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This book is the story of the untold generations of agriculturalists who
largely created the world as we know it—for both good and ill.
It is especially dedicated to the long-suffering people of Warka/Iraq,
which was once one of the most important cradles of our civilization.
They surely deserve better.

Ad agricolis
Mundus noster fecistis
Dum aetas fugax
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Preface

This book has been a particularly challenging
endeavour. My aim was to write a reasonably
scholarly text that could also provide an accessible
synthesis of up-to-date knowledge across some
very diverse academic disciplines. It is aimed at a
wide range of audiences, including anybody with
an interest in how people and societies have
evolved together with the crops upon which we
now depend. While addressing a relatively broad
spectrum of readers, it also seeks to deal with tech-
nical topics, from genetics to archaeology, in suffi-
cient depth to satisfy most academic specialists.
Such a balancing act is always difficult and there
are inevitable simplifications and generalizations,
especially when describing complex processes such
as societal development or plant/human coevolu-
tion. In addressing other areas, such as molecular
genetics or climatology, a scientific background
would be an advantage for the reader but not
absolutely essential to grasp the main points. As in
the majority of academic discourse, some of the
issues covered in the book are still vigorously dis-
puted by experts. Examples include thorny topics
such as human cognitive modernity and the impact
of climatic change on societal development. In such
cases, I have either remained neutral in the contro-
versy or have explicitly agreed with a particular
viewpoint, while drawing attention to the wider
picture by citing alternative perspectives in the
endnotes.

In order to meet the challenge of such wide-rang-
ing and at times technical subject matter, the main
text is supplemented by over 1200 detailed end-
notes. These are linked in turn to a comprehensive
bibliography of over 1460 citations, mostly from
the peer-reviewed, primary literature. This should
enable the interested reader to delve more deeply
into the many complex and fascinating topics,
many of them at the cutting edge of scientific

discovery, that are perforce discussed more con-
cisely in the main text. Wherever possible, I have
provided web links to articles that are now avail-
able online. Many of the more enlightened scientific
journals make their articles freely available on the
Internet either immediately or within a year or so of
initial publication. Such primary research articles
are often surprisingly accessible to the interested
layperson, and I recommend readers to consult at
least a few examples. Secondary literature, for
example scholarly reviews, government reports,
conference papers, etc., is also often available on the
Internet and can be a useful resource, especially for
a more general reader or a technical specialist from
a slightly different field. I have used relatively few
‘tertiary’ sources, such as popular magazines or
newspapers, because while these tend to be more
immediate in their content and often a ‘good read’,
they are often less reliable, less accessible, and
much more ephemeral in their Internet locations.
We often think about the history of humankind in
terms of its ‘progression” from a relatively simple
and supposedly ‘primitive’ Palaeolithic past, to the
sophisticated technological societies of today. It is
normally assumed that one of the major defining
features of this process was the ‘invention” of agri-
culture a little over ten thousand years ago. One of
my purposes here is to challenge this viewpoint
and to present an alternative perspective based on
a great deal of recent research, especially relating to
human-—plant interactions. Over the past decade or
so, discoveries in fields as diverse as molecular
genetics, palaeoanthropology, climatology, and
archaeology, have immensely improved our under-
standing of human biological and societal develop-
ment over the past two million years. Of course
there are still many gaps in our knowledge of this
complex process. Nevertheless, we are now begin-
ning to appreciate more clearly how the course of

Xvii



xviii  PREFACE

human development has been modulated by a
whole range of contingencies arising just as much
(or sometimes more) from our biological and abi-
otic environments, as from internal societal factors.

The book is divided into four parts that cover the
broad canvas of plant and human evolution, from
90 million years ago until the present day, and
beyond into the medium-term future. In Part I,
People and plants: two hundred millennia of
coevolution, the three chapters are focussed mainly
on the development of humankind from the emer-
gence of Homo sapiens in Africa and its subsequent
spread around the world. The interactions of early
humans with the animals and plants upon which
they depended were greatly affected by the hyper-
variable climate of the Pleistocene Era. We will see
that people in different regions interacted in many
contrasting ways with plants and animals, and that
in some cases these partnerships were as enduring
and complex as agriculture has been. In a (very)
few cases, human-plant partnerships became much
more intimate, eventually favouring the evolution
of different types of plant that were specifically
adapted to growing in association with new forms
of human management. These new management
methods developed into what we now call agricul-
ture and the new types of plant became our first
crops. The first known case of plant domestication
occurred about 12,000 years ago, at the village of
Abu Hureyra in present day Syria. However, agri-
culture was neither inevitable nor necessarily
enduring, and we will see how some societies
either never adopted farming or later abandoned it
in favour of more reliable and rewarding strategies
of food acquisition.

In Part II, Crops and genetics: 90 million years of
plant evolution, the focus switches to considering
human-plant associations from the plant perspec-
tive. The four chapters in this section are probably
the most technical in the book, dealing with plant
genetics and its key role in enabling a few species to
become domesticated into crops. Unlike humans,
plant behaviour is solely determined by a combina-
tion of genetics and environment (i.e. there is no
social component) so the analysis of plant genomes
is of great interest and significance. Recent
advances in molecular biology have given us a fas-
cinating new view of plant genomes and the ways

in which only a few of them have lent themselves to
domestication. We will examine the remarkably
fluid nature of plant genomes, with DNA con-
stantly moving to and fro, both within and between
species, sometimes to the extent that it becomes dif-
ficult even to define a particular plant species or
genus. Unlike most animals, plants can also dupli-
cate their genomes, often after hybridization with
other species, and many of our most important
crops are descended from such polyploid ancestors.
The final two chapters of Part II deal specifically
with the genetics of our major crops, and the ways
in which their unusual genomic architecture, espe-
cially the clustering of certain genes in a few chro-
mosomal regions, predisposed these plants to
become domesticated by humans. One of the con-
clusions that may surprise some readers is that crop
domestication in the Neolithic period almost cer-
tainly owed its success more to the structure of
plant genomes than to the botanical skills of early
protofarmers. Indeed, it is now widely accepted by
geneticists that most or all of the ancient crop
domestications were unconscious processes of
plant-human coevolution, rather than deliberate
strategies based on knowledge and foresight by the
people involved.

In Part III, People and plants in prehistoric times:
ten millennia of climatic and social change, the
focus returns to humankind, and particularly the
development of the early farming-based cultures
that went on to create the dominant agrourban soci-
eties of Asia, Africa, Europe, and the Americas. The
first two chapters describe the emergence of crops
in various parts of the world over several millennia
during the early to mid part of the Neolithic period.
The decidedly mixed benefits of agriculture are dis-
cussed in the context of its sometimes-adverse
effects on individual human health, especially com-
pared to many of the better-nourished hunter—
gatherers of the time. Despite often leading to a
reduction in individual human fitness, farming was
generally a highly adaptive strategy at the popula-
tion level. In particular, farming enhanced the com-
petitiveness of the growing agrarian societies
compared to the smaller groups of hunter-gathers.
We will also see how people have become modified
genetically in response to farming, and how most of
us carry relatively recent mutations that are directly



attributable to our intimate associations with plant
and animal domesticants.

The next three chapters of Part Il deal in turn
with the development of farming-based, agrourban
cultures of varying size and complexity in the Near
East, east and south Asia, Africa, Europe, and the
Americas. Recent research shows how agrarian
societies evolved independently in all of these
regions, and also reveals many interesting similari-
ties and differences between them. In particular, the
speed of urbanization and development of com-
plex, stratified social organizations varied consider-
ably in different parts of the world, as did societal
responses to vicissitudes such as climate change or
resource depletion. One important point that
emerges from these three chapters is the manner in
which most (but by no means all) agrourban cul-
tures have repeatedly and successfully modulated
their size and complexity in response to environ-
mental and social stresses. In particular, over the
past twelve millennia, there have been many
instances of retreat from complexity and often dras-
tic population downsizing that sometimes involved
considerable loss of knowledge and skills.
However, such episodic setbacks were often, but
not inevitably, followed by resumption of what
used to be termed ‘progress’ towards increasing
complexity, both in terms of social structures and
technologies.

In Part IV, People and plants in historic times:
globalization of agriculture and the rise of science,
we move through the classical and medieval peri-
ods and the many ups and downs of technosocial
evolution, particularly as related to agriculture. In
Europe, the period after the Renaissance witnessed
what I term a ‘neonaissance’ that involved more
powerful paradigms for the discovery, dissemina-
tion, and exploitation of knowledge, with the rise of
science and a vast suite of new technologies. In par-
ticular, during the post-Enlightenment era, there
was a flowering of investigation into matters botan-
ical and agronomic that underpinned a quantum
leap in agricultural productivity. This was the era
of ‘imperial botany’, with European explorer—
entrepreneurs scouring the world for useful and
profitable plants. Is also set the scene for the indus-
trial revolution of the eighteenth and nineteenth
centuries; the twentieth century globalization of
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agriculture and technourban cultures; and the most
recent population explosion that is only now begin-
ning to level off.

Associated with these developments was the rise
of a new and more evidence-based form of scien-
tific plant breeding that by the twentieth century
was benefiting from discoveries in genetics and
physiology, and new technologies, from X-rays to
tissue culture. Some of the subject matter in Chapters
14 and 16 overlaps with the more detailed discus-
sions about the institutional context of modern
plant breeding in my forthcoming book: Plant
Breeding and Biotechnology: Societal Context and the
Future of Agriculture (Murphy, 2007). Contemporary
plant breeding is fast becoming a high-tech activity
that uses the latest robotic and bioinformatic tools,
often based on DNA and other sophisticated molec-
ular marker methods. Modern scientifically-
informed plant breeding has enabled food
production to increase even faster than population
growth. This has enabled the emergence of the
impressive new megaeconomies of India and
China, both with populations of over one billion
people who, thanks to the ‘Green Revolution” of the
1960s and 1970s, are now largely self-sufficient in
crop production.

New methods of advanced plant breeding should
enable us to keep pace with the predicted population
growth over the next century, providing there is
sufficient climatic and social stability to enable the
research to bear fruit. Molecular tools may also
enable us to domesticate some of the thousands of
potentially useful plants that have hitherto proved
genetically recalcitrant to all the best breeding
efforts of our predecessors. In the final chapter, we
finish with a brief retrospective and prospective
glance at the broader context of plant-human
interactions. Here, we will see how our new-found
knowledge of genetics and human agrosocial
development can do much to inform the choices
that may be faced by our descendents. In particular,
it gives us some ground for optimism for the ability
of humanity to survive and prosper in the uncertain
times that lie ahead, albeit perhaps with different
societal models to those that currently prevail.

I am indebted to those who have inspired and
helped me in various ways during writing of this
book, especially the many colleagues with whom I
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had fruitful discussions. The award of a minisab-
batical from the University of Glamorgan was of
great assistance in ensuring the timely submission
of the manuscript and in securing the services of
three excellent graphic artists. David Massey drew
Figures 3.2A and B, 4.2, 6.3A, B and C, 6.4A, B, C
and D, 6.6A,7.1,8.1A and B, 8.3A, 10.3A, 10.5, 10.6,
10.8, 11.2B, 12.5, 13.1, 17.1, 17.2, 17.3; Anna Jones
drew Figures 6.5A, B, C and D, 6.7A and B, 11.3A
and B, and 12.2A and B; and Judith Hills drew
Figures 2.1, 2.3, 3.1, 10.7, 10.10, 12.3, 12.5, 12.6.
Special thanks to Steve Lee and the team at the
University of Glamorgan Library for their support

in obtaining the hundreds of additional texts and
other references used in researching the book; and
to all at Les Croupiers Running Club, Cardiff for
helping me to maintain some vestige of sanity dur-
ing the long months of deskbound writing. Finally,
many thanks to Stefanie Gehrig, Ian Sherman, and
the rest of the staff at OUP plus various anonymous
referees for their advice, support, and encourage-
ment during the gestation of this project.
Denis J. Murphy
Glamorgan, Wales
December 2006



Nomenclature and terminology

Common names

Botanical name
(newer convention)

Botanical name
(earlier convention)

Crop examples

Grasses, cereals Poaceae
Legumes, pulses Fabaceae
Solanaceous plants Solanaceae
Brassicas, crucifers Brassicaceae
Cucurbits Cucurbitaceae
Spurges Euphorbiaceae
Bindweed family Convolvulaceae
None Dioscoreaceae
Carrot family Apiaceae

Gramineae Rice, wheat, maize
Leguminoseae Beans, pea, lentil
Solanaceae Potato, tomato
Crucifereae Cabbage, rape
Cucurbitaceae Gourds, cucumber,
Euphorbiaceae Cassava, castorbean
Convolvulaceae Sweet potatoes
Dioscoreaceae Yams
Umbellifereae Parsley, coriander

Botanical names

Botanical names are sometimes troublesome for the
layperson, but I can assure you that they can be even
more vexatious for the plant scientist. This is because
names of families, genera, and higher classifications
are periodically altered, swapped, rearranged, and
generally mixed up, much to everybody’s confusion.
In some cases, one group of experts might use one
name while others use a different and seemingly
unrelated name. This is most apparent in the case of
family names where the more recent versions are
widely used in the Americas but less frequently
elsewhere. In this book, I have tried to use the most
up-to-date versions of plant names, but in some
cases this may cause confusion because many
primary texts still use the older versions. The most
important crops and their family names are shown
above.

Measurements

The metric system is used throughout for all physical
measurements except where quoting directly from
historical sources. See Box 1.1 for an explanation of

the various dating systems used here, and Box 1.2 for
the chronological terms commonly used both here
and in the geological and archaeological literature.

Initials and acronyms

Alist of technical terms is given below. I have tried
to forbear, as much as possible, from using unfa-
miliar initials and acronyms in the main text.
Where this is impractical, I give the full version of
each term in the text when it is first used. A list of
such terms, and some explanation of their signifi-
cance, is also given below.

Abbreviations and glossary

Abiotic stresses: non-living, environmental factors
that may be harmful to growth or development of
an organism: examples include drought, salinity,
and mineral deficiency (see Biotic stresses).

BCE: Before Common Era, neutral dating term
corresponding to BC, ‘before Christ’.

Biotic stresses: living factors that may be harmful
to an organism: examples include pathogens, pests,

XXi
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or competitors, often including members of the
same species (see Abiotic stresses).

BP: Before Present—dating system used for the
prehistorical period, where the ‘present’ is defined
abitrarily as the year 1950 CE.

Ce: Common Era—neutral dating term corres-
ponding to AD, ‘anno domini’.

Chalcolithic: literally, ‘copper stone’, a transition
period between the Neolithic and Bronze Ages
where the first copper-based metal tools were used
alongside stone implements. Early Chalcolithic
cultures first arose in the Near East after 7000 BP.

Corvée: system of conscripted labour, sometimes in
lieu of tax and/or paid in-kind (e.g. with food),
often used for agricultural work or for large con-
struction projects and found in many societies
throughout recorded history up to the present day.

Cultivar: cultivated variety of a crop—such var-
ieties have normally been selected by breeding and
are adapted for a particular agricultural use or
climatic region.

Dansgaard-Oeschger event: one of at least 23
climatic episodes involving sudden warming fol-
lowed by more gradual cooling that has occurred
over the past 110,000 years (see Heinrich event).

Epigenetic: the transmission of information from a
cell or multicellular organism to its descendants
without that information being encoded in the DNA
sequence of a gene. Epigenetic changes can be caused
by differences in DNA methylation or in chromatic
structure involving modification of histones.

FAO: Food and Agriculture Organization—a
United Nations agency dedicated to improving
agriculture and ending hunger across the world.

Genome: the genetic complement of an organism,
including functional genes and an often-large
amount of non-coding DNA. The principal genome
of eukaryotes, such as plants and animals, resides
in the nucleus but smaller genomes are also present
in mitochondria and plastids.

Genotype: genetic constitution of an organism; see
also Phenotype.

GM: genetically modified or genetically manipu-
lated—a term normally used to describe an
organism into which DNA, containing one or more

genes, has been transferred from elsewhere. The
transferred DNA is never itself actually from
another organism, but may be an (exogenous) copy
of DNA from a different organism. Alternatively
the transferred DNA may be an extra copy of an
(endogenous) gene from the same organism.
Finally, the transferred DNA may be completely
synthetic and hence of non-biological origin. An
organism containing any of these categories of
introduced gene is called transgenic.

Heinrich event: one of at least six abrupt and
severe episodes of climatic change affecting large
areas of the world during glacial periods over the
past 60,000 years and having catastrophic conse-
quences for many forms of flora and fauna (see
Dansgaard-Oeschger event).

Hybrid: an organism resulting from a cross
between parents of differing genotypes. Hybrids
may be fertile or sterile, depending on qualitative
and/or quantitative differences in the genomes of
the two parents. Hybrids are most commonly
formed by sexual cross-fertilization between com-
patible organisms, but cell fusion and tissue culture
techniques now allow their production from less
related organisms.

Inbreeding depression: a reduction in fitness and
vigour of individuals as a result of increased
homozygosity through inbreeding in a normally
outbreeding population.

Input trait: a genetic character that affects how the
crop is grown without changing the nature of the
harvested product. For example herbicide tolerance
and insect resistance are agronomically useful
input traits in the context of crop management, but
they do not normally alter seed quality or other
so-called output traits that are related to the useful
product of the crop.

Landrace: a genetically diverse and dynamic popu-
lation of a given crop produced by traditional
breeding. Landraces largely fell out of favour in
commercial farming during the twentieth century
and many have died out. Landraces are often seen as
potentially useful sources of novel genetic variation
and efforts are underway to conserve the survivors.

LTR: long terminal repeat—a common class of
retrotransposon.



Neo-naissance: ‘new birth’—period after the six-
teenth century CE during which a new, scientifically
based paradigm of knowledge production was
invented in Europe. This period contrasts with the
earlier postmedieval Renaissance, which was a
‘rebirth” or rediscovery of pre-existing Classical and
Oriental knowledge.

Output trait: a genetic character that alters the
quality of the crop product itself, e.g. by altering its
starch, protein, vitamin, or oil composition.

Paedomorphic trait: a juvenile character that
becomes retained in the adult stage of an organism.
Many domesticated animals carry such traits, as do
humans who retain the flattened face, gracile fea-
tures, and other attributes that are normally only
found in juvenile stages of development in other
primates.

PCR: Polymerase Chain Reaction—a technique for
rapidly copying a particular piece of DNA in the
test tube (rather than in living cells). PCR has made
possible the detection of tiny amounts of specific
DNA sequences in complex mixtures. It is now
used for DNA fingerprinting in police work, in
genetic testing, and in plant and animal breeding.

Phenotype: physical manifestation of the combined
effects of the genotype and the environment for a
given organism. Phenotypic traits include external
appearance, composition, and behaviour.

Pleiotropic effect(s): multiple phenotypic effects of
a single gene.

Quantitative genetics: the study of continuous
traits (such as height or weight) and their underly-
ing mechanisms.

Quantitative trait locus (QTL): DNA region associ-
ated with a particular trait, such as plant height.
While QTLs are not necessarily genes themselves,
they are closely linked to the genes that regulate the
trait in question. QTLs normally regulate so-called
complex or quantitative traits that vary continu-
ously over a wide range. While a complex trait may
be regulated by many QTLs, the majority of the
variation in the trait can sometimes be traced to a
few key genes.

Rachis: Structure holding cereal grains onto the
stalk of the plant, which in wild plants normally
becomes brittle as the ears mature. This enables the
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grains to break off from the plant, so they readily
fall into the soil or are otherwise dispersed.
Domesticated cereals have a non-brittle rachis trait,
allowing them to retain grain on the stalk for easier
harvesting by farmers.

Rainfed farming: also called dryland farming,
this form of crop cultivation relies on rainfall
rather than irrigation and is practiced on 80% of
the global arable land area. Rainfed agriculture is
only practical above the 200-mm isohyet and is
only reliable in the longer term above the 300-mm
isohyet.

Retrotransposons: the most abundant class of
transposable elements (so-called ‘jumping genes’)
in eukaryotes and especially common in plant
genomes. Retrotransposons are particularly useful
in phylogenetic and gene mapping studies and as
DNA markers for advanced crop breeding.

Sedentism: settled lifestyle based on permanent or
semipermanent habitations, rather then a wander-
ing, nomadic existence. Most human groups were
largely nomadic, although partial sedentism, per-
haps to exploit seasonal resources, may have been
commonplace well before permanent settlements
were built. Although linked with the development
of faming, sedentism was also practiced by certain
non-farming cultures such as coastal fishing com-
munities where nomadism was unnecessary.

Species: a group of organisms capable of
interbreeding freely with each other but not with
members of other species (this is a much simplified
definition; the species concept is much more
complex.). A species can also be defined as a
taxonomic rank below a genus, consisting of simi-
lar individuals capable of exchanging genes or
interbreeding.

TILLING: Targeting Induced Local Lesions IN
Genomes—the directed identification of random
mutations controlling a wide range of plant charac-
ters. A more sophisticated DNA-based version of
mutagenesis breeding, TILLING does not involve
transgenesis.

Transcription factor: DNA-binding protein often
involved in the co-ordinated regulation of several
genes. Mutations in genes encoding transcription
factors are some of the most common mechanisms
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for radical phenotypic change in organisms, e.g. the
transition from wild to domesticated crops.

Transgenic: an organism into which exogenous
segments(s) of DNA, containing one or more genes,
has been transferred from elsewhere (see GM).

Transgenesis: the process of creating a transgenic
organism.

Transposon: sometimes called ‘jumping genes’, the
most common class is the retrotransposons.

Wide crossing: in plant breeding this refers to a
genetic cross where one parent is from outside the
immediate gene pool of the other, e.g. a wild rela-
tive crossed with a modern crop cultivar.

Wild relative: plant or animal species taxonomi-
cally related to a crop or livestock species; a potential
source of genes for breeding new crop or livestock
varieties.

WHO: World Health Organization—a United
Nations agency established in 1948 with a mission
to improve human health around the world.

Younger Dryas Interval: period of sudden and pro-
found climatic change involving widespread cooling
and drying, from 12,800 to 11,600 Bp. Although its
effects on flora and fauna extended across the globe,
they were most acute in Eurasia where they may
have been instrumental in the genesis of agriculture.
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All is flux, nothing stays still

Heraclitus, c. 540-480 BCE, from Diogenes Laertius,
Lives of the Ancient Philosophers



This page intentionally left blank



CHAPTER 1

Early human societies and

their plants

Historians will have to face the fact that natural
selection determined the evolution of cultures in the
same manner as it did that of species

Konrad Lorenz, 1903-1989, On Aggression

Introduction

The development of agriculture is universally
regarded as one of the defining moments in the
evolution of humankind. Indeed, many accounts of
human development still describe the so-called
‘invention” of agriculture as if it were a sudden and
singular transformative event.! The acquisition of
the know-how and technology that enabled people
to practice agriculture is conventionally portrayed
as a dramatic and revolutionary change, which
occurred about 11,000 years ago at the start of the
Neolithic period (or ‘New Stone Age’).2 We are told
that this revolutionary event completely altered the
diet, lifestyle, and structure of the human societies
involved, most notably in the Near East. The
epochal ‘invention” of agriculture is then supposed
to have led directly to urbanization and quantum
leaps in technological and artistic development as
part of a unidirectional and profoundly progressive
process. This notion of a sudden agricultural revo-
lution originated because of what appeared to be
the almost overnight appearance and cultivation of
new forms of several key plants, especially cereals
and pulses, that had supposedly been deliberately
‘domesticated” by people. Almost simultaneously,
so it seemed, the new farming-based cultures began
to build increasingly complex, permanent habita-
tions that soon developed into elaborate urbanized
cultures and, eventually, civilizations with imperial
aspirations.

Moreover, it was also originally believed, and is
still repeated in a surprisingly large number
of textbooks, that agriculture was somehow
‘invented” in the Near East and subsequently
exported to Europe, Africa, and the Far East. The
entire process of agricultural and societal develop-
ment has also been decorated with Enlightenment
and Victorian overtones of inevitability and pro-
gression, as if humanity was somehow ‘destined’ to
tame plants and animals and to develop complex,
technologically based societies. This ‘revolutionary’
thesis of the origins of agriculture is now being
successfully challenged by manifold lines of evi-
dence from a spectrum of scientific disciplines that
includes archaeology, geology, climatology, genet-
ics, and ecology.® It is now clear that several human
cultures (possibly numbered in the dozens) inde-
pendently developed distinctive systems of agricul-
ture on at least four different continents.*

Over the past decade or so, detailed archaeologi-
cal and genetic evidence has emerged supporting
the view that widespread cultivation of crops
evolved separately in various parts of Asia, Africa,
Mesoamerica, and South America.’ In contrast, in
Europe, North America, and Australasia, crop culti-
vation occurred much later. In these latter three
regions, crops and agronomic techniques were only
secondarily acquired from the primary agricultural
societies. These crops were then grown in places
that were far from their initial centres of origin. In
the comparatively few primary centres of crop
cultivation, a relatively narrow range of locally
available edible plants was domesticated as the
major food staples. Wherever suitable species were
available, it was the large-grained cereals that were
the most favoured candidates for cultivation as
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staple crops. The most obvious examples are rice,
wheat, and maize; these three plants were among
the earliest domesticates and are still by far the
most important crops grown across the world,
supplying well over two-thirds of human calorific
needs. The second most popular class of staple
domesticants were the starchy tubers such as yams
and potatoes, but these crops were not as versatile
as cereals, especially as regards long-term storage,
and this limited their more general use. The major
class of supplementary crop is the pulses, or edible-
seeded legumes, which provide useful proteins
and nutrients lacking in cereals and tubers, as
well as replenishing soil fertility with nitrogen
compounds.

Domestication of these different crop species did
not occur at the same time or in the same place.®
Several overlapping, and sometimes lengthy,

primary domestication processes were in progress
around the world over a period of at least eight
millennia from about 13,000 BP until 5000 BP (see
Box 1.1 for an explanation of the dating systems
used here). In several cases, such as wheat and rice,
a single plant species was domesticated completely
independently on numerous occasions, by various
unrelated human cultures living in different
periods and in different regions of a continent.
Moreover, it now appears that the systematic culti-
vation of crops was preceded in most places by an
extremely lengthy preagricultural phase of plant
husbandry. During this period, many geograph-
ically unconnected groups of humans started to col-
lect, process, and even manage certain favoured
plants for food use, while still relying on a nomadic
hunter—gathering lifestyle to sustain the bulk of
their livelihoods. In the Near East, this prefarming

Box 1.1 Dating systems

Dates in the text are presented in either 8p or BCE/CE
formats, in line with conventions in the primary literature.
Dates relating to more ancient events and processes over
archaeological and geological timescales are normally
given as 8p, or Before Present, where the present is
arbitrarily defined as the year 1950. This dating system is
followed in Parts | to Ill, which deal mostly with prehistoric
periods ranging from several million years to about

4000 years ago. Here, dates expressed as p are italicized
in order to distinguish them further from dates within
more recent historical periods.

Many of the sp dates quoted here are based on
radiocarbon dating methods. These dates are always
given in ‘real’ calendar years, rather than the potentially
misleading (to the layperson) ‘radiocarbon years'
sometimes quoted in the primary literature. Because
radioisotopes do not decay at a uniform rate, ‘radiocarbon
years' can vary significantly from ‘real’ calendar years. This
is especially true for sp dates earlier than a few thousand
years ago. For example, some radiocarbon-based
chronologies place the end of the Younger Dryas Era at
10,000 8p in so-called radiocarbon, or “C, years whereas
the "true’ date is about 11,600 calendar years 8p. Equally,
the onset of the Younger Dryas Era and, possibly, of cereal
cultivation, is often expressed as 11,000 ™C years se,
although the ‘true’ date is more like 12,800 calendar
years Be.

This practice can lead to confusion when comparing
dates in the literature, especially in many secondary
sources (including many popular books and the plethora
of internet sites that cite human chronologies). Such
sources frequently fail to state the type of dating method
that is being used in a particular text so that a date like
10,000 gp or 8000 BC can be ambiguous by a margin of
as much as 1600 years. Hence, the admonition ‘caveat
lector " when consulting such sources. In the present
book, all radiocarbon dates have been adjusted, as far
as possible, to true calendar years using a combination
of correction formulae and by using other independent
dating methods as a check. For a technical discussion of
the vagaries of radiocarbon dating and conversion charts,
see Stuiver and Becker (1993) and Stuiver et al. (1998).
A simple online calibration chart from the present to
as far back as 4500 8p can be found at:
http://www.sciencecourseware.org/VirtualDating/files/
RC_5.5.html

In Part IV, which deals with events during the historic
period, dates are generally given according to the modern
convention as BCE (Before Common Era) or ce (Common
Era). This corresponds to the former usage of Bc (Before
Christ) and Ap (anno domini). In the later chapters that
cover the post-Classical period, dates are usually given
without a suffix when it is clear from the context that they
relate to Ct.
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phase of informal plant management may have
extended for many millennia and perhaps tens of
millennia, from as long ago as 40,000 or 50,000 Bp. It
is also important to realize that agriculture is by no
means the only successful and enduring option for
the management and exploitation of plants. Indeed,
numerous societies around the world opted over
many millennia to remain wedded to a more flexible
lifestyle of informal nurturing and collection of
wild plants, rather than committing themselves to
full-time agriculture.”

Why agriculture?

So, why did human societies, and especially those
that had already been engaged in preagricultural
plant cultivation for as much as ten millennia or
more, not develop full-scale agriculture until so
recently? These preagricultural people were cer-
tainly as intelligent as we are. They knew a great
deal about the many different species of food plants
that they utilized so effectively, including several
species that were eventually to become our major
crops. And yet, for some reason, these late-
Palaeolithic people (see Box 1.2 for a discussion of
the various chronologies used here) did not choose
to exploit their preferred plants more intensively as
their principal food source. It seems that people did
not seriously contemplate alternatives to hunter
gathering unless they had compelling reasons to do
so. The reason is that hunter gathering is a very
attractive lifestyle in terms of the effort expended
and the nutritionally diversity of the resultant food.
The major downside is that it normally entails a
degree of nomadism, with all the attendant disloca-
tion of regularly uprooting encampments and mov-
ing over often long distances before a new
temporary base camp can be established. Such dis-
location is especially difficult for nursing mothers
and their relatively helpless infants, and can be a
significant factor in the higher rates of both infant
and maternal mortality in nomadic cultures.?

The issue of female and infant mortality in
hunter-gatherer populations is still highly con-
tentious and in particular the relevance of studies
of recent societies to more ancient Neolithic and
Palaeolithic cultures. One example is the assertion
that systematic infanticide might have been used as
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a regular method for reducing the burden on
mothers who needed to be both mobile and still
maintain care of older dependent children.? It is
difficult to know exactly how stressful regular
migration would have been for Neolithic and
Palaeolithic family groups as this would depend on
such vagaries as the size of the group, the extent
and difficulty of migratory journeys, and the cli-
mate. However, the stresses endured by women in
hunter-gatherer groups might be minimized by the
establishment of long-term base camps where small
children could be left with carers, such as siblings
and grandmothers, while their mothers foraged in
the locality.!? This highlights the importance of the
unusually high postmenopausal longevity in
humans that is the basis of the so-called ‘grand-
mother hypothesis’, as favoured by many evolu-
tionists.!! Although some authors have asserted
that the ‘grandmother effect’ is a relatively recent,
and therefore culturally explicable, phenomenon,'?
most anthropologists regard it as being a consider-
ably more ancient, and hence evolutionarily
determined, effect that dates back at least as far
as the Mid-Palaeolithic Era.!* Notwithstanding
the stresses of dislocation and regular mobility,
hunter—gathering can still provide an ample, bal-
anced food supply for a lot less effort than farming.

Some idea of the efficiency of a hunter—gathering
lifestyle comes from a well-known study of con-
temporary !'Kung Bushmen from the Kalahari
Desert. It has been estimated that these people only
spend one-third of their time (or 2.3 days per week)
in food gathering; for the rest of the week they are
free to indulge in other pursuits.!* Over the millen-
nia, the 'Kung have acquired an enormous amount
of detailed botanical knowledge about each of the
many dozens of different food plants that form a
regular part of their diet. Some of these plants
would be amenable to more systematic and inten-
sive cultivation, should the people wish it. The
IKung are also well aware, from observation of
their farming neighbours, of the methodology
of crop cultivation. As the !Kung also know, parts of
their home range might sometimes be suitable for
cultivation of certain crops. However, and most
importantly, the !Kung are also cognisant of the
unfavourable logistics and the greater risks of rely-
ing solely on farming for their food supply.!® These
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Box 1.2 Geological and archaeological chronologies

Geological timescales

Geologists use a chronology based on Periods, such as
the Jurassic (208—144 million years ago) and Cretaceous
(144-65 million years ago). The most recent Periods are
the Paleogene (65—23 million years ago) and Neogene
(23-0 million years ago) The Neogene includes geological
time up to the present day, covering what used to be
called the later Tertiary and the Quaternary Periods
(for a discussion of the latest geological nomenclature,
see Gradstein et al., 2004). The Neogene is divided
into four Epochs: Miocene (23.03—5.332 million years
ago), Pliocene (5.332—1.806 million years ago),
Pleistocene (1.8 million—11,500 years ago), and Holocene
(11,500 years ago to the present).

The vast majority of events described in this book
occurred during the Pleistocene and Holocene Epochs.
It was during the early Pleistocene Epoch, over
one million years ago, that Homo sapiens emerged in
Africa and subsequently spread across most of the
world. This Epoch was characterised by dramatic
climatic fluctuations, especially during the series of Ice
Ages of the Late Pleistocene from 126,000 until
11,500 years ago. The Holocene Epoch, in which we
are still living today, can be regarded as the latest
interglacial interval (or interstadial) of the Pleistocene.
The beginning of the Holocene coincides with the
Neolithic era used by archaeologists to define the
beginnings of agricultural societies.

Archaeological timescales

Archaeologists divide the prehistoric development of
humans into a number of chronological stages. The Early
Palaeolithic era is generally considered to have started
with the emergence of the first members of the genus
Homo about 2.5 million years ago. The Middle Palaeolithic
era lasted from about 250,000 sp until about 50,000 sp,
and was characterized by extensive use of chipped stone
tools by human cultures around the world, including

H. erectus, H. ergaster, H. neanderthalis, and H. sapiens.

Modern humans, capable of complex social and aesthetic
behaviours, probably arose in Africa before 700,000 sr.
Around 50,000-40,000 sp, at the onset of the Upper

(or late) Palaeolithic, tools became smaller, more intricate,
and much more diverse, and people created increasingly
elaborate art forms. The final phase of the Palaeolithic
(generally known as the Epipalaeolithic in the Near East),
lasted from the end of the last major glaciation

¢. 18,000 sr until the end of the Younger Dryas

¢. 11,600 sr. This period marked the beginning of the
long transition from hunter—gathering to farming in
several regions of the world.

Finally, the Neolithic, or ‘New Stone Age’, began about
11,600 8p with the introduction of superior grinding
methods for the manufacture of stone tools, and the
gradual adoption of more complex sedentary/agricultural
lifestyles. In the Levant, the Neolithic is divided into a
prepottery phase (actually two phases termed prepottery
Neolithic A and B, or PPNA and PPNB) that lasted from
11,500 to 8,500 8p, and the pottery Neolithic from 8 500
to 7,000 sp. The Chalcolithic (Copper) Age lasted from
7000 to 4500 sp, the Bronze Age from 4500 to 3200 sp,
and the Iron Age from 3200 to 2500 8p. In some regions,
such as Europe, the postglacial but prefarming period is
known as the Mesolithic, which lasted in many areas
until 5000 s or later.

Of course, these dates are approximate and overlap
with each other to a great extent. Some cultures
developed or acquired new technologies many centuries
or even millennia before their contemporaries in different
parts of the world. For example, as late as the mid-
twentieth century, some isolated cultures in South America
and Asia were still very successfully maintaining an
essentially Palaeolithic-like lifestyle. Unfortunately, as with
biological taxonomy (see Box 2.1), both primary and
secondary geological and archaeological sources
sometimes define their chronologies slightly differently to
those described here. | have tried to follow the most
consistent modern usages, but note that some literature
sources may vary slightly.

sophisticated people are aware that farming in the
Kalahari Desert does not bear comparison, in terms
of an overall long-term cost/benefit analysis, with
their current hunter—gatherer lifestyle.!¢

It seems likely that similar logic, whether or not
it was consciously expressed as such, would have

prevailed in the remote past when our ancestors
may have faced a choice between the more system-
atic exploitation of a few relatively abundant
plants, or a more generalist hunter—gathering
lifestyle. A key factor that probably tipped the bal-
ance in favour of the latter choice would have been



an environment that was sufficiently productive
of resources to sustain the sort of familiar
hunter—gatherer lifestyle that had been pursed by
most modern humans since they left Africa over
70,000 years ago. There was neither need nor
motivation for these people to search for alternative
means of generating biological resources for
their sustenance. This does not mean that people
did not constantly experiment with potential
new food sources. Especially during lean periods
during the constantly changing climates of the
Palaeolithic, people would have sometimes been
forced to rely more on larger fauna or perhaps
to investigate any potentially edible plants, even
small-seeded grasses.”” In a few parts of the pre-Ice
Age world, there was a periodic abundance of one
rather special food source that would eventually
become much more important to people, namely
the starch-rich seeds of several pooid and panicoid
grasses.

Some of these grassy species that grew in profu-
sion throughout western Asia were those selfsame
cereals that would eventually become domesticated
as our most important staple crops. Useful pooid
species included the wheats, barley, and rye; while
exploitable panicoid species included many of the
millet crops. In parts of the Near East, it is still
possible for a modern forager to collect enough
grain from wild cereals in a few hours to provide
nourishment for an entire week.!® This means that
Palaeolithic people passing through such areas
would have been highly rewarded if they stopped
to gather any nutritious wild-growing plants that
they came across, including cereal grains and fruits.
However, at the same time, it would not have been
particularly attractive to settle down in one place
and try to grow such plants to the exclusion of
other readily available foods. Such a strategy
would be risky in its reliance on a few species, as
well as involving a great deal of unnecessary, hard
work. In order to understand why crops were ever
domesticated at all, we must look more closely at
the complex interactions between a host of interre-
lated factors, which gradually altered the cost/
benefit equation away from the flexibility of
the hunter—gatherer lifestyle and towards a less
flexible, riskier, but ultimately more productive,
sedentary /farming lifestyle.
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The term ‘productive’ is applicable here in sev-
eral senses. Farmers obtain far greater productivity
than hunter-gatherers in terms of food calories per
unit area of land. Farming can therefore sustain
much greater populations, not all of whom need to
be involved in food production. The greater num-
bers of people that could be supported in a farm-
ing-based society would give them an advantage
in the case of conflict with groups of hunter—
gatherers. The non-farmers would also be free
to specialize in other pursuits such as tool making
and building. Farming/sedentism is therefore
immensely more productive in terms of techno-
logical innovation. Farming also engenders cultural
changes that favour identification with larger
groups than the family/clan, for example religious
identities, allegiances with a city/state, specialized
male fighting groups, etc. The existence of such
organizations and social structures in turn enables
urban/agrarian societies to operate effectively on a
much larger scale than the relatively small group-
ings formed by clan-based hunter—gatherers.

Gradual transitions

The shift from exclusive hunter—gathering to farm-
ing probably occurred in a series of stages over sev-
eral millennia. These stages would have established
the necessary conditions for agriculture but would
not have made it inevitable. The kinds of conditions
needed for farming to begin include the availability
of the ‘right sort’ of plants, that is plants that lent
themselves to domestication due to their genetic
make-up. People would also have needed to be
very familiar with such plants; for example what
they looked like, where they grew, when they set
seed, what else ate them or competed with them,
and so on. They would have needed the right
technologies for harvesting and processing of the
edible parts of the plants into easily digestible food.
A degree of sedentism would also have been useful,
but not necessarily essential. It has been suggested
that some hunter-gatherer groups may have main-
tained a series of small gardens, which they visited
periodically for tending and harvesting. This
would have given such people the opportunity to
familiarize themselves with the rudiments of plant
cultivation and enabled them to experiment with
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strategies, such as tilling, sowing, and weeding,
that would encourage better growth of their
favoured plants. Such activities could readily occur
within a peripatetic hunter-gatherer lifestyle with-
out any kind of irrevocable commitment to full-
time agriculture.’

