et al. 2004). Furthermore,
many of these transfers have likely led to adaptive
evolution, either due directly to the original
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Figure 3.12 Phylogenetic placement of C. parvum based on (a) leucine aminopeptidase, (b) glucose-6-phosphate isomerase, and (c)
tryptophan synthetase B subunit. These genes indicate horizontal transfers from (a) cyanobacterial, (b) algal, and (c) eubacterial sources. Numerical
designations above the branches indicate the puzzle frequency (using TREE-PUZZLE) and bootstrap values for maximum parsimony and neighbor-
joining methods, respectively. Asterisks are placed on branches for which bootstrap values are less than 50% (from Huang et al. 2004).

transfer, or through gene duplications and change
of gene function subsequent to the transfer event
(e.g. Striepen et al. 2002, 2004; Madern et al. 2004).

The resolution of genetic exchange afforded by
comparisons of completely sequenced genomes
using phylogenetic discordance as the litmus test is
illustrated well by the studies of C. parvum
(Figure 3.12). However, as indicated by the Senecio
results, phylogenetic discordance as a methodology
for detecting such exchanges is not limited to those
species for which complete genome sequences are
available. This is also demonstrated clearly by an
example involving the African electric fish belong-
ing to the superfamily Mormyridae.

Mormyridae

The African fish families Mormyridae and
Gymnarchidae (superfamily Mormyroidea) encom-
pass the largest taxonomic assemblage of fresh-
water electric fish species (Taverne 1972, as cited by
Lavoué et al. 2003). The mormyrid species are noted
for having species-specific electrical discharges

(electric organ discharges, or EODs) that appear to
aid in the recognition of conspecifics (Hopkins and
Bass 1981). Differentiation in EOD type has been
found between morphologically cryptic and
co-occurring forms suggesting a role for sympatric
divergence in this group of fish (Arnegard et al.
2005). The enormous diversity of the mormyrid
group is reflected in its being the most abundant
fish species complex in some African riverine sys-
tems (Lavoué et al. 2000). Indeed, the mormyrids
are an example of explosive radiation resulting in
species flocks with hundreds of member species
(Sullivan et al. 2002). These species flocks appear
analogous to those of the African rift lake cichlid
complexes in that there are numerous morphologi-
cally defined species that show low levels of inter-
specific genetic divergence (e.g. compare Hey et al.
2004 with Sullivan et al. 2004).

The similarity of at least some of the genera and
species of mormyrids is reflected in phylogenetic
discordance between (i) accepted taxonomic place-
ment (based upon morphological characteristics)
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and phylogenies derived from molecular markers
and (ii) phylogenies built from different molecular
markers (e.g. Lavoué et al. 2000, 2003; Sullivan et al.
2000). However, the explanations for these discord-
ances, as with those for any species clade, are
likely complex. For example, a study of mtDNA
cytochrome b sequences for 27 species and 15 gen-
era of mormyrids (Lavoué et al. 2000) detected
polyphyletic relationships for members of the gen-
era Marcusenius, Pollimyrus, and Brienomyrus.
Lavoué et al. (2000) concluded that taxonomic inac-
curacies were likely the cause of the polyphyly
defined for the latter two genera. However, they
argued for the impact of introgression between
sympatric Marcusenius, Brienomyrus, and
Paramormyrops species to explain the similarity of
Marcusenius mtDNA sequences with members of
Brienomyrus and Paramormyrops (Lavoué et al. 2000).
Yet this conclusion was not supported by a subse-
quent analysis of sequences derived from the
nuclear RAG2 locus (Sullivan et al. 2000). This latter
study also placed the same species of Marcusenius
with Brienomyrus and Paramormyrops, suggesting
that the taxonomic (i.e. morphological) placement
was the incorrect inference (Sullivan et al. 2000).
Although taxonomic treatments may be a source
of experimental error in tests for phylogenetic dis-
cordance among mymorid clades, incomplete line-
age sorting and introgression have also apparently
contributed to present-day population-genetic vari-
ation and thus to many of the discordant hypothe-
ses. For example, both processes were implicated in
the initial discovery and phylogenetic description
of the ‘Gabon-clade Brienomyrus’ species flock
(Sullivan et al. 2002). In this analysis, 38 operational
taxonomic units (OTUs) were defined on the basis
of morphology and EOD characteristics were exam-
ined phylogenetically using mtDNA cytochrome b
sequence data. Although the monophyly of the
Gabon-clade Brienomyrus species flock was sup-
ported by these data, monophyly of samples
representing many of the OTUs was not detected
(Figure 3.13; Sullivan et al. 2002). From these results,
Sullivan et al. (2002) first observed that ‘Incomplete
mitochondrial lineage sorting is suggested by the
presence of divergent haplotypes within single
populations . . ." Indeed, these authors argued that
species relationships within some clades of the
Gabon-clade phylogeny (e.g. clade G, Figure 3.13)

were hopelessly confused due to the effect of
incomplete lineage sorting (Sullivan et al. 2002).

In addition to incomplete lineage sorting,
Sullivan et al. (2002) recognized as well the likely
role played by introgression among many of the
OTUs. Thus they found several instances in which
the haplotypes of different, but sympatric, OTUs
were more similar (or indeed identical) than they
were to allopatric samples of their own OTU (e.g.
clade H, TEN; clade I, BP6/BN2 and SN7/SN2;
clade ], BP1/SN3; Figure 3.13). In contrast to their
conclusions concerning the large impact of incom-
plete lineage sorting on clade G (see above),
Sullivan et al. (2002) stated, ‘Strangely, throughout
much of clade G, geographical proximity seems to
be a more consistent predictor of clade membership
than is OTU identity” (Figure 3.13). This conun-
drum was addressed in a subsequent study using
nuclear amplified fragment length polymorphism
(AFLP) markers (Sullivan et al. 2004). Unlike the
mtDNA haplotype data, the phylogenetic trees
reconstructed using the AFLP markers generally
supported the OTUs defined by EOD and mor-
phology. Sullivan ef al. (2004) concluded from this
that the AFLP phylogeny reflected more accu-
rately—than the cytochrome b phylogeny—
OTU/species relationships. Given this result, and
the observation of shared mtDNA haplotypes
between morphologically divergent, sympatric
OTUs (Figure 3.13), Sullivan et al. (2004) concluded
that mtDNA introgression had been a persistent
process in the evolution of this species flock, but
that this introgression had not caused the loss of
species-specific morphological and EOD character-
istics or the phylogenetic signal provided by some
nuclear loci. Thus, as with any example of horizon-
tal transfer or introgressive hybridization, these
processes affected differentially, separate genomes
and portions of the same genome of the participat-
ing species. Furthermore, certain species-specific
characteristics remain detectable; otherwise the
organisms receiving the donated genomic material
would not be recognized as divergent from the
donor species. In the next section I consider results
suggestive of frequent horizontal transfer involving
plant species. Specifically, there is now evidence of
bacterium-to-plant nuclear genome exchange as
well as extensive mitochondrial gene transfer
between widely divergent angiosperm species. In
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Figure 3.13 A strict consensus tree constructed using the complete cytochrome b gene sequences for Gabon-clade Brienomyrus electric fish

and outgroup species (from Sullivan et al. 2002).
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each of these cases, like those already discussed,
genetic exchange, though widespread and signifi-
cant, has apparently affected only a portion of the
genomes of the participating taxa.

Horizontal transfer and plants

Frequent genetic exchange among plant species is
almost as widely accepted as for prokaryotes
(Anderson 1949; Stebbins 1959; Grant 1981; Arnold
1997; Rieseberg 1997). However, the form of genetic
exchange assumed as the major mode for gene
transfer has been introgressive hybridization and
not horizontal gene transfer. Thus although the
intracellular transfer of organellar genes into plant
(and, more generally, eukaryotic) chromosomes has
been described as a ‘deluge’ (Timmis et al. 2004),
most avenues for interspecific lateral gene transfer
are still considered closed in the case of higher
plants. For example, the frequency of horizontal
gene transfer involving the chloroplast genome
appears to be extremely low (e.g. Goremykin et al.
2003; Bergthorsson et al. 2004; Martin 2005).
Furthermore, there have been only two examples
that I have found involving horizontal transfer of
individual genes into plant nuclear genomes, both
involving the movement of bacterial genes into the
plant genomes (Intrieri and Buiatti 2001; Zardoya
et al. 2002).

In contrast to the above, studies of some mobile
elements as well as the mitochondrial genomes of
some plant species (e.g. Won and Renner 2003)
have detected horizontal transfers, in some cases
revealing remarkable frequencies of exchange and
incredible diversity in the donor species. In regard
to transposable element transfer, Feschotte and
Wessler (2002) detected phylogenetic discordance
suggestive of lateral transfer of mariner-like class 2
transposable elements. For example, mariner-like
sequences from the dicotyledon Arabidopsis were
placed phylogenetically with sequences from the
monocotyledon Louisiana iris species, rather than
with other dicotyledon species. Though consistent
with a horizontal gene transfer model, these
authors cautioned that it would be necessary to
undertake a much broader taxonomic sampling for
a rigorous test of whether these elements had
indeed been involved in lateral transfer (Feschotte
and Wessler 2002). In contrast, with regard to the

mobile group I introns, Cho et al. (1998) concluded
that these elements had been transferred more than
1000 times from a non-plant donor into the mtDNA
cox1 genes of angiosperms. These authors were able
to make such an assertion due to their sampling of
278 genera (281 species) of angiosperms. The esti-
mate of over 1000 separate lateral transfers of the
group I introns was an extrapolation from Cho
et al’s (1998) detection of 32 separate transfers
(approx. 11%) among the taxa sampled. In contrast
to Feschotte and Wessler (2002), these authors
inferred a widespread, and important, role for lat-
eral transfer of mobile elements among
angiosperms.

As stated at the start of this section, it is possible
that, unlike either the nuclear or chloroplast
genomes, lateral transfer involving plant mtDNA—
whether or not it involves mobile elements—is fre-
quent. Indeed, numerous instances of the
horizontal transfer of mtDNA sequences among
plant species have now been recorded. One type of
transfer (analogous to that found in some animal
groups, e.g. see Houck et al. 1991 and Kidwell 1993)
detected by tests for phylogenetic discordance has
involved gene transfer between host and parasitic
plant taxa. Davis and Wurdack (2004) and Mower
et al. (2004) described three separate instances of
this type of transfer. In the first study, the transfer
involved the apparent acquisition of the host-plant
(Tetrastigma) mtDNA nad1B-C sequences by the par-
asitic plants Rafflesia and Sapria (Figure 3.14; Davis
and Wurdack 2004). Mower et al. (2004) also
detected plant-plant transfers involving parasitic
and non-parasitic species. Both cases involved
hosts from the genus Plantago and were discovered
through analyses of the mtDNA gene atpl. The two
examples involved different parasitic lineages and,
unlike Rafflesia and Sapria, the exchange was from
the parasite to the host (Mower ef al. 2004).

Several additional examples of phylogenetic dis-
cordance involving mtDNA have been recorded
that indicate horizontal transfer (i) from
angiosperms into Gnetum, (ii) from parasitic
angiosperms into ferns, (iii) from monocotyledons
into eudicotyledons, (iv) from eudicotyledons into
the earliest angiosperm lineage (represented by
Amborella), and (v) between eudicotyledon species
(Bergthorsson et al. 2003; Won and Renner 2003;
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L

Figure 3.14  Phylogenetic trees demonstrating conflicting
placement of the parasitic plant group Rafflesiaceae. In (a)
Rafflesiaceae (indicated by red branches) is placed in Malpighiales
(based upon combined mitochondrial matR and nuclear PHYC and
ribosomal genes), but in (b) is placed near its host genus Tetrastigma
in the basal eudicotyledon family Vitaceae (indicated by yellow
branches). The dashed red line indicates the hypothesized mtDNA
horizontal-transfer event from host to parasite that resulted in the
alignment of Rafflesiaceae near Tetrastigma (from Davis and Wurdack
2004). See also Plate 2.

Davis et al. 2005). Phylogenetic discordances thus
indicated a diverse array of taxonomic groups
impacted by lateral gene exchange and led
Bergthorsson et al. (2003) to conclude that horizontal
gene transfer ‘occurs at an appreciable frequency for
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plant mitochondrial genes in general.” However, no
other species involved in mtDNA horizontal trans-
fer studied thus far approaches the frequency of
exchange detected for the basal angiosperm species,
Amborella  trichopoda (Bergthorsson et al. 2004).
Specifically, one or more copies of 20 of 31 known
mitochondrial protein genes have been acquired
from other land plant species. Seven of these gene
transfers apparently involved Amborella acting as
the recipient of genes donated by moss species
(Bergthorsson et al. 2004). At least three of these
gene transfers came from separate moss lineages.
The remainder of the genes received by Amborella
were inferred to be of angiosperm (mostly eudi-
cotyledon) origin (Bergthorsson et al. 2004).

The four examples used in this section illustrate
how tests for phylogenetic discordance can be used
to detect genetic exchange—exchange through
either introgressive hybridization or horizontal
gene transfer. In each case, a comparative approach
was taken by the investigators to detect genetic sig-
natures specific for exchange rather than, for exam-
ple, incomplete lineage sorting. Thus in
Mediterranean Senecio and the Gabon-clade
Brienomyrus species flock, geographical data were
taken into consideration when choosing between
the various potential causes of discordance. In addi-
tion, it was possible to mine extensively or com-
pletely sequenced genomes and thus compare
numerous gene trees to detect the lateral gene
transfers associated with Cryptosporidium and plant
nuclear and mtDNA. I am certain that phylogenetic
discordance will be utilized even more extensively
as data from genome sequencing (partial and com-
plete) becomes available for additional species. In
the next section I review an example from Drosophila
to highlight the utility of detailed genetic informa-
tion, in combination with the application of (i) gene
genealogical approaches and (ii) models that assume
isolation, or isolation and migration during the
divergence of lineages to test for genetic exchange
(in this case via introgressive hybridization).

3.3.3 Gene genealogies and models of
speciation

Dobzhansky and his colleagues developed Drosophila
pseudoobscura and allied species as a premier model



56 EVOLUTION THROUGH GENETIC EXCHANGE

system for evolutionary studies (e.g. see Dobzhansky
1970). For example, the sibling species D. pseudoob-
scura and Drosophila persimilis are now considered an
excellent example of the process of speciation (‘bio-
logical speciation’) via reinforcement (Noor 1995,
1999; Kelly and Noor 1996; Noor et al. 2000; Servedio
and Noor 2003; Ortiz-Barrientos and Noor 2005).
However, with regard to the topic of this book, it is
interesting that this species complex and in particular
D. pseudoobscura and D. persimilis have been viewed
as examples of taxa that are reproductively well iso-
lated (e.g. Mayr 1946) and not examples of taxa
exhibiting evidence of significant genetic exchange
since divergence from a common ancestor. Indeed,
Dobzhansky (1973)—having identified only one F,
individual from many thousands collected in areas of
sympatry for the two species—gave a value of 1 in
10000 for interspecific matings. Powell (1983), in a
study of the same species, also detected extremely
low frequencies of natural F, hybrid formation, but
concluded that high levels of genetic exchange had
occurred, as reflected by cytoplasmic (i.e. mtDNA)
introgression in areas of sympatry. However, Powell
(1991) later suggested that the sharing of the mtDNA
haplotypes in sympatry might instead reflect incom-
plete lineage sorting rather than introgression. This
latter conclusion enforced the idea of limited, or no,
gene exchange between these species (Dobzhansky
1973) and, as an aside, illustrated the difficulty
(already discussed in this chapter) in separating the
effects of genetic exchange from retention of ancestral
polymorphisms (Powell 1991).

Given the above conclusions it is surprising that
the D. pseudoobscura/D. persimilis complex is now
considered an excellent example of divergence in
the face of gene flow. Specifically, Hey and his col-
leagues have documented repeatedly the signature
of introgressive hybridization between these two
species (Wang and Hey 1996; R.-L. Wang et al. 1997;
Machado et al. 2002; Machado and Hey 2003; Hey
and Nielsen 2004). The data collected came from
numerous nuclear and mitochondrial genes and
supported Key’s (1968) and Harrison’s (1986) con-
cept of the semi-permeable genome. An initial study by
Hey et al. (Wang and Hey 1996) examined the
molecular population genetics of the period (per)
locus—in Drosophila this locus is known to affect
both circadian rhythm and male courtship song

(Konopka and Benzer 1971; Kyriacou and Hall
1980). In their analysis of per sequences from D.
pseudoobscura and D. persimilis (as well as Drosphila
miranda and Drosphila pseudoobscura bogotana), Wang
and Hey (1996) detected a putative ‘hybrid’
sequence in D. persimilis (persimilis-40; Figure 3.15).
The effect of this sequence on the gene genealogy
that included all the per sequences was to make D.
persimilis paraphyletic. Furthermore, consistent
with an introgression, rather than an incomplete lin-
eage-sorting hypothesis, the calculated time of the
introgression event was well after the initial diver-
gence (c.1 million YBP) of D. pseudoobscura and D.
persimilis from a common ancestor, but was also esti-
mated to be ancient (i.e. this introgression event
occurred a few to several hundreds of thousands of
years before the present; Wang and Hey 1996).

In a subsequent analysis of the molecular popu-
lation genetics of D. pseudoobscura and D. persimilis
(R-L. Wang et al. 1997), the per locus data from
Wang and Hey (1996) were augmented with
sequence information from Adh (much of these data
derived from studies by Schaeffer and Miller, e.g.
see Schaeffer and Miller 1993) and the heat-shock
protein gene Hsp82. In this second study, R.-L.
Wang et al. (1997) used the methodology of
Wakeley and Hey (1997) to fit general allopatric
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Figure 3.15 Plot of the average pairwise DNA sequence
divergence found in comparisons of the putative ‘hybrid" period locus
gene (persimilis-40) with D. pseudoobscura and D. persimilis
(excluding persimilis-40) period locus sequences (from Wang and Hey
1996).



models of speciation to the data from the three gene
loci. The assumptions of this model are that (i) two
populations (or species) diverged from an ancestral
form at a single time point and (ii) there has been
no gene flow since divergence (Wakeley and Hey
1997). The major finding from R.-L. Wang et al’s.
(1997) study was that all of the isolation models of
divergence (i.e. divergence in allopatry) were
incompatible with at least some of the population
genetic data. It thus appears that divergence of D.
pseudoobscura and D. persimilis was accompanied by
gene flow between the two lineages. However, the
three loci differed with regard to the amount of
genetic exchange inferred; the Adh gene trees indi-
cated large amounts of recent gene exchange
(Figure 3.16); the per locus indicated limited,
ancient introgression; data for Hsp82 were consis-
tent with no genetic exchange since divergence of
the two lineages (R.-L. Wang et al. 1997). Thus iso-
lation divergence models are insufficient to explain
the entirety of the molecular population-genetic
data for D. pseudoobscura and D. persimilis.
However, a model that can simultaneously assume
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Figure 3.16  Gene genealogy for D. pseudoobscura
pseudoobscura, D. pseudoobscura bogotana, and D. persimilis
based upon approximately 200 bp of sequence from the Adh gene
(from R.-L. Wang et a/. 1997).
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divergence and gene flow (the isolation with migra-
tion or IM model) fits well the multilocus data for
these taxa (and for other species as well: e.g. cich-
lids, Hey et al. 2004; Won et al. 2005; chimpanzees,
Won and Hey 2004). In particular, an extension of
the IM model proposed by Nielsen and Wakeley
(2001) is consistent with the hypothesis that the two
Drosophila species have been involved in genetic
exchange (Hey and Nielsen 2004).

It is important to note that Machado et al. (2002)
and Machado and Hey (2003) also detected various
levels of introgression between D. pseudoobscura
and D. persimilis by applying estimates of linkage
disequilibrium and a phylogenetic approach,
respectively. In particular, these studies demon-
strated that genes closely linked to genomic regions
containing hybrid sterility loci were not exchanged,
while those not associated with such loci demon-
strated variation suggestive of introgression. This
suggests one cause of the semi-permeable nature of
the D. pseudoobscura and D. persimilis genomes.
Thus, as with the other methodologies applied to
test for genetic exchange, the work by Hey and col-
leagues—on a species complex considered to be a
paradigm for descriptions of reproductive isolating
barriers—indicates everything from no introgres-
sion to extensive introgression. One of the
approaches used by Wang and Hey (1996) in their
analysis of the per locus was, instead of searching
for sequence similarity between divergent species,
to look for islands of sequences that showed high
intraspecific divergence (Figure 3.15). In the next sec-
tion, I will review how this methodology has also
been applied to prokaryotic systems to detect
genetic exchange through lateral gene transfer.

3.3.4 Intragenomic divergence

As discussed throughout this book, the emphasis of
tests for genetic exchange is normally placed on
detecting similarities between divergent evolution-
ary lineages. For example, when complete genomes
are sequenced they are searched for similarities
with other genomes. What can be considered the
other side of the methodological coin are searches
that examine within-gene/-genome sequences in
an effort to find intraspecific divergences that are
much higher than expected by chance. To illustrate
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this approach, I will discuss four studies involving
various pathogenic bacterial species. Each of these
studies tested for islands of intraspecific sequence
divergence that would indicate recombinational
(i.e. genetic exchange) events between divergent
organisms.

The first analysis involved pathogenic
(enteropathogenic and enterohemorrhagic) E. coli
strains and the gene eae that encodes the outer
membrane protein intimin. McGraw et al. (1999)
examined the evolutionary genetics of this putative
virulence factor by sequencing the eze genes from
three enteropathogenic E. coli and four enterohem-
orrhagic E. coli strains. In terms of genetic exchange,
it is important to first note that this gene is part of
the LEE pathogenicity island, a chromosomal region
apparently transferred laterally between different
bacterial strains (see McGraw et al. 1999 for a dis-
cussion). It is also significant that McGraw et al.
(1999) argued that large regions within the LEE
island demonstrated sequence signatures indicative
of genetic transfer. The focus of the study by
McGraw et al. (1999)—the eaze genes—also demon-
strated the effects of lateral transfer/recombination
between E. coli strains and between these strains
and “...sources outside of the E. coli population.”
Thus genetic transfer, particularly within the 3" end
of the various intimin genes leads to mosaic genes
that show high interstrain divergence in the 3" por-
tions of the eae gene, while retaining relatively low
levels of divergence in other portions of the gene
(McGraw et al. 1999).

The argument that intragenic mosaicism is likely
caused by genetic exchange through recombination
was also made by Feil et al. (2000) in a study of
Neisseria meningitidis and Streptococcus pneumonidae.
Indeed, these workers gave a clear description of the
pattern and cause of mosaic gene structure: ‘For
example, most of a gene may be identical in
sequence for two isolates of a species, whereas a
500-bp region in the middle may differ at 5% of
nucleotide sites. Significant mosaic structure is
indicative of recombinational exchanges...” (Feil
et al. 2000). By examining multilocus sequence typ-
ing data sets, Feil et al. (2000) were able to estimate
the number of alleles that have arisen through
genetic exchange compared with point mutations.
The mosaic nature of the two genomes was reflected

in the ratios of 10:1 and 4:1 for S. pneumonidae and N.
meningitidis, respectively. As with the single-locus
analysis of the E. coli strains, this latter study
reflected the widespread effects of genetic exchange
in producing numerous mosaic alleles in S. pneu-
monidae and N. meningitidis (Feil et al. 2000).

The last two studies I wish to discuss utilized a
common approach to test for mosaicism in prokary-
otic genes (Hughes et al. 2002; Hughes and Friedman
2004). In both cases the proportion of synonymous
substitutions per site (ps) and the proportion of non-
synonymous substitutions per site (p,) were used as
one means to test for mosaicism. In a comparison of
two completely sequenced Mycobacterium tuberculo-
sis genomes, Hughes et al. (2002) placed genes into
two categories (high or low p,) using a probabilistic
(Bayesian) model. The fact that a small proportion of
gene pairs from the two genomes showed high lev-
els of divergence was seen as evidence for the possi-
ble role of several different processes, including
horizontal gene transfer. Indeed, Hughes et al. (2002)
concluded that a majority of the examples of highly
divergent gene regions was due to genetic transfer
(with the remainder explained by ‘differential dele-
tion” of genes). In a similar study, Hughes and
Friedman (2004) compared sequence divergence in
5" intergenic regions with genes linked to these non-
genic sequences. In the context of this section—test-
ing for genetic exchange by examining patterns of
intragenomic sequence divergence—two findings
are illustrative. First, the species Streptococcus agalac-
tiae possessed numerous genes and 5 spacers that
were divergent from surrounding regions, indicative
of their being received as a unit from a distantly
related genome. In contrast, Chlamydophila pneumo-
nige also possessed numerous spacers and gene units
that have been transferred from divergent genomes,
but few of these spacer/gene combinations
appeared to have been donated by the same distant
genome (Hughes and Friedman 2004). These two
divergent patterns, however, reflect the pervasive
effects of genetic exchange on prokaryotic evolution
and also indicate the utility of tests of intrage-
nomic/intraspecific sequence divergence for detect-
ing such exchange.

In the next section I return to the discussion of
tests for introgressive hybridization, in this case
through the use of gene genealogical approaches



linked to geographic data, and termed nested clade
analysis. As will be seen, such an approach pro-
vides a test for the affect of genetic exchange on the
population genetic structure and evolutionary tra-
jectories of clades of related organisms.

3.3.5 Nested clade analysis

Although the nested clade analysis methodology was
formalized by Alan Templeton and colleagues in
the mid-1990s (e.g. Templeton 1993; Templeton et al.
1995), the theoretical and informational underpin-
nings for this approach can be traced further back
to (i) Templeton’s earlier research on factors affect-
ing population-genetic structure, methodologies
for constructing phylogenetic inferences, tests for
associations between phenotypic and genotypic
variation, and considerations of species concepts
(Templeton 1981, 1983, 1989; Templeton et al. 1987,
1992), (ii) the foundational work of Avise et al.
(1979a, b) that formed the basis for the field of phy-
logeography, and (iii) so-called vicariance biogeog-
raphy (e.g. Rosen 1978). In regard to the latter
concept, Rosen (1978) concluded that ‘Geographic
coincidence of animal and plant distributions to
form recognizable patterns suggests that the sepa-
rate components of the patterns are historically
connected with each other and geographic history.’
He then went on to propose that a comparison of
biological (i.e. species) phylogenies to phylogenies
of geologic events for the region under investiga-
tion would test the effects of past geologic pertur-
bations on evolutionary diversification (Rosen
1978). Similarly, nested clade analysis correlates
genetic divergence, as reflected by phylogenetic
branching, with geographic distribution to deter-
mine the roles of dispersal, extinction, vicariance,
and reticulation in the evolution of species and
species complexes (Templeton et al. 1995). The steps
followed in nested clade analysis are: (i) conversion
of a cladogram into a nested design with identical
genotypes placed together in O-step clades and
genotypes differing by numbers of mutations into
1-step and 2-step clades (Templeton et al. 1987;
Templeton 1993); (ii) the calculation of the geo-
graphical locations of clade types (i.e. 1-step etc.;
Templeton et al. 1987; Templeton 1993); and
(iii) the testing for associations between clades and
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geographical locations using permutation analysis
in a nested design (i.e. ‘clade types within a nested
category vs. geographical location’; Templeton
et al. 1995) or via a more elaborate test performed
between clades and geographical locations, which
includes data on geographical distances or posi-
tions among the samples collected (Templeton et al.
1995).

Numerous analyses have utilized nested clade
analysis to test for events and processes that have
affected the geographic and evolutionary trajectory
of species and species complexes. Some analyses
have emphasized the utility of this methodology
for disentangling past (and ongoing) events affect-
ing the species under study (e.g. Templeton 1993,
1998, 2001, 2002, 2004a, b; Templeton et al. 1995;
Hutchison and Templeton 1999; Gémez et al. 2000;
Bernatchez 2001; Nielsen et al. 2001; Byrne et al.
2002; Pfenninger and Posada 2002). Other studies
have discovered either restricted power in nested
clade analysis for detecting evolutionary processes
or the unreasonableness of some of the evolution-
ary interpretations generated by this methodology
(e.g. Turner et al. 2000; Irwin 2002; Knowles and
Maddison 2002; Paulo et al. 2002; Masta et al. 2003).

The attraction of nested clade analyses is that they
allow inferences concerning a wide range of factors
(both recent and ancient) that can affect the evolu-
tionary trajectory of lineages. One of the more con-
troversial groups that has been examined with this
method is the clade that contains our own species.
In particular, nested clade analysis has been applied
to test for (i) the most likely geographic point of ori-
gin of Homo sapiens, (ii) patterns of dispersal (and
gene exchange) away from this point of origin, and
(iii) population fragmentation (Templeton 1993,
2002, 2005). From these studies a number of con-
clusions have been drawn (Figure 3.17). First, the
lineage leading to Homo arose in Africa. Second,
multiple migration events from the point of
origin occurred over the evolutionary history of
this lineage. Third, migration events also occurred
from areas previously invaded by populations
from African sources back into Africa. Fourth,
migration events were not marked by a replacement
of previous occupants of the regions invaded,
but rather involved migration and introgression
between the native populations and the migrants.
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Figure 3.17 A model reflecting expansion/genetic exchange events involving different Homo populations/species. The thick arrows indicate
major expansion events. Vertical and diagonal lines reflect genetic descent and genetic exchange, respectively. The original expansion from Africa
1.7 million YBP involved Homo erectus, as supported by fossil evidence (from Templeton 2002).

The implications of these conclusions are obviously
of primary importance for an understanding of the
evolution of our species. Thus if genetic exchange
among various archaic populations and more mod-
ern variants occurred, the human population is the
product of genetic exchange, just as is influenza A or
Darwin’s finches, etc. (see Chapter 9 for a detailed
discussion of this topic). Also, we see that the Homo
lineage was not a geographically static clade, but

rather went through expansions and contractions,
once again just like any other species. The implica-
tions of these findings also relate to the applicability
of nested clade analyses. In this case, nested clade
analysis detected patterns suggestive of processes
that to some degree affect all species—migration,
fragmentation, etc. (Figure 3.17). However, for
the present discussion, we are particularly inter-
ested in the finding of substantial levels of genetic



exchange among the various lineages, through time
(Figure 3.17; Templeton 2002, 2005). Thus, as with
all other methodologies, the use of nested clade
analysis can provide a window for examining evo-
lutionary processes including reticulate events
between divergent lineages.

3.4 Summary and conclusions

The purpose of this chapter was to illustrate a num-
ber of methodologies for testing the hypothesis of
genetic exchange. Examples were reviewed for
which different workers had come to alternate con-
clusions concerning the impact of such exchange (i.e.
species of oaks). However, even when there were
questions concerning the role played by genetic
exchange, a comparative approach gave the most
insight into the evolutionary patterns and processes
associated with introgressive hybridization and lat-
eral gene exchange. Comparative approaches of one
type or another can be seen in each of the methods
explained in section 3.3. Whether trans-generational
hybrid zone analyses of animal taxa, gene genealog-
ical or phylogeographic-based analyses of plants, or
tests for phylogenetic discordance involving the
primitive eukaryote, Cryptosporidium, multiple data
sets were utilized to derive tests for various evolu-
tionary processes, including genetic exchange.
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The studies reviewed above again illustrate (i)
the broad phylogenetic distribution of lateral gene
transfer and introgressive hybridization and (ii) the
many ways in which strong inferences can be
derived. Thus the web-of-life metaphor is consis-
tent with the above examples. In addition, it is clear
(and should be heartening for many evolutionary
biologists) that it is not necessary to limit oneself to
organisms with sequenced genomes to study the
evolutionary processes and effects associated with
genetic exchange. Neither are researchers limited
by the need to choose organisms that are amenable
to experimentation. This is obvious not only from
studies of higher organisms that are difficult to
keep in captivity, but is also true for microorgan-
isms that are difficult to culture. With the widely
varying methodologies that can be brought to bear
to address the effect of genetic exchange on the evo-
lutionary trajectory of organisms, there would seem
to be a method of choice available for any organis-
mic clade. If we wish to test rigorously the occur-
rence and effects of genetic exchange, we do not
need to limit ourselves to those organisms currently
exchanging genes (i.e. forming hybrid zones) or to
microorganisms that can be cultured and
sequenced rapidly. Any organismic group is
amenable to one or more of the approaches out-
lined above.



CHAPTER 4

Barriers to gene flow

The coincident and sharply stepped clines at each of five enzyme loci, together with the strong
linkage disequilibria between these loci, imply that there is a substantial barrier to gene flow . ..

(Szymura and Barton 1986)

Strong conspecific sperm precedence would serve most effectively as a reproductive barrier when
two species occur with equal abundance and females mate many times.

(Gregory and Howard 1994)

... we found that YBF30, the only fully sequenced example of HIV-1 group N...is a recombinant
of divergent viral lineages . .. This mosaic genome structure of YBF30 implies previous co-infection
and recombination of divergent SIVcpz strains in a P. t. troglodytes host.

(Gao et al. 1999)

Eretmodus is an algae scraper, whereas Tanganicodus is a specialized invertebrate picker...the
observed pattern is more likely to be a consequence of asymmetric introgression than of shared

ancestral polymorphism.

(Ruber et al. 2001)

Empirical and theoretical research has revealed two important patterns in the evolution of repro-
ductive isolation in animals: isolation typically arises as a result of disrupted epistatic interactions
between multiple loci and these disruptions map disproportionately to the X chromosome.

4.1 Barriers to exchange form
a multi-stage process

The above quotations reflect the two major con-
cepts that I wish to emphasize regarding barriers to
genetic exchange: (i) reproductive isolation (or
recombinational isolation in the case of viruses and
bacteria) consists of not a single barrier but a series
of processes each contributing only partially to
whatever level of isolation is present, and (ii) genetic
exchange can occur in spite of very stringent barri-
ers. The idea that reproductive barriers are multi-
staged is not new. This was, for example, a major
tenet of Dobzhansky’s 1937 classic, Genetics and the
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(Payseur et al. 2004)

Origin of Species. Yet, one conclusion that can be
drawn from the concept of reproductive isolation as
a series of stages is that it is somewhat inaccurate to
speak and write of ‘speciation genes’.

It is an observation (rather than a hypothesis) that
barriers to genetic exchange are often genetically
controlled. It is also an observation that individual
barriers are one of many processes, and yet organ-
isms exchange genes in spite of these barriers (e.g.
Mimulus guttatus and Mimulus nasutus; Kiang and
Hamrick 1978, Diaz and Macnair 1999; Sweigart and
Willis 2003; N.H. Martin and J.H. Willis, unpub-
lished work). Because of this, it is likely to be more
important to study the potentially creative aspects



of genetic exchange, in concert with the genetic
architecture of the phenotypes that are held together
in spite of hybridization/lateral gene transfer/viral
recombination, than merely how genetic exchange
may be limited by certain barriers. However, repro-
ductive isolation is still one factor that can affect
evolutionary diversification, and it is most instruc-
tive that it be examined as a multi-stage process. In
this regard, Szymura and Barton (1986) reflected on
the genetic variation in hybrid zones between fire-
bellied toads, variation that is likely affected greatly
by the differential ecological settings favored by the
two parental species, Bombina bombina and Bombina
variegata. Likewise, the formation of recombinant
HIV viruses is only possible when the ecological
barrier of existing in two different host individuals
is breached, resulting in the cocirculation of differ-
ent viral lineages (Gao et al. 1999). Similarly, both
behavior and ecological sorting contribute to the
prezygotic barrier between the two Lake
Tanganyika cichlid species from the genera
Eretmodus and Tanganicodus (Riiber et al. 2001).
Prezygotic (or in the case of viruses and prokary-
otes, the stage of pre-recombination) isolation is also
emphasized in the quote of Gregory and Howard
(1994), but in this case it is post-insemination,
gamete (i.e. sperm) precedence that is seen as the
major barrier to crosses between the cricket species
A. fasciatus and A. socius. Finally, the ‘disrupted
epistatic iteractions’” mentioned by Payseur et al.
(2004)—as tested for in a hybrid zone between Mus
musculus and Mus domesticus—result in post-zygotic
inviability.

In addition to considering barriers to genetic
exchange as multi-staged, such barriers should also
be recognized as varying episodically in intensity.
For example, in an elegant analysis of reproductive
isolation between the plant species, Mimulus cardi-
nalis and Mimulus lewisii, Ramsey et al. (2003)
stated, ‘In aggregate, the studied reproductive bar-
riers prevent, on average [my emphasis], 99.87% of
gene flow, with most reproductive isolation occur-
ring prior to hybrid formation.” The key, I believe, is
the phrase ‘on average’. Thus, as I emphasized in
Chapter 2, rare events can be extremely important.
If evolutionary biologists did not believe this, they
would not point to the vanishingly infrequent
mutations (or recombination events) that result in
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increased fitness as the foundation for evolutionary
change. Thus, average effects should be considered
a null hypothesis, and not necessarily predictive of
evolutionary pattern or process. It is likely that, as
with many other similar plant examples, M. cardi-
nalis and M. lewisii go through rare, episodic bouts
of gene exchange through introgressive hybridiza-
tion, regardless of what the average strength of bar-
riers might be at any given time. The future
detection of the genetic footprints from such gene-
exchange events between these two species should
thus be expected.

In the following sections I will illustrate why
reproductive isolation can be defined as multi-
staged. However, though I will consider many fac-
tors, this list is obviously not exhaustive regarding
the types of processes that cause varying levels of
reproductive isolation. Furthermore, some stages
do not appear to have easily definable counterparts
in all taxonomic groups. For example, the category
of ‘behavioral barriers” as I have defined it is absent
from plant taxa (see below). I will first exemplify
the multi-stage character of reproductive barriers
by once again turning my attention to work on
species of Louisiana irises. I will then emphasize
the similar effects from the various processes on
widely divergent organismic groups. In keeping
with the thesis of this book, I consider organisms
that not only exemplify the multi-stage nature of
reproductive isolation, but also, in spite of these
barriers, demonstrate genetic exchange.

4.2 Genetic exchange: Louisiana irises
and reproductive barriers

4.2.1 Ecological setting as a barrier

Microhabitat associations are the first topic I wish to
consider in the multi-stage process of reproductive
isolation. The Louisiana irises demonstrate distribu-
tions among habitats that contribute to limitations
to interspecific gene flow. For example, while L. fulva
and I. brevicaulis occur in shaded, bayou, hardwood
forest, and swamp habitats, I. hexagona is found in
open, freshwater marshes (Viosca 1935; Bennett and
Grace 1990; Cruzan and Arnold 1993; Johnston et al.
2001). Likely because of its occurrence near coastal
environments, I. hexagona demonstrates a higher
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tolerance of salinity stress, relative to at least I. fulva
(Arnold and Bennett 1993; Van Zandt and Mopper
2002, 2004; Van Zandt et al. 2003). Furthermore,
I fulva and L brevicaulis sort into different habitats
defined by their ability to grow in more or less soil
moisture, respectively (Cruzan and Arnold 1993;
Johnston et al. 2001; Martin et al. 2006). Although the
habitat differences present limitations for genetic
exchange it is also apparent that the mosaic nature
of microhabitat distributions allows the different
species to grow in close proximity and thus
hybridize (Viosca 1935; Arnold et al. 1990a; Cruzan
and Arnold 1993; Johnston et al. 2001).

Another component of the ecological setting of
Louisiana irises involves the response of pollen vec-
tors to different floral syndromes. Viosca (1935)
suggested that hummingbirds preferred the polli-
nation syndrome possessed by I. fulva (i.e. flowers
of this species are solid red with protruding anthers
and highly reflexed sepals, and lack nectar guides
and a strong scent—characteristics normally associ-
ated with hummingbird pollination). Bumblebees
were thought to be the major pollinators for I. brevi-
caulis and I. hexagona, as reflected by their floral
characteristics (i.e. blue flowers marked with
prominent white and yellow nectar guides, stiff
upright sepals, and strong scent—characteristics
normally associated with insect pollinators; Viosca
1935). In contrast, the nectar rewards (a major ben-
efit gained by the pollinators) present in each of the
three species do not possess characteristics that
clearly place them into classical nectar-pollen vec-
tor categories (Burke et al. 2000b; Emms and Arnold
2000; Wesselingh and Arnold 2000). For example,
although I. fulva possesses lower nectar sugar con-
centrations than I. brevicaulis, as expected for a
hummingbird- versus a bumblebee-pollinated flo-
ral syndrome, the nectar concentration of I. brevi-
caulis (i.e. a bumblebee-syndrome-type floral
pattern) falls well within concentrations found in
numerous supposedly hummingbird-pollinated
species (Burke et al. 2000b; Wesselingh and Arnold
2000). Furthermore, no significant differences were
found in the nectar concentrations of I. fulva and the
other bumblebee-type floral syndrome species,
I hexagona (Emms and Arnold 2000).

To determine the effect of different floral syn-
dromes on pollinator preferences, our group
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designed two experiments involving (i) L fulva,
I hexagona, and experimental F, hybrids (Emms and
Arnold 2000) and (ii) I. fulva, L. brevicaulis, and exper-
imental F, and BC, hybrids (Wesselingh and Arnold
2000). These studies allowed a test for pollinator
preference as a pre-pollination barrier to genetic
exchange. The findings from both studies indicated
that different pollinator classes had preferences for
certain floral syndromes, and that this preference
would lead to some assortative mating. However,
the pollinators, particularly bumblebees, were also a
bridge for the initiation of interspecific hybridization
(e.g. Figure 4.1; Wesselingh and Arnold 2000).

4.2.2 Gamete competition as a barrier

In concert with the pollinator behavior studies, our
group also designed several analyses to test for the
role of gamete competition in limiting the fre-
quency of F, production. Only a single natural
hybrid, out of hundreds of natural hybrid individ-
uals analyzed thus far, has been found to possess a
genotype consistent with that predicted for an F,
individual (Johnston et al. 2001). Our research has
identified the process of gamete competition as a
major factor contributing to such low frequencies of
F, formation. This in turn acts as a barrier to intro-
gression through backcrossing.

Darwin (1859, p. 98), citing results from the
German physician turned botanist Karl Friedrich
Gartner, reflected the outcome of gamete competi-
tion when he stated, ‘... if you bring on the same
brush a plant’s own pollen and pollen from another
species, the former will have such a prepotent effect
that it will invariably and completely destroy ...
any influence from the foreign pollen’. In the case of
the Louisiana irises, and indeed for many plant
species, such a mixture can arise when pollen vec-
tors visit more than one floral syndrome (i.e. species
or hybrid class). If gamete competition affects F,
production in the Louisiana irises, we would expect
that conspecific pollen on a stigma would father a
disproportionate number of the resulting offspring,
relative to the interspecific gametes present on the
same stigma. In general, this is the observed pattern.
Arnold et al. (1993) and Carney et al. (1994) demon-
strated a significant reduction in F, offspring pro-
duced in either L. fulva or I. hexagona fruits when any
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proportion of conspecific pollen was present simul-
taneously with heterospecific pollen (Figure 4.2;
Carney et al. 1994). Similarly, Emms et al. (1996) dis-
covered a significantly greater number of conspe-
cific, over F,, progeny when they applied 50:50
mixtures of I. fulva and I. brevicaulis pollen onto stig-
mas of both species. Additional experiments
demonstrated that these results could be explained
largely by a race between the conspecific and het-
erospecific pollen tubes, with the conspecific tubes
growing faster and thereby winning the race to the
ovules significantly more often (Carney et al. 1996;
Emms et al. 1996). For example, Carney et al. (1996)
found significant increases in the frequency of F,
progeny formed when heterospecific pollen tubes
were given a head start. Specifically, when I. fulva
and I. hexagona pollen were applied to the alternate
species’ stigmas 1 and 24 h, respectively, before con-
specific pollen was applied, there was a significant
increase in F, seed formation (Carney et al. 1996).
Results from the above studies indicated that
gamete competition restricted F, formation among
Louisiana irises. Yet, the above analyses also discov-
ered underlying complexities in the pattern of
hybrid formation. Specifically, an asymmetry was
discovered in which (i) I. fulva was always a more
restrictive maternal parent (i.e. significantly fewer F,
progeny were formed in I. fulva fruits for any given
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Figure 4.2 Percentage of hybrid seeds across pollen ratio treatments
for Iris fulva and I. hexagona parents. The solid line indicates the
expected percentage of hybrid seeds assuming random fertilization by
pollen grains present on stigmas. The observed values were significantly
lower (at the P = 0.005 level) than the expected proportions, except for
0 and 100% interspecific pollen (from Carney et al. 1994).
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pollen mixture, relative to either I. brevicaulis or
I.hexagona and a much longer head start for het-
erospecific pollen applied to I. fulva stigmas was
required to ensure an increase in F, formation—
Carney et al. 1994, 1996, Emms et al. 1996) and
(ii) I fulva was also a more successful paternal parent
in terms of fathering F, seeds in either I. brevicaulis or
I. hexagona. This fertilization pattern predicts an
asymmetry in hybrid zones, with introgression from
L fulva into either of the other two species being more
likely. Asymmetrical introgression discovered in a
natural hybrid zone between I. fulva and . brevicaulis
is consistent with this prediction; a higher frequency
of genetic exchange proceeded from the former into
the latter species (Cruzan and Arnold 1994).

4.2.3 Hybrid viability as a barrier

Louisiana irises illustrate well cases of genotype-
specific hybrid inviability. As an example, several
experimental and field analyses have detected
hybrid inviability in crosses between I. fulva and
I. brevicaulis. The first indication of genotype-
specific inviability among I. fulva X I. brevicaulis
advanced-generation hybrids came from a study of
genetic variation in a natural hybrid zone (Cruzan
and Arnold 1994). In this analysis, Cruzan and
Arnold (1994) examined the genotypic classes pres-
ent in established, flowering plants and in the seed
cohorts produced by these plants. These authors
detected significant differences in the disequilib-
rium estimates for the adult plants and seeds, with
the adults demonstrating significantly higher levels
of disequilibrium. This pattern suggested that
selection had acted against certain recombinant
genotypes, between the seed and adult life-history
stages, thus leading to more conspecific allele asso-
ciations in the adults than in the seed population.
To test whether such selection could be due partly
to inviability during the life-history stage at which
the progeny were collected, Cruzan and Arnold
(1994) compared the viability of the seeds to their
genotypes. Consistent with inviability as one form
of selection, hybrid genotypic classes most dissimi-
lar to the parental genotypes (i.e. I. fulva or I. brevi-
caulis) had the highest levels of inviability
(Figure 4.3). Thus viability selection was implicated
as a major isolating factor for these taxa.
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Figure 4.3 Distribution of genetic markers among (a) adult,
flowering plants and (b) seeds—both viable and aborted—collected
from the individuals in (a). 0 and 9 are the genotypic scores for /. fulva
and /. brevicaulis plants, respectively. Scores of 1-8 are various hybrid
classes (from Cruzan and Arnold 1994).

The above conclusion was supported by a series
of experimental crosses, including one study that
examined reciprocal F, populations. Burke et al.
(1998b) detected a significant deficit of intermediate
hybrid genotypes, but an excess of I. fulva-like
and I brevicaulis-like hybrid genotypes, in the
I fulva X 1. brevicaulis F, progeny. The under- and
over-representation of certain genotypes was
apparently due to both maladaptive nuclear—
nuclear and cytonuclear interactions, leading to
post-mating  barriers, including post-zygotic
inviability (Burke et al. 1998b). Indeed, one hybrid
genotype was absent from both F, cohorts, indica-
tive of a recombinant lethal genotype.

A more recent set of analyses also used experimen-
tal crosses to test for viability affects on genetic
exchange, but with added resolution afforded by



linkage mapping. First, Bouck et al. (2005) tested for
segregation distortion as an indicator of post-zygotic
(i.e. viability) selection on reciprocal, first-generation
backcross hybrids. These workers detected regions
that reflected significantly lower than expected rates
of introgression, i.e. portions of the genomes for
which selection acted against introgression. Second,
Martin et al. (2005), examining long-term survivor-
ship in these same BC, hybrid populations, also
detected the effect of interactions between intro-
gressed and non-introgressed regions that lowered
viability under greenhouse conditions. Third, a study
of survivorship, once again for the same BC, hybrid
genotypes, but this time in a natural setting (i.e. the
Atchafalaya basin in southern Louisiana) also
detected genotype-specific viability, with some
hybrid genotypes demonstrating significantly lower
viability under natural conditions. (Martin et al. 2006)

Each of the studies described above indicates that
inviability plays a significant role as a barrier to
genetic exchange between I. fulva and I. brevicaulis.
In addition, reduced viability of certain hybrid
genotypes is also likely a factor impeding intro-
gression between these two species and a third
species, I. hexagona (Arnold and Bennett 1993). In
the sequence of reproductive isolating barriers,
viability apparently acts as a sieve for the introgres-
sion of genetic material among Louisiana irises. Yet,
as described in Chapter 1 these species were used
as the paradigm for the process of introgressive
hybridization (Anderson 1949). Recent analyses
have confirmed the evolutionarily significant role
played by genetic exchange among these species,
including the derivation of a stabilized hybrid
species (Arnold 1993). In contrast to the restriction
imposed by the lower viability of some hybrids—
and indeed imposed by a whole set of impediments
to intertaxonomic hybridization between Louisiana
irises—genetic exchange has apparently played a
significant role in structuring the population genet-
ics, ecological amplitude, and taxonomic diversity
of this plant species complex.

4.2.4 Hybrid fertility as a barrier

Though more limited, the data on hybrid fertility in
Louisiana irises reflect the expectation that this
stage can also act as a barrier for gene flow among
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the various species (Riley 1938, 1939; Anderson
1949; Randolph et al. 1967; Bouck 2004). For exam-
ple, Anderson (1949, p 3) reported pollen fertilities
for I. fulva, 1. hexagona, and naturally occurring
hybrids. Pollen fertilities for individuals of the two
parental forms ranged from 89 to 99% (mean,
95.7%), while the hybrid plants possessed fertilities
of 52-98% (mean, 85%).

Randolph et al. (1967) collected pollen fertility data
from numerous natural populations, including
(i) individuals from allopatric populations of I. fulva,
I. brevicaulis, and I. hexagona, (ii) individuals of
I fulva, 1. brevicaulis, and I. hexagona from sympatric
populations, and (iii) hybrid plants from natural
hybrid zones. These investigators found that the
allopatric, sympatric, and hybrid samples had pollen
fertilities of 45-94% (mean, 93.5%), 15-95% (mean,
93%), and 15-95% (mean, 89%), respectively.
Similarly, two I fulva X I. brevicaulis BC, mapping
populations also demonstrated a range of pollen fer-
tilities (Bouck 2004). However, there was an asym-
metry in the reduction in pollen fertility with the
backcross population toward I. brevicaulis demon-
strating a much lower (i.e. mean, 65%) value than the
backcross population toward I. fulva (mean, 91%).

The Louisiana irises illustrate well the sequential
and multi-staged nature of reproductive isolation.
Yet, they are one of countless such examples. In the
following sections I will again highlight the multi-
ple stages that act as reproductive barriers using a
variety of microorganisms, plants, and animals.

4.3 Genetic exchange: five stages of
reproductive isolation

4.3.1 Ecological setting

As for the Louisiana irises, the first step in the
sequence of barriers considered is that of ecological
adaptations. I realize that it may seem unusual to
consider the requirement for cocirculation of differ-
ent variants of human immunodeficiency virus
(HIV) as an ecological barrier. However, I believe
that it is conceptually similar to the earliest steps of
hybrid zone formation when two types of animal or
plant first enter into a parapatric or sympatric asso-
ciation. The fire-bellied toads B. bombina and B. var-
iegata, and the plant species Ipomopsis aggregata and
Ipomopsis tenuituba reflect additional examples of
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the breaching of ecological barriers, thus leading to
genetic exchange. In both of these cases genetic
exchange is apparent, in spite of strong ecological
diversification.

Bombina

Studies of natural hybridization between the fire-
bellied toad species B. bombina and B. variegata have
been developed by Szymura, Barton, and their col-
leagues into a classic model for discerning factors
that affect hybrid-zone evolution and the develop-
ment of barriers to reproduction (e.g. Szymura
1976, 1993; Arntzen 1978; Szymura et al. 1985, 2000;
Szymura and Barton 1986, 1991; Gollmann et al.
1988; Sanderson et al. 1992; Niirnberger et al. 1995,
2005; MacCallum et al. 1998; Vines et al. 2003). One
of the earliest conclusions drawn from these studies
was that the pattern of clinal variation occurring
across some Bombina hybrid zones (Figure 4.4)
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indicated the action of strong selection against
hybrids in the face of continued immigration of
parental forms into the area of overlap; that is, the
interactions between the Bombina species resulted
in a tension zone. Consistent with this conclusion—
of hybrid zones that demonstrate uniform selection
against hybrids balanced by continual immigration
by parental genotypes into the zones, thus keeping
the zones from going extinct—are geographic
regions that show coincident and concordant clinal
variation among different nuclear, cytoplasmic,
morphological, and  behavioral characters
(Szymura 1993). Also consistent are hybrid zones
from different geographic regions that demonstrate
similar clinal structure for the same set of genetic
and morphological markers (Szymura and Barton
1991; Szymura 1993). In addition, significant link-
age disequilibria often exist between genetic
markers and morphological characters in hybrid
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Frequencies of the B. variegata alleles at six allozyme loci across two hybrid zones. Crosses and open circles indicate data points for

the Przemysl and Cracow transects, respectively. The solid lines in each graph reflect the best fit of the data in terms of the transition from mainly

B. variegata to mainly B. bombina alleles (from Szymura and Barton 1991).



populations (Szymura 1993). Finally, studies of
hybrid and parental development have detected
lower fitness for some hybrid genotypes (e.g.
Niirnberger et al. 1995).

In regard to the topic of this section—the influence
of ecology on genetic exchange—the above observa-
tions suggest that the Bombina hybrid zones are
indeed tension zones and thus not affected greatly
by ecological factors. However, other findings seem
to belie this conclusion. For example, Szymura
(1993) concluded that not every hybrid transect
demonstrated the expected pattern (for a tension
zone) of simple clinal changeover. In fact, many
demonstrated genetic structures other than smooth
clinality (Szymura 1993) that were attributed to dif-
ferences between B. bombina and B. variegata in their
habitat selection and mating preferences (Szymura
1993). Arnold (1997) argued that consideration of all
the data available at that time led to a conclusion that
the areas of overlap for Bombina were better defined
as mosaic hybrid zones. Subsequent experimenta-
tion supported this conclusion (Figure 4.5). For
example, MacCallum et al. (1998) found that the pat-
tern of species-specific allelic variation at five
allozyme loci across a hybrid zone in Croatia was
mosaic. Furthermore, the mosaic genetic variation
correlated well with a mosaic habitat structure
within the zone. Specifically, B. bombina-like hybrids
and B. variegata-like hybrids showed a preference for
more permanent (i.e. ponds) and less permanent
(i.e. puddles) breeding habitats,
(MacCallum et al. 1998).

Environmentally mediated selection affecting the
habitats chosen by different parental and hybrid
genotypes was also supported by data collected by
Niirnberger et al. (2005) in a study that inferred
mating patterns in the same hybrid zone studied
previously by MacCallum et al. (1998). These
authors reported observations consistent with
(i)the pattern of habitat choice detected by
MacCallum et al. (1998), (ii) no assortative mating
within the hybrid zone, (iii) a lower contribution
than expected by more recombined genotypes to
subsequent generations, and (iv) ‘natural selection
against hybrids’ (Niirnberger ef al. 2005).

Even with the obviously strong barrier to repro-
duction afforded by ecologically mediated selec-
tion, this barrier breaks down frequently, resulting

respectively
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Figure 4.5 Location of Bombina populations in a Croatian hybrid
zone with the frequencies of B. variegata DNA marker alleles
(microsatellite and simple sequence conformational polymorphism
[SSCP] loci) indicated. Elevations (e.g. “104") in meters also indicated
on map. A mosaic pattern of genetic variation, rather than a simple
clinal transition, is present (from Vines et al. 2003).

in numerous hybrid zones (Szymura 1993). The
failure of the microhabitat associations /preferences
of B. bombina and B. variegata as a reproductive bar-
rier is likely due to the mosaic structure of natural
settings in which ponds and puddles are inter-
mixed (MacCallum et al. 1998) in areas of overlap.
Furthermore, though some level of selection
against certain hybrid genotypes has been detected,
this has not resulted in a lack of genetic exchange
(Vines et al. 2003).

As already illustrated in Chapters 1-3, the obser-
vation of a mosaic genome due to genetic exchange
is easily seen for many microorganisms. However,
as I will argue in the following section, one can also
think in terms of ecological barriers for microor-
ganisms—in this case the necessity of co-infection
of the same host. To highlight this, I will use the
evolution of HIV lineages.

HIV

The acquired immune deficiency syndrome (AIDS)
pandemic is causing catastrophic damage to human
populations, both in terms of human fatalities
(approx. 8000/day worldwide) as well as the social
and economic fabric of countries and entire regions
(see the World Health Organization website, www.
who.int/en/). Understanding the evolution of HIV,
the causal agent of AIDS, is thus of chief concern
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both for reducing human suffering and for remedi-
ation of social systems. Of particular interest for the
general topic of evolutionary diversification via
genetic exchange and for the specific topic of eco-
logical barriers that limit such exchange, it is now
understood that HIV evolution often involves
recombination between divergent viral lineages. In
fact, it has been suggested that HIV is freed from
constraints that limit the virulence of other viruses,
due largely to its highly recombinant nature
(Hutchinson 2001). Yet, genetic exchange between
divergent lineages, leading to some of the most
prevalent and devastating forms of HIV, reflects the
passage across multiple ecological barriers.