However, even if all of the above conditions of
incipient agriculture were in place, there would still
be no need to make the change to more or less full-
time farming, as long as there were plentiful and
readily accessible sources of alternative food
resources. Any prolonged threat to these alternative
resources might have supplied the stimulus that
pushed some communities towards a more serious
investment of time and energy into the cultivation
of just a few chosen plants. For example there may
have been localized situations where many of the
normal animal and plant resources became scarcer,
possibly due to climatic changes.?’ Such events
might have eliminated the more agreeable and
more easily collected sources of food for a
hunter-gatherer community that also happened to
be well versed in preagricultural cultivation of
domestication-friendly plants such as wild cereals.
Hence, these people may have been forced into spe-
cializing in the cultivation of a few, relatively high-
yielding food plants, simply because the alternative
food collection strategies became too expensive and
unproductive. Almost by default, they would have
become the earliest farmers. But we must recall that
the same people would have previously been grow-
ing very similar plants on an informal basis for a
considerable time, and perhaps for many millennia.

There is increasing evidence from archaeological
analysis, some of it very recent, that people were
informally cultivating wild plants, including sow-
ing their seeds into tilled soil, long before these
plants evolved into the sorts of domesticated crops
that we recognize today.*! During this new type of
manipulation by humans, the plants would have
experienced a subtly different environment com-
pared to their previous ‘wild” condition. Some of
the plants would adapt well and flourish in the new
human-imposed conditions, while others would
not.?2 Naturally, the human gatherers would have
favoured those food plants that grew well and
produced high yields under such conditions. This
would have led to the gradual, unconscious

selection of a number of genetic attributes in these
favoured food plants, hence modifying the genetic
profile of the species in that region and initiating
the process of domestication. This kind of uninten-
tional, preagricultural domestication would have
altered some plant species more quickly and to a
much greater extent than others. Those plants that
became genetically altered in favourable ways for
the human gatherers would have gradually (or, in a
few cases, rapidly) evolved into our main crop
species.” Far from a sudden ‘agricultural revolu-
tion’, therefore, it appears that there was a develop-
mental continuum over tens of millennia during
which some human groups and certain plants
coevolved into a series of mutually beneficial
associations. In different parts of the world, differ-
ent plants became the favoured partners of human
societies although, where they were available,
cereals were invariably selected as the major
staple crop.*

One remarkable aspect of early preagricultural
human societies is that, right across the world, out
of over 7000 plant species that were regularly used
for food, only a tiny number of mainly grassy
species were eventually selected and domesticated
to serve as the primary dietary staples.?®> The
importance of cereals to our ancestors is reflected in
the word itself, which is derived from the name
Ceres, who was the Roman goddess of plenty. Even
today, cereals still supply 80% of our global food
needs. In terms of dry matter per year, we produce
1530 million tonnes of cereals compared with about
400 million tonnes of all the other crops combined;
including tubers, pulses, sugar cane, and the vari-
ous fruits. It is especially noteworthy that, despite
all the impressive developments in agriculture and
breeding over the last twelve millennia, the dozen-
or-so plant species that were originally chosen by
early Neolithic farmers remain our most important
dietary items to this day. This applies most particu-
larly to the ancient crops from the grass family,
including the cereals, wheat, rice, maize, barley,
sorghum, millet, oats, and rye.?® These plants still
provide about 60 to 80% of the total protein and
calorie intake of people across the world.?” As with
domesticated animals, therefore, only a tiny frac-
tion of the potential riches of the plant kingdom has
ever been domesticated by humankind.



These facts beg a number of important questions.
Why did people focus on this extremely small
group of plants when thousands of other, equally
nutritious, species were also available? Was plant
breeding ever a conscious and deliberate process on
the part of the early agrarians, or did it all really just
happen by chance? Is our repertoire of domesti-
cated crops so small because these selected species
are uniquely amenable to domestication? If so,
what are the prospects for domesticating some of
the thousands of other potentially useful plants that
still represent one of the greatest untapped
resources on the planet? In the coming chapters of
this book we will examine these questions in detail
and hopefully provide some of the often surprising
answers now emerging from some very exciting
areas of research, ranging from genetics and climat-
ology to archaeology.?®

Human beginnings

We will start our quest by looking at how modern
humans arose as a distinct species and how their
interaction with plants gradually became modified
in the face of localized and global climatic changes
which continually modified their physical and bio-
logical environments (see Figure 1.4 for a summary
of the main processes). Humans originated in
Africa, where several species of the genus Homo
evolved over the past two million years and lived
as omnivorous hunter—gatherers. As discussed in
Box 1.3, recent archaeological evidence suggests
that, from at least 100,000 BP, and possibly earlier,
there were groups of Homo sapiens in Africa and
beyond that had many, and perhaps almost all, of
the attributes and cognitive potential of modern
people.? So-called ‘modern’ attributes are implied
by findings of images in Middle Stone Age layers at
the Blombos Cave in South Africa that have been
dated to about 77,000 Br.*® The images predate the
great migration of humans from Africa that gave
rise to the modern populations of non-African
people. The early evolution of complex behaviour
in humans is also suggested by data from mortality
profiles of the animals they hunted. The ability to
select prime-age prey is indicative of a high level of
technological and behavioural sophistication. It
used to be thought that such behaviour only arose

EARLY HUMAN SOCIETIES AND THEIR PLANTS 9

after 50,000 Bp, but new studies of fossil assem-
blages in Africa and Eurasia show that it is much
older, possibly dating from before 100,000 Bp.*!

The prevailing view that cognitive modernity
arose in Africa and that such people spread across
the world during the post-70,000 BP migrations has
recently been challenged.®? In 2006, it was reported
that shell beads dating from between 100,000 and
135,000 BP had been apparently manufactured as
items of symbolic display. Pierced shells of the
marine gastropod, Nassarius gibbosulus were found
at two widely separated sites in modern Israel and
Algeria.®® Both locations were inland, with the
Algerian site being almost 200 kilometres from the
sea, implying that the shells were valued suffi-
ciently to merit long-distance transport and were
possibly traded for other commodities. The
findings demonstrate that aspects of cognitively
modern behaviour were already developing in
Africa and the Levant well before the advent of
fully anatomically modern humans. This implies
that the earliest Homo sapiens, who migrated from
Africa well before 100,000 Bp, may have had some
of the advanced cognitive attributes previously
only ascribed to later forms of our species, such as
the European Cro-Magnon cave painters after
40,000 Bp.3*

Over the past two hundred millennia, as we now
know from DNA evidence, there was a series of
migrations from Africa that eventually reached
each of the other inhabited continents, giving rise
to all existing populations of our species, Homo
sapiens.®® One particular wave of African migrants,
which left after 75,000 to 70,000 BP, seems to have
gradually supplanted existing groups of humans,
including Homo erectus,*® Homo floresiensis,*” the
Neanderthals,*® and previous waves of Homo sapi-
ens,® which had already spread across much of
Eurasia.*’ Today, there remains just a single species
of the genus Homo, most members of which are
rather closely related in genetic terms. Genetic
evidence, from analysis of Y-chromosome (repre-
senting the paternal lineage) and mitochondrial
DNA (representing the maternal lineage), suggests
that the vast majority of contemporary humans is
descended from the relatively small groups of
migrants that started to leave Africa some 70
millennia ago.*! Those superficial differences that
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Box 1.3 Cognitive modernity

Cognitive modernity is the suite of complex behaviours
and potentials that is supposedly present in modern
Homo sapiens, but absent in ‘archaic” members of this
and other species of the genus Homo. It is still often
assumed that so-called ‘cognitively modern’ humans
arose relatively recently, probably between 50,000 and
40,000 8p, in a process epitomized by the growing
complexity of Eurasian technological and cultural artefacts
and the displacement of the Neanderthals between
40,000 and 28,000 8p (e.g. Klein and Edgar, 2002).
Probably the best-known examples of these ‘advanced’
artefacts are the Eurasian cave paintings dating from
about 35,000 sr. These abstract or depictional images
are generally agreed to provide evidence for the types of
cognitive abilities often considered integral to modern
human behaviour. As described in the main text, this view
has been challenged over the past decade following the
discovery in Africa of much earlier human cultural artefacts,
such as decorative jewellery and abstract representations
that date back as far as 700,000 sp (see Gabora, 2007,
for a recent review).

One should also be cautious in attempting to define
exactly what constitutes a ‘modern” human. Such
definitions are frequently used in a rather teleological
manner to build and interpret behavioural models of the
distant past. Of course, the definition of a ‘modern” human
also impinges on that elusive Holy Grail of philosophy:
‘what it is to be human'. Here, one should beware of
falling into tempting traps such as the essentialist
perspective of humanity, or universalist definitions of what
constitutes a modern human (Gamble, 2003). Such efforts
often founder on the shoals of circular argumentation and
progressivist, teleological, accounts of human evolution. In
reality, the suite of attributes that we currently consider
characteristic of modern humans is ever changing,
especially as we continue to discover more about animal
behaviour and human biology.

For example, as discussed in Box 1.4, it is now apparent
that the Neanderthals may have shared many more
attributes of cognitive modernity than previously believed,
including complex speech and aesthetic senses. It is also

apparent that some so-called ‘advanced’ human attributes
can be latent in an individual and may only become overtly
expressed within a particular physical and/or cultural
context. People not subject to these conditions may appear
to lack some attributes of cognitively modern humans,

but still possess the potential to display such characters.

A notorious example is the Victorian prejudice (still
occasionally alive today) that many so-called ‘primitive’
peoples somehow lack the full range of cognitive attributes
of more technological cultures. In reality, such people have
all the latent potential of any other type of modern
human, but it was not adaptive for such traits to be
expressed in their particular culture. Such considerations
make it especially challenging when deciding the limits of
cognitive modernity in the sense discussed here. Perhaps it
is better to accept that the attributes of so-called cognitive
modernity are part of a complex suite of physical and
mental changes that gradually arose over the past
>150,000 years in anatomically modern versions of Homo
sapiens and that some, but perhaps not all, of these
characters may have been shared by other hominid species
(McBrearty and Brooks, 2000).

It is probably as invidious to try to date the onset of
human ‘cognitive modernity’ as it is to say when people
first began to employ agriculture. Rather than being
discrete and temporally defined events, both are arbitrary
evolutionary processes with manifold causes, no
predetermined trajectories, and no defined end-points. For
example, David Harris succinctly describes ‘An evolutionary
continuum of people—plant interactions' (Harris, 1989,
2003). Several species of early African hunter—gathering
hominids evolved complex social and cultural networks.
They buried their dead and some of them produced
representational art, as exemplified by shell jewellery, cave
paintings, and bone sculptures. Could such people have
developed agriculture over 80,000 years ago? The answer
is quite possibly ‘yes’, at least in principle. But, as we will
see in Box 3.2, in practice there were many additional
prerequisites for agriculture, such as climatic stability and
availability of suitable plant species, which were not in
place until many tens of millennia later.

do exist between people around the world are due
to the action of a tiny number of genes. Some of
these genes can alter visually prominent features,
such as skin pigmentation or eye shape, but other-
wise we are a very homogeneous species indeed.

Because they are descended from relatively small
groups of migrants, most non-Africans are genet-
ically-speaking a rather uniform population.?
In contrast, sub-Saharan Africans, being a much
an older population, tend to be more genetically



diverse.®* This means that, notwithstanding their
external appearance, the average Japanese person
is likely to be much more closely related to an
Icelander or Peruvian than the average Namibian is
related to a typical Nigerian. Modern research
makes it quite clear that there is no genetic basis for
so-called ‘racial” differences between people. There
is no such thing as an Asiatic or an Aryan race; still
less is there an English, Welsh, or French race in any
genetically meaningful respect.** This means that
concepts of ‘purity’ with regard to our ethnicity or
genetic endowment® have absolutely no basis in
terms of biology.% In contrast to the culturally con-
venient nineteenth century ideas of biologically
determined racial identities, a more recent synthe-
sis of knowledge across disciplines, including
archaeology, climatology, geology, molecular genet-
ics, linguistics, physical and social anthropology,
and even parasitology, supports a much more
inclusive view of human interrelatedness.?

Climate, migration, and food
Climatic change and small-scale migrations

Despite our surprisingly high degree of genetic
interrelatedness, we humans are a particularly
adaptable and culturally diverse species. This
adaptability has been tested many times over the
past hundred millennia, which has been, and
potentially still is, a period of great variation and
sudden change in the global climate.®® The ever-
changing local and global weather patterns have
caused huge fluctuations in rainfall, temperature,
and sea level, with dramatic consequences for
the plant and animal life upon which emerging
humanity depended. Thanks to evidence from ice-
core samples, pollen records, fossil distributions,
isotope abundances, and other sources, we now
have a pretty fair understanding of the extent
and consequences of climatic changes over the
past few million years, and especially the last
150,000 years.* As shown in Figure 1.1, climatic
oscillations increased markedly in amplitude about
three million years ago, with the last one million
years being an especially variable period. The
last 450,000 years, which covers the emergence of
hominids such as Homo erectus and Homo sapiens,
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has been characterized by long spells of very cool
conditions, punctuated by shorter periods of
milder weather.>

Soon after anatomically modern groups of Homo
sapiens appeared in Africa, there was a relatively
warm period, called the Eemian interglacial,
between 130,000 and 110,000 BP, and some popula-
tions emigrated to the Levant during this period.>
After 110,000 Bp, the global climate became cooler,
although at first this may not have been so marked
in much of Africa (Figures 1.1B and 1.2). The start of
what many believe to be the last great human emi-
gration from Africa after 75,000 Bp? coincided with
a glacial period, often called the Ice Age, when the
world was much colder and drier than today.>
Plant communities respond rapidly to relatively
small climatic shifts, so the large climatic changes of
the Upper Palaeolithic caused huge alterations in
global vegetation patterns.5* Thick ice sheets cov-
ered most of northern Europe and Canada, while
further south lush forests were replaced by prairie-
like grassland. From 75,000 to 12,000 Bp, there was
an extended period of particularly unstable climatic
conditions covering the period when modern
humans became dispersed across much of the
world (Figures 1.2 and 1.3A). After 75,000 Bp,
H. sapiens populations in the Levant either died out
or migrated, possibly due to competition from
migrating Neanderthals retreating from the ice-
bound continent of Europe. These Neanderthals
became the sole human occupants of the Levant
until the return of new groups of H. sapiens at
around 45,000 Bp.

During this key period of human development,
the climate was much less stable than it has been
during the relatively congenial Holocene Era that
spans the past twelve millennia, and in which
we are still living. Moreover, during the last
60,000 years, there have been at least 30 particularly
severe climatic excursions that affected the entire
global system. These excursions are referred to
either as “Heinrich events’ or ‘Dansgaard-Oeschger’
events, and correspond respectively to sudden
cooling and warming periods. Heinrich events are
named after climatologist Hartmut Heinrich, who
noted drastic fluctuations in parameters such as
temperature, atmospheric CO2 concentration, rain-
fall patterns, and sea level.® Although classical
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Figure 1.1 Climatic fluctuations over the past five million years. (A) Climate change over the last five million years showing the transition to
much cooler and more variable conditions about three million years ago. Carbonate (per mil)—the units ‘per mil" are parts per thousand
difference from the isotope ratio of the reference standard. (B) Climate change over the last 450,000 years showing a series of brief warm spells
interspersed with longer, cooler periods. Note that cooling tends to be gradual whereas rewarming is often very rapid. Both data sets are from
Vostok ice and sediment cores in Antarctica. Figure 1.1A data from Lisiecki and Raymo (2005) as redrawn by RA Rhode, available online via
Wikimedia Commons at: http://commons.wikimedia.org/wiki/lmage:Five_Myr_Climate_Change.png. Figure 1.1B data from Petit et al. (1999)
http://www.ngdc.noaa.gov/paleo/icecore/antarctica/vostok/vostok_data.html. Available online via Wikimedia Commons at:

http://en.wikipedia.org/wiki/lmage:Vostok-ice-core-petit.png

Heinrich events have only been described between
about 60,000 and 17,000 Bp, it is likely that similar
events have occurred before and since this period.
Indeed, the Younger Dryas Interval of 12,800 to
11,600 Bp, which we will examine at length in
Chapter 3, was probably a Heinrich-like event.
Dansgaard-Oeschger events are named after the

two geologists who first described them.> There
were at least 23 Dansgaard-Oeschger warming
events between 110,000 and 23,000 BP, each involv-
ing an initial rapid increase in average temperature,
normally over a few decades or less, followed by a
much more gradual and extended period of cool-
ing.%” Therefore, although the Palaeolithic Era was
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Figure 1.2 Correlation of atmospheric CO, levels (dotted line) with
proxy temperature data (solid line) over the past 700,000 years. Three
important conclusions can be derived from this figure: (1) average
global temperatures are highly correlated with atmospheric CO,
concentrations; (2) CO, levels have fluctuated greatly throughout the
million-year history of Homo sapiens; and (3) CO, levels reached a
low point during the depths of the most recent Ice Age, about

17,000 years ago (marked ‘X" on graph), after which they rose rapidly
as the world rewarmed up and vegetation recovered (marked Y’ on
graph. Image produced by Leland Mclnnes and available online via
Wikimedia Commons at: http://en.wikipedia.org/wiki/lmage:Co2-
temperature-plot.png from original data of Jouzel et al. 2004,
Siegenthaler et al. 2005, and Barnola

et al. 2005 from original data publicly available at NOAA
(http://www.ncdc.noaa.gov).

appreciably cooler and drier than now, there were
several sudden, dramatic oscillations leading to
warmer periods of several centuries or more, plus
spells of much wetter weather (Figure 1.3A).%
Research over the past decade, as summarized in
Figures 1.1, 1.2, and 1.3, has led to a new paradigm
of abrupt climatic changes, often over a timescale of
a few decades or centuries, rather than over many
millennia, as was the traditional view.” These sud-
den climatic events led in turn to often drastic
changes in global geophysical and ecological condi-
tions that affected life throughout the planet.
Evidence from Greenland and Antarctic ice core
data, and other sources, suggests that many of these
drastic warming and cooling events happened very
quickly indeed, sometimes within a single year.®
Therefore, what was previously characterized as
simply the ‘Ice Age’ is now known to have been a
much more complex period with frequent and
rapid climatic reversals. The ultimate causes of
these climatic shifts are still controversial, but they
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may well involve periodic fluctuations in solar
activity and perturbations in the earth’s orbit that
lead to alterations in global climatic systems, such
as oceanic circulation, glaciation, and rainfall pat-
terns.! It is possible that the series of human migra-
tions out of Africa during the Late Pleistocene was
at least partially related to ecological disruption in
their home areas and/or the opening up of new
areas for colonization due to various forms of
climatic change.®?

It was during this particularly changeable period
that new human migrants from Africa colonized
much of the world (Figure 1.4).9 By 67,000 Bp these
people had reached the Pacific shores of Eastern
Asia; Australia was probably settled by several
waves of migrants from 60,000 to 40,000 Bp; and
they had reached Europe by 40,000 Br. This latter
migration coincided with the demise of the
indigenous Neanderthal species of humans, who
may have been unable to compete technologically
and/or reproductively with the new African immi-
grants (Box 1.4).%* A final series of migrations took
these dynamic people, via northern Asia, across
Beringia into North America at about 25,000 Bp,
ultimately settling throughout South America by
13,000 Bp.®® Beringia was the 1600-kilometre-long
land bridge linking America with Eurasia before its
most recent inundation c. 11,000 to 10,500 BP.
Beringia existed for many millennia prior to
35,000 BP, covering a vast area from the Kolyma
River in the Russian Far East to the Mackenzie
River in the Northwest Territories of Canada. It was
reformed during the period 24,000 to 11,000 Bp %
and people were probably free to move between
Eurasia and America until about 10,500 Bp.%”

It is worth pointing out here that these transcon-
tinental journeys were not necessarily epic treks of
mass migration involving tens of thousands of
people of the sort that occurred during the well-
known Volkerwanderung at the end of the Western
Roman Empire.% For example recent mitochondrial
DNA data suggest that the number of founder
members in the original group of African migrants,
from whom most of today’s five billion non-
Africans are descended, may have been as low
as 600 women.® While there may have been addi-
tional women in this group, the genetic evidence
shows that none of them left any descendents that
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Figure 1.3 Climatic changes over the past 100,000 years. (A) Temperature record for central Greenland over the last 100,000 years. The large
excursion at the Younger Dryas Interval (X), and the smaller temperature oscillations at about 8200 years (Y) and 4200 years ago (Z) are merely
the most recent in a long sequence of such abrupt temperature fluctuations. Changes in materials from beyond Greenland trapped in the ice
cores, including dust and methane, demonstrate that just as for the Younger Dryas and 8200 sr events, the earlier events shown in Figures 1.1
and 1.2 also affected much of the global climate. Graphs are based on Cuffey and Clow (1997) from original data of Grootes and Stuiver (1997).
(B) Ice accumulation record for central Greenland over the last 15,000 years as a proxy measurement of temperature. Note the very sudden
warming transitions between the relatively cold/arid conditions of the Oldest and Younger Dryas Intervals and the warm/moist conditions of the
Balling—Allerad and Holocene periods. These contrast with the more gradual cooling trend during the Balling—Allered period. As shown on the
expanded lower scales, most of the warming at the end of the Younger Dryas occurred over as little as 20 years, between ¢. 77,640 and

11,620 sp, with an equally rapid rewarming at the end of the Oldest Dryas after 74,680 sp. Modified from Alley et al. (1993).



are alive today. A similar genetic analysis of
the descendents of the Amerind speakers who
travelled across the Bering land bridge shows that
the original ancestral founder group may have
numbered fewer than 80 individuals.”® It was this
tiny group of people that gave rise to the most
of the millions of North- and South-American
Indians. Given the extremely small size of this
founder population, it is possible that there were
many other bands that had also attempted such
journeys, and some of them may have even settled
in parts of the Americas. However, few, if any, of
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the descendents of these other groups appear to
have survived to the present day.

The practical consequence of these very recent
genetic findings is that we no longer need to think
in terms of humans moving out to populate the
world in a small series of epic mass migrations. The
emerging paradigm is rather of many slow jour-
neys by small bands of a few score people. Such
journeys need not have been true migrations pre-
cipitated by some sort of dramatic crisis. A single
band might have simply extended its foraging
range because of local resource limitations or
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Box 1.4 Could the Neanderthals have become farmers?

Although the Neanderthals probably died out

soon after 30,000 s, is it conceivable that they could
have developed agriculture, with all the technocultural
consequences that this implies? This topic relates to other
key issues such as cognitive modernity (Box 1.3),
determinism (Box 3.1), and the prerequisites for
agriculture (Box 3.2).

Were they clever enough?

As discussed in Box 1.3, it seems likely that a wide
range of Middle Palaeolithic human populations
possessed many attributes of cognitive modernity,
including more complex forms of social structure, art,
and tools. Can the Neanderthals be included in this
group? Quite possibly. For example the discovery of a

H. sapiens-like hyoid bone on a Neanderthal skeleton
suggests that Neanderthals were fully capable of
complex speech (Arensburg et al., 1990; Bar-Yosef et al.,
1992). It is now believed that Neanderthals were also
capable of sophisticated technocultural activities
requiring advanced cognitive capacities, making them
little different from modern human foragers (Henry, 2003;
Zilhéo et al., 2006).

Were the right plants available?

The Neanderthals lived until about 38,000 s in the
Near East and 28,000 sr in southern Europe (Finlayson
et al., 2006; Jiménez-Espejo et al., 2007; Finlayson and
Carrién, 2007). While normally portrayed as hunters
with a primarily animal diet, some Neanderthal
populations living in the Levant at about 50,000 8p
enjoyed a surprisingly plant-rich diet (Henry, 2003). These
people ate wild cereals, legumes, nuts, and fruits as
supplements to their animal diet. Therefore, like other
humans of the period, Neanderthals would have been
familiar with such plants.

Was the physical environment suitable?

For much of the Neanderthal period, the Levantine
climate was moister than today and game was
sufficiently abundant to make plants a marginal dietary
supplement. In Europe, the climate was much cooler and
wild cereal stands were absent. In both cases, the
environment militated against the need to exploit plants
more intensively.

Did they have the right tools?

One of the interesting aspects of the eventual
development of agriculture in the Near East is that it

did not depend on the invention of a new suite of tools.
People had been using sickles and grinding tools in non-
agricultural contexts since at least 50,000 8p, while flint
adzes and hoes were developed as woodworking tools by
Natufian hunter—gatherers many thousands of years before
they were adapted for use in farming (Cauvin, 2000).
Farming then proceeded successfully for about four
millennia before the invention of the first agriculture-
specific technologies, such as ploughs and animal traction.
Neanderthals were able to use such complex tools but may
have failed to invent technologies, such as food storage
and improved clothing, quickly enough to adapt to the
highly variable climate after 42,000 sp (Figure 1.3) (Bar-
Yosef, 2000; Henry, 2003).

Why did they die out?

The Neanderthals of the Near East were probably the only
population of their species that knew enough about
cereals to develop agriculture, but this outlying group died
out or left the region by 38,000 sr. The larger group of
European Neanderthals persisted for another 10,000 years
but eventually succumbed to higher mortality rates than

H. sapiens, and probably also failed to innovate technically.
By this time, 40% of Neanderthals died before adulthood
and fewer than 10% survived beyond the age of 40
(Trinkaus and Thompson, 1987). Competing (but not
necessarily warring) groups of better-equipped H. sapiens
only needed a 1-2% lower mortality rate to have out-bred
Neanderthals, resulting in their extinction in as little as 30
generations, or less than a single millennium (Zubrow,
1989).

Neanderthal farmers?

Some Neanderthals might have had sufficient intelligence
and botanical knowledge to become farmers. Had they
survived the various crises of 40,000-28,000 8, it is quite
possible that a few groups of Neanderthals could have
eventually become farmers eighteen millennia later, when
agriculture eventually became an adaptive strategy of food
production in many parts of the world. Whether such
putative Neanderthal farmers would have been tolerated
by neighbouring groups of H. sapiens is quite another
matter. . . .




simply to follow a charismatic leader, to whom they
would have been bound by strong social and/or
kinship ties. Over a period of centuries the descend-
ents of this small band might become separated by
many hundreds of kilometres from neighbouring
groups, as they continued to forage in search of an
improved home range. The vast majority of such
groups probably came to grief in various ways,
leaving the few successful ‘migrants’ to become the
genetic founders of populations that would eventu-
ally be numbered in the tens of millions. So, the
emerging picture is that, from 75,000 BP, relatively
small groups of people across the world were
gradually on the move. One of the major factors
responsible for these minimigrations was probably
the changeability of the climate, which in turn
altered the availability of plants and animals upon
which the people depended. For example a transi-
tion between glacial conditions to present day
warmth could occur within a single decade or even
less, that is well within the lifetime of many of the
people who experienced these rapid shifts in
weather patterns.”!

The new human migrants from Africa proved to
be extremely adaptable to the series of world-wide
climatic fluctuations that would have repeatedly
and drastically affected the local fauna and flora.
This resilience in the face of climate change and its
many consequences may have played a key part
in the ability of the African immigrants to out-
compete the many older, indigenous groups of
humans across the world, including the remnant
populations of H. erectus, which were still distrib-
uted throughout Southeast Asia, the Neanderthals,
who were to be found throughout Europe, and the
so-called archaic H. sapiens.”> These older human
communities were gradually marginalized, their
populations declined, and they eventually became
extinct (see Box 1.4).2 Meanwhile, by about
50,000 Bp, the descendents of those rather more
successful African migrants had spread as far as
western Asia and the Mediterranean Basin where
they were soon faced by a new set of challenges. In
the remainder of this Chapter and the next we will
focus mainly on the events in this region from about
50,000 until 15,000 Bp. The reason for concentrating
on western Eurasia, rather than east Asia or
Mesoamerica, is that there is far more evidence
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available for events in the former region, which was
eventually to be the site of wheat and barley domes-
tication. We will come back to review matters in the
other two regions, which were eventually to give
rise to rice, maize, and squash crops, in Chapters 6,
8, and 11.

Moving down the food chain

During the Upper Palaeolithic Era (c. 50,000-
11,500 BP) human populations in the Mediterranean
Basin and Near East gradually changed their
hunting patterns. In particular, archaeological
evidence has revealed that people began to hunt
much smaller animals, switching from the likes of
deer and gazelle to rabbits and birds.” This shift in
prey preferences is unlikely to have been voluntary
because the larger species would have been pre-
ferred in terms of the cost/benefit ratio of hunting
them versus the amount of nutrition and other
resources (such as skin, fur, and bone for tools or
jewellery) obtained from them. The implication
is that something was causing a decline in the
numbers of larger prey animals. This selective pop-
ulation decline was probably due to a combination
of environmental and biotic factors. Such factors
would have included, but were certainly not
limited to, climate change and over-hunting by
humans. It seems, therefore, that the people in
this region of Eurasia were gradually confronted
with a shortage of larger prey species and so began
to exploit smaller animals, such as birds, small
mammals, and tortoises.”

Smaller prey animals would have been harder to
catch and less rewarding than larger prey, and this
may have resulted in shortages in the food supply.
Earlier in the Upper Palaeolithic, human foragers
had seldom bothered with such paltry and uneco-
nomic prey. This was the first of several steps down
the food chain that were made by these Palaeolithic
people. As population pressures grew, and even
the smaller prey animals became ever scarcer, the
next step was to use plants of all kinds as an increas-
ingly prominent dietary component. These dietary
shifts would have occurred in localized areas where
the previously preferred prey had become scarcer
due to environmental and/or anthropogenic
factors. Given that the Upper-Middle Palaeolithic
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was a particularly volatile climatic period, it is likely
that human populations constantly had to adapt
and modify their dietary and resource-gathering
strategies.”® The overall trend in western Eurasia
was towards the hunting of smaller animal prey and
an increased gathering of plant resources of all
kinds.

Hominids had probably always been omnivo-
rous to some extent, ever since their divergence
from other anthropoid apes about four million
years ago. For example, hominids developed thick-
ened dental enamel and jaws, and larger, flatter
teeth that allowed them to cope with a more
varied diet than other apes.”” Their dietary range
was further enhanced by cultural innovations
that favoured hunting, such as complex social
networks, and the use of fire, tools, weapons,
and other technologies.”® By the early Upper
Palaeolithic, many human populations exploited
large protein-rich prey as a major component of
their diet. In this respect, these people occupied the
ecological niche of climax carnivores, such as
wolves and the larger cats. But there was a crucial
difference between people and true carnivores. The
more successful climax carnivores, especially the
large cats, have specialized to such a degree that
they now find it very difficult to move away from
this particular ecological niche, that is they are
obligate carnivores. Their sharp canine teeth,
superbly equipped as they are for ripping and
tearing of relatively soft animal tissues, are poorly
equipped to deal with any form of plant diet. Just
try to imagine a lion or tiger trying to subsist on a
diet of cereals and pulses. In contrast, humans are
facultative carnivores who have retained a more
generalist form of physiology and dentition.” So,
fortunately for the future of H. sapiens, even during
their time as specialist carnivores, they never lost
their immense dietary flexibility. This meant that
they were able to switch to alternative food sources
whenever the need arose, as it did constantly
during our ever-shifting climatic history.

The Middle-Upper Palaeolithic Era was marked
by waves of expansion and migration from the
Near Eastern end of the Mediterranean Basin
towards the west.® By the end of the Palaeolithic,
about 12,000 to 10,000 Br, Mediterranean/Near
Eastern humans had moved even further down the

food chain, from being eaters of small animals to
becoming mainly herbivores. A significant feature
of this relatively rapid movement across trophic
levels,® which is a highly unusual ecological phe-
nomenon, is that lower trophic levels can support
larger populations. Hence, there are more plants
(in terms of biomass) than herbivores, and more
herbivores than carnivores, while the climax
carnivores at the top of the food chain have the
smallest populations of all. By moving down sev-
eral trophic levels, humans were able to increase
their populations, albeit at the expense of higher
energy expenditure in terms of food collection and
processing. Their dietary flexibility gave humans a
powerful tool, enabling them to adapt repeatedly to
climatic changes and associated demographic
changes in prey populations. It has also enabled
them to migrate into a huge diversity of new eco-
logical zones that lie well beyond their African
homeland. It was their ecological malleability that
gave people the capacity to build up their own
populations, even as other species increased or
declined in numbers during the ever-shifting
conditions of the Palaeolithic period.®? For example
no other primates were able to move across from a
diet based on forest fruits to steppe species such as
cereals, or to leave Africa, in the way that humans
have.8

Broadly similar shifts down the food chain
towards such lower-ranking (both nutritionally and
in terms of energy required to acquire them) food
resources as wild grasses have recently been docu-
mented in late Palaeolithic northern China.® In this
case it was wild millets that were exploited by
human foragers as other more desirable food
sources became scare due to cooling and aridifica-
tion. These and similar developments elsewhere in
the world during the late Palaeolithic set the scene
for the much more extensive use of cereals, from
23,000 to 13,000 Bp, and led to the first experiments
in plant cultivation. This special ecological flexibil-
ity that modern humans possess is largely due to a
physiological and behavioural ability to adapt their
diet and lifestyle according to what is available at
the time. Although we are unable to digest certain
complex organic polymers such as cellulose, lignin,
or chitin,® we are still able to eat almost anything
else, from the tiny seeds and large fruits of plants to



the flesh of all animals from fish to mammoths. Our
flexible genetics has also allowed some modern
human populations to develop an ability to use
milk if it is available in abundance, but not to
develop this ability if it is not required. Technology
and custom have also played important roles in
food exploitation. For example many seeds and
tubers are poisonous but can be rendered safe by
the appropriate treatment, such as prolonged soak-
ing in water and/or extensive cooking. Such
manipulations can also alter the taste, nutritional
quality, and even storage potential of a foodstuff.%
Unfortunately, it is often difficult to assess if, and to
what extent, a given group of people used such
methods to improve their food, so the mere pres-
ence of seed remains at a site will not necessarily
give the full picture of how effectively the seed was
exploited.

The dietary resilience of many late-Palaeolithic
populations was called upon when the world
entered what is called the ‘Last Glacial Maximum’,
from 25,000 to 15,000 Br.¥” As its name implies, the
Last Glacial Maximum was a full-blown ice age
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with extensive snow cover for much of the year in
temperate regions, coupled with a drier and more
arid climate with appreciably lower sea levels than
today. Obviously, such a drastic climatic change
had an enormous impact on the type and distribu-
tion of animals and plants throughout the world. In
turn, this meant that human populations in many
parts of the world could either try to adapt to the
new conditions, migrate away from the worst
affected areas, or face the oblivion that was the fate
of many other animal and plant species. As in pre-
vious ice ages, many temperate and subtropical
forests died out and were replaced by grasses,
including members of the cereal family. Across vast
regions of the world, only a few relict woodlands
survived as isolated refugia, surrounded by huge
expanses of treeless, dry grassland. In some areas,
these prairie-like ecosystems supported large
populations of grassy plants that had somewhat
larger-than-average starchy seeds. These plants
were to change the course of human development:
they were, of course, what we now refer to as
the cereals.%



CHAPTER 2

Plant management and

agriculture

Man, despite his artistic pretensions, his sophistica-
tion and many accomplishments, owes the fact of his
existence to a six-inch layer of topsoil and the fact
that it rains.

Anonymous

Introduction

The behavioural and dietary flexibility of modern
humans enabled them to alter their hunting and
foraging strategies on repeated occasions during
the climatically turbulent millennia of the Upper
Pleistocene. Part of the human response to con-
stantly changing faunal and floral distributions in
this period was to spread across much of Africa,
Eurasia, and Australasia.® In some of these regions,
people encountered a relatively new type of food
resource, the grasses, which required considerable
ingenuity to process into an easily edible form.
Presumably, the initial stimulus to exploit the
starchy seeds of wild grasses was a combination of
an overall dearth of more convenient resources,
such as animals or fruits, and the relative abun-
dance of grasses during their early-summer ripen-
ing season. These people were already proficient
toolmakers and had been using grinding imple-
ments since at least 0,000 Br,”® and possibly as long
ago as 200,000 Bp.*! Therefore the means to exploit
this versatile and easily stored food resource were
already at hand, at least potentially. We will now
look at how people started to gather and harvest
wild cereals at least ten millennia before they
cultivated them, and how such activities estab-
lished new ecological conditions that favoured the
evolution of so-called ‘domesticated” varieties of
several cereal species.

20

The rise of cereals after 25,000 spr

The onset of cooler and drier climatic conditions
after 25,000 Bp favoured the spread of many grass
species throughout Southwest Asia (Figure 2.1). It
is here that we get the first glimpse of a kind of
prepastoral use of some of the plant species that
were to become the ancestors of many of today’s
major crops, including barley and wheat. Some of
the initial insights into the early use of cereals by
hunter—gatherers came from excavations super-
vised by US archaeologist, Robert Braidwood, in
the 1950s and 1960s. Braidwood’s team showed
that Near Eastern peoples were collecting and
processing wild cereals by at least 15,000 Bp. They
also found that in 9000 BP people in the farming
village of Jarmo were still using exactly the same
seed-processing technologies employed by their
hunter—gatherer ancestors many millennia previ-
ously.”? In other words, these technologies were
already mature well before the people actually used
them in a farming context.”® It is clear that the
Palaeolithic hunter—gatherers in this region, centred
on Anatolia and Syria, did not actually cultivate the
cereal plants that grew in such profusion every
summer. Rather, they collected the grain from
existing stands of wild cereal plants that they found
during their continual forays for food plants.
As cereals became more common, as a result of
the changing climate, the people in this part of the
Near East would have become more familiar with
these plants.**

Eventually, these people would have recognized
that the seeds of the wild cereals were edible and
would have started to collect cereal grains wher-
ever they found them.”® However, a cereal grain is
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Figure 2.1 Beginnings of semisedentism and cereal harvesting in the late Palaeolithic Levant, ¢. 23,000 sp. During some of the warmer
interludes of the late Palaeolithic, much of the Levant was populated by a biologically rich mixture of woodland and grassland. This ecosystem
supported semisedentary communities of human hunter—gatherers subsisting on wild plants (including cereals), fish, and small game. As they
settled in an area to exploit its seasonal resources, such people constructed temporary shelters in the form of simple huts of branches and reeds,
as shown in this example from 23,000 s, based on excavations at Ohalo near the Sea of Galilee (e.g. see Nadel et al,, 2004).

not as easy or pleasant to chew on as a sweet, juicy
fruit such as a pear or a tasty nut such as an
almond. Pear, Pyrus spp., and almond trees, Prunus
dulcis (syn. Amygdalus communis), were relatively
common in the Near East after 25,000 B and would
have been much more attractive food sources than
raw cereal grains. The breakthrough that made it

not just feasible but positively beneficial for people
to start exploiting cereals on a larger scale was the
discovery that cereal grains could be ground and
processed to render them more edible. So when did
people devise methods to process cereal grains to
more the palatable foodstuffs that we are familiar
with today, such as breads and cakes? The answer
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was only found recently, and it now appears
that our ancestors were engaged in food technology
a lot earlier that anybody had previously
suspected.

In 2004, archaeologists came across surprising
evidence that people living in an encampment at
Ohalo on the shore of the Sea of Galilee were using
stone grinding tools to process seeds of wheat, bar-
ley, and other cereals into flour as long ago as
23,000 BP.?® An oven-like hearth found at the site
suggests that the flour dough was also baked into
seed cakes, as is still done today by people in the
region. At the same site, there was a profusion of
seed remains, including wild forms of wheat and
barley plus simple huts that served both as shelters
and as sites for cereal processing.”” This shows that
relatively sophisticated processing of cereals into
foodstuffs was underway more than twice as long
ago as the earliest firm evidence for the beginning
of agriculture, which dates from around 13,000 to
11,000 Bp. The Ohalo fishing and hunter—gathering
community of 23,000 BP used a highly varied mix-
ture of grass seeds, including many small-grain
species as well as larger-grained cereals. The switch
to the predominant use of cereal grains in their diet
was a gradual process that took place over as much
as 15,000 years.”® The Ohalo discoveries show
that this Levantine hunter—gathering culture, and
possibly others in the region, was already familiar
with the collection and manipulation of grasses,
including cereals, for the manufacture of foods
more than ten millennia before people grew plants
in any systematic way as crops.

Similar grinding stones have been found at much
older African and Asian sites, some dating from as
long ago as 200,000 to 50,000 Bp. It was presumed
that these older stones were used primarily to grind
plant and animal materials, or minerals, to make
pigments, rather than for the preparation of food-
stuffs. However, the new findings from the Sea of
Galilee raise the intriguing possibility that some
human groups may have been using grinding
stones to process cereal grains, and maybe other
types of edible plant, as early as the Middle
Palaeolithic Era (i.e. before 50,000 Bp). But why is it
such an advantage to grind cereal grains before eat-
ing them? The main reason is that grinding breaks
down the hard, fibrous cereal grain to release the

easily digestible starch granules contained within.
This serves two purposes. Firstly, it enabled people
to save enormously on the wear and tear of their
teeth, compared to eating raw, unprocessed grains.
Unlike the teeth of grazing animals, human teeth
do not continue to grow after childhood. Tooth
wear due to a diet enriched in high-fibre, raw plant
products can result in the substantial erosion of
molars by early adulthood. People with worn or
absent teeth faced starvation, unless they could find
alternative types of food that did not require
chewing. Alternatively, they could try to find
another way of grinding the fibrous plant material
before eating it. Perhaps this was one of the incen-
tives that led to the use of stone grinding tools for
seed processing.

The development of grinding technology would
have been socially advantageous to a human
group. Not only would people who could grind or
mill plant products need to hunt less frequently,
they would also tend keep their teeth for much
longer, despite subsisting on a largely plant-based
diet. This might have also been a factor in enabling
older, more experienced individuals to live longer,
despite the ultimate loss of their teeth. Such people
could then earn their keep either as ‘grandmother’
child carers or by acting as media for the innovation
and transmission of oral culture. The latter role was
a key adaptation in preliterate societies, particu-
larly in relation to strategies for food acquisition
and technology in an era of considerable climatic
flux. The remembered knowledge of how their
grandparents dealt with the last arid period,
including alternative food acquisition strategies,
would have enabled such surviving elders to
greatly enhance the ability of their clan to deal with
such contingencies. Unfortunately, as we will see
later (Chapter 9), grinding seeds to make flour
could be a mixed blessing. Depending on the type
of stone used, the prolonged and laborious process
of grinding cereal grains could produce small
chips of stone that would get into the flour. People
eating the products of such flour every day would
be repeatedly exposed to the stone chips as they
chewed their food, and eventually their teeth might
become chipped and worn. As discussed in
Chapter 10, this problem was partially alleviated
many millennia later by the invention of pottery,



which enabled a porridge to be made from grains
mixed with water and boiled.

The second, and more immediate, reason for
grinding cereal grains is that it enables us to pro-
duce a much more attractive, sweeter tasting, more
nutritious, and calorie-rich foodstuff. Rather than a
hard, dry, indigestible, tooth-destroying cereal
grain, people could enjoy foods such as seed cakes,
biscuits, and all the various forms of bread that we
still relish so much today. Cereal grains that have
been ground and processed into flour can be much
more easily digested due to the higher surface area
that is available for gastric enzymes. This means
that, not only the plentiful starches, but also
the grain proteins and the much less abundant
micronutrients, are more easily assimilated from
processed cereals. In the cold, dry climate of the
Last Glacial Maximum, plants of the grass family,
such as cereals, would have been a more reliable
source of food than woodland plants (e.g. ‘nuts and
berries’). Many of these woodland plants would
have had died out as the weather worsened, and
edible animals would have also become increas-
ingly unavailable as they migrated to warmer
climes, leaving cereals as one of the few remaining
options for the people who chose, or were obliged,
to remain in this area of the Near East.

The most common cereal found at the Sea of
Galilee site at Ohalo was not wheat but barley. This
is because barley is an especially resilient cereal
with a larger geographical range than most types of
wheat or rye (Figure 2.2). This tough plant can
grow in the mild summers found in northern tem-
perate regions today, and which were prevalent
across much of the Near East twenty-odd millennia
ago. Moreover, barley is relatively tolerant of the
arid, salty soils produced as the climate cooled
suddenly down after 13,000 BP, when it is believed
that the first attempts were made at its systematic
cultivation. The type of barley found in the original
Ohalo site from 23,000 BP is so closely related to the
modern crop that it has been classified as part of the
same species, Hordeum vulgare, albeit as an undo-
mesticated genotype. This Levantine wild barley is
likely to have been the major progenitor of all
the modern domesticated varieties of barley.”” In
contrast, the types of wild wheat found at the same
site, Triticum monococcum (einkorn) and Triticum
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turgidum (emmer), are from the same genus as
modern breadwheat, Triticum aestivum, but are
classified as different species (see Box 2.1 for a dis-
cussion of cereal nomenclature). The wild emmer
wheat found at Ohalo is the progenitor of the
modern glutinous durum wheats, from which
semolina and all of the many and varied forms of
contemporary pasta are made.

Although people in some parts of western Asia
relied on cereal grains for at least some of their diet,
there is no evidence that there was any organized
effort to cultivate these plants as crops during the
Last Glacial Maximum of 25,000 to 15,500 Bp. It is
likely that the wild cereals grew in such profusion
that grain could be gathered quite readily, and
hence used to supplement an existing diet. Many
types of wild cereals would have been collected at
this time. However, wild barley and wild emmer
wheat would have been especially suitable for
exploitation by human groups. Unlike other the
other types of wild cereal growing in these regions,
wild barley and emmer produce large, durable
seeds that would have been available for several
months in early summer and could be collected by
hand.!® Another advantage of these grains is that,
unlike many fruits, any surplus could be stored
until hungry periods, such as winter. The acciden-
tal dropping of some seeds around storage and
living sites would have ensured a more reliable
supply of cereals as they germinated and matured
during the following season. A third type of wild
cereal, wild einkorn wheat or Triticum monococcum
boeoticum, was especially common in the northern
Levant and across the Anatolian plateau of modern
Turkey (Figure 2.2).

The potential of einkorn wheat as a food source
was shown by an experiment conducted in Turkey
in the 1960s. An American geneticist, called Jack
Harlan, demonstrated that a small family equipped
with a typical Palaeolithic stone sickle could gather
enough wild einkorn in only 3 weeks of hand
harvesting to last them a full year.!” Harlan’s
experiment involved harvesting wild stands of
einkorn wheat that were growing in one of its puta-
tive centres of origin in the highlands of eastern
Turkey. Although this type of einkorn is in the same
genus as modern breadwheat, it was not expected
to yield nearly as much grain and the quality was
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Figure 2.2 Geographical distribution of six of the earliest cereal and legume crops to be domesticated in the Near East. The maps show the
distribution of the original wild ancestors of these six crops in the early Neolithic, immediately prior to their domestication. Note the overlap of
several crops in the ‘core domestication area’ of the Levant and Upper Tigris/Euphrates Valleys. The upper row shows the distribution of the cereal
crops: einkorn wheat, emmer wheat, and barley. The lower row shows the distribution of the legumes: lentil, pea, and bitter vetch. The larger map
shows the distribution of Neolithic sites: (1) Cayond, (2) Cafer Hlyuk, (3) Nevali Cori, (4) Gébekli Tepe, (5) Djade, (6) Jerf el-Ahmar, (7) Mureybet,
(8) Abu Hureyra, (9) Hallan Cemi Tepesi, (10) Qermez Dere, (11) Milefaat, (12) Aswad, (13) Yiftahiel, and (14) Jericho. Adapted from Lev-Yadun et
al. (2000). Botanical data compiled from Heun et al. (1997); Zohary and Hopf (1993); Ladizinsky (1999); Zohary (1996).

expected to be lower. Surprisingly, Harlan’s group
was able to use their primitive sickle to harvest
almost a kilogram of grain per hour. Moreover, the
wild grain had a high protein content and was
amenable to boiling or steaming to make a nutri-
tious porridge. Harlan’s experiment also showed
that the use of harvesting tools, such as sickles,
does not necessarily mean that crop cultivation is
taking place.!0?

It is quite possible that, many centuries before
they began to grow crops for themselves, people
had already developed harvesting tools to facilitate
the gathering of seeds from stands of wild plants.

Harlan’s study demonstrates that wild cereals
could have been a significant food resource for
nomadic hunter—gatherers well before any such
human groups adopted a sedentary lifestyle. We
should also remember, however, that not all human
groups were necessarily nomadic hunter-gatherers
in the Palaeolithic Era. Indeed, only terrestrial
hunter—gatherers are really obliged by the mobile
nature of much of their food supply to be nomadic.
Riverine (riverside), lacustrine (lakeside), and
littoral (coastal) communities, who are able to
subsist largely on aquatic resources that are avail-
able for much of the year, often adopt sedentary or
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Box 2.1 Cereal nomenclature

Scientific nomenclature is often bedevilled with
inconsistencies and disputes about the best system to
adopt. This problem is growing in several fields, such as
taxonomy, as new genetic and other data suggest that
some current usages might be misleading. However, by
creating a new system of nomenclature, it becomes
increasingly difficult for non-specialists (and sometimes
specialists too) to refer to the older literature where one
or more alternative systems have been used instead.

| had not realized just how acute this problem was until |
started to research the genetics of cereals, and especially
to read some of the older literature. It soon became
evident that the systematic nomenclature of the cereals,
and especially the various types of wheat, was in a
particularly convoluted and inconsistent state of flux with
one species sometimes being referred to with as many as
four alternative formal Linnean names by different authors.
To some extent, similar problems are also encountered
with non-cereal crops, as recognized in the new system
for intraspecific classification called the International Code
of Nomenclature for Cultivated Plants (Trehane

et al., 1995), but the situation in cereals is especially
problematic.

One of the major international repositories of cereal
genomic information, called GrainGenes, contains the
following somewhat rueful appeal. ‘Although GrainGenes
does not endorse any particular taxonomic treatment, we
are very interested in the development of synonymy tables
to help de-Babelize the various existing classifications’
(see the GrainGenes website (http://wheat.pw.usda.gov/
GG2/index.shtml) for details). Probably only an American
could come up with that wonderfully evocative term
‘de-Babelize’, which just about sums up the whole sorry

situation, and the frustration of those affected. In

August 1998, participants at the IWGS (International
Wheat Genetics Symposium) workshop on taxonomy
drew attention to the following problems: (1) the large
number of different classifications currently in use; (2) the
lack of uniformity in the nomenclature of wheat species;
(3) the failure of researchers to consistently follow a given
classification; and (4) misunderstandings of species
concepts, which have caused serious errors in the
selection of germplasm.

These wheat scientists agreed that the confusing
condition of wheat taxonomy is particularly difficult for
new researchers in the field—never mind the interested
outsider, no matter how well informed. The situation is so
bad that it has been necessary for the Wheat Genetic
Resources Center (Kansas State University) to publish
a list of 'unaccepted’ names of wheat species that are
regarded as ‘illegitimate, not validly published or
ambiguous'. Another useful account of the problem is
given in Morrison (1998). In this book, | have
attempted to use the most recent and/or the most
commonly used names as much as possible and
therefore follow the system of Van Slageren (1994), as
also employed by Waines and Barnhart (1992); Hancock
(2004); and Yen et al. (2005). See also the section on
‘Wheat' in Chapter 6, where some of the basic taxonomy
is described further. A useful website is that of the
Kansas State University Wheat Genetic Resources Center:
http://www.k-state.edu/wgrc/Taxonomy/taxintro.html.
However, as with the warning about radiocarbon
chronologies in Box 1.1, readers should be cautious about
cereal names in much of the literature, whether primary
and secondary.

semisedentary lifestyles. In some cases, as at Ohalo,
lacustrine communities also dabbled in cereal pro-
cessing, which may have reinforced their tendency
to maintain a semisedentary lifestyle. In general, it
seems that experience with and the availability of
potential plant domesticants was probably far more
important than factors such as sedentism and
population pressure in setting the scene for the
development of agriculture.

We should also remember that the Ohalo people,
who were grinding barley and wheat at around
23,000 BP, did not rely on cereals to anything like
the extent of later farming cultures. Firstly, the

plant portion of their diet merely supplemented a
plentiful supply of fish and game. Secondly, in
addition to the relatively large-grained cereals,
these people collected and processed a wide range
of small-grained grasses that were almost of equal
importance to the cereals in their dietary starch
intake. The collection and processing of small-
grained, non-cereal grasses has continued in
numerous human cultures to the present day. For
example, in Ethiopia, the minute grains of tef,
Eragrostis tef; and in Australia, the small-grained
grasses, Panicum australiense and Fimbristylis
oxystchya, are still important dietary staples.!®
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People of the Ohalo culture augmented their
cereal/grass diet with a plethora of other plant
foods that included almonds, pistachios, acorns,
wild olives, wild figs, and wild grapes, to mention
only a few.!® This varied and nutritionally bal-
anced diet of fish and plants was supplemented
still further by small game, such as hare and par-
tridge. As we will see in the next chapter, it was not
so much the inherent attraction of cereals that led to
their eventual adoption as the primary staple.
Rather it was the disappearance of most of the
alternative edible plant and animal resources from
the ecosystem inhabited by people such as the
Ohalo culture and their neighbours in the Near
East. But before this happened, there was a pleasant
interlude of milder weather during which the
importance of cereals actually declined in the
region. This climatic amelioration effectively post-
poned the need to develop agricultural systems for
a few more millennia.

A warm interlude after 15,500 Bp

After a 10,000-year ice age, the global climate
changed yet again at about 15,500 Bp, with a rapid
warming and deglaciation that was especially
marked in the northern hemisphere.!® This
may have lessened any reliance on cereals for
people in the Near East because, as forests became
re-established, other more attractive edible plants
and animals were available for exploitation. By
14,000 Bp, the climate in almost all parts of the word
was at least as warm and moist as today, and in
some areas it was even warmer. In addition to this
warming trend, two other factors may have been
even more important in favouring the more prolific
growth of vegetation of all kinds. Firstly, the
climate was much less arid than it had been during
the Ice Age. As discussed in Box 2.2, aridity is a
far greater threat to most plants than extremes of
temperature. The second factor favouring a resur-
gence of plant growth was the huge increase in
atmospheric CO, concentration (see Figure 1.2)
after the Ice Age.!% By about 15,000 Bp, the atmos-
pheric CO, concentration had increased by almost
40% from less than 200 ppm to over 275 ppm.!"” For
many centuries after 15,500 BP, there was a steady
northward progression of plants and animals

to recolonize the formerly icebound temperate
regions of the north.

This would have been a time of relative plenty
for many human populations who, thanks to strong
group co-operation and improved technologies,
were now emerging as some of the most effective
predators on the planet. The ready availability of
more easily processed and digested foodstuffs,
such as meat and fruits, during this halcyon period
would probably have led to a greatly reduced
necessity to exploit cereals, and it would certainly
have removed any serious incentive to try to culti-
vate such plants. Even during these climatically
benign times, however, the use of cereals as a sea-
sonal foodstuff continued in some areas. At about
13,000 BP, the climate was relatively wet and mild in
upland parts of south-western Asia, from the
inland Levant up to southern Anatolia.!® Such con-
ditions favoured the growth of dense stands of
large-grained wild grasses (Figure 2.1). Many
human groups across this part of the Near East
would have become accustomed to harvesting
these grains, possibly coming to rely upon them for
much of their food supply at certain times of the
year. It is likely that, as these people became more
familiar with the wild cereals, they began to assist
their growth by practices such as controlled burn-
ing, clearing away competing vegetation (weed-
ing), and even sowing or planting seeds. We think
that this may be the case because of evidence that
other hunter—gatherer societies have repeatedly
adopted similar practices for the exploitation of
their most favoured plant resources. Such practices,
termed non-agricultural plant management (see
below), enabled societies to become intimately
familiar with many aspects of plant husbandry
without necessarily making a commitment to the
formal cultivation of crops.

The Kebaran hunter-gatherer culture

The Kebaran culture occupied the general area of
the Levant and Sinai from about 20,000 to 15,500 Bp,
and was the immediate precursor of the Natufian
culture, which lived in the same area and went on
to domesticate wheat and barley after the Younger
Dryas Interval. The Kebarans are named after the
site at Mugharet Kebara, near the Mediterranean
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Box 2.2 Aridity and agriculture

By far the most important climatic prerequisite for
successful agriculture is a reliable supply of water.
Availability of water is a much more serious limitation on
plant growth than temperature. For example many of our
staple crops, including wheat, barley, maize, beans, and
brassicas, can flourish equally well in the fierce heat of
West Australia and the Punjabi Plains or in the cool damp
climate of the Scottish Borders and Alpine foothills. But
even these versatile crops will falter in the absence of a
steady water supply. Indeed, if global warming turns out
to be a long-term reality, it will not be high temperatures
that affect farming so much as disruption to rainfall
patterns. It is also important to recall that all the major
climatic episodes of the Holocene Era affecting agricultural
and societal development, from the Younger Dryas to the
postmedieval ‘Little Ice Age’, have involved a cooler rather
than a warmer climate. Moreover, in each case, the cold
was not the real problem; rather it was a reduction in
rainfall, sometimes by as little as 10-20%, that often
resulted in widespread collapse of agricultural systems
and the complex societies that they underpinned.

For at least 8000 years, farming cultures have adopted
either of two strategies to ensure their crops are watered.
The original strategy was rain-fed agriculture, which relies
on an adequate supply of rainfall during the growing
season of the crop. The absolute limit of rain-fed
agriculture is the 200-mm isohyet (an isohyet is a line
joining points of equal precipitation on a map, equivalent
to an isotherm [temperature] or isobar [pressure]). Even
this amount of precipitation may not be reliable in the
long term due to annual fluctuations that may limit crop
production for several years running and hence force
people to use up surpluses generated in better years.

A more reliable limit for dependable farming over a longer
period (of centuries) is the 300-mm isohyet (Oates and
Oates, 1976).

In the case of the Near East (see Figures 10.1 and
10.2), the millennia-long evolution of agriculture had its
origins in the valleys of the Levant and the upper reaches
of the Tigris/Euphrates at the foothills of the Taurus and

Zagros Ranges in those regions between the 200- and
300-mm isohyets and in adjacent wetter areas, with
plentiful supplies of water, grazing, game, fruit, nuts, and
wild cereals. Gradually, the early rain-fed form of
agriculture spread to slightly dryer regions of Northern
Mesopotamia that lie between the 200- and 300-mm
isohyets. As discussed in Chapter 10, farming and societal
development in these regions were repeatedly disrupted by
interruptions in rainfall during the early to mid-Holocene,
although some of these events may have also acted as
stimuli for increased societal complexity (Brooks, 2006).

The second farming strategy is to bring water to the
crop via irrigation systems, such as canals or ditches.
Irrigation was probably first used in the Near East by the
Samarrans as they migrated along the Tigris/Euphrates
Basin into more arid regions below the 200-mm isohyet
and eventually founded the enduring civilization of the
Sumerians (Chapter 10). Although the flow of these rivers
was seasonal, there was usually sufficient springtime water
to supply a vast area of adjacent fertile alluvial soil during
the period of maximum crop growth. The main downside
of such irrigation agriculture was its enormous demands
on organized human labour, requiring complex
management skills and a high degree of social cohesion
for its success. Poor management can result in long-term
soil damage due to salinization but well-managed
irrigation farming can be sustainable in the long term.
After the drought of 4200 sp, irrigation farming enabled
the Sumerians to maintain their urban culture for several
centuries after the collapse of many rain-fed farming
cultures in the North.

Today, only about 20% of farmland is irrigated, but this
provides 40% of our global food supply. It is estimated
that by 2050, as much as two-thirds of the global
population will live in water-scarce areas (Wallace, 2000).
As discussed in Chapter 17, one of the major future
challenges will be to maintain the supply of water to
agriculture in the face of depleted groundwater supplies,
increasing salinization, alterations in river flow, and
changing rainfall patterns across the world.

coast, where many of the initial excavations of their
artefacts occurred.'” A common feature of the
Kebaran hunter—gatherer culture is the use of small
geometric microlithic tools. The Kebarans were
highly mobile hunter—gatherers living in relatively
small bands that were well adapted to the

changeable climatic conditions that prevailed
during and immediately after the Last Glacial
Maximum.!!? The Kebarans lived in the same gen-
eral region as the Ohalo people who, as we saw
above, were busily grinding and baking barley and
wheat at around 23,000 Br. During the intervening
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millennia, human populations in the Near East
declined as the cooler, dryer conditions of the Ice
Age took hold. It is possible that there was some
cultural continuity between the Kebarans and pre-
vious human populations in the region, but it is just
as likely that cereal-processing technologies were
lost as the plants themselves died out and people
searched for other types of food.

Later in the Kebaran period, the people made
and used stone grinding tools, including pestles
and mortars, as well as sickles suitable for cutting
plants, although the latter were rather rare. It is
uncertain whether any of these tools were used in
the processing of grain for food until plants became
more important again in the late Kebaran period
and the transition into the Natufian era. Following
the end of the Last Glacial Maximum at about
20,000 to 18,000 Br, the Kebarans who returned to
the Levant consumed a high proportion of plant
matter in their diet, but there is no evidence of a
return to large-scale cereal processing or semi-
sedentism as seen at Ohalo five millennia earlier. At
this stage, from 20,000 to 15,500 Bp, the Kebarans
were largely restricted to the Levantine coastal strip
and a few isolated inland oases by a climate that
was still relatively cool and dry.!! By 17,000 Bp, the
so-called Geometric Kebaran culture, using charac-
teristic geometrically shaped tools, had developed
in the Levant. Later Kebaran groups seem to have
progressively reduced their intake of plant-derived
foodstuffs and increased their geographical range.
This is correlated with the climatic amelioration
after 15,500 Bp, during which the relatively arid
semidesert of the Levantine interior would have
given way to a much more varied habitat of mixed
woodland/steppeland, rich in both game and
edible plants. Animals such as fallow deer, gazelle,
and wild boar were hunted in the woodlands of the
Central Levant, while gazelle, ibex, and hare were
common in the steppes beyond.

Slightly further afield, in the Taurus and Zagros
Mountains that mark the traditional extremities
of the ‘Fertile Crescent’, wild goats, sheep, and
aurochs, progenitors of the future domesticants,
were commonplace game species. In lacustrine and
marine regions of their home range, Kebarans also
exploited fish and all manner of invertebrate
seafood, although in many places these areas have

now been inundated and destroyed as archaeo-
logical sites by rising sea levels.!> Many Kebaran
groups turned increasingly to hunting the newly-
prolific game, and their dependence on plants
became dramatically reduced. Other groups
adopted a different strategy by reducing their
mobility in order to exploit more intensively all
types of local resources, both plant and animal.
With an increasingly sedentary lifestyle, these latter
groups were also able to develop heavier and
bulkier plant processing tools and technologies
(including large grinding stones, kilns, and baking
ovens) than their more mobile hunter—gatherer
neighbours. One of the better known such groups
of this period, at 14,500 to 13,000 Bp, is the so-called
Natufian culture that lived around the Levant and

its immediate environs.!?

The early Natufians and sedentism

The Natufians were one of several Levantine
cultures of this period, all of which developed from
the Geometric Kebaran culture.!* They originally
occupied the entire Jordan valley and beyond, as
far as the Mediterranean coast from present-day
Jaffa to Tyre. The culture is named after Wadi
en-Natuf near modern Ramallah, where the first
finds were made by Dorothy Garrod in 1928.115
A subsequent expansion of their range during the
Younger Dryas Era took the Natufian culture to the
north along an inland axis straddling the eastern
face of the Anti-Lebanon Mountains as far as the
Aleppo Plain of Syria and the southern flanks of the
Taurus Mountains in Turkey. The earliest Natufians
were mainly hunter—gatherers but they were also
familiar with wild cereals such as emmer wheat
and barley, which they ground into flour and baked
(Figure 2.3). Archaeological evidence suggests that
the Natufians were one of the first human cultures
to adopt a predominantly sedentary lifestyle based
in semipermanent villages, and that this occurred
well before the development of agriculture.!®

The impetus for this form of village-based seden-
tism may have been a brief cold spell at about
14,500 Bp that was immediately followed by an
increase in precipitation and an expansion of
woodland and parkland within the home rage of
the Natufians.!”” This newly bountiful ecosystem



PLANT MANAGEMENT AND AGRICULTURE 29

YN Y
W

Ay B AR
it f|li,(/ap:\.l'/7)'y""lli |I:{

Figure 2.3 Semisedentary Natufian foragers collecting wild cereals. The Natufian culture of the Levant spanned the Palaeolithic/Neolithic
transition from about 75,000to 11,000 sr, during which the first crops were domesticated in the region. The Natufians were semisedentary
hunter—gatherers who built some of the first true villages. In this artist's representation, a mixed band of Natufian foragers is collecting wild
cereals with flint-bladed sickles and carrying the grain to the nearby village where it was processed into flour using stone pestles and mortars.
These tools and the practice of sedentary village life, which are normally associated with farming communities, were invented by
hunter—gatherers such as the Natufians many millennia before the beginnings of agriculture.

provided a profusion of faunal and floral resources
within a relatively small area, hence reducing the
need for a highly mobile lifestyle. A more static
population would be better able to manage and
exploit these plentiful resources, possibly in analo-
gous ways to the Kumeyaay and the other more
recent human cultures that are discussed in the next
section (see below). Establishment of semiperma-
nent or even permanent dwelling sites would also
have enabled the Natufians to defend their valu-
able food resources against interlopers. The newly
sedentary Natufians had access to a rich woodland

flora that was dominated by oak and pistachio trees
but which also included a prolific undergrowth of
grasses with high frequencies of cereals. In addition
to dwelling places, their small settlements con-
tained storage sites, for collected food such as
grain, and burial sites. The burial sites show a
degree of social differentiation that was absent from
previous societies, with a few, presumably privi-
leged, people being interred with valuable grave
goods such as seashells and bowls.!!8

A predominantly plant-based diet in these early
villages is suggested by the number of tools for
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plant acquisition and processing, such as sickles,
mortars, bowls, and pestles. Edible plants were
supplemented by seasonal game in some areas and
by aquatic food in riverine and lacustrine areas, for
example waterfowl along the Jordan Valley and
freshwater fish in lakes such as Hula and Jordan.
The relatively benign climatic conditions that
favoured the establishment of quasi- or fully seden-
tary settlements by the Natufians lasted for almost
two millennia. This enabled the evolution of a
robust and distinctive culture, with its own charac-
teristic decorative artefacts and styles of construc-
tion. But, quite suddenly at about 12,800 Bp, the
Natufians were confronted with a climatic disaster
that almost eradicated them. Many Natufians did
not survive as they made abortive attempts to flee
elsewhere. It was the people who stayed put in
their settlements, who not only survived the
disaster, but went on to flourish. The reason for the
success of these particular Natufians was that they
found a new way of managing their increasingly
scarce and restricted plant resources. They discov-
ered what we now know as “agriculture’.’® We will
consider how these momentous events unfolded in
the next Chapter. Meanwhile, for the remainder of
the present Chapter, we will examine how human
societies like the Natufians might have managed
their plant resources in the absence of formal
agriculture.

Non-agricultural plant management

In many books and scholarly articles, the title of
this section would be ‘pre-agricultural plant man-
agement’, with the implication that such practices
are considered as preludes to formal agriculture.
However, we will see that this is a misleading inter-
pretation based on a combination of lack of firm
evidence for non-agricultural plant management
and a tendency, that is still surprisingly common,
to assume that agriculture was somehow both
progressive and perhaps even inevitable. For our
purposes, we can define non-agricultural plant
management as follows: ‘the manipulation of
plant development and distribution for the purpose
of human exploitation without the practice of
formal cultivation’. As discussed below, non-
agricultural plant management might involve

techniques such as transplantation, controlled
burning, and sowing of gathered wild seed.
However, in the case of these particular plant
species, such management practices did not give
rise to the cascade of genetic changes that gave rise
to domesticated varieties. Hence, the managed
plants remained as wild forms that were favoured
by humans, but never became as dependent on
them as did fully domesticated crop species. As we
will see in Part II, the reasons why many plants
never became crops are largely related to the organ-
ization of their genomes.

One of the greatest challenges that bedevils the
study of many non-agricultural or non-sedentary
cultures is the lack of visible traces that they
generally leave behind. In the case of grain farmers,
we have readily identifiable remains in the form
of domesticated seeds, processing tools, and
even traces of old field patterns or irrigation
systems. Sedentary cultures leave durable evidence
of their habitations, as well as tools and other
artefacts. However, a more mobile culture, with
temporary seasonal camps, that managed a large
area of plant resources without actually cultivating
or domesticating these species, might leave no trace
at all for future generations to find. It is possible
that many of the prevailing ideas about the
supposed advantages of agriculture have been
skewed by this dearth of evidence for alternative
lifestyles that may often have been just as viable as
farming.

Our views of non-agricultural plant management
are gradually being modified as we discover some
of the surprisingly sophisticated practices that were
commonplace across the world until recently.
In fact, there are many well-documented cases of
various types of non-farming husbandry that were
still in widespread use until the twentieth century
and, in some of the more remote areas, these
practices have only died out in the last few decades.
For example the Bagundji people of southeast
Australia used repeated firing of grassland to
increase seed production of Mitchell grass, Astrelba
pectinata. In other parts of Australia, people would
dig up and collect the edible tubers of wild yams,
(Dioscorea spp.) or bush potatoes (Ipomoea costata),
as well as grain-bearing plants such as wild rice
(Oryza rufipogon).}?® These hunter—gatherers would



replace the stems attached to the tops of the tubers
in the ground to ensure that more tubers would be
propagated for harvesting in future years.
Meanwhile, across the world in the lower
Colorado River Basin of North America, the
Cocopa people actively planted seeds, but not in a
formal agricultural context. The Cocopa supple-
mented their diets of game by sowing two species
of panic grass, Panicum spp. (a type of wild millet),
on the floodplain of the Colorado River after the
waters receded. Further west, in California, the
Miwok used burning, sowing, and harrowing to
favour the growth of six wild species of grass
seed, including the splendidly named ‘farewell-
to-spring’, Clarkia purpurea ssp. viminea, and mule
ears, Wyethia helenoides.'?! Other Californian tribes
sowed seeds of wild herbaceous plants as well as
grasses, while tribes in the Great Plains used fire
and sowing to grow productive stands of Indian
rice grass, Achnatherum hymenoides. These people,
and many others, were relatively mobile hunter—
gatherers, who were also capable of actively
managing and exploiting plant resources on a wide
scale and over a period of many millennia, without

any recourse to formal agriculture.!?

The remarkable Kumeyaay people

In some cases, the non-agricultural exploitation of
plant resources reached a very high level of sophis-
tication that involved a particularly impressive
degree of botanical knowledge. One example of
such a culture is the Kumeyaay people of southern
California.!®® The Kumeyaay home range once
extended throughout modern San Diego County
and southwards into the northern part of the
Mexican State of Baja California. The region has
a Mediterranean climate, with relatively sparse
summer rainfall and a wet season in winter.
The Kumeyaay were essentially semisedentary
hunter—gatherers who manipulated their floral
landscape to an extent that now seems extraordin-
ary, not only in its breadth and complexity, but also
in its adaptability throughout the periodic severe
droughts that still affect the region. Moreover, and
in contrast to many farming-based cultures, the
Kumeyaay successfully maintained and modified
their non-agricultural lifestyle during at least a
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millennium of constant climatic and social change,
and probably much longer.!?*

The normally arid, semidesert environment of
the Kumeyaay home range is especially problem-
atic for a would-be plant exploiter. For a start,
the area is not naturally rich in edible plants.
Furthermore, the occurrence of any given plant
species (or edible portion thereof) is often acutely
seasonal and can be disrupted by over-long
summer droughts and excessive winter floods.
However, by transplanting various useful species
across the range of habitat types that existed in
their territory, the Kumeyaay were able to achieve a
notably more diverse resource base of flora than
would otherwise be found. From the coastal sand-
bars and dune systems, through valleys and
foothills, to the arid deserts of the high mountains,
the Kumeyaay experimented with a host of poten-
tial food and medicinal plants. These practices
of habitat dispersal and multiple sourcing also
provided a more predictable availability of plants
throughout the year. By utilizing a wide range
of plants and locations, the Kumeyaay buffered
themselves against the regular, but unpredictable,
climatic vagaries that might wipe out all the plants
in a particular area or decimate a single species
throughout their home range. In contrast, as later
farming cultures have found to their cost, attempts
to move to an agricultural lifestyle in such areas
have been dogged by repeated crop failures due to
the unpredictable climate and the over-reliance on
a small number of food staples or, even worse, on a
single key crop.

Although they deliberately moved and replanted
certain species that were useful to them, the
Kumeyaay did not actually cultivate any plants.
A few examples will give a flavour of the extent of
the impressive botanical activities and achieve-
ments of these resourceful people. The Kumeyaay
created groves of wild oak and pine in the areas of
their home range at higher altitude. These trees
were then harvested for their edible nuts. They
established desert palm and mesquite along the
coast. They planted agave, yucca, and wild grapes
in appropriate microhabitats in various parts of
their range. And they planted cacti, which were
used as emergency sources of water, as close as
possible to their villages and campsites. In addition
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to these transplantations, the Kumeyaay managed
their floral environment by the systematic burning
of tree groves to increase fruit yield; they used the
controlled burning of chaparral grassland to
improve forage for the (non-domesticated) deer
that they hunted; and they resowed a proportion of
the edible grain from wild grasses that they had
harvested.'?

The Kumeyaay people lived in this manner for
centuries, perhaps millennia. During this period,
what appeared to the uneducated eye to be a bar-
ren, arid, and hostile landscape was actually a
bountiful area that supported tens of thousands of
people with a unique series of botanical and
resource management skills. Later ‘sophisticated’
European travellers would starve or die of thirst
within a few metres of abundant sustenance, had
they only known what plants to look for and how
to process them for eating or how to extract water
from them. The non-agricultural, hunter-gatherer
lifestyle of the Kumeyaay was eventually dealt a
mortal blow by the arrival of a Spanish-Mexican
expedition led by Fray Junipero Serra. This well-
meaning, but narrow-minded, cleric arrived in the
region in 1769 and established a series of Missions,
including the large Mission and Presidio at San
Diego at the core of the Kumeyaay home range.
Within decades, their population had collapsed as
the people were severed from their livelihoods and
forcibly settled in guarded Missions where they
were obliged to raise and subsist on unsuitable, and
often unsuccessful, crops such as maize.!?* A few
decades later, North American settlers expropriated
most of the remaining Kumeyaay land, following
the seizure of Upper California from Mexico
in 1848.7 Today, only a few scattered bands of
Kumeyaay remain on inadequately sized reserva-
tions and their unique lifestyle has completely
vanished.!?

Plant management does not
necessarily lead to agriculture

To the uncomprehending European incomers,
people such as the Kumeyaay seemed to be living a
‘simple’ life of gathering plant products that grew
‘naturally’ in the region. In fact, the Kumeyaay and
other Amerindian cultures created huge and highly

complex botanical gardens, which they carefully
maintained, adapted, and exploited for their own
use. Similar modes of seemingly basic, but in real-
ity tremendously sophisticated, strategies of floral
resource management have been found in other
cultures in California. For example the coastal
people of Central California were hunter—gatherers
who also relied greatly on the seasonal abundance
of acorns.'” These fruits could be collected and
stored for consumption during the winter period,
when game was relatively scarce. Although some
oaks were more favoured than others for their type
of acorn, all oaks were equally encouraged to grow
in the coastal woodland.!* This was because acorn
production by one tree or even one oak species was
highly variable from year to year, but taken
together the sum of all the oaks tended to have a
similar annual productivity.!! By spreading their
plant resource base to include less desirable
species, these coastal communities greatly reduced
the risks that would accompany reliance on a single
staple food resource. Similarly, the Nomlaki people
of the Upper Sacramento Valley sampled an
especially diverse flora in the mixed chaparral/oak
and conifer/oak woodland in the highlands at
1300 metres during the warmer months, before
moving to long-term residential sites in the
lowlands in the winter.!®? As we will see in later
chapters, many farming cultures across the world
would repeatedly fall into the trap of relying on
monocultures, and were regularly blighted by
famine when their single crop staple failed.

One of the most dramatic examples of botanical
resourcefulness in a seemingly hostile environment
comes from published ethnographies of the Paiute
culture in North America.!® These people lived in
the Owens Valley and Mono Basin areas immedi-
ately to the east of the Californian Sierra Nevada.
The Paiute lived in a land that had been described
as follows by early white explorers: “The country on
this side is much inferior to that on the opposite
side (of the Sierra Nevada)—the soil being thin and
rather sandy, producing but little grass, which was
very discouraging to our stock.”’** In fact, the coun-
tryside had for millennia supported several enter-
prising cultures, including the Paiute, who both
nurtured and exploited all of the available plant
resources. Written records describe how the Paiute



propagated wild hyacinth (Camassia quamash), nut-
grass (Cyperus rotundus), and spike rush (Eleocharis
palustris), all of which are root crops that grew
abundantly in seasonal water meadows bordering
the Owens River. Higher up in the Sierra foothills,
were extensive pine forests dominated by several
variants of pinyon pines, especially the single-leaf
pinyon, Pinus monophylla. Every autumn, soon after
their beloved vitamin-rich rosehips turned red and
ripe for gathering, entire families of Paiute would
trek up to these forests and harvest the nutritious
pine nuts as a winter food.'*> With a protein content
of over 30% by weight, which is higher than any
other nut or seed, pine nuts are a greatly prized
foodstuff that we still use today as the basis of pesto
sauce.1%

In the spring, Paiute men dammed tributary
creeks in the hills near their low-altitude winter
camps, and dug a series of irrigation ditches up to
6 km long to the meadows in the Owens Valley, thus
creating many hectares of new habitat for their
edible plants. Although the Paiute did not deliber-
ately sow seeds, their activities resulted in a consid-
erable expansion of the habitat of certain naturally
occurring plants, which in turn increased the yield
and productivity of these important food sources.
The Paiute dismantled their dams every year, so
without the written records of eyewitnesses, their
work would have been invisible to archaeologists.
As with many similar examples of non-agricultural
plant management, the Paiute culture collapsed
abruptly in the late-nineteenth century, as invading
miners and prospectors cut down the stands of
pinyon pines that were both one of the key food
resources of the people and the keystone of their
entire semimontane ecosystem.'¥” To make matters
worse, the cattle introduced by the newcomers to
feed their mining camps roamed across the Paiute
lands, eating precious stands of wild hyacinth and
nutgrass. Reduced to near starvation by the 1860s,
desperate bands of Paiute started to raid the cattle
that were devouring their food supply. Despite
some early successes, the Paiute resistors were
doomed as the US Army took the field against them
in force. Following their military defeat, most of the
survivors were deported in 1863 to the San
Sebastian Indian Reservation, near Fort Tejon, just
north of Los Angeles.!®
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The achievements of such peoples should stand
alongside the more formal categories of agriculture
with regard to the ingenious and sustainable long-
term exploitation of plant resources. It is likely
that there were hundreds, perhaps thousands, of
human cultures existing according to this kind
of highly adaptable, mixed plant husbandry/
hunter-gatherer lifestyle over the past 50,000 years.
Unlike farming, such practices leave few traces,
which means that their importance to the develop-
ment of plant exploitation has almost certainly been
seriously underestimated. We can regard these
activities as a kind of ‘quasiagriculture’, whereby
people gradually learned more about how to
manipulate those potentially useful plants that
grew in their home range without formally grow-
ing them as crops. Such knowledge included
methods to promote plant growth, how best to
harvest the seeds, and how in general to manipu-
late such plants for their own benefit. This sort of
systematic gathering and management of wild
plants was not only done for the production of
food. Many plants had other uses, such as in the
manufacture of clothing, basketry, cordage, medi-
cines, weapons, utensils, tools, and of cultural
artefacts such as musical instruments and toys.!® It
must be stressed, however, that the use of the term
‘quasiagriculture” is not meant to imply that this
sort of lifestyle was merely a stage on the way
towards the evolution of farming.

As we saw in the case of the Kumeyaay Indians
(see above), such elaborate exploitation of plants
did not necessarily lead to the development of
formal agriculture. These people, and many other
comparable cultures in other locations, remained as
very successful non-agricultural hunter—gatherers.
In the majority of cases, they maintained stable
cultures for centuries and millennia, until their
sudden demise following the abrupt disruption
of their habitats and social organizations by
technologically well-equipped, disease-ridden, and
highly aggressive modern European invaders (see
Chapter 9 for a discussion of the adaptive advan-
tages of disease tolerance in agricultural societies).