Crossing the first ecological barrier involved
zoonotic (i.e. cross-species) infections from other
primates into humans (Hutchinson 2001). Such
zoonotic infections do not, however, occur at ran-
dom. Specifically, simian immunodeficiency viruses
(SIVs; the ancestral lineages of HIV) are apparently
most likely to be transmitted among closely related
primates (Moya et al. 2004). Given the phylogenetic
distance between humans and some of the primate
sources of SIV/HIV, the zoonotic event(s) must be
considered a major barrier for the initial transfer of
SIV/HIV and thus the subsequent genetic exchange
among HIV lineages. In particular, it has been con-
cluded that HIV-1 (the major variant found in the
human population) derived from a SIV from chim-
panzees (specifically Pan troglodytes troglodytes; Gao
et al. 1999), while HIV-2 (mainly found in West
Africa and India) was transferred from sooty
mangabeys (Hutchinson 2001).

The opportunity for the genetic exchanges that
are the basis for so much of the evolutionary diver-
sification of HIV resulted from a significant
host/ecological shift from one primate species to
another. However, the host shifts necessary for the
genetic exchange among SIV/HIV types must also
have involved transfers within primate lineages and
within the same individual. First, for viral recombi-
nation between divergent types to occur, the types
must be cocirculating in the same individual. Such
cocirculation means by definition that either the
divergent lineages arose independently in the same
individual, or there was a dispersal event by one or
both into the same habitat (i.e. an individual
organism). The coinfection of an individual host is

therefore similar to the dispersal by different
species of animals or plants across ecological barri-
ers into a geographic zone of overlap. Second, in
the case of the diploid HIVs (containing two RNA
molecules per virion), hybrid RNA molecules can
only arise when (i) virions from two or more diver-
gent lineages infect the same cell and (ii) RNA mol-
ecules from divergent virions are packaged into a
single virion (Hu and Temin 1990; Hutchinson
2001; Chin et al. 2005).

The failure of ecological barriers to isolate the
various HIV forms is itself a multi-phase process.
First, the crossing of the between species/within
species/within individual ecological barriers to
form hybrid SIV/HIV lineages predates the trans-
fer into H. sapiens. Thus, viral exchange—likely
occurring within chimpanzees—resulted in a
mosaic, ancestral HIV-1 (Figure 4.6; Gao et al. 1999;
Paraskevis et al. 2003). Second, subsequent to the
chimpanzee—human transfer, recombination was
rife, resulting in hybrid HIV-1 lineages accounting
for 10-40% of the infections in Africa and 10-30% of
the infections in Asia. Furthermore, of the three
phylogenetically distinct subclades (M, N, and O),
group M is the predominant type and it alone
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Figure 4.6 Phylogenetic discordance for the viral form (YBF30)
that is ancestral to the human HIV-1 virus. The different phylogenies
are based on different portions of the YBF30 genome and indicate its
recombinant origin and thus its discordant placement relative to other
HIV and SIV forms (from Gao et al. 1999).



contains 16 circulating recombinant forms (Chin
et al. 2005). Finally, within individual humans,
intertype genetic exchanges are extremely frequent,
leading to the production of new genotypes at
frequencies that equal or exceed mutation rates
(Shriner et al. 2004).

The ecological barriers to genetic exchange
among HIV lineages have not prevented such
exchange. In fact, recombination between divergent
HIVs provides the basis for a large proportion of
their diversity and evolution. It is important to note
that these contrasting observations—strong barri-
ers to genetic exchange and the circumvention of
the barriers—may be due to positive selection
favoring the recombinant HIV  genotypes
(Bonhoeffer et al. 2004). Indeed Moya et al. (2004)
hypothesized that ‘Frequent recombination
[between HIV variants from divergent lineages]
seems advantageous because it can create high fit-
ness genotypes more rapidly than mutation alone.”

Ipomopsis

Diane Campbell and her colleagues have, with the
plant genus Ipomopsis, provided a wonderful model
of how to study evolutionary processes. Many of
their earlier experiments were designed to test for
environmentally mediated natural selection (e.g.
Campbell 1997). Of significance to the topic of
genetic exchange in spite of ecological barriers, a
number of Campbell et al.’s earlier studies also
examined the role of pollinators, particularly hum-
mingbirds, as a key component of the ecology that
can affect (i) floral trait evolution (Campbell et al.
1991, 1994; Campbell 1996) and (ii) gene flow
within and among populations of 1. aggregata (e.g.
Campbell and Waser 1989; Campbell 1991, 1998;
Campbell and Dooley 1992).

In addition to their work on within-species
selection, Campbell and her colleagues have also
examined the effect pollinator-mediated selection
has on reproductive isolation, hybrid fitness, and
hybrid-zone evolution (e.g. Meléndez-Ackerman
1997; Meléndez-Ackerman et al. 1997; Alarcon and
Campbell 2000; Wolf et al. 2001; Campbell et al.
2002a, 2002b, 2003, 2005; Aldridge 2005). In particu-
lar, the species I. aggregata and 1. tenuituba have been
developed as a model system for deciphering
processes that affect natural genetic exchange. For
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example, it was discovered that pollinators, specifi-
cally hummingbirds, demonstrated floral preference
for the I. aggregata floral type compared to the I. tenu-
ituba form (Figure 4.7; Campbell et al. 1997, 2002b;
Meléndez-Ackerman et al. 1997; Campbell 2003).
This strong preference may be due to a suite of floral
characteristics—for example, red floral color and
shorter /wider corolla tubes—demonstrated by I
aggregata that acts as an advertisement to the hum-
mingbirds of flowers containing a moderate volume
of nectar (mean, 1.8 pl/day; Meléndez-Ackerman
et al. 1997). In contrast, I. tenuituba possesses floral
traits—light-colored  flowers, longer/narrower
corolla tubes, and low volumes of nectar (mean, 0.25
ul/day)—that are more attractive to insect pollina-
tors such as hawkmoths (Meléndez-Ackerman et al.
1997). Regardless as to the exact cues that are caus-
ing the differential pollinator preferences for either
1. aggregata or I. tenuituba, this component of the eco-
logical setting for Ipomopsis forms a barrier for inter-
specific gene flow.

In spite of the pollinator preferences that drive a
reproductive wedge between I aggregata and
I. tenuituba, these species form numerous hybrid
zones in areas of sympatry (Aldridge 2005). As will
be discussed in more detail in Chapter 5, once the
ecological barrier presented by pollinator preference
is overcome, some hybrid genotypes produced by
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Flower-to-flower transition type

Figure 4.7 Observed/expected frequencies of flower—flower
transitions by hummingbirds between /. aggregata (agg), /. tenuituba
(ten), and natural hybrids (hyb) (from Meléndez-Ackerman et al. 1997).
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crosses between these taxa demonstrate high fit-
ness relative to their parents (Campbell and Waser
2001; Campbell 2003). Furthermore, once F, hybrids
are formed, the original barrier to gene flow
becomes a highly effective bridge for genetic
exchange because pollinators transition between
the F, hybrids and the parental types as frequently
as they do between conspecific plants (Figure 4.8;
Campbell et al. 2002b). This results in the transfer of
pollen from hybrids to the stigmas of other plants
at frequencies equaling those found for the transfer
within I. aggregata and I. tenuituba (Campbell et al.
1998). Overall then, the patterns of pollinator
behavior provide a significant, but incomplete, bar-
rier for pollen flow between I. aggregata and I. tenu-
ituba. However, these rare pollen-transfer events
are followed subsequently by a favoring, by polli-
nators and through other forms of natural selection,
of the hybrids leading to the evolution of numer-
ous, genotypically rich hybrid zones (Wu and
Campbell 2005).

4.3.2 Behavioral characteristics

Behavioral differences as impediments to genetic
exchange have been a classical focus of studies by
evolutionary zoologists (e.g. see Dobzhansky 1937;
Mayr 1942; Coyne and Orr 2004). Yet, even the
genus Drosophila and the order Aves, used for so
many decades as paradigms for the allopatric
development of reproductive barriers and thus
‘biological speciation’, are now seen as exemplars
of evolutionary diversification in the face of gene
flow (e.g. Grant and Grant 1992; Noor 1995). In this
section I will discuss two examples from the zoo-
logical literature that highlight the observations
made for groups such as Drosophila and birds.
Furthermore, I will consider what can be argued to
be the ‘next’ barrier to reproduction after ecological
settings/adaptations, that of behavioral differ-
ences. To illustrate the presence of significant
behavioral differences, I will discuss findings for
the genus Papio (i.e. baboons) and the family
Cichlidae (i.e. cichlid fish).

Papio
Jolly (2001) has argued that the Papionina — the
African subtribe of primates that includes
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Figure 4.8 Frequency distribution of plant—plant flight transitions
between /. aggregata, I. tenuituba, and natural (1993) and
experimental (2000; F, and F, generation) hybrids for bees and
hummingbirds (from Campbell et a/. 2002b).

baboons, mangabeys, and mandrills — is a model
system for understanding the evolution of H. sapi-
ens. More specifically, Jolly (2001) contended that
‘... the papionins are a fruitful source of analogies
for hominins [the tribe containing H. sapiens]
because they are phylogenetically close enough to
share many basic attributes by homology, yet far
enough that homoplastic modifications of these
features are easily recognized as such.’
Significantly, Jolly and his colleagues consider
hybridization among species of papionins to be a
significant aspect of their evolutionary history
(e.g. Jolly et al. 1997; Szmulewicz et al. 1999; Jolly
2001; Dirks et al. 2002; Newman et al. 2004;

Nystrom et al. 2004). In Chapter 9 I will discuss



evidence for the role of introgressive hybridiza-
tion in the evolution of the clade that includes
Homo, Pan, and Gorilla. In this regard then, Jolly’s
(2001) placement of papionins as a paradigm for
understanding human evolution extends also to
the role of genetic exchange.

The papionin taxa, like many primates, have
well-defined behavioral characteristics that should
act as a significant stage in reproductive isolation.
An example of such diagnostic differences is
illustrated by the taxa known commonly as
hamadryas (Papio hamadryas hamadryas) and olive
(Papio hamadryas anubis) baboons. (Note: these taxa
are considered separate species by some workers,
P. hamadryas and P. anubis, respectively; Alberts and
Altmann 2001) Szmulewicz et al. (1999) have
summarized the behavioral differences between the
hamadryas and olive taxa. P. h. anubis males
exist in natal, multimale-multifemale assemblages
(groups), their males emigrate from these groups at
maturity, their females demonstrate philopatry and
thus remain in their natal group with their
matrilineal family members, and during estrus,
P. h. anubis females may mate with several males.
Most male P. h. hamadryas display a behavior that is
very rare among papionins, by remaining and
breeding in their natal group. P. h. hamadryas males
develop and maintain a one-male unit (i.e. a polyg-
ynous harem); groups of males plus their one-male
units form clans that routinely travel and forage
together; a band of P. h. hamadryas is made up of a
set of these clans (the bands appear analogous to
the olive baboon groups); several bands can share a
sleeping site and form an ephemeral troop; female
P. h. hamadryas are often recruited before reproduc-
tive age into a one-male unit that is within the
females clan or band; the female recruitment often
takes place through a young male; and there are no
distinctive matrilineal groups at any of the P. L.
hamadryas societal levels.

Given the differences between these two Papio
taxa, it is apparent that the initiation of hybridiza-
tion might be severely limited. Although this is
likely, there are numerous studies that indicate
introgressive hybridization between not only the
olive and hamadryas forms, but between other
species/subspecies combinations and even
between different genera of papionins. In regard
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to intergeneric hybridization and introgression, it
has been established that natural hybrids occur
between P. hamadryas and Theropithecus gelada
(Jolly et al. 1997). Indeed, Harris and Disotell
(1998) argued that introgression among the ances-
tral lineages leading to different papionin genera
(such as Papio and Theropithecus) may be the expla-
nation for the phylogenetic discordance detected
in comparisons of evolutionary hypotheses result-
ing from different molecular markers. Similarly,
the observation that olive (P. h. anubis) and yellow
(i.e. Papio hamadryas cynocephalus or Papio cyno-
cephalus) baboon mtDNA haplotypes are inter-
spersed in a single clade (Figure 4.9; Newman et al.
2004) was consistent with introgression of this
maternal marker as a consequence of their contact
and hybridization in East Africa (Alberts and
Altmann 2001). Animals from the hybrid zone
between the olive/yellow taxa showed a continu-
ous distribution from the yellow to olive mor-
phologies (Alberts & Altmann 2001). Furthermore,
the frequency of hybridization and introgression
is increasing in this zone, likely due to increased
immigration by P. h. anubis and hybrid individuals
fleeing from habitat destruction (Alberts &
Altmann 2001).

Olive/Yellow Clade
East Africa

Mikumi, Tanzania
Yellow clade

Hamadryas Clade
Horn of Africa

Guinea Clade
West Africa
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Figure 4.9 Phylogenetic hypothesis, based upon mtDNA
sequences, illustrating the introgressed lineages within the
olive/yellow baboon clades. Numbers above branches are bootstrap
scores, and those below are numbers of synapomorphies supporting
each major clade (from Newman et al. 2004).
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Returning to the olive and hamadryas forms,
there are various data sets indicating a significant
role for introgression in their evolutionary trajecto-
ries as well—this in spite of the obvious behavioral
barriers to intertaxa reproduction (e.g. Hapke et al.
2001; Dirks et al. 2002; Bergman and Beehner 2004;
Nystrom et al. 2004). The consequences of genetic
exchange can be seen clearly in a zone of overlap
and hybridization in the Awash National Park in
Ethiopia. Analyses of morphology, blood proteins,
Alu repeat elements, and mtDNA markers diagnos-
tic for the two taxa have uncovered evidence for
bi-directional, but asymmetric, introgression, with
gene flow proceeding largely from hamadryas into
olive baboons (Shotake et al. 1977; Szmulewicz et al.
1999; Jolly 2001; Newman et al. 2004). This asym-
metry is likely due, at least partially, to the behav-
ioral attributes that act to separate hamadryas and
olive gene pools. In this regard, Szmulewicz et al.
(1999) suggested that the asymmetrical gene flow
might be a consequence of olive baboon males
attempting (unsuccessfully) to mate only with in-
estrus, hamadryas females, females that are closely
guarded by hamadryas males.

As with any limitation for genetic exchange, it is
possible for behavioral barriers to fail to isolate
completely. This is seen in the papionin taxa, but
also is evident for other animal systems as well
(Arnold 1997). In the next section I discuss a system
known mainly as an evolutionary model for under-
standing adaptive radiations—the species that
belong to the family Cichlidae. More recently, how-
ever, this marvelously diverse group of organisms
has begun to be appreciated as an exemplar for test-
ing the evolution of species complexes as they
undergo genetic exchange.

Cichlidae

It is an understatement that members of the family
Cichlidae demonstrate an astounding level of evo-
lutionary and ecological diversification. Possibly
they are best known for the apparent rapidity, and
recency, of their radiation (Meyer et al. 1990). This
explosive, adaptive radiation has resulted in widely
varying trophic specializations reflected in morpho-
logical characteristics associated with different feed-
ing strategies (Albertson ef al. 1999, 2003; Riiber ef al.
1999; Albertson and Kocher 2005; Albertson et al.

2005). Although the most widely recognized exam-
ples of cichlid adaptive radiations come from the
African rift lakes (Johnson et al. 1996), New World
forms from this family also demonstrate similar pat-
terns and levels of diversification and adaptation
(Barluenga and Meyer 2004). Both Old and New
World clades have been used to test different mod-
els of speciation—including allopatric divergence
(Pereyra et al. 2004), diversification in refugia
formed by fluctuations in lake water levels (Johnson
et al. 1996; Sturmbauer et al. 2001; Baric et al. 2003;
Verheyen et al. 2003, but see Stager et al. 2004 and
Abila et al. 2004; Verheyen et al. 2004) and sympatric
divergence accompanied by gene flow (Barluenga
and Meyer 2004; Hey et al. 2004; Seehausen 2004;
Won et al. 2005; Barluenga et al. 2006).

Hypotheses abound concerning the mechanisms
that have resulted in the radiation of the African
cichlid fishes, a radiation apparently occurring in
the last 50000 years and resulting in thousands
of named species (Kornfield and Smith 2000).
Yet there are numerous studies to suggest that
(i) evolutionary radiations are correlated often with
male color variation and (ii) that these color differ-
ences limit hybridization between species as a con-
sequence of female choice. Numerous lines of
evidence support the strength of this behavioral
barrier. First, experimentation has demonstrated
female preference that is affected by male
coloration (Knight et al. 1998; Seehausen and van
Alphen 1998; Turner et al. 2001; Haesler and
Seehausen 2005). Second, the masking of male
coloration, by either the experimental manipulation
of light wavelength or the occurrence of turbidity
that restricts light in natural settings, results in
interspecific matings (Figure 4.10; Seehausen et al.
1997; Seehausen and van Alphen 1998; Streelman
et al. 2004). Third, parallel radiations of cichlid
species have occurred, leading to i) numerous,
closely related and often sympatric species pairs
that differ in male coloration and ii) the same color
patterns arising repeatedly in unrelated species
pairs (Allender et al. 2003). Fourth, genes affecting
spectral sensitivity demonstrate fixed differences
and parallel evolutionary change in African cich-
lids, indicative of strong selection on genes that
affect color recognition (Terai ef al. 2002; Sugawara
et al. 2005). Fifth, long-wavelength-sensitive pigment



varies among species and is correlated with differ-
ences in the long-wavelength-sensitive opsin genes
and large shifts in male body color (Carleton et al.
2005). Sixth, genes that may affect pigmentation
show much greater mRNA diversity in lineages
that have undergone high levels of speciation (Terai
et al. 2003). It is thus apparent that mate selection,
controlled by female choice of male coloration,
likely forms a strong behavioral barrier to genetic
exchange among the cichlid fauna, and indeed may
be the primary factor limiting interspecific matings
(Kornfield and Smith 2000).

Given the strength of reproductive isolation due
to mate choice, it is possible that sympatric diver-
gence has been of primary importance in the
Cichlidae. However, if such divergence involved
some level of genetic exchange in the form of intro-
gressive hybridization then phylogenetic treat-

ments should show paraphyly rather than
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Figure 4.10 Relative scores for female mate choice experiments
for two Haplochromis species (indicated as Red and Blue). The values
were calculated by taking the proportion of encounters where females
approached (a) or followed (b) a red male (after he displayed) minus
the proportion of encounters where females responded to blue males
(from Seehausen and van Alpen 1998).
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monophyly. In contrast to this prediction, some
studies of certain species flocks have resolved phy-
logenetic trees that demonstrate monophyletic
origins (e.g. Meyer et al. 1990; Mayer et al. 1998;
Takahashi et al. 1998, 2001). However, as discussed
in the previous chapter, genetic exchange may
result in phylogenetic discordance between
phylogenies constructed using different data sets.
This is the case for the Cichlidae (e.g. Figure 4.11;
Salzburger et al. 2002; Smith and Kornfield 2002).
The cichlid clades thus reflect the results from
incomplete reproductive isolation, in this case asso-
ciated with mate preference. In the next section
I turn my attention to a subsequent stage involving
the interaction of gametes from individuals from
the same evolutionary lineage and those of
individuals from different evolutionary lineages
(e.g. subspecies, species, etc.). In particular, I con-
sider the effects of such interactions on barriers to
introgression between species of Drosophila.
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Figure 4.11  Phylogenetic tree, based on two mtDNA regions, for
species of Lake Tanganyika cichlids. The numbers above the branches
are bootstrap values. Two divergent mtDNA lineages were detected in
Neolamprologus marunguensis resulting in its placement into two
separate clades (from Salzburger et al. 2002).
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4.3.3 Gamete competition

Gamete competition can occur when gametes from
two or more males are vying for the same set of
female gametes. However, in the context of this
book, gamete competition has been defined by ‘the
finding that contaxon gametes are superior to het-
erotaxon gametes in fathering progeny, when both
gamete types are present’. Such competition can
occur in animals, regardless of whether fertilization
is external or internal, and can affect plant crosses
regardless of the mechanism of pollen transfer. The
minimum requirement for the occurrence of
gamete competition is the presence of multiple,
divergent, male gamete types. Below I consider an
example for which numerous data sets have been
collected. This example involves the vinegar fly
species Drosophila simulans and Drosophila mauri-
tiana. For these species, gamete competition is but
one reproductive isolating mechanism in a complex
sequence. However, experimental results indicate
that this barrier is quite strong.

Drosophila

Various forms of gamete competition have been
documented for numerous plant and animal com-
plexes (e.g. Smith 1968, 1970; Gregory and Howard
1994; Robinson et al. 1994; Rieseberg et al. 1995;
Levitan 2002; Geyer and Palumbi 2005). For species
of Drosophila, gamete competition is evident even in
crosses involving genotypes from the same evolu-
tionary lineage. Clark and colleagues have identi-
fied some of the processes—for example (i) the
effect of female X male interactions and (ii) the
effect of male genotype on the rank order of
competitive  ability—associated ~with gamete
interactions when females are multiply mated with
males from the same or different Drosophila
melanogaster lines (Clark et al. 1999, 2000). However,
Drosophila taxa also offer excellent illustrations of
the role of competition between gametes that origi-
nate from different evolutionary lineages in limit-
ing introgressive hybridization (e.g. Price et al.
2000; Chang 2004). For example, Price et al. (2000)
found that D. simulans females, mated sequentially
to D. simulans and D. mauritiana males, produced a
preponderance of conspecific progeny, regardless
of the order of the matings (whether the conspecific

male was the first or second mate; Price et al. 2000).
Further, the analyses of Price et al. (2000) identified
two processes that contributed to the conspecific
sperm success. These processes were heterospecific
sperm incapacitation and heterospecific sperm
displacement from storage organs, both affected by
the seminal fluid of the conspecific male. These
authors concluded that the overwhelming compet-
itive advantage of conspecific gametes reflected an
evolutionary by-product from selection on gamete
effectiveness within species (Price ef al. 2000).

In spite of the barrier to genetic exchange
presented by gamete competition, introgression
involving D. simulans and D. mauritiana—along
with a third species, Drosophila sechellian—is well-
supported. Several phylogenetic analyses have
defined relationships among D. simulans, D. sechel-
lia, and D. mauritiana (Solignac and Monnerot 1986;
Aubert and Solignac 1990). These three species are
homosequential (they possess identical polytene
chromosome banding patterns; Lemeunier and
Ashburner 1984), are morphologically very similar,
and hybridize readily under experimental condi-
tions (David et al. 1974), leading to their definition as
the most closely related taxa within the
D. melanogaster subgroup (Solignac and Monnerot
1986). Furthermore, discordances have been
detected between mtDNA haplotypes and the tax-
onomy of the populations. Specifically, the mtDNA
haplotypes present in some of the D. mauritiana
populations were identical, or more similar, to those
found in some D. simulans samples than to other
D. mauritiana haplotypes (Figure 4.12). Solignac and
Monnerot (1986) proposed several hypotheses to
explain these discordances, but concluded that the
most likely explanation was introgression. In addi-
tion, they argued that the introgression of mtDNA
was asymmetric, moving from D. simulans into
D. mauritiana. This latter hypothesis was supported
by results from experimental matings in which
greatly reduced success in crosses involving female
D. mauritiana and male D. simulans (David et al.
1974; Robertson 1983) were encountered, but with
no limitations in the production of F, progeny in the
reciprocal cross (Aubert and Solignac 1990). This lat-
ter cross did, however, result in sterile F, males, but
fertile females (David et al. 1974; Robertson 1983).
Finally, Aubert and Solignac (1990) demonstrated
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Figure 4.12  Phylogeny for Drosophila simulans (si), D. mauritiana
(ma), and D. sechellia (se) based on mtDNA haplotypes (from
Solignac and Monnerot 1986).

that mtDNA introgression from D. simulans and
D. mauritiana could occur rapidly, suggesting that
introgression was promoted by a selective advan-
tage possessed by some hybrid genotypes (Aubert
and Solignac 1990). Although gamete competition
results in substantial limitations for introgression
between D. simulans and D. sechellia, as with other
such barriers, it is permeable to genetic exchange. In
the next section I begin the discussion of post-
zygotic barriers by examining the stage marked by
hybrid viability.

4.3.4 Hybrid viability

In Genetics and the Origin of Species, Dobzhansky
placed the mechanism of hybrid inviability into the
category of reproductive isolating mechanisms
that “. .. engender such disturbances in the devel-
opment that no hybrids reach reproductive stage’
(Dobzhansky 1937, p 231). Though understandable
as a general description, I have already emphasized
that all hybrids are not created equal (i.e. they are
not always unfit relative to their parents). Instead,
certain hybrid genotypes are expected to develop
normally and demonstrate relatively high fitness
(Arnold and Hodges 1995; Arnold 1997). Yet the
presence of some frequency of hybrid inviability is
a universal observation when matings occur
between genetically divergent lineages. This break-
down in the zygotic development of some hybrid
genotypes, but not in others, is one of the factors
leading to the observed differential introgression
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resulting in mosaic/recombinant genomes. The
mosquito genus Anopheles provides an excellent
example of how differential hybrid viability may
affect organismic evolution.

Anopheles

As the vectors of malaria, species of Anopheles are of
major interest in terms of genetic variation and evo-
lutionary differentiation. Of particular importance
is an understanding of the number of differentiated
forms present in nature. This knowledge is needed
to design control methods, particularly those that
depend upon gene flow between introduced, genet-
ically modified mosquitoes and naturally occurring
individuals (Cohuet et al. 2005). Furthermore,
whether there is a single, or many, species that must
be controlled has obvious implications for the types
of control measure—for example, the types of pesti-
cide—that can be used effectively.

Two of the species of most interest as malaria
vectors belong to the African assemblage known as
the Anopheles gambiae species complex. This com-
plex consists of seven recognized species that are
morphologically indistinguishable (della Torre et al.
1997; Stump et al. 2005). Two of these species, An.
gambiae and Anopheles arabiensis, are the two most
important malarial vectors in sub-Saharan Africa
(White 1971). It is now well established that
Anopheles species complexes in general demon-
strate the capacity for some frequency of intertaxo-
nomic gene flow (e.g. Walton et al. 2000, 2001;
Stump et al. 2005). This is particularly true for the
An. gambiae complex, including An. gambiae and An.
arabiensis (e.g. Lanzaro et al. 1998; Onyabe and
Conn 2001; Coluzzi et al. 2002; Gentile et al. 2002;
Tripet et al. 2005). It is also known that post-zygotic
reproductive barriers likely contribute to limita-
tions for genetic exchange both within and between
An. gambiae and An. arabiensis lineages (White 1971;
Slotman et al. 2005; Turner et al. 2005).

Significant inviability has been detected in the
first backcross generation (as well as in the genera-
tion created by crossing individuals from within the
same, reciprocal BC, population) between An. gam-
biae and An. arabiensis, as reflected by lower-than-
expected frequencies of certain genotypes (Slotman
et al. 2004). For example, in the BC, generation
Slotman et al. (2004) found that the An. gambiae X
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chromosome (X;) occurred at a frequency of
approx. 10% (the expected frequency was 50%) in
the backcross toward An. arabiensis. Thus the X,
chromosome causes inviability when placed onto a
largely An. arabiensis genetic background. By exam-
ining autosomal loci, Slotman et al. (2004) were able
to demonstrate that this large-scale inviability was
due to an incompatibility between X chromosomal
loci and one or more loci on each of the autosomes.
Results from an examination of the progeny
produced from crosses between the BC, individuals
were consistent with the hypothesis that viability
was significantly reduced (sometimes leading to the
complete inviability of certain genotypes) by inter-
actions between the X chromosome and autosomal
loci (Slotman et al. 2004). It is also possible that
interactions between the An. gambiae X chromosome
and the An. arabiensis Y chromosome result in some
level of inviability in the backcross populations
(Slotman et al. 2004). Regardless, it is evident that
gene flow between these two species is restricted by
inviability in the backcross generations.

In spite of the genetic discontinuity, both within
and between An. gambiae and An. arabiensis, caused
by inviability (and infertility) of some hybrid geno-
types, introgressive hybridization has impacted
greatly the population genetics of these two
species. This conclusion has been reached on the
basis of data indicating the sharing of chromosomal

inversions, mtDNA, autosomal loci, and X chromo-
somal loci in areas of sympatry (e.g. Figure 4.13;
Besansky et al. 1997, 2003; Lanzaro et al. 1998;
Gentile et al. 2002; Donnelly et al. 2004; Stump et al.
2005). Past and contemporary introgression results
in a mosaicism displayed in the genomes of these
species, similar to that found for influenza A,
fire-bellied toads, Louisiana irises, etc. Genetic
exchange has thus structured the genomic constitu-
tion of these (and other) Amnopheles species. The
patterns of introgression also reflect the role that
selection plays in constraining and facilitating
genetic exchange. I discussed above the selective
sieve that does not allow the expected frequency of
introgression for the X . chromosome (Slotman et al.
2004). Furthermore, Turner et al. (2005) recently
localized three genomic islands that confer some
measure of reproductive isolation and thus provide
a barrier for introgression within An. gambiae as
well. However, selection also promotes the intro-
gression of certain autosomal markers, as indicated
by natural population variation and by experimen-
tal hybrids (della Torre et al. 1997). Indeed, it has
been argued that selective introgression from An.
arabiensis (a xeric-adapted species) into An. gambiae
(a mesic-adapted species) may have led to the
ecological expansion of An. gambiae, thus allowing
it to become the predominant vector of malaria in
sub-Saharan Africa (Besansky et al. 2003).

Figure 4.13  Parsimony network constructed using mtDNA haplotypes detected in Anopheles populations. Numbers in the circles indicate the
haplotype designation, and the size of the circles is roughly proportional to the haplotype’s frequency. Open and black circles indicate haplotypes
unique to An. gambiae and An. arabiensis, respectively. Shaded circles reflect haplotypes shared between the species (from Besansky et al. 1997).



4.3.5 Hybrid fertility

One of the most widely estimated components of
fitness is fertility. This is especially true for hybrid
genotypes. The reason for the frequent use of this
factor to estimate hybrid fitness is likely its relative
ease of measurement. For plants and animals
numerous methodologies have been applied to
define the fertility of hybrid genotypes (e.g. Arnold
and Jackson 1978). Often such methods allow infer-
ences not only of the relative fitness (in terms of fer-
tility) of hybrids and their parents, but also
facilitate hypotheses concerning causality; for
example, the presence of chromosomal structural
heterozygosity leading to unbalanced meiotic prod-
ucts and eventually to nonviable gametes (Heiser
1947). However, genic components, as opposed to
structural differences, can also lead to lower fertil-
ity in early- and later-generation hybrids. Once
again considering Louisiana irises, we have
detected male fertilities among experimental
I fulva X 1. brevicaulis BC, hybrids that range from 0
to 100% (Bouck 2004). This effect on male fertility is
apparently not due to chromosomal structural dif-
ferences in the parental species since F, hybrids
demonstrate nearly 100% fertile pollen.

Regardless of the methodology used to assay fer-
tility, it is again a truism that different hybrid geno-
types can vary in terms of their estimated fitness.
I will use two examples to illustrate the effect of
reduced fitness (i.e. fertility) on the pattern and
degree of genetic exchange. The first example
involves the well-studied Mus musculus/Mus domes-
ticus species pair. The second comes from the
equally well-investigated annual sunflower
species, Helianthus annuus and Helianthus petiolaris.

Mus

The genus Mus has (and continues to be) developed
as a model system for studying a diversity of topics
from gene function to behavior. This species com-
plex has also been used to study fundamentally
important evolutionary hypotheses (Sage et al.
1993). A particular emphasis, in terms of research
programs, has been placed on the dual processes of
reproductive isolation and natural hybridization.
For example, a recent issue of the Biological Journal
of the Linnean Society (published in March 2005) was
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devoted to the genus Mus as a model for
evolutionary studies. Each of the more than
25 papers discussed topics related to evolutionary
diversification, reproductive isolation, and intro-
gressive hybridization. In regard to the latter two
topics, they were often discussed simultaneously,
and in the context of limitations to gene flow posed
by various reproductive barriers. The barriers
discussed included both pre- and post-zygotic
reproductive factors (e.g. Bimova et al. 2005; Chatti
et al. 2005; Raufaste et al. 2005).

In terms of male and female fertility estimates,
data are available from crosses between chromoso-
mal races (i.e. involving Robertsonian rearrange-
ments; Robertson 1916), subspecies, and species
(Storchova et al. 2004; Britton-Davidian et al. 2005;
Chatti et al. 2005; Trachtulec et al. 2005). For the
present discussion, I will limit my considerations to
data concerning the sterility barrier (and introgres-
sive hybridization) between M. musculus and
M. domesticus (sometimes identified as M. musculus
musculus and M. musculus domesticus, respectively).
It is well established that infertility of F, and later-
generation hybrids occurs when these taxa
hybridize. For example, Britton-Davidian et al.
(2005) reported several observations indicating
lower fertility in M. musculus X M. domesticus
hybrids. These observations included (i) a signifi-
cant proportion of F, females that did not repro-
duce, (i) sterility of F, males in some crosses, (iii)
11-17% sterile BC, males, and (iv) decreased testis
weight (suggestive of lower fertility) in a natural
hybrid zone. Consistent with this, Storchové et al.
(2004) found that introgressing the M. musculus X
chromosome onto a mainly M. domesticus genetic
background caused male sterility.

From the above it is seen that male and female
infertility play a major role in limiting gene flow—
particularly for genomic regions associated with
sterility ‘loci"—between M. musculus and M. domes-
ticus. Indeed, the pattern of introgression of
X-chromosome-specific markers (and also those on
the Y chromosome) across natural hybrid zones
indicates the restrictions that such fertility selection
may place on genetic exchange; such markers
frequently show reduced levels of introgression
compared to mtDNA and autosomal loci
(Vanlerberghe et al. 1986, 1988; Tucker et al. 1992;
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Dod et al. 1993; Payseur et al. 2004; Payseur and
Nachman 2005). Notwithstanding the significant
sterility produced in crosses between M. musculus
and M. domesticus, introgression and the hybrid ori-
gin of at least one subspecies have resulted from
crosses involving these taxa (Vanlerberghe et al.
1986, 1988; Yonekawa et al. 1988; Tucker et al. 1992;
Boursot et al. 1993; Dod et al. 1993; Sage et al. 1993).
However, as with any genetic exchange event(s) the
results are complex. For example, a comparison of
mtDNA variation across a hybrid zone in the Czech
Republic with one in Bavaria, Germany, detected
reversed, asymmetric patterns of introgression
(Bozikova et al. 2005). For the Czech hybrid zone
introgression was from M. musculus into M. domesti-
cus. mtDNA introgression was in the opposite direc-
tion across the Bavarian zone (Bozikova et al. 2005).

Even loci on the X chromosome—known to carry
genes that affect male fertility—demonstrate differ-
ential patterns of introgression. For example,
Payseur et al. (2004) and Payseur and Nachman
(2005) detected candidate loci for reproductive
isolation on the X chromosome, as indicated by
lower-than-expected frequencies of introgression.
However, Payseur et al. (2004) also detected
X-chromosome loci that introgressed between the
species at a greater frequency than expected. In
combination, these results indicate that, while some
loci are affected by negative selection and thus do
not introgress, other loci introgress across the
species boundary as a result of positive selection
(Figure 4.14; Payseur et al. 2004).

Helianthus

As with M. musculus
hybridization between the annual
species H. annuus and H. petiolaris also demon-
strates complex patterns of genetic exchange driven
by natural selection. Natural selection acts
negatively reducing recombination between some
portions of the genomes of these species, while
simultaneously favoring admixtures in other
genomic regions. This, in turn, has led to hybrid
products that have formed the basis for new evolu-
tionary lineages.

The work of Heiser, and most recently of
Rieseberg and his colleagues, has resulted in a mon-
umental collection of publications on the annual
sunflowers (genus Helianthus) that span the topics

and M. domesticus,
sunflower

of systematics, chromosome evolution, ethnob-
otany, transgenics, and speciation (e.g. Heiser 1954,
1965, 1979; Heiser et al. 1969; Schilling and Heiser
1981; Burke and Rieseberg 2003; Snow et al. 2003;
Burke et al. 2004). However, this species complex is
probably best known for the findings of Heiser and
Rieseberg (and others) regarding the roles of
introgressive hybridization and hybrid speciation
(e.g. Heiser 1947, 1951a, b; Stebbins and Daly 1961;
Rieseberg ef al. 1988, 1990a, b, 1993, 1994, 1996, 2003;
Rieseberg 1991; Dorado et al. 1992; Ungerer et al.
1998; Kim and Rieseberg 1999; Carney et al. 2000;
Welch and Rieseberg 2002; Lexer et al. 2003a; Gross
et al. 2004; Ludwig et al. 2004; Rosenthal ef al. 2005).
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Figure 4.14 M. domesticus allele frequencies across a hybrid zone
between this species and M. musculus. Pola1 (a) is a putative
reproductive isolation locus and thus does not demonstrate
introgression across the hybrid zone. In contrast, Xist (b) demonstrates
significant polymorphism of the M. domesticus alleles in the

M. musculus region (right side of the graph) consistent with adaptive
trait introgression (from Payseur et al. 2004).



Regardless of the enormous amount of informa-
tion concerning the widespread effects from
genetic exchange, it is also well established that
hybridization between various sunflower taxa is
greatly restrained by fertility barriers. This is par-
ticularly true for the species H. annuus and H. peti-
olaris. For example, using experimental crosses,
Heiser demonstrated that F, hybrids possessed
pollen fertilities of 0-30% (mean , approx. 14%;
Heiser 1947). In addition, crosses designed to form
the F, and first backcross generations resulted in a
maximum seed set of 1 and 2%, respectively
(Heiser et al. 1969). This extremely low fertility is
likely due to the numerous chromosomal rear-
rangement differences present between these
species (Figure 4.15; Heiser 1947; Heiser et al. 1969).
Indeed, the great limitations placed upon genetic
exchange between H. annuus and H. petiolaris by
such strong fertility selection is a partial cause of
the repeated occurrence of similar hybrid geno-
types from independent crossing experiments
(Rieseberg et al. 1996). Furthermore, the observa-
tion that hybrid species tend to have the same
genomic organization as found in the experimental
hybrids suggests that the intense fertility selection
against many hybrid genotypes has significantly
affected natural genetic exchange as well
(Rieseberg et al. 1996, 2003).

Contrary to expectations from the low fertility of
early hybrid generations, natural hybridization
between H. annuus and H. petiolaris has given rise
to a plethora of hybrid zones and at least three
hybrid species (Helianthus anomalus, Helianthus
deserticola, and Helianthus paradoxus; Heiser et al.
1969; Rieseberg et al. 1990b, Rieseberg 1991). In
addition, Rieseberg et al. (2003) have documented
the direct role of hybridization in the formation of
hybrid genotypes capable of invading novel habi-
tats. Therefore, genetic exchange has not only
played a major role in the genetic structuring of
this species complex (Rieseberg 1991), but has also
resulted in evolutionary and ecological novelty
reflected in species with new adaptations (Lexer
et al. 2003a; Rieseberg et al. 2003; Ludwig et al. 2004;
Rosenthal et al. 2005). Again, it is apparent that a
selective sieve—for Helianthus due to infertility—
that allows the production of only a few hybrid
genotypes does not necessarily destroy the oppor-
tunity for significant evolutionary effects from
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Figure 4.15 Drawings of metaphase | chromosomal configurations
for (a) H. annuus, (c) H. petiolaris, and (b) the F, hybrid formed
between these two species. Note that only bivalents occur in

(a) and (c), but multivalents are present in (b), indicating
chromosome-rearrangement differences between the two species
(from Heiser 1947).

genetic exchange. Illustrating this conclusion,
Rieseberg (1991) has typified the evolutionary his-
tory for annual sunflower species as reticulate
rather than divergent.

4.4 Summary and conclusions

The rationale for this chapter, like reproductive iso-
lation, has multiple parts. First, I have attempted to
illustrate that reproductive isolation is almost
always a sequential, multi-tiered process reflected
in various factors that cause limitations for genetic
exchange. Second, I have used a taxonomically
broad array of examples to illustrate that reproduc-
tive isolation can be typified as a multi-staged
process regardless of the organismic group. Third,
Ihave emphasized the common finding that strong
reproductive isolation does not necessarily remove
the foundation for further evolutionary diversifica-
tion, whether in terms of new lineages, novel gene
combinations, or new adaptations. As I have stated
before, this observation is one factor that under-
mines the dismissal of introgressive hybridization,
hybrid speciation, or lateral gene transfer as evolu-
tionarily unimportant based on the fact that there
are a series of barriers to hybrid formation.

In conclusion, reproductive isolation may be best
studied from the standpoint that barriers to genetic
exchange are often permeable. If evolutionary
diversification is indeed best described by a web-
of-life metaphor, such an approach should offer the
best opportunity to describe evolutionary process
and pattern.



CHAPTER 5

Hybrid fitness

... hybrid genotypes are at least as successful as parental genotypes in a variety of frequently
encountered natural aquatic habitat types . ..

(Parris 2001a)

It appears that hybrids benefit from both the introgression of Fremont traits for larger seed size and
narrowleaf traits, for increased asexual reproduction.

(Schweitzer et al. 2002)

... this ancient pathway has been extensively modified in M. tuberculosis, with HGT [horizontal
gene transfer], duplication, and adaptive evolution contributing to these modifications. These
results should help explain why M. tuberculosis is so accomplished at working with fatty acids.

(Kinsella et al. 2003)

The presence of tRNA, phage-related genes, and transposase genes near the extremities of this
region suggest that it was acquired via horizontal transfer. This ‘efflux island” may contribute to
Legionella’s ability to flourish in plumbing systems and persist in the presence of toxic biocides.

(Chien et al. 2004)

Here, we demonstrate that regions of the Louisiana iris genome are likely to introgress across
species boundaries, and that introgression results from fitness advantages (i.e. increased survivor-
ship in highly-selective, flooded conditions) transferred concurrently with those chromosomal

regions.

5.1 Components of hybrid fitness

In this chapter I will review data from studies of
microorganisms (including bacteria and viruses),
plants, and animals that help to illustrate that
hybrid genotypes (produced by lateral gene trans-
fer, viral recombination, or sexual reproduction)
demonstrate a range of fitnesses depending on
environmental setting. First, I must emphasize
that genotype X environment interactions are not
the only mechanism affecting hybrid fitness: some
hybrids are maladapted regardless of environ-
ment (e.g. Haldane’s Rule or Law; Haldane 1922,

(Martin et al. 2006)

1990; Tegelstrom and Gelter 1990; Zeng and Singh
1993; Palopoli and Wu 1994; Naisbit et al. 2002; Tao
and Hartl 2003). For clear examples of such hybrid
genotypes, 1 direct the reader to the previous
chapter. However, notwithstanding the world-
view of some authors (e.g. see Coyne and Orr
2004), hybrid genotypes are not different from
other novel genotypes; the fact that individuals
from divergent lineages produce them is irrelev-
ant in terms of their potential for evolutionary
importance. In other words, hybrids are created
equal in that there is a probability that they will
demonstrate lower, equivalent, or higher fitness
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relative to other genotypes, including their pro-
genitors. Furthermore, even hybrids with lower
fitness than their parents can act as the foundation
for much evolutionary innovation (Arnold et al.
1999). One example of this is seen in annual sun-
flowers where highly infertile, early-generation
hybrids apparently gave rise to numerous taxa
(Rieseberg 1991).

Two classes of evidence that allow estimates of
hybrid fitness will be emphasized in this chapter.
The first involves those cases for which there are
data suggesting the transfer of genetic factors that
have contributed to novel adaptations. For example,
the first section covers examples from microorgan-
isms. Each of the species discussed in this section
reflects exchanges that have at least partially facili-
tated the organism’s invasion of novel environ-
ments through the acquisition of novel adaptations.
This then leads to the inference of increased fitness
of hybrid organisms (i.e. recombinant through lat-
eral gene transfer or viral recombination) relative to
the donor and recipient species. It is instructive to
recall that we often speak and write of adaptive
trait transfer as being between two taxa. This is not
actually accurate. Rather, adaptive trait transfer
produces introgressants that are by definition
hybrid. Thus, in considering such transfers we
should recognize that the highly fit products, some
of which are the founders of new taxonomic line-
ages, are hybrid.

Adaptive genetic exchange can also be inferred
through the examination of genetic markers across
natural hybrid zones. These analyses compare the
expected and observed frequencies of genetic trans-
fer and thus test for a greater than expected fre-
quency of introgressed markers. If markers are
detected which introgress at a significantly greater
frequency than predicted, they are recognized as
candidates for adaptive trait loci. It is also import-
ant to note that whether the results of genetic
exchange are referred to as adaptive trait transfer or
hybrid speciation derives largely from the eye of
the beholder (i.e. investigator). Thus both outcomes
reflect the same set of processes—recombination
between divergent lineages, environment-dependent
and -independent selection leading to mosaic
genomes—and qualitatively the same products;
that is, new lineages that can be adapted to diver-
gent habitats relative to their parents.
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The second class of evidence allowing inferences
concerning the relative fitness of hybrid genotypes
comes from experimental analyses (e.g. Rhode and
Cruzan 2005). Various hybrids, along with the
parental genotypes from which they were formed,
are placed into the same environmental setting (e.g.
see Bolnick and Near 2005 for a review of hybrid
embryo viability in crosses between centrarchid
fish taxa). Fitness estimates are obtained and the
hybrid and parental genotypes are given a ranking.
The number and type of fitness components
examined varies widely between studies. For
example, Burke et al. (1998a) collected data for
numerous components for the Louisiana iris species
I fulva and I. hexagona and for their F, hybrids.
Furthermore, because these plants reproduce both
asexually and sexually, fitness estimates reflecting
both modes of reproduction were gathered (Burke
et al. 1998a). In a second study, Burke et al. (1998b)
inferred the fitness of F, hybrids formed in crosses
of I fulva and I. brevicaulis by examining the geno-
typic associations within the F, seedlings. In the lat-
ter study hybrid fitness was thus determined from
the survivorship of only hybrid genotypes, rather
than from data for both hybrids and parental indi-
viduals (as in Burke et al. 1998a).

In this chapter I have chosen an ad hoc division
for the three sections—microorganisms, plants, and
animals. It may seem odd that I refer to these group-
ings as ad hoc. I choose this phrase to again empha-
size the point that, although the examples used can
be grouped into these three taxonomic assemblages,
with regard to the effect from genetic exchange, they
could just as accurately be interspersed (e.g. see
Chapters 1, 3 and 4). In addition, I would emphasize
that almost any species complex affected by genetic
exchange, including those discussed elsewhere in
this book as well as those highlighted in separate
reviews (see Arnold and Hodges 1995; Arnold 1997,
2004a, b; Mallet 2005) could be used to support the
conclusion that hybrid fitness varies, and indeed is
sometimes relatively high. The onus is now on those
who hold to the paradigm that hybrids are (i) uni-
formly unfit and/or (ii) unimportant with regard to
evolutionary innovation, to produce data rather
than rhetoric in support of their framework.

Finally, it is important to recognize that hybrid
genotypes demonstrating relatively high fitness—
as with any ‘fit’ genotypes—are in constant danger
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of disruption through genetic recombination (i.e.
viral recombination, lateral gene transfer, and sex-
ual reproduction). In one sense then, the important
question to ask is not whether a hybrid genotype
is relatively fit, but whether a hybrid genotype
facilitates (i) genetic exchange between previously
isolated lineages or (ii) the formation of new evolu-
tionary lineages. Yet, hybrid fitness is often used to
predict future evolutionary contributions. It is thus
important to consider the fitness consequences of
genetic exchange.

5.2 Genetic exchange and fitness:
microorganisms

5.2.1 Mycobacterium tuberculosis

Genetic exchange is only one of several processes
that lead to the evolution and adaptation of
microorganisms. For example, the evolutionary tra-
jectory of bacterial species is affected greatly by
gene duplication, deletion, inactivation, and ulti-
mately erosion (Mira et al. 2001). Indeed, to explain
the relatively small DNA content and lack of non-
functional DNA in organisms that are regularly
increasing DNA content through horizontal gene
transfer and gene duplication (Zhaxybayeva and
Gogarten 2004; Zhaxybayeva et al. 2004), Mira et al.
(2001) concluded that there was a bias in which
DNA deletions outnumbered additions. Similarly,
Kurland (2005) argued, ‘Genomes that continu-
ously expand due to the uninhibited acquisition of
horizontally transferred sequences are genomes
that are earmarked for extinction.” Yet, as discussed
in previous chapters, the transfer of genetic mate-
rial is a major facilitator of evolutionary change for
bacterial species (Ochman et al. 2000; Daubin
and Ochman 2004). In addition, although there are
barriers to lateral transfer among prokaryotes, as
with barriers for all forms of genetic exchange, they
tend to limit rather than prevent gene transfer
(Bordenstein and Reznikoff 2005; Thomas and
Nielsen 2005). Thus, horizontal transfer is indeed
pervasive and acts as an agent for adaptive evolu-
tion in prokaryotes. This is seen clearly for the first
of our examples, Mycobacterium tuberculosis.

It is estimated that in the Americas alone, in 2002,
there were 370 000 new cases of tuberculosis and

53000 deaths from the disease (World Health
Organization, http:/ /www.paho.org/english/hcp/
hct/tub/tuberculosis.htm). The causative agent for
tuberculosis, M. tuberculosis, has been alternatively
thought to have (i) evolved from Muycobacterium
bovis 15 000-20 000 YBP, possibly as a result of cat-
tle domestication, or (ii) derived from an ancient
human pathogen that also gave rise to M. bovis
(Sreevatsan et al. 1997; Brosch et al. 2002; Hughes
et al. 2002). Regardless of the exact evolutionary
progression of M. tuberculosis, it demonstrates
novel adaptations that are underlain by horizontal
gene transfer. One of these adaptations involves the
genetic architecture for fatty acid metabolism.
Interestingly, this species possesses five times more
enzymes (i.e. 250 compared with 50) that partici-
pate in fatty acid metabolism than the similarly
sized E. coli genome (Cole et al. 1998). In particular,
M. tuberculosis relies on mycolic acids (from elon-
gated fatty acids) for the formation of a lipid layer
in its cell wall that protects it while in the host envi-
ronment (Barry et al. 1998).

Kinsella et al. (2003) suggested three mecha-
nisms for the amplification of the number of genes
involved in the fatty acid metabolism of M. tuber-
culosis. These included de novo gene origin, gene
duplication, and/or lateral gene transfer. In regard
to genetic exchange, lateral gene transfer from
eukaryotic donors into M. tuberculosis has been
postulated (Gamieldien et al. 2002). Furthermore,
it has also been concluded that this species con-
tains numerous eukaryotic—prokaryotic ‘gene
fusions’ (i.e. genes that code for proteins that pre-
sumptively are made up of domains from the dif-
ferent kingdoms; Wolf et al. 2000). Consistent with
the putative interkingdom transfers, Kinsella et al.
(2003) detected lateral transfers involving M. tuber-
culosis and other bacterial species. Specifically,
five protein families belonging to the fatty acid
biosynthetic pathway placed the actinobacteria
(the taxonomic group to which M. tuberculosis
belongs) in a clade containing a-proteobacteria
rather than, as expected, with other Gram-positive
bacteria (Figure 5.1; Kinsella ef al. 2003). It is
important to note that copies of genes for the fatty
acid pathway would have existed in this species’
genome prior to the lateral transfers. The transfer
of the genes from the a-proteobacteria reflects not
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Figure 5.1 Phylogeny of bacterial, proteobacterial and actinobacterial taxa, including M. tuberculosis. The gene sequences used to construct the
tree were from acetyl-CoA carboxylase carboxyl transferase B-subunit. The numbers on the branches indicate Bayesian clade probabilities and the
arrow indicates the lineage analyzed for evidence of adaptive evolution (from Kinsella et al. 2003).

the addition of genes, but rather the addition and
the replacement of native, actinobacterial genes
(Kinsella et al. 2003). In this regard, Kinsella et al.
(2003) also found that the pattern of nucleotide
changes in some genes, along the phylogenetic
branch leading to M. tuberculosis (Figure 5.1), sug-
gested strong positive selection favoring some
novel mutations. The acquisition of fatty acid
biosynthesis genes from other prokaryotic line-
ages was apparently the basis for adaptations,
indicative of increased fitness that facilitated
M. tuberculosis’ unique life history and thus its
pathology. Similarly, in the next section I discuss
adaptations in the pathogen Legionella pneumophila

that are likewise the result of horizontal gene
transfer and natural selection.

5.2.2 Legionella pneumophila

Legionnaires disease has a false but enduring status
as an exotic plague. In reality, this disease is a
common form of severe pneumonia . . . (Fields et al.
2002)

With these words, Fields et al. (2002) began their
review of 25 years of research on L. pneumophila,
research spawned by the outbreak of severe pneu-
monia subsequent to a July 1976 American Legion
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convention in Philadelphia. Of the 182 cases linked
to this convention, 29 were fatal (Fraser et al.
1977). Although isolates of this genus had been
first collected in the 1940s (Fields et al. 2002), the
taxonomic recognition of the genus Legionella was
not to occur until 1979 (Brenner et al. 1979).
Notwithstanding Fields et al’s. (2002) statement,
L. pneumophila, like any other species of bacteria,
virus, plant, or animal is indeed ‘exotic” in that
this species demonstrates unique adaptations to
its environment. Furthermore, some of its unique-
ness is directly attributable to genes brought in
through horizontal transfer. Thus its ability to
infect some of the participants of the Philadelphia
meeting, and its lethality relative to other strains
of the same species, was caused partially by
genetic exchange (Chien et al. 2004). Some of the
genomic elements transferred included (i) F-plasmid
tra/trb genes (involved in the synthesis of pili—
extracellular filaments which establish contact
between donor and recipient cells during
F-plasmid-mediated conjugation—leading to the
transfer of the F-plasmid; Frost et al. 1994), (ii)
several eukaryotic genes involved in recruitment
of substrates (Nagai and Roy 2003) to the vacuole
in which L. pneumophila resides within the host
cell (Sturgill-Koszycki and Swanson 2000), and
(iii) secretion system genes such as the icm/dot
and [vh/lvr gene clusters (associated with conju-
gation and host cell death; Segal et al. 1998, 1999;
Vogel et al. 1998).

Chien et al. (2004) have argued that among
L. pneumophila’s most remarkable adaptations are
its abilities to utilize so effectively the organelle-
trafficking functions of a broad range of host cells
(to create and maintain its vacuole), and to exist in
extremely harsh environments, such as plumbing
systems that are treated with biocides. As men-
tioned above, the first of these adaptations is
underlain partially by horizontally transferred
genes belonging to the icrm/dot and lvh/lvr clusters.
However, L. pneumophila’s ability to survive the
harsh, human-made and -mediated aquatic envi-
ronments associated with, for example, air-
conditioning systems is also likely the result of
genetic exchange. In particular, this species contains
a 100-kb region that includes several genes for
processing toxic compounds and heavy metals

(Chien et al. 2004). The adaptive significance of this
region is seen in the fact that L. pneumophila’s natu-
ral hosts are protozoans that accumulate heavy
metals from the environment (Chien et al. 2004).
Mobile genetic elements are important components
of numerous horizontal transfer events in prokary-
otes (Batut et al. 2005; Frost et al. 2005). The role of
lateral transfer in the acquisition of the 100-kb
region in L. pneumophila was thus inferred from the
observation that tRNA, phage-related, and trans-
posase genes border it (Chien et al. 2004). It appears
that the genetic architecture for at least two of the
major adaptations that facilitate the unusual
lifestyle and the lethality of some strains is foreign
to the L. pneumophila genome (e.g. Brassinga et al.
2003; Chien et al. 2004). Once again, adaptive trait
transfer is inferred and is indicative of an increase
in fitness in the hybrid L. pneumophila, especially in
its novel environmental setting. In the next exam-
ple, that of Brazilian purpuric fever, we again see
evidence of a transfer of the genetic machinery for
an adaptation and a concomitant change in fitness
leading to another highly effective pathogen.

5.2.3 Brazilian purpuric fever

Huaemophilus influenzae is one of the most common
microorganisms in the human upper respiratory tract
(Kroll et al. 1998). It is also normally non-invasive,
although it is capable of rare invasions leading
most often to serious illnesses in children. For
example, H. influenzae has been implicated as the
causative agent of Brazilian purpuric fever. The
designation of this disease reflects its original isola-
tion from within a Brazilian population of children.
An astounding 70% mortality rate occurred in the
earliest outbreaks, with the average mortality now
standing at 40% (Li et al. 2003). However, the
description of the clinical features of this novel
disease—meningococcal sepsis—suggested initially
the involvement of a meningococcus species (Kroll
et al. 1998). It was thus surprising that the patho-
logical features of this disease were found instead
to be the result of infection by H. influenzae
biogroup aegyptius. Prior to the Brazilian purpuric
fever outbreak, this organism had been known to
cause nothing more serious than conjunctivitis
(‘pink eye’; Kroll et al. 1998). Brazilian purpuric



fever is noted for producing a purulent conjunctivi-
tis, indicating the connection with the organism’s
original phenotype. However, this initial stage is
followed by high fever, vomiting, abdominal pain,
a hemorrhagic skin rash, vascular collapse, and
even to limb loss due to peripheral gangrene
(Li et al. 2003).