In the context of the late Palaeolithic Era, we can
imagine that at least some human cultures man-
aged their floral landscapes in an analogous man-
ner to these later Australian and American cultures.
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During the improved climatic conditions of the
immediate preagricultural period of 15,500 to
13,000 Br, human populations across the world
expanded. Such groups would tend to become
increasingly territorial as they came into contact
with neighbouring groups, who would often be
their most threatening competitors. For example
the group controlling a region that was enriched in
wild, large-grained cereals would not need to leave
the area to forage as frequently as groups in cereal-
poor regions. The people in such a cereal-rich
region would therefore be more likely to stay put,
so as to manage and defend this valuable resource
against incursions from competitors, whether ani-
mal or human. Eventually this may have led to a
shift from a primarily nomadic lifestyle, which
largely precludes organized agriculture, to an
increasingly sedentary mode based on semiperman-
ent habitations.

Finally, in considering the development of
both foraging and agriculture as at least partially
biologically-driven processes of coevolution
(Box 2.3), it is instructive to note that the seemingly
well-organized exploitation of plants in the absence
of either domestication or formal agriculture is
by no means a solely human attribute. In parts of

the Amazonian rainforest there are what appear to
be extensive monocultures of a single species of tree
from the madder family, Duroia hirsuta. These
stands of D. hirsuta can be several hundred metres
wide and are virtually devoid of other plants. Local
legends tell of evil forest spirits that cultivate these
so-called ‘devil’s gardens’. The reality is perhaps
even more remarkable in that these tree ‘planta-
tions’ are effectively being cultivated by lemon
ants, Myrmelachista schumanni, a species that con-
structs its nests only in this particular tree.!#0
Lemon ants attack and eventually kill all other
plants by injecting their leaves with formic acid, but
will tolerate the growth of saplings of their pre-
ferred host tree, D. hirsuta. As a result, the ants cre-
ate large monocultures of their preferred ‘crop’
plant, without recourse to domestication or formal
agriculture. The D. hirsuta monocultures provide
abundant and secure nest sites for ant colonies that
can live for as much as 800 years. Obviously the
ants are not conscious agents in this process, but
they are effectively acting as plant managers and
exploiters on a large scale that has been sustained
successfully for many millions of years. One won-
ders whether agriculture as practiced by people
will last for even one percent of this time.

Box 2.3 Agriculture as a coevolutionary process

One of the original, and still clearest, exponents of
agriculture as a coevolutionary series of interactions
between people and plants was David Rindos (Rindos,
1980; 1984). This perspective is both stimulating and
revealing, but should not be regarded as the only useful
way of looking at what most people still regard as a
form of human-invented technology. The hypothesis
is satisfyingly parsimonious in eschewing human
intentionality, and in placing agriculture alongside the
many other examples of adaptive coevolutionary
associations that occur throughout the biological world.
One of the most important predictions of the hypothesis
is that this mutually beneficial process would have led to
adaptive changes in both partners in each of the many
domestication dyads that are involved in agriculture.
Hence, most crops have dispensed with their ability to

shed seed freely, but benefit from the vastly more efficient
propagation mechanism provided by farmers. On the other
hand, farming societies have adapted to crops by creating
new social structures that have locked them into an ever
increasing dependence on these crops. More recently, it
has become clear that people have also adapted
genetically to their new association with crops (see

Box 9.1). Some of these genetic adaptations, such as
craniofacial reduction and lactose tolerance, have reduced
our ability to survive in the absence of plant and animal
domesticants, and therefore tend to tighten our
dependence on crops in the same way (although not to
the same extent) as crops now depend on us for their
reproduction. One should not go too far down this road,
however, and coevolution does not imply a more or less
equal symbiotic association between crops and people.

continues
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Box 2.3 continued

Clearly, people are the dominant partners in this venture.
But it is nevertheless salutary to remind ourselves that we
have been genetically modified too as part of our
profitable, if not always healthy, relationship with
domesticated plants.

An interesting alternative perspective about people/
plant relationships is provided by behavioural ecology,
which emphasizes the active manipulation of the
environment by human groups (Kennett and Winterhalder,
2006). This viewpoint stresses the increasingly sophisticated
management of plant by foragers, which in some cases
(as modulated by the environment and the nature of the
plant resources) led to the adoption of agriculture when
its marginal returns exceeded those of foraging (Pearsall,
2006). It is also useful to recall that agriculture is not
necessarily an either/or alternative to hunter—gathering.
Hence, in many societies the two forms of resource
exploitation were practiced simultaneously, with their
relative importance at any particular time depending on
their relative efficiency under the prevailing circumstances.

As with many complex processes, the study of the
origins of agriculture will benefit in future from a more
broadminded and multifaceted approach that embraces

evolutionary, ecological, economic, cultural, and
technological perspectives. One very good reason for
adopting such a holistic approach is that agriculture
involves all of the above elements, and possibly more.
Nevertheless, the coevolutionary perspective, as is
apparent from recent genetic studies, can establish useful
limits to the potential for agricultural development.
Hence, notwithstanding the cognitive abilities and
impressive botanical knowledge of the indigenous
people of Australia, the absence of domestication-friendly
genotypes of food plants rendered farming impossible
there for almost 50,000-years. In Mesoamerica, the
early domestication of a modest yielding form of maize
only allowed for relatively small-scale farming,
supplemented by foraging, for several thousand years,
before the eventual evolution of larger cobs suddenly
made it possible to switch to intensive farming and led
to the development of city states and empires. In these
and many other cases, the trajectory of agricultural
development was clearly modulated, to a large degree,
by biological factors residing in the genomes of those
plants selected for exploitation by different human
societies.




CHAPTER 3

How some people became farmers

And the days passed. And the years.
And Death came and swept them from their refuge;
all of that race disappeared with all of its tales and all
of its history.
But all things came back to life in that place. Other
trees stood tall and other men bent to the ground.
Newborn litters roiled in the caves; the tapestry
never unravelled.

Wenceslao Fernandez Florez, 1943,

El Bosque Animado

Introduction

Throughout the Palaeolithic Era, many groups of
people lived in close contact with a wide variety of
plants that they exploited not only for food but also
for a host of non-edible purposes. At various times
during these tens of millennia, it is likely that par-
ticular groups of people were forced by various
environmental circumstances into a temporary
reliance on more restricted groups of plants.
However, given the ever-changing climatic condi-
tions, such episodes of dependence on a few types
of plant would have been ephemeral. A significant
new factor, as the Pleistocene gave way to the
Holocene Era, was a relatively stable climatic
period in some regions that favoured longer-term
exploitation of certain plants such as cereals and
tubers. This long-term climatic stability also
allowed sufficient time for a few of the favoured
plants to adapt to the new human-imposed condi-
tions of floral management by developing traits
that tended to facilitate coevolution of the mutually
beneficial interdependent association between
people and plants that we now call agriculture.

As we will see, agriculture probably could have
(and maybe did) evolve before the Holocene, but
the climatic conditions were far too variable to
support its continued existence for more than a
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millennium or two before the next cold, hot, or arid
episode made it impossible to continue. As we will
discuss in Part III, the Holocene itself has been far
from free of climatic changes, some of which have
had profound effects on agriculture and human
societies, but these have been on a much less drastic
scale than the dramatic climatic events of the
Pleistocene. The respective roles of climatic, cul-
tural, and genetic factors in influencing the devel-
opment of agriculture are discussed in Box 3.1.

A cold, dry shock—the Younger
Dryas Interval

In the previous chapter, we were introduced to a
Near Eastern cultural group called the Natufians.
During their early period of development, between
about 14,500 to 13,000 BP, these people inhabited
a relatively benign, postglacial environment,
rather like a slightly moister version of today’s
Mediterranean biomes, which was rich in plant and
animal resources. But the good times for the
Natufians, and for numerous other human cultures
around much of the world, finished abruptly at
about 12,800 Br with the onset of a new, short but
sharp mini-Ice Age, known as the Younger Dryas
Interval.'¥! The Younger Dryas Interval was so
named by the Scandinavian palaeobotanist,
K. Jansen, who noticed unusual accumulations of
the arctic-alpine herb, Dryas octopetala, at two strata
in organic sediments. These accumulations sug-
gested that the otherwise mild climate had under-
gone a return to relatively frigid conditions on two
occasions that Janson termed the Oldest Dryas at
pre-14,700 BP and the Younger Dryas from 12,800 to
11,600 BP.}2 This latter climatic shock profoundly
affected many human societies, and is generally
regarded as one of the key factors that led to the
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Box 3.1 Genetic, environmental, or cultural determinism?

For much of the twentieth century, the study of human
development was been plagued by divisions and
misunderstandings between specialists from different fields.
One of the most heartening aspects of many
recent advances in this area has been the emergence of
a genuine multidisciplinary approach and a more
open-minded willingness to synthesize knowledge from a
variety of sources. More rigorous archaeological methods
that systematically contextualize artefacts, rather than
simply listing and describing them, have greatly enriched
the understanding of past human activities. Gradually,
such methods are being applied in sites across the world,
and are revolutionizing our ideas of societal development in
places as far apart as China and the Andes. The use of
molecular genetics to track population movements has
completely altered our views of human evolution and is
enhancing understanding of how and when agriculture was
disseminated from its centres of origin. Botanical methods,
including pollen and phytolith analysis, have recently
pushed back the date for wild cereal exploitation by over
12,000 years. Physical techniques, such as analysis of core
samples and isotopic ratios, can give us detailed data on
climatic conditions and enable the more accurate dating of
artefacts from millions of years ago. New computational
and linguistic methods are enhancing the analysis of
ancient texts. Techniques from disciplines as diverse as
population biology, economics, sociology, risk analysis,
statistics, and biochemistry are all making important
impacts on our understanding of human development.
Unfortunately, one of the residues of the now-outdated
compartmentalized approach to human studies is the
lingering controversy about various forms of determinism,
and especially so-called genetic, environmental, or cultural
determinism. We seemingly live in an age where, although
it is apparent that the world is a very complex place, many
people still use simplistic labels to describe intricate
networks in terms of just one of their properties. It was
just such a tendency that produced the false dichotomy of
‘nature versus nurture’, when obviously both genetics and
environment contribute in a variable ratio, depending on
the trait(s) in question, to its/their manifestation as part of

the human phenotype. In much the same vein are those
more recent controversies about the extent to which
humanity, and especially its agrosocial development, has
been influenced, or even determined, by cultural, genetic,
or environmental factors.

In this book, | present a great deal of evidence showing
the importance of genome organization in facilitating crop
domestication; and the impact of climatic events on
processes ranging from cereal farming in the Sahara to the
fall of the Akkadian Empire. But | also show instances
where social factors have overridden climatic evens, such
as the failure of some, but not all, medieval Welsh farmers
to recolonize upland areas when the climate improved—
this failure was due to their displacement by English
incomers who wished to preserve the uplands as a pristine
habitat for hunting. Recent DNA evidence shows that
many earlier human migrations, such as the leaving of
Africa or the colonization of the Americas, may have been
very small scale, non goal-orientated affairs involving only
a few hundred people gradually moving over small
distances at a time. On the other hand, we also know of
larger epic mass-migrations, such as the late Roman
Vélkerwanderung, where hundreds of thousands of people,
driven mainly by social pressures, moved in a very
organized fashion over large distances to set up new
permanent settlements elsewhere. Hence, social, genetic,
and climatic factors can exert variable, and largely
unpredictable, influences on apparently similar processes
in different places and times.

The take-home lesson is that the story of human
development and our interactions with the biological
(plants, animals, microbes, etc.) and physical (climate, soil,
water, etc.) environments is both complex and contingent.
These processes are influenced, but not predetermined, by
manifold factors that include genetics, environment, and
society. While we are by no means slaves to such
processes, we cannot ignore their potential to affect us.
Therefore, we should continue to study the totality of
influences on past societies in order to understand some
of the options that may be available to confront the many
future challenges to humanity.

development of the first examples of organized
agriculture in western Eurasia. The main cooling
event took less than 100 years, during which forests
that had recolonized the northern regions of the
world during the previous warm spell rapidly

died back, together with much of their associated
animal life.

During the subsequent cold, dry spell, average
temperatures in the most highly affected regions of
the world would have been as much as 5 to 10°C
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below current values. However, the more serious
climatic change was not so much the increasingly
severe cold, but rather the extreme dryness. This
fall in overall annual precipitation, and the dis-
placement of seasonal rains such as the Asian mon-
soons, led to enormous changes in vegetation
patterns, especially in the northern hemisphere.!#?
The cold/dry period lasted for a full 1000 years, or
more than 40 generations of people, who had to
adapt to their newly hostile climate. And then,
around 11,600 BP, the Younger Dryas ended even
more suddenly than it had started. This new and
even more abrupt climatic transition involved an
exceptionally rapid global warming, with an 8 to
10°C average temperature rise in just over a decade.
There was also a doubling of average precipitation
values in some areas, most of which occurred in a
single year.!** The large magnitude and sudden
onset of these climatic changes is shown graphic-
ally in Figure 1.3. To put this into a contemporary
context, the magnitude and rapidity of the post
Younger Dryas climatic change far exceeds even the
direst predictions of the various models of putative
anthropogenic climate change, which have received
so much attention over the past decade.

Biological and human consequences

The Younger Dryas climatic changes seem to have
been more rapid than most of the previous entries
into and exits from the various Ice Ages from the
more distant past, in which the transitions from
cold to warm climates, and vice versa, typically
occurred over decades or centuries. The latest data
from ice core and sediment core samples from
around the world show that within the relatively
recent past, some of our ancestors would have been
subjected to sudden and serious climatic changes,
many of which occurred within a very brief period,
and certainly within a single human lifetime. It is
hardly surprising that human groups in the
affected regions tried to modify their lifestyles and
dietary habits in order to adapt to these rapid and
unexpected changes. These people were faced
with unprecedented challenges and would have
responded by using their existing knowledge to
adapt to the drastically modified new world into
which they had been plunged at such short notice.

What is perhaps surprising is the considerable
measure of success that was achieved in making
such adaptations, albeit at a sometimes consider-
able cost to the health of the population. Even more
surprising is the unexpectedly profound conse-
quences that the post-Younger Dryas adaptations
would have for our subsequent development as a
species.

The vulnerability of ecosystems to the kind of
rapid climate changes exemplified by the Younger
Dryas Interval is shown by the often-dramatic
changes in species diversity that can occur at a local
level. For example in southern New England, cool-
adapted trees such as spruce, fir, and paper birch
experienced local extinctions within a period of
50 years during the rapid warming phase that
marked the end of the Younger Dryas.!® In North
America as a whole, at this time, there was a
massive series of extinctions of many large mam-
mals including horses, mastodons, mammoths, and
sabre-toothed tigers. The loss of animal species
during this period was greater than at any other
extinction event over the preceding 20 million
years.1#6  While this
extinctions is mainly linked to climatic changes,

series of large-animal
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there is also evidence that the impact of human
hunter—gatherers may have accelerated the
process.!¥ Human activities have also been impli-
cated in earlier megafaunal extinctions, such as the
events in Australia at 50,000 to 45,000 Bp that appar-
ently led to the demise of all of the large mammals
on the continent, although the extent of human
culpability in either of these extinction episodes
remains controversial.'*

In addition to the dramatic events of the Younger
Dryas Interval, there have been numerous more
recent examples of the drastic effects of rapid
climatic change on human societies. In many cases,
sudden climatic changes are associated with the
precipitate collapse of previously successful human
societies, both agricultural and non-agricultural.'>
These include the demise of cultures such as: the
north Mesopotamian civilization at about 4200 Bp;
the sedentary, lacustrine (lake-dwelling) and farm-
ing people of the Sahara during the African Humid
Period at 5200 BP; and the early medieval Mayans of
the Yucatdn Peninsula soon after 1200 Br. We will
consider these examples in much greater detail in



Chapters 10 to 12. For now, we can make the point
that such accounts of extreme societal disruption
merit further attention because they demonstrate
the fragility of at least some historical human
cultures in the face of sudden climate change. They
also reinforce our impression of the resilience of
those early Neolithic protoagriculturalists of the
Near East, who surmounted even worse challenges
and survived by turning into farmers at around the
time of the Younger Dryas Interval.

The periods of abrupt climatic transition into and
out of the Younger Dryas Interval, and the excep-
tionally cold, dry conditions of the Interval itself,
would have placed significant stresses on relatively
sedentary human groups like the Natufians. These
non-nomads were largely dependent on those
plants and animals that were present in their imme-
diate vicinity. They were therefore especially sensi-
tive to effects on these resources of the rapidly
changing climate. It is therefore of interest that the
period during and immediately after the Younger
Dryas Interval is marked by the first good evidence
for the use of systematic cultivation and selection of
crops by any human group. It is likely that this
series of large climatic shocks was a major factor in
the emergence of agriculture, but other factors were
also important. As we have seen above, modern
humans had experienced great climatic change
before. Indeed, data from ice-core records show
that, over the past 110,000 years, there have been no
fewer than 23 climatic events of comparable magni-
tude (albeit not as sudden) to the Younger Dryas.!!
Despite this, we have no evidence of the emergence
of any sort of systematic agriculture until about
12,000 Br. So what were the factors that led to the
emergence of agriculture at this particular time and
in this particular place?

One of the differences between the Younger
Dryas Interval and previous climatic events might
be that, by this time, many groups of people in
southwest Asia would have had several millennia-
worth of experience of ever more intensive protoa-
gricultural methods (Box 3.2). Cultures such as the
Natufians would have built a rich store of knowl-
edge about the prolific, large-grained cereals that
they increasingly depended on. Their knowledge
would have included agronomically-relevant facts
such as: the best locations and soil types for growth
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of dense stands of healthy cereals; potential plant
and animal enemies and how to deter them; the
optimal time to gather grain from the plants; meth-
ods for storing and protecting harvested grain; and
so on. This biological expertise was combined
with technological innovations including: wooden
and stone tools for harvesting and winnowing
grain; implements for grinding the grain; and
methods for processing the flour to make various
types of food. It is likely that, by the time the
Younger Dryas began, at around 13,000 Bp, groups
such as the Natufians already had over 10,000 years
of knowledge gleaned from their sophisticated
non-agricultural cereal husbandry.

A stimulus towards sedentism?

A parallel development that probably occurred
after the development of preagricultural cereal hus-
bandry, but before that of agriculture, was the
increasing tendency towards sedentism that is
found in many populations in the Near East at this
time. Such sedentism took the form of groups of
people who tended increasingly to stay in one rela-
tively restricted area, sometimes in permanent
dwellings, for an extended period. Dozens of
Natufian settlements, dating from as early as 14,500
to 12,800 BP (i.e. during the warm spell immediately
prior to the onset of the Younger Dryas Interval)
have been found throughout the Levant.!®? The
Natufian settlements can be thought of as base
camps to which part or all of the group would
return after periodic forays. In some cases, the settl-
ements would have acted as early villages, with a
more-or-less permanent residual population of less
mobile individuals, supplemented by a transient
population of more active foragers. Sedentism
would have been favoured by the milder and rela-
tively stable climatic conditions of this period.
Although sedentism involves additional initial
costs in the construction of more durable habita-
tions, these costs are more than offset by the energy
savings from not having to repeatedly move an
entire community campsite, plus all the human
occupants whether ambulatory or not, and relocate
them elsewhere. As with much later semisedentary
communities such as the Kumeyaay (see Chapter 2),
the Natufians would have become much more
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Box 3.2 Prerequisites for the evolution of agriculture

Intelligent hominids have been eating plant products for
millions of years, but agriculture only dates back about

12 millennia. What were the factors that apparently
precluded the evolution of agriculture for over 99% of
human evolution, but then facilitated its appearance
throughout the world during the Holocene era? Agriculture
was not possible without: (i) the right sorts of plants and
people to set up the process; (ii) the right environmental
and cultural conditions to sustain the process; and (iii) the
right stimuli to push people away from tried and tested
hunter—gathering lifestyles towards this new, and untested,
means of subsistence.

(i) The right plants and people

Domestication-ready plant species: Agriculture could not
have developed without the ready availability of starch-rich
edible plants of moderately high yield with appropriate
genomic architecture, such as the cereals, legumes, and
tubers. Such plant species existed alongside hominids for
several million years and were often exploited as seasonal
foods. During this period, domestication-friendly mutations
would have occurred regularly, but in the absence of
human selection such variants would have been rapidly
eliminated from wild populations. Hence, plant material
potentially suitable for farming was available long before
the arrival of Homo sapiens, but could only persist with the
assistance of a human coevolutionary partner. Such plants
were also very limited in their geographical distribution
and ease of identification and selection by humans.

Human cognitive capacity: We have seen that cognitively
modern humans have possibly been around since before
100,000 sp (Box 1.3). By 30,000 sp, people were
producing very sophisticated artwork and probably had the
capacity for the kinds of insights and forward planning
required for farming. Furthermore, much of the technology
used by early farmers, including sickles and grinders, had
already been in use for other purposes many millennia
before crops were grown.

(ii)) The right environmental and
cultural conditions

Climatic conditions: The right climatic conditions for
farming are twofold; first you need an adverse period to
diminish returns from hunter—gathering, and second a
prolonged favourable period to enable the fragile seedling
of agriculture to take root. Such conditions were provided
in some regions by the Younger Dryas episode at the
Pleistocene/Holocene transition followed by an
unprecedentedly long period of relative stability that
persists to this day.

Cultural conditions: Farming is a unique method of

food generation, representing a paradigm shift from
nomadism. A shift to farming might have entailed a high
degree of cultural flexibility to circumvent prohibitions
on land ownership by individuals or small groups. In
some prefarming cultures such as the Natufians, this
cultural shift may have begun earlier as they became
semisedentary. Such cultural flexibility became increasingly
adaptive as the returns from farming at the societal level
far exceeded those of hunter—gathering. Farming
societies then rapidly evolved new cultural forms and
ideologies, such as religion, inequality, and kingship, as
urbanized cultures became more powerful than smaller
dispersed units.

(iii) The right stimuli

The conjunction of these prerequisites for agriculture did
not occur in the Pleistocene, mainly because of climatic
instability and the rarity of the right sorts of food plant.
The Younger Dryas supplied the appropriate carrot and
stick, where the stick was the steady decline in availability
of the majority of traditional food resources, and the carrot
was the presence of high-yielding protodomesticants that
could be stored for months or even years. The result was a
gradual switch to farming by several societies in Asia and
Africa soon after 71,000 se.

familiar with their home ranges, and therefore
better able to both exploit and defend them.

There was probably no sudden transition from
a mobile to a more sedentary lifestyle. Rather,
there is likely to have been a fluid balance
between nomadism and sedentism within and
between human groups, depending on the external

circumstances. Hence, less-mobile individuals such
as the old, the sick, nursing mothers, and young
children would preferentially be more sedentary,
and therefore available for the kinds of plant hus-
bandry close to the village that eventually led to the
cultivation of crops. More mobile individuals,
including older children and most of the healthy



adults, would be available for external activities
such as foraging and hunting. Hunting for animals
seems to have been a largely male preserve in early
human cultures across the world, while foraging
and collecting tended to be a more female-
dominated (perhaps accompanied by children)
pursuit. Hunting and collecting forays may have
taken the mobile groups away from their home
base for extended periods if local game and floral
resources were scarce. In this kind of flexible social
structure, the ratio between the foragers and
the stay-at-homes could be varied according to
resource availability. If the village were situated
close to sites of wild-cereal stands, more foragers
might be recruited to join the stay-at-homes, espe-
cially when required for plant harvesting and
processing. As cultivation in the vicinity of the
village became more time consuming and more
productive, and the more distant foraging and
hunting became less rewarding, the majority of the
group would eventually tend to become stay-
at-homes. However, it is likely that there was
always an element of opportunistic hunting and
foraging, especially when the seasonal demands of
crop cultivation were reduced and/or when exter-
nal resources became more abundant.

The early Natufians lived in stone and wood,
semisubterranean dwellings, sometimes called pit-
houses (Figure 3.1). Some of the structures were
used as tool sheds, both for manufacture and stor-
age. As well as utilitarian artefacts such as sickles,
pestles, and axes, there were many objects with
decorative or ornamental functions, such as ear-
rings, necklaces, and bracelets. Village sites such as
Mureybit and Abu Hureyra on the Euphrates in
Syria, Hayonim in Israel, Wadi Hammeh in Jordan,
and a little later Qermez Dere, Nemrik 9, and
M’lefaat in northern Iraq have round architecture,
large hearths, and grinding stones for seeds. The
largest settlements, some of which extend over
more than 10 hectares, were all located in the core
region of the Natufian home range in a woodland
belt dominated by a canopy of oak and pistachio
(terebinth) trees. The forest would have also sup-
ported an undergrowth of grasses, including a
profusion of edible cereals. On these sites the
archaeobotanical evidence indicates that wild
cereals were exploited together with a number of
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edible fruits and pulses. At sites where plant
remains were not recovered, indirect evidence for
the use of grasses comes from glossed flint tools,
indicating the harvesting of plants with the sort of
high silica content that is characteristic of the grass
family but absent from most other food plants.!>
Before the Younger Dryas Interval, large and small
animals that could be hunted to supplement a
plant-based diet were relatively plentiful in this
area; these animals would have been readily acces-
sible, even to the ever more sedentary Natufians,
via relatively brief hunting forays into the
surrounding wooded countryside.

As we have just seen, the intrusive management
of plant resources, and especially cereals, by
various groups of humans had been going on for
many millennia before the Younger Dryas. These
actions had already resulted in some local changes
in the genetics of the wild plant populations. The
kind of preagricultural selection seen in many
hunter—-gatherer societies would have produced
what is termed an ‘incipient state of domestication’
in the plants.’® It should be stressed that such
activities would have been predominantly or
exclusively non-intentional and can be regarded
as a kind of coevolutionary process between
the plants and humans, just as the early stages
of animal-human commensalism can be so
described.’® The kinds of genetically regulated
characters that could have been inadvertently
selected by preagricultural hunter—gatherers
include rapid and uniform seed germination,
seed colour, synchronization of flowering and
maturation, adaptation to disturbed soil conditions,
and some degree of seed retention on the parent
plant.

Rapid and uniform seed germination involves
a loss of the dormancy period whereby seeds of
many wild plants normally enter a quiescent, or
dormant, stage that delays their germination until
triggered by an environmental change, such as
increasing average temperature or day length in
spring. Seeds that had lost this dormancy charac-
teristic could be sown in prepared ground for
immediate germination. This would be a great
advantage for the human users of the plants,
especially if they were sowing their seed in the
autumn. Adaptation to deliberately disturbed soil
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Figure 3.1 Near Eastern pit dwellings during the transition to farming. Artist's impression of life around a cluster of semisubterranean pit
dwellings during the early Neolithic period, just before the transition to farming. At this stage, semisedentary hunter—gatherer societies in the
Near East occupied simple pit-houses. In the Levant, the Natufians constructed their buildings using a foundation wall of sun-dried mud bricks
over which a framework of wood and thatch was laid. The interior of such dwellings was dug out to create one or more shallow pits, both to
create more living space and to protect their vital stores of grain. It was the ability of people to store their harvested grain for long periods that
enabled them to become increasingly sedentary. With the gradual spread of farming after 72,000 sp, grain storage became even more important
in the increasingly large villages and towns, such as Abu Hureyra and Jericho, that sprung up across the region. These larger communities began
as clusters of pit dwellings similar to those shown here, but were eventually constructed on more regular lines using highly durable stone

buildings, some of which still survive today.

conditions would also be a useful seed character
under such conditions. Synchronization of flower-
ing and maturation and seed retention on the par-
ent plant would facilitate more efficient harvesting.
The latter characters could readily be selected
unconsciously because people would tend to collect
more seed from synchronously flowering plants
that retained their seeds in readily accessible
clusters. Some of these seeds would be sown or
accidentally dropped to grow into the next genera-
tion, thereby favouring plants expressing the new
characters, without the need for any intentional

human selection. Note that both parties in this
process, the humans and the plants, are acting as
classical biological agents of Darwinian selection
and that their interactions are reciprocal.'®® The
humans modify their behaviour (mainly via cogni-
tive and cultural mechanisms) to maximize their
ability to interact with (manage and collect) the
plants, while the structure and function of the
plants becomes modified due to selection in favour
of mutations that maximize their ability to grow
and reproduce in the new environment caused by
the human activity.



There have been claims that some of the early
Natufians may have systematically cultivated
cereals, including tilling the soil, prior to their
domestication as true crops. Although some of the
earlier evidence for these claims has been ques-
tioned, there is now growing support for such a
proposal.’¥” Meanwhile, there is still something of a
‘chicken and egg’ controversy about whether
sedentism preceded agriculture or vice versa.!®
Was the establishment of more permanent human
settlements driven by the need to remain in one
place, in order to exploit the increasing important
cereal crops?'® Or did the settlements precede the
husbandry, and was it the fact of their existence that
provided the stimulus to develop a productive food
resource in their immediate vicinity?!® As is so
often the case, the true situation may involve a
combination of these two alternatives.!'®! For
example one can imagine that groups of humans
who were increasingly familiar with the preagricul-
tural exploitation of wild cereals would have had
less need to forage. These cereal-specialists might
have gained an advantage over other groups by
constructing readily defensible, semipermanent
habitations that gave them much more effective
control of the local stands of wild cereals.

A more sedentary lifestyle would have also been
more conducive to the development of the gamut of
technologies, ranging from improved tools to better
storage facilities, which would facilitate even more
efficient exploitation of wild and, eventually, of
domesticated cereals. Therefore, sedentism and
agriculture would tend to act synergistically, each
feeding off the other and accelerating the develop-
ment of increasingly permanent and ever more
elaborate settlement-based agricultural societies.
The concept of ‘husbandry/settlement synergy’
discussed here is a more parsimonious and hence
more scientifically satisfactory hypothesis.'s> Such a
concept is also in line with the view taken here that
the evolution of human-plant interactions should
be regarded in terms of an extended developmental
continuum, rather than as a sudden and revolu-
tionary change to full-blown agriculture.'®® This
gradualist view has implications for the genetic
processes involved in crop domestication, as
discussed later. By the same token, it is dangerous
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to overemphasize the importance of climatic
change as the catalyst for the emergence of agricul-
ture in all societies. As outlined below, there seems
to be good evidence that climate change was
indeed of great significance in the adoption of
agriculture by some of the Near Eastern societies.
However, it is far from clear that similar climatic
causes can be invoked for many of the independent
and less well-documented development of agricul-
ture in other locations, such as east Asia or the
Americas.

For this reason, one should be cautious about
‘climate change’ hypotheses relating to early
agriculture in general, for example the suggestion
that agriculture may have been impossible in the
Pleistocene, mainly for climatic reasons, but was
more or less ‘compulsory’ in the Holocene.!%* As we
now know, there was extensive collection and
processing of wild cereals even at the height of the
Last Glacial Maximum, about 23,000 Br.1%5 Several
of the subsequent warm, moist interstadial eras
lasted for as much as 2000 years, which might have
been sulfficient for the establishment of agriculture
for cultures already familiar with the wild versions
of the candidate crops. After all, the uptake of agri-
culture in the Near East following the Younger
Dryas Interval was followed after only about
3000 years by a sudden cool dry spell at 8200 Bp.
Despite much hardship, this climatic shift did not
kill off the incipient agricultural societies, although
later climate shifts did contribute to the demise of
many cultures, as we will explore later. So, if it did
develop in the Pleistocene, why did agriculture not
persist and spread as it did in the Holocene? We do
not know the answer to this question but, rather
than asserting that agriculture was impossible
during this period for mainly climatic reasons,
it may be better to explore some of the other
prerequisites that may not have been in place at
that time.1% These include the degree of sedentism,
the nature of human social organization, the genetic
status of the putative crops, and the availability of
alternative food resources (see Boxes 1.4 and 3.2).
Once these pre- or corequisites were in place, full-
scale agriculture could probably develop fairly
rapidly, that is within one-to-two millennia, as it
indeed did in some localities.
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The human response
The later Natufians

The Younger Dryas Interval of 12,800 to 11,600 BP
imposed considerable stresses on many human
groups, but the magnitude of the associated cli-
matic changes was especially severe in the northern
temperate regions of Eurasia and America. This
period coincided with the local extinction of several
species of medium-sized mammals, such as gazelle,
Gazella spp., aurochs, Bos taurus primigenius, onager,
Equus hemionus, and wild boar, Sus scrofa, that were
hunted by southwest Asian populations, including
the Natufians. The response of some Natufian
groups to these events was to increase their mobil-
ity, expand their home range, and hence decrease
their population density.!®” Natufian groups
expanded to the northern Levant and into the area
of the anti-Lebanon mountains and the southern
Anatolian plateau, an area that included some of
the best habitats for cereals under the new, colder,
drier climatic regime of the Younger Dryas. In con-
trast, an attempted southerly expansion by some of
the Late Natufians to the even drier, but somewhat
warmer, regions of the Sinai and Negev was
apparently unsuccessful. Despite a change from
sedentism to more mobile hunter-gathering, and
the development of useful technical innovations
such as the invention of the Harif arrowhead, these
southern groups disappeared from the archaeo-
logical record within a few hundred years.®8
Unlike the unfortunate southern migrants, the
more northerly, cereal-utilizing Natufian groups
survived, and even thrived, despite the deterior-
ation in their climate. As many forests receded
across the Levant, the kinds of cereals with which
the Natufians were already familiar became more
common and prolific. At the same time, animal
game was less accessible and the decline of the
forests meant that there were fewer alternative
plant resources. At this stage, the cereal-exploiting
Natufians were still able to rely on small-game
hunting to supplement their cereal diet and recent
evidence suggests that late Natufian groups did not
suffer the dietary deficiencies that are found in the
later more specialist agrarian cultures of the mid-
Neolithic period.'* During the long millennium of
the Younger Dryas, the steady disappearance of

alternative food sources would have driven the
Natufians to an increasing reliance on wild cereals,
especially barley and wheat. As the cold, dry period
progressed, even these wild cereals would have
been affected. Only those groups that were able
to protect and nurture their vital stands of wild
cereals would have survived.

The Natufians would have been compelled to
spend more time on cereal husbandry—by now
cereals would have been almost (but not quite) the
‘only show in town’, as regards a reliable food sup-
ply. As the wild stands of cereals diminished due to
drought, the people would have selected sites
where some moisture might still be available. Thus
they would have planted the first fields and these
would be vigorously nurtured and protected from
all competitors and intruders. Such competitors
and intruders would have included any competing
plants, that is weeds;'”* herbivorous animals, such
as rodents that might feed on the crop; and other
humans who might steal the grain. There is little
doubt that some of the genetic changes associated
with domestication were already underway during
the previous ten millennia of non-agricultural
cereal husbandry. For example, there was selection
for larger seeds as both the human themselves,
and their methods of grain gathering, favoured
increased grain size. However, the entirely new
circumstances in which the cereals were now
grown would have immensely increased selective
pressures in favour of those traits that are regarded
as characterizing domesticated, as opposed to wild,
crop plants. We will consider these genetic changes
in some detail in the next two chapters.

One recent finding that has taken many investi-
gators by surprise is the apparent discovery of
domesticated figs, Ficus carica, in the Jordan Valley,
dating from 11,400 Bp.'7! Several fig fruits were
found at a Natufian site near the village of Gilgal
(near Netiv Hagdud), which were parthenocarpic,
similar to modern cultivated figs. Fig trees that
produce such fruits are effectively sterile unless
humans plant cuttings to enable the plants to prop-
agate vegetatively. The same storage site at Gilgal
contained wild barley, wild oat, and a type of acorn
(Quercus ithaburensis). This implies that Natufian
populations may have ‘domesticated’ figs, and
were already using these fruits, plus acorns from



returning oak trees, to supplement their cereal-
based diet only one or two centuries after the end of
the Younger Dryas. Meanwhile, the Natufians not
only evolved new relationships with plants, they
also developed a new and unexpected type of
association with an animal that would become an
abiding companion to people across the world,
often called ‘man’s best friend’—the dog.

Domestication of canids

The Natufians were among the first humans that
are definitely known to have kept and valued dogs,
which they had presumably derived from carefully
selected, tamed wolf cubs, as long ago as
12,000 Bp.172 1t is interesting that some of the earliest
archaeological evidence of domesticated animals
comes from the same period in which we see the
beginnings of agriculture. As we will see in the fol-
lowing chapters, modern genetic research implies
that most instances of early plant domestication
were largely non-intentional, but how did our
ancestors come to domesticate animals, and in
particular a wild, pack-living, canid species such as
the wolf? Recent work from a group in Russia has
shed surprising light on the probable process of
canid (i.e. the dog family) domestication. In a series
of groundbreaking studies, Russian geneticist
Dmitri Belyaev and his group have shown that it is
possible to ‘domesticate” individuals from certain
wild species of canid in only a few decades, simply
by only keeping and breeding from those animals
that display a particular trait that we can describe
most plainly as ‘friendliness’.

Belyaev began this pioneering study in 1959 by
attempting to domesticate the Siberian silver fox,
which is a conspecific variant of the European red
fox, Vulpes vulpes. Foxes had never been domesti-
cated previously and are normally both fearful and
aggressive when confronted by humans. Belyaev
decided to select wild foxes for further breeding,
simply according to one behavioural attribute,
namely their friendliness to humans. No other
criteria were used and the selection was done just
once for each animal, when the fox kits were still
young. A person gradually put their hand into a
kit’s cage and observed the consequences. Most
wild kits reacted with the usual mixture of fear and
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aggression or ignored the hand. But a few kits
approached it in an inquisitive and non-threatening
manner. Only these relatively ‘friendly’ (to humans)
foxes were selected for further breeding and they
were only bred with other ‘friendly” foxes. Within a
few generations, there were dramatic changes, not
only in the behaviour of selected foxes, but also
in their physiology and external appearance. In
particular, the adult domesticated foxes tended to
retain several traits normally only found in juven-
iles, including whining, barking, and submissive-
ness, as do modern domestic dogs.

This phenomenon is called paedomorphosis and
turns out to be common in many domesticated ani-
mals. It also happens to be a very human trait.
Modern human adults exhibit many ‘juvenile’ traits
that are seen in young apes but not in adult apes.!”
It is possible that paedomorphic traits in domesti-
cated animals, in addition to making them more
placid and friendly, also make them seem more
appealing (i.e. ‘cuter’), leading to the extension of
affection by humans to such creatures. Belyaev’s
friendly, paedomorphic foxes had several other
physiological changes, such as lower levels of
stress-related hormones, including powerful mood
enhancers such as serotonin, which may well be
related to their greater placidity.'”* The foxes also
showed morphological changes, such as floppy
ears, curled tails, and mottled coats, as found in
many breeds of contemporary domestic dog. In a
decade or so, the selected silver foxes were to all
intents and purposes as domesticated and as suit-
able to be human companions as any dog could be.
This pioneering Russian study shows that simply
selecting for one trait like friendliness can very
quickly lead to a host of complex and profound
genetic, behavioural, and biochemical changes. The
suite of changes caused by this type of selection,
especially paedomorphosis, appear to be similar in
very different domesticated animals, including
dogs, cats, sheep, and mink.!” The fact that selec-
tion for a single trait like friendliness results in selec-
tion for additional traits suggests that all of these
traits are genetically linked in the genomes of the
animals concerned. As we will see in Part II, it was
exactly this sort of genetic linkage of useful traits
that was the cornerstone of the successful Neolithic
domestications of both animals and plants.
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Taming the silver foxes only took a few decades,
and if the Neolithic wolf/dog transition occurred
over a similar timescale, the process could be
accomplished quite readily by a single person over
just part of their adult life. Perhaps it is no coinci-
dence that the first archaeological records of
domesticated dogs date from the most severe phase
of the Younger Dryas. The close bond between the
Natufian people and their newly tamed dogs is
evident in burials at Ain Mallaha in the Jordan
valley.!” In one grave at this site, a skeleton of an
elderly person was interred with a puppy cradled
in their left hand.!”” It was to be several thousand
years before any other animals were domesticated
by people. Finally, lest we regard the ability to
domesticate other species as a uniquely human
attribute, there are well-documented cases of
both animal and fungal ‘domestication” by ants
that predate the human efforts by tens of millions
of years.'”® It is most unlikely that we would
regard the spectacularly successful domestication
efforts of attine ants as proceeding from conscious
actions that were informed by foresight as to the
consequences.