The discovery of a previously benign organism
that now caused a high death toll led to the hypoth-
esis of trait transfer. Specifically, the novel
H. influenzae was hypothesized to have acquired the
genetic architecture necessary to produce the viru-
lent meningococcal phenotype. Interestingly, each
of the isolates of the virulent H. influenzae strain has
been found to be nearly identical for numerous
genotypic and phenotypic characteristics (Li et al.
2003). This observation has led to the multiple iso-
lates being considered clones. Kroll et al. (1998)
hypothesized that the evolution of this clonal
lineage’s phenotype was due to the transfer of
virulence genes from Neisseria meningitidis into
H. influenzae. Consistent with this hypothesis, these
authors found that rRNA gene sequences (as well
as other genes) from H. influenzae and N. meningi-
tidis were highly divergent, while the sodC viru-
lence genes isolated from the species demonstrated
high sequence similarity (Figure 5.2). Subsequent to
the initial analysis, Smoot et al. (2002) and Li et al.
(2003) found evidence for the lateral transfer of
additional genic regions between these two genera
(and between H. influenzae and other bacterial
species).

As is characteristic for any trait transfer, the
acquisition of virulence genes that allowed the
conjunctivitis-causing H. influenzae to demonstrate a
new phenotype and thus invade a new niche within
the human body likely reflects a concomitant
increase in fitness, at least in that new habitat. Sadly,
the derivation of pathogenic H. influenzae biogroup
aegyptius illustrates the origin through genetic
exchange of a *. . . clone with the phenotype of rap-
idly fatal invasive infection . ..” (Kroll et al. 1998).

5.2.4 Entamoeba histolytica

Like M. tuberculosis, L. pneumophila, and H. influenzae,
the causative agent of amoebiasis, Entamoeba histolyt-
ica, is a microorganism adapted to the role of human
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pathogen due partially to lateral exchanges. Unlike
the other three organisms, E. histolytica is a eukary-
ote; this species is a protist pathogen. After malaria,
amoebiasis accounts for the most deaths from protist
infections (Stanley 2003). E. histolytica utilizes bacte-
ria in the lumen of the colon for food and can invade
the intestinal wall, lyse the host epithelial cells, and
spread to the liver, causing fatal abscesses (Huston
2004; Loftus et al. 2005). The name E. histolytica thus
reflects the organism and the pathology of the dis-
ease; a tissue-lysing amoeba (Stanley 2003).

A common characteristic of many parasitic proto-
zoans, and of E. histolytica, is that they are amito-
chondrial (e.g. Ledn-Avila and Tovar 2004). It was
once thought that such organisms represented the
ancestral form of pre-mitochondrial eukaryotes
(Cavalier-Smith 1991). However, with the discovery
of organellar remnants of mitochondria (known as
mitosomes) and mitochondrion-related genes in
many amitochondrial parasitic protozoa (e.g. Clark
and Roger 1995; Mai et al. 1999; Tovar et al. 2003;
Williams et al. 2002; Riordan et al. 2003; Stanley
2003), it is now understood that these organisms

are, instead, ’...highly derived descendants of
mitochondrion-containing ancestors...” (Ledn-
Avila and Tovar 2004).

Lateral gene transfer, as discussed throughout
this book, is of primary importance in the evolution
of prokaryotes. Less well established is its partici-
pation in the evolutionary histories of eukaryotic
lineages (Lawrence and Hendrickson 2003). Yet
evidence is accumulating that suggests an impor-
tant role for this process in at least some eukaryotic
clades (Huang et al. 2004). In the case of E. histolyt-
ica, genes that have been laterally transferred into
this species may be performing the functions nor-
mally provided by mitochondria (e.g. van der
Giezen et al. 2004). In their presentation of the
E. histolytica genome, Loftus et al. (2005) argued for
the central role of lateral gene transfer from
prokaryotes in providing the genetic machinery
necessary to replace mitochondrial functions; 58%
of the 96 genes suggested to be of prokaryotic ori-
gin encoded metabolic enzymes (Figure 5.3).
Furthermore, these authors concluded that a major
effect of the horizontal transfers was to not only
replace the metabolic functions normally provided
by mitochondria, but to increase the range of
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Figure 5.2 Gene trees derived from (a) protein and (b) 16 S RNA sequences of the bacterial species H. influenzae (H), N. meningitidis (N), and
E. coli (E). Numbers along the branches indicate the number of mutational steps between terminal taxa (from Kroll et a/. 1998).

substrates that E. histolytica was able to utilize
(Loftus et al. 2005). For example, they discovered
that glycosidases and sugar kinases had been
transferred into E. histolytica with the likely result
that this species could now utilize not only glu-
cose, but also fructose and galactose (Loftus et al.
2005). This conclusion is reflected by Loftus et al.
(2005) stating, ‘It is clear that among the 96 genes,

some result in significant enhancements to
E. histolytica metabolism, thus contributing to its
biology to a greater extent than indicated by the
numbers alone.” In this species then, laterally
transferred genes not only replaced those func-
tions lost when mitochondria were lost, but also
enlarged E. histolytica’s metabolic and thus adap-
tive capabilities (Loftus et al. 2005).
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(from Loftus et al. 2005). See also Plate 3.
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5.2.5 Bacterial viruses

Viruses of bacteria, otherwise known as bacterio-
phages, are now understood to be genetically
extremely diverse elements of the environment. A
portion of this diversity is now known to be due to
extensive horizontal genetic exchange (Hendrix
et al. 2000; Filée et al. 2005; Silander et al. 2005). Such
genetic exchanges include recombination between
divergent bacteriophages, likely facilitated by
co-infection of the same bacterial host (e.g. Waterbury
and Valois 1993; Sullivan et al. 2003). However, hor-
izontal transfers also occur between the viruses
and their bacterial hosts (Hendrix et al. 2000; Filée
et al. 2003). The exchanges in the direction of
bacteria—bacteriophage have apparently resulted
in the transfer of host genes that contribute to the
propagation of the bacteriophages—including
those associated with DNA replication, RNA tran-
scription, and nucleic acid metabolism (Moreira
2000; Chen and Lu 2002; Casjens 2003; Filée et al.
2003; Miller et al. 2003b). There is a wide array of
host genes that are not specifically involved in
multiplication of the bacteriophages that are also
found to reside within the genome of the viruses
(Figueroa-Bossi and Bossi 1999; Rohwer et al. 2000;
Miller et al. 2003a). It has been suggested that some
of these may provide benefits to the bacteriophage
by causing the host to function better prior to its
lysis (Mann et al. 2003; Lindell et al. 2004).
Horizontal transfer involving bacteriophage and
host is not, however, uni-directional. There are
much data to suggest that, like the transfer of genes
from host to bacteriophage, transfers from bacterio-
phages to their bacterial hosts have shaped not only
the genomic structure of the host, but also their
adaptive responses to the environment (Forterre
1999; Wagner and Waldor 2002; Filée et al. 2003;
Pedulla et al. 2003; Lindell et al. 2004).

One example of bi-directional transfer between
bacteriophages and their hosts—transfers that have
affected the evolution of both participants—involves
viruses belonging to the families Myoviridae and
Podoviridae that infect marine cyanobacteria such as
Synechococcus and Prochlorococcus (Mann et al. 2003;
Lindell et al. 2004). These cyanobacterial genera are
of fundamental importance for marine systems
in that they account for up to 90% of the primary

production of oligotrophic oceanic ecosystems (Liu
et al. 1997). Lateral transfer between the bacterio-
phages and their cyanobacterial hosts is indicated by
the presence of host photosynthesis genes in the bac-
teriophage genomes (Mann et al. 2003; Lindell et al.
2004; Millard et al. 2004). Lindell et al. (2004)
suggested that the presence of these host photosyn-
thesis genes was common among the associated
bacteriophages. Although the host species and the
bacteriophages that infect them cluster phylogeneti-
cally based upon photosynthesis gene sequences
(Figure 5.4; Lindell et al. 2004), the genomic organi-
zation of the genes in the hosts and pathogens is
very different. In the hosts the genes are dispersed
throughout the genome, but they are clustered in the
bacteriophages (Hess et al. 2001; Dufresne et al. 2003;
Palenik et al. 2003; Rocap et al. 2003; Lindell et al.
2004). The divergence in the host/pathogen gene
organization may reflect multiple, independent
acquisitions of the genes for photosynthesis (Lindell
et al. 2004; Millard et al. 2004).

In regard to the fitness of ‘hybrid’ phages, Lindell
et al. (2004) argued that the presence of highly
conserved PSII reaction center and hli genes in
three different phages infecting the cyanobacterium
Prochlorococcus reflected positive natural selection.
They argued—from the analogy of freshwater
cyanobacteria, in which the production of bacterio-
phage progeny is dependent upon continuous
photosynthetic activity until just prior to lysis—that
bacteriophages in the marine environment that con-
tain functional photosynthesis genes might also
facilitate their host’s metabolism until just prior to
lysis. This capability would thus provide a selective
advantage over those bacteriophages that lacked the
photosynthesis gene arrays (Lindell et al. 2004).
However, as with lateral transfer between phage
and host in general, the lateral transfer of photosyn-
thesis genes is apparently not uni-directional. One
example of phage-to-cyanobacterium exchange
involves the evolution of the hli multigene family
(Lindell et al. 2004). Indeed, the evolution of this
gene family—via lateral transfer—is postulated to
have caused adaptive evolution of the cyanobacte-
ria as well (Partensky et al. 1999; Hess et al. 2001;
Bhaya ef al. 2002; Rocap et al. 2003). Genetic
exchange has apparently altered the genomic com-
position resulting in the adaptive evolution of both
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components of the cyanobacterium/bacteriophage
system.

5.2.6 Yeast

It is now well appreciated that the genus
Saccharomyces is a clear example of the process of
reticulate evolution. Numerous strains are deriva-
tives of crosses between various yeast species (e.g.
Hansen and Kielland-Brandt 1994; Masneuf et al.
1998; Johnston et al. 2000; Torriani ef al. 2004), with
many of the hybrid lineages reflecting allopoly-
ploidy (Sebastiani et al. 2002). However, yeast, like
examples from the zoological literature (Arnold
1997), have been used to emphasize the lower fit-
ness of some hybrid genotypes (Hunter et al. 1996;
G. Fischer et al. 2000; Greig et al. 2001).

Many yeast hybrid genotypes—both naturally or
experimentally generated—do indeed demonstrate
very low levels of viability or fertility. However, as
expected from crosses between related species, fit-
ness estimates form a gradient from relatively low
to relatively high (Marinoni et al. 1999; Johnston
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Figure 5.4 Phylogenetic tree of photosynthesis
genes (PSII) found in bacteriophages (indicated by
bold type) and their host species. The black boxes and
lines indicate the cyanobacterium host strain infected
by each bacteriophage strain. The numbers on the
lineages indicate bootstrap values for distance and
maximum parsimony and quartet puzzling values for
maximum-likelihood analysis, respectively. Host
designations are: Pro, Prochlorococcus; Syn,
Synechococcus; Anab, Anabaena; Syncy,
Synechocystis (from Lindell et al. 2004).

et al. 2000; Greig et al. 2002; Sebastiani et al. 2002;
Delneri et al. 2003). For example, Sebastiani et al.
(2002) detected only 10 hybrid asci that were able
to produce viable ascospores from crosses between
Saccharomyces cerevisiae and Saccharomyces bayanus.
Yet, the viable ascospores were capable of sporula-
tion, and could mate successfully with either
parental or hybrid yeast (Sebastiani et al. 2002).
Similarly, Delneri et al. (2003) found a wide range of
spore viabilities (from 1 to 96% viable) in crosses
between yeast strains with or without differences
in chromosomal rearrangements. Furthermore,
Marinoni et al. (1999) found that crosses between
sensu stricto species of Saccharomyces were much
more likely to produce viable offspring than crosses
between sensu lato species. Finally, Greig et al. (2002)
tested for the potential of hybrid speciation in
Saccharomyces by examining the fertility of later
generation hybrids from crosses between S. cere-
visige and Saccharomyces paradoxus. These authors
reported fertility estimates of 82 and 7.5% for
crosses between hybrids and between the hybrids
and either parent, respectively.
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As is clear from the above studies, direct estim-
ates of hybrid fitness from measures of viability/
fertility reflect the expected outcome of a range of
fitness values (Arnold and Hodges 1995; Arnold
1997). Yet hybrid fitness can be estimated indirectly
from observations of population-genetic variation
in natural isolates as well. For example, the detec-
tion of numerous, naturally occurring hybrid
strains (Masneuf et al. 1998; Groth et al. 1999;
Johnston et al. 2000; de Barros Lopes et al. 2002)—
including allopolyploids, segmental allopoly-
ploids, and various introgressants—provides
support for the relatively high fitness of at least
some naturally produced hybrid lineages. Thus,
low hybrid fitness, though apparent for some
hybrid Saccharomyces genotypes, is not universal
and even when present does not diminish the
potential for creative evolutionary outcomes from
genetic exchange.

5.2.7 Salmonella

The final example of genetic exchange-mediated
adaptive trait evolution, reflective of an increase in
the fitness of a ‘hybrid” microorganism, involves
the genus Salmonella. Although some evidence
exists suggesting the presence of certain restrictions
for the horizontal transfer of some genomic regions
among species of Salmonella (e.g. the mutS gene;
Brown et al. 2003), there are ample data indicating
the importance of genetic exchange in the evolution
of these bacteria (Liu and Sanderson 1998; Marcus
et al. 2000; Porwollik et al. 2002).

The World Health Organization reports that over
2500 serotypes of Salmonella were isolated in 2004
(www.who.int/mediacentre/factsheets/fs139/en/).
Two of the most important serotypes are
Salmonella enterica serovar Typhi (Salmonella typhi)
and S. enterica serovar Typhimurium (Salmonella
typhimurium). S. typhi and S. enterica account for
millions of infections and numerous deaths
worldwide each year (McClelland et al. 2001). For
example, S. typhi causes approximately 15 million
infections and 600000 fatalities annually (Parkhill
et al. 2001).

One of the greatest concerns regarding S. typhi
(and indeed any bacterial pathogen) is the origin
and spread of resistant strains, particularly those

resistant to multiple classes of antibiotics
(Murdoch et al. 1998; Parry et al. 1998). Parkhill
et al. (2001) reported the entire genome sequence of
one such multiple-drug-resistant strain, S. typhi
CT18, and were able to test for the roles of such
processes as horizontal transfer and gene silencing
in the adaptive evolution of this human pathogen.
In regard to gene silencing, these workers uncov-
ered sequence data predicting 204 pseudogenes.
Parkhill et al. (2001) concluded that this extensive
array of inactivated genes was ’. . . remarkable in a
genome of an organism capable of growth both
inside and outside the host.” Furthermore, they
suggested that a large proportion of the pheno-
typic and host-range differences detected between
S. typhi and S. typhimurium might be due to differ-
ences in cohorts of silenced genes (McClelland
et al. 2001; Parkhill et al. 2001). Yet, horizontal trans-
fer has also impacted greatly the evolution of
adaptations seen, for example, in S. typhi.

Comparisons of the S. typhi and E. coli genomes
detected a large degree of collinearity (Parkhill
et al. 2001), even though these organisms separated
from a common ancestor some 100 million YBP
(Doolittle et al. 1996). Notwithstanding their simi-
larity in gene order, there are major insertional dif-
ferences between these species—both of longer
and shorter length—generally involving gene sys-
tems that are key for survival in the host environ-
ment (Parkhill et al. 2001). Of interest for the
present discussion, large gene arrays often include
sequences with similarities to integrase- or trans-
posase-encoding genes (Marcus et al. 2000) and are
thought to reflect recent horizontal transfer events
(Parkhill et al. 2001). Large insertions are, however,
not the only type of DNA addition. In fact, there
are hundreds of genes that may have been hori-
zontally acquired by S. typhi in groups of five
genes or fewer (Parkhill ef al. 2001).

Of particular importance for the adaptation of
S. typhi to the post-antibiotic stage of its evolution-
ary history was the apparent horizontal transfer of
a plasmid (named pHCM1). This plasmid carries
resistance genes for all of the ... first-line drugs
used for the treatment of typhoid fever’ (Parkhill
et al. 2001). pHCM1 has an approximately 168-kb
region that shares more than 99% sequence iden-
tity with a plasmid first isolated from S. enterica
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(Sherburne et al. 2000; Parkhill et al. 2001).
However, there are major sequence differences
between these two plasmids, also due to horizontal
transfers. It thus appears that pHCM1 is derived
from the ancestral S. enterica plasmid, into which
46 coding sequences have been inserted.
Significantly, 18 of these coding sequences con-
tribute to the resistance of S. typhi to antimicrobials
or heavy metals (Parkhill et al. 2001). As with the
putative insertions into the S. typhi chromosome
(see above), the additional coding sequences pres-
ent in pHCM1 are surrounded by integrase- and
transposase-like sequences. A number of the resist-
ance genes were apparently acquired through mul-
tiple IS element-mediated events (Parkhill et al.
2001).

For each of the examples in this section, the evo-
lution of adaptations has resulted, at least partly,
from genetic exchanges. These novel adaptations
most likely reflect an increase in fitness of the
recombinant/hybrid form relative to the ancestral
types. Thus the lateral transfer of DNA has allowed
these microorganisms to invade novel habitats and
demonstrate novel phenotypes. In the next two sec-
tions I will illustrate that, like lateral transfer
in microorganisms, introgressive hybridization in
plants and animals can produce a variety of geno-
types that demonstrate a range of environment-
dependent or -independent fitness estimates.

5.3 Genetic exchange
and fitness: plants

5.3.1 Ipomopsis

In the genus Ipomopsis, pollinator behavior has
played a significant role in the evolution of both flo-
ral form and reproductive isolation (Campbell et al.
1991, 1994; Wolf et al. 2001). Furthermore, of signif-
icance for the present topic, Campbell et al. (1997,
1998) have argued that I. aggregata X I. tenuituba nat-
ural hybrids were (i) the least fit when both of the
normal pollen vectors (hawkmoths and humming-
birds) visited the hybrid zones or (ii) intermediate
in fitness to the two parents when only humming-
birds were present (the normal situation). The
first conclusion (that hybrids were uniformly unfit)
was seen to be a result of hawkmoths favoring
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I. tenuituba, and hummingbirds favoring I. aggre-
gata (Campbell et al. 1997). In contrast, the hypoth-
esis of a fitness gradient of I. aggregata — hybrids —
I tenuituba was based on these initial findings
coupled with data from a second study in which
hybrids had the most pollen transferred by hum-
mingbirds. In the second analysis, the quantity of
visitations favored I. aggregata, but the quality (i.e.
the amount of pollen transferred) favored hybrid
genotypes (Campbell et al. 1998). Considering all of
the available data on pollinator-mediated selection,
Campbell et al. (2002b) concluded, ‘. . . natural vari-
ation in pollination may produce spatiotemporal
variation in hybridization and hybrid fitness.”

As reviewed in Chapter 4, a second component
that can be used to estimate hybrid fitness is the rel-
ative competitive ability of hybrid and parental
gametes. At the earliest stage of hybrid formation
between I. aggregata and 1. tenuituba, that of F, for-
mation, Alarcén and Campbell (2000) detected no
competitive advantage for conspecific pollen. These
authors found no significant differences between
the expected and observed proportion of F, seed
formation on either species regardless of the ratio of
conspecific and heterospecific pollen. Furthermore,
pollinations of I. aggregata with either F, or F, pollen
alone produced as many seeds as did conspecific
pollinations (Campbell et al. 2003). However, when
50:50 mixtures of I. aggregata and hybrid (either F,
or F,) pollen were applied to I. aggregata stigmas,
the hybrid pollen sired significantly fewer seeds
than expected (Campbell et al. 2003), reflecting a
lower fitness for the F, and F, hybrid ‘classes’, but
not necessarily for individual hybrid genotypes (see
Arnold and Hodges 1995 and Arnold 1997; see also
Figure 1 in Campbell et al. 2003).

Once Ipomopsis progeny are formed, seed her-
bivory rates can demonstrate differential success in
avoidance or resistance to such attacks by hybrids
and parental genotypes, thus reflecting differential
fitness. Campbell et al. (2002a) did indeed detect
differential seed predation on I aggregata,
I tenuituba, F,, F,, and natural hybrids. Specifically,
they detected intermediate to higher oviposition
levels on hybrid flowers and the lowest levels of
oviposition on I. tenuituba flowers. Since the vari-
ous classes did not differ in the damage caused by
developing larvae (i.e. resistance), the quantity of
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oviposition reflected well differential fitness in
terms of the likelihood of herbivore damage
(Campbell et al. 2002a). This estimate then sug-
gests an overall lower fitness for the various
hybrid classes. Notwithstanding this observation,
Campbell et al. (2002a) argued that F, hybrids and .
aggregata would, in fact, have the highest net repro-
ductive rate, as indicated by the number of undam-
aged seeds produced under natural conditions.
Consistent with this hypothesis, Campbell et al.
(2002a) reviewed the findings of Melendez-
Ackerman and Campbell (1998) and Campbell and
Waser (2001) in which I. aggregata and 1. aggregata/
F, hybrids respectively produced the highest num-
bers of undamaged seeds. Thus fitness components
estimated at the life-history stage of seed formation
once again demonstrated that plant hybrids can
possess high fitness relative to their parents.
Reciprocal transplant studies of I. aggregata,
I. tenuituba, and experimental and natural hybrids
also detected differential selection on various geno-
types. In particular, some hybrid genotypes, in some
ecological/environmental settings, possessed fit-
nesses that equaled or exceeded those seen for the
parental taxa, while other hybrid genotypeXenvi-
ronment combinations resulted in lower fitness esti-
mates for hybrids. For example, an analysis of
survivorship over a 5-year period detected equiva-
lent survivorship of F, individuals compared to
I.aggregata and 1. tenuituba genotypes (Campbell
and Waser 2001). However, the survivorship of F,
individuals was asymmetric, with F, progeny from
I. aggregata maternal plants surviving at a higher
rate than those from the reciprocal F, class
(Campbell and Waser 2001). Similarly, Campbell
et al. (2005) found that F,, F,, and natural hybrid
genotypes demonstrated high relative fitness (par-
ticularly the F, hybrids) compared to their parents
for the fitness component of water-use efficiency.
Unlike the findings of Campbell and Waser (2001),
the latter analysis did not find evidence of inequal-
ity of hybrid fitness across reciprocal crosses, nor
did they find evidence for hybrid breakdown in
later-generation (post-F) hybrids (Campbell et al.
2005). In summary, the evolutionary importance of
hybridization for this species complex, like esti-
mates of hybrid fitness, demonstrates a spatiotem-
poral component, with it being of greater or lesser

importance within certain environmental settings
and time horizons.

5.3.2 Louisiana irises

As discussed in Chapter 1, a main focus for my
group and associated colleagues has been the esti-
mation of hybrid and parental fitness in various
organisms in both experimental and natural habi-
tats (e.g. Shoemaker et al. 1996; Williams et al. 1999;
Promislow et al. 2001). In particular, we have drawn
attention to the fact that hybrid genotypes can dis-
play a range of fitness estimates, sometimes due to
environmental setting. The majority of the data
used to illustrate this conclusion have come from
studies of the Louisiana iris species I fulva,
I hexagona, and I. brevicaulis. The studies have
included experimental manipulations in both
greenhouse and natural settings as well as from
natural hybrid zones. Each of the studies has sup-
ported the hypothesis that hybrids vary in fitness
and thus vary in the likelihood of their contributing
to long-term evolutionary effects.

Though not as extensive as the studies involving
Ipomopsis, we have also examined pollinator behav-
ior as a means for inferring the fitness of parental
and hybrid genotypes. In particular, Emms and
Arnold (2000) and Wesselingh and Arnold (2000)
examined pollinator interactions with I fulva,
I. hexagona, and experimental hybrids, and I. fulva,
I. brevicaulis and experimental hybrids, respectively.
The analysis of 1. fulva paired with I. hexagona also
included experimental F, hybrids (Emms and
Arnold 2000). These authors examined pollinator
behavior in two field sites, one containing a natural
population of I. fulva and the other a population of
I. hexagona. As expected, the major pollinator class
at the ‘I. fulva’ site was hummingbirds (the vector
that prefers I. fulva) while the major pollinator
found at the ‘I. hexagona’ site consisted of bumble-
bees (the vector that prefers I. hexagona). The pro-
portion of pollinator visitations was I. fulva >F >
I hexagona at the I. fulva site, and I. hexagona >F >
I fulva at the I. hexagona site (Emms and Arnold
2000). Because the F s were visited at an intermedi-
ate rate at both sites, their fitness would be esti-
mated as less than the parental species that typified
each site. It is, however, significant for the evolution



of hybrid zones that the transitional flights by pol-
linators between F, individuals and their parents
were significantly higher than expected (Emms and
Arnold 2000). This indicates that the formation of
advanced-generation hybrid classes would be facil-
itated. Thus less-fit hybrid genotypes are once
again seen to play an important role, acting as a
bridge for evolutionary change.

In contrast to the I fulva/l. hexagona study,
Wesselingh and Arnold (2000) found that among
I fulva, 1. brevicaulis, and experimental F, and first-
generation backcross plants, the pollinators favored
the F, genotypes. In particular, the presence of large
numbers of bumblebee workers (which preferred F,
flowers over other types) resulted in the F, individ-
uals having a higher relative fitness over all other
classes. Indeed, the fact that this study was carried
out later in the season than that undertaken by
Emms and Arnold (2000) might explain the pres-
ence of many more bumblebee workers (from
established nests) and thus the differential pollina-
tor selection that favored the F, genotypes
(Wesselingh and Arnold 2000).

Estimates of gamete-competition-derived selec-
tion in Louisiana irises have only been determined
directly for interspecific pollen and conspecific
pollen (Arnold et al. 1993; Carney et al. 1994, 1996;
Emms et al. 1996; Carney and Arnold 1997). For a
majority of these studies, conspecific pollen out-
competed heterospecific pollen. Thus the formation
of F, hybrids was selected against. However, it is
possible to also infer indirectly the levels of selec-
tion for F, pollen in competition with parental
pollen, on both F, and parental species’ stigmas.
This inference can be deduced from data collected
by Hodges et al. (1996) regarding patterns of seed
siring by I fulva, 1. hexagona, and F, genotypes
under natural pollinations. During the flowering
season of this study, pollen from only 34 F,
flowers—compared to more than 1500 parental
flowers—resulted in backcross frequencies on fruits
from I. hexagona and I. fulva flowers of 6.9 and 1.7%,
respectively. This is in contrast to the frequency of
F, offspring formed by these same I. hexagona and
I fulva plants of 0.74 and 0.03%, respectively (Hodges
et al. 1996). Although F, pollen grains would have
been at an extreme numerical and proportional dis-
advantage, compared to parental species’ pollen
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grains, the F, gametes displayed high competitive
ability as reflected by siring ability.

A series of studies, both greenhouse- and field-
based analyses, allow additional inferences of rela-
tive hybrid fitness based on various fitness
components (Emms and Arnold 1997; Burke et al.
1998a, b; Johnston et al. 2001, 2003, 2004; Bouck
et al. 2005; Martin et al. 2005, 2006). Included in the
category of ‘fitness components” are not only vari-
ables from sexual reproduction, but also asexual
reproduction and vegetative growth. Louisiana
irises produce an enormous amount of vegetative
biomass during each growing season (Bennett and
Grace 1990; Arnold and Bennett 1993). Much of
this growth is directly associated with new, clonal
copies that go on to reproduce sexually. The clonal
copies also act as a potential buffer against a geno-
type’s idiosyncratic loss from the population. For
long-lived, clonally reproducing individuals,
estimates of vegetative growth and clonal repro-
duction thus often correlate well with other fitness
components such as survivorship and sexual
reproduction.

The general finding from the many studies of fit-
ness components of Louisiana irises is that some
hybrid genotypes have low fitness, others interme-
diate fitness, and others high fitness relative to
parental species’ genotypes. One example of this
finding comes from the work of Johnston et al.
(2004). In this study, I. brevicaulis, I. fulva, F hybrids,
and reciprocal, first-generation backcross hybrids
were exposed to two different environmental set-
tings, wet and flood. In the wet treatment all three
hybrid classes (the F, and both backcross cate-
gories) demonstrated significantly greater biomass
production than either parent (which did not differ
significantly from one another in either treatment).
For the flood treatment the backcross toward I. bre-
vicaulis and the F, class once again demonstrated
significantly greater biomass (Johnston et al. 2004).
For this clonal reproduction-associated fitness com-
ponent the hybrid classes demonstrated a higher
inferred fitness than either 1. fulva or 1. brevicaulis.
Intriguingly, Johnston et al. (2004) found that the
hybrid classes demonstrated significantly greater
sexual reproductive output (as estimated by num-
bers of flower stalks and numbers of flowers) than
I brevicaulis, but equivalent output to I. fulva.
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It appears that, in general, the hybrid genotypes
combined the large amount of asexual reproduction
characteristic of both species with the higher sexual
reproduction of I. fulva. The combination of these
life-history traits, characteristic for the two parental
species, led to a greater cumulative fitness for these
hybrid genotypes (Johnston et al. 2004). Burke et al.
(1998a) made a similar observation in a study of
asexual and sexual reproduction in I. fulva, I. hexag-
ona, and experimental F, hybrids. In this study, the
F, hybrids combined the greater asexual reproduc-
tive capacity of I. hexagona and the greater sexual
reproductive output of L. fulva, resulting in a higher
combined fitness than either parent (Burke et al.
1998a). Overall, Louisiana iris hybrid genotypes
display high relative fitnesses, although some geno-
types do display characteristics of later-generation
hybrid breakdown (e.g. Cruzan and Arnold 1994;
Burke et al. 1998b; Bouck et al. 2005; Martin et al.
2005).

5.3.3 Helianthus

As with the Louisiana irises, studies of annual sun-
flowers have provided a wealth of data concerning
the evolutionary role of hybridization (e.g. Heiser
1951b, 1958; Rieseberg 1991; Rieseberg et al. 1999;
Gross et al. 2004). In particular, recent analyses have
resulted in fitness estimates for a variety of experi-
mental hybrids and their parents, in both green-
house and field environments. These estimates
have then been utilized to predict the course of past
evolutionary change resulting in adaptive trait
introgression and/or hybrid speciation.

Adaptive trait introgression from Helianthus
debilis var. cucumerifolius into Helianthus annuus
(now recognized as ssp texanus) was hypothesized
by Heiser (1951b) to account for (i) the expansion
of H. annuus into the novel habitats of east Texas
and (ii) the morphological mosaicism of east Texas
H. annuus. In terms of the ecological expansion by
H. annuus, he suggested that ‘Helianthus annuus . . .
may have been poorly adapted and hence there
might have been some selective premium placed
on those hybrid forms which contained genes from
H. debilis var cucumerifolius, a species already well
adapted to this area” (Heiser 1951b). With regard
to the unique H. debilis var. cucumerifolius-like

morphological characters demonstrated by
H. annuus ssp texanus he argued ‘It seems likely
then that gene flow into H. annuus from H. debilis
var cucumerifolius accounts for the many peculiari-
ties observed in eastern Texas populations of
H. annuus’ (Heiser 1951b).

Recently, Kim and Rieseberg (1999, 2001) reeval-
uated Heiser’s hypothesis concerning adaptive
trait introgression from H. debilis var. cucumerifolius
into H. annuus ssp texanus. A set of quantitative trait
locus (QTL) analyses revealed the genetic architec-
ture underlying the species-specific traits found in
H. annuus and H. debilis ssp cucumerifolius. In par-
ticular, Kim and Rieseberg (1999, 2001) found that
some QTLs were associated with regions that
would not be predicted to introgress due to closely
linked sterility loci. However, no restriction for
introgression of the majority (45 of 56) of the mor-
phological QTLs was detected (Kim and Rieseberg
1999). Furthermore, the pattern of segregation dis-
tortion found in the backcross population used for
the mapping experiments indicated an overrepre-
sentation of greater than 50% of the distorted loci.
Kim and Rieseberg (1999) suggested that these
H. debilis alleles might confer a fitness advantage for
the backcross hybrids, or they might reflect segre-
gation distorter loci. It is interesting that Rieseberg
et al. (1999) also found greater than expected intro-
gression of certain genomic regions in three differ-
ent natural hybrid zones between H. annuus and
Helianthus petiolaris. In this case they found very
similar patterns of introgression involving the same
genomic regions in the three independent hybrid
zones. This suggests that the introgression of these
loci is favored (Rieseberg et al. 1999).

In their analyses of hybrid speciation, Rieseberg
and his colleagues have also collected data that
allow inferences of the fitness of hybrid genotypes.
For example, Rieseberg et al. (1996) detected gene
interactions in various hybrids that resulted in
lower, equivalent, or higher fitness estimates. In
addition, several analyses have indicated that
hybridization has been a key step in the derivation
of hybrid species with unique ecological adapta-
tions (Rieseberg et al. 2003). Thus Gross ef al. (2004),
Ludwig et al. (2004), and Lexer et al. (2003a, b)
detected hybrid phenotypes that resembled those
found in the ecologically differentiated hybrid
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Figure 5.5 Survivorship of Helianthus deserticola, H. petiolaris, H. annuus, BC,Ann (second-generation backcross toward H. annuus) and
BC,Pet (second-generation backcross toward H. petiolaris) samples transplanted into a common garden near naturally occurring H. deserticola

(from Gross et al. 2004).

species. Furthermore, some experimental hybrid
classes possessed a higher fitness than H. annuus
and H. petiolaris under experimental and natural
settings, including the unique environmental set-
tings occupied by the hybrid species (Figure 5.5;
Gross et al. 2004; Lexer et al. 2003a, b).

5.3.4 Artemisia

Species of Artemisia (subgenus Tridentatae) domi-
nate much of western North America. The genetic
variation that allows this broad ecological adapta-
tion is facilitated by hybridization and poly-
ploidization. (McArthur et al. 1998)

With this statement, McArthur et al. (1998) reflected
their hypothesis concerning the importance of
introgressive hybridization (in concert with poly-
ploidy) for producing a portion of the genetic vari-
ation necessary to cause members of Artemisia to be
a dominant component of the western North
America environment (see also McArthur et al.
1988). The extent of introgression among members
of this group is reflected in the confusion generated
by morphologically based taxonomic treatments,
as well as the identification of numerous,

contemporary hybrid zones (e.g. Beetle 1971;
Freeman et al. 1991). The evolutionary effects from
introgression between Artemisia taxa include (i) the
transfer and fixation of cpDNA (i.e. cpDNA ‘cap-
ture’; Rieseberg and Soltis 1991), leading to addi-
tional confusion for systematic treatments based
on this molecular marker (Kornkven ef al. 1999) and
(ii) the origin of novel taxa (McArthur and
Sanderson 1999).

In addition to the evidence for the evolutionary
effects from hybridization, Freeman, Graham, and
McArthur and their colleagues have produced a
series of studies that address the factor of hybrid
fitness in the Artemisia tridentata ssp tridentata
X Artemisia tridentata ssp vaseyana hybrid complex.
One class of data derives from studies of environ-
ment X genotype associations. First, Freeman et al.
(1999) demonstrated that hybrid and parental
taxa occurred in diagnosably different habitats.
Specifically, hybrids and parental subspecies were
associated with different plant species complexes
and different edaphic zones; the latter estimated by
such things as substrate, litter composition, etc.
(Freeman et al. 1999). Furthermore, the hybrid and
parental genotypes possess characteristics indica-
tive of local adaptation to their respective niches
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such as different capacities for elemental uptake
(Wang et al. 1999).

Additional inferences concerning hybrid and
parental fitness were also possible from direct
estimates of fitness for (i) plants from naturally
occurring hybrid zones and (ii) A. tridentata ssp tri-
dentata, A. tridentata ssp vaseyana, and hybrid geno-
types reciprocally transplanted into the parental
and hybrid habitat types. As usual the calculation
of various fitness components for naturally occur-
ring hybrid and parental individuals resulted in a
complex pattern of estimates (e.g. compare Messina
et al. 1996 with H. Wang et al. 1997). For example, in
one study hybrids were found to have decreased
recruitment and increased damage from herbivores
(Graham et al. 1995). However, overall herbivore
loads on the hybrids and parental individuals did
not differ significantly (Graham et al. 1995). Finally,
these workers found that seed production and ger-
mination by the hybrid and parental individuals
was not significantly different. Similarly, a study
of developmental stability of naturally occurring
hybrid and parental plants did not suggest the
occurrence of reduced hybrid fitness. In fact, when
lower developmental stability was detected it was
almost always found in one of the two parents and
not in the hybrids (Freeman et al. 1995).

In addition to the surveys of naturally occurring
hybrid and parental plants, H. Wang et al. (1997), by
reciprocally transplanting parental and hybrid
seedlings into the habitats characteristic for each of
the three classes, detected environment-dependent
fitness responses. Specifically, these workers found
that A. tridentata ssp tridentata, A. tridentata ssp
vaseyana, and hybrid genotypes had the highest
cumulative fitness when placed in their native
habitat (Figure 5.6; H. Wang et al. 1997). This, as
well as previous observations, led H. Wang et al.
(1997) to conclude that the Artemisia hybrid zones
were best described by the bounded hybrid superior-
ity model. However, this model was not clearly sup-
ported when data from a period of 9 years was
taken into account. Instead of the hybrid and
parental genotypes performing best in their respec-
tive environments, the hybrid plants demonstrated
“... the highest intrinsic rate of increase, not only in
their native garden, but in the parental gardens as
well” (Miglia et al. 2005).
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Figure 5.6 Relative fitness of basin (i.e. A. tridentata ssp
tridentata), mountain (i.e. A. tridentata ssp vaseyana), and hybrid
sagebrush genotypes transplanted into the respective habitats
(‘gardens’) of the three classes (from H. Wang et al. 1997).

5.3.5 Populus

Many workers have presented data supporting
the conclusion that introgressive hybridization
between members of the genus Populus is wide-
spread and has affected greatly the evolutionary
history of both Old and New World taxa (Spies and
Barnes 1981; Eckenwalder 1984a—c; Keim et al. 1989;
Smith and Sytsma 1990; Floate 2004; Lexer et al.
2005). For example, the phylogenetic patterns
defined by their analysis of both nuclear rDNA and
cpDNA sequences led Hamzeh and Dayanandan
(2004) to conclude, ‘The incongruence between
phylogenetic trees based on nuclear- and chloro-
plast-DNA sequence data suggests a reticulate
evolution in the genus Populus.’

One research group that has utilized the Populus
species complex as a model system for studying
the evolutionary effects from hybridization is that
of Whitham and his colleagues. An aspect they
have examined in detail, both in North American
Populus (i.e. cottonwood) species as well as in
unrelated taxa such as species of Eucalyptus, is that
of community-level effects from introgressive
hybridization (Whitham ef al. 1994, 1999, 2003;
Floate and Whitham 1995; Dungey et al. 2000;
Wimp and Whitham 2001; Lawrence et al. 2003;
Bailey et al. 2004; Bangert et al. 2005; Wimp et al.
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Figure 5.7  Frequencies of Fremont cottonwood (P fremontii) alleles at eight markers. The frequencies indicate differential introgression (e.g.
compare a with h) of the alleles from Fremont cottonwoods (indicated by a single, broad leaf above the graphs) across the current hybrid zone
(indicated by three separate leaf shapes above the graphs) and into the range of narrowleaf cottonwood (P angustifolia; indicated by a single,
narrow leaf above the graphs; from Martinsen et al. 2001).

2005). In particular, Whitham and colleagues the genotype of the food source (i.e. tree) and the
have tested hypotheses concerning the role that  arthropod community feeding on the source. As
hybrid plants may play in determining the biodi- one example, Wimp et al. (2005) detected no sig-
versity of herbivores that utilize the trees. In gen-  nificant differences in arthropod species richness
eral they have found a significant correlation with ~ or abundance on individuals of Populus fremontii
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Figure 5.8 Viable seed production by Fremont (P fremontii) and
narrowleaf (P angustifolia) cottonwoods, and their naturally occurring
F, and backcross hybrids. Letters above each bar indicate statistical
significance: different letters mean that the bars are significantly
different (from Schweitzer et al. 2002).

(Fremont cottonwood), Populus angustifolia (nar-
rowleaf cottonwood), or natural F, and backcross
hybrid individuals. However, there were signifi-
cant differences detected in the composition of the
arthropod communities inhabiting the various
genotypic classes. Specifically, hybrid genotypes
housed a significantly different composition of
herbivores than did individuals of the parental
species (Wimp et al. 2005).

Data from herbivore analyses not only support
the hypothesis of community-wide effects from
introgression among cottonwood species, they also
allow inferences concerning hybrid fitness. Indeed,
Whitham (1989) used such data to describe hybrid
zones as ‘sinks for pests’. He argued that hybrid
genotypes with lower fitness were attacked more
often by pests and thus kept the pest species from
encountering, and over evolutionary time adapting
to, the parental genotypes (Whitham 1989).
Regardless of the causes of the herbivore load in
this hybrid zone (Floate et al. 1993), Whitham (1989)
did record a higher incidence of pests on hybrid
genotypes. This suggested that at least some hybrid
genotypes possessed lower fitnesses than the
parental individuals. Yet, as mentioned above, Wimp
et al. (2005) did not find a similar quantitative dif-
ference in herbivores on hybrid (F, and backcross)

Average number of ramets

Backcross Narrowleaf
cottonwood hybrid  hybrids cottonwood

o4

Fremont F1

Figure 5.9 Ramet production by Fremont (P fremontii) and
narrowleaf (P angustifolia) cottonwoods, and experimental F, and
backcross hybrids. Letters above each bar indicate statistical
significance: different letters mean that the bars are significantly
different (from Schweitzer et al. 2002).

versus P. fremontii and P. angustifolia individuals.
This indicates, at least with regard to resistance to
herbivores, that the hybrids are not less fit than
their parents. Similarly, Martinsen et al. (2001) dis-
covered that while 80% of Fremont nuclear markers
did not introgress across the hybrid zone, the
remaining 20% of the nuclear markers along with
the Fremont cpDNA and mtDNA were found in
narrowleaf-like hybrids up to 100 km from the pres-
ent-day zone of overlap (Figure 5.7). Martinsen
et al. (2001) concluded that their findings provided
‘...evidence for positive, negative, and neutral
effects of introgression.” Evidence of a range of fit-
nesses was also discovered by Schweitzer et al.
(2002) in an analysis of sexual and asexual repro-
ductive components of P. fremontii, P. angustifolia,
and natural (F, and ‘backcross’) and experimental
(F,, BC,, and BC,) hybrids. These authors found
that while F, and BC, hybrids demonstrated rela-
tively low fitnesses, the naturally occurring back-
crosses and the experimentally produced BC,
hybrids demonstrated high relative fitness (Figures
5.8 and 5.9). As with the data for Louisiana irises
(see section 5.3.2), some of the hybrid classes not
only possessed high fitness, they also combined the
greater sexual and asexual reproductive output of
their parents (Schweitzer et al. 2002).



5.3.6 Hawaiian silversword complex

It has been argued that species of the Hawaiian
genera Argyroxiphium, Dubautia, and Wilkesia con-
stitute ‘. . . one of the most remarkable examples of
adaptive radiation known to science’ (Carr and
Kyhos 1981). Carr and Kyhos (1981) substantiate
their claim by pointing to the 28 species belonging
to these three genera that (i) have bauplans rang-
ing from large basal rosettes that form a single
inflorescence before dying, to woody shrubs that
annually produce many flowers, to trees, to vines
and (ii) occur in widely varying terrestrial habitats
including those near sea level to timberline, to
regions receiving less than 45 cm annual precipita-
tion, to an area characterized by approx. 1300 cm of
rainfall per year, to very recent lava flows, to
mature rain forests. The recognition of this group
as an exemplar of a plant adaptive radiation has
been repeatedly supported by a variety of studies
(Witter and Carr 1988; Robichaux et al. 1990;
Baldwin and Sanderson 1998).

In spite, or maybe reflective, of its remarkable
diversity, and like other examples of adaptive radi-
ation (e.g. members of the Cichlidae), the silver-
sword alliance species remain capable of forming
natural hybrids. Indeed, some 35 different combina-
tions of intergeneric, intersubgeneric, and interspe-
cific natural hybridization have been recorded (Carr
and Kyhos 1981; Carr et al. 1989). Furthermore,
depending largely on one’s definition, either hybrid
speciation or widespread introgression among
various members of the silversword genera is nec-
essary to account for patterns of phylogenetic dis-
cordance (Baldwin et al. 1990). It is perhaps then not
surprising that the Hawaiian silversword genera
arose from a hybridization event between North
American species of tarweeds. Specifically, the
Hawaiian forms reflect an allopolyploid speciation
event caused by hybridization between members of
the genus Raillardiopsis, and possibly also species of
Madia (Baldwin et al. 1991; Barrier et al. 1999).

Data for the Hawaiian silversword alliance also
allow inferences germane to the current discussion
of hybrid fitness. First, a study by Robichaux (1984)
found that Dubatia ciliolata and Dubatia scabra
differed significantly in the water potentials of
their tissues. The natural hybrid formed by these
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species demonstrates intermediacy for the same
characteristics. This would suggest that the hybrid
might have lower fitness relative to its parents in
the respective parental habitats. However, the
hybrid grows in the same habitat/site as D. scabra
(younger lava flow; Robichaux 1984). This suggests
that the natural hybrid genotypes are less fit and
thus excluded from the D. ciliolata ecological set-
ting, but do not suffer from lower fitness in the
D.scabra habitat. A second series of studies also
suggests that hybridization has contributed to
adaptive diversification, and indeed the adaptive
radiation in the Hawaiian silversword alliance.
Specifically, Barrier et al. (2001) and Lawton-Rauh
et al. (2003) found evidence consistent with the
hypothesis that the original allopolyploid event
released variation at floral regulatory genes, thus
facilitating the adaptive radiation. Though possibly
also reflective of selection and adaptive divergence,
the finding of “. . . significantly accelerated rates of
regulatory gene evolution in the Hawaiian species
may reflect the influence of allopolyploidy ...’
(Barrier et al. 2001). I will pursue this topic more
fully in the next chapter, but it is significant to note
that such whole-genome duplication is viewed as a
major facilitator of organismic evolution (e.g.
Furlong and Holland 2004).

5.3.7 Ssalix

Hybridization and introgression in the genus Salix
(willows) has been recognized at least since the first
half of the twentieth century. This is illustrated by
the following quote from Lotsy (1916, pp. 122-123):
‘Among plants, hybrids between different Linneons
are quite common, and certain peculiarities in
flower structure or behavior...even favor such
crossfertilization among Linneons. An example of
this is furnished by the willows.” The effects of
hybridization among willow taxa can also be seen
in taxonomic treatments, such as that of Wilkinson
(1944), in which natural hybrids were recognized.
Finally, the recent application of molecular markers
to genotype plants from areas of spatial overlap
between different willow species has confirmed
genetic exchange through introgressive hybridiza-
tion (e.g. Hardig et al. 2000).
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Numerous analyses have collected data relevant
to inferences of hybrid and parental fitnesses in
willows. Like other asexually and sexually repro-
ducing organisms, fitness estimates for willow
genotypes must incorporate components for both
reproductive avenues. Salik and Pfeffer (1999)
pointed out that clonal reproduction could play a
very significant role in allowing partially fertile,
hybrid genotypes expanded opportunities for sex-
ual reproduction. Indeed, their analyses identified
one of four F, hybrid cross types—the two recipro-
cal F;s from crosses of Salix eriocephala X Salix exigua
and the two reciprocal F;s from crosses of S. erio-
cephala X Salix petiolaris—that reproduced sexually
significantly less than either its parents or the other
three F, classes (Salik and Pfeffer 1999). Yet, all four
of the F, cross types equaled or exceeded their par-
ents in asexual reproduction. This suggests that the
partially fertile F, class would have repeated
opportunities to contribute to introgression. It is
also important to note, however, that the other
three F, classes equaled or exceeded the parental
genotypes for sexual reproductive components as
well (Salik and Pfeffer 1999). This reflects a higher
composite fitness (based on asexual and sexual
components) for at least three of the four hybrid
classes relative to the parental genotypes.

Fritz and his colleagues have undertaken a series
of studies to test, among other hypotheses, the
finesses of various hybrid willow genotypes. In a
study of the effect of water availability, Orians et al.
(1999) estimated the fitness of S. eriocephala, Salix
sericea, and their F, hybrids. These authors deter-
mined that the F, hybrids had a greater fitness (i.e.
demonstrated heterosis) when water availability
was not limited. However, when drought condi-
tions were imposed the F, genotypes did relatively
poorly compared with the parental genotypic
classes. This result again indicates that, like almost
all genotypes, rather than possessing uniformly
high or low relative fitnesses, hybrid genotypes
often demonstrate genotype X environment depend-
ent fitness estimates.

Another area of particular emphasis for Fritz
et al. has been the dissection of the effects of
hybridization on plant-herbivore interactions in
general, and for the willow system in particular
(Fritz et al. 1994, 1999, 2003; Fritz 1999; Czesak et al.

2004). The data from these analyses reveal a range
of resistances/susceptibilities by hybrids to various
herbivores, reflecting once again the complex geno-
type by environment-mediated determination of
hybrid (and parental) fitness. For example, Czesak
et al. (2004) examined the resistance of S. eriocephala,
S. sericea, and F|, BC, and F, experimental hybrids
to both aphids and mites. The F, genotypic class
used in this analysis reflects well the different fit-
ness estimates garnered from different data; F,s, as
a class, were significantly more susceptible to aphid
attack, but were significantly less susceptible to
mite damage. These alternate findings suggest that
F, genotypes would be as successful, on balance, as
the parents; the species show inverse susceptibili-
ties, compared to the F, class, to these herbivores. It
is important to note once more that the fitness
estimates for the F,s reflect a heterogeneous pool of
genotypes and thus fitness estimates for individual
F, genotypes could be much higher or lower than
the average for F,s (Arnold 1997).

The findings from each of the plant systems
reviewed above lead to the same conclusion—
hybrid genotypes demonstrate a variety of fit-
nesses, often in an environment-dependent fashion.
In the last section, I address the same issue for
animal species complexes.

5.4 Genetic exchange and fitness:
animals

5.4.1 Bombina

In Chapter 4 I argued that the fire-bellied toad
species B. bombina and B. variegata represent an
excellent example of some of the evolutionary
effects of hybridization. Also, as pointed out in the
previous chapter, much of the work on this species
complex, particularly by Szymura, Barton, and
their colleagues, has emphasized the reduced fit-
ness of some hybrid genotypes (e.g. Szymura and
Barton 1986, 1991). In particular, the coincident and
concordant step-clines for many unlinked markers
have been used as evidence for an overwhelming
influence of (i) selection against hybrids and (ii)
continual immigration into regions of overlap, for
the establishment and preservation of the hybrid
zones (Barton and Hewitt 1985).



Although many analyses of B. bombina and B. var-
iegata have detected step-clines suggestive of ten-
sion hybrid zones (i.e. environment-independent
hybrid zones, in regard to hybrid fitness), recent
studies have found a preponderance of evidence
suggesting instead that the Bombina interactions
form mosaic hybrid zones. This latter conclusion is
reflective of the detection of habitat preferences for
each of the species (MacCallum et al. 1998). In addi-
tion, unlike the prediction of the tension zone
model, these zones are not characterized by hybrids
of uniformly low fitness. For example, Kruuk et al.
(1999) analyzed fitness by examining the develop-
ment of eggs collected from a natural hybrid zone.
On average, the central (or hybrid) populations
demonstrated  significantly = higher mortality
(Table 5.1). This indicates that hybrid fitness, on
average, was significantly lower than that observed
for the parental forms (Table 5.1; Kruuk et al. 1999).
In addition to the overall lower fitness, eggs from
the center of the hybrid zone also showed the great-
est level of variation in fitness (compare the stand-
ard deviation for the 0.21-0.40 hybrid sample from
the center of the zone with those of the ‘pure’
parental samples, 0.00-0.20 and 0.81-1.00; Table 5.1;
Kruuk et al. 1999). Significantly, the increase in the
variation of fitness estimates reflects not only
hybrids possessing the lower range of values, but
also hybrids that possess fitnesses equivalent to
that of the parental genotypes (Kruuk et al. 1999).

Another indication of the role that variation in
hybrid fitness can play in the evolution of B. bombina
and B. variegata comes from a study of the genetic
variation present within a hybrid zone near Apahida
in Romania. The pattern of microsatellite variation
detected by Vines et al. (2003) led them to conclude

Table 5.1 Total mortality across a Croatian hybrid zone between
B. bombina and B. variegata. 0.00-0.20, B. bombina; 0.81-1.00,
B. variegata (Kruuk et al. 1999).

Genotypic ranges Mortality (%) SD Number of
hatches
0.00-0.20 1.00 33 28
0.21-0.40 13.52 23.14 35
0.41-0.60 20.69 15.77 45
0.61-0.80 8.27 11.37 27
0.81-1.00 3.34 6.48 33
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that introgression within this hybrid zone was likely
causing a genetic admixture that would lead to the
species gene pools being *. . . homogenized at all but
the selected loci. . . However, selection against the
transfer of certain traits is not reflective of the only
type of selection that is apparently operating in this
zone of overlap. Instead, the data for the fire-bellied
toads indicates that hybrid genotypes in animals,
like microorganisms and plants, can and do demon-
strate a range of fitness estimates, including those
that are equivalent (or greater) than their parents.

5.4.2 Rana

The frog genus Rana has been used to examine
numerous evolutionary concepts and processes;
among these are reproductive isolation and evolu-
tionary diversification. Indeed, some of the Rana
species complexes are excellent examples of the
detection of numerous, previously unrecognized,
evolutionary lineages. Such definitions have come
from experimental crosses, surveys of natural mat-
ing call variation and genotypic distributions—each
data set was utilized to estimate levels of reproduc-
tive isolation (e.g. Littlejohn and Oldham 1968;
Cuellar 1971; Frost and Bagnara 1976; Santucci et al.
1996). In addition to its use in defining many funda-
mentally important evolutionary processes, Rana
has also provided numerous examples of hybridiza-
tion and introgression. Included among these latter
studies are those of the North American leopard
frogs known collectively as the Rana pipiens complex
(e.g. Frost and Platz 1983; Kocher and Sage 1986).
Both earlier studies of hybridization and intro-
gression (Kruse and Dunlap 1976; Sage and
Selander 1979) and a set of recent analyses by Parris
and colleagues (Parris 1999, 2000, 2001a, b; Parris
et al. 1999) have shed light on the pattern of
hybrid fitness in the R. pipiens complex. Parris et al.
examined fitness components for the species Rana
blairi and Rana sphenocephala and various experi-
mental hybrids in both experimental and natural
ecological settings. These analyses detected a com-
plex set of genotype X environment fitness effects
in the parental and hybrid classes. Two of these
studies can serve as exemplars of the general find-
ings. Thefirst involved the rearing of R. blairi, R.
sphenocephala, and experimental F,, BC,, and BC,
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larvae in experimental ponds (Parris 1999). The
development (until metamorphosis) of each class
was monitored in both single-genotype and two-
way (i.e. larvae from both parents or from one par-
ent and one hybrid class) mixtures. Parris (1999)
summarized his findings in the following way: ‘On
average, primary-generation (F)) hybrids experi-
enced either increases or decreases in larval fitness
component values relative to parental species,
whereas advanced-generation (BC, and BC,)
hybrids had equivalent or higher values for most
fitness components. . . “ A second analysis by Parris
(2001a) considered the fitness of parental species
and F, genotypes under natural conditions. In this
case, the three classes of genotypes (both species
and the F, hybrid) were transplanted into enclo-
sures within natural ponds in three different
habitats—prairie, woodland, and river floodplain.
Parris (2001a) found no evidence for lower fitness
(relative to the parents), in any of the environments,
for the F, hybrids. Indeed, for one of the fitness
components (body mass at metamorphosis), the F,
hybrid exceeded that of R. sphenocephala, and
was equivalent to R. blairi in the river floodplain
habitat (where all three genotypic classes had
their maximum survivorship and metamorphosis;
Figure 5.10; Parris 2001a). It is significant that the F,
demonstrated a high fitness in the floodplain habi-
tat (Figure 5.10) since this is a primary site in which
the species overlap and hybridize (Parris 2001a).
This suggests that the initial hybrid generation
would act as a very effective bridge for further gene
exchange. In general then, the evolutionary role of
introgression in the R. pipiens complex is likely
affected by differential, often environmentally
dependent, selection.

5.4.3 Cichlids

Members of the New and Old World clades of cich-
lid fish are reproductively isolated by at least the
prezygotic mechanism of female mate choice
(see section 4.3.2). Indeed, Smith et al. (2003)
argued that male coloration (which affects female
mate choice) “...is the central component main-
taining separation of [cichlid] gene pools.” In spite
of the reproductive isolation afforded by mate
choice, introgressive hybridization has now been
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Figure 5.10 Body mass of F, hybrids, R. blairi (BB), and
R. sphenocephala (SS) at the time of metamorphosis in three habitat
settings (from Parris 2001a).

implicated as a major factor in the diversification
of the African cichlids. This conclusion is sup-
ported by (i) the application of models of diver-
gence that suggest gene flow between species, since
the time of divergence from a common ancestor
(Hey et al. 2004; Won et al. 2005), (ii) the population-
genetic structure of sympatric species (Riiber et al.
2001), (iii) the origin of novel male coloration in
hybrid populations (Smith et al. 2003), and (iv) the
origin of new, stabilized species via introgressive
hybridization (Figure 4.11; Salzburger et al. 2002).
Indeed, Seehausen and his colleagues have
hypothesized not only ongoing introgression and
hybrid speciation for limited numbers of cichlid
taxa, but for the entire species flock (Seehausen
et al. 2002; Seehausen 2004; Joyce et al. 2005).
Specifically, Seehausen (2004) has invoked a
model of adaptive radiation of the cichlids
from hybrid swarms, as defined by Anderson
(1949).

Although it is now apparent that introgressive
hybridization is one of the evolutionary forces
affecting the genetic structure of cichlid popula-
tions, we still must ask whether the data are
useful for addressing directly the issue of hybrid
fitness. All of the introgression detected by the
various studies of cichlid populations could



reflect the diffusion of neutral alleles (Barton and
Hewitt 1985). Several findings, however, belie this
explanation. For example, Smith et al. (2003)
detected a morphologically unique cichlid popu-
lation from Lake Malawi. This population,
belonging to the genus Metriaclima (i.e.
Pseodotropheus), demonstrated a range of pheno-
types intermediate between Metriaclima thapsino-
gen (possessing red dorsal fins) and Metriaclima
zebra (possessing blue-black dorsal fins; Smith
et al. 2003). Because male coloration is such a key
factor in cichlid reproductive isolation, the unique
pattern found in this population suggested the
origin of a new adaptation. Indeed, reflecting the
presence of the hybrid coloration, Smith et al.
(2003) nominally referred to fish from this area as
Metriaclima sp. Smith et al. (2003) also argued that
Metriaclima sp. provided evidence for the role of
introgression in replenishing genetic variation—
and presumably producing hybrids with
increased fitness—in cichlid species that have
gone through population bottlenecks. Repeated
(and in some cases ongoing) hybridization among
previously allopatric taxa . .. could thus explain
the maintenance of high genetic variation within
populations of Lake Malawi cichlids” (Smith et al.
2003). Consistent with the findings of the
Metriaclima study, the observation of introgressive
hybridization resulting in new species, and possi-
bly the radiation of entire clades of African cich-
lids, also argues for the origin of adaptations as a
result of hybrid, genetic mosaicism (Salzburger
et al. 2002; Seehausen et al. 2002; Allender et al.
2003; Seehausen 2004; Joyce et al. 2005).

5.4.4 Whitefish, redfish, and charr

The work of Bernatchez and colleagues has added
much to our understanding of adaptive evolution,
particularly with regard to the role of ecological
adaptations in evolutionary diversification. A main
emphasis of Bernatchez’s group has been to study
the occurrence and causes of parallel evolutionary
diversification in fish species complexes (e.g.
Bernatchez et al. 1996; Turgeon et al. 1999; Rogers
and Bernatchez 2005). For example, Pigeon et al.
(1997) used phylogenetic evidence to test for the
multiple independent origins of ‘dwarf” whitefish
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(i.e. Coregonus clupeaformis) phenotypes from the
‘normal” morphotype. Pidgeon et al. (1997) found
that the similar morphological transitions (i.e.
normal—dwarf) had indeed arisen from independ-
ent lineages. This result provided excellent evid-
ence of (i) the action of repeated bouts of natural
selection and (ii) the role of a common selective
regime that produced a common evolutionary
product. In this case, the action of similar ecological
pressures—as the cause of the parallel changes—
was an obvious candidate (Pigeon et al. 1997).
However, other studies have suggested that the ori-
gin of the whitefish lineages reflects a complex set
of underlying mechanisms, including multiple
invasions, ecological selection, and introgression
among morphotypes (Bernatchez et al. 1996;
Turgeon et al. 1999).

Studies of the whitefish radiation have also
resulted in data that indicate the effects of differen-
tial selection on hybrid and parental genotypes. In
this context, Campbell and Bernatchez (2004) and
Rogers and Bernatchez (2005) suggested that only a
small number of genomic regions (as little as 1.2%
of the genome) were necessary to account for the
divergent adaptations expressed by the various
morphotypes. It was argued, however, that recom-
bination within these regions (in hybrids) was
likely to give rise to unfit genotypes, thus sup-
pressing gene flow (Rogers and Bernatchez 2005).
Of course, one corollary of this finding was that a
large proportion of the whitefish genome should be
permeable to gene flow, and available for the evo-
lutionarily creative outcomes provided by such
introgression. Intriguingly, the permeability of
whitefish genomes is well substantiated, with some
lakes demonstrating populations characterized as
completely introgressed (Lu et al. 2001). Although
the detection of such hybrid swarms has been
attributed to a lack of differentiated niches into
which new morphotypes could expand, and in
which hybrids would be at a disadvantage (Lu et al.
2001), it seems just as plausible that high levels of
genetic exchange reflect positive selection for some
hybrid genotypes (Arnold 1997).

Additional analyses by Bernatchez and his col-
leagues, of both marine redfish (genus Sebastes)
and freshwater charr (genus Salvelinus) species,
reflected the potential role for positive selection on
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hybrid genotypes (Roques et al. 2001; Doiron et al.
2002). For the redfish, hybridization between
Sebastes fasciatus and Sebastes mentella resulted in
extensive introgression (Roques et al. 2001). Most
significant for the present topic, the pattern and
apparent stability of the introgressive hybridiza-
tion (the formation of two reciprocal, species-like,
introgressed forms; Figure 5.11) led to the conclu-
sion that selection was favoring some hybrid geno-
types in the intermediate ecological settings
(Roques et al. 2001). Likewise, in a study of mtDNA
variation in brook and arctic charr, Glémet et al.
(1998) detected the introgression and substitution
of the mtDNA from brook charr (a temperate-
adapted species) with that from arctic charr (an
arctic-adapted species) in northern populations of
the brook charr. This result suggested the hypothe-
sis that the introgression of arctic charr mtDNA,
into brook charr, reflected an adaptive trait transfer
event facilitating a fitness increase in northern,
introgressed brook charr populations (Glémet et al.
1998; Doiron et al. 2002).
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5.4.5 Flycatchers

The collared and pied flycatchers (Ficedula albicollis
and Ficedula hypoleuca, respectively) have been
used as a model system for studying reproductive
isolation and biological speciation (e.g. Seetre et al.
2001). In terms of reproductive isolation, both pre-
zygotic (i.e. female mate choice determined by
male plumage) and post-zygotic (i.e. hybrid steril-
ity) barriers have been examined (Tegelstrom and
Gelter 1990; Seetre et al. 1997). In the case of mate
choice, this species pair is an example of the occur-
rence of character displacement and putative rein-
forcement of premating reproductive barriers.
Thus sympatric populations demonstrate a greater
degree of male coloration and song divergence
than allopatric populations (Seetre et al. 1997;
Haavie et al. 2004). Yet natural hybrid zones
between the flycatcher species are characterized by
introgression (Tegelstrom and Gelter 1990; Seetre
et al. 2001, 2003). For example, population-genetic
variation in the maternally transmitted mtDNA

SYMPFAS

ALLOFAS

Principal components analysis (in a three-axis, multidimensional space) based on microsatellite variation of 17

redfish samples. The respective contributions of the axes are given in percentages (%). The four groups correspond to the
sympatric and allopatric S. mentella and S. fasciatus samples: SYMPMEN, ALLOMEN, SYMPFAS, and ALLOFAS, respectively

(from Roques et al. 2001).



and bi-parentally-inherited nuclear genes caused
Tegelstrom and Gelter (1990) to conclude that ster-
ile female hybrids (the heterogametic sex and thus
reflective of Haldane’s rule) were limiting mtDNA
introgression, but that fertile males were facilitat-
ing nuclear gene exchange. Seetre et al. (2003) dis-
covered the stereotypical pattern of differential
permeability of genomic regions in detecting
higher levels of introgression for autosomal versus
sex-chromosome loci. Thus the introgression
between these species once again results in mosaic
genomes characterized by many introgressed
regions as well as some regions that reflect limited
genetic exchange.

The fitness of F. albicollis X F. hypoleuca hybrids
has been estimated in a number of ways. As men-
tioned above, F, hybrids between these species
demonstrate Haldane’s rule, with the heteroga-
metic sex (i.e. females) being sterile (Tegelstrom
and Gelter 1990). This indicates that there is strong
selection against the F, class as a whole, but not
against both sexes of F, hybrids. Another data set
that provides evidence for the occurrence of a range
of fitnesses in hybrids involves the observation of
differential introgression of autosomal compared
with sex-chromosome markers (Seetre et al. 2003). In
this regard, Seetre et al. (2003) found that not only
did loci on the sex chromosomes contribute to
hybrid sterility, but that the sex chromosomes also
contained genes that affected traits for species
recognition. This then suggested a cause for their
dual observations of reinforcement of reproduc-
tive isolation for the sex chromosome loci and
‘... rather extensive introgression and recombina-
tion of autosomal genes.” The large-scale transfer of
some genes is, as in other systems (e.g. Mus,
Darwin’s finches, Louisiana irises, and HIV) likely
reflective of both neutral diffusion and positive
selection. Indeed, support for the hypothesis of
adaptive introgression between the flycatcher
species comes from an analysis of rates of intro-
gression among nine autosomal and four Z-linked
(i.e. sex-chromosome) loci (Borge et al. 2005).
Specifically, these authors found that the
F.hypoleuca Alasy locus allele was found to have
introgressed at very high frequencies into F. albicol-
lis. Reminiscent of similar findings and conclusions
concerning differential introgression in other
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species complexes (e.g. Payseur et al. 2004), Borge
et al. (2005) hypothesized that the pied flycatcher
Alasy allele was linked to a locus positively
selected in the hybrid background. The high-
frequency introgression of the pied into the
collared flycatcher background would thus reflect
the fact that ’...the collared flycatcher has
inherited an adaptive allelic state from the pied
flycatcher through introgressive hybridization. . .’
(Borge et al. 2005).

Another study that examined the fitness con-
sequences of hybridization between the flycatcher
species came to an intriguing conclusion. As is usual
for many animal evolutionary biologists, Veen et al.
(2001) emphasized that hybrids with lower fitness
were produced when the two flycatcher species
hybridized. The unique conclusion from their study
was that fitness compensations occurred when there
was a deficit of conspecific males (Veen et al. 2001).
They thus surmised that in such demographic
situations it would benefit females to mate with
heterospecific males rather than to not mate at all.
In Veen et al.’s (2001) words, *. . . hybrid pairing may
sometimes represent adaptive mate choice, because
the cost-reducing mechanisms we identify compen-
sate for the fitness that would otherwise be lost
owing to producing unfit hybrids.’

The data for the patterns and processes associ-
ated with F. albicollis X F. hypoleuca hybrid zones
apparently reflect a range of selection coefficients
for hybrid genotypes. In the last example of this
chapter I again discuss findings from analyses of
introgression between avian taxa, the manakins.

5.4.6 Manakins

The avian species Manacus candei (white-collared
manakin) and Manacus vitellinus (golden-collared
manakin) form a hybrid zone in the Bocas del Toro
province of Panama (Parsons et al. 1993). Within this
area of overlap, a highly discordant pattern of mor-
phological and genetic character replacement
occurs. The striking aspect of the manakin variation
is reflected by offset, non-coincident, clinal
changeover for molecular markers versus male
plumage characteristics (Figure 5.12; Parsons et al.
1993; Brumfield et al. 2001). In particular, the male
plumage characteristics from the golden-collared
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Figure 5.12 Patterns of frequency changeover for (a) male
plumage and (b) genetic markers (mtDNA and two nuclear loci, A5
and pSCN3) across the hybrid zone between the white-collared

(M. candei) and golden-collared (M. vitellinus) manakins in Panama.
All population samples in the rectangle to the left of each graph have
white-collared phenotypes. All other birds outside of this rectangle
have the golden-collared phenotype. Numbers along the y axis in (a)
are: outside left, collar width (in cm); inside left, underparts index
score; outside right, throat color index score. The cline for male
plumage characteristics indicates introgression approximately 40 km
further west than the molecular markers (from Parsons et al. 1993).

species appear to have introgressed into popula-
tions of the white-collared phenotype some 40 km
further than any of the DNA markers (Figure 5.12;
Parsons et al. 1993). Parsons et al. (1993) hypothe-
sized that introgression of the male plumage char-
acteristics from the golden- into the white-collared
species reflected favorable natural selection. In par-
ticular, it was postulated (Parsons et al. 1993;
Brumfield ef al. 2001) that hybrid males exhibiting
the golden-collared phenotype had a selective
advantage relative to M. candei (i.e. the white-col-
lared manakin). Parsons et al. (1993) argued that this
advantage was most likely due to highly skewed
male mating success at the lek sites of Manacus.
Strong support for the hypothesis of sexual
selection driven introgression of the golden-col-
lared traits came from a study of the male behavior
of three classes of Manacus (McDonald et al. 2001).
The three classes were (i) white-collared, (ii)
golden-collared, and (iii) ‘lemon-collared’. These

phenotypic/genotypic classes reflected M. candei,
M. witellinus, and natural hybrids, respectively.
McDonald et al. (2001) hypothesized that sexual
selection-derived introgression (i.e. adaptive trait
introgression) would be facilitated by higher levels
of aggressiveness by the golden- and lemon-
collared males, relative to the white-collared form.
This was indeed their finding. First, the golden
andlemon phenotypes attacked the taxidermy-
mounted specimens presented to them signifi-
cantly more often than the white-collared birds.
Second, the lemon-colored hybrid males demon-
strated more vocalizations than either of the
parental species (McDonald et al. 2001). In sum,
these data argued again for adaptive trait transfer,
and reflected elevated hybrid fitness.

5.5 Summary and conclusions

My goal for this chapter was to demonstrate the
truism that hybrid genotypes vary in fitness. Often
this variation is environment-dependent, but
hybrids that have low or high fitness across many
habitats (i.e. their fitness appears environment-
independent) are also found. I have emphasized
two different signatures that can indicate the rela-
tive fitness of hybrids. The first involves evidence
that there has been a transfer of traits that are adap-
tive in the hybrids. Such a transfer can be detected
by a novel phenotype or by the introgression of
markers or traits at a significantly higher than
expected frequency in natural or experimental
hybrid populations. The second method for esti-
mating hybrid fitness comes from studies of fitness
components in experimental or natural environ-
ments. These latter studies provide a detailed, com-
posite fitness not available from the more
correlative analyses of natural populations.

As I stated at the outset, my choice of examples
for this chapter was designed to point to the fact
that hybrid fitness is conceptually and empiri-
cally the same measurement as that for any non-
hybrid genotype. Furthermore, whether a hybrid
is the result of viral recombination, lateral gene
transfer, or introgressive hybridization, the pat-
terns of hybrid fitness found in natural and labo-
ratory populations are concordant.



CHAPTER 6

Gene duplication

The merger of two genomes with different evolutionary histories in a common nucleus appears to

offer unique avenues for phenotypic response to selection.

(Jiang et al. 1998)

The patterns of hybridization and floral morphology in Lepidium support the hypothesis that the
preponderance of species with reduced floral forms could have been produced by . .. allopoly-

ploid speciation.

(Lee et al. 2002)

Manipulation of such molecular mechanisms would be important under conditions where the
degree of ploidy impacts both the level and profile of gene expression and ultimately, the cellular

physiology.

(Ravid et al. 2002)

Homoeologous copies of ASAP1 and ASAP3/TM6 show differing levels and patterns of nucleotide
polymorphism . . . These results suggest that differing evolutionary forces can affect duplicate loci

arising from allopolyploidization.

(Lawton-Raubh et al. 2003)

We conclude that a WGD [whole-genome duplication] event occurred in the Saccharomyces
lineage . . . either by endo-duplication (auto-polyploidy) or fusion of two close relatives

(allo-polyploidy).

(Kellis et al. 2004)

... we have apparently caught concerted evolution homogenizing rDNA units between parental

genomes in the act.

6.1 Gene duplication and evolution

The central goal for this chapter is to illustrate some
of the evolutionary effects of gene duplication aris-
ing from genetic exchange. Though I will discuss
several cases in which the processes leading to gene
duplication have led to what are recognized as
novel taxa (or even entire clades), I will not discuss
in detail the formation of new evolutionary line-
ages via genetic exchange. Instead, this latter topic
will be reviewed in Chapter 7 in the context of other

(Kovarik et al. 2005)

classes of hybrid lineage formation. In the present
chapter, I will limit my discussion to the possible
effects from partial genome duplication and whole-
genome duplication (WGD)—arising from genetic
exchange—in terms of the evolution of (i) whole
genomes, (ii) genes and gene families (including
the origin of novel adaptations), and (iii) whole
clades of organisms (i.e. adaptive radiations). It has
been postulated that the evolution of organismal
complexity and new adaptations is highly corre-
lated to the origin of novel gene functions fed by
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duplication events (e.g. see Force et al. 1999; Adams
and Wendel 2005; Comai 2005; Davis and Petrov
2005; De Bodt et al. 2005; Panopoulou and Poustka
2005; Crow et al. 2006 for discussions). Duplication
events may arise along a single chromosome or
through chromosome doubling, or through a com-
bination of both processes (e.g. the ANTP homeobox
genes; Castro and Holland 2003). Furthermore,
WGD events can reflect either allopolyploidy (i.e.
from crosses between divergent evolutionary line-
ages) or autopolyploidy (i.e. from crosses between
individuals from the same or similar evolutionary
lineages). For the present discussion I will not con-
cern myself with whether or not WGDs fall within
one or other of these categories. There are three
reasons for this decision: (i) in general, patterns of
gene and genome evolution following duplication
are similar whether the original event involved
allopolyploidy, autopolyploidy, introgression,
lateral gene transfer, or viral recombination; (ii) in
terms of WGD events, the definitions of auto- and
allopolyploidy overlap to a great degree (Stebbins
1947); and (iii) I emphasize throughout this book
that the degree of differentiation between lineages
that exchange genes is largely irrelevant (e.g. see
the definition of matural hybrid” given in the
Glossary) with regard to the potential evolutionary
effects.

Another goal for this chapter is to highlight the
fact that the evolution of genomes, gene functions,
adaptive traits and adaptive radiations are not dis-
crete events and processes; each of the topics is
highly correlated with the remaining topics. One
example of this is reflected by the interrelationship
of DNA methylation, gene expression and trans-
posable element activation in plant allopolyploids.
In this case the addition of cytosine methylation can
affect the expression of individual genes (e.g. Wang
et al. 2004) and gene families and may also lead to
the reactivation of transposons (Riddle and Birchler
2003). Such correlations will lead inevitably to
examples placed in one section of this chapter that
can also be used to exemplify other processes.
I emphasize this not as an apology or caveat, but
rather to indicate the interdependence of the vari-
ous evolutionary processes. This key aspect of
interdependent effects is becoming more evident as
additional genomic, phenotypic, phylogenetic and

fitness data become available for organisms
affected by genetic exchange-mediated duplications.

6.2 Genetic exchange: genomewide
evolution following duplication

6.2.1 Genomewide effects—epigenetic
changes through methylation

Following duplication events many processes may
affect smaller or larger proportions of the genome.
In the last section I will consider examples of dupli-
cation events that may have been causal in organis-
mic evolution, leading to radiations of entire clades.
Yet, the basis of these radiations begins with the
molecular events that affect the functioning of the
genomic elements that have been duplicated. When
considered in the context of whole genome evolu-
tion, genetic transfer-induced duplications may
lead to widespread changes resulting from
epigenetic modifications (e.g. methylation), the acti-
vation of transposable elements, genome downsizing
and chromosome rearrangements (e.g. Riddle and
Birchler 2003; Soltis et al. 2003; Leitch and Bennett
2004; Levy and Feldman 2004; Pires et al. 2004;
Salmon et al. 2005). At the level of individual genes
or gene families (see Section 6.3), some of the pos-
sible molecular evolutionary processes include non-
functionalization (i.e. silencing), sub-functionalization,
neo-functionalization or concerted evolution (Prince
and Pickett 2002; Hartwell et al. 2004; de Souza et al.
2005; Duarte et al. 2006).

As indicated in the Glossary definition, epigenetic
alterations are genomic modifications that can be
passed from one generation to another, but that are
not caused by DNA-based (i.e. mutational) changes.
Soltis et al. (2003) reflected this definition when they
stated, ‘Epigenetic changes, such as DNA methyla-
tion, histone modification, RNA interference, and
dosage compensation, may alter gene expression
without a change in DNA sequence...’
Furthermore, as observed by Riddle and Birchler
(2003) in a review of some of the effects from
hybridization and allopolyploidy (particularly in
plants), ‘Epigenetic changes, especially altered cyto-
sine methylation patterns, are assumed to be
responsible for altered gene expression states, and
for the reactivation of transposable elements.” As an
exemplar for discussing the occurrence and possible



affects from epigenetic changes that follow duplica-
tions, I will consider patterns of methylation. In the
following sections, I will review data that are
consistent with the hypothesis that partial or whole-
genome duplications cause changes in patterns of
methylation that can lead to alterations in gene
expression and the reactivation of transposons.
However, it is first necessary to address whether or
not the distribution of methylated bases is different
in the hybrid/duplicated genome relative to the
progenitor genotypes. I will illustrate the answer to
this question with four examples of allopolyploidy
in plants—cotton, wheat, Brassica, and Spartina.

I wish to begin the discussion of epigenetic
modifications, and methylation per se, with an
example that presents a “...striking difference
from other synthetic allopolyploids. . .” (Riddle and
Birchler 2003). My rationale for discussing an
‘exception’ first is to highlight the processes
encountered in the majority of examples. This
exception to the rule involves members of the
cotton genus Gossypium. Not all aspects of cotton
allopolyploid evolution demonstrate significant
differences relative to other polyploid systems. For
example, repeated-sequence copy-number evolu-
tion, and the activation of transposable elements,
has been inferred for cotton as it has been for other
allopolyploids (Zhao et al. 1998a, b). Furthermore,
concerted evolution of rRNA genes has resulted in
a homogeneous array of members of this repeat
family (Wendel et al. 1995). Finally, patterns of gene
expression show significant differences between
the progenitor species and the allopolyploid cotton
derivatives (Adams et al. 2003; Adams and Wendel
2004). Notwithstanding these similarities, cotton
allopolyploids do present a significant difference in
their genomic stability relative to other species
complexes. In regard to the present topic, the alter-
ation of gene expression and transposon activity
were not attributable to changes in the distribution
of methylation: methylation patterns were not
changed between the parental genotypes and
their allopolyploid offspring (Liu et al. 2001). Thus
for Gossypium it appears that the (normally)
methylation-driven changes are caused by other
factors (Riddle and Birchler 2003).

In contrast to Gossypium, studies of wheat
allopolyploids have detected the entire series of
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events (i.e. gene inactivation, genome downsizing,
transposon activation, and chromosomal rearrange-
ments) that are likely caused, at least partially, by
the initial repatterning of cytosine methylation. For
example, Shaked et al. (2001) analyzed methylation
patterns in F, hybrids and their allopolyploid
derivatives from crosses involving Aegilops and
Triticum (both members of the wheat clade). These
investigators utilized the ‘methylation-sensitive
amplification polymorphism’ methodology
(Reyna-Loépez et al. 1997 as modified by Xiong et al.
1999) to assay methylated and non-methylated loci.
The series of analyses by Shaked et al. (2001)
revealed that: (i) 13% of the loci demonstrated alter-
ations in the methylation patterns between the
diploid parents and their allopolyploid progeny
(cytosine base pairs in the allopolyploids were
methylated or demethylated relative to the parents);
(ii) methylation changes affected both low-copy
number and repetitive fractions of the allopoly-
ploids’ genomes; and (iii) repetitive, retro-element
members demonstrated changes in the distribution
of methylation. A second study (Kashkush et al.
2002) also found evidence for methylation-induced
changes in the genomes of a newly synthesized
wheat allopolyploid, in this case from a cross
between Aegilops sharonensis and Triticum monococ-
cum. Furthermore, Kashkush et al. (2002) estimated
that 1-5% of the genes in the allopolyploid had
been silenced. Of the silenced genes, a large pro-
portion had altered methylation relative to their
parents (Kashkush et al. 2002). Overall, the alter-
ations in cytosine methylation in the wheat
allopolyploids were extensive and likely affected
further genomic alterations.

The genus Brassica represents another model
system developed to decipher genomic changes
following allopolyploidization. A number of results
suggest the role played by methylation-mediated
epigenetic changes in allopolyploid lineages. For
example, Chen and Pikaard (1997) detected
nucleolar dominance in Brassica allopolyploids. This
epigenetic modification, resulting in the transcrip-
tion of only one of the parental species’ rRNA gene
arrays, is likely partially reflective of differential
methylation. Indeed, Frieman et al. (1999) have
argued that although other factors are obviously
involved in the initial inactivation of one set of
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parental TRNA genes, ‘Silencing is enforced by
cytosine methylation and histone deacetylation.” In
addition to nucleolar dominance, Song et al. (1995)
found evidence for genome-wide effects from
alterations in the methylation of synthetic allopoly-
ploids formed from crosses between Brassica rapa,
Brassica nigra, and Brassica oleracea. Though these
authors argued for a minimal effect on genome
functioning from methylation subsequent to
allopolyploidization, two of nine (i.e. 22%) molecu-
lar probes detected modified methylation patterns.

The final example of the occurrence of epigenetic
affects due to modifications in methylated bases
comes from the plant genus Spartina. Of particular
interest is Spartina anglica, an allopolyploid species
that originated in England at the end of the
nineteenth century from natural hybridization
between the native species Spartina maritima and
the introduced North American species Spartina
alterniflora. One advantage—for tests of hypotheses
concerning genomic evolution—realized from this
neo-species is the provision of data concerning
genomic alterations during the earliest stages of
allopolyploidization. With regard to epigenetic
alterations, Ainouche et al. (2004) and Salmon et al.
(2005) detected major changes in the distribution
of methylated bases in the parental species
(S. maritima, S. alterniflora), natural F, hybrids (e.g.
Spartina X townsendii), and the natural allopoly-
ploid species S. anglica (Figure 6.1). For example,
Salmon et al. (2005) reported methylation changes
in both natural hybrid classes that affected almost
30% of the parental fragments (Figure 6.1). The
Spartina data reflect the highest rates of alterations
in methylation patterns in plants seen thus far
(Salmon et al. 2005). However, as discussed above,
alteration in the genomic distribution of methy-
lated bases is the rule following genomic
duplications.

6.2.2 Genomewide effects—activation of
transposable elements

In discussing the role of transposable-element reac-
tivation in the evolution of gene function and
genome structure, Feschotte et al. (2002) made the
following observation, ‘The recent demonstration
that Arabidopsis TEs [transposable elements] can

be reactivated in genetic backgrounds that are
deficient in aspects of epigenetic regulation brings
this story full-circle...” The ‘story” referred to by
these authors was that written largely by Barbara
McClintock, including her description of unstable
mutations, some of which caused the ‘breakage-
fusion-bridge cycle” (McClintock 1984). Regarding
the subject of this chapter, it is also evident that the
conclusion of Feschotte et al. (2002) is reflective of
possible effects from genomic duplications as well.
Thus numerous authors speak of the ‘genomic
shock’ resulting from the bringing together of
divergent genomes, the effects of which may
include the reactivation of transposable elements
(Kashkush et al. 2003). Such reactivations may
cause additional phenomena (e.g. chromosome
rearrangements and the modification of gene
expression) that will be discussed below. However,
as with putative methylation-induced genomic
alterations, it is first necessary to define whether or
not genome duplications do indeed cause transpo-
son reactivation.

As with DNA methylation, not all cases of
allopolyploidy provide evidence of elevated trans-
poson activation. In regard to the Spartina example
discussed above, it is particularly noteworthy that
Ainouche et al. (2004) concluded the following: ‘No
burst of retroelements has been encountered in the
[natural] F, hybrid or in the allopolyploid, suggest-
ing a “structural genome stasis” rather than “rapid
genomic changes”’. These authors did, however,
find evidence for a significant difference in the pat-
tern of methylation in the progenitor species and
their hybrid derivatives (see also Salmon et al.
2005). Though methylation differences in Spartina
co-occur with chromosome reorganization and
were also suggested as a potential facilitator of
adaptive changes in the allopolyploid (Salmon et al.
2005), they are not seen to have affected a
detectable reactivation of transposable elements.

In contrast to Spartina, genome duplication via
allopolyploidy in wheat produces an apparent
transcriptionally mediated reactivation of transpos-
able elements. Specifically, changes in cytosine
methylation in the hybrid offspring were found to
affect both retro-element family members (and
other repetitive sequences as well) and low-copy
DNA loci at approximately equal frequencies.
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Figure 6.1

Patterns of methylation found in the parental diploid Spartina species (S. maritima and S. alterniflora), their natural F, hybrid

(S. X townsendi), and the allopolyploid derivative (S. anglica). Large ovals represent the various genomes with the markers for each species present
within the respective ovals. Absent DNA fragments are placed outside of the ovals (e.g. S. maritima and S. alterniflora fragments 2, 11, 32, 2 and 9
are not found in S. X townsendiii, but some reappear in the allopolyploid, S. anglica; from Salmon et al. 2005).

Furthermore, in one study the only activated genes
with definable functions were retro-elements
(Kashkush et al. 2002). From a pool of 12 transcripts
activated in the synthetic allopolyploid, the WIS
2-1A retroelement was isolated and characterized
further. Kashkush ef al. (2002) determined that
‘...strongly activated in the
amphiploid whereas a transcript was barely
detectable in the diploid parents...” Yet these
authors did not detect evidence for new sites of

this element was

insertion for this activated retroelement. They con-
cluded from this that although there was a signifi-
cant alteration in transcriptional activity for this
and other retro-elements in the allopolyploid deriv-
atives relative to the diploid progenitors, the acti-
vations had not led to detectable transposition
events (Kashkush et al. 2002; Levy and Feldman
2004).

Unlike Spartina and wheat, studies of tobacco and
Arabidopsis have detected evidence for the activation
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and insertion of transposable elements in the
allopolyploid derivatives. First, Melayah et al. (2004)
reported that in Nicotiana tabacum the copy number
of the retro-element Tnt1 was only 67% of the expec-
tation derived from the numbers found in the
diploid progenitors. This indicates the loss of ele-
ments from this family since the polyploid event
that formed tobacco. However, the distribution of
insertion sites for Tntl1 reflects a high level of trans-
positional activity in the tobacco lineage.
Specifically, Melayah et al. (2004) found that two-
thirds of the insertion sites in N. tabacum matched
those in the parental species. The remaining sites
were unique for the polyploid—suggesting their
origin since the allopolyploid event that resulted in
this species. Similarly, Madlung et al. (2005) detected
insertional activity of the Sunfish retro-element in
the autotetraploid lineages used to synthesize an
Arabidopsis allopolyploid (Figure 6.2). For example,
these workers found the excision of the Sunfish ele-
ments from sites on chromosome 5 in two of 20
autotetraploids. These transposition events were
also suggested to be causal for the chromosomal
rearrangements seen in these synthetic hybrids
(Madlung et al. 2005). Thus, in all but Spartina,
there is evidence of hybridization-/allopolyploid-
mediated activation of retro-elements.

—
o

W >

Figure 6.2 Genomic locations of 10 members of the Arabidopsis
retro-element family Sunfish. Boxes reflect positions of Sunfish
elements in the original diploid A. thaliana parent used to construct
the experimental allopolyploid, which are not found in the
allopolyploid derivative. Analysis of Sunfish element 9 confirmed its
excision during the construction of the allopolyploid lineage (from
Madlung et al. 2005).

6.2.3 Genomewide effects—genome
downsizing

The loss of genomic elements has apparently been a
common factor in the evolution of many, but not all
(e.g. Gossypium; Rong et al. 2005), polyploids. One
indication of this can be seen by the lack of agree-
ment between the ploidy levels of organisms and
the amount of DNA they contain. As expressed by
Leitch and Bennett (2004), ‘All else being equal
polyploids are expected to have larger C-values
(amount of DNA in the unreplicated gametic
nucleus) than their diploid progenitors, increasing
in direct proportion with ploidy.” An analysis of
DNA amounts for Angiosperm taxa did detect line-
ages in which this expectation was met. Yet these
authors also found groups in which there was a
greater than additive increase as ploidy increased,
and other lineages in which there was a decrease in
DNA amount as ploidy level increased. In contrast
to their expectation, Leitch and Bennett (2004)
found overall that (i) the mean DNA amount
among the Angiosperm taxa did not increase in
direct proportion with ploidy level and (ii) *. . . the
mean DNA amount per basic genome (calculated
by dividing the 2C value by ploidy) tended to
decrease with increasing ploidy’ (Figures 6.3 and
6.4; Leitch and Bennett 2004). The widespread
genome downsizing detected in the Angiosperm
data set is also reflected by examinations of specific
clades and lineages (Leitch and Bennett 2004). For
example, since the hypothesized polyploidization
event leading to the human lineage (Spring 1997;
Furlong and Holland 2002, 2004), approximately
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Figure 6.3 Mean 1C DNA amounts for various Angiosperm taxa

demonstrating different levels of polyploidy. ®, Observed values; o,

values expected from an additive model of increase due to increases
in ploidy (from Leitch and Bennett 2004).
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Figure 6.4 The mean DNA amount per basic genome (calculated
by dividing the 2C value by ploidy) for various Angiosperm taxa
demonstrating different levels of polyploidy. @, Observed values; o,
values expected from an additive model of increase due to increases
in ploidy (from Leitch and Bennett 2004).

50% of the duplicated loci have been deleted
(Leitch and Bennett 2004).

Levy and Feldman (2004) arrived at the same con-
clusion drawn by Leitch and Bennett (2004) con-
cerning the loss of DNA sequences during
allopolyploidization, in their case within the wheat
species complex (see also Dvorak and Akhunov
2005). For example, Shaked et al. (2001) utilized an
AFLP methodology to assay 3661 anonymous loci.
These authors concluded that downsizing was a
major factor in the evolution of the genomes of
newly created allopolyploids. Specifically, they
detected the elimination of 5-14% of all loci (Shaked
et al. 2001). Furthermore, Levy and Feldman (2004)
summarized data for sequences in wheat that
showed either a genome- or chromosome-specific
distribution (Figure 6.5). Though the limited distri-
bution of these sequences could have resulted from
an origin subsequent to the polyploidization
event(s), it was more parsimonious to infer their loss
from certain genomic sites following hybridiza-
tion/polyploidization (Levy and Feldman (2004).
Like previous findings related to wheat genomic
evolution, Han et al. (2005) detected large-scale dele-
tions of the pGclR-1 repeated-element family in
newly synthesized polyploids. Thus both fluores-
cence in situ hybridization and DNA gel-blot analy-
sis detected the elimination of 70-90% of the
members of this sequence family within two or
three generations (Han et al. 2005). Further examples
of such widespread—genomically and taxonomi-
cally—sequence elimination are also reflected by
data for the lineages that include rice, Arabidopsis,
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Figure 6.5 A schematic representation of the wheat
genome/karyotype. The chromosomal elements in hexaploid wheat are
identified as originating from three separate progenitors (the A, B, and
D genomes). The chromosomes originating from the three 2n = 14
progenitors are arranged into seven homoeologous groupings. In this
schematic, sequences that are triplicated (have representative
sequences from all three progenitors still present in the hexaploid),
chromosome-specific (found on only one chromosome pair from one
genome), genome-specific (found on non-homologous chromosomes,
but only from a single genome), and dispersed (found in multiple
locations within and among the three genomes) are indicated (from
Levy and Feldman 2004).

Homoeologous groups

and S. cerevisiae. In these species, the proportions of
duplicated genes lost have been estimated to be
approx. 30-65, 70, and 90%, respectively (Wolfe and
Shields 1997; Bowers et al. 2003; Kellis et al. 2004;
Paterson ef al. 2005; X. Wang et al. 2005).

6.2.4 Genomewide effects—chromosome
rearrangements

Barbara McClintock described the effect of
externally mediated challenges to the genomes of
organisms as ‘shocks’. In particular, she held that
“There are “shocks” that a genome must face repeat-
edly, and for which it is prepared to respond in a
programmed manner. Examples are the “heat
shock” responses in eukaryotic organisms and the
“SOS” responses in bacteria” (McClintock 1984). Yet
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she also recognized the very important set of
responses to challenges that were not hard-wired
into the genomic makeup of organisms. In this
regard she observed that ‘An experiment conducted
in the mid-1940’s prepared me to expect unusual
responses of a genome to challenges that the genome
is unprepared to meet in an orderly, programmed
manner.” McClintock suggested that one such
response could result from the genomic shock asso-
ciated with crosses between divergent evolutionary
lineages (e.g. Y.-M. Wang et al. 2005). Specifically
with regard to the present topic she stated, ‘Major
restructuring of chromosome components may arise
in a hybrid plant and continue to arise in its progeny,
sometimes over successive plant generations. The
restructuring may range from apparently simple to
obviously complex” (McClintock 1984).

It is now understood that McClintock was, as
usual, extremely insightful in her assertion that chro-
mosome rearrangements caused by hybridization
were frequent and important. Indeed, such changes
may reflect some of the rearrangements seen as
causal in some models of evolutionary diversifica-
tion (i.e. speciation models)—for example ‘stasi-
patric’ (White 1978) and ‘recombinational” (Grant
1981). However, it is likely that McClintock was
incorrect in her assertion that the chromosome
rearrangements were uniformly unpredictable. Thus
it appears that the same rearrangements may occur,
and become fixed, repeatedly in response to the
genomic challenges from mixing divergent genomic
components (e.g. Shaw et al. 1983; Rieseberg et al.
1996). In the case of genome-duplication events, and
particularly instances of allopolyploidy, chromo-
some rearrangements (both intra- and intergenomic
rearrangements) are encountered frequently. For
the present discussion I will use three genera
(Arabidopsis, Nicotiana, and Brassica) to illustrate this
common outcome from allopolyploidization.

In addition to their detection of expression and
insertional activation of the Sunfish retro-elements
in the experimental Arabidopsis polyploids (see
above), Madlung et al. (2005) were also able to test
the hypothesis that ‘Even limited transposon activ-
ity can have profound effects on genome structure
if it leads to chromosome breaks, fusions and
translocations” (i.e. reminiscent of McClintock’s
breakage-fusion-bridge cycle). These authors did

indeed find numerous cytological data pointing to
elevated frequencies of chromosome rearrange-
ments in the allopolyploids relative to the parental
lineages. Specifically, Madlung et al. (2005) detected
approximately 30% abnormal meioses in the
synthetic allopolyploids. Consistent with allopoly-
ploidy-caused chromosome rearrangements are
data collected from analyses of both the naturally
occurring and experimentally produced allote-
traploid species, Arabidopsis suecica (Pontes ef al.
2004). Specifically, Pontes et al. (2004) detected dele-
tions of entire nucleolar organizing and 5 S regions
(i.e. rIRNA genes) in both the natural and synthetic
allopolyploids, as well as translocations (or trans-
positions) in the synthetic lineages (Figure 6.6).

Like Arabidopsis, natural and artificial allopoly-
ploid derivatives in Nicotiana and Brassica also
revealed evidence of chromosomal structural
changes in the polyploid, versus diploid, lineages
(Lim et al. 2004; Pires et al. 2004; Skalicka et al. 2005).
For example, in Nicotiana similar intergenomic
translocation alterations were found in the natu-
rally occurring N. tabacum samples, and in two of
three synthetically produced tobacco plants (Lim
et al. 2004). This is not only evidence for genome
duplication-mediated changes, but also for the
repeated origin of chromosome rearrangements in
divergent lineages. Likewise, the deletion of the
same quantitative trait loci, through non-reciprocal
transposition events, was detected in an artificially
produced, allopolyploid lineage resembling
Brassica napus (Pires et al. 2004). In this case, the
synthetic hybrid was produced through crosses of
the diploid parents of the naturally occurring B.
napus, B. rapa, and B. oleracea. Significantly, not only
did the synthetic hybrid lineages demonstrate
large-scale chromosomal rearrangements, the alter-
ations were associated with the fitness trait of flow-
ering time (Pires et al. 2004).

6.3 Genetic exchange: gene and gene
family evolution following duplication

6.3.1 Genes and gene families: concerted
evolution

Dover and Tautz (1986) described both the process
of concerted evolution (a term coined by Zimmer
et al. 1980, and later described as ‘molecular drive’
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Figure 6.6 Diagrammatic representation of chromosome
rearrangements involving the nucleolar organizing and 5 S genic
regions in the naturally occurring (a) and experimentally produced
(b) allopolyploid A. suecica (from Pontes et al. 2004).

by Dover 1982), and its outcome, in the following
manner: ‘Knowledge of the rates, units and biases
of widespread mechanisms of non-reciprocal DNA
exchange, in particular within multigene families,
provides alternative explanations for conservation
and divergence...Such mechanisms of DNA
turnover cause continual fluctuations in the copy-
number of variant genes in an individual and,
hence, promote the gradual and cohesive spread of
a variant gene throughout a family (homogeniza-
tion) and throughout a population (fixation).” Thus
when a new mutation arises in one member of a
gene or repeated DNA family it can be, and often
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is, transferred to other members by concerted
evolution (e.g. Figure 6.7; Hall et al. 2005; Proschold
et al. 2005). The mechanisms recognized as poten-
tially affecting the process of concerted evolution
include unequal crossing over, gene conversion and
the movement of transposable elements (e.g. Smith
1976; Slightom et al. 1980; Kidwell and Lisch 2000;
Skalicka et al. 2003; Johannesson et al. 2005; Sugino
and Innan 2005). In the context of genome duplica-
tion, concerted evolution is seen as a major factor in
gene family evolution. In contrast to instances of
within-genome concerted evolution that is fed by
newly arisen mutations, allopolyploid formation
brings together two or more divergent genomes
through hybridization—genomes that likely differ
by many mutational changes. Yet, for different
instances of allopolyploidy the pattern of transfer
of genetic information between the divergent
genomes can be quite dissimilar. It is probable that
the differences are reflective of (i) inherent barriers
to genomic exchange for some allopolyploid taxa,
(ii) the effects of differential levels of gene
expression (i.e. highly expressed paralogous genes, in
the case of within-genome duplications, may
demonstrate less sequence divergence from one
another than duplicates that are expressed at lower
levels; Drummond et al. 2005; Pyne et al. 2005), and
(iii) the time since formation of the polyploid
lineage (i.e. the number of generations available to
facilitate the concerted events). Two plant allopoly-
ploid systems—Tragopogon and Nicotiana—can be
used to illustrate the apparent idiosyncratic
expression of concerted evolutionary processes.
The genus Tragopogon reflects a rich example of
the various processes associated with the evolution
of allopolyploid taxa. Furthermore, members of
this genus that are found in North America illus-
trate the outcome of concerted evolution of diver-
gent genomes brought together through natural
crosses. The number of generations over which the
concerted events occurred is known because the
North American allopolyploids originated within
the past 150 years, subsequent to the introduction
of the diploid, Eurasian natives, Tragopogon dubius,
Tragopogon porrifolius, and Tragopogon pratensis
(Soltis et al. 2004). From morphological and chro-
mosomal data Ownbey (1950) described the two
allopolyploid derivatives, Tragopogon mirus and
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Figure 6.7 Phylogenies derived from repeated DNA sequences from the following four plant species belonging to the family Brassicaceae:

(a) Arabidopsis arenosa; (b) Olimarabidopsis pumila; (c) Capsella rubella; and (d) Sisymbrium irio. The colors in each phylogeny reflect the bacterial
artificial chromosome (BAC) from which the repeat sequences were derived. Thus repeat sequences (within a phylogeny) with the same color likely
came from the same genomic region. The overall pattern of clustering of repeats from the same genomic region, in clades divergent from repeats
from other BAC clones, suggests that concerted evolution affects most efficiently those repeat elements that are located in the same genomic

regions (from Hall et al. 2005). See also Plate 4.

Tragopogon miscellus as having formed from
hybridization between T. dubius/T. porrifolius and
T. dubius/T. pratensis, respectively. Though analyses
of the rRNA gene families present in T. mirus and
T. miscellus have detected the presence of the gene
families from both diploid progenitors, these
families are not found in the equivalent frequencies
expected from an additive model (Soltis et al. 2004).
Indeed, Kovarik et al. (2005) found® that the rRNA
genes of T. dubius, the common parent for both
allopolyploid species, were in a significant minority
(i.e. making up only 5% of the family members in
some plants) in all but two of the natural popu-
lations of the allopolyploids, T. mirus and T. miscel-
Ius. However, in the two exceptions (both T. mirus
populations), the repeats of T. dubius made up the
majority of rRNA repeat elements. These results
reflect an asymmetric (though bi-directional;
Kovarik et al. 2005) pattern for the concerted evolu-
tion of ribosomal repeats within the Tragopogon
allopolyploids. Specifically, concerted changes
result most often in the preferential loss of T. dubius
repeats.

Studies of rRNA gene sequences in three natural
Nicotiana allopolyploids also detected the effects
from concerted evolution following hybrid lineage
formation. In particular, Kovarik et al. (2004)
examined the ratios of parental repeat variants in N.
tabacum, Nicotiana rustica and Nicotiana arentsii. As in
Tragopogon, the three Nicotiana allopolyploid deriva-
tives demonstrated an asymmetric exchange of
rDNA repeat variation that resulted in the predom-
inance of one parent’s rRNA genes (Table 6.1).
However, concerted evolution has not been uniform
in its effect on the resulting rDNA variation in N.
tabacum, N. rustica, and N. arentsii. Kovarik et al.
(2004) concluded that N. tabacum and N. rustica
demonstrated the outcome of concerted evolution
(including both intra- and interlocus gene conver-
sion) that has partially replaced one parental rDNA
genotype with the other, while N. arentsii demon-
strated a pattern indicative of complete replace-
ment. The effect of concerted evolutionary processes
is thus seen to have impacted greatly the distribu-
tion of parental rRNA genes in allopolyploid
derivatives of both Tragopogon and Nicotiana.
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Table 6.1 The percentage of the rDNA repeat units originating from each diploid progenitor for three natural Nicotiana allopolyploids (Kovarik

etal. 2004).
Allopolyploid Parental species Percentage of rDNA repeats
from P-1 from P-2

Nicotiana tabacum Nicotiana sylvestris (P-1) 2-25% 75-98%
Nicotiana tomentosiformis (P-2)

Nicotiana rustica Nicotiana paniculata (P-1) 20% 80%
Nicotiana undulata (P-2)

Nicotiana arentsii Nicotiana undulata (P-1) >99% <1%

Nicotiana wigandioides (P-2)

6.3.2 Genes and gene families: changes in
gene expression patterns and function

An excellent example for illustrating gene
expression/function evolution—following WGD—
comes from the yeast genus Saccharomyces.
Comparisons of sequences from its genome with
other fungal species, as well as with more distantly
related organisms, have yielded a wealth of infor-
mation concerning the evolution of expression for
duplicate genes (Li et al. 2005). For example, Kellis
et al. (2004) compared the whole genome sequence
from the related yeast species Kluyveromyces waltii
with the previously sequenced genome of S. cere-
visige. Their analysis allowed the confirmation of a
WGD event in the lineage leading to Saccharomyces.
In particular, comparison of the K. waltii and
S. cerevisine genomes suggested that the poly-
ploidization occurred along the Saccharomyces
lineage following its divergence from the lineage
that gave rise to Kluyveromyces (Kellis et al. 2004).
Subsequent to this WGD, members of numerous
duplicated gene pairs diverged from one another.
Thus Kellis et al. (2004) concluded (from their own
analyses and from a literature survey) the
following: (i) 17% of the S. cerevisiaze gene pairs
demonstrated accelerated protein evolution
relative to that found in K. waltii; (ii) in 95% of the
cases of gene pairs that demonstrated accelerated
evolution, the elevated level of change was in only
one member of the pair; (iii) the slower evolving
member of a gene pair is more likely to have
retained the ancestral function while the rapidly
evolving member possesses a novel function; and
(iv) in 18% of the cases of accelerated evolution,
deletion of the slower-evolving (i.e. the gene coding

for the ancestral function) member was lethal, but
in no case was lethality obtained by deleting the
faster-evolving gene.

Pyne et al. (2005) and Gu et al. (2005) also tested
the hypothesis that gene duplication is the major
cause of genetic (and thus organismal) novelty.
Both groups gathered data concerning the evolu-
tion of expression and function of duplicated genes
following the WGD event in the Saccharomyces
lineage. The major conclusion of Pyne et al. (2005)
concerning the evolutionary pattern for different
pairs of duplicates was that “. .. poorly expressed
genes diverge rapidly from their paralog, while
highly expressed genes diverge little, if at all.’
Likewise, Gu et al. (2005) detected divergence
of gene expression patterns following the
Saccharomyces WGD. Indeed, like Kellis et al. (2004)
this latter analysis identified a trend in which rapid
evolutionary change (in this case reflected in
divergent gene expression patterns) was found
in only one of the copies of the duplicated genes.
In addition, Gu et al. (2005) were able to infer that
the initial rate of expression and regulatory net-
work evolution was > 10-fold higher than seen
prior to the duplication event (Figure 6.8). From
this observation, they concluded that the increase
in complexity of the Saccharomyces regulatory net-
work was affected greatly by rapid evolution sub-
sequent and proximate to the WGD event (Gu et al.
2005). Taken together the studies discussed above
(and those reviewed by these authors) indicate that,
‘Compared to multiple independent duplications
and divergence of individual genes or segments,
WGD may be more efficient and may offer great
opportunities for coordinated evolution” (Kellis
et al. 2004).
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Figure 6.8 Rate of regulatory evolution before and after the WGD
in the evolutionary lineage leading to the yeast genus Saccharomyces.
The time units are calibrated by the estimated divergence time of

2 billion YBP for the ‘bacteria/yeast split' (from Gu et al. 2005).

6.3.3 Genes and gene families: evolution of
adaptations

A common theme throughout this book is the effect
genetic exchange may have on adaptations—both
the transfer of existing adaptations between line-
ages and the de novo formation of adaptations in
hybrid/reassortant genotypes. In the current sec-
tion I wish to highlight the outcomes from
gene/genome duplication resulting from genetic
exchange in terms of the formation of novel adap-
tations. To accomplish this, I will use three exam-
ples, one involving parthenogenetic geckos of the
genus Heteronotia and two from the yeast genus
Saccharomyces. In all three cases, adaptations reflect
apparent increased fitness under environmentally
mediated selection. This common result reflects
again the reflective and predictive power of the
web-of-life metaphor; that is, genetic exchange
plays a role in the evolutionary history of much of
biological life leaving a creative signature along
many lineages (Arnold and Larson 2004).
Australian species of the gecko genus Heteronotia
reflect a classic example of the formation of
allopolyploid-based parthenogenesis (Moritz 1983;
Moritz et al. 1989a; Strasburg and Kearney 2005).
Occurring throughout a large portion of the central
arid region of Australia, the allopolyploid
parthenogenetic lineages (placed, along with the

diploid forms, in the species Heteronotia binoei) were
formed multiple times from natural hybridization
among the diploid races (Moritz et al. 1989a).
Indeed, this pattern of multiple origins is a
common characteristic for allopolyploid lineages
(Soltis and Soltis 1993). It has been postulated that
cyclical climatic alterations led to repeated range
expansions and contractions that resulted in
hybridization between the diploid races (Strasburg
and Kearney 2005), thus leading to multiple,
independent formations of triploid H. binoei
parthenogenetic lineages.

Not only have research findings identified
Heteronotia as an exemplar for understanding the
formation of allopolyploid and asexual lineages,
they have also suggested the production of
novel adaptations in the allopolyploid races. For
example, with regard to aerobically sustained
locomotion, Kearney et al. (2005) detected a fitness
advantage in the parthenogens relative to their
diploid progenitors. Specifically, in lower tempera-
ture environments they found (i) significantly
greater endurance, (ii) higher maximum oxygen-
consumption rates, (iii) higher maximum aerobic
speeds, and (iv) greater levels of voluntary activity
in the parthenogenetic female geckos relative to
diploid females. This led them to conclude that
‘Parthenogenetic lineages of Heteronotia thus have
an advantage over sexual lineages in being capable
of greater aerobic activity.” It thus appears that
genomic duplication (or in this case triplication)
has facilitated the origin of phenotypic traits that
reflect adaptive novelty (see Johnson 2005 for
similar findings in parthenogenetic snails of the
genus Campeloma).

As discussed above, Saccharomyces has been used
as a model system for defining the effects of
genome duplications in the evolution of new gene
functions. Indeed, these new gene functions are
obvious candidates for defining WGD-based
origins of novel adaptations. However, in addition
to the effects from the polyploid event leading to
S. cerevisine (see section 6.3.2), allopolyploidy
continues to enrich the biological /species composi-
tion of Saccharomyces. One example of apparent
allopolyploidy-derived adaptations is reflected in
the Saccharomyces species used in the production of
the two categories of beer known as lager and ale.



The production of these two types of beer is quite
distinct, with the lager yeast being known as a
‘bottom-dwelling” strain. This adaptation for the
propensity to grow in this different environment is
seen to be the result of an allopolyploidy event that
gave rise to the species Saccharomyces pastorianus
(synonymous with Saccharomyces carlsbergensis;
Masneuf et al. 1998). However, S. pastorianus does
not appear to be an isolated case of genome
duplication-facilitated adaptation in Saccharomyces.
For example, Masneuf et al. (1998) reported hybrid
strains that were both cryophilic (i.e. possessed a
higher growth rate and an optimum fermentability
at low temperatures) and had the capacity to pro-
duce wines with higher amounts of flavor-active
esters. These novel adaptations were correlated
with their hybrid (i.e. allopolyploid) constitution.
Thus, like Heteronotia, the various allopolyploid
Saccharomyces species possess novel adaptations
not found in their diploid progenitors.

6.4 Genetic exchange: genome
duplication and adaptive radiations

6.4.1 Duplication and adaptive radiation: the
vertebrate lineage

Because the divergence of regulatory genes is being
considered necessary to bring about phenotypic
variation and increase in biological complexity, it is
tempting to conclude that such large-scale gene
duplication events have indeed been of major
importance for evolution in general . . .

(Maere et al. 2005)

This conclusion reflects a paradigm that is well-
represented in the evolutionary literature and yet is
still controversial (e.g. Gu et al. 2002; Castro et al.
2004; Furlong and Holland 2004; Mulley and
Holland 2004; Donoghue and Purnell 2005). As
with genetic exchange in general, there are a
plethora of data sets (some discussed above) that
have as their conceptual framework an assump-
tion of a causal role for duplication events in evolu-
tionary/developmental transitions and adaptive
radiations. Within the animal assemblage, data
from invertebrate and vertebrate taxa have led to
the inference of multiple WGDs—both in the

GENE DUPLICATION 121

lineage leading to vertebrates and within the verte-
brate clade as well. Such inferences are now possi-
ble because of the availability of whole-genome
data sets for invertebrate and vertebrate species.
Comparisons of these data sets lent support to the
hypothesis that vertebrate genomes contained
more complexity than those of invertebrates
(Donoghue and Purnell 2005). These comparisons
further indicated that a large measure of the differ-
ence in complexity between invertebrate and verte-
brate taxa was due to a series of duplications.

In regard to the hypothesis of WGD-facilitated
adaptive radiations, it is seen as significant that a
duplication event occurred coincidentally with the
origin of vertebrates (Spring 1997; Furlong and
Holland 2002, 2004; Gu et al. 2002). That a WGD
event occurred near the point of origin of the verte-
brate lineage is apparent from comparisons of ver-
tebrate genomes with that of their closest living
invertebrate relative, amphioxus (Spring 1997;
Furlong and Holland 2002; Donoghue and Purnell
2005). Indeed, two rounds of tetraploidy (leading to
an octoploid derivative) were hypothesized to be
temporally associated with the timing of the sepa-
ration of the vertebrate and invertebrate lineages
(Figure 6.9; Furlong and Holland 2002; but see
Panopoulou and Poustka 2005). Therefore, as in
viral, bacterial, fungal, and plant clades, genetic
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Figure 6.9 Alternative phylogenetic placement of the two
hypothesized polyploid events in the lineage leading to the vertebrate
clade. Both duplications have been suggested to involve tetraploidy
thus leading to an octoploid genomic condition (from Furlong and
Holland 2002).
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exchange is correlated with the explosive, adaptive
radiation resulting in the vertebrate clade.

6.4.2 Duplication and adaptive radiation: the
fish clade

The final examples of potentially duplication-
driven adaptive radiations come from fish. Not
only do these examples illustrate the possibility of
an important role for WGD in the radiation of entire
clades, they also reflect the difficulty of testing for
the causes of such radiations. Thus Le Comber and
Smith (2004) considered examples primarily from
the fish families Cyprinidae and Salmonidae. They
compared the phylogenetic placement of poly-
ploidy with the number of species present in clades
rooted or not rooted in WGDs. Le Comber and
Smith (2004) also took into account the ecological,
morphological, behavioral, physiological, and life-
history diversity of fish in general. Their analysis
led to the conclusion that “. . . polyploidy may have
been of considerable importance in the evolution of
fishes” (Le Comber and Smith 2004). Further they
recognized that, in general, the groups in which
WGDs had occurred were also those reported to
have the most cases of contemporary hybridization.
This resulted in the additional inference that the
cases of polyploidy were most likely due to
hybridization (i.e. reflected allopolyploidy; Le
Comber and Smith 2004).