In much the same vein, we need not assume that
people domesticated wolves into dogs as part of a
deliberate, long-term stratagem. As with the plants
that eventually became domesticated as crops, our
ancestors lived in close association with groups of
scavenging wolves for an extended period. During
this time, a coevolutionary process would have
developed that favoured genetic changes in the
wolves. For example only those animals that did
not pose a threat, that is were ‘friendly’, would
have been tolerated near a human settlement.
Eventually the animals would have become posi-
tively useful, for example by providing an early
warning of potential trespassers, and assisting in
the defence of what was now their home territory
as well. The ‘friendlier” and less fearful wolf cubs
may have sought to play with the children of the
settlement and the ‘cutest’ may have been adopted
by individual families. Adopted cubs and their
progeny would have much enhanced survival
prospects and gradually came to dominate the local
canid population. And thus the slide down the
slippery genetic slope from wolf to poodle would
have been well underway.'”?

Early Abu Hureyra cultures 14,000 to 11,000 sr

Although they are one of the best studied cultures
of the Palaeolithic/Neolithic transition period,
the Natufians of the Levant were by no means the
only south-west Asian culture that had extensive
experience of working with wild cereals. Nor
were they the only people who were subject to the
climatic and ecological rigours of the Younger
Dryas Interval. Another especially well-researched
archaeological site of this period is Abu Hureyra in
the middle Euphrates region of modern Syria in the
northernmost part of the Levantine Natufian cul-
tural zone.'® Studies at the Abu Hureyra site have
revealed several interesting characteristics that
shed light on the beginnings of crop domestication
in this part of the world. During the favourable
climatic interval between the end of the Last Glacial
Maximum and the beginning of the Younger Dryas,
hunter—gatherers regularly foraged in this area,
which would have consisted of a riverine zone with
prolific stands of wild cereals, bounded by wooded
parkland merging into dense oak forests.!®! These
are broadly similar floral and faunal assemblies to
those found in other pre-Younger Dryas, Natufian
sites to the south-west. From about 13,500 Bp, the
Abu Hureyra site was occupied on a more perman-
ent basis by semisedentary hunter—gatherers. The
main village at Abu Hureyra consisted of a series of
relatively simple semisubterranean pit dwellings
and was inhabited by a total of 100 to 200 people.
While they were almost entirely self-sufficient, the
people of Abu Hureyra used many artefacts similar
to those found in contiguous Natufian areas, and
can be considered as outliers of the broader
Natufian cultural groups that had migrated from
the south and with whom they must have been in
regular contact.!®®

The first few centuries of the human occupation
of Abu Hureyra were times of relative plenty, with
abundant stands of almond- and oak-dominated
woodland yielding nuts and acorns, and wide
swathes of cereal-rich grassland yielding a rich
harvest of edible grains. Nowadays, the nearest
almond and pistachio woodland is in the high-
lands, more than 90 km away, but the climatic
conditions were distinctly kinder during the
first half-millennium of human occupation at Abu



Hureyra. Archaeological evidence shows that peo-
ple collected and processed edible seeds and fruits
from more than a hundred plant species, doubtless
supplemented by a wide range of edible roots and
leafy foods; plus small and large game, such as
gazelle, when available. During this period of rela-
tive plenty, sedentism was a successful adaptive
strategy for this hunter—gatherer community. As
well as enabling the people to exploit their home
range more efficiently, sedentism allowed them to
develop devices such as larger grinding stones and
other heavy tools that facilitated the processing of
wild seeds, but would be too heavy to be carried
around by a mobile hunter-gathering commu-
nity.!%¢ However, one should also note that this
adoption of an increasingly specialized sedentary
lifestyle did not in any way commit the population
to becoming farmers. These people lived success-
fully as sedentary hunter—gatherers for about
700 years, and there is no reason why they could
not have continued in this vein for many millennia
to come, were it not for a wholly contingent set of
external circumstances that arose during the
Younger Dryas Interval.

Archaeological studies at Abu Hureyra show
that, soon after 12,800 Bpr, and after hundreds of
years during which they gathered an impressively
diverse collection of wild fruits and seeds, the
people gradually stopped using these resources
altogether over a period of a few decades. This
period coincided with the first floral changes of the
Younger Dryas. The increasingly arid climate spelt
the demise of nearly all the forest vegetation for
hundreds of kilometres around the village of Abu
Hureyra. Among the first plants that died out were
the trees and shrubs, which had hitherto produced
the vast range of edible fruits and berries gathered
by the people as a major part of their diet. In
particular, loss of the calorie-rich acorns that were
collected during the autumn for winter sustenance
would have been an especially grievous blow. The
next food plants to go were the wild lentils and
other large-seeded legumes. People focused ever
more intensively on collecting the remaining wild
cereals, such as feather grasses, Stipa spp., as well as
the more familiar, larger-grained species such as
wild wheats and rye, which at that time grew abun-
dantly in the area.!®> Eventually, even the relatively
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drought-tolerant wild grasses, including cereals,
began to decline and, by about 11,600 Bp, the seed
species found around the Abu Hureyra site became
dominated by classic arid-zone weeds such as
gromwells.

Over this period, the appearance of the country-
side would have changed dramatically from a
moist, species-rich woodland/grassland to a rela-
tively featureless, arid, treeless steppe containing
just a few specialized drought-tolerant plants and
even fewer animals. Unlike some of the Natufians,
the Abu Hureyra people did not migrate (or, rather,
there is no record of any successful attempt at
migration). It is likely that successful migration was
precluded as the entire surrounding region would
have been equally affected by the climatic changes,
and may have been occupied anyway by other
people who were suffering similar privations and
would not welcome any interlopers. Whatever the
reasons, most of the Abu Hureyra folk stayed put in
the vicinity of their small village. The diminishing
options for obtaining food, and especially the
scarcity of edible plants, seem to have led these
people to redouble their efforts to somehow assist
the growth of the large-grained wild cereals, some
of which were still available and which they had
been using for millennia as a productive and nutri-
tious source of flour. Like many other south-west
Asian cultures, the Abu Hureyra people would
have had a vast store of knowledge about this
important food resource.

There is evidence of a gradual shift from the
prepastoral use of cereals to a more organized and
deliberate cultivation over a few centuries. Despite
the increasing aridity that should have drastically
reduced the numbers of wild cereals, wild-type
wheat and barley grains were still present at Abu
Hureyra well after 12,800 Bp. By about 12,000 Bp,
seeds of drought-intolerant weeds characteristic of
rain-fed, arable cultivation had appeared. The
implication is that the people were now growing
cereals in locations, such as breaks in slopes and
shallow wadi bottoms, where the scarce rainfall
could be better retained by the soil. Even today,
similar locations can support crops such as cotton
that would normally require irrigation. To grow
wild cereals in such places, would have involved
vigorous clearing and weeding of the dense scrub
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that would normally have out-competed the cereals
in the absence of human intervention. During this
period, the cereal crops (as we can now call them)
would have experienced a drastic change in their
environment, not only due to the climate but also
due to the huge range of new conditions imposed
by the human cultivators. These included different
germination times, new soil types, selective
harvesting, seed storage and, possible visual selec-
tion before resowing. Within a century of these
developments, a new type of cereal grain had
appeared at Abu Hureyra.

After about 12,000 Bp, at the Abu Hureyra site,
there is the earliest evidence of a putative domesti-
cated cereal in south-west Asia. Surprisingly, this
first domesticate is not wheat, but another some-

Figure 3.2 Rye, the first domesticated cereal crop? (A) Wild rye
grain and (B) cultivated grain. Both grains were found at the early
Neolithic village of Abu Hureyra in Syria, which was one of the
earliest sites of plant cultivation. The cultivated grain, which

dates from the middle of the Younger Dryas cool/arid period at
about 77,800 s, is significantly larger and richer in starch than
the wild grain. Redrawn from Hillman et al. (2001, Fig 4).

what less-common cereal, namely rye, Secale cereale.
Like all domesticated cereals, the new type of rye
found at Abu Hureyra has a much larger seed
than is normally found in wild populations of rye
(Figure 3.2). These larger rye seeds also show
evidence of threshing, implying that some force
was needed to remove them from the plant. In
contrast, wild-type seeds tend to be shed from
the plant more easily (and are therefore lost), so
vigorous threshing is not required. Similar sorts
of large-gained, domestic-type rye grains are
found at all of the subsequent strata at Abu
Hureyra dating from the period between 10,500
and 8000 Bp. During this time, agriculture and
urbanization became thoroughly established
throughout the entire Mesopotamian/Levantine
region. Domesticated rye continued to be cultivated
as a major crop for at least 2000 years at Abu
Hureyra but was then supplanted by emmer and
einkorn wheat and barley. After this, rye occurs
either as a minor crop or as a weed in other grain
crops. However, as we will see in Chapter 6, rye
eventually made a comeback as agriculture spread
into the cooler climates of Europe, where it often
had a competitive advantage over the other major
cereal crops.

The discovery of rye as one of the earliest domes-
ticants in the Near East begs the question; why did
the Abu Hureyra villagers choose to cultivate rye
when wheat and barley also grew in this region and
have larger and more nutritious grains? We can
only make educated guesses at present. Probably
the best hypothesis is that there were temporary,
local conditions that favoured the development of
rye cultivation at this particular site. Rye is more
easily threshed and prepared for eating than wheat
or barley. Rye starch also releases its sugars more
slowly upon digestion, leading to a lower insulin
response,'® and thereby acting as a longer lasting,
more sustaining food.’® On the negative side, how-
ever, rye suffers from the acid taste that develops in
its products after cooking, and, given the choice,
human populations almost universally prefer
wheat products, due their superior taste and more
rapid digestibility. Rye is also slower to mature than
wheat, which would have made it particularly
vulnerable to an early onset of the annual summer
drought in this region.!3® The crop is also taller



than wheat, which makes it more prone to lodging
(toppling over) in windy or rainy conditions.
During wet spells, rye is also susceptible to the
potentially deadly ergot fungus and its grains are
readily attacked by rodent pests.!®

Rye has a further genetic characteristic that
would have impeded its agronomic performance,
namely its propensity to interbreed with wild
relatives. Modern domesticated rye is a strongly
outbreeding species, and its pollen can fertilize
other rye plants as much as 1 km away.’® This
means that domesticated rye can readily interbreed
with neighbouring wild rye plants to produce seed
in which the advantageous characters, such as large
grain size, would become progressively eroded.
This implies that the early, predomesticated rye
was either already self-fertile or rapidly became so,
possibly due to a temporary breakdown in its abil-
ity to outbreed. It has been hypothesized that a few
decades of warm summers might have sufficed to
change the early domestic-type rye into a self-fertile
plant that would not so readily interbreed with any
nearby wild rye.’! The fairly sudden appearance of
domestic-type rye, so soon after people started to
cultivate the wild form, has been taken as evidence
of the possible application of intensive and
conscious selection by the human population at
Abu Hureyra.!2 When the newly domesticated rye
plants eventually reverted to their original out-
breeding phenotype, interbreeding with wild rela-
tives could be minimized by human interventions,
such as vigorous weeding out of wild plants and
elimination of any low-performing hybrids that
were identified. However, this is not necessarily the
case. As with wheat and barley, we now know that
many of the most important domestication-related
traits in the rye genome are determined by only a
few genes. This would have made it much easier
for agronomically suited varieties to arise via
unconscious selection in as little as a few decades,
under the known conditions that prevailed at
settlements such as Abu Hureyra in the immediate
aftermath of the Younger Dryas.!??

Rye cultivation at Abu Hureyra is the earliest
proven example of agriculture anywhere in the
world. The key preconditions for the relatively
rapid domestication of this cereal can be summa-
rized as follows:
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(1) a genetic predisposition that enabled certain
wild plants to respond to cultivation by the speedy
development of domestication-friendly traits;

(2) an environmental shift (normally climatic) that
denied the local human population access to existing
alternative edible staples, both plant and animal;

(3) sufficient environmental stability to enable
continued cultivation of the domesticated crops in
the longer term;

(4) the ability and willingness of the human popu-
lation to exploit the new resource by engaging in
possible taboo-breaking activities such as tilling
and harrowing the soil .}

Some, but not all, of these preconditions could have
been met before the end of the Last Glacial
Maximum. Humans might well have had the
cognitive capacity for the sorts of complex tasks
requiring foresight and planning that are involved
in agriculture since as early as 100,000-80,000 BP.
However, alternative resource-exploitation strat-
egies were available that may have been more
efficient and straightforward. For much of the
Pleistocene, the climate was too variable to allow
agriculture to succeed as a viable lifestyle in the
long term. And finally, those few plant species that
were genetically predisposed to domestication
were only patchily distributed across the world,
and were mostly located well away from the
African centres of human origin and initial expan-
sion. It is quite possible that there were limited
experiments with plant cultivation before the
Younger Dryas, as is suggested by preliminary data
from China (see Chapter 11). But these isolated
examples of early farming all appear to have ended
in abandonment or failure until a few groups of
Near Eastern people, such as those at Abu Hureyra,
were driven to repeat the experiments, this time
with more enduring success.

Plant domestication and acquisition of
agriculture are reversible processes

It should now be evident that there was nothing
inevitable about the development of agriculture
and the eventual displacement of hunter—gathering
in much of the world. Farming is simply an alter-
native and sometimes more adaptive method for
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the exploitation of environmental resources such as
edible plants. Agriculture has both advantages and
disadvantages compared to hunter—gathering, and
only seems to have been adopted when the latter
strategy was rendered more costly and less reward-
ing by factors such as climate change. Equally, as
we will see with some midwestern Amerindian
cultures (Chapters 8 and 12), when the cost/benefit
analysis proved unfavourable, and when viable
alternative methods of resource exploitation were
available, people have not hesitated to eschew
agriculture altogether and return to hunter—
gathering.! There was a great deal of trial-
and-error during crop domestication and several
abortive attempts to cultivate edible plants. In
ancient Mesoamerica, foxtail seeds, Setaria spp.,
suddenly increased in size as they were cultivated,
but the crop was abandoned when maize was
introduced and wild foxtail populations soon
reverted to the small-seeded form.!*® In ancient
China, the common mallow, Malva sylvestris, was
originally the most important green vegetable, but
is was subsequently replaced by Chinese cabbage
Brassica chinensis and common mallow reverted to
the wild type. In the Near East, lucerne, Medicago
sativa, was an abundant crop in some of the earliest
agricultural sites, but it then disappeared as other
legumes such as pea and lentil were adopted
instead.

It was not just individual crops that were regu-
larly tried and rejected; the entire agricultural
lifestyle was regularly abandoned by communities.
Indeed, both the acquisition and subsequent
rejection of agriculture are becoming increasingly
recognized as adaptive strategies to local condi-
tions that may have occurred repeatedly over the
past ten millennia. For example, in a recent study of
the Mlabri, a modern hunter—gatherer group from
northern Thailand, it was found that these people
had previously been farmers, but had abandoned
agriculture about 500 years ago.'” This raises the
interesting question as to how many of the dimin-
ishing band of contemporary hunter-gatherer
cultures are in fact the descendents of farmers who
have only secondarily readopted hunter-gathering
as a more useful lifestyle, perhaps after suffering
from crop failures, dietary deficiencies, or climatic
changes. Therefore, the process of what may be

termed the “agriculturalization” of human societies
was not necessarily irreversible, at least on a local
level. Hunter—gatherer cultures across the world,
from midwestern Amerindians to !Kung in the
African Kalahari, have adopted and subsequently
discarded agriculture, possibly on several occasions
over their history, in response to factors such
as game abundance, climatic change, and so on.
However, it is also true that these were relatively
isolated groups who were remote from major
centres of population or mass agriculture.

In contrast, in the principal centres of crop diver-
sity, such as the Near East, Mexico, China, and
India, agriculture soon came to dominate the
available landscape. As agriculture developed and
spread, human populations increased and spread
out; towns grew up; animals were domesticated;
crops were improved to produce higher yields; and
new crops were introduced from other regions.
This set up a kind of positive-feedback loop that
made it gradually more and more difficult to
reverse the process of agriculturalization on any-
thing but an extremely localized level. Although
these events have often been interpreted as
showing that agriculture was inevitable and
‘progressive’, such is not the case. As with all evo-
lutionary processes, agriculture arose in several
parts of the world due to very particular local
circumstances that include genetic happenstance
(as in the teosinte/maize transformation that is
described in Chapters 5 and 6) and the vagaries of
an ever-changing climate.

The eventual global triumph of agrarian-based
societies is a relatively recent phenomenon that is
based largely on their overwhelming numerical
and technological advantages over other types of
human culture. It certainly does not mean that agri-
culture is necessarily here to stay. That depends
very much on whether it turns out to be a food
acquisition strategy that is sustainable in the very
long term, for example during some of the periods
of more drastic climate change, like the Younger
Dryas, that will surely recur at some time in the
future. Meanwhile, it is worth reminding ourselves
about the relative fragility of our agrarian systems
and we will do this in Part III by considering
some examples of more localized climate-induced
societal collapse during the last ten millennia.



Before we continue with the human story of
agriculture in Part III, however, we will pause to
examine the process from the perspective of the
plants that eventually became our major crops in
Part II. In the next four chapters, we will switch to
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a more biological viewpoint as we delve into plant
genetics to see how a series of accidents of genome
organization has largely determined the nature of
our crop species and hence the very food that we
eat today.
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PART II

Crops and genetics: 90 million
years of plant evolution

The history and origin of human civilizations and agriculture are, no doubt, much older than what any ancient
documentation . . . reveals to us. A more intimate knowledge of cultivated plants . . . helps us attribute their origin
to very remote epochs, where 5000 to 10,000 years represent but a short moment.

Nikolai Ivanovich Vavilov, 1924, Origin and Geography of Cultivated Plants
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CHAPTER 4

Plant genomes

E pluribus unum

Virgil (attrib), 70-19 BCE, Moretum

Introduction

In Part II, we will explore the weird and wonderful
world of plant genetics. We will particularly focus
on the genetic attributes that made possible the
largely accidental domestication of the major crops
by several early Neolithic cultures. Several funda-
mental topics will be addressed, such as how the
peculiar and inconstant genetic constitutions of
plants set the scene for the emergence of crops. We
will also ask: why is it, after more than ten millen-
nia of agriculture, that people around the world
still cultivate so few plants as their major staple
crops? We will begin to answer this question by
looking at the often surprising results of recent
research into plant genome organization. These dis-
coveries in plant genetics are providing powerful
insights that are enabling us to elucidate the
biological mechanisms involved in crop domestica-
tion. The new findings also reinforce the hypothesis
that the first domestications, at least in their early
stages, were largely non-intentional processes on
the part of human farmers.

It is estimated that there are at least 400,000 plant
species, many tens of thousands of which are edible
or useful in some other way. In principle, each of
these tens of thousands of plants should potentially
be suitable to cultivate as crops.!®® Despite this
seeming plenitude of botanical wealth and many
millennia of experience of domestication and
breeding, we still only cultivate about 150 species of
food crops.!”” Even more remarkably, the vast
majority of the world food supply comes from
fewer than 20 major crops.?® Our dependence on
such a narrow range of crops is not simply due to a

lack of effort to utilize other species. Indeed, people
around the world have tried, and failed, on
repeated occasions to domesticate nutritious food
plants that turned out to be recalcitrant to such
cultivation. Several examples of such intractable
species are found in the genus Zizania, which is
closely related to Asian rice (see Chapter 6). So, we
come back to the main question: why do we grow
so few crops? Is it because only a few species
possess those unusual and special characteristics
that make them relatively amenable to domestica-
tion? If this is the case, what are these mysterious
properties and how, if at all, did the early farmers
learn to manipulate them? Or was domestication
simply an accident of evolution—a series of
contingent events and processes that led to the
coevolution of what eventually turned out to be a
very successful symbiotic partnership between
humans and crop plants?

Darwin, de Candolle, and Vavilov

The questions posed above have preoccupied
scientists and breeders for centuries. No less an
authority than Charles Darwin devoted an entire
book to the subject of plant and animal domestica-
tion.?%! For example he discussed a lengthy experi-
ment to convert the wild English oat, Avena
fatua, into a useful crop. The wild oat is normally a
rather troublesome weedy species that bedevils
cereal growers, but the experiment succeeded in
producing a new, agronomically useful form that
was almost identical to the cultivated oat, Avena
sativa.?> One of the most influential early figures in
the study of crop domestication was the Swiss
botanist, Alphonse de Candolle, a contemporary
of, and correspondent with, Darwin. De Candolle
recognized that the key to understanding the

55
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domestication of crops was to determine their
places of origin. He also realized that crop domesti-
cation had occurred relatively recently in terms of
geological time, and probably after the last major
Ice Age, which ended about 15,000 Br. His major
arguments were set out in the treatise entitled:
L’Origine des plantes cultivées.*®® De Candolle was
a rare interdisciplinary scientist and scholar; a
botanist by training who also recognized the value
for his work of other fields, such as linguistics,
historical texts, and archaeology.

Following in the footsteps of De Candolle, who
established the study of crop origins and genetics
as a rigorous academic discipline, was the towering
figure of Nikolai Ivanovich Vavilov. This Russian
geneticist has been described as the “Darwin of the
twentieth century’.2# Such an epithet may seem
exaggerated to those who are unaware of Vavilov’s
life and times. However, he is increasing being
recognized as one of the foremost scientists of the
twentieth century, not only for his contribution to
biology but also for his heroism in the face of
appalling adversity during the Stalinist purges of
the late 1930s (Box 4.1).2% In 1956, his belated reha-
bilitation in the USSR began with the republication
of his works.?% Despite his tragic fate, which has
echoes of the persecution of Galileo in the seven-
teenth century, Vavilov and his successors made
many enduring contributions to the understanding
of crop domestication.?” The most important of
these was the demonstration that the major crops
come from a few localized regions, dubbed ‘Centres
of Origin’. We will now look in detail at this concept
and its implications for the mechanism of plant
domestication.

Origin and domestication of
the major crops

Prior to Vavilov’s discoveries in the 1920s and
1930s, most people believed that agriculture arose
in the ‘Fertile Crescent’ area of the Near East. Little
was known about events in other parts of the
world, and their possible role in the crop develop-
ment. Vavilov noted that some parts of the world
were relatively rich in crop species that had been
grown by local farmers for many millennia. He also
noticed that such crop-rich regions tended to have

many wild relatives of the cultivated crops. In con-
trast, there were large areas of the world where
people only grew a few staple crops and no wild
relatives were present. Vavilov called the crop-rich
areas ‘Centres of Diversity’. For example he noted
the immense diversity of maize and squash var-
ieties in Mesoamerica, as well as long-held local
traditions about their use and ancient myths about
their provenance.?”® Mesoamerica is also the unique
location of many wild relatives of these crops.?®”
Vavilov concluded that the ‘Centres of Diversity’
were also likely to be the places where domestica-
tion of such crops had begun. In other words,
these ‘Centres of Diversity’ were also the ‘Centres
of Origin” for crops. He listed six principal ‘Centres
of Diversity’ throughout the world; namely
the Andes, Mesoamerica, Mediterranean/Near
East/Central Asia, China, India, and Ethiopia.?*?
Vavilov’s ideas have since been modified and
extended by others, most notably by US geneticist,
Jack Harlan.?® One notable omission from the
above list is non-Ethiopian Africa, now known to
be an important centre of origin for crops such as
sorghum and yams (see Chapter 12). A modern
view of the major centres of crop origin and diver-
sity is shown in Figure 4.1.212

The Centres of Origin concept is significant in
two ways. First, it shows that crop domestication
happened independently in different areas of the
world. Second, it demonstrates that such domesti-
cations were relatively rare events—hence the small
number of primary centres of diversity. People
outside these primary centres were, and in a few
cases still are, constantly experimenting with non-
agricultural uses of food plants. However, it seems
that the types of plants available to such cultures
were often simply not amenable to domestication.
For example hunter-gatherers in southern Africa,
Australia, and California have been living off wild
grasses for many millennia.?!®* During this time,
they have employed techniques such as burning,
sowing, and harrowing to encourage growth and
improve the yield of their edible grasses. And yet,
they never managed produce any domesticated
versions of these grasses, while other cultures
appear to have more or less stumbled into domesti-
cation of other grass species, namely the cereals,
with relative ease.
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Box 4.1 Nikolai lvanovich Vaviloy, the doyen of modern crop genetics

Born in 1887, Vavilov was a polymath with interests in
botany, genetics, agronomy, and geography. He also
possessed the impressive organizational talents that led
him to become one of the most senior academicians in
the USSR. He made several lengthy and productive visits
to Asia and the Americas, and was particularly inspired
by William Bateson (one of the British rediscoverers of
Mendel's work, who coined the term ‘genetics’) in the UK.
During the 1920s, and despite occupying the onerous
administrative positions of Director at the Institute of
Genetics and President of the Lenin Academy of
Agricultural Science in Moscow, Vavilov personally
organized and/or participated in over 100 expeditions

to 64 countries across the world, in order to investigate
the origins of crops. On one expedition to North America,
Vavilov and his team collected several thousand

plant samples, which they took back for preservation in
the USSR.

Eventually, Vavilov amassed a seed bank of incalculable
value that today numbers 380,000 genotypes of 2500
species. He published dozens of papers and books on his
research (Vavilov, 1926, 1935, 1992); he founded over 400
research institutes across the USSR; and he transformed
our thinking of about the origins of agriculture. Vavilov's
motivation for such Stakhanovite exertions was a judicious
combination of scientific curiosity and a genuine desire to
improve agricultural production in his native land. By
1930, Vavilov was at the height of his fame, the recipient
of the Lenin Prize with an international reputation as an
innovative researcher in plant genetics. At the same time,
he was a deeply practical scientist who vigorously applied
his knowledge of modern genetics in the difficult effort to
increase crop yields, especially in the then famine-prone
farming regions of the southern USSR, once dubbed the
‘breadbasket of Europe’. Suddenly, in the mid-1930s, and
to the great consternation of biologists in the USSR and
overseas, this eminent scientist dramatically fell from
official grace and his reputation was maliciously
undermined by the pseudoscientific machinations of a
cabal led by the notorious Trofim Denisovich Lysenko
(Sheehan, 1993).

Lysenko was a promising exstudent of Vavilov, who
initially published some useful studies on crop physiology
but then developed an extraordinary version of the
discredited Lamarckian theory of evolution, whereby
acquired characteristics can supposedly be inherited. He
also attacked Mendelian genetics and its supporters,
including his erstwhile mentor, Vavilov. Lysenko's heterodox

views suited the prevailing Soviet ideology that regarded
(potentially controllable) environmental influences as

more important in biology (and society) than
(uncontrollable) genetic factors. As a loyal vydvizhenets,
Lysenko soon became a favourite of Stalin. The term
‘vydvizhenets' literally means ‘pushed up’ and was applied
to people of modest backgrounds and often little
education who were promoted to senior positions in the
Stalinist era. As the son of a Ukrainian peasant, Lysenko
did not learn to read or write until the age of 13 and was
always insecure about his knowledge of science in general
and biology in particular (Hossfeld and Olsson, 2002;
Roll-Hansen, 2004). With Stalin's connivance, Lysenko
eventually replaced Vavilov in all of his major posts and
was free to apply his flawed theories to crop production—
with predictably disastrous consequence for food output
in the USSR. Lysenko spent most of the late 1930s
denouncing his erstwhile teacher in ever more vituperative
terms. For several years the hapless Vavilov was repeatedly
harassed and persecuted for his Galileo-like adherence to
Mendelian genetics. In the face of ever more hysterical
accusations of such capital crimes as sabotage, espionage,
and terrorism, he steadfastly stuck to his principles,
famously declaring in 1939:

We shall go the pyre, we shall burn, but we shall not retreat from
our convictions. | tell you, in all frankness, that | believed and still
believe and insist on what | think is right. . . . This is a fact, and
to retreat from it simply because some occupying high posts
desire it is impossible.

Alas, this was no mere empty rhetoric. Within a year,
Vavilov had been arrested on a trumped up charge of
agricultural sabotage, plus a string of other equally false
allegations. Following an often-brutal 11-month
interrogation, he was subjected to a show trial, and in
1941 was sentenced to death (later commuted to life
imprisonment). For a further year, Vavilov endured a
miserable period of extreme privation, first in a
concentration camp at Saratov on the Volga, and finally in
the bleak Magadan forced-labour camp in eastern Siberia.
On 26 Jan 1943, this giant of science who contributed so
much to agriculture, died of scurvy and dystrophy, caused
by prolonged malnutrition. It is supremely ironic that a
man who had done so much to improve the supply of food
to his country was effectively beaten and starved to death
by agents of that same state. If any scientist deserves a
posthumous Nobel Prize, surely it is Nikolai Ivanovich
Vavilov.
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Figure 4.1 Centres of origin of the major crops. The concept of areas of crop origin was elaborated in the 1920s by the Soviet botanist
Nikolai Vavilov. He identified several areas that he considered to be the original homes of the world's most economically important crops. The
areas shown below relate to the major crops discussed in the text. (1) China—rice, millets (Panicum spp.), hemp (Cannabis sativa), mulberry
(Morus alba), onion (Allium chinense), tea (Camellia sinensis), soybean (Glycine max ), sugar cane (Saccharum sinense). (2) India—rice, banana,
breadfruit (Artocarpus communis), coconut (Cocos nucifera), mango (Mangifera indica), orange (Citrus sinensis). (3) Western Eurasia—barley,
wheat, rye, fig, lentil (Lens esculenta), flax/linseed (Linum usitatissimum), cabbage (Brassica oleracea), olive (Olea europea). (4) Sahara/West
Africa—pearl millet. (5) Ethiopia—coffee (Coffea spp.), castor bean (Ricinus communis), cowpea (Vigna sinensis), sesame (Sesamum indicum).
(6) Mesoamerica—squash (Cucurbita pepo), avocado (Persea americana), common bean (Phaseolus vulgaris), cocoa (Theobroma cacao), maize,
cotton (Gossypium hirsutum), pepper (Capsicum annuum). (7) Andes—manioc (Manihot utilissima), peanut (Arachis hypogea), tobacco
(Nicotiana tabacum), potato (Solanum tuberosum), tomato (Lycopersicon esculentum).

This implies that it is not necessarily the activity
of the humans that is the primary determinant of
crop domestication, but rather the availability of
the ‘right sort’ of plant. In other words, crop domes-
tication as an historical process was determined as
much (or perhaps more) by a combination of
plant genetics and environmental factors, such as
climatic change, rather than being the exclusive
product of conscious human intervention. Of
course, domestication also requires human partici-
pation, but possibly as unconscious partners in a
coevolutionary process, instead of acting as con-
scious protobreeders of crop plants (see Box 2.3).24
Therefore, if edible plants with the genetic potential
for domestication happened to be present in an
area, then the chances for the development of
agriculture would have been increased. On the
other hand, if no edible plants in a region possessed
such genetic attributes, no agriculture based on
indigenous crops could have developed, no matter

how clever or resourceful the local human popula-
tion. The only way that such people, including
most Europeans and North Americans, could
develop agriculture would be to import the
technology, including already-domesticated crops,
from elsewhere.

An analogous argument has been used to explain
the remarkably small repertoire of domesticated
herbivorous mammals.?!> For example the majority
of our domesticated animals originated in Eurasia
(cattle, sheep, goats, horses, and pigs), plus a few in
the Andes (llamas, alpacas), but very few examples
can be found elsewhere in the world. In particular,
over the whole of sub-Saharan Africa, with its
massive diversity of animals of all kinds, not a
single species of native herbivorous mammal was
ever domesticated.?'® This situation is all the more
remarkable because humans have lived in Africa
for much longer than the other continents and
would have been very familiar with the native
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Table 4.1 Some of the key domestication-related traits in crop plants

Trait Wild plant Domesticated crop
Height Tall Short or dwarf
Growth habit Branched and bushy Unbranched and compact
Ripening Asynchronous Synchronous

Seed dormancy Present Absent

Seed shattering Shattering heads Non-shattering heads
Seed size Small Large

Ease of dispersal Highly dispersible Loss of dispersal
Threshing Hard Easy

Reproduction Outbreeding Self-fertilizing
Germination Asynchronous Synchronous

Hairs and/or spines Present Absent or reduced
Toxins Present Absent or reduced

Any given crop will not necessarily carry all of these traits and their relative importance will vary considerably
according to the crop type and farming system. Hence, grain crops invariably have much larger seeds than
their wild relatives, but this may not apply to root crops such as potatoes, where tuber size and the presence

of toxins are much more important traits than seed size.

fauna. Like other cultures, African people have had
powerful incentives to attempt the domestication of
their native fauna; they have also had tens of
millennia to achieve this, but never succeeded.
It seems clear, therefore, that, as with crop plants,
the genetic endowment of an animal is one of the
major factors contributing to its domesticability by
humans.

The second point to come out of the Centres of
Origin concept is that some very different types of
plant have been domesticated in each of the centres.
In addition to the ‘big three’ cereals (rice, wheat,
and maize) there were potatoes, squash, and the
various pulses, such as lentils, peas, and beans.
These plants are members of widely diverse fam-
ilies, as different in genetic terms as are reptiles,
birds, and mammals. Yet these very different types
of plant have each responded in broadly similar
ways during their journey to domestication. In
contrast, there are close relatives of readily-
domesticated cereals, pulses, and root crops that
have never been domesticated. We now have
genetic evidence that despite their diverse origins,
the various successful domesticants generally
display remarkably similar adaptations to even the
most basic forms of informal plant management
and cultivation. Such adaptations in turn make the
plants progressively better able to respond to

ever-more intensive forms of cultivation. A list of
some of the most important domestication-related
crop traits is given in Table 4.1. One genetic feature
shared by the most successful crop species is that
the control of this suite of genetic traits, often
collectively called the ‘domestication syndrome’,
resides in a very small number of genes, as we will
discuss in more detail later in Chapter 5.

Once again, these findings lead to the conclusion
that the potential of a plant to be cultivated (or not)
as a crop may reside more in its genetic endow-
ment, than its nutritional or other qualities. In other
words, our crops may have been selected by early
farmers because they happened to exhibit a rela-
tively simple, and hence easily manipulated,
genetic control of domestication traits. It is these
traits that mark out a plant as a potential cultivated
crop, rather than simply being a species that is only
suitable for gathering. In the next two chapters, we
will test this hypothesis further by examining the
genetics of the major crops. We will pay particular
attention to any unusual characteristics that may
give some clue as to how and why these particular
species were selected for domestication. First of all,
however, we will look at recent findings from
molecular genetics that concern some remarkable
genetic attributes of plants in general, and crop
species in particular.
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These findings are beginning to give us a much
better picture of the rather odd and fluid structure
that constitutes a plant genome. This genome is
often polyploid rather than diploid; it usually
contains vast amounts of ‘extra’ DNA that does not
encode proteins and which seems to have origi-
nated from non-plant sources; and, finally, the plant
genome is in a constant state of flux, with genes and
other fragments of DNA continually entering and
leaving genomes at rates that vary greatly from one
species to another. These findings are beginning to
challenge our notion of what constitutes a genome,
or indeed what we mean by a biological species. All
of this new knowledge about plant genetics is
therefore particularly germane to any discussion on
the genetic manipulation of plants, whether by a
would-be Neolithic farmer or a modern corporate
biotechnologist.

Polyploidy and crops
What is polyploidy?

Polyploidy is one of the key phenomena in plant
genetics that is responsible for the creation of new
genetic variation.?!” It is especially important in the
evolution and domestication of many major crop
plants.?® Polyploidy simply means the presence of
more than two sets of chromosomes in the genome
of an organism. Humans, and most other large ani-
mals, normally have two sets of chromosomes in
each cell, one set inherited from each parent. This
means that we humans, and most animals, are
diploid (diploid means ‘two-fold’). In contrast, it is
likely that well over half of all species of flowering
plants possess more than two sets of chromosomes,
and are therefore polyploid (polyploid means
‘many-fold’).?* Crop plants are especially likely to
be polyploids.??° For example durum wheat is a
tetraploid (four sets of chromosomes), while spelt,
breadwheat, and oats are all hexaploid (six sets of
chromosomes) (see Figure 4.2). Even rice, which
has the smallest genome of any major crop, is now
believed to be an ancient polyploid species.?!

It used to be thought that polyploidy was an
unusual and aberrant condition, especially in ani-
mals,??2 and that it was not in any way an adaptive
trait.??®> However, it turns out, from some very

Figure 4.2 Polyploidy—the effects of genome multiplication in
wheat. Polyploidy can result in greatly increased fruit and grain size,
and many of our major crop families contain polyploid genomes. Here
we see the result of hybridization between the diploid wild grass,
Aegilops tauschii (A) with the tetraploid crop, emmer wheat, Triticum
dicoccoides (C), to form a new and more productive form of wheat
called spelt (B). Spelt wheat is a hexaploid hybrid species, now called
Triticum aestivum. Spelt went on to develop into the most commonly
grown form of modern wheat, namely breadwheat. Note the greatly
increased size of ears (containing the grains) in spelt wheat
compared to the two parental species.

recent research, that polyploid animals are rather
more common than we have hitherto suspected.?*
Genome doubling seems to have been a significant
aspect of the evolution of all complex animals,
including the vertebrates, so even humans are
descended from ancient polyploids that subse-
quently adopted a pseudodiploid genome organ-
ization. In 1970, Susumu Ohno proposed that two
rounds of polyploidy occurred early in vertebrate
evolution.?” This model has been supported by
more recent evidence using molecular genetic
analyses.??* Many simpler animals such as amphib-
ians are now known to be polyploid, and a few
years ago the first example of a polyploid mammal



(a rodent) was reported, although the latter is still
very much an exceptional case.?’

Not even humans are exempt from the possibility
of polyploidy. The vast majority of us are function-
ally diploid because we arise from the fusion of a
haploid sperm with a haploid egg, each of which
carries a single set of chromosomes. However,
among the billions of haploid sperm that a man
produces in his lifetime, several thousand diploid
sperm might be produced due to a rare failure in
the process of meiosis during spermatogenesis. If
one of these abnormal diploid sperm, or two nor-
mal sperm, should fertilize a normal haploid egg,
the result is a triploid zygotic cell. Although
triploid zygotes occasionally divide to become
embryos and then foetuses, they rarely survive in
the womb. In the extremely rare case of the birth of
a triploid child, it will hardly ever survive to adult-
hood. Triploid individuals are generally non-viable
and/or sterile because they contain an odd number
of groups of chromosomes. During cell division,
the chromosomes normally line up in pairs, which
is fine for diploids (one pair) and tetraploids (two
pairs), but not so good for triploids (1% pairs). As a
result, there tend to be often-fatal abnormalities
during cell division in triploids.??® Humans can also
occasionally produce tetraploid offspring. If a
woman were to produce some eggs that were
diploid, instead of the normal haploid state, and if
one of these were fertilized by a diploid sperm, it is
possible that viable tetraploid human progeny
might result. However, this is extremely rare and
such unfortunate individuals invariably suffer from
severe abnormalities, both mental and physical.??

Triploid genomes also lead to sterility in plants
and are therefore rarely found. There are, however,
two interesting exceptions to this rule, both of
which relate to edible crops that are important in
the human diet. The first example concerns what is
termed somatic triploidy, which is when a single
tissue is triploid, rather than the entire plant. All
flowering plants produce a nutritive tissue called
the endosperm, which helps to sustain the growth
of the young embryo during seed development in
an analogous manner to the mammalian placenta.
The endosperm is triploid due to the fusion of a
diploid maternal cell with a haploid nucleus from
the pollen during fertilization. In some plants the
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endosperm persists to form a store of starch, pro-
tein, and/or oil that can occupy most of the volume
of the mature seed. The grains of our cereal crops
are mostly made up of a starchy endosperm, and it
is this triploid tissue that is by far the major source
of calories for human societies around the world.
Hence, whenever you eat a slice of bread, a forkful
of pasta, or a pinch of rice, you are eating the prod-
uct of a triploid genome. The second example of
triploidy in a crop is the commercial banana, Musa
acuminata. Virtually all of the commercially traded
bananas in the world consist of a single triploid
clonal variety, called Cavendish.??* This means that
all commercial bananas, that is the sort that one
might buy in a typical Western store or supermar-
ket, are not just extremely inbred; they are genet-
ically identical to each other. Because these bananas
are triploid, they are also sterile and must be
propagated vegetatively, which makes life rather
difficult for their breeders.??!