In contrast to the above study, Donoghue and
Purnell (2005) included both living and fossil forms
in a phylogenetic assessment designed to test for
associations of diversification with WGD. One of
the events on which they focused was the duplica-
tion hypothesized as causal in radiation of the
teleosts (ray-finned fishes). As emphasized by
Donoghue and Purnell (2005), this group is the
most diverse of any vertebrate clade. Furthermore,
the cause of teleost diversity, in terms of phenotype
and numbers of species, has been ascribed to a
WGD at the base of the clade. Yet when extinct
clades are taken into account, the timing of the

event becomes less well resolved. In particular,
Donoghue and Purnell’s (2005) analysis suggests
that the WGD is just as likely to have occurred sub-
sequent, rather than prior, to the origin of extinct
teleost lineages. This finding, along with a similar
observation for the evolution of gnathostomes
(jawed vertebrates), casts doubt on the possibility
of WGD-derived adaptive radiations in these
groups (Donoghue and Purnell 2005). However,
these authors concluded that definitional con-
straints prevented a rigorous test of the hypothesis
that genomic duplication caused an increase in
phenotypic and taxonomic diversity. Overall then,
the hypothesis that duplications of the genome
(either whole or partial) have led to adaptive radi-
ations, though intriguing, remains controversial.

6.5 Summary and conclusions

The examples discussed above reflect the diversity
of effects hypothesized from genetic exchange-
mediated genomic duplications. Most, but not all,
of these examples reflect polyploidy. Yet partial
genome duplications are seen as having the same
potential for spurring evolutionary innovations.
The importance of duplications is thus considered
to reside in the availability of the duplicated mate-
rial to acquire changes. These changes can be epi-
genetic or they can reflect mutations. In either case
the changes would likely be deleterious for an
organism that had only one copy of a particular
region of functional DNA. The malleability of the
genomes of organisms containing duplications is
easily demonstrated. What is less easily docu-
mented is any causal affect on evolutionary change,
thus leading to such responses as new adaptations
and adaptive radiations. However, for many
examples the comparison of whole-genome data
sets with biological and phylogenetic characteris-
tics, suggests such causal links. It is likely that
future data sets will identify additional examples
of the association of genome duplications with
evolutionary innovation and diversification.



CHAPTER 7

Origin of new evolutionary lineages

Linnaeus and Kerner were the outstanding early exponents of the idea that natural hybrids can be
the starting points of new species.

(Grant 1981, p. 245)

... Poa labradorica is of intergeneric hybrid origin between Dupontia fisheri subsp. psilosantha . . . and
Poa eminens . . . Incapable of sexual reproduction, P. labradorica dominates large areas of coastal
marsh through vigorous production of rhizomes.

(Darbyshire et al. 1992)

This observation allows the strong inference that the formation of I. nelsonii did indeed involve
hybridization between I. fulva, I. hexagona, and 1. brevicaulis.

(Arnold 1993)

Comparison of mtDNA and Y-chromosome topologies suggests a possible hybrid origin of
M. arctoides from a cross between proto-M. fascicularis and an early [Macaca] sinica group
population . ..

(Tosi et al. 2003)

... the differential distribution of large mobile elements carrying virulence and drug-resistance
determinants may be responsible for the clinically important phenotypic differences in these
strains.

(Holden et al. 2004a)

We hypothesize that two or more hybridization events involving the parental species Clitarchus
hookeri and an unknown taxon probably resulted in the formation of the parthenogenetic genus

Acanthoxyla.

7.1 Viral recombination, lateral
transfer, natural hybridization, and
evolutionary diversification

Genetic exchange not only creates the opportunity
for evolutionary novelty, it also opens the possibility
for evolutionary diversification (e.g. see Anderson
and Stebbins 1954; Grant 1981; Dowling and
DeMarais 1993; Arnold 1997, 2004a; Rieseberg 1997;
Holmes 2004; Gevers et al. 2005). In particular, all
mechanisms of gene transfer have the potential to

(Morgan-Richards and Trewick 2005)

form the genetic foundation for new evolutionary
lineages. In some cases these novel lineages will be
given a formal taxonomic designation. In others
they will be referred to simply as races or strains of
one of the original taxa. As emphasized in previous
chapters, the presence or absence of such taxonomic
recognition, though non-trivial for recognizing
evolutionary pattern and process, is nonetheless
not necessarily indicative of the evolutionary/
ecological/epidemiological significance of viral

123
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recombination, lateral transfer, and natural hybrid-
ization. Thus, whether a newly formed lineage of
organisms is deemed by researchers as deserving
of a taxonomic label, or is instead termed a hybrid,
recombinant, or reassortant population, the ques-
tion remains as to whether or not it reflects
evolutionary diversification. For example, the evo-
lutionary longevity of hybrid taxa that reproduce
exclusively (or nearly so) through asexual means
has been termed ’. . . but an evening gone” (Maynard
Smith 1992), reflecting a viewpoint that such line-
ages are inconsequential due to the relative brevity
of their existence compared to sexually reproduc-
ing lineages (see also Griffiths and Butlin 1995).
However, across widely varying clades of plants
and animals, the same asexual lineages are repeat-
edly formed. Therefore, although the product of a
single origin event may be (relatively) short-lived,
the recurrent formation of lineages through natural
hybridization between the same sexual forms facil-
itates the evolutionary diversity and longevity of
the asexual taxa. This is likely a partial explanation
for why so-called agamic species complexes and
clonal microspecies abound in plant and animal com-
plexes, forming important constituents of certain
ecosystems (e.g. Grant and Grant 1971; Darbyshire
et al. 1992; King 1993; Vollmer and Palumbi 2002;
Schranz et al. 2005).

The major goal for this chapter is to illustrate
that hybrid lineage formation (sensu lato) occurs
throughout biological life forms and evolutionary
time. The following discussion includes numerous
examples taken from what is normally termed
the speciation literature. Many authors, including
myself, often place discussions concerning the
derivation of recombinant lineages into the context
of the formation of new, hybrid species. However,
I will sample from a broad landscape of examples
that also reflect the formation of lineages that,
though not termed new species, still form the foun-
dation for evolutionary innovation and diversity.
To continue the subject begun in Chapter 6, I will
first consider examples involving WGD events. The
categories under which I will discuss the WGD-
associated diversifications include plants and
animals. For plants, I have selected a diverse array
of non-angiosperm (i.e. ferns and bryophytes) and
angiosperm clades. Some allopolyploid derivatives

reproduce only sexually, others by a mixture of
sexual and asexual reproduction, while others
reproduce exclusively (or nearly so) through asex-
ual means. I will discuss representative examples
for each of these three broad categories. Like plant
allopolyploid lineages, under the category of ani-
mals I will present data from analyses of asexually
and sexually reproducing polyploid derivatives. I
will illustrate the evolutionary outcome seen in
asexual, allopolyploid animal lineages by consid-
ering examples of parthenogenesis and gynogene-
sis. Although sexually reproducing animal
allopolyploids are relatively rare, I will illustrate
well-defined examples of this outcome from
genetic exchange as well.

In plants and animals, one can also illustrate
lineage formation through genetic exchange using
examples not involving WGD. Such hybrid lineage
formation results in taxa that possess the same, or
nearly the same, chromosome number as the pro-
genitor individuals. Once again, those who work
on such ‘homoploid” hybrid formation often discuss
these lineages in terms of speciation. Furthermore,
homoploid hybrids are normally defined as
demonstrating sexual reproduction (see Rieseberg
1997 for a discussion). Thus diploid hybrid lineages
that reproduce via asexuality are generally placed
in other categories—such as clonal microspecies
(Grant and Grant 1971; Grant 1981). In this chapter
I will break with this tradition and discuss the for-
mation of homoploid hybrid lineages, regardless of
their mode of reproduction (e.g. via hybridogenesis).
I believe that this emphasizes the most important
element (in the context of this book), that of genetic
exchange, rather than focusing on mechanisms of
reproductive isolation (Grant 1981; Rieseberg 1997).

The discussion of homoploid formation is biased
toward plant examples. This is due to the relative
scarcity of homoploid animal examples reported
thus far. However, it is important to emphasize
again that this is due somewhat to definitional con-
straints. Specifically, the number of microorgan-
ism, animal, and plant ‘hybrid” lineages is legion.
If we divorce ourselves from the requirement that
a hybrid derivative be assigned a species name
before it is considered to be of evolutionary
importance, many more examples of homoploid
hybrid lineage formation become apparent in the



zoological literature as well (e.g. see Llopart et al.
2005 for a description of a hybrid lineage that
would fall within this conceptual framework).

The final topic explored in this chapter will be the
role of viral recombination, lateral gene transfer,
and introgressive hybridization in the formation of
microorganisms. In this section I will illustrate
again the outcome of genetic exchange-mediated
evolutionary diversification. For this category, 1
will draw examples from bacterial, bacteriophage
and protozoan taxa. I will use each of these cases
to draw attention to the observation that in micro-
organisms, as in the examples from higher eukary-
otes, genetic exchange can lead to evolutionary
diversification.

7.2 Natural hybridization,
allopolyploidy, and evolutionary
diversification in non-flowering plants

7.2.1 Ferns

Natural hybridization, introgression, polyploidy,
and lateral gene transfer have been detected in
numerous fern assemblages and related clades
(e.g. Wagner 1987; Rabe and Haufler 1992; Kentner
and Mesler 2000; Hoot et al. 2004; Davis et al. 2005).
For example, WGD characterizes the fern genus
Asplenium, and indeed the entire family
Aspleniaceae. Van den Heede et al. (2003) summa-
rized this conclusion by observing that ‘Both auto-
and allopolyploidy are common driving forces of
evolution in Aspleniaceae .. .in the well-known
Holarctic fern flora, Asplenium consists of about
53% (ancestral) diploids, 24% autopolyploids, 20%
allopolyploids, and 3% apogamous taxa. Polyploidy
is at least equally common in the tropical taxa, but
their status and ancestry remain largely unex-
plored.” In their analysis, Van den Heede et al.
(2003) examined the phylogenetic relationships of
20 taxa from the Asplenium subgenus, Ceterach.
Most germane to the present discussion, their
results supported the existence of numerous
allopolyploid (and autopolyploid) lineages.
Furthermore, they found concordance between
geographic region and subclades within Ceterach.
Specifically, they detected species complexes in

particular geographic regions consisting of
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diploid, autopolyploid, and allopolyploid taxa. It
is clear that for Asplenium, subgenus Ceterach, retic-
ulate evolution has generated a large proportion of
its evolutionary diversity.

Old World Asplenium taxa are not the only clades
that reflect evolutionary diversification via genetic
exchange. One of the classical examples of reticu-
late evolution within Asplenium involves the New
World species located in the Appalachian
Mountains of North America. Wagner (1954) and
Werth et al. (1985) used morphological, cytological,
and allozyme data to define a complex of three
diploid progenitors (Asplenium  platyneuron,
Asplenium montanum, and Asplenium rhizophyllum),
three allopolyploid derivatives (Asplenium ebenoides
(A. platyneuron X A. rhizophyllum), Asplenium pin-
natifidum (A. montanum X A. rhizophyllum) and
Asplenium bradleyi (A. montanum X A. platyneuron))
plus several other sterile, hybrid taxa (Figure 7.1).
Though the diploid taxa are differentiated morpho-
logically and allozymically (Wagner 1954; Werth
et al. 1985), the allopolyploid taxa overlap morpho-
logically with (and show combinations of the
allozymes characteristic for) their various progeni-
tor species. Like the Old World Asplenium com-
plexes, the Appalachian species demonstrate the
effects of multiple reticulate evolutionary events.

A second example of the effects of genetic
exchange, and particularly allopolyploidy, on the
evolutionary diversification of fern species is seen
for the Polypodium vulgare complex. As with
Asplenium, numerous hybridization events have
resulted in a series of ancestral/diploid and deriva-
tive/allopolyploid taxa. Haufler et al. (1995a, b)
deciphered the web-like evolutionary history of
this group using both allozyme and cpDNA data.
These authors were able to use the nuclear (i.e.
allozyme) and cytoplasmic (i.e. cpDNA) data to
infer the parentage of the seven allopolyploid
species (Figure 7.2; Haufler et al. 1995a, b).
Furthermore, the discovery of both parental
cpDNA haplotypes in populations of the various
allopolyploids indicated reciprocal, and thus recur-
rent, formation of the polyploid lineages (Haufler
et al. 1995a). This latter process—multiple origins
for a single allopolyploid taxon—is commonly
found for many plant and animal polyploid com-
plexes (e.g. Hedrén 2003; Pongratz et al. 2003).



126 EVOLUTION THROUGH GENETIC EXCHANGE

=

=

iy

PN

;\

s
W/d .

/ s
P

Figure 7.1 Evolutionary derivation of hybrid populations and allopolyploid taxa of Appalachian Asplenium. The three diploid progenitors
are found at the corners of the triangle: R, A. rhizophyllum; P, A. platyneuron; M, A. montanum. The three fertile allopolyploid derivatives are
found along the major axes: PR, A. ebenoides; RM, A. pinnatifidum; PM, A. bradleyi. One of the sterile, allopolyploid taxa (RMM, A. trudellii) is
found along the axis with A. pinnatifidum. The other two sterile, allopolyploid taxa (PRM and RMPM, A. kentuckiense and A. gravesii,
respectively) are found within the triangle. Intersecting lines indicate the progenitors for the various fertile and sterile allopolyploids (from
Wagner 1954).
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Figure 7.2  Pattern of reticulate evolution for the P vulgare species complex. The diploid (2n) progenitors of allopolyploid (4n and 6n) taxa are
indicated at the bases of the various arrows. The allopolyploids are found at the tips of the intersecting arrowheads (from Haufler et al. 1995b).

7.2.2 Bryophytes

Byologists. . . have rarely accepted hybridization
among bryophyte species as anything more than an
ephemeral and evolutionary insignificant phenom-
enon . . . a kind of ‘evolutionary noise’.

(Natcheva and Cronberg 2004)

With this reflection, Natcheva and Cronberg
(2004) introduced a review of data allowing a test
of the importance of natural hybridization in the
evolutionary history of bryophyte clades. One
conclusion drawn by these authors was that
genetic exchange, in the form of both introgres-
sion and allopolyploidization, had played a
significant role in the evolutionary trajectories of
some bryophyte lineages. It is particularly signif-
icant that the earlier assumption of bryophyte
polyploidy having arisen from within evolu-
tionary lineages (i.e. autopolyploidy) is now
understood to have been incorrect (Natcheva and
Cronberg 2004). Instead, recent analyses involv-
ing the application of molecular methodologies
have demonstrated “. . . that allopolyploidy is the
rule rather than the exception, and is common in
both mosses and hepatics...” (i.e. liverworts;
Natcheva and Cronberg 2004).

Wyatt and his colleagues produced a classic
series of studies demonstrating that polyploidy in
bryophytes resulted from hybridization between
divergent evolutionary lineages (e.g. Wyatt et al. 1988,
1992). These investigations highlighted the resolv-
ing power of molecular data (in this case mainly
allozyme analyses) for deciphering (i) the mechan-
ism of polyploidy (allo- versus auto-), (ii) the pro-
genitors of the various allopolyploid taxa, and
(iii) whether specific allopolyploid taxa had been
derived from single or multiple hybridization
events. The moss genus examined by Wyatt et al.
(1988, 1992) was Plagiomnium and the taxon of
interest was Plagiomnium medium. Previous studies
had designated P. medium—the only polyploid of
the seven Plagiomnium species—to be of autopoly-
ploid derivation (Wyatt et al. 1988). In contrast to
these assumptions, Wyatt et al. (1988, 1992) found
fixed heterozygosity at a number of allozyme loci.
This fixed heterozygosity reflected combinations
of species-specific allelic variation found in the
two haploid species, Plagiomnium ellipticum and
Plagiomnium insigne. Thus the allozyme loci indi-
cated that P. medium, rather than deriving from
only one of these lineages, originated instead from
hybridization between the lineages (Wyatt et al. 1988,
1992). In addition, the genetic variation within this
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allopolyploid indicated that it had formed from
multiple hybridization events (Wyatt et al. 1988,
1992). Finally, using maternally inherited cpDNA
markers, Wyatt et al. (1988) were also able to infer
that P. insigne acted as the most common (or sole)
maternal parent in the crosses that originated
P. medium.

Another clade of mosses known to demonstrate
the effects of genetic exchange is that containing
the peatmosses (genus Sphagnum; Shaw et al. 2005).
For example, Shaw and Goffinet (2000) detected
incongruent phylogenetic placements of Sphagnum
mendocinum, Sphagnum cuculliforme, Sphagnum fal-
catulum, and Sphagnum ehyalinum in evolutionary
trees derived from nuclear and plastid DNA
sequences. This result supported the hypothesis
that these species had received the plastid and
nuclear genes from different species of Sphagnum
belonging to divergent sections. Their findings also
led to the general caution that ‘Future systematic
studies in the peatmosses cannot ignore possible
hybridization as a factor underlying ecological,
morphological, or molecular variation” (Shaw and
Goffinet 2000). This latter conclusion was made in
the context of Sphagnum taxa being ‘notoriously
difficult” to delineate at the species level (Shaw
and Goffinet 2000). Sastad et al. (2001) also
documented the effects of reticulate events involv-
ing species of peatmoss. In their analysis, they
detected the role of allopolyploid formation in
the origin of the narrow endemic, Sphagnum troen-
delagicum. The parental taxa in the allopolyploidy
event were inferred to be Sphagnum tenellum
and Sphagnum balticum (Sastad et al. 2001). As
already mentioned, recurrent formation of the
same allopolyploid taxon is the rule. Intriguingly,
though S. troendelagicum had an extremely restricted
distribution (only five known populations from
central Norway), it also possessed genetic varia-
tion indicating its origin through multiple bouts
of hybridization. Thus its restricted range was
not the result of a single hybridization episode
followed by limited geographic expansion (Sastad
et al. 2001).

The final example of WGD-mediated evolution
in bryophytes (and in non-flowering plants) involves
the liverwort genus Targionia. Boisselier-Dubayle
and Bischler (1999) defined the genetic variation in

the Targionia hypophylla—Targionia lorbeeriana species
complex. This species complex has a worldwide
distribution and contains both haploid and triploid
cytotypes. Boisselier-Dubayle and Bischler (1999)
focused their study on haploid and triploid
lineages from Europe and the Atlantic islands (i.e.
the Azores, the Canary Islands, and Madeira).
Interestingly, these authors argued for the involve-
ment of both autopolyploidy and allopolyploidy in
the derivation of the triploid lineages. Thus an
auto-duplicated genome was hypothesized to have
joined with a second, divergent genome through
hybridization (Boisselier-Dubayle and Bischler 1999).
This additional evolutionary step—the formation
of these lineages from an auto- and allopolyploid
event—did not deter recurrent formation of the
triploid lineage, as indicated by the separate origins
of the European-Atlantic and African-Australasian
polyploids (Boisselier-Dubayle and Bischler 1999).

7.3 Natural hybridization,
allopolyploidy, and evolutionary
diversification in flowering plants

7.3.1 Draba

Allopolyploidy has been recognized for decades as
a major evolutionary process in Angiosperms
(Stebbins 1947, 1950; Grant 1981; Soltis and Soltis
1993; Masterson 1994). Various estimates have led
to the conclusion that the majority of flowering
plants have polyploid ancestors somewhere in their
phylogenetic history. Since it is generally accepted
that allopolyploidy is the most common form of
WGD in angiosperms (Stebbins 1947), most species
of flowering plants can be said to have a hybridiza-
tion event somewhere in their evolutionary lineage.
Many of the cases of hybrid (i.e. allopolyploid)
lineage formation were ancient and predate the
diversification of specific clades.

In addition to instances of WGD that predate the
diversification of entire complexes, there are also
numerous examples of Angiosperm clades in which
allopolyploidization has been recurrent throughout
their evolutionary history, resulting in the deriva-
tion of multiple lineages (Soltis and Soltis 1993,
1995). One flora that is recognized as a resource for
studying the process of polyploidy in general, and



allopolyploidy in particular (Brochmann et al. 2004),
is that found in the Arctic. A component of this flora
that has been studied extensively—largely by
Brochmann and his colleagues—is the genus Draba
(Brochmann 1992, 1993; Brochmann ef al. 1992a—d,
1993; Widmer and Baltisberger 1999a, b; Scheen et al.
2002). This genus reflects well the conclusion that
the Arctic is “. . . one of the Earth’s most polyploid-
rich areas, in particular of high-level and recently
evolved polyploids’ (Brochmann et al. 2004). In a
study using experimental crosses and cytological
characters Brochmann et al. (1993) were able to
assign 101 population samples into 16 species and
three sections of Draba: sections Draba, Chrysodraba,
and Drabella. Of the 16 species, three were diploid
and 13 were allopolyploid derivatives demonstrat-
ing 4X, 6X, 8%, 10X, and 16X ploidy levels.

Additional analyses of Draba taxa have further
refined the extensive role that allopolyploidy has
played in the evolutionary diversification of this
genus. For example, Widmer and Baltisberger
(1999b) used nuclear ITS and cpDNA sequences in
a phylogenetic analysis of the tetraploid species,
Draba ladina, along with the putative diploid
parental species Draba aizoides, Draba dubia, and
Draba  tomentosa. The phylogenetic analyses
resolved the allopolyploid nature of D. ladina and
its progenitors. Thus D. ladina demonstrated the
ITS haplotypes of both D. aizoides and D. tomentosa
(Figure 7.3), but only a cpDNA haplotype charac-
teristic of the latter species (Figure 7.4). These
phylogenetic results indicated that D. aizoides and
D. tomentosa were the likely progenitors of this
allopolyploid taxon, and that D. tomentosa had
acted as the maternal (cpDNA-donor) species
(Widmer and Baltisberger (1999b). Interestingly, the
pattern of genetic variation in D. ladina also
resulted in the inference that it had arisen through
a single hybridization event. This species is thus
an exception to the rule that specific allopolyploids
are formed repeatedly. However, the pattern within
the genus Draba as a whole is for the recurrent
formation of individual allopolyploid taxa (e.g.
Brochmann et al. 1992b, c¢). Indeed, such recurrent
formations along with gene flow between taxa of
different ploidy groups may explain a portion of
the taxonomic complexity encountered within this
genus (Brochmann et al. 1992d).
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Figure 7.3  Phylogenetic hypothesis, based on nuclear TS rDNA
sequences, for the allotetraploid species D. ladina and its possible
diploid progenitors (D. aizoides, D. tomentosa, and D. dubia). These
results demonstrate that D. ladina has both haplotypes found in

D. aizoides and D. tomentosa, thus indicating their role in its formation.
Numbers above the lines indicate the number of base-pair
substitutions; numbers below the lines are bootstrap values (from
Widmer and Baltisberger 1999b).

7.3.2 Paeonia

The genus Paeonia is a classic model system for
understanding factors and processes associated
with genetic exchange, including both diploid-
and allopolyploid-level hybrid diversification. This
species complex has been developed into such a
model system through the accumulation of mor-
phological, cytogenetic, artificial hybridization,
and—most recently—molecular phylogenetic find-
ings (e.g. Stebbins 1938; Sang et al. 1995, 1997a-b,
2004; Sang and Zhang 1999; Ferguson and Sang
2001; Hong et al. 2001). In particular, it is now
understood that this genus is characterized by
reticulate evolution leading to new evolutionary
lineages. In some cases, the formation of the hybrid
lineages involved homoploidy. Interestingly, as
pointed out by Ferguson and Sang (2001), such
‘homoploid” diversification can involve hybridiza-
tion between individuals belonging to different
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Figure 7.4 Phylogenetic hypothesis derived from the cpDNA
haplotype diversity found in the allotetraploid species D. ladina and its
possible diploid progenitors (D. aizoides, D. tomentosa, and D. dubia).
The results indicate that the most likely maternal (i.e. cpDNA-
contributing) parent in the allopolyploid formation of D. ladina was

D. tomentosa. Numbers above the lines indicate the number of
base-pair substitutions; numbers below the lines are bootstrap values
(from Widmer and Baltisberger 1999b).

allopolyploid lineages resulting in new taxa with
the same number of chromosomes possessed by the
(allopolyploid) progenitors.

Although homoploid hybrid formation is fre-
quent in Paeonia, the most common means of origin
for hybrid lineages is through allopolyploidy
(Figure 7.5; Sang et al. 1997a, 2004). For example, of
the 25 species from the section Paeonia examined
phylogenetically, 19 were defined as "hybrid’ (i.e. six
diploid, 10 tetraploid, and three with both diploid
and tetraploid populations; Sang et al. 1997a). The
extensive allopolyploidization (as well as homoploid
lineage formation) has been inferred most strongly
using tests for (i) additivity of nuclear markers fixed
in various diploid lineages and (ii) discordance
between phylogenies constructed from cytoplasmic

|
ARI ¥ |

|
Hum [PPER H -
OFF

PAR - '
L TEN i
i :

H

1

BRT COR CAM
CLU MASH MASM
RHO MLO WIT

Figure 7.5 Nuclear ITS rDNA phylogeny for taxa of the plant genus
Paeonia. Each acronym reflects a separate taxon. Boxed taxa are
inferred to be of hybrid origin (EMO, BRT, CAM, RHO, and MLO

are diploid hybrids; PER, RUS, BAN, COR, MASH, MASM, and WIT are
allotetraploids; CLU contains both diploid and tetraploid lineages;

the ploidy of STE is unknown). The dashed lines lead to the hybrid
taxa from their presumed parents. Numbers above the lines indicate
the number of base-pair substitutions; numbers below the lines are
bootstrap values (from Sang et al. 1997a).

and nuclear markers. Thus Sang et al. (1995, 1997a)
and Sang and Zhang (1999) concluded that addi-
tivity for nuclear, ITS, and Adh loci was most parsi-
moniously interpreted as resulting from separate
contributions by progenitor species (Figure 7.5).
Furthermore, comparisons of phylogenetic inter-
pretations drawn from the uniparentally (i.e. mater-
nally) inherited cpDNA with those arrived at from
the biparentally inherited nuclear loci detected sig-
nificant discordances. The pattern of genetic addi-
tivity and the phylogenetic complexity were thus
used as indicators of web-like processes, resulting
in the taxonomic recognition of hybrid subspecies
or species (e.g. see Hong et al. 2001 and Sang et al.
2004).

The molecular marker data for Paeonia has also
been used to inform the discussion concerning the
process of polyploidy in general. In this case, Sang
et al. (2004) found evidence for the role of hybrid
lineage formation that could not be sharply defined
as being either auto- or allopolyploidy. Specifically,
Paeonia obovata had been termed an autopolyploid
derivative of the morphologically identical diploid
species of the same name. However, Sang et al.



(2004) found Adh variation in the tetraploids that did
not match with the geographically adjacent diploid
populations, indicating that the polyploid plants
were likely derivatives of crosses between divergent
diploid P. obovata lineages. Sang et al. (2004) con-
cluded that the origin of the P. obovata tetraploid
populations demonstrated intermediacy between
auto- and allopolyploidy. Such intermediacy
reflected the continuum of diploid>autopolyploid>
allopolyploid derivation of hybrid lineages. These
authors recognized the complexity of reticulate
patterns in Paeonia by arguing for the importance of
studying hybrid derivations “. . . along the continu-
ous range of genomic divergence.’

7.3.3  Glycine

The evolution (both organismic and molecular) and
systematics of the soybean genus Glycine has been
the focus of attention for multiple research groups.
Of particular importance for the current discussion
of WGD and the formation of hybrid taxa, analyses
of the subgenus Glycine (the sister clade to the
progenitor of the cultivated soybean and to the
cultivar itself) have shown that it consists of both
diploid and allopolyploid taxa (e.g. Doyle and Brown
1985; Doyle and Brown 1989; Doyle et al. 1990, 2000,
2002, 2003; Rauscher ef al. 2004). Furthermore, each
of the individual studies have contributed to the
general conclusion that the ... various polyploid
taxa known from the subgenus are all part of a
single large allopolyploid complex, linked by shared
diploid genomes’ (Figure 7.6; Doyle et al. 2004).
The evidence for the extensive, allopolyploidy-
mediated web relationships (Figure 7.6) in Glycine
subgenus Glycine comes from a diverse array of data
sets. An earlier analysis by Doyle and Brown (1985)
involved an examination of isozyme variation.
From these data they concluded that each of their
tetraploid samples was closely related to a maxi-
mum of two of the possible diploid progenitor
groups. More recent molecular marker studies—
consisting of cytoplasmic and nuclear loci—have
further defined the complex, but interrelated, con-
nections among the diploid and polyploid lineages.
In particular, the work of J] Doyle and his colleagues
has resulted in the inference of (i) multiple maternal
lineages in the founding of the allopolyploids
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Figure 7.6 The G. tomentella, G. tabacina, and G. hirticaulis
diploid/polyploid complexes. The dashed and dashed/dotted boxes
enclose the G. tomentella and G. tabacina complexes, respectively. The
G. hirticaulis complex is shown to the left of the G. tomentella box. The
letter/number designations within the G. tomentella complex are races.
Those not enclosed by a box are diploid; allopolyploid races are boxed.
Within the G. tabacina complex, the boxes indicate allopolyploid

taxa. Similarly, the diploid and allopolyploid G. hirticaulis complex races
are indicated by the absence or presence of boxes. Ovals surround
diploid taxa that possess the same diploid genome. Solid lines
connect allopolyploids with their diploid progenitors and arrows
indicate the cpDNA donor species (from Doyle et al. 2004).

(i.e. from cpDNA variation; Doyle et al. 1990), (ii)
multiple polyploid races within systematically rec-
ognized taxa (Doyle ef al. 2000), (iii) recurrent and,
in some cases, bi-directional formations of the same
allopolyploid taxon (Figure 7.7; Doyle et al 2002,
2003; Rauscher et al. 2004), (iv) concerted evolution
that affects ITS homoeologous loci (Rauscher et al.
2004), and (v) introgressive hybridization among
the diploid progenitors of the allopolyploid taxa
(Doyle et al. 2003). For example, the six allopoly-
ploid ‘races’ within the Glycine tomentella complex
demonstrate patterns of cpDNA and nuclear genetic
variation indicative of multiple, and relatively recent,
origins with subsequent introgression between
some races (Figures 7.6 and 7.7; Doyle et al. 2002,
2004). The recurrent nature of allopolyploid forma-
tion is well-illustrated by the T3 polyploid race. This
race was found to be polymorphic at the homoeolo-
gous histone H3-D loci. Since the diploid progeni-
tors possessed only a single H3-D locus, the finding
of three allele classes among members of the T3
race (for one of the homoeologous loci) indicated
a minimum of two separate origins (Figure 7.7;
Doyle et al. 2002).

Significantly, the reticulate evolution detected in
G. tomentella is not unique. Thus, the results from
studies of this diploid/polyploid complex reflect
a similar web-like pattern found in the sister
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Figure 7.7  Network of histone H3-D alleles present in the diploid
(bold numbers) races and the 73 allopolyploid race of G. tomentella.
The finding of multiple allelic forms for this one homoeologous locus
(D5A) indicates a minimum of two separate formations for the 73
polyploid (from Doyle et al. 2002).

complex, Glycine tabacina—with which G. tomentella
shares a diploid genome (Figure 7.7; Doyle et al.
2004). As with Draba and Paeonia, Glycine highlights
the pervasive effect of genetic exchange, and partic-
ularly allopolyploidization, on the evolution of a
plant species complex.

7.3.4 Spartina

Evolutionary studies of Spartina have identified this
genus as a paradigm for understanding the funda-
mentally important effects from hybridization,
introgression, and allopolyploidy. In particular, this
genus is typified by the formation of natural hybrids
that have been the basis for the origin of numerous
allopolyploid lineages (Thompson 1991; Thompson
et al. 1991a—c; Ferris et al. 1997; Baumel et al. 2001,
2002, 2003; Ainouche et al. 2003). The genus is
largely New World (13 taxa), with only a few forms
native to Western Europe (four taxa; Baumel et al.
2002). Within the genus there are two anciently
diverged clades (as defined by DNA sequences;
Baumel et al. 2002)—clade I contains three hexaploid
species, Spartina foliosa, Spartina alterniflora, and

Ancestral hexaploid
(21 = 60)

| S. maritima | | S. alterniflora | | S. foliosa |
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Figure 7.8 Introgressive hybridization and allopolyploidy in the
hexaploid lineage of Spartina. Each of the events is due to the
introductions (into Europe and the west coast of North America) of
the eastern, North American species S. alterniflora. Arrows indicate
hybridization between the taxa. The unfilled arrows indicate the
maternal genome donors in the various hybridization events (from
Ainouche et al. 2003).

Spartina maritima, with one tetraploid species, Spartina
argentinensis, basal to the hexaploids; Clade II
contains only tetraploid taxa. Overlain onto this
cladogenetic patterning are the phylogenetic
signatures of introgression and allopolyploidiza-
tion (Figure 7.8; Ainouche et al. 2003). For example,
introgressive hybridization is extensive in areas
of California where the invading S. alterniflora
(a North American east-coast species) is forming
hybrid swarms with the native S. foliosa (Ainouche
et al. 2003). In addition, molecular data collected
for progenitor and derivative taxa demonstrate
(i) additivity for nuclear genes and (ii) discordance
between the nuclear and cpDNA phylogenies for
recently formed hybrid diploid and allopolyploid
taxa. The discordance, as with other such examples,
results from the hybrid taxa containing multiple
nuclear lineages, but only a single cpDNA lineage
deriving from one of the parents (Ferris ef al. 1997;
Baumel et al. 2001).

The effects of genetic exchange among Spartina
taxa are also well exemplified by the clade that
includes the invasive allopolyploid Spartina anglica.
It is now understood that S. anglica arose through
hybridization between S. alterniflora and S. maritima
(Figure 7.8; Thompson 1991). The hybridization



was a consequence of the introduction of S. alterni-
flora from North America into the United Kingdom
in the early part of the nineteenth century. The
first step in the formation of S. anglica was the
origin of the sterile, F, hybrid, Spartina X townsendii
(Figure 7.8; Thompson 1991). A similar, but inde-
pendently formed, F, hybrid between these species
(Spartina X neyrautii) is known from southwest
France (Figure 7.8; Baumel et al. 2003). Both of these
sterile F, hybrids have the cpDNA haplotype of
S. alterniflora, indicating that this species was the
maternal parent in the origin of these F, lineages
(Ferris et al. 1997; Baumel et al. 2003). The final stage
in the formation of S. anglica involved chromosome
doubling in S. X townsendii. This event restored
fertility and also resulted in a highly fit allopoly-
ploid that was able to invade large areas of aquatic
habitat (Thompson 1991). Interestingly, this WGD
event was not followed by significant genomic
changes (Ainouche et al. 2003).

In each of the above examples of allopolyploidy
in plants, the process of bringing genomes together
has led to further evolution. This has included not
only the formation of multiple, polyploid lineages,
but also introgression between diploids and poly-
ploids and between the allopolyploid lineages as
well. This additional genetic exchange has, in many
cases, resulted in further evolutionary change and
lineage formation. In the next section I will extend
the discussion of WGD-mediated diversification to
animal taxa.

7.4 Natural hybridization,
allopolyploidy, and evolutionary
diversification in animals

7.4.1 Parthenogenesis

Parthenogenesis is reproduction ‘. . . in which the
female’s nuclear genome is transmitted intact to
the egg, which then develops into an offspring
genetically identical to the mother . .." (Figure 7.9;
Avise et al. 1992). Importantly, allopolyploidy
leading to animal lineages that reproduce by
parthenogenesis (or other modes of asexual or
sexual reproduction; see below) shares important
similarities with allopolyploidy in microorgan-
isms and plants. For example, as is the rule in
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Figure 7.9 Schematic illustration indicating three mechanisms of
all-female reproduction in animals. AB indicates the female's
genotype. For gynogenesis and hybridogenesis, the BB genotype is
that belonging to a male. In gynogenetic reproduction, a sperm is
required to stimulate egg development. During each generation of
hybridogenetic reproduction, the paternal chromosomes (indicated by
B) are lost (indicated by the egg containing only the A genome), but
then replaced again through fertilization with a related sexual species
(from Avise et al. 1992).

other clades, allopolyploid animal lineages are
formed repeatedly (Theisen et al. 1995; Adams
et al. 2003).

In the context of this book, I will focus on cases in
which the parthenogenetic mode of reproduction is
a consequence of hybridization. In this regard,
Kearney (2005) has argued that hybridization may
be the reason parthenogenetic organisms are often
successful in colonizing new /available habitats like
those produced by glacial cycling during the late
Pleistocene era. Furthermore, in the current section,
I will limit my focus to include only those examples
in which hybridization and WGD events form
the basis of the parthenogenetic lineages. Placing
examples of hybridization-associated parthenogen-
esis into polyploid or diploid categories does not,
however, reflect the total complexity for all of the
groups discussed. I will thus use as one of my
examples triploid, parthenogenetic species of whip-
tail lizards (genus Cnemidophorus) that have been
formed through hybridization. Yet this genus also
contains hybrid, parthenogenetic lineages that pos-
sess a diploid chromosome number (Dessauer and
Cole 1989). Examples of the formation of lineages
containing diploid, hybrid parthenogens will be
discussed in detail in section 7.5.2.



134 EVOLUTION THROUGH GENETIC EXCHANGE

Heteronotia binoei

The Australian gecko species complex—placed
under the scientific name of Heteronotia binoei—
represents a classic example of hybridization—
polyploidy—parthenogenesis. Beginning with the
work of Moritz et al. and more recently Kearney
and his colleagues, this diploid—polyploid com-
plex has been dissected in terms of the mode of ori-
gins, evolutionary and ecological history, molecular
evolution, and the relative fitness of the sexual and
parthenogenetic lineages (e.g. Moritz 1983, 1991;
Moritz et al. 1989a; Hillis et al. 1991; Kearney 2003;
Kearney and Shine 2004a, b; Strasburg and Kearney
2005).

Like so many allopolyploid (and diploid; e.g. see
Webb et al. 1978; Honeycutt and Wilkinson 1989)
parthenogenetic forms, triploid Heteronotia par-
thenogens had recurrent origins (Moritz 1983, 1991;
Moritz et al. 1989a). The parthenogenetic Heteronotia
originated from reciprocal crosses between two of
three diploid, sexual races (Figure 7.10; Moritz 1983),
with backcrossing between the initial, diploid
parthenogenetic form and the sexual diploids lead-
ing to the formation of the triploid populations
(Figure 7.10; Strasburg and Kearney 2005).
Furthermore, it has been postulated that gradual
aridification and, more recently, cyclical arid and
mesic periods, altered the geographic ranges of the
CAG6 and SM6 sexual races (Strasburg and Kearney
2005). The triploid lineages overlap with both of
their progenitors and with a third sexual, diploid
race (Figure 7.11). Findings indicate that this latter
race was not involved in the hybridization/
parthenogenetic events (Strasburg and Kearney
2005). The putative backcrosses (Figure 7.10) were
suggested to explain not only the triploid,
parthenogen formation, but also the high level of
nuclear-marker polymorphism demonstrated by
the parthenogenetic lineages (Moritz 1983; Moritz
et al. 1989a).

The parthenogenetic H. binoei occur in the arid
region of the Australian continent. Indeed, Kearney
(2003) has suggested that the observation of numer-
ous parthenogenetic animal and plant forms in the
arid region of Australia is suggestive of a cause-and-
effect relationship. Thus the parthenogens may be
favored due to the uncertainty of finding mates in
the harsh environments. However, Kearney (2003)
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Figure 7.10 Reciprocal formations of the H. binoei triploid,
parthenogenetic races (a) 3N1 and (b) 3N2. Backcrossing (indicated
at the bottom of each panel) between putative diploid, hybrid
parthenogens produced multiple types of clones (A and BC) within
3N1 and 3N2 (from Strasburg and Kearney 2005).

argued that this was not a sufficient explanation for
the correlated patterns of aridity/parthenogenesis.
He also argued that hybridization and polyploidy
per se could give at least a short-term advantage
to parthenogens through the bringing together of
variation from two divergent evolutionary lineages.
Consistent with this hypothesis, various analyses
of fitness components detected higher, lower, and
equivalent estimates for parthenogenetic H. binoei
relative to their diploid progenitors (Kearney and
Shine 2004a, b; Kearney et al. 2005).
Parthenogenetic H. binoei also exemplify post-
WGD molecular evolutionary processes. In this
regard, Hillis et al. (1991) documented the role of
concerted evolution in the structuring of DNA
variation among the ribosomal genes of the par-
thenogenetic lineages. Specifically, their analyses
demonstrated the concerted replacement of the
CA6 rDNA variants by allelic forms of the SM6
parent; these data were consistent with biased
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Figure 7.11  The geographic distribution of sexual (SM6, CA6, EA6) and parthenogenetic (3N1 and 3N2) lineages within the H. binoei complex.
The arid zone of Australia is indicated by dark grey shading in the inset (from Strasburg and Kearney 2005).

gene-conversion-mediated molecular evolution
(Hillis et al. 1991). Thus not only did the initial
hybridization events—followed by rounds of back-
crossing (Figure 7.10)—bring together highly
divergent genomes, they also set off molecular
mechanisms that affected the genetic variation
found in the present-day parthenogenetic lineages.

Daphnia

Hebert and his co-workers have analyzed the
cladoceran genus Daphnia extensively with regard
to the evolutionary trajectory of its species com-
plexes. Though not true for every Daphnia species
complex (Taylor ef al. 1998), in general this genus
exemplifies the important effects from genetic
exchange. In this regard, Taylor et al. (1998) stated,
‘Past genetic studies on Daphnia biogeography
have focused on syngameons such as the longispina,
pulex, and carinata complexes. In these groups,
there is incomplete reproductive isolation, resulting
in regionally dominant hybrid clones and intro-
gression’ (Figure 7.12; Weider et al. 1999). Some of
these hybridization events are also seen as the trig-
ger for the origin of many of the parthenogenetic
Daphnia lineages. Specifically, hybridization and
allopolyploidy have led to the formation of numer-
ous taxa that demonstrate either cyclic or obligate

parthenogenesis (Lynch 1984; Crease et al. 1989). For
example, within the Daphnia pulex complex, all
polyploid lineages are allopolyploid and partheno-
genetic (Colbourne et al. 1998).

The D. pulex complex reflects the diversity of
evolutionary phenomena detected within Daphnia
as a whole. In particular, as stated above, genetic
exchange is linked to WGD and parthenogenesis.
The hybridization events have occurred repeatedly,
resulting in the recurrent origin of various hybrid
parthenogenetic lineages (Dufresne and Hebert 1994,
1997). The D. pulex species complex contains both
diploid, parthenogenetic (often originating from
within a single sexual species; Hebert and Finston
2001) and diploid, sexual species (Adamowicz et al.
2002). In North America and Europe, members of
this species complex show a complex pattern of
geographic distributions with (i) a preponderance
of polyploids in the high Arctic, (ii) both diploid
and polyploid lineages found in the low Arctic, and
(iii) only diploids occurring in temperate regions
(Adamowicz ef al. 2002).

Natural selection favoring allopolyploids has
been suggested as a partial explanation for their
high frequency in the Arctic environments (Beaton
and Hebert 1988). Similarly, diploids are viewed
as having a competitive advantage—relative to
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Figure 7.12 The frequency of introgressive hybridization between
members of the D. pulex groups, pulicaria (P) and tenebrosa (T). The
filled portions of each diagram reflect the proportion of parthenogenetic
clones in a certain region that possessed the mtDNA of the tenebrosa
lineage (T), but the nuclear (nuc), genetic markers of the pulicaria
lineage (P). Shaded portions of each diagram reflect the reciprocal
pattern of mtDNA and nuclear variation. Sample sizes are indicated
next to each diagram (from Weider et al. 1999).

closely related allopolyploid taxa—in more tem-
perate environments (Adamowicz et al. 2002). The
combination of these opposing forces could have
established a selective gradient leading to the clinal
variation in the frequency of diploid/polyploid
populations seen in North America and Europe.
However, there is no apparent clinal distribution
for the diploid and polyploid parthenogens (and
sexual species) in the southern hemisphere.
Specifically, Adamowicz et al. (2002) detected only
allopolyploid, asexual lineages in samples from
‘temperate or cool temperate’ regions of Argentina.
It was argued that the presence of the allopoly-
ploids in atypical (i.e. temperate) environments
and the absence of diploid D. pulex could be the
result of the allopolyploids being ‘fortunate
founders” (Adamowicz ef al. 2002, 2004). The asex-
ual allopolyploids were hypothesized to have
originated, and become established, in the absence
of their diploid, sexual progenitors (Adamowicz
et al. 2002).

Cnemidophorus

The genus Cnemidophorus is another well-studied
group of animals that demonstrates the effects of
hybridization and WGD on the evolutionary diver-
sification of parthenogenetic lineages. Also known
as whiptail lizards, this genus is replete with
unisexual taxa. To quote Densmore et al. (1989b):
‘The lizard genus Cnemidophorus consists of about
50 species, one-third of which are unisexual and
consist exclusively of parthenogenetically reproduc-
ing females’. However, as mentioned above, not all
of the unisexual taxa reflect WGD-mediated
hybridization. For example, of the 20 species exam-
ined by Dessauer and Cole (1989), eight were listed
as reproducing only through parthenogenesis,
while one was found to have both bisexual and
unisexual populations. Of these nine species, two
had only diploid asexual populations, six had only
triploid unisexual forms, and one (Cnemidophorus
tesselatus) had both diploid and triploid partheno-
genetic lineages.

C. tesselatus exemplifies well the evolutionary
complexity possible in clades containing unisexual
forms. In particular, this species illustrates how
taxa thought to reproduce only asexually may
also be involved in the production of additional
parthenogenetic lineages during occasional bouts
of sexual reproduction with bi-sexual forms. The
diploid, unisexual C. tesselatus populations were
derived from hybridization between the bi-sexual
species Cnemidophorus tigris and Cnemidophorus
septemvittatus (Parker and Selander 1976). The
triploid, parthenogenetic C. tesselatus were subse-
quently derived from hybridization between diploid
parthenogens of this species and a third bi-sexual
species, Cnemidophorus sexlineatus (Parker and
Selander 1976). Not only does this ‘asexual species'—
C. tesselatus—illustrate the formation of both
diploid and polyploid parthenogenetic lineages
through hybridization, it also indicates the perme-
ability of the boundary between asexual and sexual
reproduction in some parthenogenetic forms (see
also Tinti and Scali 1996 and Scali et al. 2003 for a
similar example from the stick insect genus Bacillus).

The large number of detailed studies of
Cnemidophorus has allowed additional conclusions
concerning the evolutionary steps leading to the
origin of the various parthenogenetic lineages.
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Figure 7.13  Evolutionary relationships among sexually and asexually reproducing species of whiptail lizards of the genus Cnemidophorus. The
relationships were inferred using mtDNA restriction-site data. The crosses that produced the parthenogens are indicated with intersecting lines
that run from each of the two bi-sexual parents and terminate to the left of the unisexual taxa. Underlining indicates the sexual species that acted

as the maternal parent in each cross (from Moritz et al. 1992).

Studies of mtDNA not only provided estimates of
the age of origin (see above) of unisexual taxa; they
also led to the discovery that different unisexual
taxa often shared a maternal ancestor. For example,
in the case of nine C. sexlineatus-group partheno-
genetic species, it was determined that the most
likely maternal progenitor was Cnemidophorus inor-
natus (Densmore et al. 1989a). Specifically, the nine
unisexual species were probably derived from
crosses involving female C. inornatus belonging to
the subspecies arizonae (Densmore et al. 1989a).
Another inference made possible by the collection
of mtDNA sequence data, and the application of
phylogenetic methodologies to these data, con-
cerned the evolutionary distance of the bi-sexual
progenitors. In this regard, Moritz et al. (1992)
detected apparent ‘phylogenetic constraints’ on the
hybridization events that could give rise to asexual
taxa (Figure 7.13). Moritz et al. (1992) analyzed
diploid, rather than polyploid, parthenogens.
However, the diploids act as the intermediate step
to WGD events (e.g. see Dessauer and Cole 1989)
resulting in the allopolyploid unisexuals. Thus any
phylogenetic constraints on the origin of diploid,
asexual taxa reflect constraints on the polyploids

as well. Specifically Moritz et al. (1992) found that,
‘... the combination of bi-sexual species that have
resulted in parthenogenetic lineages are generally
distantly related or genetically divergent. This . . . is
consistent with the hypothesis that some minimal
level of divergence is necessary to stimulate
parthenogenetic reproduction in hybrids” (Moritz
et al. 1992; Figure 7.13). Finally, the whiptail lizard
clade reflects phenomena likely common to most
asexually reproducing animal lineages. Some
parthenogens are formed recurrently (Parker and
1976; Densmore et al. 1989b) and
parthenogenetic taxa are of apparent recent origin
(Brown and Wright 1979; Densmore et al. 1989a;
Moritz et al. 1989Db).

Selander

7.4.2 Gynogenesis

The gynogenetic mode of reproduction (like hybri-
dogenesis) can be considered an intermediate
form of reproduction—containing some of the
characteristics of both asexual and sexual repro-
duction (Schlupp 2005). Unlike parthenogenesis,

’

for gynogenetic reproduction ‘...sperm from a

related bi-sexual species is required to stimulate
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egg development’ (Figure 7.9; Avise et al. 1992).
This requirement means that the gynogenetic form
must have a "host” bi-sexual species with which it
can interact reproductively. Without this host, the
gynogen should become extinct (but see section
7.5.2 for an exception). Although lineages charac-
terized by this form of reproduction might be less
likely to persist than parthenogenetic taxa (due
to the added requirement of the co-habitation of
the gynogenetic and bi-sexual species) there are
numerous excellent examples of evolutionary
diversification in animals via hybridization—
WGD—gynogenesis.

Poecilia formosa

Poecilia formosa (known previously as Mollienisia
formosa) was the first vertebrate species to be
described as possessing unisexual reproduction
(Hubbs and Hubbs 1932). The title of the landmark
paper recording this finding, ‘Apparent partheno-
genesis in nature, in a form of fish of hybrid origin’
(Hubbs and Hubbs 1932), also reflects the process
of hybridization-mediated formation of an evolu-
tionary lineage. Hubbs and Hubbs (1932) defined
the morphology of P. formosa as being ‘exactly inter-
mediate’—reflecting its hybrid origin—between
the presumed parents (i.e. Mollienisia latipinna and
Mollienisia sphenops, now Poecilia latipinna and
Poecilia sphenops; Hubbs and Hubbs 1932). Though
P. formosa is indeed unisexual, ‘parthenogenesis’
is more accurately replaced by ‘gynogenesis’ in
describing its mode of reproduction. Indeed, Hubbs
and Hubbs (1932) gave an excellent description
of the expected association of a gynogen and its
bi-sexual progenitors in their observation, "Where
this hybrid form exists in nature solely as females,
it occurs with only one of the parent species; never
with neither.

Subsequent to the original description in Poecilia,
various analyses have addressed hypotheses con-
cerning (i) the progenitor species involved in pro-
ducing the gynogens, (ii) the number of genes
involved in affecting the switch to a unisexual
lifestyle, and (iii) whether the formation of triploid
gynogenetic lineages was a single event or a series
of recurrent events (Turner et al. 1980; Avise et al.
1991; Lampert et al. 2005). As for the question of

parentage, it is now accepted that P. latipinna was
the most likely male parent in the cross that resulted
in the gynogen, P. formosa (Turner et al. 1980; Avise
et al. 1991). However, it is also now well accepted
that instead of P. sphenops, Poecilia mexicana, a close
relative of P. sphenops, acted as the maternal parent
in the origin of the gynogenetic species (Turner et al.
1980; Avise et al. 1991). In regard to point (ii), Turner
et al. (1980) argued that their failure to recreate
the gynogen through experimental crosses of the
progenitors might be best explained by the control
of gynogenesis by a few genes that were polymor-
phic in the populations of the progenitors. Their
failure was hypothesized to have resulted from the
use of populations for their crosses that did not
possess the correct genotypes at these few loci.
Consistent with the conclusion of Turner et al. (1980),
Lampert et al. (2005) argued for a single origin
of the triploid, gynogenetic clones of P. formosa
(Figure 7.14). Thus, unlike the majority of other
unisexual lineages of animals, Lampert et al. (2005)
argued for a lack of recurrent formation of this
asexual form (Figure 7.14). However, similar to most
other asexual animals this hypothesized single
origin was inferred to be recent (Lampert ef al. 2005).

Figure 7.14  Phylogenetic analysis of gynogenetic P formosa clones
(asexuals) and sexual P formosa samples (sexuals) using microsatellite
data. The two triploid, gynogenetic clones are YYY and ZZZ (indicated
by the small, dashed ellipse within the asexual assemblage). The
remaining asexual lineages are diploid gynogens (from Lampert et al.
2005).



Cobitis

The European spined loaches—genus Cobitis—are a
freshwater fish group that was originally thought
to be a single species (Cobitis taenia) containing
many subspecies (Bohlen and Rab 2001). However,
within the past decade they have come to be
recognized as a species complex containing not
only several sexual species, but also numerous
unisexual, gynogenetic forms as well (Bohlen and
Rab 2001). Consistent with previous (and follow-
ing) examples of unisexual animals, asexual Cobitis
can be either diploid or polyploid (i.e. triploid;
Janko et al. 2003). The triploid gynogenetic taxa
apparently derived from “. .. the incorporation of a
haploid sperm genome into unreduced ova pro-
duced by diploid hybrids” (Janko et al. 2003).

The unisexual Cobitis taxa have been shown to
have arisen from hybridizations between (i) Cobitis
elongatoides and C. taenia, (ii) C. elongatoides and
Cobitis tanaitica, and (iii) C. elongatoides and an
unnamed species (C. sp.; Janko et al. 2003, 2005).
The various gynogenetic lineages have arisen
recurrently through repeated hybridization events
between the sexual forms (Janko et al. 2003). Within
each hybridization complex, the directionality of
crosses has apparently varied. mtDNA analyses
indicated that C. elongatoides acted as the sole
maternal progenitor for unisexual lineages stem-
ming from its pairings with C. tanaitica (Janko et al.
2003). In contrast, gynogenetic forms originating
between C. elongatoides and C. taenia indicated the
occurrence of reciprocal crosses (Janko et al. 2003).
It has been inferred that the recent hybridization
events leading to the numerous unisexual taxa
resulted from the expansion of the sexual species
from various Pleistocene refugia (Janko et al. 2005).
Subsequent to their formation, the clonal lineages
spread into the ranges of the parental taxa (Janko
et al. 2005). However, there is also evidence that, in
addition to the recently formed gynogenetic taxa
(Janko et al. 2003, 2005), a few ancient clonal line-
ages survived in some of the same refuges occupied
by their parents (Janko et al. 2005). Once again, the
data for Cobitis indicate that hybridization and
polyploidy can result in evolutionary diversifica-
tion through the formation of numerous asexual
forms.
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7.4.3 Sexually reproducing, allopolyploid
animals

Numerous hypotheses have been posited that
address the question of why polyploidy is rela-
tively rare in animal taxa—relative to plants for
example. Stebbins (1950) suggested that the barrier
to establishment of WGD products in animals was
caused by a more easily perturbed developmental
system. More recently, Orr (1990) argued that
polyploidy in animals was relatively rare due to
‘... the difficulty of establishing a tetraploid line
in organisms with a genetically degenerate sex
chromosome: although polyploid speciation does
not necessarily disrupt sex determination in such
species, it does invariably disrupt the balance of X
chromosome relative to autosomal gene product
normally maintained by dosage compensation.’
Notwithstanding the potential barriers to the
formation of new, sexually reproducing lineages
of animals, there is compelling evidence that
polyploidy—and specifically allopolyploidy—has
indeed played a significant role in the evolution of
the animal clade. First, as discussed in Chapter 6,
WGD events may be causal for the radiation of the
entire vertebrate clade (Spring 1997; Furlong and
Holland 2002; Donoghue and Purnell 2005) and for
subclades (such as fish; Le Comber and Smith 2004)
within vertebrates. Regardless of the controversy
over whether such events cause the diversification
of entire clades, the WGD events themselves are
accepted as well substantiated. Second, recent WGD
events leading to sexually reproducing animal taxa
have also been detected. Thus polyploidization
within lineages of animals has occurred from the
earliest divergence of vertebrates through to recent
radiations. In this section, I will focus on the latter
category of WGD events that have led to the origin
of bi-sexual (as opposed to asexual) lineages of
animals. In particular, I will discuss vertebrate
systems, since they reflect those lineages thought
to be most susceptible to the problems caused by
polyploidization, and thus the least likely to be
involved in this process (Stebbins 1950; Orr 1990).