Polyploidy, especially tetraploidy and hexa-
ploidy, is much commoner in plants than in ani-
mals, and is considerably more benign in its effects.
It has been especially important in the speciation
and evolution of flowering plants (or angiosperms),
from which all of our most important crops are
derived. It is estimated that at least 50 to 70% of
extant angiosperm species have undergone one or
more episodes of chromosome doubling during
their evolutionary history.?> A recent survey of
New Zealand grasses found that a mere 10% of the
55 species analysed was diploid—the remainder
having various degrees of polyploidy.?® There is no
reason to believe that New Zealand flora are
unusual in this regard, and as further data are accu-
mulated it seems likely that the polyploid state will
prove to be the norm for the vast majority of plant
genomes. Indeed, a report in 2006 suggested that all
flowering plants, except for the very primitive
genus Amborella, are probably descended from
polyploid ancestors.?** Interestingly, polyploidy
does not automatically mean a larger-sized
genome. If anything the reverse may be true, with
good evidence that genome size actually decreases
with polyploidy.?®

This may seem paradoxical, but it might be the
case that, although polyploid species have more
genes than diploids, the polyploids are better able
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to prevent the colonization of their genomes by the
vast amount of so-called ‘extra” DNA, often of
ancient viral origin, that is found in many plant and
animal species. This is certainly the case for the
multiple-polyploid members of the brassica family,
which have several different sets of chromosomes
in their genomes but relatively little ‘extra’ DNA (as
discussed towards the end of Chapter 7). The
genomes of even quite closely related grass species
often vary enormously in size due either to poly-
ploidy and/or the presence of ‘extra’ DNA.Z¢ We
will return to look at the fascinating topic of ‘extra’
DNA in some detail in Chapter 5. Meanwhile, there
is an emerging consensus on the virtual ubiquity of
polyploidy in plants, and appreciation of its evolu-
tionary importance. Looking specifically at crop
species, we see that polyploidy has been one of the
main driving forces of genetic variation, and that it
has played an especially important role in the
process of crop domestication.?”” There are two
principal categories of polyploid organisms, both of
which have played roles in crop evolution and
domestication. The first group is the autopoly-
ploids, which come from a single ancestor via a
duplication of an entire single genome.® The
second group is the allopolyploids, which derive
their several genomes from hybridization between
two or more different species.?

Autopolyploidy and allopolyploidy

Autopolyploids tend to remain similar to their
diploid ancestors over many generations. This is
because they contain almost exactly the same
genome as their parental species, except that it has
become duplicated. Compared with its diploid
parent(s), an autotetraploid organism has an add-
itional copy of each of the genes in its genome. As
new autotetraploid individuals reproduce and are
subject to mutation and evolutionary selection,
many of the genes in the ‘extra” genome will be lost
or will diverge in structure and/or function from
equivalent copies in the other genome.?® As a
result, the descendents of a newly formed autote-
traploid organism will increasingly differ from its
diploid cousins, but this will occur over many gen-
erations, and possibly much longer.?*! Therefore,
autotetraploidy will result in new variants, and

eventually perhaps in new species, but normally
over a long timescale. Of course, the relatively long
timescale of phenotypic divergence in autopoly-
ploids is only true in relative terms. In terms of
evolutionary changes that span millions of years,
both autopolyploid and allopolyploid divergences
are actually quite rapid processes and both of them
are major drivers of plant speciation.

In contrast to autopolyploids, allotetraploids are
much more likely to give rise to radically different
species from their parents over a short timescale,
possibly as brief as a few generations or even
immediately after they are formed. This is because
allotetraploids are hybrids with a complete set of
genomes from two dissimilar parents of different
species. This dramatic reshuffling of its genetic
endowment means that an allotetraploid organism
will automatically constitute a new species, carry-
ing a mixture of characteristics from each parental
species. Sometimes, equivalent genes derived
from the respective parental species, which encode
the same protein (such genes are called homeo-
logues), will ‘specialize” almost immediately after
polyploidization. For example one of the two
homeologous genes might be silenced in one set of
tissues and organs, while the other is silenced in
different set of organs during plant development.?42
In newly formed allopolyploids, there is also an
element of ‘cross-talk’” between the two parental
genomes that now coexist in the new hybrid
plant.?#

Indeed, there are several important genetic
processes that occur in both auto- and allopolyploids
that are above the organizational level of their dupli-
cated (or homeologous) genes.?** These include the
sort of intergenomic ‘cross-talk” mentioned above,
but also such phenomena as saltational variation,
intergenomic invasion, and cytonuclear stabiliza-
tion.? One of the most important problems facing a
newly formed polyploid is the pairing of homeolo-
gous, rather than homologous, chromosomes at
meiosis. Such inappropriate chromosomal pairing
can lead to sterility and at least two mechanisms to
avoid it have developed in successful allopolyploids.
The first mechanism is the selective elimination of
large amounts of non-coding DNA from different
parts of the genome such that homeologous chromo-
somes no longer resemble one another enough to



form such illegitimate pairings.?* Remarkably, tens
of millions of DNA base pairs, and as much as 15%
of the entire genome, can be rapidly lost in this
manner.?” The second mechanism involves more
direct suppression of homeologous pairing, such as
the system regulated by the Ph1 locus in polyploid
species of wheat (see below).2#

Evolutionary significance of polyploidy
and hybridization

In addition to its role in speciation, polyploidy is of
considerable adaptive significance for plants.?*’ For
a start, polyploid individuals tend to have larger
average cell sizes and often produce larger adult
forms. This may or may not be useful in an open
ecosystem but, in the context of incipient domesti-
cation, a larger plant might mean larger fruits
or seeds, which would be of great interest to a
hunter—gatherer or aspiring farmer.?®® Therefore,
one can immediately see that larger polyploid
plants would tend to be selected over smaller
diploids by foragers. Sometimes, for example when
there was a particular abundance of seed, the for-
ager might have planted (or perhaps accidentally
dropped) some of the seeds, instead of eating
them all at once. Larger fruits or seeds from larger
plants, that are also more likely to be polyploid,
would be more likely to be chosen for collection
and dissemination in this way. Eventually, such
selection would have favoured dispersal and repro-
duction of the new, larger polyploids over their
smaller diploid relatives. As time went by, the new
polyploid forms would have gradually become the
main variety of that particular food plant in those
regions where foraging humans were active.

In this example, we see that polyploidy has cre-
ated a favourable variation (e.g. large seed size) and
humans have, wittingly or unwittingly, acted as
agents in a process of selection. The result is the
evolution of new varieties of plant that are more
closely adapted to growth in association with for-
aging or farming humans. In addition to increased
size, polyploids can have other advantages,
including improved resistance to insect pests. For
example autotetraploid forms of the saxifrage,
Heuchera grossulariifolia, are 12-fold less likely than
diploids to be attacked by some lepidopteran pests,
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although they may be more susceptible to attack by
other insects.®! This was one of the first studies on
the ecological consequences of polyploidy and
demonstrates that it may play an important,
and hitherto unrecognized, role in modulating
plant-herbivore interactions in terrestrial commu-
nities. These results suggest one reason why
polyploidy arises so frequently in plants, even in
the absence of human intervention.?

Not all instances of hybridization between two
different plant species results in the formation of an
allopolyploid. If the two hybridizing parent species
are sufficiently related to each other, their sets of
haploid chromosomes can pair successfully, which
means that pollen from one species can fertilize the
eggs of the other. In this case, the hybrid progeny of
two diploid parents will be a diploid that has attrib-
utes of both parental species. This type of interspe-
cific hybridization between sexually compatible
species is much more common in plants than in
animals. It can also be an effective mechanism of
evolutionary change and speciation in cultivated
and wild species alike. This point is well illustrated
by a recent example of a new hybrid created
between a crop and a wild plant that was so well
adapted that it then caused the localized extinction
of both parental species.??® The parents were the
cultivated radish, Raphanus sativus, and the wild
radish, Raphanus raphanistrum.

These two species of the radish family have long
coexisted in their native European habitats with
only occasional hybridization that almost invari-
ably results in unfit progeny. Both species were
introduced into California in the nineteenth
century and now grow wild throughout the West
Coast from Baja California to Oregon. In the past
few decades, a new intermediate hybrid form has
been observed across this region. The hybrid
has several advantageous traits compared to its
parental species. It has three to four-fold larger
fruits than either parent; its fruits are tougher and
can better resist attack from local avian herbivores;
and the plants have slender roots that are much less
susceptible to disease. The new genetic combin-
ation present in the hybrid has also converted this
form of radish into a much more aggressive
colonizer of new habitats.? The hybrid has been so
invasive that it has now completely displaced both
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parents in the area where it originated and may
spread to other localities. Similar displacements
have occurred with other plant species. For
example in several parts of the US Midwest,
allopolyploid hybrid versions of the amaranths,
Amaranthus tamariscinus and A. tuberculatus, have
completely replaced the two parental species, and
the same is probably the case for the stripeseed
species, Piriqueta caroliniana and P. viridis, in central
Florida.?

Polyploidy and agriculture

Some crops, such as breadwheat and oats, have
adopted a more radical form of polyploidy than
mere tetraploidy. In these cases, an allotetraploid
species has hybridized with a diploid species to
create a new hexaploid species that now contains
six sets of chromosomes.? Surprisingly, such
genetic ‘monsters” are sometimes fertile and suc-
cessful plants. In the case of breadwheat and oats,
the new hexaploid species that arose after domesti-
cation were just as fertile and vigorous as their
diploid parents. As a bonus, these new hexaploid
cereals also tended to be higher yielding; they
produced better quality grain; and they had a
greater tolerance to cold and drought than their
parental species. For these reasons, cereal poly-
ploids, which probably arose several times via
spontaneous hybridization events, were selected by
early farmers and became the favoured crop var-
ieties. However, polyploids do not always make
better crops. Barley is a diploid plant and polyploid
versions, whether spontaneous or man-made, do
not have an increased performance as crops so all
modern varieties of barley remain diploid.?”
Therefore, although polyploidy is often a consider-
able advantage for a crop, this is not always the
case and there do not seem to be any universal rules
that apply to all species.

The significance of allopolyploidy for one of our
major crops can be seen from several recent studies
of wheat genetics.>® These show that allopolyploid

formation triggers two types of genetic change: a
radical series of cardinal genetic and epigenetic
alterations;?” and a sporadic set of slower evolu-
tionary changes that are not possible in diploid
plants.?® One of the key factors that enables
allopolyploid crops, such as the wheats, to success-
fully propagate is the presence of a mechanism to
ensure correct pairing of their different sets of
chromosomes, so that they behave like diploids at
meiosis. In the absence of such a mechanism, pair-
ing between homeologous chromosomes (i.e. from
the different parental genomes) can lead to sterility
or other gross abnormalities. In tetraploid (durum)
and hexaploid (bread) forms of domesticated
wheat, correct pairing of homologous (rather than
homeologous) chromosomes is controlled by a
chromosomal region called Ph1.2%! This region is
not active in diploid wheats, suggesting that it only
arose after polyploidization.?®? Characterization of
the Phl locus in wheat has required more than
50 years of sustained effort from the pioneering
genetic work of Riley et al. to the recent molecular
and cytogenetic analyses of Moore et al.28 Despite
these advances, the precise mechanism by which
Phl is able to prevent pairing of homeologous
chromosomes is still unresolved.?*

To summarize, it now appears that polyploidy
may be almost ubiquitous in plants and that it has
been a major mechanism for evolutionary changes
such as speciation. Polyploidy has also played
an important role in the adaptation of some plants to
cultivation, and hence in the process of crop domes-
tication. What used to be thought of as a genetic
aberration is now known to have played a role in
such momentous processes as the development of
the various forms of wheat as some of the most
important of the world’s food crops. In this chapter,
we have seen how plants are much more promiscu-
ous in their breeding practices than animals, readily
forming fertile interspecific hybrids. In the next
chapter, we will look in more detail at the phenom-
enon of this and other forms of genomic fluidity and
their implications for crop domestication.



CHAPTER 5

Fluid genomes, uncertain species, and
the genetics of crop domestication

Nec species sua cuique manet, rerumaque novatrix ex aliis
alias reparat natura figuras

[No species of thing keeps its own form, and renew-
ing Nature reforms one shape from another]

Ovid, 43 BCE-17 CE, Metamorphoses XV, 254

Introduction

Most people, including a surprising number of sci-
entists, are still under the impression that genomes
and biological species are relatively fixed entities.
For example it is frequently asserted that the add-
ition of a tiny amount of so-called ‘foreign” DNA (as
in transgenic organisms or GMOs) is undesirable,
both in principle and in practice, and there have
been many dire warnings of the potential, deleteri-
ous consequences of such genetic manipulation.
However, research over the past decade has
revealed that the genomes of all organisms, from
the simplest bacteria to the most complex multicel-
lular plants and animals (including humans), are
extremely dynamic and inconstant entities. Even
the once-hallowed concept of the biological species
is becoming increasingly difficult to define with
any satisfactory degree of precision. The latter point
applies especially to plants, and it is precisely this
genomic fluidity and promiscuity of some plants
that has underpinned the development of domesti-
cated crops, hence making agriculture possible.

Fluid genomes, ‘extra’ DNA, and
mobile genes in plants

The fluid genome

Most genomes, from bacteria to humans, are in a
constant state of flux, both in terms of their size and
DNA composition. For example the genome size of

many relatively closely related plants can vary
considerably, even though they may have similar
numbers of chromosomes. Rice and maize are both
diploid members of the grasses, or Gramineae, and
contain 24 and 20 chromosomes respectively.?%®
They also have about the same number of genes in
their genomes—currently estimated at around
40,000. However, whereas the rice genome contains
only 400 Mb (megabases?®) of DNA, the maize
genome contains over six-fold more DNA, totalling
2500 Mb.

Even more remarkably, the genome of a single
plant species, such as maize, can vary greatly in
size in different geographical locations. Depending
on their climatic adaptations, some varieties of
maize have been found to have twice the genome
size of other seemingly indistinguishable var-
ieties.?” Finally, the genome size of a species can
vary greatly over time; for example the rice genome
has more than doubled in size and then contracted
again to lose two-thirds of this additional DNA.268
The reason for these huge variations in genome
size, both within and between species, is that the
genomes of many, but not all, plants harbour large
quantities of what we can term “extra’ DNA, that is
DNA that does not encode functional genes. In fact,
more than 80% of the genome of maize, and the
various species of wheat and barley, consists of
such ‘extra” DNA.2® Cereals and other monocots
are unique in the plant world in the diversity and
often-massive size of their genomes, which range
from 400 Mb in rice to 123,000 Mb in the fritillary,
Fritilaria assyriaca.*™

The range of genome sizes found in higher plants
as a whole is far greater than in animals, extending
1000-fold from a mere 125 Mb in the thale cress,
Arabidopsis thaliana, to 123,000 Mb in the fritillary.2”

65
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Despite the fact that it has 1000-times the amount of
DNA of Arabidopsis, the fritillary is an extremely
modest-sized plant of the lily family, standing no
more than 15 to 30 cm tall at maturity. What the
fritillary genome does with its additional 99.9% of
DNA compared to Arabidopsis is still a mystery. It
has been proposed that all flowering plants origin-
ally had small genomes and, although many
species still have fairly modest-sized genomes, a
sizeable minority of species (most notably in the
monocots) has acquired as much as 1000-fold more
DNA than most of the rest of their plant brethren.
There is recent evidence that very large genome
sizes in some plants can be selectively disadvanta-
geous in the long term, although this has not been
a sufficient constraint to prevent the extreme diver-
sity and continual flux in genome size that we see
in many plants today.?”2

What is ‘extra’ DNA?

The majority of the ‘extra” DNA in plants is made
up of highly repetitive regions called LTR (long
terminal repeat) retrotransposons, or retroelements.
These small sections of DNA can duplicate them-
selves without excision from the chromosome,
resulting in a steady process of multiplication
within the genome. This means that, as time goes
by, more and more of the LTR DNA accumulates in
the genome. But some plant genomes do not just
passively gain additional DNA—they can also lose
it, albeit with varying degrees of facility in different
species. One study has shown that the rice genome,
which currently contains 400 Mb, was originally
much larger but has lost about 200 Mb of DNA
over the past eight million years (a relatively brief
period in terms of plant genome evolution).?” It
may be that rice is just better at removing its
exogenous DNA than most other plants and
animals. Alternatively, the ‘extra” DNA might be
performing a useful function in those organisms in
which it has not been removed, as we will see
below.?”* In contrast, the maize genome has dou-
bled in size over the past three million years, since
its divergence from the related cereal, sorghum,
Sorghum bicolor, and is still increasing to this day.?””

It is not just plants that contain a lot of repetitive
DNA. In the genomes of most mammals, including

humans, from 50 to 98% of the total DNA does not
consist of protein-encoding or regulatory sequences
and is of unknown function.?’® And as with rice, it
seems that large tracts of this DNA can sometimes
be removed from mammalian genomes without
any apparent effects, either for good or ill.?”7 An
obvious question of great interest to molecular
geneticists is: where does this ‘extra” DNA come
from and what, if anything, is its function? We are
not completely sure about the answer to these ques-
tions, but there are some intriguing clues from the
structure of some of the repetitive DNA sequences,
and especially LTR retrotransposons.”’® Some
retrotransposons closely resemble a class of viruses
called retroviruses,”? and may indeed be derived
from such viruses.?®® Instead of replicating within
host cells and causing disease, some viruses inte-
grate their DNA into the genome of their host and
are then duplicated, along with the host DNA,
during cell division.?® Many familiar viruses that
infect humans, including papovaviruses (causing
warts and some cancers) and the human immuno-
deficiency virus (HIV, which causes to AIDS), can
integrate their DNA into the human genome, effect-
ively acting as genetic engineers. In the case
of retroviruses, if viral DNA remains in the host
genome, it can develop into a retroelement, or
retrotransposon, that can then amplify itself at will.
To quote from a recent study on Dynamic DNA and
genome evolution: ’. . . the majority of that repetitive
DNA consists of retrotransposons and their deriva-
tives. The retrotransposon life cycle resembles the
intracellular phase of retroviruses and is replica-
tive. The integration back into the genome of
retrotransposon daughter copies has the potential
to be highly mutagenic and disruptive to the
genome and can lead to retrotransposons occupy-
ing major fractions of genomes. This appears to be
a major factor in explaining the wide variation in
genome size within many groups of plants and
other eukaryotes.’??

It is important to appreciate that not all
exogenous (‘foreign’) DNA is useless or parasitic,
as was first thought when it was erroneously called
‘junk” DNA.? In some cases, this ‘extra’ DNA
has now acquired various functions in its plant or
animal hosts. For example it can function as part
of the process of DNA repair following the sort of



double-strand breakage that can occur as a result of
oxidative stress or other environmental insults to
an organism.?* It also appears that retrotrans-
posons are much more active in plants of the grass
group (especially cereals) compared to the broad-
leaf plants (such as beans and potatoes).?®
Transposons and other forms of repetitive DNA are
implicated in some of the events that follow
hybridization between two plant species and the
formation of a new allotetraploid species. As we
have already seen, and as we will also see below,
such hybridization events have been of crucial
importance in the evolution of many of our staple
crops, most notably the wheat family, but also in
many others including brassicas, oats, and cot-
ton.?¢ It seems that repetitive DNA elements are
often exchanged between the two genomes in a
new hybrid plant, sometimes silencing genes in one
genome and sometimes overwriting them to gener-
ate identical sequences in otherwise different
regions of the two genomes.

One recent report suggests that the activity of
mobile DNA elements has been one of the major
factors contributing to the evolution of the domes-
ticated forms of wheat.?®” Breadwheat is classified
according to the hardness of its grain. Hard-
textured grains require more grinding than soft-
textured grains, in order to reduce the rather gritty
endosperm to a softer, more powdery flour. During
this milling process more starch granules become
physically damaged in endosperm from hard than
from soft wheats. Since damaged starch granules
absorb more water and enable more gas production
by yeast than undamaged granules, flour from hard
wheats is preferred for yeast-leavened breadmak-
ing because it produces soft, fluffy, light breads. In
contrast, flour from soft wheats is preferred for
manufacturing heavier and denser products such
as cookies, biscuits, and cakes. The hard-starch trait
in the wheat plant is controlled by the Hardness (Ha)
locus and is a classical example of a trait whose
variation arose from gene loss after polyploidiza-
tion. In some varieties of polyploid wheat, the Ha
locus was disrupted by the insertion of non-coding,
mobile DNA elements, leading to a soft grain trait,
while in others the locus remained intact, leading to
a hard grain phenotype. Therefore, we can see that
repetitive DNA can sometimes play useful roles in
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the processes of hybridization, polyploidization,
and ultimately the enhancement of genetic vari-
ation and speciation in a major crop plant like
wheat. Indeed, the action of mobile DNA is the
main reason that we can enjoy the light, ‘cotton
wool’ textured bread that is so popular with many
consumers (although not perhaps with dietary
advisors).

To summarize, it seems that the massive amounts
of (originally) exogenous DNA that accumulate in
many genomes are sometimes undesirable, and
are gradually removed from the host organism
(e.g. rice). In general, there seems to be an attempt
by most organisms to rid their genomes of non-
coding DNA; or to put it another (less teleological)
way, large amounts of ‘extra” DNA appear to be
maladaptive in many cases and in some cases
can result in the extinction of a plant species.?®
However, many other species, including some of
the major crops, do not or cannot remove the vast
bulk of their ‘extra’ DNA, which in maize is still
proliferating to this day. It should be stressed that
not all this exogenous DNA is parasitic; indeed
some of it seems to play an essential role in certain
aspects of plant development. The ‘extra’ DNA may
also play a role in enhancing variation, hence
contributing to the evolution of new varieties and
even new species (e.g. the various types of wheat).
This may be especially true for plants such as
maize, which is probably the most diverse of all
crop species, largely due to the many active trans-
posons that are able to move within and between
chromosomes in its genome.? Movement of trans-
posons within genomes often causes changes in
the expression of genes in the vicinity of their new
site of integration. For example it is the unpre-
dictable movement of transposons that gives rise
to the striking and unique colour patterns in the
variegated flowers of plants such as morning glory
(Ipomoea spp.) and ornamental petunias (Petunia
hybrida).**

Gene transfer between plant and
non-plant genomes

In the last few years it has become apparent that
DNA is constantly travelling to and from the
genomes of plants and animals in a process called
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horizontal gene transfer.?! There are many examples
of such spontaneous gene transfer between com-
plex eukaryotes, including higher plants, fungi,
and some animals. Genes can be transferred from
one species to another by several mechanisms
including: host-parasite exchange,?? transfer via a
plant virus,®3transfer via pathogenic®* or mycor-
rhizal fungi,?® transfer from a biting insect,®® and
non-standard fertilization involving more than one
pollen grain.?” Recently discovered examples of
horizontal gene transfer in plants include: move-
ment of an isomerase gene from a member of the
genus Poa (which includes meadow-grasses and
bluegrasses) to the genome of an unrelated species,
sheep’s fescue, Festuca ovina;?*® movement of a
transposon gene from rice to members of the Setaria
genus;*’
from an asterid (a group of flowering plants that
includes the Solanaceae) to members of the gymno-
sperm genus, Gnetum.3® As more plant genomes
are sequenced and analysed in detail, it is becoming
ever more apparent that interorganism gene trans-
fer between unrelated species is a lot more common
than was previously suspected.3?! There are even
cases of plant genes being transferred to animals.
For example the simple aquatic animal, Hydra
viridis, contains a fully functional ascorbate
peroxidase gene transferred to it from a former
symbiotic partner, the alga, Chlorella vulgaris.3?
Genes and other DNA elements can move
between species, but they can also move around to
different locations within the cells of a given organ-
ism. For example as well as the movement of DNA
elements, such as transposons, within the main
nuclear genome, we now know that entire genes or
clusters of genes can be transferred between the
various organellar genomes and the main nuclear
genome. In both plants and animals, the vast
bulk of genomic DNA resides in the nucleus, but
mitochondria, which are responsible for respiration
and ATP generation, also contain small residual
genomes of about 200 to 600 kb. Plants have
an additional, third, genome in their plastid
organelles, which typically contains about 130 to
150 kb of circular DNA.3 These vital organelles are
present in every plant cell but are especially

and the transfer of a mitochondrial gene

important in leaves, where they become pigmented
to form the green chloroplasts that are the sites of

photosynthesis. Plastids almost certainly originated
from photosynthetic cyanobacteria that were
engulfed by a much larger eukaryotic cell, resulting
in the creation of the first plant cells more than one
billion years ago.3* Instead of being digested by the
host cell, the bacterial guest was tolerated and
eventually became indispensable by fixing atmos-
pheric CO, to synthesize sugars and other organic
molecules for the benefit of its new host.3% The new
organism formed by this symbiotic union was a
green alga, and it is from such green algae that all
of today’s plants, and hence all of our crops, are
derived.3%

Recent molecular studies have shown that indi-
vidual genes and larger DNA segments from the
plastid genome are continually being transferred to
the larger nuclear genome.’”” When this process
began, many of the transferred plastid genes were
successfully integrated into the nuclear genome,
with the result that much of the original plastid
genome (which is of bacterial origin) now resides in
the nucleus. However, it seems that the process has
now reached some sort of limit and further gene
transfer from plastid to nucleus is no longer
favoured. Gene transfer to the nucleus still occurs
at a surprisingly rapid rate, but newly integrated
plastid genes are broken up and eventually elimi-
nated from the nuclear genome.’® In other words,
the balance of DNA between the plastid and
nuclear genomes has now reached a state of
dynamic equilibrium whereby further transfer
appears to be maladaptive.®® Although consider-
able gene flow still occurs within plant cells, the
transferred DNA is gradually selected against and
removed, albeit over an evolutionary timescale that
is numbered in the hundreds of millennia. Such
dynamic behaviour by DNA, and its propensity to
be transferred between very different classes of
organism is increasingly calling into question the
already rather fragile concept of the genetically
unique biological ‘species’, which we will now
examine.

Biological species

The concept of a biological species is rather like that
of the genome. Both concepts are human artefacts
invented as convenient ways of classifying parts of



the living world. However, like the genome concept
discussed above, the species concept is now coming
under critical review.?® Indeed, as discussed in
Box 5.1, there is no really satisfactory definition of
what constitutes a species; and this is especially
true when we study our crop plants with their
now famously mobile and inconstant genomes.3!"!
Members of a given species have very similar
genetic endowments (i.e. they have similar
genomes), and their phenotypic similarity means
that they normally (but not always, see Boxes 5.2
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and 5.3) look similar and behave in a similar manner.
In the case of most of our familiar animals, a species
can seem like a clearly defined and relatively stable
entity that persists over timescales measured in
millennia and often over many millions of years.
Hence, despite some similarities, lions are obviously
a different species from tigers;*'2 and humans are
equally obviously a very different species to their
nearest anthropoid relatives, the chimpanzees.?!3
H. sapiens may be a relatively new species, but even
we have probably been around for about one million

Box 5.1 Is there such a thing as a biological species?

The conventional definition of a biological species is
something along the lines of: ‘a group of organisms
sharing a considerable measure of genetic and phenotypic
similarity, coupled with the potential for interbreeding and
producing fertile progeny’.

Unfortunately, this nice, tidy view of what constitutes a
species is soon brought into doubt when we examine
plants and animals in more detail. One problem that
confronts many ecologists is how to decide when a
population of closely related variants has split into
different species. Consider, for example, a species of insect
that exhibits so-called clinal variation. These insects are all
from the same original species, but have gradually started
to diverge from one another, as their respective
populations spread geographically ever further apart.
Insects in adjacent geographical areas will still be relatively
similar to one another and will interbreed freely. But,
insects in areas that are further away from their centre of
origin may have diverged so much that, although they can
still breed with their immediate neighbours, they cannot
now interbreed with more remote populations. Because all
of the insects, however remote, can still interbreed freely
with their immediate neighbours the entire group can be
said to constitute a single species. However, as soon as we
look at non-neighbours, we see that they cannot
necessarily interbreed. So, do have a single species here, or
more than one? If the latter is deemed to be the case, how
do we define what constitutes a different species and
what are its boundaries?

There is no correct answer to these questions. In many
cases, the definition of what constitutes a species will be
based on the arbitrary, and sometimes contested, decision
of an individual scientist (Pigliucci, 2003). Such
considerations apply even more to plants than to animals.
Hence a recent article in Nature began as follows: ‘Many

botanists doubt the existence of plant species, viewing
them as arbitrary constructs of the human mind, as
opposed to discrete objective entities that represent
reproductively independent lineages or “units of
evolution” * (Rieseberg et al., 2006). In the context of an
understanding of crop evolution, it is important that our
view about what constitutes a species should be informed
by the latest scientific, and especially genetic, knowledge.

The utility of the species concept lies in its convenience
as a rather broad-brush method of distinguishing between
different types of organism, both past and present. It has
been much less useful in the study of many microbial
organisms, and especially the prokaryotic Archaea and
Eubacteria. In the light of our new knowledge of genetics,
the utility of the species concept as a rigorous method of
classifying more complex organisms is also becoming
increasingly uncertain. For example the immense confusion
that surrounds the classification of some of our major
crops, and especially the wheat family (see Box 2.1), is
symptomatic of a lack of utility in the species concept in
these particular cases. Such uncertainties, and our
ever-changing view as to what constitutes a species,
should cause us to exercise caution in ascribing too much
importance to this concept. The species idea has its merits
in describing some aspects of the biological world, but it is
neither a sacrosanct nor universally useful concept.

In Boxes 5.2 and 5.3, two contrasting examples are
given to illustrate some of the problems with the species
concept. In the first example a type of butterfly that we
thought for centuries to be a single species now turns out
to be made up of many different species. In the second
example we will see how a group of very diverse-looking
plants that are not obviously related at first sight, are
actually genetically almost identical members of the same
brassica species.
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years. We also observe other present-day species,
such as many ants, which have apparently remained
virtually unchanged for over 50 million years.3!4
However, as discussed in Boxes 5.1, 5.2, and 5.3 and

illustrated in Figure 5.1, the reality of what consti-
tutes a species, especially in the case of plants, is
often more complex that is suggested by these
seemingly straightforward examples.

Box 5.2 The skipper butterfly—one species or many?

The neotropical skipper butterfly, Astraptes fulgerator, is an
attractive and colourful insect that was first described by
Johann Walch in 1775. It is distributed over a vast, and
very climatically diverse area of the Americas, from the
southern USA to northern Argentina. Skipper butterflies in
these ecologically distinct regions look very similar to one
another, and detailed dissections of their genitalia have
failed to reveal any significant differences. Sometimes, so-
called cryptic species may resemble each other
superficially, but their true identity is almost always
expressed in the form of morphologically different
genitalia. These distinct genital structures prevent breeding
between the otherwise similar-looking members of
different cryptic species. This phenomenon is especially
common in insects, including many butterflies (Burns,
1994). It seemed clear, therefore, that the skipper butterfly
was a single biological species.

However, entomologists recently became suspicious
when they discovered that skipper butterflies in one small
area of Northwestern Costa Rica were apparently able to
feed off a huge range of different plants (Janzen, 2003;
more of these interesting butterfly records are available
online at: http://janzen.sas.upenn.edu). Such insects are
normally extremely specialized in their food preferences,
and many butterflies are only able to feed on a single
plant species. This is because plants subject to persistent
attack by herbivores tend to develop an ever-changing
portfolio of chemical defences. These defences often
include a cocktail of insecticides targeted at specific insect
pests. In response, insect herbivores such as butterflies
frequently develop the ability to break down such
defences, e.g. by either detoxifying or sequestering the
insecticidal chemicals. For example monarch butterflies,
Danaus plexippus, have developed an ability to use their
tissues for the safe storage of toxic cardiac glycosides, such
as cardenolides, that are present in their favoured food
plant, the milkweed Asclepias syriaca.

Not only does this strategy render the cardenolides
toxins harmless to the monarch, but the toxins also make
the butterflies unpalatable to potential predators who soon
learn to avoid these distinctively coloured insects (Brower
and Moffit, 1974). The evolution of such defence

mechanisms normally takes a long time and is relatively
costly in energy terms for the insect concerned. This
means that over the course of many millennia a particular
species of butterfly often becomes adapted to just one
type of plant that it is able to feed off in safety.
Meanwhile, other close relatives of the same plant that
might happen to make a slightly different cocktail of
insecticides, often remain toxic to the butterfly and hence
cannot be part of its diet. It seemed very odd to the
chemical ecologists in Cost Rica that a single species of
insect, such as the skipper butterfly, could suddenly
develop the dozens of detoxification and/or sequestration
mechanisms needed to feed off the many species of plant
that were apparently part of the diet of such butterflies in
the region.

Eventually, the problem was solved in 2004 by using a
novel DNA ‘barcoding’ technique to analyse the genomes
of the butterflies. This revealed that what had hitherto
been considered to be a single species of butterfly, as
observed and studied for over two centuries, in fact
consisted of at least ten apparently morphologically
identical, but genetically quite distinct, species (Hebert
et al. 2004). It therefore appears that although we
humans may think that all skipper butterflies look virtually
identical, the butterflies themselves can somehow
distinguish their genetic differences and thereby do not
interbreed with variants (i.e. different species) that are
specialized to feed off different plants to themselves. In
this example, what was thought for centuries to be one
species of insect is now known to be at least ten, and
probably more.

In 2007, there was an interesting twist to this story
when anthropologist David Harrison reported that the
Mayan-descended, Tzeltal-speaking indigenous people of
the Mexican home range of the butterfly have distinctive
names for the larvae of all ten cryptic species (Vince,
2007). The reason is that the larvae of each species affect
a different wild or crop plant that is relevant to this human
culture, hence justifying a separate name. So, while
Europeans required the full gamut of modern genetic
technologies to distinguish these species, the locals had
known all along (but nobody had asked them).
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Box 5.3 Brassicas—many forms in a single species

Our second example of the difficulty in assigning
organisms to a human-invented species concept relates to
a group of very different-looking vegetable crops that
come from the brassica family. These plants include
broccoli, the various forms of cabbage, cauliflower, Brussels
sprouts, kale, and kohlrabi (Figure 5.1). The broccoli
vegetable is dark-green with hundreds of tiny unopened
flower buds, while cabbages consist of a large, tightly
curled ball of pale green, dark green, or red leaves.
Cauliflower has a white core that looks like many tiny
bleached flowers, although it is actually a collection of
rapidly dividing structures called an arrested meristem.
The other brassicas are similarly diverse.

These different brassica vegetables are quite distinctive
in their flavour, odour and even the time of year when they
can be collected, and at first sight it seems inconceivable
that they could belong to the same species. Yet,
remarkably, they are all members of the same species,
namely Brassica oleracea. It turns out that these very
dissimilar-looking plants share an almost identical genome,
save for a few tiny changes caused by a small number of
mutations in key genes requlating plant development that
have had extremely far-reaching, morphological
consequences. Hence, a mutation in a single gene is
enough to convert the wild brassica-like weed, Arabidopsis
thaliana, into a plant that resembles a miniature
cauliflower (Smyth, 1995).

The cauliflower phenotype is due to arrested
development in the floral meristem that maintains it in a
permanent vegetative state, instead of differentiating into
normal floral structures. This produces the characteristic
edible, white ‘curd’ of the cauliflower head. Meanwhile, in
broccoli, the phenotype results from arrested development
at a later stage of floral development, when the meristem
has already differentiated into many small immature flower
buds (Purugganan et al., 2000). Brussels sprouts are
compact bunches of unopened leaves, with a characteristic
sharp taste that is not to everybody's liking. Both kale and
kohlrabi are more conventional-looking leafy vegetables,
and are not all that dissimilar in appearance to spinach.

The ability of Brassica oleracea to undergo so many
radical developmental mutations, while remaining a single
species, has been a great boon to the many hundreds of
millions of people across the world who include these
highly nutritious vegetables in their diet. The genetics and
utility of the Brassicaceae family are discussed in more
detail in Chapter 7. The extreme phenotypic diversity of
these variants of a single brassica species contrasts with
the seeming morphological identity of all forms of skipper
butterfly (Box 5.2), even though the latter are made up of
several genetically distinct species. One take-home
message from these two examples is that external
appearance can be very deceptive in enabling us to
decide what is, or is not, a biological species.

Revising our concept of the ‘species’

As we learn more about genetics and taxonomy, it
is evident that the species concept is often impre-
cisely defined, as well as being rather elastic and
continually subject to revision.3!> The plasticity and
the essential artificiality of the species concept is
shown by the repeated difficulty in classifying
organisms into discrete species. We will see numer-
ous examples of these challenges in defining many
types of our major crop plants over the course of
the next two chapters, and further examples
occur in the scientific literature almost weekly, as
ever more data from genomic analyses are
published. As long ago as 1908, US naturalist, CF
Bessey noted: ‘Nature produces individuals and
nothing more. Species have been invented in order
that we may refer to great numbers of individuals

collectively.”316

For example, as we will see in more
detail below, Asian rice is a single species and yet it
contains several races that cannot interbreed,
whereas most types of Asian rice can interbreed
with Oryza rufipogon, which is a completely separ-
ate species. Also, the rice genome has expanded
considerably in size and then contracted again, but
we still classify all these very different historical
forms of rice as a single species. It is evident,
therefore, that a biological species is very much an
ad hoc and provisional entity, that is itself constantly
evolving, mutating, and being reclassified by
biologists.3!”

This is a very far cry from the original idea of a
species as an entity that was possibly divinely
ordained, and either immutable or at least only
subject to very gradual changes. The plasticity of
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Figure 5.1 Diverse forms of a single crop species, Brassica oleracea. These very different looking forms of vegetable are all members

of the same species, Brassica oleracea. Their dramatically divergent morphologies are due to a few minor mutations in key genes that
regulate important developmental processes, such as flower and leaf development. (A) Curly cabbage, (B) cabbage, (C) broccoli,

(D) ornamental red cabbage, (E) kohlrabi, (F) Brussels sprouts, (G) cauliflower, (H) curly kale. (B) and (C) courtesy of Dan Lineberger, Texas
A and M University, USA.



biological species is very much a recent scientific
viewpoint, only dating back to the nineteenth cen-
tury evolutionary arguments of Lamarck and
Darwin. Unfortunately, the word ‘species’ also
tends to be used more generally in a more inflexible
and somewhat mystical sense that, in Western
philosophical tradition, dates back to Thomas
Aquinas and even to Aristotle. In much of our
contemporary discourse on genetics and biotech-
nology, additional, more recent notions such as
‘species integrity’ and ‘intrinsic value’ are fre-
quently invoked. These apparently new ideas have
distinct overtones of an outmoded and inappropri-
ate (in a biological context) philosophical essential-
ism.38 Rather than clinging to such unverifiable
notions, it may be more productive to regard a
biological species as a somewhat arbitrary and
provisional, human-defined entity that can some-
times be of use in operational situations, such as
classification, but has no intrinsic meaning of itself.

As we shall see later in Part IV, many scientists
clung to the idea that species were fixed and
unchanging, as late as the nineteenth century and
beyond. In contrast, pragmatic early plant breeders
such as Thomas Fairchild were able to create new
hybrids that apparently broke all the rules of sup-
posed ‘species integrity’. Another example is US
plant breeder, Luther Burbank, who was a pioneer
of crop improvement in the late nineteenth century.
Among other achievements, he was responsible for
the Idaho potato, which is still a mainstay of the
American market in French fries. He also built up
the plum industry in California, where he devel-
oped eleven of today’s most important varieties.
Despite his strong Christian faith, Burbank had a
more broadminded view than some of the scientists
of his day, especially about the immutability of
species. As well as improving existing crops, such
as potatoes and plums, he experimented with wide
crosses between plants of different species. For
example he produced a potato/tomato hybrid,
although he never developed these sterile plants
any further. In a speech in San Francisco in 1901,
Burbank stated that botanists had once: ‘thought
their classified species were more fixed and
unchangeable than anything in heaven or earth that
we can now imagine. We have learned that they are
as plastic in our hands as clay in the hands of the
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potter or colors on the artist’s canvas, and can read-
ily be molded into more beautiful forms and colors
than any painter or sculptor can ever hope to bring
forth.”3

The domestication syndrome

Having reviewed some of the rapidly accumulating
evidence for the plasticity of plant genomes, and
indeed entire species, we will move on to consider
the relevance of this knowledge of plant genetics
for an understanding of crop domestication. This
was not a single event, but rather a series of
processes whereby a few plants gradually adapted
to new conditions imposed by cultivation and
thereby became more suited to human exploitation,
for example by yielding more and better-quality
products.’”® We have seen that domestication is not
necessarily a one-way process; under the right
circumstances domesticated plants can revert to
wild type. Also, the process can affect both part-
ners, that is human domesticators as well as plant
domesticants. As we will see in Chapter 9, humans
have adapted in numerous ways, both genetically
and culturally, to agriculture as well as effecting
many profound genetic changes in their plant and
animal domesticants. Moreover, even in our most
ancient crops, the process of domestication still
continues today; it is a dynamic, unceasing inter-
action between humans, domesticants, and the
environment.