Octodontidae
Gallardo and his colleagues have produced a series
of data sets consistent with the hypothesis that
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allopolyploidy events have taken place within the
South American hystricognath rodents of the family
Octodontidae (Gallardo et al. 1999, 2003, 2004;
Gallardo and Kirsch 2001; Honeycutt et al. 2003).
The first species for which they inferred WGD
was the desert-adapted Tympanoctomys barrerae
(Figure 7.15). Cytogenetic and DNA content analy-
ses discovered the largest chromosome number
(102) and a genome size (16.8 pg) twice that of
T. barrerae’s closest living relatives (Octodontomys
gliroides and Octomys mimax possess genome sizes
of 8.2 and 7.6 pg; Gallardo et al. 1999). Indeed, the
ancestral chromosome number (2n = 46-56) and
genome size (8.2 pg) for the entire superfamily to
which T. barrerae belongs suggests a ‘quantum shift’
(Gallardo et al. 2003) in the lineage leading to this
species (Honeycutt et al. 2003). In addition, cell sizes
(including sperm) were significantly larger in this
species relative to its sister taxa (Gallardo et al. 1999,
2003). Finally, estimates of gene copy number—for
loci that are single copy in diploid organisms—also
indicated a WGD event in the origin of T. barrerae
(Gallardo et al. 2004). All of these data sets were
consistent with T. barrerae possessing a polyploid
(i.e. tetraploid) genome. Analyses of meiotic pair-
ing allowed the further inference that this species
was most likely an allopolyploid derivative. In
particular, 51 bivalents were present in the meiotic
cells of this 4n =102 species. Such diploid-like

Aconaemys porteri (58)
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98 Octodon bridgesi (56)
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Octomys mimax (56)

Abrocomidae

Figure 7.15 Phylogenetic hypothesis for species of the rodent
family Octodontidae based on mtDNA sequence data. Bootstrap
values are given above the lineages near the appropriate nodes.
Chromosome numbers are indicated in parentheses. Gray lines
indicate the desert-adapted taxa (from Gallardo et al. 2004).

pairing is expected from a hybrid-derived, polyploid
species given that the chromosomes from each
progenitor species pair with only their own species’
chromosomes.

Gallardo et al. (2004) have recently inferred that a
second species from this clade also originated
from allopolyploidy (Figure 7.15). Specifically, they
found that Pipanacoctomys aureus possessed (i) 92
chromosomes, (ii) gene duplication, (iii) 46 biva-
lents in meiotic cells, (iv) significantly larger sperm
cell dimensions (relative to diploid sister taxa), and
(v) a genome size that is twice as large as the
inferred ancestral genome size for hystricognath
rodents (Gallardo et al. 2004). Phylogenetic recon-
structions support the conclusion of a close
evolutionary relationship between T. barrerae and
P. aureus (Figure 7.15). Furthermore, Gallardo et al.
(2004) concluded that, for P. aureus, ‘Apparently,
two ancestral lineages allied to O. mimax (but dif-
fering in chromosome number between them) may
have donated its 92-chromosome complement.’
Thus two of the sexually reproducing, desert-
adapted species in this clade reflect evolutionary
diversification by allopolyploidization.

Xenopus and Silurana

Members of the African clawed frog genera
Xenopus and Silurana reflect the pervasive effects of
genetic exchange. In particular, species from these
genera demonstrate the role of WGD through
allopolyploidization. These two genera are sister
clades within the family Pipidae and subfamily
Xenopodinae (De Sa and Hillis 1990; Evans ef al.
2004). Phylogeographic and molecular clock analy-
ses have suggested that extant Silurana and Xenopus
taxa originated some 64 million YBP in the central
and/or eastern portions of equatorial Africa (Evans
et al. 2004).

The role of WGD in the evolution of the African
clawed frogs is first indicated by the numbers of
chromosomes possessed by the various species of
Silurana and Xenopus. Specifically, Silurana contains
species with either 20 or 40 chromosomes reflecting
diploidy and tetraploidy, respectively (Evans et al.
2005). There are no known diploid Xenopus taxa;
rather there are 10 tetraploid (4n = 36), five octo-
ploid (8n = 72), and two dodecaploid (12n = 108)
species (Evans et al. 2005). Additional evidence of



the polyploid constituency of these species is
reflected by the increasing series of DNA contents
in the various chromosomal forms (Kobel and Du
Pasquier 1986).

Several lines of evidence supported the hypo-
thesis that WGD within Xenopus and Silurana was
the result of allopolyploidization. First, compara-
tive phylogenetic analyses suggested the frequent
occurrence of hybridization events in the evolution
of these species complexes. As discussed previously,
phylogenetic discordance is one possible signature
of past reticulations. Within Xenopus and Silurana,
phylogenetic discordance has been detected in
comparisons of phylogenetic inferences drawn
from either multiple molecular data sets or mole-
cular versus morphological data (e.g. Carr et al. 1987;
Evans et al. 2005). Second, there is evidence that
both natural and experimental hybrids can produce
polyploid gametes (Kobel and Du Pasquier 1986).
Third, there are several instances of natural
hybridization between various species of Xenopus
(e.g. Evans et al. 1997; W.]. Fischer et al. 2000).

All of the available data sets point to a funda-
mentally important role for genetic exchange in the
evolution of the clawed frogs. Inferences from
phylogenetic analyses, and associated simulations,
supported the occurrence of one origin of allote-
traploids in both Xenopus and Silurana (Evans et al.
2005). In contrast, estimates for the number of
origins of the Xenopus octoploids and dodecaploids
were five and two, respectively (Evans et al. 2005).
Thus the Xenopus/Silurana clade reflects numerous
instances of natural hybridization-mediated, evolu-
tionary diversification.

7.5 Natural hybridization, homoploidy,
and evolutionary diversification

Homoploid hybrid diversification has been most
widely discussed in reference to bi-sexual plant taxa
(see reviews by Grant 1981; Abbott 1992; Arnold
1997; Rieseberg 1997). One of the best-explored
cases of such plant lineage formation is that involv-
ing the annual sunflowers. I have already detailed
the earlier research findings of Heiser and the
more recent ones of Rieseberg and his colleagues
in Chapters 4 and 5. Thus I will not repeat the
discussion of their many and varied findings in the
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present chapter; rather I direct the reader to those
two earlier chapters for reviews of the Helianthus
work. Although sexually reproducing plants domi-
nate the examples of hybrid lineages that possess
the same, or nearly the same, chromosome number
as their parents, similar processes have also been
identified in a handful of animal clades (e.g.
DeMarais et al. 1992; Franck et al. 2000; Tosi et al.
2003; Schwarz et al. 2005; Taylor et al. 2005). Many
additional hypotheses of homoploid diversification
in animals are made possible by a recognition that
the numerous instances of ‘introgressive hybridiza-
tion” between animal lineages lead to similar genetic
and phylogenetic signatures as those seen in ‘homo-
ploid taxa’ (e.g. DeMarais et al. 1992; Dowling and
DeMarais 1993). Furthermore, as mentioned above,
I have chosen to highlight the origin of hybrid,
unisexual—but diploid—animal lineages under the
heading of homoploidy as well. In this case, I will
discuss examples of the origin of both diploid
parthenogenetic and hybridogenetic lineages result-
ing from hybridization between bi-sexual relatives.

7.5.1 Evolution by homoploid hybrid lineage
formation in plants

Machaeranthera

The taxonomy of the genus Machaeranthera has
had a checkered past, with much controversy sur-
rounding the placement of the genus in relation to
other genera, and the alignment of species within
the genus itself (e.g. Cronquist and Keck 1957;
Turner and Horne 1964; Morgan and Simpson
1992). One example of the controversy associated
with the evolutionary/phylogenetic associations of
Machaeranthera is reflected by the following quote
from a paper by Cronquist and Keck (1957), entitled
‘A reconstitution of the genus Machaeranthera”:
‘... we are convinced that both Machaeranthera and
Xylorhiza are more nearly related to Haploppapus
than to Aster, and that their inclusion in Aster tends
to destroy both the morphologic and the phylo-
genetic homogeneity of the genus [Aster].” Thus,
instead of Machaeranthera belonging within the genus
Aster, these authors held that it was deserving of its
own genus-level recognition. Furthermore, confusion
has also existed as to what species share the ancestor
of the Machaeranthera lineage. For example, Turner
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and Horne (1964) proposed that members of the
genus Psilactis were part of the radiation of the
Machaeranthera clade.

Recent molecular systematic investigations by
Morgan and his colleagues initially added to the
confusion concerning the evolutionary history of
Machaeranthera. In particular, Morgan and Simpson
(1992) found conflicts between their cpDNA-derived
phylogenies and taxonomic conclusions based on
morphological characters. These authors gave two
explanations for the disagreement among the data
sets—(i) variable rates of evolutionary change
for the morphological characters or (ii) cpDNA
introgression among the species examined (Morgan
and Simpson 1992). Several subsequent studies,
utilizing a combination of cpDNA and nuclear
rDNA sequences, have led to a clearer resolution of
evolutionary relationships within Machaeranthera,
and most importantly for the present discussion,
resolved a fundamentally important role for
homoploid hybrid diversification (Morgan 1993,
1997, 2003). Figure 7.16 (Morgan 2003) reflects a
hypothesized evolutionary/phylogenetic scenario
to explain discordances, particularly between phy-
logenies derived from either nuclear or cpDNA
data sets. Specifically, Morgan (2003) proposed
that there were a minimum of seven homoploid
diversification events resulting in hybrid deriva-
tives assigned to the genera Machaeranthera,
Pyrrocoma, or Oonopsis (Figure 7.16). Aside from the
phylogenetic discordance for different data sets,
the hypothesis of extensive reticulate evolution
within this clade is also supported by the observa-
tion that members of this genus readily form both
natural and experimental hybrids (Morgan 1997).
The occurrence of homoploid hybrid lineage for-
mation in Machaeranthera has thus been a pervasive
force in shaping the evolutionary trajectory of this
clade.

Pinus densata

Occupying habitats on the Tibetan plateau and
southwestern China, Pinus densata belongs to the
Asian Pinus species complex, several members of
which are thought to have arisen via hybridization
(see references cited by Wang et al. 2001). In
particular, the genetic exchange between Pinus
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Figure 7.16  Phylogenetic hypothesis reflecting seven reticulate
events leading to taxa of the plant genera Machaeranthera, Pyrrocoma,
and Oonopsis. The phylogeny was constructed by (i) identifying and
aligning species in evolutionary relationships supported by both cpDNA
and nuclear DNA sequences, (i) identifying and aligning species in
evolutionary relationships supported by one data set that do not
conflict with the other data set, and (jii) placing two lineages on the
phylogenetic framework for those species for which there was a
conflict and then joining the two lineages to indicate the homoploid
events (from Morgan 2003).

tabuliformis (sometimes listed as Pinus tabulaeformis)
and Pinus yunnanensis has been inferred in the
origin of P. densata. Morphological analyses of
P. densata have detected intermediacy between this
species and its putative parents (Wang and Szmidt
1994). Furthermore, the observation that P. densata,
P. tabuliformis, and P. yunnanensis each possess
24 chromosomes led to the inference of homoploid
hybrid lineage formation (Wang and Szmidt 1994).

Although morphological data suggested the
hybrid origin of P. densata (along with other Asian
pine species), molecular marker data sets provided
the increased resolution needed to test this
hypothesis rigorously. These data have come from
analyses of both cytoplasmic (cpDNA and mtDNA)
and nuclear (allozymes and rDNA) components.
In pines, mtDNA is maternally inherited, while



cpDNA demonstrates paternal transmission (e.g.
Neale and Sederoff 1989). Song et al. (2002, 2003)
detected multiple mtDNA and cpDNA cytotypes in
P. densata that were combinations of variants found
in P. tabuliformis and P. yunnanensis. The cytoplasmic
marker data were thus consistent with P. densata’s
designation as a homoploid, hybrid species formed
by hybridization between P. tabuliformis and
P. yunnanensis (Song et al. 2002, 2003). Nuclear-
marker analyses also supported this conclusion.
Specifically, allozyme and rDNA (i.e. 55 and
18 5-5.8 S-25S) variation demonstrated additivity
in P. densata for alternate markers found in the two
putative parents (Wang et al. 2001; Liu et al. 2003a, b).
In addition to revealing homoploid hybrid speci-
ation, the molecular markers also suggested added
complexity in the evolutionary history of P. densata.
For example, both nuclear and cytoplasmic data
indicated that different P. densata populations have
evolved independently from one another. This is
reflected by the varying genetic constitution of pop-
ulations from different geographic regions (Wang
et al. 2001; Song et al. 2002, 2003). Furthermore, the
paternal and maternal markers indicated that P. tab-
uliformis and P. yunnanensis had acted as both father
and mother in the origin of the P. densata lineage
(Song et al. 2003). Finally, a unique cpDNA haplo-
type (i.e. not found in P. tabuliformis and P. yunna-
nensis) was detected in the hybrid taxon (Wang and
Szmidt 1994; Song et al. 2003). This variant could
reflect a mutation unique to the P. densata lineage.
However, Wang and Szmidt (1994) concluded that
the presence of the three haplotypes in P. densata
instead reflected the contributions of not only P. tab-
uliformis and P. yunnanensis to the evolution of the
homoploid hybrid, but a third species as well.

Scaevola

Although a majority of the species belonging to the
plant genus Scaevola occur on the Australian conti-
nent, nearly one-third have resulted from radiations
into the Pacific Basin (see Gillett 1966 and Howarth
et al. 2003 for discussions). Analyses of species dis-
tributions and morphological and molecular varia-
tion have led to the conclusion that the adaptive
radiation of the Hawaiian Scaevola clade was accom-
plished through three separate dispersal events from
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Australia (Gillett 1966, Howarth et al. 2003). Of
importance here, the Hawaiian archipelago radiation
is thought also to have been an adaptive radiation
that included introgressive hybridization and
homoploid hybrid lineage derivation (Gillett 1966;
Howarth and Baum 2002, 2005).

To test the hypothesis of homoploid hybrid
formation, Howarth and Baum (2005) examined
sequence variation for the ITS rDNA, floricaula/leafy,
nitrate reductase, and glyceraldehyde-3-phosphate
dehydrogenase loci. For the latter three genes, intron
sequences were collected. For five of the seven
species of Hawaiian Scaevola included in their study
(Scaevola coriacea, Scaevola gaudichaudii, Scaevola mollis,
Scaevola gaudichaudiana, and Scaevola chamissoniana),
Howarth and Baum (2005) found concordant phy-
logenetic signals (Figure 7.17). In contrast, when
sequence data for Scaevola procera and Scaevola
kilaueae were included in the analysis, significant
phylogenetic discordance was detected (Figure 7.17).
It was concluded that the non-concordance was
due to reticulate events between two different pairs
of Scaevola species resulting in the two homoploid
hybrid species (Figure 7.17; Howarth and Baum
2005). These findings led Howarth and Baum (2005)
to a conclusion similar to that of Seehausen (2004);
they argued that homoploid hybrid speciation
might be an important contributor to adaptive
radiations, particularly on islands like those of
the Hawaiian chain.

S. coriacea

S. gaudichaudii

S. procera

S. mollis

S. gaudichaudiana
S. chamissoniana

S. kilaueae

Figure 7.17  Phylogenetic hypothesis for seven species of
Hawaiian Scaevola. Reticulate events that gave rise to S. procera and
S. kilaueae are indicated by intersecting lines drawn from their
respective progenitors (from Howarth and Baum 2005).
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7.5.2 Evolution by homoploid hybrid lineage
formation in animals—parthenogenetic and
hybridogenetic taxa

Warramaba

An extensive series of studies by White and his
colleagues defined the reproductive biology, popu-
lation genetics, and evolutionary origins of the
parthenogenetic Australian grasshopper, Warramaba
virgo (e.g. White et al. 1963, 1977, 1980, 1982; Webb
et al. 1978; White 1980; Dennis et al. 1981; White and
Contreras 1982; Honeycutt and Wilkinson 1989).
In terms of its reproductive biology, White (1980)
defined the species as having ‘. . . a form of automic-
tic parthenogenesis in which a premeiotic doubling
of the karyotype in the oocyte . .. is followed by a
synapsis which is restricted to sister chromosomes.”’
He concluded further that this mode of reproduc-
tion ‘. . . automatically ensures that all the offspring
of a given female are genetically identical to one
another and to their mother. No genetic recombina-
tion occurs, the chiasmata being without genetic
consequences, since they are formed between
chromosomes that are molecular copies of one
another ...

Though W. virgo does indeed reproduce par-
thenogenetically, White’s (1980) conclusions con-
cerning a lack of genetic variation produced by
recombination were modified substantially due to a
subsequent study of allozyme variation (Honeycutt
and Wilkinson 1989). The pattern of allozyme
variation in the parthenogenetic lineage reflected
significant bouts of recombination-generated varia-
tion (Honeycutt and Wilkinson 1989). Furthermore,
as with asexual, allopolyploid lineages, cytogenetic
and genetic variation in populations of this diploid
parthenogen indicated its recurrent formation by
hybridization between its bi-sexual progenitors
(White et al. 1977, Webb et al. 1978; Dennis et al.
1981). The allozyme analysis by Honeycutt and
Wilkinson (1989) also provided the greatest resolu-
tion for deciphering the origin and post-formation
evolution of W. virgo. These data supported the
following conclusions: (i) W. virgo consisted of many
clonal lineages resulting from numerous hybridiza-
tion events between the sexual forms known as
P196 and P169; (ii) on the basis of its clonal diver-
sity and geographically extensive distribution,

W. virgo appeared to be very fit relative to its
diploid progenitors; and (iii) new variation had
arisen since the formation of this parthenogen,
indicative of it being a genetically dynamic lineage
(Honeycutt and Wilkinson 1989).

Rana esculenta

As illustrated by Figure 7.9, ‘Hybridogenetic
species possess a hybrid genome: half is clonally
inherited (hemiclonal reproduction) while the other
half is obtained each generation by sexual repro-
duction with a parental species’ (Semlitsch et al.
1996). Such is the case for the hybridogenetic taxon
Rana esculenta. This species had (and continues to
have) repeated origins through natural hybridiza-
tion between Rana lessonae and Rana ridibunda
(Hellriegel and Reyer 2000). However, the simple
definition for hybridogenesis does not encompass
the complexity, or reflect the dynamic nature, of
this instance of genetic exchange. There are three
types of breeding system contained within the
category R. esculenta, as reflected by LE (lessonae
esculenta), RE (ridibunda esculenta) and all-hybrid
populations (Figure 7.18; Christiansen et al. 2005).
The categories of lessonae esculenta and ridibunda
esculenta indicated population types in which
lessonae or ridibunda acted as the sexual donor,
respectively. In contrast, the all-hybrid system
reflected those populations in which neither of
the progenitors (for the hybridization event that
gave rise to R. esculenta) is present (Figure 7.18;
Christiansen et al. 2005). Finally, there are a number
of LE populations into which R. ridibunda have
been introduced. In these cases, this latter species
has replaced—due to asymmetric success of dif-
ferent genotypes—both the gynogen and R. lessonae
(Vorburger and Reyer 2003).

Given the widely varying breeding systems
present in R. esculenta, it is perhaps not surprising
that a diverse array of additional evolutionary
processes has also been detected. First, Semlitsch
and others have produced a wealth of experimental
data indicating environmentally mediated, fluctu-
ating fitness estimates for R. esculenta, R. ridibunda,
and R. lessonae (Semlitsch and Reyer 1992;
Semlitsch 1993a, b; Semlitsch et al. 1997; Plénet et al.
2000, 2005). It is thus likely that R. esculenta exhibits
lower or higher fitness in nature—relative to its



Figure 7.18 Geographic distribution of R. esculenta. The portion of
the range map covered with dark gray shading indicates regions
where this hybridogenetic species does not co-occur with either of its
two progenitors (R. ridibunda and R. lessonae). The hatching indicates
regions where R. esculenta occurs with its progenitors. The locations of
three Danish all-hybrid populations (Alsenderup, Eng, and
Knudshoved Odde) from which reproductive data were collected are
also indicated (from Christiansen et al. 2005).

progenitors—depending on the ecological setting
of its populations. In addition to the varying
patterns of fitness for the hybrid and its parents,
there is also evidence that the hybridogens acted as
a source for (i) the formation of sexually produced,
diploid or polyploid progeny and (ii) gene flow
between the parental taxa (Hotz et al. 1992; Schmeller
et al. 2005; Christiansen et al. 2005). For example,
Christiansen et al. (2005) found that some all-hybrid
populations of R. esculenta produced viable diploid
and triploid progeny arrays similar in proportions
to those found in the adult animals. Christiansen
et al. (2005) inferred that this population was likely
to be a long-term, stable, and independently repro-
ducing unit. Like other ‘asexual’ lineages, the past
and present evolutionary pathway of R. esculenta
reflects a multi-branching route.

7.5.3 Evolution by homoploid hybrid lineage
formation in animals—sexually reproducing
taxa

Rhagoletis
The North American Rhagoletis pomonella species
complex is a paradigm for studies of sympatric
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diversification due to host shifts. The development
of this tephritid fruitfly group as a model evolu-
tionary system began in earnest with the work
of Bush (1966). His landmark studies revealed
patterns of morphological and genetic variation
indicative of organismic divergence through the
accumulation of genetic variation, thus allowing
individuals to exploit a new habitat—in this case a
new ‘host” that served as food source and mating
site. In Bush'’s (1966) words, the findings suggested
‘... that some members of certain groups of sibling
species may have evolved sympatrically as a result
of minor alterations in genes associated with host
plant selection.’

Since the foundational work by Bush, numer-
ous genetical, behavioral, and ecological analyses
have confirmed his original hypothesis—that the
R. pomonella group contained lineages that diverged
in sympatry (e.g. Feder et al. 1997, 2003; Filchak
et al. 1999, 2000; Linn et al. 2003, 2004; Dambroski
et al. 2005). Specifically, the various Rhagoletis
host races have apparently diverged due to the
presence of genetic variation allowing selection for
differential utilization of diverse host species
(Filchak et al. 2000). In addition, recent findings by
Schwarz et al. (2005) have documented an instance
of apparent homoploid hybrid speciation associ-
ated with a shift to a novel host. Schwarz et al.
(2005) discovered flies of the R. pomonella species
complex on introduced, and invasive, honeysuckle
(genus Lonicera). This plant complex consists of both
parental species and introgressed forms introduced
to North America from Asia. The intriguing finding
made by these workers was that the Rhagoletis
infesting this parental/hybrid complex were
themselves hybrids (Figure 7.19). Thus the so-called
Lonicera fly samples consisted of individuals pos-
sessing an admixture of mtDNA and nuclear
(allozyme and DNA sequence variation) markers
from Rhagoletis mendax and Rhagoletis zephyria
(Schwarz et al. 2005). Although it was possible that
the occurrence of these hybrid tephritid flies reflected
a dynamic hybrid zone (i.e. with ongoing formation
of new hybrids) between the two parental species,
this hypothesis was discounted by the lack of any
detectable F, Lonicera flies (Schwarz et al. 2005).
Furthermore, these authors argued that the shift to
the novel host by the hybrid tephritids would have
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R. mendax Lonicera fly R. zephyria
Sny. Cty SC  Munson | Munson SC
Nuclear
Mitochondrial

[ Unique to R. mendax [ Unique to R. zephyria

Il Unique to Lonicera fly [] Shared between parent taxa

Figure 7.19 Frequencies detected at nuclear and mtDNA loci for
the Lonicera fly (a hybrid Rhagoletis fly that occurs on the introduced—
and hybridizing—honeysuckle, genus Lonicera) and its putative
parents, R. mendax and R. zephyria. All collections came from central
Pennsylvania populations (from Schwarz et al. 2005).

acted as a reproductive barrier between the new
hybrid lineage and its progenitors. Schwarz et al.
(2005) also concluded that such homoploid hybrid
speciation is likely to be more common than previ-
ously thought in host—parasite systems. In particu-
lar, they suggested that the difficulty in detecting
hybrids between highly morphologically similar
lineages, coupled with the normal discounting of
hybrid speciation as an important evolutionary
process in animals, had contributed to the lack of
identification of other examples like the Lonicera fly.
To remedy this situation, Schwarz et al. (2005)
offered the following conceptual- and data-based
solution. First, "Hybridization should be considered
as a viable hypothesis for the origin of other host-
specific animals . . .” Given this change in mindset,
they predicted “. . . that future studies will discover
more populations with a Lonicera fly-like evolution-
ary history’ (Schwarz et al. 2005).

Macaca

The macaque primates are notable for having the
widest geographical range (portions of northern
Africa and over 20 Asian countries) of any non-
human primate (discussed in Evans et al. 1999 and
Tosi et al. 2003). They are also well known as a group
that has been impacted by reticulate evolution.
Thus a number of comparisons of molecular and

morphological data for species of Macaca have
detected non-concordance. Furthermore, Evans et al.
(1999) concluded that due to the likely effect of
differential nuclear versus mtDNA introgression
(i.e. resulting from male migration and female
philopatry), the discordance between morphologi-
cal and molecular phylogenies should not neces-
sarily be used to restructure species designations.
This conclusion reflected (i) the numerous instances
of introgression within the genus Macaca and
(ii) caution concerning the affect of this introgres-
sion on conservation-management decisions. In
fact, findings from various studies have indicated
the occurrence of introgression in at least 13 species
of Macaca (Hayasaka et al. 1996; Bynum et al. 1997;
Morales and Melnick 1998; Tosi et al. 2000, 2002,
2003; Evans et al. 2001, 2003; Bynum 2002).

From the above, it seems likely that genetic
exchange has been of major evolutionary import-
ance for species of macaques. However, for the
present discussion it is significant that at least
one example of homoploid hybrid lineage forma-
tion has also been hypothesized. This hypothesis
was tested most rigorously in a study that
reported patterns of molecular variation for loci
inherited maternally (i.e. mtDNA), paternally
(i.e. Y-chromosome sequences), or bi-parentally
(i.e. two autosomal intron sequences) in Macaca
species (Tosi et al. 2003). The sensitivity for detect-
ing episodes of reticulate evolution, derived from
using the three diverse marker systems, was not
lost on Tosi et al. (2003). Indeed, they concluded,
‘.. .episodes of reticulate evolution often go
undetected in analyses employing a single genetic
system’. Comparing the sequence data from these
differentially inherited loci, they detected non-
concordant phylogenies and paraphyly for
several species. In regard to the question of
homoploid hybrid formation, they inferred the
origin of the Macaca arctoides lineage from ancient
hybridization between members of the Macaca
sinica and Macaca fascicularis species complexes
(‘proto-Macaca assamensis/thibetana’; Tosi et al.
2003). They argued for a Pleistocene formation of
this homoploid hybrid, during the time period
when the Macaca species existed in forest refugia.
A homoploid hybrid origin would explain not
only the discordance between the different



genetic markers in M. arctoides, but also might
help to account for this species’” unique sexual
anatomy (Tosi et al. 2000).

Earlier in this chapter I argued that there was a
need to recognize that definitional constraints can
limit an appreciation for the number of organisms
for which web-of-life processes have impacted
evolutionary trajectories. Macaque lineages are
an excellent example of possible, definitional con-
straints. Although one hybrid lineage has been
given a taxonomic designation—thus falling within
the conceptual framework of a homoploid hybrid
species—other lineages identified as ‘introgressed’
have not. I am not arguing that all introgressed
lineages be awarded taxonomic recognition, but I
am suggesting that what is ‘introgression” to one
worker, or during one portion of a clade’s evolu-
tionary history, might be termed ‘homoploid hybrid
speciation” by another worker, or during another
time period of a clade’s existence. The importance
is to thus recognize that reticulate evolution has
been not only pervasive and creative in past and
present-day populations, but will also presumably
continue to be pervasive and creative in clades such
as Macaca.

7.6 Viral recombination, lateral
exchange, introgressive hybridization,
and evolutionary diversification in
microorganisms

As emphasized repeatedly, the modes of genetic
exchange that result in the web of life are diverse
and creative. However, if one was to rank the
evolutionary importance of each mode, it is likely
that, by many criteria—such as numbers of lineages
affected, biomass produced, impact on other
organisms, etc.—the processes of viral recombina-
tion and lateral exchange would far out-distance
introgressive hybridization. Thus no treatment of
genetic exchange-mediated evolutionary diversifi-
cation would be complete without a discussion of
the origin of novel lineages through these two
classes of genetic transfer. Indeed, the diversity of
examples of such exchange warrants a greater dis-
cussion than given here; that fact is the impetus
for the additional treatments scattered throughout
this book. However, genetic exchange-facilitated
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lineage formation in microorganisms includes not
only instances of viral recombination and lateral
transfer, but introgressive hybridization as well.
Thus in this section I will highlight three different
organismal categories—viruses (i.e. bacteriophages),
bacteria, and protozoa—to illustrate evolutionary
diversification that is affected alternately by the
three major classes of exchange. These groups do
not reflect the entire breadth of organisms that
diversify due, at least partially, to web processes.
However, they do represent a variety of extremely
divergent microorganisms that have been greatly
impacted by the origin of recombinant/hybrid
lineages.

7.6.1 Viral recombination, lateral exchange,
and the evolution of bacteriophages

Viral elements known as bacteriophages make
fundamentally important contributions to the evo-
lution of bacterial diversity. They form the basis for
bacteria to transduce the cells of their hosts, and act
as intermediates for the bacterial cells to acquire
new functions (Kwan et al. 2005). The potential for
such large effects on their bacterial hosts is at least
partially due to these organisms being the most
abundant of life forms (Wommack and Colwell
2000; Kwan et al. 2005).

From the above, it is apparent that bacteriophages
have a profound effect on the evolution of their
bacterial hosts (as facilitators of gene-transfer events).
However, viral recombination and horizontal trans-
fer affect the evolution of bacteriophages as well.
The dynamic nature of their evolution was first
indicated by the extremely labile nature of the
globally distributed bacteriophage lineages. For
example, when considered as a single “population’,
the replacement of the global bacteriophage pool
was estimated to occur every few weeks (Wilhelm
et al. 2002; Breitbart et al. 2004). However, decipher-
ing the role of various processes, including viral
recombination and lateral exchange, in the evolution
of these organisms requires specific information
on the genetic variability in bacteriophage lineages.
To accomplish this, Kwan et al. (2005) carried out an
analysis of the entire genomes of 27 bacteriophages
that infect Staphylococcus aureus. By comparing the
sequence information from these bacteriophages,
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Kwan et al. (2005) were able to detect extensive
genetic variation among the various lineages.
Furthermore, comparisons of the 27 genomes with
genomic sequences of other bacteriophages, with
S. aureus, and with the entire prokaryotic sequence
database, resolved the highly mosaic nature of
these genomes (Figure 7.20). Approximately 49, 24,
3, and 0.1% of the proteins of the 27 bacteriophages
showed homology to other S. aureus bacteriophages,
to unrelated bacteriophages, to S. aureus, and
to other bacterial hosts, respectively (Figure 7.20;
Kwan et al. 2005). However, 24% of the sequences
showed no significant match with any prokaryotic
sequences (Figure 7.20; Kwan et al. 2005). These
results reflect the extensive reshuffling of genetic
material during the evolutionary history of these
27 bacteriophages.

Kwan et al. (2005) also illustrated the extreme
mosaicism present among the S. aureus bacterio-
phage by comparing the DNA sequences of
two phages (G1 and K) in the region of the DNA-
replication module and by comparing phage 47
with other, highly similar S. aureus bacteriophages.
These analyses revealed (i) insertion/deletion events

S. aureus host (60) Other host (19)

Other phage
(516)

S. aureus phage

(1053)

Figure 7.20 Frequencies of homologies between the S. aureus
bacteriophage proteome to (i) other S. aureus bacteriophage (blue),

(ii) non-S. aureus phage (yellow), (iii) the S. aureus bacterium (green),
and (iv) other bacterial hosts (gray). The red portion of the diagram
indicates those S. aureus bacteriophage proteins that had no detectable
homologies to sequences found in the database. Numbers associated
with the various portions of the diagram indicate the number of proteins
in each category (from Kwan et al. 2005). See also Plate 5.

unique to either G1 or K, (ii) no homology of open
reading frames unique to either G1 or K to any
other bacterial or bacteriophage sequences, and (iii)
a patchwork of sequence cassettes in phage 47 that
show high similarities to different bacteriophage
lineages (Kwan et al. 2005). In summarizing their
findings, these authors concluded the following:
‘This large amount of mosaicism found among
phages supports the idea of large-scale genetic
exchange in prokaryotic viruses” (Kwan et al. 2005).
They also pointed out that this level of mosaicism,
and thus genetic exchange, was consistent with
previous findings from studies of genetic variation
among bacteriophage lineages (Briissow et al. 1998;
Juhala et al. 2000; Pedulla et al. 2003).

7.6.2 Lateral exchange and the evolution
of bacterial lineages

As with bacteriophages, prokaryotic taxa are
characterized by extensive, evolutionarily effective,
genetic exchange (see Zhaxybayeva et al. 2004; Beiko
et al. 2005; Gogarten and Townsend 2005; Simonson
et al. 2005; Serensen et al. 2005 and Chapter 1 for
discussions of this observation). It follows that
lateral exchange—mediated by processes such as
transduction, transformation, and conjugation—
will have led to the formation of new evolutionary
lineages. An example that illustrates this type of
diversification involves the origin and evolution of
S. aureus strains (the hosts for the bacteriophages
discussed in the previous section). Holden et al.
(2004a) presented a list of human diseases caused by
S. aureus—a species now thought to be endemic in a
large proportion of hospitals of the UK (Johnson
et al. 2001). The human diseases recorded by Holden
et al. (2004a) included, “. . . carbuncles and food poi-
soning, through more serious device and wound-
related infections, to life threatening conditions,
such as bacteremia, necrotizing pneumonia, and
endocarditis.” Of critical importance for under-
standing evolutionary processes and for deciding
upon treatment regimes, several new strains have
evolved through the development of resistances to
various antibiotics (Holden et al. 2004a).

To test for the factors that led to the evolu-
tion of antibiotic resistance, Holden et al. (2004a)



sequenced the genomes (approx. 2.8 Mbp in length
each) of methicillin-resistant (clone MRSA252) and
methicillin-sensitive (clone MSSA476) S. aureus
strains. The resistant bacterial lineage was identi-
fied as the strain causing 50% of the methicillin-
resistant S. aureus (MRSA) infections in the UK, and
is also one of the strains of most concern in the
USA. In addition to providing information for a
strain that is sensitive to methicillin, MSSA476 was
also selected because of its known potential to
cause serious invasive diseases, and because it is
also a major lineage of S. aureus within the UK
(Holden et al. 2004a).

Comparison of the MRSA252 and MSSA476
genomes revealed several aspects relating to the
evolution of these lineages (Holden et al. 2004a).
First, these strains shared a highly conserved core
sequence—a core shared with other S. aureus strains
as well. Indeed, high levels of similarity, detected
by multilocus sequence typing, were apparently
due to the presence of this core sequence in the var-
ious S. aureus lineages (Feil et al. 2003; Holden et al.
2004a). Second, the resistant strain is genetically
diverse relative to all other S. aureus strains.
Homologs of approximately 6% of its sequences
were undetectable in other S. aureus genomes
(Holden et al. 2004a). Third, there were radically
different distributions of genomic islands in the five
sequenced genomes. This finding led Holden et al.
(2004a) to conclude that genomic islands transfer
frequently among S. aureus lineages via mobile ele-
ment-mediated exchange. In further support of this
conclusion these authors noted, “.. . all but one of
the antibiotic-resistance determinants that account
for the antibiotic-resistance profile of MRSA252 are
encoded on mobile genetic elements.” Fourth, com-
parisons of the genomes of the methicillin-sensitive
MSSA476 to another, highly similar, but methi-
cillin-resistant, form known as MW2 revealed five
distinct genomic acquisition/loss events (Holden
et al. 2004a). Thus, lateral transfer-mediated evolu-
tion has been of profound importance in the origin
of new S. aureus lineages containing a range of
novel adaptations. Although reflective of higher fit-
ness in S. aureus, these new lineages—founded on
novel adaptations—lead to significant mortality in
our own species.
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7.6.3 Introgressive hybridization and the
evolution of the protozoan genus Trypanosoma

Trypanosoma cruzi is the causative agent of
Chagas’ disease (or American trypanosomiasis;
Gaunt ef al. 2003). The Centers for Disease Control
and Prevention (www.cdc.gov) estimate that
16-18 million people suffer from Chagas’ disease,
with approx. 50 000 deaths per year caused by
these infections. Significantly, data from analyses
of T. cruzi suggest the affect of genetic exchange
on the origin and evolution of this human
pathogen.

That T. cruzi is both genetically and pheno-
typically highly variable has been recognized for
some time (Machado and Ayala 2001). First,
allozyme analyses identified 43 isoenzyme classes
(Tibayrenc et al. 1986; Tibayrenc and Ayala 1988).
Second, studies of RAPD and rDNA variation
(Souto and Zingales 1993; Tibayrenc et al. 1993)
identified two evolutionary lineages (T. cruzi 1
and II; Machado and Ayala 2001). Third, variation
at an additional set of RAPD loci recognized T. cruzi
I and also supported the division of T. cruzi II
into five lineages (Brisse et al. 2000).

Machado and Ayala (2001) tested the hypothesis
that the genetic heterogeneity detected within
T. cruzi was due at least partially to introgressive
hybridization between the various lineages. Results
from analyses of both nuclear and mtDNA sequence
data supported this hypothesis. Machado and Ayala
(2001) thus concluded, ‘The results provide evid-
ence of hybridization between strains from two
divergent groups of T. cruzi, demonstrate mitochon-
drial introgression across distantly related lineages,
and reveal genetic exchange among closely related
strains’. Likewise, analyses of experimental T. cruzi
hybrids supported the hypothesis that T. cruzi
was capable of genetic exchange through natural
hybridization. Specifically, Gaunt et al. (2003) pro-
duced hybrid clones that possessed striking genetic
similarities to natural strains of this protozoan
species. Each of these findings suggested that intro-
gressive hybridization had played a fundamentally
important role in the origin and evolution of the
genetic and phenotypic variability (e.g. growth rate,
pathogenicity, infectivity, and drug susceptibility;
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Machado and Ayala 2001) within T. cruzi. It is
significant to note that genetic exchange has also
impacted the evolutionary trajectory of the related
species, Trypanosoma brucei (the causative agent
of African sleeping sickness). In the case of this
latter species, lateral exchange has contributed to
the variability of key genes and genetic regions
(Berriman et al. 2005; El-Sayed et al. 2005).

7.7 Summary and conclusions

As illustrated in this chapter, genetic exchange is
responsible for the origin of novel evolutionary
lineages. The preceding examples reflect the taxo-
nomic diversity of organisms that have originated
from web processes. However, it is equally

important to recognize that the diversity of processes
underlying the multiplication of lineages is also
great. From WGD, to host shifts, to the develop-
ment of resistances to antibiotics, the number of
identified classes of genetic exchange-mediated
lineage multiplication continues to increase. It is
also likely that as the number of in-depth analyses
of the genetic variation in organisms accrue, addi-
tional mechanisms leading to web-like processes
will be identified. However, regardless of whether
or not additional processes contributing to reticulate
evolution are detected, the pattern already identi-
fied in nature is indicative of a fundamentally
important role for the well-defined processes that
lead to genetic exchange. This is true for viral,
prokaryotic, and eukaryotic clades.



CHAPTER 8

Implications for endangered taxa

In fact, the present population may be better off as a result of acquisition of new genes because of
the multiple congenital difficulties that apparently emerged as a result of inbreeding . . .

(O’Brien and Mayr 1991)

Introduced species (or subspecies), however, can generate another kind of extinction, a genetic
extinction by hybridization and introgression with native flora and fauna.

(Rhymer and Simberloff 1996)

... hybridization between rarer and more numerous taxa potentially results in a genetic enrich-
ment of the endangered form. The rare form is aided by such interaction through elevated fitness,
the addition of genetic variability that facilitates habitat expansion, and the hybrid population act-
ing as a genetic reservoir for reconstituting the parental genotypes/phenotypes.

(Arnold 1997)

Here, the risk of extinction likely outweighs the risk or detriment of introgression, and this option
would protect those species most in danger even though they may also be most likely to

hybridize . ..

(McElroy et al. 1997)

This is a significant reduction in genetic differentiation, and represents a breakdown in species

integrity most likely due to hybridization.

8.1 Introgressive hybridization and the
conservation and restoration of
endangered taxa

The effects of genetic exchange (specifically intro-
gressive hybridization) on rare and endangered
taxa have been presented almost exclusively as
negative. This is understandable and logical given
the viewpoint that subspecies, species, etc. are
defined by of reproductive isolation,
genetic/ecological
reciprocal monophyly. Furthermore, it is impossible
to divorce a discussion of genetic exchange and

levels

cohesiveness, and/or strict

(Mank et al. 2004)

conservation from sociological/political realities. In
this regard, it is presumably easier to explain (to
those who allocate conservation funding) the need
to protect a biological form if that form is seen to be
highly distinct from all other related taxa. However,
if the web-of-life metaphor accurately typifies evo-
lutionary pattern and process, the assertion of a
uniformly detrimental outcome from introgression
on the genetic, ecological, and evolutionary trajec-
tory of endangered taxa needs to be re-examined
(Arnold 1997). Genetic exchange is part of the natu-
ral order of the biological world. Furthermore,
given enough time all lineages will have been
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affected by lateral transfer, viral recombination,
and/or introgressive hybridization. In some
regards then, introgressive hybridization between
rare and more common forms is merely another
example of what is occurring continuously through
evolutionary time. Yet with the whole-scale modifi-
cation of the biosphere by humans, genetic
exchange-mediated effects on taxa are likely to
become more pronounced and, in concert with the
loss of habitat, have affects on conservation efforts.

In this chapter I will focus on examples of intro-
gressive hybridization in plant and animal clades
as the mode of genetic exchange leading to conser-
vation opportunities and risks for evolutionary lin-
eages. However, microorganisms impacted by viral
recombination and lateral transfer also fit within
the conceptual framework of conservation biology.
For example, when influenza, bacteriophage, or
HIV lineages brought together in human (or
human-associated) populations change through
recombination with other strains, some forms may
become extinct. In addition, the disappearance and
origin of bacterial taxa through selection for recom-
binant progeny due to antibiotic application is con-
ceptually and biologically identical to any other
human-mediated perturbation that drives to extinc-
tion another component of nature.

Given the potential for both creative and destruc-
tive roles for introgression between rare and com-
mon taxa, topics and examples in this chapter will
be discussed in the context of both positive and neg-
ative effects from genetic exchange on the fate of
endangered flora and fauna. I must state that when
I use results from studies to discuss possible gains
for rare forms, I will almost always be drawing con-
clusions not arrived at by the authors of the particu-
lar references cited. For example, I will allude to the
possibility that introgression may enrich otherwise
genetically limited populations or, alternatively,
cause the extinction of the rare form by genetic
assimilation by a more numerous, related taxon.
The latter conclusion is a common theme in the con-
servation literature. The former is not. Likewise, I
will argue that if evolutionary diversification is
indeed a web-like process we should not use the
occurrence of genetic exchange alone to determine
either (i) a taxonomic unit for the hybridizing forms
or (ii) a value for their conservation.

8.2 Introgressive hybridization
involving endangered plant taxa

8.2.1 Eucalyptus

Eucalyptus benthamii
Individuals of the Camden white gum, Eucalyptus
benthamii, can be up to 40 m in height and live for
over 150 years (NSW National Parks and Wildlife
Service 2000). Though locally abundant, this
species is restricted to the alluvial margins of the
Nepean River (and tributaries of this river) south-
west of Sydney, Australia (Figure 8.1; Butcher ef al.
2005). Its distribution (i) within agriculturally
favorable regions (fertile alluvial zones) and (ii) at
low elevations in river bottoms has resulted in
losses due to agricultural clearing and through
flooding from dam projects (NSW National Parks
and Wildlife Service 2000; Butcher ef al. 2005).
There are two main populations of E. benthamii—
the Bents Basin consisting of approximately 300
individuals and the Kedumba Valley consisting of

Location

34°00'S

150°30’'E

Figure 8.1 Distribution of sampling sites (Kedumba, Wallacia,
Bents Basin, and Camden) and the geographical range (inset) of

E. benthamii. The filled circles indicate the sampling localities, while
the hatched areas reflect £. benthamii’s distribution prior to land
clearing for agricultural use (from Butcher et al. 2005).



approximately 6500 individuals (Figure 8.1, NSW
National Parks and Wildlife Service 2000; Butcher
et al. 2005). In addition, approx. 30 trees occur near
Camden and nine individuals exist near Wallacia,
New South Wales (Figure 8.1). Because of its
restricted distribution, and the presence of various
threats to its populations, this species has been
named a vulnerable species as defined by the New
South Wales Threatened Species Conservation Act
1995 (NSW National Parks and Wildlife Service
2000).

Butcher et al. (2005) concluded that limited
regeneration—resulting from competition with
non-native species and perturbed flooding and fire
cycles—was the major concern for the long-term
existence of E. benthamii. However, they also
hypothesized that introgressive hybridization with
related Eucalyptus species might negatively impact
the ability of E. benthamii to have sustainable popu-
lations. In particular, Butcher et al. (2005) postulated
that hybridization might be occurring with
Eucalyptus viminalis, a species found in the Camden
area and one known to hybridize with other species
of Eucalyptus (Griffin et al. 1988). Data providing a
test for the effects of hybridization in the E. ben-
thamii populations came from microsatellite and
morphological surveys of seedlings (Butcher et al.
2005). Both data sets indicated a large effect from
interspecific gene flow (via pollen) on the produc-
tion of progeny by E. benthamii. In particular,
seedling morphology and microsatellite variation
indicated that approximately 30 and 10% of the out-
crossed progeny in Wallacia and Camden, respec-
tively, were hybrids (Butcher et al. 2005).
Cumulative estimates of the frequency of hybrid
and selfed progeny (also not useable for regenera-
tion) resulted in the following conclusion by
Butcher et al. (2005): ‘“The high incidence of hybrid
and selfed progeny means that only 25% of the seed
collected from trees in the Wallacia population and
35% of the seed from Camden would be suitable for
revegetation.” Thus, introgression (and inbreeding)
is diminishing the chances for natural or artificial
regeneration of E. benthamii.

Eucalyptus cordata
As with E. benthamii, the future of the southeastern
Tasmanian rare endemic Eucalyptus cordata will
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likely include the disappearance of this species
from parts of its limited range (McKinnon et al.
2004). This species shows widely varying growth
forms depending upon the ecological setting; it
possesses a stunted, mallee shrub-habit in dry sites,
but demonstrates a tree phenotype at wetter loca-
tions (McKinnon et al. 2004). Both its fascinating
evolutionary history and the endangered nature of
this taxon are illustrated by the following quote: ‘Its
distribution, which falls within an area of 6000 km?,
coincides closely with a modeled former glacial
refuge (Kirkpatrick and Fowler 1998) and appears
to be relictual ... About 37 scattered populations
are known, most of which are sympatric with at
least one other species from the same section ...’
(McKinnon et al. 2004). In contrast to its close
genetic contact with other Eucalyptus species, most
of the E. cordata populations are thought to be
genetically isolated from one another (McKinnon
et al. 2004).

The above description indicates that, again like
the situation for E. benthamii, E. cordata may be in
danger of genetic assimilation by a more common
congener. However, unlike the research on E. ben-
thamii, the hypotheses of McKinnon et al. (2004)
reflected the potentially significant effects of intro-
gression from the rare form into a more common
gum tree species. These authors, using an
extremely fine-scaled phylogeographic approach,
tested the hypothesis that gene flow from E. cordata
into the more widespread species Eucalyptus globu-
lus had contributed significantly to the genetic con-
stitution of this latter species. McKinnon et al.
(2004) were also interested in testing the hypothesis
that exchange from a rare form to a common taxon
might affect conclusions drawn in phylogeographi-
cal analyses of the common form. In other words,
they wished to test for the confounding effects from
introgression from a rare species that had gone
extinct through genetic assimilation with the more
common lineage (McKinnon et al. 2004; Figure 8.2).

Both of the above hypotheses were suggested by
findings from analyses of cpDNA variation
(McKinnon et al. 2001) and phylogeographical struc-
ture (Jackson et al. 1999; Freeman et al. 2001). For
example, E. globulus populations from eastern
Tasmania possessed a high level of cpDNA variation,
including a haplotype not found in its mainland
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Figure 8.2 Chloroplast haplotype network for £. globulus. Connections between haplotypes indicate a single character-state change. Empty
circles (nodes) indicate missing haplotypes. Larger nodes indicate haplotypes detected in >10 populations. Those haplotypes shared with the rare

species, E. cordata, are shaded (from McKinnon et al. 2004).

Australian populations (Jackson et al. 1999). This hap-
lotype was, however, found in high frequency in the
rare endemics E. cordata and Eucalyptus morrisbyi
(Jackson et al. 1999). In addition, haplotype sharing
was detected among southeastern Tasmanian popu-
lations of other Eucalyptus species, but was absent in
populations of the same species in central and north-
ern portions of the state (McKinnon et al. 2001). From
these data, McKinnon et al. (2004) concluded that
introgression from the rare E. cordata into the more
common E. globulus had occurred (Figure 8.2). They
argued that such a scenario was likely due to the
demographic and reproductive biology attributes
associated with these two taxa. First, the less numer-
ous E. cordata plants were more likely to act as the
pollen recipients (maternal plants and thus cpDNA
donors) for any F, hybrids due to the much larger
E. globulus pollen pool. Second, McKinnon et al. (2004)
reviewed data from experimental crosses between
these species that demonstrated a trend for seed pro-
duction to occur when E. globulus and E. cordata acted
as the paternal and maternal parents, respectively.
The data gathered in prior analyses along with
the findings of McKinnon et al. (2004) (Figure 8.2)
also supported the hypothesis that phylogeograph-
ical inferences could be profoundly affected by past
introgression between the species of interest and
locally or globally extinct forms. Indeed, these

authors cautioned that the dynamic and interde-
pendent nature of climate change, taxa distribu-
tions, and introgressive hybridization posed “...a
major challenge for phylogeographic analysis’
(McKinnon et al. 2004). Yet, this conclusion also
reflects the evolutionarily creative aspect of intro-
gressive hybridization resulting in the genetic
enrichment of a widespread, and common, line-
age by one containing only a few individuals
(McKinnon et al. 2004).

8.2.2 Carpobrotus
Carpobrotus edulis and Carpobrotus chilensis

Increasing numbers of invasive plants threaten the
benefits we acquire from wildland ecosystems.

(D’ Antonio et al. 2004)

This statement, from a paper entitled ‘Invasive
plants in wildland ecosystems: merging the study
of invasion processes with management needs’,
hints at the negative impacts—in terms of human
utilization—from the introduction of non-native
plant species. For the present discussion, it is sig-
nificant that there are many potential examples of
introgression-mediated evolution of invasive taxa.
Indeed, Ellstrand and Schierenbeck (2000) and



Ellstrand (2003) discussed extensively the possibil-
ity that natural hybridization could be the causal
step in the evolution of invasiveness. These authors
did not claim to have detected the sole trigger for a
shift to an invasive life-history, but they did argue
that hybridization was . .. clearly an underappre-
ciated mechanism worthy of more consideration in
explaining the evolution of invasiveness in plants’
(Ellstrand and Schierenbeck 2000).

One possible example of the causal role for intro-
gressive hybridization in the evolution of invasive-
ness involves the non-native species of iceplant,
Carpobrotus  edulis, and its native congener,
Carpobrotus chilensis (Albert et al. 1997; Gallagher
et al. 1997; Vila and D’Antonio 1998a, b; Weber and
D’Antonio 1999). The invasive species reflects an
introduction from South Africa that is considered a
threat to numerous California native plant species
(see discussion by Albert et al. 1997). In contrast,
C. chilensis is a less aggressive California native (or
possibly a form naturalized to California several
hundred years ago) not considered of concern for
other native taxa (also discussed by Albert et al. 1997).

To test the hypothesis that introgression between
native and introduced lineages has resulted in the
evolution of invasiveness, it is first necessary to
document the occurrence of genetic exchange. For
the two Carpobrotus species, Albert et al. (1997) and
Gallagher et al. (1997) collected morphological and
allozyme data for a range of populations containing
the parental forms and putative natural hybrids.
Both data sets indicated the occurrence of intro-
gressive hybridization. The morphological data
indicated that the hybrids resembled the invasive
C. edulis more than they did the less-aggressive
growth form of C. chilensis. Likewise, allozyme
variation indicated asymmetric introgression of
C. chilensis alleles into C. edulis. From these findings
it was concluded that introgression had given rise
to a Carpobrotus hybrid swarm in California and
that incorporation of C. chilensis alleles by C. edulis
may have resulted in relatively fit hybrids capable
of invading C. chilensis habitats (Albert et al. 1997;
Gallagher et al. 1997). Vila and D’ Antonio (1998a, b)
and Weber and D’Antonio (1999) tested the latter
hypothesis by estimating environment-dependent
fitness for both parental taxa and their hybrids.
Overall, their findings supported the contention
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that introgressive hybridization had facilitated the
invasiveness of C. edulis. The introgressed C. edulis
individuals demonstrated (i) similar responses (rel-
ative to both parental species) to salinity and (ii)
higher fitness relative to C. chilensis, with regard to
resistance to mammalian herbivores, vegetative
growth, fruit preferences of native frugivores, and
seed survival after passage through the fugivores’
digestive systems (Vila and D’Antonio 1998a, b;
Weber and D’Antonio 1999). These results thus
indicated the potential for introgressive hybridiza-
tion between native and introduced forms to facili-
tate the evolution and spread of a highly invasive
taxon.

Carpobrotus edulis and Carpobrotus acinaciformis

Invasive species have become a growing global
concern . ..and are now regarded as the second-
most important threat to the maintenance of biodi-
versity, after the fragmentation and/or destruction
of habitats . . .

(Suehs et al. 2004a)

Like that of D" Antonio et al. (2004), the introduction
of Suehs et al. (2004a) heralds the danger of invasive
species to native flora (and fauna). Also, like the
work of D’Antonio and her colleagues, research by
Suehs et al. (2004a, b, 2005) involved analyses of
Carpobrotus species. However, this latter research
involved two species (C. edulis and Carpobrotus aci-
naciformis, also called Carpobrotus affine acinaci-
formis), both of which were invasive, found in the
Mediterranean Basin. Suehs et al. (2004a, b, 2005)
used a combination of morphological, allozyme,
and reproductive biology analyses to determine the
presence, genetic makeup, and relative fitness of
various Carpobrotus genotypes/phenotypes in
mainland and island (the Hyéres archipelago) habi-
tats in southeastern France.

The morphological and allozymic variation
detected in the populations of Carpobrotus on the
islands of the Hyeéres archipelago indicated the
presence of both C. edulis and C. acinaciformis
(Suehs et al. 2004a). In addition, a third genotypic
class was also identified. Possessing an admixture
of parental alleles and morphological characteris-
tics, the third category was concluded to reflect
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introgression from C. edulis into C. acinaciformis
(Suehs et al. 2004a). Due to the highly introgressed
nature of C. acinaciformis plants located in southeast-
ern France and nearby islands, Suehs et al. (2004b)
named these individuals C. affine acinaciformis.
Furthermore, Suehs et al. (2004a) postulated that the
potential for a hybridization-mediated increase
in invasiveness—particularly in the genetically
enriched, introgressed C. affine acinaciformis—was
great. Most significantly for the current topic, they
argued that C. affine acinaciformis was of specific con-
cern ’. . . because of its strong clonality, high hybrid
vigour, and potential for continued introgression
from C. edulis genes’ (Suehs et al. 2004b). Because of
the risk of the continued invasion by introgressed C.
affine acinaciformis, caused by its elevated fitness
resulting from its acquisition of C. edulis genes,
Suehs et al. (2004b) recommended a control strategy
that included the minimizing of sympatric associa-
tions between C. edulis and C. acinaciformis.

8.2.3 Taraxacum

The final example of interactions between invasive
and native plant congeners comes from the dande-
lion genus Taraxacum. In this case, it has been
hypothesized that hybridization of the native
alpine dandelion, Taraxacum ceratophorum, with the
introduced, invasive species Taraxacum officinale
might lead to genetic assimilation of the native
form (Brock 2004; Brock and Galen 2005; Brock et al.
2005). While fossils of the native form have indi-
cated its presence in North America for at least
100 000 years, T. officinale was introduced during
the initial stages of European settlement of the New
World (see discussion by Brock 2004).

That most species of Taraxacum reproduce asex-
ually via agamospermy (Brock 2004) indicates a
possible preadaptation for invasiveness; plants with
uniparental reproduction may be more likely to col-
onize and spread than would individuals requiring
a sexual partner. While agamospermy is associated
with polyploid Taraxacum species, sexual reproduc-
tion (and self-incompatibility) characterizes the
2n =16 diploid lineages (Richards 1970; Brock
2004). However, experimental crosses among some
apomictic (agamospermous), polyploid forms and

diploid individuals have resulted in hybrid pro-
geny (Richards 1970).

Brock and his colleagues used a series of analyses
of the mating system, ecophysiological responses,
and phenotypic plasticity demonstrated by T. cer-
atophorum, T. officinale, and their hybrids to predict
the likelihood of genetic swamping of the native
species by the introduced lineage (Brock 2004; Brock
and Galen 2005; Brock et al. 2005). The various data
sets suggested different conclusions concerning the
likelihood of such assimilation. First, the two
species were found to be widely sympatric and, in
some sympatric populations, were nearly identical
in their flowering phenologies and pollen vectors
(Brock 2004). Second, the diploid T. ceratophorum
was determined to be an obligate outcrossing
species and as the maternal parent in interspe-
cific, experimental crosses demonstrated a much-
reduced seed set (approx. 37%; Brock 2004). Third,
although not more phenotypically plastic than
T. ceratophorum (as predicted by some models for the
evolution of invasiveness), T. officinale was found to
possess characteristics that would increase its ability
to colonize both open and vegetated habitats (Brock
et al. 2005). Each of these observations indicated that
the initial requirements for introgression-driven
replacement of T. ceratophorum were met.

In contrast to the above results, several findings
reflected at least partial barriers for the evolutionary
sequence of hybridization—introgression—genetic
assimilation. Although seed set from the interspe-
cific crosses was approx. 37%, only one-third of the
seeds were found to be of hybrid origin, with the
remainder resulting from self-fertilization due to a
disruption of the self-incompatibility system of
T. ceratophorum (Brock 2004). Furthermore, studies
of ecophysiological traits suggested a higher fitness
for T. ceratophorum under drought conditions, rela-
tive to both T. officinale and their F, hybrids
(Figure 8.3; Brock and Galen 2005). Specifically,
individuals of the native species demonstrated
higher water-use efficiency, carbon assimilation,
and transpiration under arid conditions than did
the invasive taxon or F, hybrids (Figure 8.3). This
caused Brock and Galen (2005) to conclude the fol-
lowing: ‘Arid habitats and occasional drought in
mesic sites may provide native dandelions with
refugia from negative interactions with invasives.’
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Such negative interactions would include genetic
assimilation.

8.3 Introgressive hybridization
involving endangered animal taxa

8.3.1 Felidae

Florida panther
In considering why some plant species were more
widespread and numerous than others, Ledyard
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‘

Stebbins drew the following conclusion: “. .. most
common and widespread species are genetically
diverse, while rare and endemic ones contain rela-
tively little genetic variability . . . This homogeneity
reduces the number of ecological niches in which
rare species can compete successfully with other
species . ..” (Stebbins 1942). This led to the hypo-
thesis that hybridization between formerly isolated
populations of the same taxon, or between different
taxa, could lead to the acquisition of genetic vari-
ability by rare and endangered taxa (Stebbins 1942).
This infusion of genetic variability might increase
the likelihood of the rare taxon spreading into
novel habitats (Stebbins 1942).

In the case of one of the poster animals for con-
servation and recovery efforts, the Florida panther,
O’Brien et al. (1990) and O’Brien and Mayr (1991)
voiced a similar conclusion to that of Stebbins.
These authors highlighted the irony that this taxon
likely benefited from the “. .. genetic advantages of
introducing some additional genetic material into a
population suffering from inbreeding ... and yet
might be excluded from protection and restoration
due to the so-called Hybrid Policy (O'Brien and
Mayr 1991) of the Endangered Species Act 1973.
Specifically, O’Brien et al. (1990) detected—from an
examination of mtDNA variation among (i) Florida
panther individuals, (ii) individuals from seven
other North American subspecies, (iii) animals rep-
resenting three South American subspecies, and
(iv) animals from a captive breeding population—
evidence of introgressive hybridization. The pat-
tern of genetic variation indicated that the Florida
panther populations included two divergent
mtDNA lineages. One of the mtDNA haplotypes
was more closely related to that of South American
subspecies. This result was quite unexpected and
suggested that the rare, endemic population of
Florida panthers had recently undergone introgres-
sive hybridization (O’Brien et al. 1990). The origin
of the mtDNA introgression was concluded to have
come from captive breeding individuals that had
been released into the wild (O’Brien et al. 1990).
Consistent with this hypothesis was the detection
of an APRT-B allozyme allele that was in high fre-
quency in the Everglades pumas, the captive popu-
lation, and some South American samples, but not
in other North American samples (O’Brien et al.
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1990). Though problematic for the Florida pan-
ther’s conservation—given that hybrids might not
be afforded protection—the potential genetic
advantages included (i) a reduction of genetic
defects resulting from inbreeding and (i) an
increase in fitness of introgressants leading to
species evolution (O’Brien et al. 1990). Thus human-
mediated hybridization in the wild was viewed as
potentially beneficial for this rare and endangered
taxon. Indeed, an additional release of Puma indi-
viduals, this time involving animals from Texas,
was carried out in 1995.

For the Florida panther, introgressive hybridiza-
tion is viewed as a mechanism by which a rare form
could be enriched genetically as a partial means for
its recovery and evolution. However, it is also
important to note that more recent genetic analyses
(involving both mtDNA and nuclear sequences)
would suggest that the Florida panther is not, rela-
tive to other North American Puma populations, an
evolutionarily distinctive lineage (Culver et al.
2000). This latter observation does not, however,
alter the conclusion that introgression could lead to
more fit hybrid individuals acting as a biological
bridge for the recovery of a rare form.

Canada lynx

Lynx rufus (bobcat) and Lynx canadensis (Canada
lynx) belong to phylogenetically distinct lineages,
with the bobcat lineage basal to the various lynx
forms (Johnson and O’Brien 1997). These species
are not normally found in the same habitats; how-
ever, they do overlap in some regions (see discus-
sion by Schwartz et al. 2004). In addition, although
a widely distributed species that is capable of long-
distance dispersal (Schwartz et al. 2002), L. canaden-
sis has been designated ‘threatened” outside of its
core distribution of Alaska and Canada. The
periphery of the L. canadensis distribution is also an
area in which it may overlap with L. rufus. Because
of this, the peripheral regions have been identified
as possible centers for hybridization between bob-
cat and lynx individuals, and therefore of conserva-
tion concern (Schwartz et al. 2004). In particular,
Schwartz et al. (2004) stated, ‘Hybridization
between taxonomically similar species is an often-
overlooked mechanism limiting the recovery of
threatened and endangered species.’

One region of overlap for bobcat and lynx occurs
in the state of Minnesota (Schwartz et al. 2004).
Genetic data for animals collected in this area of
sympatry allowed tests of the role of natural
hybridization in the evolution of lynx and bobcat
populations. In addition, these data facilitated the
consideration of several conservation issues related
to peripheral L. canadensis populations. Schwartz
et al. (2004) reported that the first evidence for
L. rufusXL. canadensis hybrids came from morpho-
logical analyses of three individuals tentatively
assigned to L. canadensis. These three animals pos-
sessed a combination of phenotypic traits from both
species. They had the large feet and mostly black
tail band characteristic of L. canadensis, but the short
ear tufts and compact bodies more reflective of
L. rufus. An analysis of lynx- and bobcat-specific
microsatellite and mtDNA markers for a total of 20
putative lynx samples confirmed the hybrid origin
of these three animals (Schwartz et al. 2004).
Although the authors of this study recognized that
this was not necessarily a representative sample for
the state of Minnesota, it seems significant that 15%
of their samples were hybrids.

The observation of natural hybridization between
L. canadensis and L. rufus was seen to have some-
what unique ramifications for the restoration/
conservation of the rare taxon (Schwartz et al. 2004).
The first conservation issue arises because it is legal
to trap L. rufus, but not L. canadensis, in the contigu-
ous states of the USA (the lower 48 states). Due to
the lack of a clear governmental policy concerning
the status of hybrids under the Endangered Species
Act 1973 (Allendorf et al. 2001), Schwartz et al.
(2004) concluded that it was unknown whether the
bobcat-lynx hybrids were protected. If they were
afforded protection, trapping of L. rufus in areas of
overlap with L. canadensis would become of even
greater concern due to the likelihood of inadvertent
trapping of two (rather than one) categories of pro-
tected animals—both lynx and lynx-bobcat hybrids
(Schwartz et al. 2004). The second conservation issue
that arises from hybridization between Canadian
lynx and bobcats concerns effects upon conserva-
tion policies. Schwartz et al. (2004) thus argued that
‘Any factors that may favor bobcats in lynx habitat
may lead to the production of hybrids .. .", thereby
influencing policy recommendations by the US Fish



and Wildlife Service concerning the conservation
needs of L. canadensis.

8.3.2 African elephants

The African forest and savannah elephants
(Loxodonta cyclotis and Loxodonta africana, respec-
tively) are, based upon morphological and nuclear
DNA characteristics, clearly-differentiated evolu-
tionary lineages (Figure 8.4; Roca et al. 2001, 2005;
Comstock et al. 2002). Nuclear DNA sequence dif-
ferences and microsatellite variation support a
divergence time for these two lineages of approx.
2.6 million YBP (Roca et al. 2001; Comstock et al.
2002). Arguments in favor of the taxonomic/
evolutionary distinctiveness, and the need for the
conservation management, of both the savannah
and forest forms of Loxodonta were also based upon
the observation of few hybrids as detected by
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nuclear DNA data (Figure 8.4; Roca et al. 2001;
Comstock et al. 2002). These data seemed even more
compelling because hybrid genotypes were rare in
the transitional zone between the major ecological
types alternately inhabited by L. cyclotis and
L. africana (Roca et al. 2001; Comstock et al. 2002). In
contrast to the nuclear loci, mtDNA analyses
detected high levels of variation in savannah
elephants, and widespread haplotype sharing
between the savannah and forest lineages (Eggert
et al. 2002; Nyakaana et al. 2002; Debruyne 2005). In
some studies, the levels and distribution of mtDNA
variation led to conflicting phylogenetic hypothe-
ses (Nyakaana and Arctander 1999; Eggert et al.
2002; Debruyne 2005).

Roca et al. (2005)—using sequence data from
maternally, paternally, and bi-parentally trans-
mitted loci—tested the hypothesis that intro-
gressive hybridization was the cause of the
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Figure 8.4 Phylogenetic hypotheses for Asian (Elephas; red), African forest (Loxodonta cyclotis; green), and African savanna (Loxodonta
africana; blue) elephants using DNA sequence data and maximum likelihood procedures. Phylogenies were derived from sequence information for
(a) the paternally transmitted, Y-chromosome AMELY gene and (b) the maternally transmitted mitochondrial ND5 gene. The numbers of individuals
with identical sequences are indicated in parentheses. Individuals from Garamba—a transition zone between L. cyclotis and L. africana—are
unshaded. Numbers to the left of clades reflect bootstrap support for (left to right) maximum likelihood, neighbor-joining, and maximum parsimony
methods. All of the tree-construction methodologies resulted in phylogenies with the same topology (from Roca et al. 2005). See also Plate 6.
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incongruent phylogenies for L. cyclotis and
L. africana. They sequenced mtDNA (maternally inher-
ited), Y-chromosome (paternally inherited), and X-
chromosome (biparentally inherited) loci for
populations used in the studies that detected con-
flicting patterns. Their results reflected high,
but not perfect, concordance between the taxo-
nomic/ecological origin of the samples and place-
ment of the evolutionary relationships of the
individuals based upon the nuclear sequences
(Figure 8.4). Specifically, the placement of all but
one of the Y-chromosome loci sequences agreed
with the taxonomic designation of savannah or for-
est. The one aberrant placement involved a savan-
nah male from a locale near the transition zone
between L. cyclotis and L. africana that possessed the
Y-chromosome haplotype of the forest species
(Figure 8.4; Roca et al. 2005). This animal was also
one of two individuals that possessed a mixture of
species-specific, biparentally inherited nuclear loci
(Roca et al. 2005). The mtDNA results of Roca et al.
(2005) contrasted sharply with the sequence data
from both the biparentally and paternally inherited
nuclear loci (Figure 8.4). One indication of this
non-concordance was the lack of the expected
cytonuclear associations; diagnostic mtDNA of
L. cyclotis was present in animals possessing only
L. africana nuclear markers. Furthermore, Roca et al.
(2005) found similar phylogeographic patterns for
all the nuclear, but not mtDNA, loci.

A high frequency of elephants carrying savannah
nuclear markers possessed forest mtDNA haplo-
types (Figure 8.4). In contrast, forest elephants
did not possess savannah mtDNA. These observa-
tions suggested the occurrence of (i) asymmetric
introgressive hybridization of forest mtDNA, but
not nuclear loci, into savannah populations and (ii)
repeated backcrossing of hybrids with savannah
individuals resulting in the loss of forest nuclear
alleles (Roca et al. 2005). African elephants are
typified by female philopatry and male-biased
dispersal (Nyakaana et al. 2001). Furthermore, fully
grown savannah males are approximately twice as
large as forest males. These observations suggested
a scenario that included preferential mating of
savannah males with forest females as forest
habitat was altered through climatic changes
(Roca et al. 2005).

The above results suggest two conclusions
concerning the interrelationship of introgressive
hybridization and the conservation of L. cyclotis
and L. africana. First, these species have likely been
exchanging genetic material throughout their evo-
lutionary history. The mtDNA variation suggested
that this exchange had been extensive. Similarly,
the nuclear loci also indicated a significant, albeit
lower, level of introgression between the savannah
and forest forms. Thus once again genetic exchange
is seen to have played a significant, and likely cre-
ative, role in the evolution of a species complex.
There are, however, legitimate concerns relating to
the effect that human-mediated introgressive
hybridization may have on the long-term survival
of these two taxa. In this regard, Roca et al. (2005)
concluded ‘This pattern also implies that ongoing
deforestation may foster genetic replacement of for-
est elephants by opening their habitat to reproduc-
tive competition and aggressive hybridization by
larger savannah males in those regions where both
species persist.”

8.3.3 Aves

Spotted owls
Possibly no other North American species better
epitomizes the tension between human-mediated
utilization and human-mediated conservation of
the natural world than spotted owls, specifically
the northern spotted owl, Strix occidentalis caurina.
In particular, ‘Its occurrence in old-growth
forests has led to conflict with human activities
such as timber harvesting, which has resulted in
fragmentation and loss of spotted owl habitat’
(Barrowclough et al. 2005). This quote indicates the
major problem for all endangered taxa—loss of
available habitat due to human activity. However,
as with the other examples in this chapter, intro-
gressive hybridization has been viewed as a possi-
ble impediment for conservation efforts as well
(Haig et al. 2004a, b; Barrowclough et al. 2005).
Recent analyses of the population genetics and
phylogeographic structure of owl populations in
the western United States have allowed tests for the
presence and pattern of hybridization between
spotted owl subspecies (S. o. caurina and the
California spotted owl, Strix occidentalis occidentalis)



and between the northern spotted owl and the
barred owl (Strix varia; Haig et al. 2004a, b;
Barrowclough et al. 2005). Both Haig et al. (2004a)
and Barrowclough et al. (2005) defined largely
reciprocally monophyletic clades to which many of
the northern and California spotted owls alter-
nately belonged (Figure 8.5). However, data from
both of these studies also indicated past, and ongo-
ing, genetic exchange between northern and
California spotted owls. For example, Haig et al.
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Figure 8.5 Phylogeny for spotted owls based upon DNA
sequences from the mitochondrial control region. Numbers to the left
of clades indicate bootstrap values. * indicate California spotted owl
(CSO; S. o. occidentalis) haplotypes detected in the geographic range
of northern spotted owls (NSO; S. o. caurina). The placement of
haplotypes from Mexican spotted owls (MSO; S. o. lucida) is also
indicated (from Haig et al. 2004a).
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(2004a) found that approx. 13% of geographically
classified northern spotted owl individuals pos-
sessed mtDNA haplotypes characteristic of the
California subspecies (Figure 8.5). In contrast, Haig
et al. (2004a) and Barrowclough et al. (2005) con-
cluded that a hybrid zone between S. o. caurina and
S. 0. occidentalis was both stable and narrow (rela-
tive to the dispersal distances possible for spotted
owls). They suggested that the overlap region was
a tension zone (Barton and Hewitt 1985) and thus
reflective of a significant barrier for introgression.

Notwithstanding the conclusions of Haig et al.
(2004a) and Barrowclough et al. (2005), it would
seem that introgression is ongoing between the
northern and California subspecies (Figure 8.5) and
between barred owls and northern spotted owls as
well (Haig et al. 2004b). The former may have
resulted in as much as 13% of northern spotted
owls being introgressed with California spotted
owl mtDNA haplotypes. Furthermore, the ‘stabil-
ity” of the zone of overlap is dependent upon a lack
of habitat change—which seems unlikely from
either a long-term or short-term perspective. Thus
it seems unwise to conclude that these lineages are
deserving of restoration and protection on the basis
of a lack of significant levels of introgression.
Instead, conservation efforts for these lineages
might be better served by emphasizing the retained
uniqueness of the various spotted owls, in spite of
ongoing introgression.

Black ducks

The taxonomic identity of Amnas rubripes (the
American black duck) has been of considerable
interest from both evolutionary and conservation
standpoints. In particular, the distinctiveness of this
species relative to mallard ducks (Anas platyrhyn-
chos) has been questioned. It is clear that A. rubripes
belongs within the mallard species complex
(McCracken et al. 2001). What has been debated is
whether the black duck belongs to a separate evo-
lutionary lineage relative to the mallard or, instead,
is merely a color variant of A. platyrhynchos (Hepp
et al. 1988). The debate stems largely from the lack
of reciprocal monophyly detected by numerous
genetic analyses of black duck and mallard popula-
tions (Figure 8.6; Ankney et al. 1986; Avise et al.
1990; McCracken et al. 2001).
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Figure 8.6 Genetic relatedness (allozyme variation was used to
calculate Nei's D values; Nei 1978) of black duck (A. rubripes) and
mallard (A. platyrhynchos) populations. NSC, Nova Scotia; CAL,
California; SASK, Saskatchewan; ONT, Ontario; MAN, Manitoba; NFLD,
Newfoundland (from Ankney et al. 1986).

An alternate explanation for the absence of phylo-
genetic distinctiveness between A. rubripes and
A. platyrhynchos, and the cause for conservation
concerns for the rarer black duck, is human-
induced introgressive hybridization. Thus, ‘Until
recently, black ducks were an isolated allopatric off-
shoot of the much larger mallard population.
Habitat alteration that accompanied European set-
tlement and game-farm mallard releases during the
20th century have enabled mallards to colonize ter-
ritory east of the Appalachian mountains, where
they had been only rare wanderers before...
(Mank et al. 2004). For example, in the state of
Georgia, the total percentage of mallards was only
29% in the period 1900-1939, but increased to
68-78% in the period 1960-1964 (Johnsgard 1967).
Concomitant with the frequency increase of mal-
lards in the geographic range of black ducks was
the increase in the opportunity for introgressive
hybridization (Johnsgard 1967).

Mank et al. (2004) tested the alternative hypothe-
ses that the lack of phylogenetic separation
between A. rubripes and A. platyrhynchos indicated
that black ducks were (i) a color variant within the
mallard lineage or (ii) undergoing genetic assimil-
ation through introgressive hybridization with
their more numerous congener. They accomplished
this by examining microsatellite variation in
contemporary populations of black ducks and
mallards, and in pre-1940 museum specimens of
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Figure 8.7 Genetic relatedness (based on Nei's genetic distance
estimates; Dst = 0.1 is indicated by the scale bar; Nei 1978) of pre-
1940 (Museum) and contemporary samples (Northern and Southern)
for mallard (A. platyrhynchos), black duck (A. rubripes), and their
natural hybrids. The two significant bootstrap values are indicated to
the left of their respective clades (from Mank et al. 2004).

both forms. Two measures of genetic relatedness
illustrated clearly a pattern of increased genetic
similarity after the human-mediated expansion of
A. platyrhynchos. First, Gst values (a reflection of
genetic differentiation) between mallards and black
ducks decreased significantly from 0.146 to 0.008 in
museum and modern samples, respectively (Mank
et al. 2004). Second, Mank et al. (2004) detected
reciprocal monophyly based on the DNA variation
in the black duck and mallard samples from the
museum specimens (Figure 8.7). In contrast, the
microsatellite frequencies in the 1998 samples
resulted in a mixed clade of both species and their
natural hybrids (Figure 8.7).

The results from Mank et al. (2004) suggested
that prior to the invasion of the A. rubripes’ geo-
graphic range by A. platyrhynchos, these two
forms belonged to well-differentiated evolutionary
lineages. After the expansion, the differentiation
eroded. Of all the examples discussed in this
chapter, the black duck appears to be the best illus-
tration of extinction through genetic assimilation.
Mank et al. (2004) reflected this conclusion with the
following statement: “The implications of our find-
ings for the conservation of the black duck are grim.
Without preventing hybridization, conservation of
pristine black duck habitat will be ineffective in
preserving the species . ..” Yet, it is also likely that
the phenotypic/genotypic convergence between



black ducks and mallards is reflective of the action
of selection that favors the hybrid/mallard pheno-
types in a changing environment. As with the con-
vergence of the Darwin’s finch species, G. scandens
and G. fortis, due to environmental fluctuations (see
section 1.2.3), black ducks have apparently been
drawn toward the mallard genotypic and pheno-
typic state by human-mediated environmental
changes leading to a change in the selective sieve.

8.4 Summary and conclusions

As noted in section 8.2.2, Suehs et al. (2004a) have
argued that the threat from invasive species, some-
times due to genetic assimilation, is great. Not to
downplay the implications of genetic exchange for
conservation efforts (see Beebee 2005; Streiff et al.
2005), I must nonetheless agree with the assessment
of Detwiler et al. (2005) of the main threats to pri-
mate populations: “Whatever the hazard posed by
hybridization, it is minimal compared to the
current threat of logging, hunting, and the displac-
ement of...habitats by hostile, anthropogenic
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environments ...” Minimizing human-mediated
modifications to ecosystems remains the best hope
for the conservation of rare and endangered forms.
However, Detwiler et al. (2005) also reflected the
conceptual framework of this book and, more
specifically, this chapter when they concluded that
introgressive hybridization “...is best treated as
one of many natural evolutionary processes that
have played an important role in shaping the bio-
diversity that conservation aims to protect, and will
continue to do so as long as a variety of population
structures and zones of contact and overlap are
allowed to exist’ (Detwiler et al. 2005).

Genetic exchange may indeed lead to the assim-
ilation of a rare and endangered lineage by a more
numerous one. Alternatively, Stebbins (1942) may
have been correct in his suggestion that the rare
form could be enriched, and reinvigorated, geneti-
cally, ecologically, and evolutionarily through the
introgression of loci. Unfortunately, like experi-
mental tests of drugs that may or may not be cura-
tive, only time will reveal which trajectory occurs
for specific rare and endangered lineages.



CHAPTER 9

Humans and associated lineages

Nicotiana tabacum (cultivated tobacco) is an extensively analyzed natural allotetraploid
(2n = 4x = 48).

(Volkov et al. 1999)

When challenged about the significance of the shape of the cigars he smoked, Sigmund Freud
purportedly replied, ‘Sometimes, a cigar is only a cigar.’

These authors argued that such hybridization was not surprising given the accidental or inten-
tional release of pigs from Asian and European stocks by Polynesian and European explorers and
settlers, respectively. The presence of hybrid genotypes in the Cook Islands would, however, indic-
ate that natural hybridization in the feral populations was the final step in a domestic isolate—feral
population—natural hybridization—>domestic isolate cycle. ..

(Arnold 2004a)

Since horizontally acquired genes are often connected to pathogenic or resistance-mediating traits,
the genome was searched for clusters whose genes show atypical codon usage. At least ten regions

could be identified using the ‘alien’ gene cluster prediction program SIGI...

9.1 The role of genetic exchange in the
evolutionary history of humans and their
food, drugs, clothing, and diseases

Human-mediated genetic modification of lineages
is a highly visible and socially, philosophically, cul-
turally, and politically contentious issue. However,
if any message should be clear from this book, it is
that Homo sapiens was neither the first, nor will it
ever be the major, contributor to the process of
genetic exchange-mediated organismic evolution.
Ironically, this fact is nowhere better exemplified
than by an examination of our own evolutionary
history, and that of organisms with which we inter-
act—either for our benefit or detriment (Arnold
2004a; Arnold and Meyer 2006).

In the following sections I will illustrate that our
own genome and the genomes of organisms that
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(Briiggemann et al. 2004)

affect our survival are no less mosaic than organ-
isms that do not affect the fitness of humans. Given
the wealth of information already presented, this
conclusion—that humans and their associated taxa
have also been impacted by genetic exchange—
should come as no surprise. Yet, there is still much
debate on whether our own species has been
impacted by the processes of genetic exchange, and
in particular that of introgressive hybridization
with related lineages. As with the rejection of
introgressive hybridization as an important compo-
nent in the evolution of animal taxa in general, the
resistance to considering our own species from the
web-of-life paradigm may reflect as much a
sociological/philosophical argument as a scientific
one. The following discussion will reflect the data
that illustrate the two sides of this controversy;
however, the weight of evidence supports the



hypothesis that the primate lineages leading to our
own species, as well as H. sapiens itself, participated
in reproductive interactions with related taxa
(e.g. Templeton 2002, 2005; Osada and Wu 2005).
In addition to our own evolutionary history, the
evolution of our food sources, drugs, parasites, dis-
eases, and even our clothing, indicates the involve-
ment of lateral transfer and natural hybridization
events. I have chosen in this discussion not to
include cases in which food sources etc. originated
solely through artificial crosses by humans. Instead,
I focus attention on examples where genetic
exchange has occurred at least partially through
processes outside of human intervention. I should
reiterate—as I have in previous sections—that I am
aware that some of the cases presented below can
be used to exemplify multiple categories. For exam-
ple, bovid and deer species are placed into a section
containing examples of the evolution of human
clothing. Obviously, these species have been a
major food source for various human populations,
yet they exemplify a key material for the produc-
tion of clothing as well. Thus the main topic of this
chapter, also emphasized in portions of previous

Oligocene

Miocene
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chapters, is that genetic exchange has played a
significant role in the evolution of the taxa that we
utilize or, alternatively, attempt to avoid, resist, or
kill to increase our fitness.

9.2 Introgressive hybridization and the
evolution of Homo sapiens

9.2.1 Hominoids

Gorillas, chimpanzees, humans

The phylogenetic relationships among chim-
panzees, gorillas, and humans have been a focus of
scientific enquiry and debate for decades (e.g.
Figure 9.1; Sarich and Wilson 1967; Ruvolo et al.
1991). However, over the past 10-15 years data
have accumulated indicating that humans and
chimpanzees are sister species (Figure 9.2; Ruvolo
et al. 1991). Yet, even as we enter the twenty-first
century, findings still lead to conclusions such as
the following: “The consensus approach identifies
the chimpanzee as the nearest living relative of
humans, but the evidence supporting this conclu-
sion is not overwhelming...Inconsistency in the
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Figure 9.1

The phylogenetic relationships and divergence times resolved for selected hominoid taxa, based on quantitative microcomplement

fixation analyses of the albumin proteins from these taxa. The divergence of the Old World Monkeys and the hominoids was assumed to have
occurred ¢.30 million YBP. The unresolved trichotomy for the clade that includes humans indicates the highly similar structure of the albumin

molecules of these species (from Sarich and Wilson 1967).
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Figure 9.2  Evolutionary relationships between various primate

taxa inferred from maximum-likelihood analysis of the DNA sequence
variation of the mtDNA COIl genes from these species. Numbers
reflect the degree of sequence change along the various branches
(from Ruvolo et al. 1991).

inferred patterns of shared-derived substitu-
tions...is apparent both between and within loci of
the three species comprising the trichotomy’
(O’hUigin et al. 2002).

As illustrated in previous chapters, genetic
exchange has been inferred from the type of phylo-
genetic inconsistencies detected by O’hUigin et al.
(2002). Thus the lack of concordance between dif-
ferent data sets, in terms of phylogenetic patterns
resolved, has been a major tool used to detect reticu-
late events (see Chapter 3). Data sets leading to an
inference of genetic exchange among the lineages
leading to Gorilla, Pan, and Homo have been col-
lected from a variety of studies. For example,
Richard et al. (2000) used chromosome rearrange-
ment differences to resolve an evolutionary tree for
hominoids including the gorilla, chimpanzee, and
human clade. In spite of their inference of a
dichotomously branching scheme for this primate
group, they concluded that a ‘tree” was an oversim-
plification of the evolutionary events that had
occurred. Instead, they argued that the collection of
additional chromosomal data would likely support
their inference of ‘a network’ (i.e. a reticulating
phylogeny; Richard et al. 2000).

In addition to the cytogenetic evidence, DNA
sequence variation also suggested that introgres-
sion affected the genomic composition and evolu-
tion of the sister taxa Homo and Pan. Data sets that
supported the inference of genetic exchange
between the human and chimpanzee (and in some
cases, gorilla) lineages included those for (i) Alu
sequences (Salem et al. 2003), (i) 57 DNA segments
derived from 51 loci (O'hUigin et al. 2002), (iii) 115
autosomal genes (Navarro and Barton 2003), and

(iv) 345 coding and 143 intergenic sequences
(Osada and Wu 2005). For both (i) and (ii) the pres-
ence of variation not fitting the model of a dichoto-
mously branching tree was concluded to reflect
incomplete lineage sorting of ancestral polymorph-
isms (O’hUigin et al. 2002; Salem et al. 2003).
However, the recently completed sequencing of
chromosome 22 in chimpanzees and the ortholo-
gous chromosome (i.e. 21) in humans (Watanabe
et al. 2004) allowed the construction of a phyloge-
netic hypothesis for Alu sequences inserted into
these chromosomes. Of particular interest was the
detection of interspecific admixtures that appar-
ently occurred subsequent to the divergence of the
chimpanzee and human lineages from their com-
mon ancestor (Watanabe et al. 2004). Like the Alu
sequence data, the DNA sequence variation at the
51 loci analyzed by O’hUigin et al. (2002) demon-
strated a high frequency of non-concordance for the
placement of the Homo/Pan/Gorilla lineages.

The findings from the above analyses are consis-
tent with introgressive hybridization giving rise to
a reticulate, rather than a simply dichotomous, rela-
tionship among humans, chimpanzees, and goril-
las. Navarro and Barton (2003) and Osada and Wu
(2005) drew this same conclusion from analyses of
DNA sequence evolution in both genic and non-
genic portions of the human and chimpanzee
genomes. The main goal of the study by Navarro
and Barton (2003) was to test whether differentially
selected mutations giving rise to Pan and Homo
accumulated more frequently in rearranged por-
tions of the genome, where genes underlying new
adaptations would be protected from recombina-
tion. Navarro and Barton’s (2003) results also
allowed a test for introgression during the diver-
gence of Homo and Pan. A review of Navarro and
Barton’s study summarized well the findings from
this test: ‘The present paper...suggests that the
most famous speciation event of all represents a
kind of speciation with gene flow...” (Rieseberg
and Livingstone 2003). Interestingly, results from a
study by Prager and Wilson (1975) predicted this
finding nearly 30 years before Navarro and
Barton’s analysis. Prager and Wilson (1975) con-
cluded that mammalian taxa were unable to pro-
duce hybrids 2-3 million years after divergence
from a common ancestor (see also Fitzpatrick 2004).



Given that the human and chimpanzee lineages
diverged c.4-6 million YBP, introgression was pos-
sible for half of the time since their derivation.
Indeed, Osada and Wu (2005) detected sequence
variation at coding and non-coding loci indicative
of a’... prolonged period of genetic exchange dur-
ing the formation of these two species.” Thus intro-
gression appears to have affected the origin and
early evolutionary trajectory of these sister taxa.

Australopithecines

The data to test for introgression between taxa
belonging to the genus Australopithecus must neces-
sarily come from the fossil record. Arnold and
Meyer (2006) argued that drawing such inferences
for Australopithecus, or for that matter any other
extinct lineage, was analogous to previous work on
the non-primate taxon Cerion. For the snail genus
Cerion, analyses of extinct and extant species
located on the island of Great Inagua (Goodfriend
and Gould 1996) detected the origin and evolution
of introgressed populations. One population was
inferred to have originated from introgressive
hybridization between a fossil species that went
extinct ¢.13 000 YBP and an extant species found
near the ancient hybrid zone. In a second case, a
hybrid zone persisted for thousands of years subse-
quent to the extinction of one of the parental forms
(Goodfriend and Gould 1996).

As with the Cerion studies, data from
Australopithecus have also been argued to reflect the
presence of ancient, introgressive hybridization.
Indeed, Holliday (2003) argued that ‘Several
possible examples of interspecific reticulation in
human evolution exist. A relatively non-
controversial one involves East African
Australopithecus (‘Paranthropus’) boisei and South
African Australopithecus robustus. Interbreeding
between these taxa could have occurred much in the
way that it does in the contact zone between
parapatric populations of East African yellow
baboons and South African chacma baboons ...’
(Holliday 2003). Furthermore, Holliday (2003) also
invoked hybrid speciation as a possible explanation
for some of the morphological variation present in
the Australopithecus clade. In particular, he hypothe-
sized that the presence of the derived morphological
characteristics resembling Australopithecus africanus
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in A. robustus reflected a hybrid speciation event
involving A. africanus and A. boisei (Holliday 2003).
If this hypothesis is correct, A. robustus reflects a sta-
ble hybrid derivative of the type found in extant
animal and plant species complexes (see Chapter 7).

Homo erectus, Homo neanderthalensis, Homo
sapiens

Two competing evolutionary models have been
constructed to explain the evolution of the genus
Homo. Termed the replacement and multiregional
hypotheses, they differ largely on their assumption
of whether or not—as anatomically modern H. sapi-
ens expanded its geographical range—gene flow
occurred between the modern and archaic taxa.
Wolpoff et al. (2001) defined these models in the
following manner: “Two conflicting evolutionary
models of modern human origins have emerged...
complete replacement, in which modern humans
are a new species that replaced all archaic popula-
tions, and multiregional evolution, in which
modern humans are the present manifestation of an
older worldwide species with populations con-
nected by gene flow. . ./

The evidence compiled in this book and elsewhere
(e.g. see Arnold and Meyer 2006 for a discussion of
other cases of reticulate evolution in primates) leads
to the hypothesis that the synchronic and spatial
overlap between archaic and modern humans
(Finlayson 2005) would most likely have resulted in
some level of gene flow. However, this topic has
generated enormous debate. This is somewhat
surprising based on the evidence that quite distinct,
contemporary primate species are involved in
introgressive hybridization (e.g. Jolly 2001; Arnold
and Meyer 2006). However, conclusions concerning
the role of introgressive hybridization between our
own species and other Homo taxa have been
anything but unanimous. This lack of unanimity is
partially the result of conflicting data, but it is also
likely to be due somewhat to an entrenched
philosophical/cultural view that results in the grant-
ing of an ‘integrity’ to species (Mayr 1963; Coyne
and Orr 2004). Such a paradigm disavows the
possibility of gene flow and for our own species,
possibly even more so because we view ourselves as
somehow divorced from behavior that would lead to
reproduction with dissimilar phenotypes.
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Numerous studies have been undertaken to test
the predictions of the introgression (i.e. multire-
gional) versus no introgression (i.e. replacement)
models of evolution within the genus Homo (e.g.
Krings et al. 1997; Ovchinnikov et al. 2000; Hawks
and Wolpoff 2001; Wolpoff et al. 2001; Templeton
2002, 2005; Caramelli et al. 2003; Garrigan et al.
2005). The findings that best support the replace-
ment model for the evolution of H. sapiens are those
that have defined mtDNA variation in anatomically
modern human and Neanderthal samples (Krings
et al. 1997; Ovchinnikov et al. 2000; Caramelli et al.
2003). The pattern of mtDNA variation detected in
each of these analyses was consistent with the
prediction that the gene pools of H. sapiens and
H. neanderthalensis remained separate. For example,
Caramelli et al. (2003) examined mtDNA sequence
variation from (i) extant humans, (ii) 24 000-year-
old Cro-Magnon samples (i.e. anatomically modern
humans), and (iii) H. neanderthalensis individuals.
The ancient mtDNA sequences from the Cro-
Magnon individuals were significantly less diver-
gent from extant H. sapiens samples than they were
from the Neanderthals (Figure 9.3). This finding
was even more striking when the ages of the

0.16 -
0.14 -
0.12
0.10 -

0.08 - Jf Jf
0.06 -
0.04
0.02 4 # +
o.ooT....dﬂl.....

0 5 10 15 20 25 30 35 40 45
Time (thousands of years)

Genetic distance

Figure 9.3 Genetic distances between ancient and extant mtDNA
sequences from Homo individuals. The square positioned at time
point 0 reflects the pairwise differences between 2566 sequences of
modern Europeans. The age of the samples is indicated by the x axis
(in thousands of years). Vertical lines represent two standard
deviations above and below the mean for the given class of sample
(M;, anatomically modern humans; OJ, mtDNA sequence variation for
Cro-Magnon samples; <, Neanderthal samples; from Caramelli et al.
2003).

samples were taken into consideration; some of the
Cro-Magnon and Neanderthal samples were tem-
porally closer than were the Cro-Magnon and
extant humans (Figure 9.3; Caramelli et al. 2003).
Padbo (2003) reflected well the underlying
assumption of the replacement model, and the
conclusions from several of the above analyses,
when he stated, ‘“Thus, it seems likely that modern
humans replaced archaic humans without
extensive interbreeding . . .".

Given the above, it is important to revisit the
concept of the mosaic genome; that is, different
portions of a genome will be more or less likely to
introgress due to patterns of recombination, selec-
tion, etc. The use of a single genetic marker and
especially one that is inherited uni-parentally, and
largely without recombination, is not a rigorous test
for introgression. As already indicated by the stud-
ies cited in this and the preceding chapters, the
strongest test for gene flow between H. sapiens and
archaic Homo taxa would necessarily come from the
analysis of multiple loci.

Templeton (2002, 2005) concluded that mtDNA
and nuclear sequence variation in extant human
populations actually supported the multiregional
rather than the replacement hypothesis. His anal-
ysis of mtDNA, Y-chromosome, X-chromosome,
and autosomal sequence variation resulted in esti-
mates of coalescent times for many, unlinked mark-
ers. These estimates led to the inference of extensive
gene exchange throughout the history of the Homo
lineages (see Figure 3.17). This conclusion has
recently been supported by an analysis of the
X-chromosome pseudogene RRM2P4 by Garrigan
et al. (2005). The geographic pattern of variation
and the coalescence time estimate for this locus
suggested to Garrigan et al. (2005) that ‘... this
ancient lineage is a remnant of introgressive
hybridization between expanding anatomically
modern humans emerging from Africa and archaic
populations in Eurasia.” Templeton’s (2002, 2005)
model (multiple expansions from Africa with
genetic exchange between Homo lineages) also
suggested an explanation for findings from an
earlier study by Takahata ef al. (2001). These latter
workers detected 10% of the lineages with coales-
cence patterns contradicting an out-of-Africa
origin. In considering all of the available data sets,



it appears that our own genome, and that of our
sister taxa, have been affected by introgressive
hybridization. Not surprisingly, we too carry a
mosaic genome.

9.3 Introgressive hybridization, hybrid
speciation, and the evolution of
human food sources

9.3.1 Animals

Domestic dogs

... we demonstrate that the numerous MHC DRB
alleles that are present in modern domestic mam-
mals implies that substantial backcrossing with
wild ancestors, either accidental or intentional, has
been important in shaping the genetic diversity of
our domesticates. ..

(Vila et al. 2005).

One of the taxa referred to by Vila et al. (2005) was
the domestic dog, Canis familiaris. Though not
considered such by most recent immigrants to
North America, C. familiaris has not only been a
beast of burden and a companion, but also a dietary
item for many people groups in the Old and New
Worlds (e.g. see http:/ /coombs.anu.edu.au/ ~vern/
wild-trade/eats/eats.html). As an example, some
Native American groups utilized domestic dogs as
a frequent source of protein. For example, at the
so-called Laramie Council of 1851, ‘Father De Smet,
the famous Catholic missionary, who was there,
declared that “no epoch in Indian annals probably
shows a greater massacre of the canine race”’
(Ambrose 1996, p. 54).

As reflected by the quotes from Vila et al. (2005),
C. familiaris is a paradigm for demonstrating the
role of introgressive hybridization between intro-
duced, domesticated food sources and wild rela-
tives. In particular, genetic evidence suggests that
domestic dogs have repeatedly hybridized with
their sister species, Canis lupus (i.e. the gray wolf;
Figure 9.4; Vila et al. 1997, 2003, 2005). Such
hybridization is expected, given the occurrence of
introgression between a variety of Canis species,
including the close relatives of C. familiaris, the gray
wolf, and the coyote. For example, introgressive
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Figure 9.4 Evolutionary tree of eight wolf (W) and 15 domestic
dog (D) genotypes based on a 1030-bp sequence of mtDNA. a, b, and
c assigned to the haplotypes indicates sequences that were identical
for a 261-bp mtDNA sequence, but differed for the 1030-bp region.
Bootstrap values showing more than 50% support are indicated (from
Vila et al. 1997).

hybridization between coyotes and wolves—likely
promoted by human-mediated habitat modifica-
tion in North America—has resulted in an exten-
sive hybrid zone (Lehman et al. 1991). Indeed, this
case is illustrative for understanding the genetic
exchange between the domestic and wild forms in
North America that contributed to the evolution of
the food source for Native Americans. Like the
deforestation that provided areas of sympatry for
coyotes and wolves, humans also modified the gray
wolf habitat when they migrated into North
America some 12 000-14 000 YBP accompanied by
C. familiaris (Leonard et al. 2002; Savolainen et al.
2002). Like many other invaders, the domestic dog
was capable of crossing with related, native species.
The crosses between this species and gray wolves
are not, however, restricted to North America, and
indeed introgression among dogs and C. lupus has
been suggested as the source for the genetic
variation that forms the basis for the extreme
phenotypic variability found in present-day breeds
of C. familiaris (Vila et al. 1997). That introgressive
hybridization has contributed to the genetic struc-
ture of worldwide populations of the domestic dog
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indicates the role played by genetic exchange in the
evolutionary trajectory of a major human food
source.

Honeybees

Like dogs, honeybees reflect the role of hybridiza-
tion between human-introduced and native forms.
Thus, ‘Before they were disseminated around the
world by humans, populations of the western
honeybee, Apis mellifera, were naturally distributed
in Africa, Europe, and western Asia’ (Franck et al.
1998). Since their distribution, A. mellifera has
contributed substantially to human food produc-
tion both directly (in the formation of honey) and as
a major pollen vector in agricultural systems. This
species is also a paradigm for the role of reticulate
events in the evolution of a clade, specifically a
clade that benefits the human population. Two
examples can illustrate this conclusion. First,
Franck et al. (2000) used nuclear and mtDNA mark-
ers to test for the genomic constitution of Italian
populations of the two European subspecies,
A. mellifera ligustica and A. mellifera sicula. This
analysis resolved the hybrid derivation of both
lineages. The importance for the current topic is
that A. m. ligustica queens are the most frequently
exported for use in beekeeping (Franck et al. 2000).
Thus, the basis of much of the beekeeping industry
is a hybrid lineage possibly formed through the
secondary contact of lineages expanding from
different glacial refugia (Franck et al. 2000).

The recent, whole-scale genetic perturbation of
New World feral and managed honeybee popula-
tions has resulted from the introduction of the
tropical-African subspecies, A. mellifera scutellata
(e.g. Clarke et al. 2002; Pinto et al. 2005). Termed,
“africanization,” the process reflects the replacement
of eastern and western European-derived honey-
bees with colonies consisting largely of intro-
gressed individuals. The African lineage was
imported into Brazil in 1956 for crosses with
European bees that were less tolerant of tropical
conditions (see Clarke et al. 2002 for a discussion).
This introduction resulted in the formation of
hybrid swarms throughout South and Central
America that have now extended into North
America. Pinto et al. (2004, 2005; Figure 9.5) have
documented the genetic transition of one region in

southern Texas using nuclear and mtDNA markers.
Both the mtDNA and nuclear markers indicated
the occurrence of extensive introgressive
hybridization beginning in ¢.1991 (Figure 9.5; Pinto
et al. 2004, 2005). In fact, the pattern of nuclear and
mtDNA variation was indicative of the evolution
of a hybrid swarm. The origin and evolution of
this population genetic structure involved bi-
directional mtDNA and nuclear introgression
between the European and African lineages, result-
ing in the replacement of a panmictic population of
European extraction with one consisting of
African/European admixtures (Figure 9.5; Pinto
et al. 2005). Thus, as with the European lineages that
formed the original basis of beekeeping in the New
World, it appears that a new bout of introgressive
hybridization is playing a significant role in the
evolution of the biological material for this
important food-producing industry.

Hares

The utilization of wild hares and rabbits as a meat
protein is common. For example, one website
(http:/ /fooddownunder.com) lists over 60 recipes
originating from around the world, including a
number reflective of the tradition of widespread
hunting for the various species. Furthermore, like
the hybrid Italian honeybees, some European hare
lineages reflect the role of introgression affected by
glacial refugia. Thus one clade of Old World hares,
genus Lepus, reflects the reticulate evolutionary pat-
tern described for the species complexes discussed
throughout this book. The first example of web-like
processes within Old World Lepus species involves
the genetic interactions between the native Swedish
species Lepus timidus (the mountain hare) and the
introduced brown hare, Lepus europaeus. As the
name implies, the latter species originated from
Europe, being introduced into Sweden as a game
animal in the 1800s (see discussion in Thulin et al.
1997). Initial mtDNA analyses of animals from
areas of sympatry and allopatry found that six of
18 hunter-collected L. europaeus possessed intro-
gressed L. timidus mtDNA; all six hybrids were
from sympatric populations (Thulin et al. 1997).
A subsequent analysis of mtDNA variation in 522
brown hares and 149 mountain hares confirmed
introgressive hybridization between the two
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Figure 9.5 Patterns of associations across years for nuclear and mitochondrial (i.e. E, W, L = European mtDNA and A = African mtDNA)
markers characteristic of African (Braz.) and European (Eur.) lineages of the honeybee A. mellifera in a south Texas population. Honeybees were
assigned to the parental lineages, the F, hybrid between the parentals, or the backcrosses toward one of the parental taxa (BackEur. or BackBraz.)
on the basis of their nuclear and mtDNA genotypes (from Pinto et al. 2005).

species (Thulin and Tegelstrém 2002). Furthermore,
the asymmetric nature of the mtDNA introgression
(i.e. L. timidus—L. europaeus) detected initially was
also confirmed. Specifically, approx. 10% of the ani-
mals assigned to L. europaeus possessed mtDNA
from L. timidus, but no mountain hare individuals
were found with the mtDNA haplotype character-
istic of the brown hare (Thulin and Tegelstrom
2002).

The second instance of reticulate evolution in
Lepus also involves introgression of L. timidus
mtDNA into related species (Figure 9.6).
Specifically, Alves et al. (2003) and Melo-Ferreira
et al. (2005) defined mtDNA variation in Lepus from
the Iberian peninsula. Populations of L. europaeus,
Lepus granatensis and the Cantabrian endemic,
Lepus castroviejoi possessed mtDNA haplotypes
characteristic of L. timidus (Figure 9.6). The
remarkable nature of this finding was that L. timidus
was thought to have disappeared from the
peninsula at the end of the last Ice Age (discussed
by Melo-Ferreira et al. 2005). To explain the pres-
ence of the mountain hare mtDNA haplotypes in 23

of 37 populations of the three species, and indeed
their predominance in the northern Iberian popula-
tions (Figure 9.6), Melo-Ferreira et al. (2005)
invoked ‘Multiple hybridizations and, potentially, a
selective advantage for the L. timidus . . " mtDNA
variants.

9.3.2 Plants

Wheat

The evolutionary history of the tribe Triticeae
reflects the extensive influence of genetic exchange.
In particular, introgressive hybridization and
allopolyploidy have been of prime importance in
the origin and evolution of many lineages. Among
the forms demonstrating reticulate patterns are
both the diploid ancestors and their polyploid
derivative, bread wheat (Triticum aestivum L.).
Mason-Gamer (2005) reviewed the numerous
phylogenetic hypotheses derived from various
molecular markers, as well as presenting findings
from the B-amylase gene. The general conclu-
sion drawn was ‘Although the phylogenetic
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Figure 9.6 Species ranges of L. granatensis, L. europaeus, and L. castroviejoi and the frequencies of the four mtDNA haplotypes
characteristic of these three species as well as L. timidus in the Iberian peninsula. Sample sizes and population codes are given adjacent to the

pie diagrams (from Melo-Ferreira et al. 2005).

relationships among the Triticeae genera are not
consistent with a single bifurcating tree, it should
be possible to clarify reticulate patterns with the
use of multiple gene trees, based on molecular
markers from throughout the genome’ (Mason-
Gamer 2005). It was thus argued that instead of
using the various data sets to discuss only where
phylogenies were concordantly bifurcating, analy-
ses should also be used to demonstrate where con-
sistent ~ discordance was found between
phylogenies. These latter results would indicate
probable evolutionary events that included genetic
exchange (Kellogg et al. 1996; Mason-Gamer 2005).
For example, like some of the previous molecular
phylogenies (Kellogg et al. 1996), the B-amylase
phylogenetic results indicated that the wild wheat
species (i.e. belonging to Triticum and Aegilops) did
not form a monophyletic assemblage, but rather
were interspersed among taxa from other genera
(Mason-Gamer 2005).

Because of the phylogenetic discrepancies
among the various wheat species, the taxonomic

legitimacy of the genera Triticum and Aegilops has
been questioned. The paraphyletic groupings of
members of these genera could reflect the sharing
of common ancestors. However, the paraphyly
might instead be the footprint of extensive genetic
exchange throughout the evolutionary history of
not only these two genera, but also numerous sister
genera. For example, Yamane and Kawahara (2005)
examined cpDNA variation within and among
diploid wheat species. One conclusion drawn from
this analysis was that taxa belonging to Aegilops
should be placed into the genus Triticum. However,
like previous studies, the cpDNA analysis detected
several inconsistencies that may reflect the action of
introgressive hybridization. The taxa that
demonstrated non-concordant placements—either
demonstrated by the cpDNA data alone, or in
comparisons of the cpDNA results with findings
from previous studies—included Aegilops mutica,
Aegilops speltoides, Aegilops caudate, and two species
of Secale. The latter result did not lead to the
suggestion that the genus Secale should also be



combined into Triticum. Instead, Yamane and
Kawahara (2005) concluded that this seemingly
aberrant placement might “. .. reflect early intro-
gression of organelle DNA between Triticum-
Aegilops and Secale.” It would seem more consistent
to also conclude that the discordance in the place-
ment of Triticum and Aegilops species, based as it is
on the same data set (Yamane and Kawahara
2005), might be due to the action of reticulate
evolution, rather than the divergence from
common ancestor.

In addition to the impact of introgressive
hybridization on the evolution of diploid Triticeae
species, allopolyploid reticulate events have led to
the derivation of the final products that we now
utilize as agricultural crops. For example, culti-
vated wheat is a hexaploid produced from the
combination of three separate genomes (the A, B,
and D genomes; see Figure 6.5). The allopoly-
ploidization leading to the origin of T. aestivum was
thus multistaged and involved three separate
progenitors. The diploid sources for the A, B, and D
genomes have been assigned (for B somewhat
tentatively) to Triticum wurartu, an ancestor of
Aegilops speltoides, and Aegilops tauschii, respectively
(see Hegde and Waines 2004 for a discussion).
Genetic exchange has apparently affected the
evolutionary trajectory of both the progenitors and
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their domesticated derivatives that contribute a
large proportion of the plant protein consumed by
H. sapiens.

Breadfruit

The genus Artocarpus includes the widely distrib-
uted, tropical cultivar Artocarpus altilis (breadfruit).
Scores of cultivars of A. altilis, developed over thou-
sands of years, are now used as a starch source
across Melanesia, Micronesia, and Polynesia (Zerega
et al. 2004). Some regions of cultivation utilize seeded
varieties, and other regions seedless varieties, with
the latter necessarily being propagated via vegetat-
ive means. Of the approx. 60 wild species of
Artocarpus, the phylogenetically closest relatives to
the cultivar have been inferred to be Artocarpus
camansi and Artocarpus mariannensis (Zerega et al.
2004, 2005). However, the geographic point of origin
and the mode of derivation of A. altilis have both
been the focus of much debate (see Zerega et al. 2004
for a review of the relevant literature).

With regard to genetic exchange-mediated evolu-
tion of human foodstuffs, Fosberg (1960) hypothe-
sized that the A. altilis variants found in the
Philippines may have derived from introgression
involving Artocarpus blancoi. He also postulated
further introgressive hybridization between the
cultivar and A. mariannensis in Micronesia (Fosberg
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Figure 9.7 Geographic distributions of A. camansi. and A. mariannensis AFLP markers in samples of Melanesian, Polynesian, and

Micronesian breadfruit (A. altilis) cultivars (from Zerega et al. 2004).
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1960). Zerega et al. (2004, 2005) used nuclear AFLP
data to test the various hypotheses proposed to
explain the dispersal and genetic makeup of wild
and cultivated species of Artocarpus. From their data,
they were able to infer a role for both geographic
spread through vegetative propagation and the
evolution of wild and cultivated taxa involving
introgressive hybridization. First they detected
genetic patterns consistent with the hypothesis that
the majority of Melanesian and Polynesian A. altilis
had originated through asexual propagation and
artificial selection of A. camansi variants (Zerega et al.
2004). Second the AFLP variation detected in
Micronesian breadfruit indicated their origin
through introgressive hybridization between the
introduced, A. camansi derivative and the native
A. mariannensis (Zerega et al. 2004). Specifically,
‘... Polynesian cultivars have only A. camansi-
specific markers present, while most Micronesian
cultivars have both A. camansi- and A. mariannensis-
specific markers present within individual cultivars’
(Figure 9.7; Zerega et al. 2004). As with domestic
dogs, human-mediated introductions of previously
domesticated breadfruit led to introgressive
hybridization with a wild taxon, followed by the
incorporation of the introgressed lineages into the
populations utilized as a source of food.

9.4 Introgressive hybridization, hybrid
speciation, and the evolution of
human drugs

9.4.1 Coffee

Two species from the genus Coffea, Coffea arabica
and Coffen canephora, are a major economic
component of numerous Old World and New
World countries. Raina et al. (1998) reviewed data
indicating that coffee plants were cultivated in
more than 50 countries, accounting for a trade of
approx. US$18 billion. C. arabica accounts for
approx. 70% and C. canephora approx. 30% of this
trade (Moncada and McCouch 2004). The greater
proportion of coffee cultivation involving C. arabica
reflects the higher-quality beverage (ie. low
content of caffeine and pleasant aroma) produced
by this species (Raina et al. 1998). C. canephora’s
lower quality product is utilized in the manufactur-
ing of instant coffee (Steiger et al. 2002).

Of the >80 Coffea species, C. arabica is the only
tetraploid and self-fertile form (2n = 4x = 44; Raina
et al. 1998; Steiger et al. 2002). The remainder of the
species, including C. canephora, are self-sterile and
possess 2n = 22 chromosomes (Raina et al. 1998;
Steiger et al. 2002). A native of the southwestern
highlands of Ethiopia, C. arabica has spread world-
wide through human-mediated movement
(Figure 9.8) beginning with an initial introduction
to Yemen possibly as early as 575 AD, followed by
transfers to Java and Reunion Island and then to the
Amsterdam Botanical gardens and finally to the
Americas (Anthony et al. 2002). In the process of its
cultivation and spread, two varieties arose: Typica
and Bourbon (Figure 9.8; Anthony et al. 2002).
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Figure 9.8 The origin and spread of coffee (C. arabica) cultivation.
C. arabica was dispersed via human-mediated transport from its
native range in Ethiopia through Yemen, Java, Reunion Island (La
Réunion), and Amsterdam. The two varieties, Typica and Bourbon, were
derived during the various stages of cultivation and now act as the
source of C. arabica plants grown worldwide (from Anthony et al.
2002).



As mentioned above, C. arabica is the only known
polyploid in the genus, having arisen through a
natural allopolyploidy event (see discussion by
Ruas et al. 2003). Though a well-defined allopoly-
ploid, the identity of the diploid progenitors for this
species have been debated. For example, Raina et al.
(1998) used genomic and fluorescent in situ
hybridization to test the genomic constitution of
C. arabica. Their results suggested that the two
diploid genomes possessed by this allotetraploid
were derived from Coffea eugenioides and Coffea
congensis. This was indicated by the strong
hybridization of 22 C. arabica chromosomes each by
the DNA from these two species (Raina et al. 1998).
Lashermes et al. (1999), using both genomic fluores-
cent in situ hybridization and RFLP analyses of
nuclear loci, also concluded that C. eugenioides had
contributed one of the genomes present in the
cultivar. However, in contrast to the findings of
Raina et al. (1998), this latter study suggested that the
diploid, cultivated species, C. canephora, rather than
C. congensis, was the other progenitor lineage
(Lashermes et al. 1999). Furthermore, the degree of
genomic divergence, as indicated by the RFLP data,
led Lashermes et al. (1999) to conclude that “. .. the
speciation of C. arabica took place in relatively
recent times (i.e. from historical time to 1 million
years ago).’

Ruas et al. (2003) utilized inter-simple sequence
repeat markers to test the alternate hypotheses out-
lined above concerning the derivation of C. arabica.
Consistent with the findings of Lashermes et al.
(1999), Ruas et al.’s (2003) data indicated that, of the
eight diploid species analyzed, C. eugenioides and
C. canephora shared the highest similarity with
C. arabica. Significantly, Ruas et al. (2003) also
pointed out that the only wild, diploid species that
has been shown to possess ‘fine aroma and flavor’
was C. eugenioides. They argued that the participa-
tion of this species as a parent of the allotetraploid
C. arabica, might have resulted in the presence of
these characteristics in the cultivar. However, the
reticulation that led to the derivation of C. arabica
resulted in a species that is adapted to environmen-
tal conditions different from its two progenitors—
this is reflected by its occupation of a native range
outside the area of distribution of the diploid
species (Lashermes et al. 1999). Thus it appears
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likely that the genetic exchange leading to the
formation of C. arabica resulted in a uniquely
adapted lineage that now forms the basis of a
widely applied human drug.

9.4.2 Chocolate

The genus Theobroma is confined to tropical
America and comprises 22 species...divided into
six sections. Theobroma cacao is alone in one section
of this classification.