For example agricultural practices themselves
are constantly evolving, as is the external environ-
ment (whether biotic or abiotic; anthropogenic or
non-anthropogenic) experienced by a given crop.
Hence an optimum wheat variety of a few decades
ago may no longer be suitable under today’s farm-
ing regimes, in today’s climate, or with today’s
ever-evolving suite of pest and disease species.
Nevertheless, we can still usefully talk about a few
crucial initial changes that were necessary to begin
the process of domestication of a wild plant. Once
these changes were accomplished, the plant had
become a crop, albeit a fairly rough and ready sort
of crop, which may have needed many centuries of
further selection before it was suitable to become a
primary staple. In this section, we will be looking at
these initial changes that are necessary to move a
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plant from being a wild species to one that is
partially or totally dependent on humans for its
growth and is also useful to them. It is apparent
that not all plants are susceptible to easy domesti-
cation, so what is so special about our major crops?

Domestication-related genes

The key to successful domestication of a crop lies,
of course, in its genetic endowment. To put it sim-
ply, if a plant happens to have the right genetics, it
will be much easier to domesticate into a crop than
most other plants. To a great extent, our most
successful crops have been selected, not just
because they are good sources of food or other
products, but also because their genetic organiza-
tion has lent itself to the selection of a limited
number of traits that makes them easier to manage
and cultivate than their wild ancestors. These traits
are collectively known as the ‘domestication
syndrome’, a concept developed by Jack Harlan®*
and others.3?2 We will now look at these rather
special domestication traits as a group, so that we
can begin to see how crops and their wild ancestors
might differ genetically from the thousands of
other potentially useful plants that are less
amenable to the domestication process.3?*> Major
domestication-related traits include non-shattering
seeds, large seeds, high yield, synchronous flower-
ing and seed set, loss of seed dormancy, and traits
responsible for ease of harvesting and food
preparation (Table 4.1).

It should be stressed here that crops are not the
only plants containing genes that could potentially
result in domestication-friendly phenotypes, such
as seed retention and lack of dormancy. Indeed, it
now appears that many, and perhaps all, major
groups of higher plants have relatively conserved
gene families that regulate such attributes as seed
size, seed weight, short-day flowering, and seed
retention. For example very similar domestication-
related genetic loci regulating such traits have been
found in a range of very divergent plant families,
such as legumes (Fabaceae), cereals (Poaceae), and
solanaceous vegetables (Solanaceae), including
hundreds of non-crop species.® This begs the
question: if the vast majority of the more than
100,000 species of higher plants contain very

similar domestication-related genes, why have so
few crops been successfully domesticated? The
emerging answer is that, in most crops that have
been studied to date, it is not simply the presence
of domestication-related genes that is the key to
creating a successful domesticant; rather it is the
chromosomal location and method of regulation of
such genes.

Clustering and regulation of
domestication-related genes

Three interrelated genetic factors have greatly facil-
itated the manipulation of domestication-related
traits in the major crop plants: (1) some of the most
important traits are regulated by just one or two
genes; (2) many domestication-related genes are
located in small clusters in the crop genome (see
Table 5.1); and (3) even when a trait is regulated
by many unlinked genes, it is commonly found that
a very small number of ‘master genes’ can have a
huge influence on expression of the trait. Some
specific examples of these genetic factors as they
apply to our major crops are as follows (see also
Figure 5.2):

1. Regulation of key traits by one or two genes:
Probably the most important trait for the early
cultivators of grain crops was seed shattering. In
the wild plant, much of the seed would be shed
from the plant, and therefore lost, before it could be
harvested. In our most successful crops, this crucial
trait is regulated in a very simple manner by either
one (rice, lentil) or two (wheat, barley, sorghum,
oat, pearl millet) genes.’®

2. Clustering of domestication-related genes: One
of the best examples of this phenomenon can be
found in maize. The tall, high-yielding, cultivated
version of maize and the short, small-seeded, wild
teosinte plant are mainly distinguished by differ-
ences in DNA sequences and expression patterns of
five groups of genes. The five groups of genes regu-
late: (1) tendency of the ear to shatter; (2) percent-
age of male structures in the primary inflorescence;
(3) internode length on the primary branch; (4) and
(5) increased numbers of kernels per cob. In the
maize genome, all five of these genetic loci are
tightly clustered in a small region of chromosome



Table 5.1 Genomic regions showing QTL (quantitative trait locus) clustering for domestication traits

Crop Reproduction Mapping cross (domesticated X wild forms)  Location of Attributes of corresponding traits
QTL cluster
Maize [1] Outcrossing, F2: Zea mays ssp. mays X Z mays ssp. parviglumis ~ Chr 1 Shattering (ear disarticulation), growth habit, branching
2n=4x=20 pattern
Chr 2§ (tb1), ear and spikelet architecture
Chr 3L Number of rows of cupules
Chr 4S Growth habit, ear architecture
Chr5 Glume hardness (tga 1)
Ear architecture
Common bean [2]  Self-pollinated, F2: Phaseolus vulgaris cultivated form X P vulgaris LG D1 Growth habit and phenology
2n=2%=22 wild form LG D2 Seed dispersal (pod dehiscence) and dormancy
LG D7 Pod length and size
Rice [3] Self-pollinated, F2: Oryza sativa X O. rufipogon Chr1 Growth habit (tillering and height), shattering, panicle
n=2%=24 Chr3 architecture
Chr6 Shattering, panicle architecture, earliness
Chr7 Shattering, panicle architecture, earliness
Chr8 Panicle architecture
Growth habit (height), earliness, shattering
Pearl millet [4] Outcrossing, F2: Pennisetum glaucum ssp. glaucum X LG6 Shattering, spikelet architecture, spike weight, growth habit
2n=2x=14 P. glaucum ssp. monodii LG7 Spikelet architecture, spike size, growth habit and phenology
Sunflower [5] Outcrossing, F3: Helianthus annuus var. macrocarpus X LG17 Shattering, apical dominance, achene weight, earliness
2n=2=34 H annuus var. annuus LG09 Achene size and weight, growth habit, head size
LGO6 Growth habit, achene size and weight, earliness, head size
Eggplant [6] Self-compatible, F2: Solanum melongenas X S. linnaenum No obvious colocalization
n=2x=24

This table, which is adapted from Poncet et al. (2004), shows the strong clustering of many major domestication-related traits in several important crops, as revealed by molecular genetic analysis. Such
clustering would have greatly increased the likelihood of a comparatively rapid evolution of domesticated cultigens as the plants adapted to the new conditions imposed by early protofarmers.

Chr, chromosome; LG, linkage group.
[1] Doebley and Stec (1991); [2] Koinange et al. (1996); [3] Xiong et al. (1999); [4] Poncet et al. (2000); [5] Burke et al. (2002); [6] Doganlar et al. (2002).
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Figure 5.2 Clustering of genes associated with crop domestication traits. Tight clustering of domestication syndrome factors (DSFs) and their
associated quantitative trait loci (QTLs) is shown for four of the chromosomes of wild emmer wheat, T. dicoccoides. DSFs and corresponding
QTLs: @, DSF; W, KNS; B, kernel number/spikelet (KNL); 0, YLD; &, HT; &, spikelet number/spike (SLS); &, single spike weight (SSW); &
spike weight/plant (SWP); I, kernel weight/plant (KNP); &, HD; N, GWH; &, spike number/plant (SNP) (data from Peng et al., 2002).

eight.326 One of the key genes in this cluster is tga
which, as we will see in the next chapter, was
probably the one of the earliest traits to be modified
during domestication as it rendered maize much
more edible than its wild precursors.’?

3. Dozens of separate, and not necessarily phys-
ically linked, domestication-related genes that con-
trol key traits such as seed dispersal, are now know
to be regulated by just a few ‘master genes’.32
A good example of this form of gene control was
discovered during a detailed study of the control of

domestication syndrome genes in the common
bean.’” The authors looked at 15 separate traits,
ranging from pod number to seed yield. Each of
these traits was regulated by up to several dozen
individual genes. In every case, however, they
found that between one and four genes controlled
the vast majority of variation in the trait in ques-
tion. As more crops are studied at the molecular
genetic level, we are finding more and more
examples of these sorts of ‘master genes’. In genetic
terms, such genes are often are associated with



so-called quantitative trait loci (QTLs), and can be
identified by molecular marker analysis. Important
domestication-related QTLs have recently been
found in dozens of crops from rice and sorghum to
tomato and potato.3*

One of the most telling features of the domestication
process in the major ancient crops is its variability in
terms of frequency, duration, and localization. For
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example some crops, such as potatoes,®! barley,>*
emmer wheat,?® einkorn wheat,*** cassava/
manioc,*® maize,** and bottle gourd,®” seem to
have been domesticated only once. This contrasts
with squash,®® cotton,?*® millet,*° and common
beans,?! where data suggest multiple domestication
events. In the next two chapters, we will examine
the nature of these domestications in more detail.



CHAPTER 6

The domestication of cereal crops

Ceres, most bounteous lady, thy rich leas
Of wheat, rye, barley, fetches, oats, and pease;

William Shakespeare (1564-1616) The Tempest

Introduction

Having introduced some of the intricacies of plant
genetics in the previous two chapters, we will now
move on to examine the genetic make up of our
major crops. The aim will be to describe how it is
that the particular genetic attributes of this small
number of plants has made possible their domesti-
cation and exploitation via agriculture. As we will
see, domesticated species possess several unique
genetic attributes, the understanding of which is of
key importance for efforts to effect their improve-
ment via breeding. One of the most striking
features of domesticated plants and animals is the
relative genetic similarity of the present-day mem-
bers of each of these species. In other words,
domesticated plants and animals tend to be less
genetically variable than most (but by no means all)
wild species. In many cases, this genetic uniformity
is due to so-called ‘domestication bottlenecks’
whereby all members of a domesticated species are
often descended from a very few (and sometimes
just one) selected individuals.?*> As we saw in
Chapter 1, similar genetic bottlenecks can also
occur in wild populations of both plants and ani-
mals, including our own species. For example
almost all present-day non-African humans may be
descended from relatively small groups of migrants
that left Africa between 70,000 and 50,000 years
ago. Even more dramatic is the recent evidence that
almost all of the tens of millions of aboriginal
Amerind people that originally populated the
entire continents of North and South America may
be descended from as few as 70 individuals.3*
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The kind of genetic bottleneck that results from
domestication can be even more severe than these
examples, with each of the tens of billions of mem-
bers of a major crop species sometimes being
descended from a single mutant plant. It is possible
that maize is such a species; and all of our commer-
cial bananas are genetically identical clones of a
single triploid hybrid plant. One of the problems
that this causes for the breeder is a lack of genetic
diversity that, to varying degrees, affects almost all
of our domesticants, whether plant or animal. Such
genetic uniformity can render these populations
more susceptible to new diseases and obviously
reduces the essential raw material available to the
breeder. In the case of animal domesticants, this
was appreciated by ancient farmers, who would
regularly leave tethered females out in the open.
The farmers hoped that wild males, either from the
same or from a closely related species, would mate
with the domesticated females and hence augment
the genetic diversity of the entire herd or flock.3# In
the case of crops, such cross fertilization with wild
relatives would have been a regular occurrence in
outbreeding species that were being cultivated near
to their centre of origin. In the case of the temperate
cereals, cross fertilization with wild relatives would
have been commonplace in southwest and Central
Asia, as long as the crops remained outbreeders.
However, in several crops, such as rapeseed, the
self-fertile genotypes that have now been selected
by farmers are much less likely to interbreed, even
when grown near wild relatives.

Even more problematic for the maintenance of
genetic variation in crop species was the gradual
spread of agriculture during and after the Neolithic
period. By the Bronze and Iron Ages, the vast
majority of crops were being grown in areas, such
as Europe, northern Asia, or Africa, where no wild



relatives existed. This geographical isolation
precluded the introduction of novel variation
from wild relatives, and led to a gradual increase
in the genetic uniformity of the crop as a whole in
such regions. It was the work of breeders and
geneticists such as Nikolai Vavilov that simultan-
eously highlighted this problem and suggested a
solution; namely to conserve and exploit wild rela-
tives of crops for future breeding programmes.
Before this can be done usefully, however, the
modern breeder needs to know the extent and
nature of the genetic uniformity of a crop species.
Such information allows the breeder to identify
traits where little or no useful variation exists. In
turn, this might require a search for such genetic
variation, either in wild relatives of the crop or in
unrelated species from which the traits might be
obtained via modern techniques such as wide
crossing or transgenesis.3%

Some of the most important agronomic traits
for which many major crops are lacking genetic
diversity relate to disease resistance and the ability
to withstand abiotic stresses, such as drought or
salinity. These are complex, quantitative traits that
are regulated by many interacting genes. Therefore,
the ultimate goal of the crop geneticist is not merely
to describe and understand the workings of plant
genomes per se, but also to use such knowledge to
improve our crops as they face new challenges in
our ever-changing world. Over the past decade,
there has been tremendous progress in crop genet-
ics, much of which has been due to the kinds of
insights into plant genomes that we looked at in the
last chapter.®® In this chapter, we will focus on the
cereals. A timeline of cereal evolution is presented
in Figure 6.1. In the next chapter, we will go on to
look at the other major groups of ancient crops,
such as pulses and potatoes, before finishing with a
brief examination of a much more recently domes-
ticated group of crops with its own uniquely fascin-
ating and convoluted evolutionary and genetic
history, namely the brassicas.

Wheat

The wheat group of plants includes some of
humanity’s most important crop staples, but it can
also be a geneticist’s and taxonomist’s nightmare
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(see Box 2.1).3¥ The wheat group contains several
dozen species that often hybridize with one other to
create completely new polyploid species.?*® Some
of these new hybrid species, including breadwheat
and durum wheat, contain the entire genomes of
two or three ancestral species. Even worse, a given
hybrid species may have arisen independently on
several different occasions, and in various different
locations. For example we know that the hybridiza-
tion to produce breadwheat has occurred several
times, on each occasion yielding a slightly different
sort of hybrid variety. Although, technically speak-
ing, they might be members of the same species;
the more recent hybrids may be genetically quite
different from older hybrids, whose genomes have
had several thousand generations to evolve new
and distinctive patterns of gene expression.

We know this is the case because it is now pos-
sible to recreate new, so-called synthetic, bread-
wheat hybrids in the lab. A synthetic species of
breadwheat can be recreated by hybridizing emmer
wheat, Triticum turgidum, with the goat grass,
Aegilops tauschii.®* The newly created hybrid looks
fairly similar to a rather primitive form of bread-
wheat in that it produces good flour, but it is
hulled, and therefore not free-threshing like mod-
ern breadwheat. Such recently created, or synthetic,
hybrid plants often behave differently to their
older cousins that were formed by spontaneous
hybridization in the field. This means that a crop
such as breadwheat, which looks like a single
species (at least to human eyes), may in fact contain
a mixture of individuals that have very diverse
origins and genetic constitutions. Sometimes such
variants will not even interbreed, even though they
are still classified as being members of the same
species.

The three genomes of crop wheats

Probably the simplest way to understand the
genetics of the wheats is to split them up into
the three groups of diploid species, from which the
polyploid wheats can then be derived (Figure 6.2).
Because they are diploid, members of these three
basic wheat species have two sets of chromosomes
per genome, which are represented here by two
letters. The first of the three groups is therefore
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Figure 6.1 Evolution of the major cereal crops. Cereals are monocot plants, characterized by long thin leaves, which diverged from the
broader leaved dicots about 200 million years ago. The first grasses date from almost 100 million years ago and the most ancient group of
cereals are the rices, which appeared about 40 million years ago. Several groups of rice then developed in south and east Asia. In western Asia,
the major group of cereals were wheat, barley, and rye, which diverged from a common ancestor about ten million years ago. The ancestors of
maize and sorghum split about 15 million years ago and wild sorghum species became important edible plants in Africa, while teosinte served
the same purpose in Mesoamerica until its mutation into the more cultivation-friendly form known as maize. The evolution of domesticated
forms of these various cereals did not occur until the Palaeolithic/Neolithic transition, from about 73,000 to 5000 sp, and was determined by a
new suite of human-created environmental conditions such as cultivation and harvesting. For reasons of space, the very diverse group of millet
crops are not represented here but are described instead in the main text. Note the logarithmic scale of the time axis. My, million years before

present; ©, beginning of cultivation and appearance of domesticated forms.

called AA, the second is BB, and the third is DD.3
In the context of domesticated wheats, the key
diploid species are einkorn wheat, or Triticum mono-
coccum, which has an AA genome; a goat grass
called Aegilops speltoides, which has a BB genome;
and a second type of goat grass, called Aegilops
tauschii (sometimes called Aegilops squarrosa), which
has a DD genome. This is a bit like saying, for
the sake of argument, that modern humans have
an AA genome, gorillas have a BB genome and
chimpanzees have a DD genome. Animals are
much less likely to form fertile interspecific hybrids

than plants so there are no examples of new
species made up of human-gorilla (AABB) or
chimpanzee-human (DDAA) hybrids.!

It has long been known that interspecific animal
hybrids can sometimes occur, including between
large mammals, but such hybrids are invariably
sterile. Humans have taken advantage of this to
create several hybrid animals for various purposes,
some useful and others more frivolous. Hence, that
stalwart pack animal, the mule, is the sterile hybrid
of a female horse, or mare, (Equus caballus) crossed
with a male ass (Equus asinus). In zoos, hybrids of a
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Figure 6.2 Recent evolution of the domesticated wheats. The
various domesticated wheats were originally derived from wild
diploid grasses of the Triticum and Aegilops genera. One of the
earliest cultivated wheats was the diploid species, einkorn, but this
soon gave way to the more versatile and productive tetraploid
species, emmer, which was a mainstay of early agriculture in the
Near East, Europe, and South Asia. A further round of hybridization
and chromosome doubling after 70,000 8p gave rise to the
hexaploid bread and spelt wheats, which remain our major
temperate cereal crops to this day. * Triticum urartu is considered
as the most likely A-genome donor to the polyploid wheats and
precursor to einkorn (7. monococcum), but related species such as
T. thaoudar, T. boeoticum, and T. aegilopoides may have also
been involved.

male lion and a female tiger (a liger) and, much less
frequently, a male tiger and a female lion (a tigon)
have been created for somewhat less obvious pur-
poses than the mule. Unlike the situation in plants,
these hybrid animals are unable to produce fertile
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eggs or sperm and therefore do not yield any pro-
geny. For this reason, polyploidy is not believed
to be a particularly useful mechanism for the
evolution of new species in animals. Unlike most
animals, however, the vast majority of plants will
quite readily hybridize to form fully fertile new
polyploid species that contain several genomes.

The wheat group, including Triticum and Aegilops
species, is especially good at forming inter- and
intragenus hybrids that rapidly stabilize their
divergent genomes so that they behave as diploids
within a few generations.?*? So, now we can look
at how the polyploid wheats arose. The first
hybridization was of a diploid Triticum sp. (AA) and
goat grass (BB) to produce emmer wheat, which is
an allotetraploid with an AABB genome.’® The
transition from diploid to a stable tetraploid version
of wheat may have occurred as early as 500,000 years
ago.®* Tetraploid emmer wheat was probably
formed following a spontaneous hybridization event
and went on to grow as a successful new species of
wild cereal that spread throughout the Near East
long before people began to collect or cultivate its
seed. Wild emmer wheat was certainly growing pro-
fusely alongside the diploid einkorn wheat in the
Jordan Valley and in Syria more than 23,000 years
ago.3% It is likely that wild emmer would have been
made into a crude paste and eaten as a form of por-
ridge before the development of baking techniques
that made breadmaking possible® A wild
subspecies of emmer, called Triticum turgidum
dicoccoides, still exists in western Asia.

Emmer was eventually domesticated into a
cultivated subspecies known as T. turgidum
dicoccum, which is still grown as a livestock feed
in mountainous parts of Europe and the USA.
Emmer wheat was grown extensively around the
Mediterranean region and beyond, where it served
as the main source of grain for making good qual-
ity bread and pastry. As we will see in Part III,
emmer wheat and barley went on to become the
twin crop staples of the early agrourban civiliza-
tions of Mesopotamia, Egypt, and the Indus Valley.
Emmer was eventually superseded by modern
breadwheat about 2000 years ago, mainly because
the latter proved to be much easier to harvest and
thresh. Another derived subspecies of wild emmer
is durum wheat, or T. turgidum durum. Durum
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wheat is still widely grown today, especially
around the Mediterranean region and in the USA. It
is much easier to thresh than emmer, but its high
gluten content makes durum paste sticky and
unsuitable for bread making. However, this sticky
paste is ideal for making a variety of foods includ-
ing semolina, couscous (a short pasta popular in
north Africa and the Near East), and the many
versions of long pasta such as spaghetti, macaroni,
and tagliatelle. The differences in the ear and grain
structures of some domesticated wheats is shown
in Figure 6.3.

The next stage in the evolution of polyploid
wheats was the formation of modern hexaploid
breadwheat, Triticum aestivum. Although Triticum
aestivum is called ‘breadwheat’, it is of course pos-
sible to make various forms of bread from most of
the main cereal crops. Hence we have rye bread
from rye, corn bread from maize, and even a rather
tasteless ‘bread’ that can be made from rice. The
reason for calling T. aestivum ‘breadwheat’ is that it
is the source of the most highly prized form of light,
easily chewed, and readily digestible form of bread.
From their earliest cultivation until comparatively
recent times, the hexaploid breadwheats had a

(&) (B)

Spelt/

Emmer " breadwheat (#

Einkorn

special social cachet because their narrow geo-
graphic range (compared to hardier cereals such as
wheat, barley or emmer) meant that they was rela-
tively expensive and therefore often only available
to the wealthier classes. In contrast, the poorer
classes were obliged to make do with heavier and
darker mixed breads made from whatever cheaper
cereals were available.?” The new hexaploid bread-
wheat species, T. aestivum, was probably formed in
the region of Transcaucasia, as a result of several
spontaneous hybridizations between a cultivated
form of the tetraploid emmer wheat (AABB) and
one of the wild goat grasses with a DD genome.
The diploid donor of the DD genome that created
breadwheat is most probably, Aegilops tauschii.®s
This goat grass was probably the male parent,
while a cultivated variety of emmer wheat, Triticum
turgidum subsp. dicoccum, was the female parent.
The evidence for this is that the plastid genome
(which is derived from the female parent) of
all polyploid wheats appears to originate from
Aegilops speltoides. Since A. speltoides was the BB
genome donor to emmer wheat, it follows that
emmer must be the female parent of the original
hybrid that led to breadwheat, Triticum aestivum.

©

Bran
Endosperm

Figure 6.3 Structures of the major domesticated wheats. The structure of ears (A) and grains (B) of the three major historic cultivated wheats;
from left to right in each case are einkorn, emmer, and spelt/bread wheats. (C) Section through a grain of breadwheat, showing the large starchy
endosperm and the germ (kernel), which contains proteins and oils that are important for breadmaking quality.



Therefore, breadwheat has the genome, AABBDD;
in other words it contains the complete, albeit
somewhat rearranged, genomes of three original
parental diploid species. In animal terms, this is
analogous to the creation of a fully fertile hybrid
species containing the full human/gorilla/chim-
panzee genomes—which is quite a thought and
perhaps not the sort of thing to bump into on a dark
evening! The analogy illustrates the distinctly
bizarre genetics of one of our major crops, and such
genetic oddities are now turning out to be rather
common in agriculture as a whole.

In modern farming, there are numerous culti-
vated subspecies of hexaploid breadwheat, which
is the main form of commercially grown wheat.
Although one of its parental species was a culti-
vated form of emmer wheat, the hybridizations to
create breadwheat were almost certainly spontan-
eous, rather than man-made. Also, despite its
seeming improbability, successful hybridization
between a domesticated tetraploid species and
a wild diploid occurred on numerous occasions
after about 11,000 Br.>® Whenever one of these
hybridizations occurred, a slightly different form of
hexaploid wheat was formed. In one case the
hybrid was a different type of breadwheat called
spelt, Triticum aestivum subsp. spelta, which is still
grown in parts of the Mediterranean Basin. While it
seems very unlikely that early cereal farmers
contributed to the actual creation of breadwheat,
once the new plants appeared in the field, they
were soon recognized as improvements over
emmer wheat and widely adopted for cultivation.

In addition to breadwheat, several other types of
hexaploid wheat were created by spontaneous
hybridization on different occasions in various
parts of Central and western Asia. An example of
the latter is Triticum vavilovii in Armenia.’*® Modern
breadwheat was already being cultivated in
Anatolia by 9000 BP and may have been present at
Abu Hureyra in northern Syria as early as
11,000 Bp.*! Hexaploid breadwheat soon spread
across central Asia. However, as discussed above, it
took much longer for breadwheat to displace
emmer as the major wheat crop in the more conser-
vative Mediterranean/European regions. Indeed,
emmer was still the favoured wheat crop grown
by the Romans, less than 2000 years ago, and
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breadwheat did not became a major crop in Britain
until the fourth century cE.36? Today, breadwheat is
cultivated in temperate climates throughout the
world and has acquired considerable cultural
significance among European and Near Eastern
societies. From the Near East we have the Christian
New Testament saying ‘man doth not live by bread
alone’, and the prayer ‘give us this day our daily
bread’. In both examples, the word ‘bread” stands
for food in general. The continued cultural signifi-
cance of bread is apparent in the modern, albeit
slightly dated, Anglo-American slang usages where
bread and dough each mean money—that ultimate
medium of contemporary material value. As
we will see later in Chapter 8, the word for ‘rice’ is
literally synonymous with ‘food” in several Asian
languages.

Wheat adapts to cultivation

We now know that all of our current varieties of
wheat probably originate from wild diploid wheat
species similar to einkorn. As noted in Chapter 2,
wild einkorn wheat was being harvested by the
Natufians at least 23,000 Bp. The origin of
domestication of einkorn wheat is unclear. A wild
group of einkorn that may be the ancestral variety
has been traced to southeast Anatolia and it
has been suggested that all of the tetraploid
wheats may have originated in the vicinity of the
Karacadag Mountains, not far from the present
border with Syria.3®®* However, it is also possible
that there were other, now-extinct, ancestral popu-
lations with a wider range that were cultivated fur-
ther south, in the Levant.?%* Cultivated einkorn
continued to be a popular cultivated crop from
12,000 to 6000 BP, before giving way to the
cultivated form of emmer wheat by the mid-Bronze
Age. From this time onwards, breads made from
diploid einkorn were generally considered inferior
to those made from the tetraploid, emmer, or
hexaploid, spelt, wheats.3%

Einkorn cultivation continued to be popular
in isolated regions from the Bronze Age until the
early twentieth century, especially in areas where
cultivation of the polyploid wheats was more
difficult. Today, einkorn production is limited to
small, isolated regions in India and around the
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Mediterranean.®® But although they have been out
of favour as a major cultivated species of wheat for
over 6000 years, the ancient einkorn wheats may
yet stage a comeback. Intolerance of wheat gluten,
often known as celiac disease, is a troublesome
condition that rules out many wheat-based foods
in the diet of those affected.®” Einkorn flour can
often be consumed by celiac sufferers without the
troublesome side-effects of breadwheat products.
Meanwhile, studies in Canada and Europe have
also emphasized the nutritional qualities of this
ancient diploid wheat. As a result, einkorn and
other now-rare wheats, including emmer and spelt,
are currently being assessed as possible alternative
crops by breeders and nutritionists in Europe and
the USA 368

Hexaploid breadwheat has one of the largest
genomes of any crop, which at 16,000 Mb of DNA is
more than five-fold larger than the human genome.
While the size and complexity of the breadwheat
genome has greatly complicated its molecular
analysis, more progress has been made with the
smaller, tetraploid genome of emmer wheat. Recent
studies of the genetics of domestication-related
traits in emmer wheat show that there are many
genes involved in the process, but that they are
highly clustered in a few areas of the genome.?* For
example the Br trait (see below) is closely linked
with a cluster of eight additional major loci that
regulate various domestication syndrome charac-
ters. Another finding from the same study is that
most domestication traits are present in the
A genome and are therefore derived from the
einkorn-like ancestor, rather than the wild goat
grass ancestor (which donated the B genome).
Particular traits of interest were seed shattering,
seed size, flowering time, and overall grain yield.
As with rice (see below), the seed-shattering trait in
wheat is regulated by a single gene (Br) and can
therefore be readily selected against by farmers.3”
Wild-type wheats would have a functional Br gene
and would easily lose their seed. Farmers would
have tended to unconsciously select mutant plants
that kept their seeds due to the presence of a non-
functional form of the Br gene. Moreover, since the
Br gene is closely linked to eight other DNA regions
that regulate additional domestication-related
traits, selection for Br mutants would be more likely

to enable farmers to ‘accidentally’ select for
favourable variants of these other traits as well.

So, perhaps all the early farmers had to do was
select non-shattering seeded varieties (which they
would do automatically as most seeds from shat-
tering varieties would be lost before harvest) and
they would also automatically have selected eight
other useful traits ‘for free’. As we will see in sub-
sequent sections, it is precisely this kind of genetic
linkage between domestication-related traits that
appears to have been one of the key factors that
favoured the cultivation and successful domestica-
tion of most of our ancient crops. The timescale of
wheat domestication is still uncertain. According to
some studies, wild wheats may have been culti-
vated for as much as several thousand years before
farmers were able to select domesticated forms.>”!
This contrasts with other findings from wheat and
other cereals, which suggest that domestication
traits could have evolved rapidly without
conscious selection. Clearly, further studies are
required to resolve this important question in the
case of wheat.

One of the best-studied domestication-related
traits in wheat is the free-threshing phenotype.
Wild wheats and the earliest domesticants produce
a thick-hulled grain in which the starch-rich seed
is enclosed within a tough coating, or glume.
Considerable force, from pounding or milling, is
required to release the seed from the glume. Soon
after initial cultivation of emmer and einkorn
wheat, new variants (such as durum) appeared in
some regions, which had more fragile glumes
and were therefore much easier to thresh to extract
the grain. These ‘free-threshing’” wheats were rap-
idly adopted by farmers. The origin of the free-
threshing trait has yet to be full resolved, but we
know that several genes are involved and that it
possibly evolved more than once.?”? With their
higher yields and greater ease and efficiency of
harvesting, free-threshing wheats soon became the
dominant form of cereal crop wherever the climate
allowed their cultivation. By 8000 BP, emmer had
spread westwards throughout the Mediterranean
Basin and, by 6000 BP, free-threshing wheats had
reached the northern foothills of the Alps.3”® Today,
the many and varied forms of wheat continue their
evolution and manipulation by breeders, while



foods made from these crops remain for many
people the ‘staff of life’.

Barley

Barley is a much simpler crop than wheat, both
genetically and in terms of its domestication his-
tory.?”* Unlike the hexaploid breadwheat, barley is
a diploid species with 14 chromosomes. However,
the barley genome contains much more DNA
(about 5000 Mb) than other diploid cereals such as
maize (2400 Mb) or rice (430 Mb). Barley is now
regarded as being so close to its wild ancestor that
they are classified as variants of the same species.
The cultivated form is Hordeum vulgare subsp. vul-
gare and the wild form is H. vulgare subsp. sponta-
neum.3”> Unlike wheat, barley was probably
domesticated only once, in the Jordan Valley of the
Near East, and all subsequent forms of cultivated
barley may be descended from this one event.’*
Because barley is mostly self-pollinating, it is rela-
tively easy to fix new genetic variants into discrete
breeding lines and there are hundreds of modern
varieties and thousands of land races of the crop
known today.3”” Domesticated forms of barley tend
to have shorter stems, larger grains, and more
robust structures to hold the grains on the ear of the
plant. The latter ‘brittle rachis” (Bt) trait means that
cultivated barley does not shed its seed as readily
as the wild form.

The rachis holds the grains onto the stalk of
cereal plant and in wild plants it normally becomes
brittle as the ears mature. This allows the grains to
readily break off from the plant, to fall into the soil
or be otherwise dispersed. This trait made it diffi-
cult for people to harvest grain from wild cereals
such as barley. Even if early farmers or cereal gath-
erers found intact ears of barley still on their stalks,
once they attempted to harvest the grain, the brittle
rachis trait could cause the ears to shatter and the
grains to be lost. Repeated harvesting by cutting
plants at the base of the stalk (this would have been
done with flint-bladed sickles) would select for bar-
ley variants with tougher, non-brittle rachises, as
has been demonstrated in field experiments with
wild barley.?’® The brittle rachis trait in barley is
controlled by the Bt locus, consisting of two tightly
linked genes on chromosome 3.5”° The likelihood of
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a prefarming plant gatherer/manager unknow-
ingly selecting this desirable character, simply by
collecting wild barley over an area of about 200 ha,
is surprisingly high.3¥° Assuming a fairly conserva-
tive mutation rate of one per million plants, the
non-brittle rachis form would become the domin-
ant cultivated form of wild barley within as little as
20 years of human management.3!

Wild barley holds its grains in two parallel rows
on the ears, while many (but not all) domesticated
forms have six rows (Figure 6.4). In general six-row
barley has a higher overall grain and protein yield,
although the two-row forms have larger individual
grains and are more resistant to lodging.®? Two-
row barleys are still grown today for the brewing
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Figure 6.4 Wild and domesticated forms of barley. (A) Wild
barley is a smaller plant with fewer ears and smaller grains that are
readily shed from the mother plant. (B) Domesticated barley has
more numerous, larger grains that tend to be retained on the plant
until harvest. (C) Early forms of barley had two rows of grains but,
a few millennia after its first domestication, a mutant with six rows
of grains (D) was found by Mesopotamian farmers. This higher-
yielding, six-row form of barley was particularly amenable to
cultivation under intensive irrigation systems and became the staple
foodstuff of Mesopotamian and Egyptian civilizations for many
thousands of years.
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industry, where they produce the best single-grain
malts. The difference between two-row and six-row
barley is controlled by just two genes, Vrs1 and
Int-c, of which Vrs1 is the most important. The iden-
tity of the Vrs1 gene, which lies on chromosome 2,
is still unknown but, as with so many other domes-
tication-related genes, it seems to have many other
effects (i.e. the gene is pleiotropic), that are useful
for the cultivation of barley in addition to just regu-
lating row number.3®® Another striking mutation,
in another gene called Mlo, occurred after domesti-
cation, resulting in a new type of barley that was
resistant to one of the major pathogens that can
afflict the plant, the fungus powdery mildew or
Blumeria graminis spp. hordei.® The Mlo mutation
results in a defect in gene expression, which, for
reasons as yet unknown, enables the barley plant to
become resistant to all known forms of this
normally virulent fungus.3®® Powdery mildew is
still a widespread disease of other crops, and
particularly favours the relatively damp and cool
conditions in which some forms of barley also
thrive. We now know that this spontaneous muta-
tion only occurred once and that most modern
barley varieties are therefore descended from a
single mutant plant. It is quite possible that, were it
not for this fortuitous spontaneous mutation, and
its equally lucky recognition by an especially obser-
vant early cereal farmer, we would not be growing
barley as a crop today.

Barley was the principal cereal crop throughout
the Near East in prehistoric times and was a major
dietary staple of the early Mesopotamian and
Egyptian civilizations. Wild barley was being col-
lected and ground to produce flour in the Levant
(at Ohalo near the Sea of Galilee) by semisedentary
cultures as long ago as 23,000 Br. At this stage,
barley was the principal cereal being used by these
people, although wild emmer wheat was also
found at the same site. Later finds in the same
region show that wild barley continued to be col-
lected and used for food production, in places such
as Ohalo (19,000 Bp),*¢ Abu Hureyra (11,000 Bp),%”
and Mureybit (10,000 Bp).3% The discovery of
non-brittle, larger-grained barley at various
Levantine and Mesopotamian sites dating from
11,000-10,000 Bp is evidence of the spread of domes-
ticated forms of the crop, although the two forms

probably overlapped as the newer varieties were
slowly disseminated throughout the region.’ As
we will see in Chapter 10, intensively farmed barley
monocultures were the principal sustenance of
ancient southern Mesopotamian civilizations for
several thousand years.

For many millennia, wild barley was harvested
from mixed cereal stands with wild wheats and
other grasses. As domesticated varieties of barley
were adopted in the millennia after 11,000 BP, the
crop was still commonly grown alongside the
domesticated wheats, einkorn and emmer. In some
regions, however, barley gradually decreased in
importance as a staple crop, as the new forms of
wheat started to provide better yields and superior
grain, especially for breadmaking. Nevertheless,
barley regularly made a comeback in preference to
wheat during several episodes of climatic- and
anthropogenic-related salinity and aridity that
afflicted much of Mesopotamian agriculture
(especially in the south) after 6500 Bp (Chapter 10).
While emmer was the preferred crop where climate
and soil conditions permitted, there were many
episodes of drought and/or soil salinity when bar-
ley was the only worthwhile, staple crop to culti-
vate. Indeed, barley can still thrive today in
conditions that are too cold even for that other
hardy stalwart, rye. By the Classical era, barley was
generally regarded as fit only for the poor and ani-
mals. Eventually the crop was largely relegated to
marginal areas, including the extremities of north-
west Europe, or was grown as animal feed—
especially for horses. Barley is still grown in many
temperate climates today, but is mainly used for
livestock feed or beer making, rather than as an
edible grain crop for human consumption.

Rye and oats

Rye and oats are relatively minor temperate cereal
crops in comparison with wheat and barley. Until
recently, it was thought that rye and oats were
merely weeds of the major cereal crops that did not
evolve domesticated forms until many millennia
after the start of wheat and barley cultivation.?®
During the 1990s, this notion was challenged in
the case of rye by the surprising discovery from
the Syrian village of Abu Hureyra of seemingly



domesticated, large-seeded forms of rye, dating
from as early as 12,000 Bp (Chapter 3).

Rye

Cultivated rye, Secale cereale, is a Near Eastern plant
that probably arose from its wild relative, Secale
montanum.®' The other two members of the genus
Secale, S. iranicum and S. sylvestre, are relatively
distant relatives of the crop species and probably
not involved in its domestication. All four Secale
species are diploids with 14 chromosomes. Rye is
related to the diploid wheats as shown by the close
similarity of their respective genomes. Although
rye and diploid wheats have the same number of
chromosomes, rye has a much larger genome size
due to the massive amplification of repetitive DNA
regions. Like other cereals, rye is anemophilous, or
wind pollinated. In contrast, many dicotyledonous
crops, such as the brassicas, are entomophilous, or
insect pollinated. Unusually for a grain crop, rye
plants are incapable of self-pollination and there-
fore an important factor in determining the
ultimate grain yield is the efficiency of wind
pollination during flowering. As with barley and
wheat, the brittle rachis trait in rye, which is
controlled by a single gene, is a key attribute for a
domestication-friendly plant.?*? The first putative
rye domesticants from Abu Hureyra had larger
seeds than typical existing wild varieties and the
non-shattering trait also quickly became fixed in
cultivated populations of the plant (Figure 3.2).3°
Wild rye still grows today in dense stands on
Mount Ararat and on the Karacadag slopes of
present-day Turkey.3%

Much less is known about rye genetics and the
mechanism of domestication compared with the
other major cereal crops.>® This is largely due to
the fact that, while rye may have been one of the
earliest domesticants, it never became established
as an important human dietary staple and therefore
has not received as much attention in the scientific
literature. Although it was one of the earliest crop
domesticants, rye was never as productive as
wheat or barley; the quality of its flour was
markedly inferior for breadmaking; and the dark,
heavy bread eventually became associated with
lower social status wherever alternative types of
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breadmaking cereals were available. Rye was
quickly supplanted by wheat and barley as the pre-
ferred cereal crops in the Near East during the
Neolithic period. As we saw in the case of early
cereal cultivation at Abu Hureyra (Chapter 3), rye
soon became superseded by barley and emmer
wheat as the favoured crops due to their combin-
ation of better yields and superior flour quality. Rye
grains contain about 13% protein, plus some gluten,
although not as much as wheat, so it produces
heavier, less satisfying bread.