(Kennedy 1995)

Like C. arabica, the plant from which humans isolate
chocolate, T. cacao, represents a major crop plant of
the humid tropics—particularly regions of West
Africa, Brazil, and Malaysia (Kennedy 1995;
Motamayor et al. 2003). Also like C. arabica, major
consumers of the T. cacao product are located in
Europe and North America (Kennedy 1995;
Wrigley 1995). However, unlike the Coffea cultivar,
the plants that produce cacao beans are diploid-
level derivatives (2n = 20) of wild species. Three
major cultivars of T. cacao have historically been
recognized and utilized for the production of
chocolate—Criollo, Forastero, and Trinitario
(Kennedy 1995). As stated by Motamayor et al.
(2003), “Today, 70% of cacao production is still
derived from these traditional cultivars...much of
which is composed of Trinitario.” Though the three
cultivar lineages have been defined on the basis of
properties associated with the beans they produce
(Kennedy 1995), they were not found to be recipro-
cally monophyletic on the basis of RFLP and
microsatellite data (Motamayor et al. 2002).

In the current context, the significance of
Trinitario’s predominant position as the major
cultivar for the production of chocolate relates to
its origin through hybridization between Criollo
and Forastero. Specifically, the Trinitario lineage
was formed due to introgressive hybridization
following the introduction of Forastero trees from
the Lower Amazon into the native Trinidadian
habitat of the Criollo form (see Motamayor et al.
2003 for a discussion). It is important to note that
the bias toward the adoption of Trinitario as
the major cultivar is a recent phenomenon, but
it is most important to understand why the
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replacement took place. For example, though
cacao was cultivated by Central American cul-
tures from pre-Colombian times, Trinitario did
not begin to replace other forms in Central and
South America until the 1800s (Motamayor et al.
2003). There are two oft-cited reasons for why this
introgressive hybrid lineage became the major
crop plant for cacao production: (i) Trinitario
plants were found to be more disease resistant rel-
ative to Criollo and Forastero individuals; and (ii)
Trinitario individuals were found to combine the
higher productivity of the Forastero cultivar and
the desirable flavor characteristics of the
Criollo variant (Trinitario is referred to as ‘fine
cocoa’; Kennedy 1995; Motamayor et al. 2003).
Thus the natural hybridization event on the
island of Trinidad—once again caused by a
human-mediated introduction—was the basis
for the evolution of this drug of choice for many
in the Old and New Worlds.

9.4.3 Tobacco

Though it is impossible to draw appropriate
comparisons in terms of i) the artistry needed for the
construction of or ii) the quality of fine, hand-rolled,
long-leaf cigars, with a packet of cigarettes or a can
of snuff, the tobacco used in each product comes
from the same evolutionary lineage, Nicotiana
tabacum. Yet historically this species was not the sole
source for the intoxicating effects of nicotine. Thus
N. tabacum was utilized by the indigenous peoples
of Central and South America, Nicotiana bigelovii,
Nicotiana attenuata, and Nicotiana trigonophylla by
the inhabitants of western North America, Nicotiana
rustica by people groups in eastern North America,
northern Mexico, and the West Indies, and Nicotiana
benthamiana by native Australians (Gerstel and
Sisson 1995). The origin of tobacco farming in
the New World (in Virginia) initially involved the
species used by the local Native Americans, N. rustica
(Gerstel and Sisson 1995). However, this species was
quickly replaced by the better-flavored N. tabacum
(Gerstel and Sisson 1995).

For tobacco, like chocolate and coffee, the basis of
the product is a plant that reflects genetic exchange-
mediated evolution. In particular, N. tabacum, like
C. arabica, demonstrates an allopolyploid genomic

constitution. Recent molecular analyses have
determined that (i) the maternal and paternal
progenitors of the tobacco cultivar were ancestors
of the diploid species Nicotiana sylvestris and
Nicotiana tomentosiformis, respectively (e.g. see
Figure 9.9; Lim et al. 2000; Kitamura et al. 2001; Ren
and Timko 2001; Fulnecek et al. 2002) and (ii) the
derivation of N. tabacum occurred approx. 5-6
million YBP (see discussion by Fulnecek et al. 2002).
As with many of the examples discussed through-
out this book, the combination of the parental
Nicotiana genomes gave rise to a lineage with novel
adaptations relative to its progenitors. Gerstel and
Sisson (1995) highlighted this fact when they stated,
‘... the wild parents of N. tabacum . .. possess a dom-
inant “converter” gene which...demethylates nico-
tine into undesirable nornicotine in the leaves. For
this reason these species may have been useless. . .’
Thus, like the previous two examples, the web of life
appears to have provided the biological starting
material for a drug-based, agricultural industry.

9.5 Introgressive hybridization, hybrid
speciation, and the evolution of
pathogens of plants utilized by humans

In Arnold (2004a) I posed the following question:
‘Has natural hybridization led to the origin of
pathogens and pests that attack agricultural or nat-
ural plant populations that are important to
humans?’ In the following discussion I will give
several examples for which findings suggest such
an evolutionary scenario. Though diseases affecting
animal species utilized by humans also may form
via reticulate evolution (e.g. influenza viruses and
trypanosomes), I will focus this discussion on plant
pathogens to illustrate the role genetic exchange
plays in the evolutionary history of organisms that
impact us secondarily; that is, through their interac-
tion with another lineage. Furthermore, I will use
two examples from tree species (alders and elms)
that are not food sources, but rather have been
utilized for construction and fuel for heating.

9.5.1 Phytophthora

In a review of the evolution of introduced plant
pathogens, Brasier (2001) observed that epidemics
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Figure 9.9 Phylogenetic hypothesis for samples of the
allotetraploid cultivar N.tabacum (NTA) and its putative dipoid
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resulting from the translocation of fungal
pathogens to new geographic regions were well
known. He (and Brasier ef al. 1999) also concluded
that the bringing together of related, introduced
and native pathogens presented *...an opportunity
for rapid emergence of new or modified pathogens
via interspecific gene flow . ..” Brasier et al. (1999)
argued for the importance of testing for the action
of natural hybridization in the evolution of plant
pathogens because the outcome of genetic
exchange events might include the origin of novel
adaptations allowing their spread to new hosts.
Indeed, these authors defined pathogenic variants
from the fungal complex belonging to the genus
Phytophthora that were shown to be (i) hybrid deriv-
atives but (ii) genetically very similar to the non-
pathogenic species Phytophthora cambivora (Brasier
et al. 1999). The evolution of this novel pathogen
was thus consistent with the hypothesis that
‘Interspecific hybrids are more likely to survive if
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they have a fitness advantage over the parent
species, such as increased aggressiveness or the
ability to exploit a new host ... (Brasier et al. 1999).
The alder trees attacked by this new pathogen were
not a human food source; however, they were a sig-
nificant component of an important ecosystem and
thus of critical concern for conservation efforts.

9.5.2 Dutch elm disease

Similar to the alder tree pathogen, the spread of
Dutch elm disease has been marked by introgres-
sive hybridization and hybrid lineage formation.
Specifically, Brasier and Kirk (2001) defined two
subspecies of the organism recognized as the cause
of the present-day Dutch elm disease pandemic, the
ascomycete fungus Ophiostoma novo-ulmi. The two
subspecies, O. novo-ulmi novo-ulmi and O. novo-ulmi
americana were originally designated as Eurasian
and North American variants, respectively. Brasier
and Kirk (2001) hypothesized that these two sub-
species might have arisen through two separate
hybrid subspeciation events. In particular, they
posited that after its origin in Eurasia, O. novo-ulmi
hybridized with Eurasian Ophiostoma ulmi and that
O. novo-ulmi introduced into North America in the
1940s might have hybridized with the North
American O. ulmi, giving rise to O. novo-ulmi
americana. Consistent with this hypothesis was the
observation of diagnostic differences between the
two subspecies shared with the respective
(i.e. Eurasian or North American) forms of O. ulmi
(Brasier and Kirk 2001).

The hypothesized hybridization events leading
to the formation of the two Dutch elm disease
subspecies were not the only genetic exchange
affecting the evolutionary trajectory of this disease
organism. Subsequent to their formation, O. novo-
ulmi novo-ulmi and O. novo-ulmi americana have
come into contact in Europe (Figure 9.10). This
sympatry has resulted in introgressive hybridiza-
tion between these two forms (Brasier 2001; Brasier
and Kirk 2001). The recombinant forms were
shown to have intermediate phenotypes between
the parental subspecies, but were determined to be
no less pathogenic for their hosts (Brasier 2001;
Brasier and Kirk 2001). The geographically exten-
sive area of sympatry and hybridization
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(Figure 9.10) resulted in Brasier’s (2001) hypothesis
that ‘From such a mélange of recombinants, natural
selection may in the future favor...a new race or
subspecies of the pathogen.” Indeed, the introgres-
sion of the MAT-1 and vic loci was subsequently
hypothesized to reflect ’...rapid adaptation of
invasive organisms to a new environment’ (Paoletti
et al. 2006). In this case, the diversification of these
loci allowed sexual reproduction, which for this
fungal pathogen provided a means of escaping
viral infections that were otherwise perpetuated
through clonal lineages (Paoletti et al. 2006).

9.5.3 Erwinia carotovora

The bacterial family Enterobacteriaceae is probably
best known for human pathogens such as Salmonella
and Yersinia. Indeed, I have used both of these
human disease-causing organisms in previous
chapters to exemplify the web-of-life paradigm.
However, the family Enterobacteriaceae also
includes organisms that act as significant phy-
topathogens of human food sources. For example,
the genus Erwinia contains a number of lineages that
cause soft rot in potatoes and other crops, both in
temperate and tropical regions (Pérombelon 2002).
Erwinia carotovora ssp. carotovora, Erwinia carotovora
ssp. atroseptica, and Erwinia chrysanthemi are the
primary causes of the decay of stored potatoes (all

three taxa) and blackleg in agricultural fields (only
E. carotovora ssp. atroseptica and E. chrysanthemi;
reviewed by Pérombelon 2002). That these species
are widespread in the majority of commercial seed-
grade stocks of potatoes (Pérombelon 2002) makes
them a major concern for this key food source.

An analysis of the genome sequence of E. caro-
tovora ssp. atroseptica by Bell et al. (2004) included a
test for genes that may have been laterally trans-
ferred and also for the effect of these putatively
transferred loci on the pathogenicity of this species.
The results from their analyses indicated that
approx. 33% of E. carotovora ssp. atroseptica’s genes
were not shared with other sequenced genomes
from members (i.e. human pathogens) of this
bacterial family. A number of these loci were
characterized by atypical G+C ratios, proximity
to tRNA genes and the presence of phage/
plasmid genes (Bell et al. 2004), all traits suggestive
of horizontal transfer events. Furthermore, among
these loci were some associated with pathogenicity
as well as unexpected metabolic traits (Bell et al.
2004). Significantly, when mutants for the patho-
genicity loci were constructed, they demonstrated
virulence levels significantly reduced relative to the
original E. carotovora ssp. atroseptica genotypes. The
similarity of these genes to those found in other
plant pathogens and the reduction of the disease-
causing potential of mutants, led Bell et al. (2004) to
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Figure 9.10 European geographic distribution of the Dutch elm disease pathogens O. novo-ulmi novo-ulmi (EAN) and O. novo-ulmi
americana (NAN). Known sympatric regions occurred in Ireland, the Netherlands, Scandinavia, Germany, and Italy. Hatching indicates
demonstrated or postulated regions of introgression between the two subspecies (from Brasier 2001).



conclude that lateral exchange of genomic islands
containing pathogenicity loci had contributed to
the evolution of E. carotovora ssp. atroseptica. Thus,
as with the fungal species that attack alder and elm
trees, E. carotovora ssp. atroseptica was seen to have
evolved due to genetic exchange. However, for this
latter species horizontal exchange, rather than
introgressive hybridization, had been the mecha-
nism of genetic transfer.

9.6 Introgressive hybridization, hybrid
speciation, and the evolution of human
clothing materials

9.6.1 Leather

... for the species where domestic and wild line-
ages have co-existed over extensive areas, such as
cattle, dogs, and pigs, occasional backcrosses might
have increased the diversity of the domestic
lines...Our results, together with the archaeologi-
cal evidence, suggest that the separation between
wild and domestic might not have always been as
well defined in mammals as suggested by previous
genetic studies. ..

(Vila et al. 2005)

As discussed above, the lack of complete reproduct-
ive barriers and thus introgression did indeed
occur between the domestic dog lineage and its
wild relative, the gray wolf. However, as indicated
by Vila et al. (2005), genetic enrichments through

Bos indicus
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introgression between domesticated forms and
their wild sister taxa were not limited to Canids.
Furthermore, Vila et al. (2005) hypothesized that the
pattern of variation found at mitochondrial,
compared with nuclear, loci suggested a specific
scenario for gene exchange between wild and
domesticated forms. In particular, low levels of
mtDNA haplotype diversity, relative to the allelic
diversity present at nuclear loci, was consistent
with asymmetric crossing involving wild males
and domestic females. This mode of crossing
would likely result in the association of nuclear
loci from the wild lineage with the mtDNA
(i.e. maternal) haplotype of the domesticated form
(Vila et al. 2005).

Gotherstrom et al. (2005) reviewed the following
findings concerning the domestication process of
one animal used in the manufacturing of clothing,
cattle used as a source of leather: (i) cattle were
derived from aurochs (wild ox) ¢.10 000 years ago;
(ii) the domestication process probably occurred
in both the Near East and Asia; (iii) cattle have
been of major economic significance since ¢.5500
BC; (iv) cattle were likely brought to Europe from
the Near East center of origin; and (v) the wild ox
found in Europe (and elsewhere) went extinct
in the early seventeenth century. In regard to
the evolution of domesticated organisms—and
particularly those used for clothing—bovid line-
ages are illustrative of the non-concordant
mtDNA and nuclear genetic variation predicted
by the above hypothesis. Thus, the mtDNA

Bos primigenius

Figure 9.11

(extinct)
Near East
Bos taurus
Europe
Africa

Phylogenetic relationships inferred using mtDNA sequence data from contemporary populations of the two forms of domesticated

cattle, B. indicus and B. taurus, and the extinct aurochs or wild ox (B. primigenius). A scale bar of genetic divergence of 0.01 is also shown (from

Troy et al. 2001).
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Figure 9.12 Phylogenetic trees based on interpopulation
divergence estimates among extinct European aurochs, present-day
northern and southern European cattle (B. taurus), and African
samples of the domesticated, B. indicus. The left- and right-hand
phylogenies were derived from Y-chromosome single-nucleotide-
polymorphism (Y SNP) and mtDNA loci, respectively (from
Gotherstrém et al. 2005).

variation found in present-day European cattle
populations is found in significant frequency in
Near East populations, but is distinct from
mtDNA haplotypes detected in samples from the
extinct European aurochs (Figure 9.11 Troy et al.
2001). In contrast, Gotherstrom et al. (2005) found
that Y-chromosome haplotypes from contempo-
rary, northern European cattle were more similar
to those present in the extinct wild ox than to
either present-day, southern European or Near
(Figure 9.12).
Furthermore, these workers found a significant

East populations of cattle
north-south cline in the frequency of Y-chromo-
some haplotypes and they also detected the north-
ern European variant in 20 of 21 aurochs or early
domesticated cattle samples from 9500 to 1000 BC
(Gotherstrom et al. 2005). Taken together, these
results suggest that the foundation of the northern
European cattle (and thus leather) industry (and
presumably that of North America and elsewhere)
were breeds developed from hybrids between
male wild aurochs and female domesticated cattle
(Gotherstrom et al. 2005).

9.6.2 Deer skin

The use of deerskins for clothing by North
American indigenous peoples was widespread, as
reflected by rituals such as dances that commemo-
rated the killing of the animals (Hibben 1992). Two
species, Odocoileus virginianus (the white-tailed deer)

and Odocoileus hemionus (mule deer) were commonly
utilized in western North America. Furthermore,
there was a transfer of this clothing technology to
explorers of European extraction as recorded in the
writings of these later travelers. For example, the
May 13, 1805 journals from the Lewis and Clark
expedition recorded, ‘Captain Clark who was on
shore the greater part of the day killed a mule and
a common [i.e. white-tailed] deer, the party killed
several deer and some elk principally for the bene-
fit of their skins which are necessary to them for
clothing . . ."(www.lewisclarkeandbeyond.com/
journals/). It is thus apparent that from their initial
migration until at least the nineteenth century one
of the key ingredients for the survival of H. sapiens
in North America was the protection afforded by
the articles of clothing made from the skins of the
white-tailed and mule deer.

The significant morphological differentiation
between O. virginianus and O. hemionus (Roosevelt,
1996, pp. 127-128) is also reflected by behavioral
differences leading to different habitat preferences
(Avey et al. 2003). Theodore Roosevelt, in his
Hunting Trips of a Ranchman (1996, p. 128), described
the habitat differences of white-tailed and mule
deer in the following manner: ‘One of the notice-
able things in western plains hunting is the differ-
ent zones or bands of territory inhabited by
different kinds of game. Along the alluvial land of

Black-tailed
deer

Mule deer

White-tailed

I I deer
| | | |
55 % Nucleotide 0 0 % Nucleotide 0.75
divergence divergence
mtDNA Zfy

Figure 9.13  Phylogenetic placements of mule (0. hemionus), black-
tailed (also O. hemionus), and white-tailed (O. virginianus) deer species
based on mitochondrial (MtDNA) or Y-chromosome (Zfy) sequences
(from Cathey et al. 1998).
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the rivers and large creeks is found the white-tail.
Back of these alluvial lands generally comes a
broad tract of broken, hilly country, scantily clad
with brush in some places; this is the abode of the
black-tailed [i.e. mule] deer.’

Notwithstanding the significant phenotypic and
behavioral differences between O. virginianus and
O. hemionus, recent analyses have found non-con-
cordant phylogenetic patterns based on sequence
variation at mtDNA and nuclear loci (Carr et al.
1986; Cathey et al. 1998; Bradley et al. 2003).
Figure 9.13 illustrates the different phylogenetic
hypotheses derived from either maternally inher-
ited mtDNA sequences or paternally inherited
Y-chromosome sequences (i.e. the zinc-finger gene,
Zfy; Cathey ef al. 1998). The Zfy sequence data
resolved a phylogenetic tree consistent with mor-
phological and behavioral data sets. Thus the con-
specific black-tailed and mule deer individuals were
resolved as sister-lineages relative to the white-
tailed deer samples (Figure 9.13; Cathey et al. 1998).
In contrast, mtDNA sequences resulted in the close
association of mule deer and white-tailed deer in a
clade separate from the black-tailed deer lineage
(Figure 9.13). This phylogenetic discordance is con-
sistent with either incomplete lineage sorting or
genetic exchange. However, the closely associated
habitats of the two species (Roosevelt 1996; Avey
et al. 2003) and the detection of contemporary
hybrid zones (Carr et al. 1986; Bradley et al. 2003),
supported a hypothesis of mtDNA introgression
leading to phenotypically defined mule deer indi-
viduals carrying white-tailed deer mtDNA haplo-
types. Over the western North American range of
these species, hybrid individuals (especially given
that all mule deer possess haplotypes captured
from the white-tailed deer lineage) would have
thus provided the raw material for a large propor-
tion of the clothing for the indigenous peoples and
later explorers.

9.6.3 Cotton

The genus Gossypium is unique in the annals of
plant domestication in that a minimum of four
similar crop plants emerged independently on
opposite sides of the world...These species
collectively provide the world’s most important
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textile fibre and its second most valuable oil and
meal seed.
(Wendel 1995)

Of these four cotton lineages, Gossypium hirsutum
(“upland’ cotton) is the source of the vast majority
(>90%) of the raw material used in clothing
(Wendel 1995), and thus accounts for much of the
multi-billion dollar commerce (Jiang et al. 1998) in
cotton fiber. Like many other cultivars, G. hirsutum
reflects the evolution of a new domestic species
through allopolyploidy. As discussed in Chapter 6,
this species—and Gossypium in general—is a model
for defining genomic changes associated with
genome duplication. However, G. hirsutum is also a
paradigm for the role of genetic exchange in the
origin of a new evolutionary lineage that is of
significant importance for humans. The allopoly-
ploid derivation of G. hirsutum (and other New
World Gossypium species) involved hybridization
between diploid forms whose contemporary
derivatives are now allopatric (Wendel 1989).
Specifically, the G. hirsutum genome consists of the
so-called A and D genomes of Asian—African and
New World diploids, respectively (Wendel 1989,
1995). Furthermore, the derivation of G. hirsutum
and the other New World allotetraploids involved
an Old World species acting as the maternal parent.
This is suggested by G. hirsutum possession of
cpDNA haplotypes with little sequence divergence
from those of Old World taxa (Wendel 1989).

Of particular significance for the current discus-
sion, the formation of the allotetraploid, G. hirsutum
¢.1-2 million YBP (Wendel 1989) resulted in genetic
combinations that gave rise to unique phenotypes
(in terms of fiber quality) relative to the diploid
progenitors (Jiang et al. 1998). In particular, the
combination of the diploid genomes from the line-
ages resembling Gossypium herbaceum (the A genome
donor) and possibly Gossypium raimondii (the
D genome donor) resulted in gene interactions
that contributed to the high yield and easily
spinnable fibers of upland cotton. Surprising, the
majority of the QTLs contributing to these charac-
teristics derived from the D genome—a diploid
ancestor that does not possess spinnable fibers
(Jiang et al. 1998). In contrast, the A genome
contained fewer loci that contributed to the high
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quality of G. hirsutum even though the donor of this
genome produces fiber. These discoveries once
again reflect the power of the web-of-life processes
in the creation of novel evolutionary trajectories.
Jiang et al. (1998) voiced this same conclusion in the
following manner: ‘The joining in a common
nucleus of A and D genomes, with very different
evolutionary histories, appears to have created
unique avenues for response to selection in AD-
tetraploid cottons.’

9.7 Introgressive hybridization, hybrid
speciation, and the evolution of human
disease vectors

9.7.1 Anopheles funestus

Though the An. gambiae species complex has been
extremely well defined genetically and evolution-
arily (e.g. see section 4.3.4), it is only one of the two
significant African malarial vectors. The other
taxon that is a primary contributor to human malar-
ial mortality in Africa is Anopheles funestus (Cohuet
et al. 2005; Michel et al. 2005). Cytogenetic analyses
of An. funestus have detected genetic structuring in
certain geographical regions, but not in others. For
example, in West Africa Lochouarn et al. (1998)
found evidence for three chromosomally differenti-
ated races of this species; the races were defined by
different inversions. Furthermore, in areas of
sympatry between two of the karyotypic forms,
Lochouarn et al. (1998) detected a heterozygote
deficit consistent with restricted introgression. In
contrast to these findings, Sharakhov et al. (2001)
found no significant departures from Hardy-
Weinberg expectations for Kenyan populations that
also demonstrated inversion polymorphisms. It is
thus apparent that factors—likely to be at least
partially reflective of ecological selection—affecting
introgression between differentiated lineages
within the An. funestus complex vary across space.

Two recent analyses by Cohuet et al. (2005) and
Michel et al. (2005) have resulted in a greater reso-
lution of the genetic structuring within and among
An. funestus populations. These studies have also
contributed to a definition of some of the evolu-
tionary processes affecting the genetic patterns.
The analysis by Cohuet et al. (2005) involved the

collection of both cytogenetic and molecular
marker (i.e. microsatellite) data for Cameroon
populations. As with previous analyses of cytoge-
netic markers in West Africa, Cohuet et al. (2005)
found significant structuring indicative of limits to
genetic exchange involving the inverted chromoso-
mal regions. The genetic structure revealed by the
inversion data included the presence of clinal
variation and a hybrid zone with heterozygote
deficiencies (Cohuet et al. 2005). In contrast to the
spatial differentiation indicated by the chromoso-
mal markers, the microsatellite frequencies were
consistent with high levels of gene flow between
chromosomal forms (Cohuet et al. 2005).

To determine the population genetic structure of An.
funestus throughout its range, Michel et al. (2005) ana-
lyzed microsatellite alleles (from each autosomal
chromosome arm and the X-chromosome) and
mtDNA haplotypes for populations from 11 African
countries. The microsatellite data led to the defini-
tion of three lineages, termed eastern, western, and
central on the basis of the geographic location of the
respective populations (Michel et al. 2005). Though
the mtDNA data were largely consistent with the
microsatellite findings, the distribution of mtDNA
haplotype variation did allow the definition of addi-
tional subdivisions within the An. funestus clade. In
particular, two lineages were defined that possessed
approx. 2% sequence divergence. This level of
differentiation suggested a divergence time of c.1
million YBP. The observation of the high level of
divergence, coupled with the fact that one mtDNA
lineage was distributed throughout the range of the
species, while the second lineage was found only in
the samples from Mozambique and Madagascar,
resulted in an inference of mtDNA introgression
either between An. funestus lineages or between
An. funestus and another Anopheles species (Michel
et al. 2005).

The findings from the earlier cytogenetic
analyses of An. funestus, combined with those from
later cytogenetic and molecular studies, indicate
that this species complex reflects the evolutionary
importance of genetic exchange. Furthermore,
like the other major African malarial vector,
An. gambige, genetic exchange has contributed to
the evolution of an organism that is highly
detrimental to H. sapiens.



9.7.2 Culex pipiens

Unlike similar outbreaks of West Nile virus in
European urban settings (which do not reoccur and
are geographically localized), the North American
occurrences of this disease have persisted across
years and have spread geographically (Hayes
2001). The nature of the North American outbreaks
was surprising because of the biology of the disease
and its vector. Thus the spread of West Nile virus in
humans requires what is called a ‘bridge vector’
‘... because humans and other mammals do not
usually generate high enough viremia to infect
biting mosquitoes . . .” (Fonseca et al. 2004).

Though the common vectors responsible for
spreading West Nile virus are mosquitoes of the
Culex pipiens clade, European and North American
populations of this vector demonstrate behavioral
differences. In Europe two genetically differenti-
ated forms prefer either birds or mammals (includ-
ing humans) as sources for their blood meals
(Fonseca et al. 2004). In contrast, certain lineages of
the North American Cx. pipiens species complex
have been shown to feed from both humans and
birds (Spielman 2001) and may thus explain the
unique ability of West Nile virus to spread and per-
sist in a North American setting.

The most significant finding related to the North
American clade of Culex was that it included a
hybrid lineage between the two divergent European
forms that fed differentially from mammals and
birds. Indeed, introgression between these taxa
(named Cx. pipiens and Culex quinquefasciatus) was
found to have produced a genotypically diverse and
geographically widespread form (Fonseca et al.
2004; Smith and Fonseca 2004). Taken together, the
observations suggested that, ’...hybrids between
human-biters and bird-biters may be the bridge vec-
tors contributing to the unprecedented severity and
range of the West Nile virus epidemic in North
America’ (Fonseca et al. 2004).

9.8 Lateral transfer and the evolution

of human diseases
9.8.1 Propionibacterium acnes

Acne is the most common skin disease and affects
approx. 80% of adolescents in the United States
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(Briiggemann et al. 2004). Surprisingly, the role
played by the human skin-commensal bacterium,
Propionibacterium acnes, in the development of acne
is still debated. Some of the processes that may
contribute to this skin disease—and in which
P. acnes may be involved—include damage to host
tissues due to bacterial lipases (Miskin et al. 1997) or
inflammation caused by heat-shock proteins
(Farrar et al. 2000). Notwithstanding the lack of
clarity concerning its mode of action, this bacterial
species likely plays a significant role in the devel-
opment of acne as well as a plethora of other, more
serious, human diseases (e.g. Yamada et al. 2002).

Briiggemann et al. (2004) reported the entire
genome sequence of P. acnes. In addition to their
analysis of the genomic structure of this human
commensal bacterium, these authors also dis-
cussed the interaction of genetic-exchange
processes in the development of its putative, path-
ogenic characteristics. Specifically, Briiggemann
et al. (2004) detected a number of regions that may
have been added through lateral gene transfers.
These regions demonstrated numerous traits
known to be characteristic for horizontally trans-
ferred sequences, including being flanked by
tRNA genes and possessing an unusual G+C con-
tent. Most significantly, numerous key functions
were identified for the transferred islands. Some
of the regions corresponded to (i) cryptic
prophages, (ii) genes for a conjugation system, (iii)
substrate uptake and utilization, (iv) putative
pathogenicity loci, and (v) genes possibly associ-
ated with DNA repair and recombination
(Briiggemann et al. 2004). P. acnes is yet another
likely example of both a mosaic genome and an
effective pathogen that has evolved at least par-
tially via the incorporation of loci from a wide
array of evolutionary lineages.

9.8.2 Burkholderia pseudomallei

Melioidosis is the disease caused by the Gram-
negative bacterial species Burkholderia pseudoma-
llei (formerly Pseudomonas pseudomallei; Dance
1991; White 2003). This bacterial infection has
been identified as a significant cause of sepsis
in both East Asia and northern Australia. For exam-
ple, B. pseudomallei infections cause 20% of the
community-acquired septicemias in Thailand,
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with a 40% mortality rate in those treated for the
disease. The illness was identified in Burmese pop-
ulations early in the twentieth century, being
described as a ‘glanders-like’ malady (i.e. an
abscess-forming disease of horses, mules, and don-
keys caused by the related species Burkholderia
mallei; see Nierman et al. 2004 for a discussion;
White 2003). Melioidosis, like glanders, results in
abscesses, particularly in both internal organs and
muscle tissue (White 2003). However, unlike the
glanders-causing bacterium, which is an obligate
parasite of its equine hosts, B. pseudomallei is a soil
saprophyte that is widespread throughout tropical
regions (Dance 1991).

Because of its pathogenicity and also its potential
as a tool for bioterrorism, Holden ef al. (2004b)
sequenced the genome of B. pseudomallei. Holden
et al. (2004b) detected evidence for the pervasive
effect of horizontal acquisitions of genomic islands
in the evolution of B. pseudomallei. In particular, they
noted that this bacterium possessed a large genome
relative to other prokaryotes and had numerous
genomic islands with characteristics reflective of
recent lateral exchange events (e.g. G+C anomalies
and the presence of gene sequences related to
mobile elements). Furthermore, Holden et al. (2004b)

noted that a major contributor to the larger genome
size of B. pseudomallei relative to B. mallei were the
genomic islands. Consistent with their role in
genome amplification was the demonstration of a
high frequency of transmission and turnover of
these regions. Figure 9.14 illustrates the
presence/absence of the different islands among
diverse isolates of B. pseudomallei (Holden et al.
2004b). The highly variable occurrence of the
sequences among the clinical and natural strains
was indicative of their frequent transmission
through horizontal exchange.

In summarizing the significance of their find-
ings, Holden et al. (2004b) emphasized the same
concept emphasized throughout this book: genetic
exchange provides opportunities for evolutionary
transitions. Their conclusions also reflect the
danger of this creative potential for human
populations when the exchanges involve organ-
isms that may become pathogenic. Furthermore, in
the context of the final topic of this chapter—
human-mediated genetic exchange—the following
statement causes serious reflection: ‘Coupled with
the status of B. pseudomallei as a biothreat agent,
there is therefore a pressing need to gain a better
understanding of the role that horizontal gene
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transfer plays in the genomic plasticity of this
potent pathogen’ (Holden et al. 2004b). Sadly,
terrorists may be able to inadvertently capitalize
on the amenability of certain pathogens to
evolution through genetic exchange to modify the
organisms for their own use.

9.9 Human-mediated genetic exchange

Evidence involving various species, then, suggests
that evolution is best depicted by closely or dis-
tantly related strands of a web that diverge, con-
verge, and intersect. Yet humans are not mere
passive actors caught in this web. For millennia,
through crop and animal breeding, we have
actively contributed to the process of hybridizing
closely related species. Most recently, with the
advent of genetic engineering and biotechnology,
we have begun to contribute as well to the web
process of horizontal gene transfer.

(Arnold and Larson 2004)

This quote by Arnold and Larson (2004) reflects
two main
engineered gene-transfer

conclusions  concerning human-
First, web

processes have not only affected humans, humans

events.

have also participated in, if you will forgive the
pun, web design. Second, H. sapiens has been in the
business of making such transfers since the dawn of
agriculture in the form of introgressive hybridiza-
tion. Third, the most recent methodologies
employed by our species to engineer plants,
microbes, and animals have involved lateral gene-
transfer-like events.

In regard to point three, Arnold and Larson
(2004) continue, ‘Whether transferring “delayed
ripening” genes from a disease of bacteria (i.e. a
bacteriophage) into cantaloupe to prevent our
breakfast from going mushy too quickly, or splicing
a gene for pesticide resistance from bacteria into
corn to keep insects from feeding on the plants in a
field, or implanting the gene for human interferon
into the DNA of chickens so that their eggs contain
the protein used to battle hepatitis C, or introduc-
ing the gene for a red fluorescent protein from a sea
anemone into zebra fish so that they look more
attractive to us in an aquarium, biotech researchers
now move genes between species so unrelated to
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one another that it’s difficult to imagine the natural
web of life ever accomplishing the same task. Yet
these researchers” work perfectly represents how
evolution has proceeded through the ages to
produce the diversity of life on earth. Different
evolutionary strands have been brought into asso-
ciation...and the result has been mosaic genomes.’

As alluded to at the end of section 9.8.2, the
implications of H. sapiens’ contribution to the web
of life go beyond the possible benefits derived from
improved crop and animal yields to the horrendous
consequences of fanatics using the technology to
produce biological agents that will kill and maim
other humans. Yet the most widely discussed and
debated questions concerning genetic modification
remain whether the potential benefits from
‘improving’ substrates for human use outweigh the
potential dangers engendered by introducing the
modified organisms into the environment.

There are numerous reviews reflecting the
plethora of possible benefits and costs from
human-mediated genetic exchange (e.g. Ellstrand
and Hoffman 1990; Ellstrand 2000; Hails and
Morley 2005; Chapman and Burke 2006). However,
I will use a single example to illustrate the balance
between potentially beneficial and detrimental
results from genetic modification. In particular,
I'will discuss the likelihood that the introgression of
transgenes from crop plants into related, native
lineages might occur and thus change the
evolutionary trajectory of the native forms.

As discussed in previous chapters, research on
the annual sunflower genus Helianthus has pro-
vided wonderful examples of the evolutionary
significance of introgressive hybridization and
hybrid lineage formation. However, this plant
complex has also been used as a model for testing
the outcome of introgression between genetically
modified crops and their wild relatives. In particu-
lar, the domesticated sunflower, H. annuus, has
been investigated with regard to the likelihood of
transgene ‘escape’ (i.e. the introgression of genes
introduced into crop plants into wild relatives). In
an initial study, Whitton et al. (1997) documented
the long-lasting genetic effects initiated by a single
generation of hybridization between cultivated and
wild H. annuus. By monitoring the frequencies of
crop-specific alleles in neighboring wild populations,
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these workers documented the maintenance of a
high level of the foreign markers in the native
plants. In fact, Whitton et al. (1997) found no signif-
icant decrease from the initial crop-specific allele
frequencies—even though hybrid plants likely
demonstrated lower fitness relative to non-hybrid
genotypes, at least for some fithess components
(Cummings et al. 2002). Whitton et al.’s (1997) find-
ings suggested that transient hybridization could
lead to the long-term maintenance of introgressed
crop loci in native populations. Consistent with
cultivar-native hybridization being of potentially
great importance for H. annuus, Burke et al. (2002)
found evidence for geographically widespread
genetic exchange. Specifically, these authors found
that two-thirds of cultivated sunflower fields were
spatially associated, and had overlapping flower-
ing times, with the native H. annuus. In addition,
Burke et al. (2002) detected morphological indi-
cations of hybridization in up to one-third of the
populations.

The above studies indicate the potential for
introgression between crop plants and their native
relatives. However, the key issue for the current
discussion is whether genes introduced into crop
plants through genetic modification will introgress
into wild populations thus causing evolutionary
changes that lead to deleterious effects, such as the
evolution of invasiveness (e.g. see Ellstrand 2000).
Two analyses addressed directly the hypothesis
that the introgression of trangenes from crop to
wild plants would generate genotypes possessing
higher fitness relative to their parental lineages.
First, Snow et al. (2003) examined the fitness effects
from the introgression of a herbivore resistance
transgene (Bt) from cultivated to native H. annuus.
Though the action of some herbivore castes were
unaffected by the presence of the Bt gene in intro-
gressed, native plants, lepidopteran damage was
significantly reduced. Thus the introgression of the
Bt gene increased the fitness of wild, introgressed
plants under natural conditions (Snow et al. 2003).

In contrast to the results from Snow et al. (2003),
Burke and Rieseberg (2003) found no evidence for a
change in fitness from the presence of a transgene
that protected plants against white mold infections.
Specifically, they detected offsetting effects from the
variation in the likelihood and severity of infection.

The cumulative effect was a tradeoff resulting in no
fitness change between genotypes with or without
the transgene, leading to the conclusion that the
‘... transgene will do little more than diffuse neu-
trally after its escape’ from the crop plants into
native individuals (Burke and Rieseberg 2003). As a
whole, the data from the H. annuus system indicate
the likelihood of extensive crop—wild introgres-
sion. However, the degree to which effects from
such genetic exchange are positive or negative will
likely depend greatly upon the transgenes involved
and the ecological setting in which the introgres-
sion occurs.

9.10 Summary and conclusions

Genetic exchange—in the form of lateral transfer
events, introgressive hybridization, and viral
recombination—has played a significant role in the
evolutionary histories of our own lineage and those
lineages with which we interact on a daily basis.
Our own genome is a mosaic of elements inherited
from genomes of ancestors on divergent evolution-
ary lineages of the primate assemblage.
Furthermore, introgression appears to have contin-
ued into the clade that contains the genus Homo.
Thus, the human genome is only ‘human’ when
considered as a point-in-time product. Like other
genomes, it is better perceived as an ongoing con-
struction project, with additions and deletions hav-
ing occurred in the past, continuing to occur at
present (e.g. retroviral insertions), and almost cer-
tainly continuing into the future.

Likewise, organisms that feed us, clothe us, make
us sick, and even kill us have as diverse an array of
ancestors as we. This recognition helps us to design
strategies for crop and livestock ‘improvement’. It
also helps us understand why it will be so difficult
to escape from those pathogens and parasites that
utilize H. sapiens as a host. Hopefully, this recogni-
tion will also act as a cautionary tale as we design
arrays of genetically modified organisms. Thus
genetic exchange is, and will continue to be, a per-
vasive and powerful process in nature. If we choose
to contribute to this process, we may produce
incredible benefits for our existence. We may create
a bane to our existence as well.



CHAPTER 10

Emergent properties

Hybridization between populations having very different genetic systems of adaptation may lead
to several different results.

(Anderson and Stebbins 1954)

The introduction of genes from another species can serve as the raw material for an adaptive evo-
lutionary advance.

(Lewontin and Birch 1966)

Vertical transmission of heritable material, a cornerstone of the Darwinian theory of evolution, is
inadequate to describe the evolution of eukaryotes, particularly microbial eukaryotes. This is
because eukaryotic cells and eukaryotic genomes are chimeric, having evolved through a combi-
nation of vertical (parent-to-offspring) and lateral (trans-species) transmission.

(Katz 2002)

... for the diverse prokaryotes in our sample, we find a pervasive coherent vertical genetic signal
with significant modulation by [lateral gene transfer], particularly among thermophiles,
pathogens, and cyanobacteria.

(Beiko et al. 2005)
Although each character exhibits intermediates ranging from one extreme to the other, interactions

among different characters can create unique morphologies in other characters. In addition, in this
case, distinct geographic variation arises not by isolation but by hybridization and introgression,

revealing the importance of hybridization as a source of evolutionary novelty.

10.1 Genetic exchange is pervasive

Studies of natural hybridization in plants and
animals indicate that this process cannot be ignored
as a type of evolutionary noise. Rather, examples of
introgression and reticulate evolution continue to
be reported for an increasing number of plant and
animal taxa. These reports take on added signifi-
cance because fitness estimates for some hybrid
genotypes are equal to or greater than those of their
parents. However, this leads to the following,

(Chiba 2005)

frequently asked question: If hybrids are relatively
fit, why don’t natural populations consist of hybrids
rather than well-defined species?

(Arnold 1997, p. 182)

In answering my own question, I emphasized
two points. First, the frequency of introgressive
hybridization, though unequally distributed across
taxonomic groups, had been grossly underesti-
mated. Second, species were not ‘well defined” as
required by descriptors such as the biological
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species concept, but instead were often the
products of recent or ancient reticulate events.
From the data presented in this book, and the
enormous amount of additional evidence not
reviewed here, I would have to correct my 1997
conclusions in the following manner. Exchange is
much more pervasive than I appreciated. This is a
consequence of the variety of modes that have
acted as bridges for the transfer of genetic material
between closely or distantly related organisms.
Notwithstanding my fondness for Darwin’s illus-
tration of the evolutionary process (Figure 10.1) as
an ever-diversifying pattern of branching, as well
as my desire for the simplicity and clarity that
this paradigm provides, it would be inaccurate to
continue to promote such a model given so much
contradictory data. Instead, the relationships among
organisms are much more complex, and I would
argue wonderful, than we have been taught or
have, for many of us, taught to others. Because of
the pervasive nature of this process, a metaphor
such as the web of life (Figure 10.2) necessarily
reflects evolutionary patterns and processes better
than does the tree of life. Given my penchant for
neat, clean answers, such a viewpoint leads me to
the uncomfortable position of accepting nature as
even more messy than I formerly believed it to be.
Some will inevitably argue that the above, and
indeed this entire book, is hyperbole. This argument
often, but not always, comes from those who work
on a very limited set of organisms—usually termed
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Figure 10.2 A representation of biological diversification reflecting
the web-of-life paradigm (from Doolittle 1999).
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‘higher’. I find it ironic that these organisms—such
as Drosophila, birds, and Homo—used so often to
justify a very limited view of evolutionary pattern
and process now provide us with some of our very
best examples of evolution via web processes. On
my worst days, when I hear such comments as,
‘this does not apply to animals’, I want to counter
with ‘Fine, let’s assume you are correct and you
keep those organisms for your own research agen-
das and the rest of us will keep the vast majority of
organismic diversity for our own studies.” However,
this would be an inaccurate and disingenuous
answer since we now know that many of the
“exceptions” are also products of genetic exchanges
and thus contain mosaic genomes.

Some might complain that this treatment lacks
the necessary tables and graphs that quantify how
many organisms actually reflect the paradigm that
is presented. I make no apologies for not including
such tables because they would be misleading in
the context of what has been presented. In other
words, the major point addressed is that every
genome examined thus far has the signatures from
one or more of the avenues of genetic exchange.

10.2 Genetic exchange: research
directions

The weight of evidence leads to the conclusion that
the representation of evolutionary pattern and
process by simple bifurcating diagrams (with all of
the conceptualization that accompanies this model,
such as divergence mainly in allopatry) is like a
chicken whose head has recently been removed: it
is dead, but the realization has yet to set in. Thus
the realignment of the way we evolutionary biolo-
gists think about and study our various systems
will change, but it will likely take some time.

The above conclusion begs the question of what
types of studies might encourage this realignment.
I would argue that as genomic information
increases the balance will tip more and more to an
appreciation of the frequency and diversity of
genetic exchange events. The breadth of evidence
will assuredly also continue to increase as phylo-
genetic treatments, both for ‘model” and ‘non-model’
organisms, multiply. I argued (and by no means
was I the first to do this) in Natural Hybridization and
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Evolution that phylogenetic analyses provided some
of the most powerful tests for reticulate evolution.
This remains true, but these types of analysis remain
largely qualitative in nature. Most inferences con-
cerning reticulate events result from discordances
detected by the manual comparison of phylogenies
derived from different data sets. Thus there is a
need for analytical methodologies that would allow
the quantitative testing of multiple phylogenies, as
well as the testing of data distributions in single
phylogenies, for patterns indicative of genetic
exchange among lineages (e.g. Vriesendorp and
Bakker 2005; Huson and Bryant 2006).

The genomic and phylogenetic data are mainly
limited to describing the pattern of evolutionary
diversification, and not necessarily the evolution-
ary processes that underlie the web of life. In par-
ticular, though we now have many good estimates
of the fitness of recombinants/hybrids under a
variety of experimental conditions, we still lack
large amounts of similar information from natural
settings (but see examples in Chapters 1 and 5). In
particular, this leaves us in the uncomfortable posi-
tion of recognizing numerous cases of, for example,
lateral exchange in bacteria that may or may not
reflect adaptive gains. The same can be concluded
for instances of introgressive hybridization: most

examples lack explicit tests for whether the trans-
fers lead to differentially adaptive genotypes or
phenotypes. Major gains in our understanding of
the role of genetic exchange in adaptive evolu-
tion—though such a role is consistent with many
data sets already in existence—will depend on the
multiplication of this class of studies.

I concluded Natural Hybridization and Evolution
(Arnold 1997, p. 185) with a quote from a later edi-
tion of On the Origin of Species. I believe the slightly
different passage from the first edition of this work
captures as well the essence of what I have tried to
express in this book:

It is interesting to contemplate an entangled bank,
clothed with many plants of many kinds, with
birds singing on the bushes, with various insects
flitting about, and with worms crawling through
the damp earth, and to reflect that these elabo-
rately constructed forms, so different from each
other, and dependent on each other in so complex
a manner, have all been produced by laws acting
around us. ..

(Darwin 1859, p. 489)

It is now apparent that genetic exchange is one of
those laws.



Glossary

adaptive radiation The evolution of ecological and phe-
notypic diversity within a rapidly multiplying lineage
(Seehausen 2004).

adaptive trait introgression See adaptive trait transfer.

adaptive trait transfer The transfer of genes and thus
the phenotype of an adaptive trait through viral recom-
bination, lateral gene transfer, or introgressive
hybridization.

agamic species complex This type of complex results
‘...from the combination of agamospermy and
hybridization . . ." (King 1993).

agamospermy Seeds develop on the maternal plant
without being fertilized (Grant 1981, p. 5).

allopolyploid species A species
hybridization between members of evolutionary line-
ages with ‘strongly differentiated genomes’ followed by
chromosomal doubling, trebling, etc. (Stebbins 1947).

apogamous taxa Those taxa that reproduce by the
development of an embryo
nucleus other than the egg in the embryo sac . . .” (Grant
1981, p. 10).

autopolyploidy A type of polyploidy in which the
derivatives originate from crosses within a single evo-
lutionary lineage (Stebbins 1947).

biological species concept ‘Species are groups of actu-
ally or potentially interbreeding natural populations,
which are reproductively isolated from other such
groups’ (Mayr 1942).

bounded hybrid superiority model ‘When a secondary
contact occurs, it would usually involve whole ecologi-
cal communities expanding from refugia. Hybrid
zones . .. would form in the ecotone and remain there

formed through

‘... from some cell or

because hybrids would be maladapted in the parental
communities but relatively well adapted in the inter-
mediate or mixed ecology’ (Moore and Buchanan 1985).
Also known as the hybrid superiority model (Moore
1977).

clonal microspecies Microspecies are ‘. . . plant popula-
tions which reproduce mainly if not exclusively by uni-
parental methods, are morphologically uniform,
occupy a definite geographical or microgeographical

area, are differentiated morphologically—often
slightly—from related species and microspecies, and
frequently possess a hybrid constitution ... Clonal
microspecies are those that reproduce by various means
of vegetative propagation’ (Grant and Grant 1971).
‘...an evolutionary lineage
or set of lineages with genetic exchangeability and/or
ecological interchangeability” (Templeton 2001).
concerted evolution Molecular processes that facilitate
changes in a single genetic element to be incorporated
into all genes belonging to a multi-gene family (Zimmer
et al. 1980; Hartwell et al. 2004).
conjugation The transfer of DNA through physical con-

cohesion species concept

tact between donor and recipient cells. This process can
mediate the transfer of genetic material between such
divergent evolutionary lineages as bacteria and plants
(Ochman et al. 2000).

cyclic parthenogenesis Occurs when ... unisexual
propagation via eggs is periodically interrupted by a
bisexual phase’ (Lynch 1984). For example, in the clado-
ceran Daphnia, ‘Cyclic parthenogens produce sexual
resting eggs; that is, the eggs are haploid and require
fertilization by sperm to develop” (Crease et al. 1989).

donor An organism that acts as the source for DNA
sequences transferred through lateral gene transfer.

epigenetic ‘A state of gene functionality that is not
encoded within the DNA sequence but that is still
inheritable from one generation to the next. It can be
accomplished and maintained through a chemical mod-
ification of DNA such as methylation’ (Hartwell et al.
2004).

floral preference

.

... preference refers to the net over-
visitation of one flower type by pollinators, when more
than one flower type is present...” (Meléndez-
Ackerman et al. 1997, from the concept of Cock 1978).

gamete competition The finding that contaxon gametes
are superior to heterotaxon gametes in fathering prog-
eny, when both gamete types are present.

gene conversion The transfer of the gene sequence from
one DNA element to another related, but non-allelic,
element resulting in the ‘conversion’ of the recipient
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into the DNA sequence of the donor (Hartwell et al.
2004).

genome downsizing The loss of DNA following poly-
ploidization. A concept derived from the observation
that the amount of DNA in polyploids does not increase
in direct proportion to the ploidy level (Leitch and
Bennett 2004).

gynogenesis Mode of asexual reproduction in which the
presence of sperm from a related bisexual species is
required to stimulate egg development in an asexually
reproducing female. In concert with the stimulation,
‘... the female’s nuclear genome is transmitted intact to
the egg, which then develops into an offspring geneti-
cally identical to the mother’ (Avise et al. 1992).

Haldane’s Rule ‘When in the F, offspring of two differ-
ent animal races one sex is absent, rare, or sterile, that
sex is the heterozygous sex’ (Haldane 1922), “. .. that is
to say, the sex which produces two sorts of gametes,
namely the male in most animal groups...” (Haldane
1990, p 42). Also known as Haldane’s Law.

homeobox gene ‘Homeobox genes encode DNA-bind-
ing proteins characterized by the presence of the 60 or
63 amino acid homeodomain’ (Castro and Holland
2003).

horizontal gene transfer See lateral gene transfer.

hybrid index A quantitative assessment of species-
specific characters, in which the characters from the dif-
ferent species are assigned different numerical values
(e.g. 1 for every character from species A and 0 for every
character from species B). The index values are often
displayed as a bar graph distribution for each popula-
tion or species.

hybrid speciation Process in which natural hybridiza-
tion results in the production of an evolutionary lineage
that is at least partially reproductively isolated from
both parental lineages, and which demonstrates a dis-
tinct evolutionary and ecological trajectory (Arnold and
Burke 2006).

hybrid species At least partially reproductively isolated
lineages arising as a result of natural hybridization.
These lineages demonstrate distinct evolutionary and
ecological trajectories as defined by distinguishable
(and heritable) morphological, ecological and /or repro-
ductive differences relative to their progenitors (Arnold
and Burke 2006).

hybrid superiority model See bounded hybrid superior-
ity model.

hybrid zone Geographical region in which natural
hybridization occurs (Arnold 1997 as adapted from
Harrison 1990).

hybridogenesis Mode of asexual reproduction in which
‘... an ancestral genome from the maternal line is trans-

mitted to the egg without recombination, while pater-
nally-derived chromosomes are discarded only to be
replaced in each generation through fertilization by
sperm from a related sexual species’ (Avise et al. 1992).

introgressive hybridization The transfer of DNA
between individuals from two populations, or groups
of populations, that are distinguishable on the basis of
one or more heritable characters via hybridization fol-
lowed by repeated backcrossing between hybrid and
parental individuals (Anderson and Hubricht 1938).
Also known as introgression.

lateral gene transfer The transfer of genetic material
between individuals from two populations, or groups
of populations, that are distinguishable on the basis of
one or more heritable characters through the processes
of transformation, transduction, conjugation, or vector-
mediated transfer.

Linneon ’...a group of individuals which resemble one
another more than they do any other individuals’
(Lotsy 1916, p. 27).

methylation The selective addition of methyl groups (-
CH,) to DNA by enzymes known as methylases
(Hartwell et al. 2004).

mosaic hybrid zone A hybrid zone demonstrating a
complex patchwork of parental and hybrid popula-
tions. The different populations are associated with dif-

habitats, indicating the importance of
environment-dependent selection (Howard 1982, 1986;
Harrison 1986, 1990).

natural hybrid An offspring resulting from a cross in
nature between individuals from two populations, or
groups of populations, that are distinguishable on the
basis of one or more heritable characters (Arnold 1997
as adapted from Harrison 1990).

natural hybridization Successful matings in nature
between individuals from two populations, or groups
of populations, that are distinguishable on the basis of
one or more heritable characters (Arnold 1997 as
adapted from Harrison 1990).

neo-functionalization ‘When one of two duplicate
genes acquires a mutation in coding or regulatory
sequences that allows the gene to take on a new and
useful function’ (Prince and Pickett 2002).

nested clade analysis Phylogenetic construction of
nested clades of genotypes/phenotypes into a single
evolutionary tree that is then used to test for associa-
tions between clades and geographical location
(Templeton 1993; Templeton et al. 1995).

non-functionalization (silencing) ‘When one of two
duplicate genes acquires a mutation in coding or regu-
latory sequences that ultimately renders the gene non-
functional” (Prince and Pickett 2002).

ferent



nucleolar dominance ‘...epigenetic phenomenon that
describes the formation of nucleoli around rRNA genes
inherited from only one parent in the progeny of an
interspecific hybrid” (Chen and Pikaard 1997).

obligate parthenogenesis When the only reproduction
possible for an organism is parthenogenetic. For exam-
ple, in the cladoceran Daphnia, ‘Obligate parthenogens
produce their resting eggs ameiotically; the eggs are
diploid and genetically identical to the mother” (Crease
et al. 1989).

paralogous genes Gene copies originating through
duplications within the same species (e.g. via autopoly-
ploidy) and often within the same linkage group
(Hartwell et al. 2004). Also known as paralogs.

parthenogenesis Defined as ‘reproduction in which off-
spring are produced by an unfertilized female’
(Hartwell et al. 2004) and ‘asexual reproduction via
eggs’ (Futuyma 1998).

phylogenetic species concept Two concepts can be
grouped under this general heading: character-based
and history-based (Baum and Donoghue 1995). The
character-based phylogenetic species is ’. . . the smallest
aggregation of populations (sexual) or lineages (asex-
ual) diagnosable by a unique combination of character
states in comparable individuals...” (Nixon and
Wheeler 1990). The history-based phylogenetic species
is ‘... an exclusive group of organisms whose members
are more closely related to each other than to any organ-
isms outside the group’ (Olmstead 1995).

prokaryotic species concept Two concepts can also be
placed under this general descriptor. A phylo-phenetic
species is “. .. a monophyletic and genomically coherent
cluster of individual organisms that show a high degree
of overall similarity in many independent characteristics,
and is diagnosable by a discriminative phenotypic prop-
erty’ (Rossello-Mora and Amann 2001). A phylogenetic
and ecological divergence species is ". . . a group of organ-
isms whose divergence is capped by a force of cohesion;
divergence between different species is irreversible; and
different species are ecologically distinct’ (Cohan 2002).

proteome ‘The complete set of proteins encoded by a
genome’ (Hartwell et al. 2004).

recipient An organism that receives the DNA from a
donor through lateral gene transfer.

reticulate evolution Web-like phylogenetic relation-
ships reflecting genetic exchange (through lateral trans-
fer, viral recombination, introgressive hybridization,
etc.) between diverging lineages.
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Robertsonian rearrangement The fusion (translocation)
or fission of chromosomes leading to metacentric or
acrocentric chromosomes, respectively. Such changes
result in a decrease (fusions) or increase (fissions) in
chromosome number, but the number of chromosome
‘arms’ remains the same (Robertson 1916, as discussed
by Mayr 1963).

semi-permeable genome The observation that portions
of the genomes of hybridizing taxa introgress, because
they are neutral or positively selected, whereas others
are selected against and thus do not introgress (Key
1968; Harrison 1986).

serotype The genotype of a unicellular organism as
defined by antisera against antigenic determinants
expressed on the surface (www.biology-online.org).

serovar A subdivision of a species or subspecies distin-
guishable from other strains on the basis of antigenic
character. Synonymous with serotype.

silencing See non-functionalization.

species flock A taxonomic group ‘.. .in which several
to many species have diversified from a single common
ancestor in a geographically restricted area, often over
an evolutionarily short period of time’ (Sullivan et al.
2002).

sub-functionalization ‘...after duplication, the two
gene copies acquire complementary loss-of-function
mutations in independent sub-functions, such that both
genes are required to produce the full complement of
functions of the single ancestral gene’ (Prince and
Pickett 2002).

syngameon '...an habitually interbreeding commu-
nity ... (Lotsy 1931) or ‘... the most inclusive unit of
interbreeding in a hybridizing species group . .. (Grant
1981).

tension zone A hybrid zone maintained by a balance
between dispersal of parental forms into the region of
overlap and selection against recombinant (i.e. hybrid)
genotypes (Barton and Hewitt 1985).

transduction The transfer of DNA through a bacterio-
phage intermediate (Ochman et al. 2000).

transformation The uptake of naked DNA from the
environment (Ochman et al. 2000).

vector-mediated transfer The transfer of DNA from a
donor to a recipient by a vector intermediate (e.g.
between insect species through a shared parasite).

virion A complete virus particle, as it exists outside the
cell, with—in the case of HIV—a core made up of two
RNA strands and a protein coat (Hutchinson 2001).

’
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