Despite these drawbacks, rye has always man-
aged to maintain a foothold as part of temperate-
zone farming. Several millennia after it was
domesticated and then largely abandoned, the crop
staged something of a resurgence, as agriculture
spread to the cooler climates of northern and east-
ern Europe. Here, the cold hardiness and drought
tolerance of rye, which outperforms many other
cereals in this regard, made it a useful and resilient
crop. During the Hallstatt period of 3200-2500 Bp,
rye became established in such regions, where it
was better adapted to the relatively poor, light soils
and the harsher winters. Rye bread soon became a
popular staple, surviving today in the numerous
dark breads of Central Europe. Some of the endur-
ing prejudice against rye bread is summed up in the
name ‘pumpernickel’. This name comes from the
German ‘pumpern’, meaning to break wind and
‘nickel’, which refers to the devil or ‘Old Nick” in
English. So, to put it crudely, pumpernickel means
‘devil’s fart’; a name that is doubtless connected
with one of the digestive consequences of eating
unrefined, high-fibre food. This may also explain at
least one of the attractions of wheat-based white
breads over the darker rye breads. More recently,
there has been a rebirth of interest in rye as an alter-
native to wheat, due to its high fibre and other
nutritional benefits (e.g. for diabetics), and rye is
increasingly being promoted as a health food.>%

Oats

Oats are members of a large group of related
species that, as with the wheats (see above), has yet
to be classified in a universally agreed manner.
Various authors have divided the genus, Avena,
into anything from seven to 30 different species,*”
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according to morphological®® or interfertility®” cri-
teria. Wild Avena species can be diploid, tetraploid,
or hexaploid, containing respectively 14, 28, or 42
chromosomes, and are nearly all located around the
Mediterranean Basin and Near East. Cultivated
oats are all members of the hexaploid species,
Avena sativa, with the exception of some localized
cultivation of the tetraploid A. abyssinica in parts of
Ethiopia.’® The three diploid genomes present in
A. sativa are termed A, C, and D, with the D genome
possibly derived via autopolyploidization of the
A genome, rather than hybridization with a differ-
ent species.?! The original diploid donor of
the A genome was probably A. canariensis. The
tetraploid species that provided the combined A+C
genomes was probably either A. murphyi or A. insu-
laris. 22 Although cultivated hexaploid oats have
been separated into as many as three species by
some authors, with additional species said to be the
wild progenitors of cultivated oats, more recent
evidence suggests that all of these forms of oat
can be regarded as comprising a single species
complex, namely A. sativa.*®

Oats were domesticated much later than the
other temperate cereal crops of Near Eastern origin.
It is likely that the grains of wild oats were collected
alongside wheat, barley, and rye by Palaeolithic
and Neolithic hunter—gatherers, as all of these cer-
eals grew together in mixed stands across wide
areas of the Near East. However, the other cereals
then became favoured over oats as potential crops,
because they had larger and heavier seeds and
were less prone to dormancy than wild oats.
During the later Neolithic period, oats were mainly
present as weedy admixtures in the cultivated cer-
eals, while barley and wheat were the major crops
that gradually spread from the Near East across
Europe towards the Atlantic coast between 9000 BP
and 3000 Bp. As this process continued, the cooler
and moister conditions of northwest Europe some-
times favoured oats over the other cereals. Oats
gradually made the transition from minor weed to
valued domesticated crop, and they were being
cultivated as a single crop in Germany by about
4000 Bp.

As with wheat and barley, the major domestica-
tion-related traits in oats involved a breakdown of
the original method of seed dispersal. Wild and

weedy oats readily shed seed immediately after
maturation, with the seeds tending to insert into the
ground via specialized drill-like structures. In
contrast, cultivated oats tend to retain their grain-
bearing organs on the plant after maturation, where
they are more readily available for harvesting.®** It
is likely that these mutations became more
favoured by European farmers as oats began to out-
perform the more established cereal crops in cooler
and damper regions or climatic periods. In the
warmer, drier Mediterranean climate, the ancient
Greeks and Romans still considered oats to be
weeds and used the grains to prepare medications
rather than for food. The vigour of weedy varieties
of oats was noted by Pliny, who, like Theophrastus
several centuries beforehand, regarded them with a
prejudicial contempt as a diseased variety of wheat,
fit only for animals and barbarians.*®> Oats grew
well along the Atlantic littoral and, following their
introduction into Britain by the Romans, they soon
became a staple cereal in the damp and misty
climates along the Celtic Fringe of Europe, where
they are still consumed with enthusiasm today, for
example as a porridge.*” Oats were spread across
the temperate regions of the world by European
colonists after the sixteenth century cE and had
reached Australia and the Americas well before
they were eventually adopted for cultivation as a
stand-alone crop in their original homeland of the
Near East.

Millets

Millet is a catchall term that applies to any one of a
diverse group of small-seeded cereal plants of the
subfamily Panicoideae, which is part of the grass
family, or Poaceae (Figure 6.5). Although the vari-
ous millets are not closely related genetically, they
are similar in their agronomic characteristics and
uses. In order of current worldwide production, the
major millet crops are pearl millet (Pennisetum glau-
cum), foxtail millet (Setaria italica), broomcorn or
proso millet (Panicum miliaceum), and finger millet
(Eleusine coracana).*” There are at least six add-
itional crops that are classified as millets, but these
are not grown on an extensive scale.i®® All the
millets are warm-weather crops that are sensitive to
late frosts, but many of them are also efficient users
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Figure 6.5 The millet group of crops. Millets are not a single family of cereal, but a diverse range of very different panicoid species that have
been independently domesticated in Europe, Asia, and Africa. There are four major millet crop staples: (A) pearl millet, (B) foxtail millet, (C)

broomcorn or proso millet, (D) finger millet.

of water and are therefore commonly grown in
more arid regions where other cereals such as
wheat will not thrive. Compared to the other major
cereal crops, the genetics and evolutionary origins
of the millets have been relatively little studied, but
it is believed that pearl and finger millets arose in
Africa while foxtail and broomcorn millets are of
Chinese origin.

Pearl millet is a diploid plant with 14 chromo-
somes; it belongs to a highly heterogeneous group
that includes both wild and cultivated forms. At
one time these were divided into 15 separate
species, but more recently have been designated as
the single species, Pennisetum glaucum, in view of
their mutual sexual compatibility.4?® Cultivated
varieties probably originate from north Africa
and/or tropical west Africa where they may have
been grown since about 8000 Br.*® Key domestica-
tion traits in the newly cultivated varieties of pearl
millet were the retention of the grain-bearing struc-
tures on the plant, that is a non-shattering character,
and the partial exposure of the grains rather than
their enclosure in a hard coating.

Cultivated forms of finger millet are allote-
traploids, with 36 chromosomes, that arose from

hybridization between two wild diploid species,
Eleusine indica and Eleusine floccifolia.*!! Tetraploid
finger millet is largely confined to eastern and
southern Africa and the cultivated varieties prob-
ably arose in north Africa and/or Uganda around
or before 4000 Br. By 3000 Bp, finger millet had
arrived in India where it differentiated into numer-
ous, distinct local varieties, many of which are still
grown today.41?

Foxtail millet is a diploid with 18 chromosomes
that probably arose from a closely related wild
species, Setaria viridis, which is distributed across
the whole of Eurasia. Indeed, the wild and culti-
vated plants can probably be regarded as two forms
of the same species. Foxtail millet has generally
been regarded as a crop of Chinese origin, due to
the resemblance between cultivated and local wild
populations from eastern Asia. The crop was
always known to be of early origin but there is
recent evidence of cultivation in northern China as
long ago as 10,500 BP or even earlier, which would
place this millet alongside other ancient cereal
crops such as wheat, rye, and barley.*!® Foxtail
millet was also cultivated in Neolithic Europe and
it now appears that the European cultivars most
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resemble local wild millets, and hence may have
been domesticated independently of the Chinese
varieties. If this finding is confirmed, foxtail millet
would be one of the very few indigenous European
domesticants, and perhaps the only cereal crop to
enjoy this status.*

Broomcorn millet is a tetraploid plant with 36
chromosomes. The cultivated form is of unknown
origin, although closely related wild populations of
the same species are native to central China.
Domesticated varieties of broomcorn millet prob-
ably date back to at least 10,000 BP in northern
China, and were first grown in southern Europe
about 3000 p.41>

Millets produce small starchy grains that can be
processed to make a nutritious flour, which is
almost as rich in protein as wheat. The flour is espe-
cially rich in B vitamins, such as niacin, B6, and
folic acid, as well in as the minerals calcium, iron,
magnesium, potassium, and zinc. Millets were
sometimes grown alongside wheat, for example in
parts of northern China, and the two cereal flours
can be combined to make a form of leavened bread,
although millets alone can only be used to make flat
breads. Millet crops are still grown as subsistence
staples in some parts of Africa and Asia, but
elsewhere tend to be used as feed or forage crops,
rather than for human consumption.

Rice

The Asian rice plant has the smallest genome of any
of the major crops. At about 430 Mb, the rice
genome is one-fortieth the size of the wheat
genome. Despite this small genome size, Asian rice
has 24 chromosomes, which suggests that it may be
an ancient polyploid species that now behaves as a
diploid.*’® And although its genome is also seven
times smaller than the human genome, rice plants
probably have more than twice as many genes as
people.#l” Thanks to its small size, the rice genome
was one of the early model plants for molecular
geneticists, and in December 2004 it became the
first crop plant genome to be fully sequenced.*!®
These data are already shedding much light
on genomic architecture, some of which may be
applicable to the wider field of crop genetics.
However, despite knowing the sequences of the

45,000 to 56,000 genes of rice, only half of these
genes have been assigned even tentative roles, and
we still only know definitely the function of a
paltry 100 rice genes.*’? The full analysis of such
vast amounts of genomic data and its extrapolation
to the behaviour of complex traits in crops will
probably take many more decades.

The taxonomy of rice is complicated because,
while all cultivated Asian rice is from the same
species, Oryza sativa, this species had already
differentiated into three separate and rather
distinctive races long before its domestication.
The more northerly race is japonica, which is a
short-grained form that is well adapted to warm-
temperate climates. The two more southerly races,
indica and javanica, are longer-grained and are bet-
ter suited to damp, tropical climates. Despite being
members of the same species, indica and japonica
rice cannot interbreed with each other and forced
hybrids are sterile.*?® Perversely, all races of Oryza
sativa are able to interbreed with a separate species,
Oryza rufipogon, a perennial wild plant, which is
now known to be its wild progenitor.** Oryza sativa
and its close wild relative Oryza nivara may have
begun to diverge from their common ancestor as
long as 15 million years ago. Some forms of Oryza
sativa were then able to migrate from the Asian
mainland, which at that time was joined to
Australia and New Guinea. Once this land bridge
was inundated, the now-isolated Australian types
of wild rice followed a different evolutionary path
to the mainland varieties and none of them were
ever domesticated.

Meanwhile, the south Asian and Chinese forms,
which were the ancestors of what are commonly
referred to today as indica and japonica (or sinica)
rice, began to diverge from each other between one
and two million years ago.*”? Subsequent genetic
divergence of the two races of rice in different
parts of the Asian mainland was facilitated by the
increasingly impassable geographical barrier of
the Himalayas. Prior to this period, the proto-
Himalayas would have been a far less formidable
barrier than they are today. During the summer, the
range would have regularly been traversed by
animals, some of which may have carried the small
rice seeds in their fur. It seems that the two races
of rice were domesticated independently of one



another some time after 15,000 Br. As discussed
further in Chapter 8, the domestication of rice was
facilitated by the clustering of a number of key
genes in a few regions of the genome. One interest-
ing discovery here is that these clustered genes may
be linked by a common pattern of hormonal regu-
lation. Therefore, simply by changing the activity of
one of the master-regulator hormonal genes, early
rice farmers may have also been able to modulate
the expression of many additional domestication-
related genes.*?

As with wheat, the most important trait separat-
ing wild rice from domesticated forms is seed shed-
ding. When rice cultivation started, farmers would
have selected plants that produced seed at the same
time (synchronous seed setting) and retained their
seed on the parent plant (non-shedding seed).
Fortuitously for the early rice farmers, seed shed-
ding is the simplest domestication-related trait in
rice in terms of its genetic regulation.®?* In 2006, the
most important mutation that led to non-shedding
seed in rice was traced to a gene, called sh4, on
chromosome 4.%2% In the mutant plants, a single
DNA base change, from thymine to guanine, had
led to an amino acid change, from lysine to
asparagine, in the corresponding sh4 protein, lead-
ing to an inactivation of the normal process of seed
abscission that occurs in wild rice. The simple
genetic control of this trait means that it can be
altered relatively easily (and not necessarily delib-
erately) by selecting variants in a wild population
or by using hybrids.** Early Asian farmers experi-
menting with a range of different potential crops
would have found the new non-shattering rice
much easier to harvest and would therefore have
tended to focus on this species in preference to the
other edible-seeded plants that may also have been
candidates for cultivation as crops.

African rice, Oryza glaberrima, is a separate but
closely related diploid species, also containing 24
chromosomes, domesticated in west Africa. From
its centre of origin in the swampy basins of the
Upper Niger Delta about 3500 8P, African rice grad-
ually spread across other parts of tropical Africa,
where it was an important staple crop until the
last century.*”” Two secondary centres of origin
have also been traced to the Guinea coast.*?® African
rice is especially prized for its hardiness and it is
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particularly resistant to many diseases, to drought,
and to attack by pests. It has a nuttier flavour and is
reportedly a more filling foodstuff than Asian rice.
Despite these advantages, African rice has largely
fallen out of favour over recent decades. This is
principally because Asian rice has higher yields, is
easier to harvest, and produces a grain that is less
conducive to shattering. The cooked version of
Asian rice is also lighter and more appealing than
its relatively heavy African counterpart. The main
agronomic downside of Asian rice grown in Africa
is that it matures later and is much more suscep-
tible than native rice to drought and pests.*?
Further development of African rice has been
hampered by the dearth of knowledge about its
genetics and breeding, compared to Asian rice.
Attempts are now underway to produce a hybrid
between the two rice species that combines the best
attributes of both parents. Initial trials of the new
rice hybrid, called ‘nerica” (New Rice for Africa),
have been encouraging.*®

There are several wild plants, for example in
North America and Australia, that are also called
rice, but these species are not closely related either
Asian to African rice. For example, in North
America there are three species of wild rice, all of
which are members of the genus Zizania. These
wild rices are distributed from the St Lawrence
River to Central Texas. Some of the North American
rice-like wild plants were collected in the past by
Amerindians for their edible grains, but they were
never domesticated and did not became such
important dietary staples as Asian and African
rices. A related north Asian species is Manchurian
wild rice, Zizania latifolia, was gathered from wild
stands in ancient China, where it was initially the
preferred form of edible rice. Modern analysis
shows that this wild rice is both more nutritious
and tastier than the cultivated Asian rice. However,
despite many centuries of effort by Chinese farm-
ers, it proved to be impossible to domesticate plants
from the Zizania genus. As population density
increased in the early centuries BCE, the habitats
where Z. latifolia grew were gradually converted to
support cultivation of higher yielding, but less
tasty, domesticated rice.

The story of Manchurian wild rice demonstrates
the importance of the genetic makeup of a plant in
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determining whether it either flourishes or fails
in human-dominated environments. None of the
original wild Zizania species have the genomic
architecture that would have favoured their domes-
tication. Hence, in contrast to crops such as barley
and maize where key mutations enabled domesti-
cation within a few decades of cultivation, these
wild rices remained recalcitrant even after many
centuries of repeated attempts at selection by
ancient farmers. Eventually, and despite its supe-
rior taste and nutritional qualities, Manchurian
wild rice was reluctantly abandoned by these
Chinese farmers in favour of a nutritionally infe-
rior, but more genetically amenable and prolific
plant, Oryza sativa. Nowadays, Zizania latifolia has
almost disappeared as a wild plant in China, while
its mediocre rival has achieved global ubiquity as
the most important dietary staple of humankind.!

Maize
A complex genome

Maize is a diploid plant with 20 chromosomes and,
as with rice, its high chromosome number implies
an ancient polyploid ancestry. Conclusive evidence
for the polyploid origin of maize has now come
from DNA sequence data.**? It is likely that two
closely related diploid species, each with ten
chromosomes, diverged from each other about
20 million years ago and were then reunited by
hybridization to form an allotetraploid plant with
20 chromosomes that was the ancestor of present
day maize. However, the large size of the today’s
maize genome is not due to its ancient polyploid
status. Recent studies suggest that allotetraploid
maize may have subsequently lost at least 50% of
its duplicated genes over the past five million years
so that maize now behaves like a true diploid
plant.*®® As with many other crop species, the maize
genome contains as much as double the number of
genes in the human genome.*** Although maize has
about the same amount of DNA directly involved
in the encoding of proteins as does rice, the maize
genome, at 2400 Mb, is about six-fold larger than
that of rice.

So where does all this extra DNA in the maize
genome come from? It seems that the main reason

for the large amount of DNA in present day
maize is an immense proliferation of non-coding
sequences, due to the amplification of retrotrans-
posons and similar elements, many of possible viral
origin. This proliferation of non-coding DNA
probably started about six million years ago and
continues to this day.*® One unusual feature of the
maize genome is its highly active complement of
several types of transposons.?*® These stretches of
DNA are often called ‘jumping genes’ because they
are able to move from one part of the genome
to another, sometimes from one chromosome to
another. The movement of transposons can lead to
mutations and changes in gene expression and
they therefore contribute to genetic variability.
Transposons are responsible for the highly varied
colours of the seeds on the cobs of many traditional
maize cultivars.

Evolution from teosinte

The adult maize plant looks very different from its
wild ancestor, teosinte (Figure 6.6). This contrasts
with the various forms of wheat, barley, or rice,
all of which are still relatively similar in appearance
to their respective wild ancestors. It is only in
the past decade or so that the close similarity
between maize and teosinte has been conclusively
established at the genetic level, to the extent that
they are now classified as members of the same
species, Zea mays.*> Despite their apparent lack of
phenotypic similarity, the differences between
maize and teosinte have been traced to just five
regions of the genome. In two cases, single genes
were responsible for these huge changes in plant
morphology.

The first and perhaps the best known of these key
domestication genes is the teosinte branched (tb1)
gene that is responsible for the multibranched,
small-cob phenotype of teosinte. The tb1 gene
encodes a transcription factor (DNA-binding)
protein that is in turn responsible for the regulation
of a set of genes involved in several processes,
including the formation of lateral branches.
Domesticated maize contains a variant of the tb1
gene in which its regulation is altered so as to
increase the extent of apical dominance, hence
producing tall, single-stemmed plants rather than
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Figure 6.6 Evolution of teosinte into maize. (A) Differences between maize (left) and teosinte (right); note that maize is less branched and has
far larger cobs than its wild ancestor. (B) Teosinte ear (left), modern maize ear (right), and their F, hybrid (centre). (C) Teosinte ear (left) and
‘reconstructed small, primitive maize ear (right). This small-eared form of maize was bred by George Beadle by crossing teosinte with Argentine
popcorn maize and selecting the smallest progeny to reconstruct a primitive, small-eared maize that would resemble the earliest maize samples
recovered from sites in the Tehuacan Valley in Mexico. It took over 3000 years for this small-ear form of maize to develop into the familiar large-
cob form that became the staple food crop of Mesoamerican civilizations, from the Maya to the Aztecs. (B) and (C) courtesy of John Doebley,

University of Wisconsin, USA.

the short, highly-branched forms characteristic of
undomesticated maize and teosinte.*3® In maize,
this gene has mutated to an inactive form, resulting
in a suppression of the normally prolific branching
of the main stem, so that the plant now has just a
single main stem and much larger cobs. The change
wrought by the mutation of this single gene is visu-
ally quite dramatic in terms of the overall plant
architecture, but more importantly it also results in
a plant that produces an increased food yield due to
the larger size of its seed cobs.*¥

The second of these agronomically important
genetic alterations in maize is due to a mutation in
the gene, called tga, which controls the formation of
a hard seed case around the seed kernels. The tga
gene stands for teosinte glume architecture and it
played a vital role in the domestication of maize.*4
In teosinte, a particularly hard external casing
makes the grains very difficult to digest, so most of
them pass through the stomach and out in the
faeces. From the point of view of the wild teosinte
plant, this is a good strategy to promote grain
dispersal via animal vectors that might be duped
into eating the seeds. But it is very bad news indeed
for hungry humans who wish to derive nutritional

benefit from the plant. Before the mutation of
this gene, the original teosinte seed would have
been virtually inedible unless it was vigorously
and repeatedly milled. If this version of teosinte
was ever gathered or cultivated by ancient
Mesoamericans, it was probably used for its sweet
stalks, rather than the virtually indigestible
seeds.*! In maize plants, the mutated version of the
tga gene no longer functions to produce a seed coat,
so that the kernels are now bare on the cob and
hence much easier for humans to digest.

The change to a naked, exposed kernel may, at
first sight, seem disadvantageous for the maize
plant because its seeds will now be completely
digested by people (and other animals) who eat
them, rather than being disseminated via their
droppings. In fact, however, this mutation has
resulted in a much improved dispersal mechanism
for the seeds. Rather than relying upon the vagaries
of the digestive systems of the odd passing animal,
maize could now exploit the far more effective
propagation skills of its human partners in this
particular domestication dyad. The original human
guardians of the newly mutated maize plants
would have carefully saved some of the best seed
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for replanting in the most favoured locations, and
then protected their bountiful new food source as
it grew to maturity. As we will see in Chapter 8, this
interaction was reinforced by the evolution of a
religiocultural tradition that ascribed a specially
protected, mystical status to the maize plant in
its new domestic context (wheat, barley, rice, etc.
were also treated thus in other societies). We can
therefore more usefully regard the process of
maize-human interactions as a mutually beneficial
coevolutionary relationship between two biological
species, rather than a series of anthropocentric
domestication events (Box 2.3).

Some other important domestication-related
genes in maize include ramosa-1 and ramosa-2, both
of which affect inflorescence architecture;**? sul,
which affects the texture of the commonest form of
maize bread, the tortilla;*® and pbf, which regulates
the accumulation of seed storage proteins.** It is
likely that the initial domestication-related selec-
tions, that resulted in the evolution of maize from
a teosinte-like ancestor and the subsequent cultiva-
tion of the new crop, involved a small number of
these key genes. However, selection of these genes
would have also led to selection of many other
genes that were physically linked with the original
domestication-related genes. Furthermore, during
the subsequent millennia of increasingly wide-
spread cultivation, many other domestication-
related genes of lesser importance would also have
been selected. It is now estimated that at least
one thousand of the 40,000-odd genes in the maize
genome have been affected in some way by the
domestication process.*> The maize varieties
cultivated by early Mesoamerican farmers were
probably hybridized, either deliberately or spontan-
eously in the field, with wild teosinte. This would
explain the presence of as much as 77% of the
genetic diversity of teosinte in the genome of culti-
vated maize.*¢ As with the other cereals surveyed
in this chapter, cultivation-suitable maize varieties
of wild teosinte developed into a true crop via a
small number of chance mutations. The initial
domestication of maize occurred relatively quickly,
thanks to an unusual clustering of domestication-
trait genes and the careful selection of such mutants
by human societies that were searching for better
food production strategies.

Sorghum

Sorghum is an important tropical and subtropical
cereal crop. Members of the Sorghum genus all grow
as cane-like grasses ranging in height from 50 cm to
6 metres. Numerous members of the genus are dis-
tributed throughout Africa and Asia of which three
are of particular interest.*” The cultivated crop is
Sorghum bicolor, an allotetraploid with 20 chromo-
somes (Figure 6.7).448 A closely related species is
Sorghum halepense, better known as Johnson grass,
which is currently one of the most aggressive and
persistent weeds in the world. Ironically, it now
appears that Johnson grass has recently evolved
from the crop species, Sorghum bicolor, following a
further round of allopolyploidization to produce
an octoploid plant with 40 chromosomes. This is
interesting in showing how a species can adapt in
different ways to human disturbance of ecosys-
tems. In the first instance, Sorghum bicolor, devel-
oped the normal set of domestication traits that
facilitated its selection and propagation by farmers
to be a major crop across Africa and Asia. In the
second case, the same species hybridized with a
related wild species to produce a new form of

(A)

Figure 6.7 Sorghum: an important African cereal crop. Wild (A) and
cultivated sorghum (B), Sorghum bicolor. The notoriously invasive
weedy species Johnson grass, or Sorghum halepense, is a hybrid of
domesticated sorghum and a wild relative.



hyperactive weed. The third species of interest in
this genus is S. propinquum, another allotetraploid
with 20 chromosomes that is found throughout
Asia and is the likely second parent of Johnson
grass.*

The latent weediness of domesticated forms of
sorghum is seen whenever any of its five modern
races are grown under cultivation. Within a short
time, a weedy race is invariably found in the vicin-
ity of the crop, with which it freely hybridizes.*>
This is unusual for a domesticated crop because
most of them make very poor weeds indeed,
rapidly becoming extinct outside cultivated ecosys-
tems. Cultivated forms of S. bicolor are probably
derived from wild forms of the same species that
were selected for non-shattering seed heads, large
seeds, ease of threshing, and synchronous matur-
ation. Molecular genetic analysis shows the by-now
expected pattern seen in other cereals whereby
many key domestication traits are most regulated
by a small number of genes that are often
physically linked to each other.®! The site(s) and
date(s) of sorghum domestication have yet to be
conclusively demonstrated. Some of the oldest
archaeological remains are from India, but there
are strong cases for other, and perhaps earlier,
domestications in several parts of Africa, including
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the Sahara, Ethiopia, and Central Africa.*>? The
distance between these putative centres makes
it likely that sorghum was domesticated independ-
ently on several occasions some time earlier than
3000 Bp.

According to a recent review, one of the primary
centres of origin may have been a 1000-km belt
between latitudes 10° and 15° north, running
through modern Ethiopia, Sudan, and Chad.*33 It is
hypothesized that the major bicolor race of
sorghum was domesticated in this region as early
as 5000 Bp, followed by its dissemination to the
Indus Valley within a few centuries. Some authors
favour an earlier date for sorghum domestication,
possibly as early as 8000 Bp,*3* but others suggest
dates around 3000 Bp.#% The Indus Valley may have
served as a secondary centre of origin, from which
the durra race of sorghum was spread to the Near
East by about 4000 Br. Other smaller and later
centres of origin may include Guinea and Zambia.
The latest consensus is that sorghum is probably a
crop of African origin, and that its introduction into
regions such as China and India occurred well after
4000 Bp, although this conclusion may be subject to
change as the pace of archaeobotanical research and
discovery continues to accelerate in both Africa and
Asia (see Chapters 11 and 12).



CHAPTER 7

The domestication of
non-cereal crops

Al the povere peple tho pescoddes fetten;
Benes and baken apples thei broghte in hir lappes,
Chibolles and chervelles and ripe chiries manye,
And profrede Piers this present to plese with Hunger.
William Langland, c. 1380, Piers Ploughman,
Passus 6

Introduction

Although cereals are by far the most important
crops in most parts of the world, farmers rarely
choose to grow cereals alone. In the long term, a
broader portfolio of crop species is desirable both
for nutritional reasons and to hedge one’s bets
against the caprices of climate, disease, and pests.
From the earliest days of plant cultivation in the
Near East, the Indus and Nile Valleys, China, and
Mesoamerica, the important cereal staples were nor-
mally supplemented by various types of pulse
crops, which are invaluable dietary sources of essen-
tial amino acids that are deficient in most cereal
crops. Other cultures grew root crops, such as pota-
toes and yams, for many centuries before adopting
cereals as additional staples. The reasons for the
selection of these and other ancient crops were
broadly similar to those that governed the selection
of the cereal species that we surveyed in the previ-
ous chapter. In particular, it will become apparent
that although the non-cereal crops constitute an
extremely heterogeneous group of plants, they
share many of the same genetic attributes that facil-
itated cultivation of the major cereal domesticants.

Pulses

Pulses are annual legumes cultivated for their
seeds, and accompany cereals as major crop staples
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in most regions of grain agriculture. They include
many different types of beans, lentils, and peas.
Other legumes, such as peanut or soybean that are
used for oil extraction and cover crops such as
alfalfa or clover, are not normally regarded as
pulses. Evidence from the Near East suggests that
certain pulses were adopted as crops at about the
same time as the earliest cereal domesticants,
barley, wheat, and rye. Prior to this, wild pulses,
including pea, lentil, chickpea (Cicer arietinum),
bitter-vetch (Vicia ervilia), and grass pea (Lathyrus
sativus) had formed part of the assemblage of infor-
mally managed plant resources that were exploited
by hunter gatherers in this region. In the Americas,
several types of beans were also eventually domes-
ticated, but not until several millennia after the
initial domestications of maize, squash, and pota-
toes.#5¢ Pulse crops are useful to farmers because
of their ability to restore soil fertility by fixing
atmospheric nitrogen to complex nitrates. This
characteristic, coupled with their high protein
levels, means that pulses are an ideal complement,
both nutritionally and agronomically, to the higher
yielding but relatively protein-deficient and nitrate-
requiring starchy cereals.

Lentils

The lentil genus, Lens, includes seven diploid
species, each of which has 14 chromosomes. The
commonly cultivated form is Lens culinaris. The wild
progenitor of L. culinaris is L. orientalis and the two
species still readily interbreed. L. culinaris sometimes
hybridizes with more distantly related members of
the genus, but such crosses frequently involve
embryo abortion, albino seedlings, and chromos-
omal rearrangements resulting in hybrid sterility,



even if the seedlings reach maturity.*” The wild pro-
genitor, L. orientalis, is morphologically similar to the
crop species, apart from being much smaller. The
rich diversity of chromosomal types in the wild
species compared to the cultivated lentil suggests
that this crop was only domesticated once.?%® A
major physiological difference between wild and
cultivated lentil species is that wild plants bear pods
that burst open to release their seeds immediately
after maturation. Domesticated lentils retain their
seeds for some time after maturation and this trait of
non-dehiscence is due to a single mutation that
would have been soon observed and exploited by
early farmers. Other changes that occurred after
domestication include larger seed size, and the
development of a more robust stem that is able to
grow unsupported in open fields; this contrasts with
the trailing, vine-like trait of wild lentils. These
characters are under relatively simple genetic con-
trol and their readily observable phenotypes would
have facilitated selection by Neolithic farmers.

Wild lentils are found in the earliest preagricul-
tural grain assemblages in the Near East, and
can probably be considered as one of the ‘founder
crops’, along with barley, emmer, and einkorn
wheats. For example lentil seeds dating from
11,500 BP were found, together with wild cereals, in
prefarming sites ranging from Mureybit on the
Euphrates in northern Syria to Netiv Hagdud in
the Jordan Valley.*® The domestication of lentils
involved two stages, loss of seed dormancy and
development of non-shattering seed pods, each
governed by a single mutation.*® Loss of dor-
mancy, probably occurred between 11,000 and
9000 BP in the core habitat of the wild progenitor,
L. orientalis, namely the region now occupied by
southeastern Turkey and northern Syria.*! These
non-dormant varieties rapidly spread south to the
Jordan valley and it was here that the second stage
of domestication, non-shattering pods, had already
occurred by 8800 Bp, as attested by the huge hoard
of fully domesticated seeds of L. culinaris at
Yiftah'el, near Nazareth.%2 By 8000 8p, lentils were
present throughout the Near East, from Anatolia to
the Levant and from Mesopotamia to Central Iran,
and carbonized lentil grains are invariably found
together with cultivated wheat and barley.4%?
Lentils then appear to have travelled as part of a
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cereal-dominated suite of crops that spread to
southeast Europe and predynastic Egypt by 6000 to
5000 Br, and eastwards to Afghanistan and the
Indian subcontinent by 4000 to 3000 Bp.*** The
grains of cultivated lentils are especially rich in
protein, which at 25% of the seed weight makes it
the most protein-rich crop after soybean. Although
their grain yields are only about one-third of most
cereal crops, lentils can usefully complement the
starchy cereals to provide a balanced diet.® In
particular, lentils would have substituted for
animal protein in early farming cultures as oppor-
tunities for hunting became more limited.4%

Peas

Peas are members of a small genus with just two
members, the common pea, Pisum sativum, and a
wild species, Pisum fulvum. Both species are self-
pollinating diploids with 14 chromosomes, origin-
ating in the Near East and Mediterranean Basin.
The domesticated pea is particularly celebrated by
geneticists due to its use by the Austrian monk,
Gregor Mendel, for his pioneering series of experi-
ments that established the principles of heredity in
the mid-nineteenth century.*” Wild forms of
P. sativum still occur in the Near East and eastern
Mediterranean, where they have either bushy or
vine-like growth habits. As with lentils, the major
domestication trait in pea is seed retention within
the mature pod, a trait that was the consequence of
a single mutation around the time of early cultiva-
tion. Two additional key traits were a gradual
increase in seed size from 3—4 mm to 6-8 mm and
the reduction of the thick texture and rough surface
of the seed coat. The doubling of seed size occurred
over several millennia because, unlike many other
domestication traits, seed size in peas is a complex
character regulated by many genes. Presumably,
farmers preferentially selected any slightly larger
seeds for propagation, and the predominantly self-
pollinating nature of peas assisted the fixation of
the new variant in subsequent populations. Their
smoother and thinner seed coat improved the
edibility of peas as well as enabling the seeds to
germinate immediately without a period of dor-
mancy, hence ensuring a good crop stand in which
the plants matured at the same time.
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Wild peas with the closest genetic similarity to
domesticated varieties are found from eastern
Anatolia to the southern Levant, and this region
can be regarded as the most likely centre of origin
for peas.*®® Pea seeds have about 22% protein, plus
a useful amount of starch, and the crop is well
adapted to a range of climates, from the warm
Mediterranean to the cooler maritime regions of
north-west Europe. This ecological versatility
favoured the widespread adoption of peas as a pro-
teinaceous staple by European farmers, often in
preference to lentils, which have a more restricted
climatic range. Pea seeds dated to about 9500 BP
were found at Cayonii in the Taurus foothills, but
these were rough-textured forms that had probably
been gathered from wild stands.*®® The earliest
remains of peas in a definitive farming context are
found at a slightly later period than lentils, at about
8500 Bp at Cayonii and then at Tell Aswad in the
Damascus Basin,*”® and Jericho in the Jordan
Valley.*”! However, rough-textured forms were
still being gathered in places such as Hacilar in
south-west Anatolia as late as 7400 BP,*”2 indicating
that pea cultivation may have spread more slowly,
at least in some regions, than that of the major
cereals. Smooth-coated, domesticated peas were
present in Greece by 7500 5P*® and had reached the
Linearbandkeramik cultures of the lower Rhine
Valley by 6400 to 6000 Br.*”* As with lentils, peas
took longer to spread to eastern Asia, but had
reached Afghanistan and the Indian subcontinent
by 4000 to 3000 Bp.47

Beans

Several types of bean crop have been domesticated
in various regions of the world. The broad bean,
Vicia faba, originated from the Near East, while the
common bean, Phaseolus vulgaris, is indigenous to
the Americas. Broad beans are diploid plants with
12 chromosomes, and are unusual among crop
species in not being self-pollinated.*’® One of the
problems in trying to produce genetically fixed
varieties from such crops is that enforced self-
pollination often leads to the phenomenon of
inbreeding depression, and a consequent loss of
yield. Wild varieties of Vicia faba, such as minor,
have readily shattering pods and smaller seeds

than modern domesticants. It is likely that seed
retention was an early trait favoured by cultivation,
but seed size remained relatively small until
Roman times. The broad bean is regarded as a close
relative of a group of large-seeded wild vetches,
also in the genus Vicia, that are distributed across
the Near East and Mediterranean. The exact ances-
tor of the crop species is as yet unknown: one of the
problems being that the wild vetches have a very
different genomic organization to the crop species,
with 14 chromosomes rather than the 12 in Vicia
faba. Geneticists continue to hunt for the as-yet
elusive 12-chromosomed wild ancestor, although
this plant may now be very rare or even extinct.
Broad beans are relative newcomers compared to
peas and lentils, and were not cultivated as crops
until about 4500 Bp. Broad bean cultivation was
centred on the Mediterranean, from Iberia to the
Aegean,’”” rather than the Fertile Crescent of
the Near East like the other Old World pulses (see
above).

The common bean, Phaseolus vulgaris, is a mor-
phologically diverse species that includes pinto
beans, kidney beans, black beans, haricot (white)
beans, and numerous green beans. The large genus,
Phaseolus, contains some 50 wild species, and also
contains four other domesticated species, namely
lima bean, Phaseolus lunatus; runner bean, P. coc-
cineus; tepary bean, P. acutifolius; and year bean,
P. polyanthus. All are diploid species, mostly with
22 chromosomes. The common bean has one of the
smallest genome sizes in the legume family, at
625 Mb. After pea, the common bean has been one
of the most important plants for plant geneticists
and it was used by Mendel to confirm the genetic
data that he obtained from his experiments with
peas. Although most wild Phaseolus species now
occur in Mesoamerica, genetic evidence suggests
that the wild progenitor of P. vulgaris came from the
eastern flanks of the northern Andes, in present-
day Ecuador and northern Peru.#’® Common beans
appear to have been domesticated several times,
with one major centre in Mexico and another in the
Andes, plus some additional minor centres.*””

As with the other pulses, the major domestica-
tion traits of common beans are pod dehiscence,
seed dormancy, and growth habit. Other desirable
traits selected by farmers are seed size and colour,



and synchronous flowering (due to photoperiod
sensitivity). Molecular genetic analysis shows that
each of these apparently complex domestication
traits in common beans is regulated by no more
than one to four genes.*®® Wild beans have been
found dating from 10,900 to 8500 BP in the lower
levels of the Guila Naquitz cave site in southern
Mexico (Oaxaca), where the remains suggest that
the plants had been gathered for their tender shoots
and pods.*¥! Genetic data imply that wild P. vulgaris
populations near Guadalajara, in the west-central
Mexican state of Jalisco, are the progenitors of
domesticated cultivars in Mexico.*82 However,
there is a considerable spatial and temporal gap
before the first directly dated common beans
appear in Mesoamerica. The earliest findings date
from only 2300 BP and come from Coxcatlan in the
Tehuacan Valley, more than 700 km southeast of
Guadalajara.®® It is likely that there was an earlier,
unrelated domestication of another type of P. vul-
garis in the Peruvian Andes at about 4400 Bp.48
However, compared to most Old World crops, very
little is known about the origin or spread of
Phaseolus crops in South America, although they
were amongst the primary staples in the region by
the time Europeans arrived. As we will see in the
next chapter, Phaseolus beans went on to form part
of the trinity of crops (with maize and squash),
known as the milpa system, that were grown
together by the ancient Mesoamericans to provide
an ideal agronomic and nutritional mixture for
sustainable agriculture.

Potatoes and other Solanaceae
Potatoes

Potatoes are one of those crops that, like wheat,
have an infuriatingly complex genetic endowment.
Although their basic diploid chromosome number
is 24, there are many closely related variants of the
potato, with 36, 48, and even 60 chromosomes.
There is a group of about 20 wild solanaceous
species, known as the Solanum brevicaule complex,
which morphologically resembles cultivated pota-
toes. Many of these lesser-known members of the
potato family are still grown by local farmers in
montane regions of South America. The most
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commonly cultivated form of potato, and the one
that has now been adopted worldwide as a staple
crop, is Solanum tuberosum subsp. tuberosum, which
is an autopolyploid with 48 chromosomes. At least
four different diploid Solanum species have been
implicated in the formation of S. tuberosum and
there seem to have been repeated hybridization and
chromosome multiplication events during the evo-
lution of this crop.*® Despite its large chromosome
number and complex origins, the genome of
S. tuberosum has the relatively modest size of about
840 Mb. The complexity of present-day potato
genetics has been ascribed, in part, to multiple
instances of domestication in different regions of
the Andes. However, recent genetic studies have
challenged this notion, and have led instead to a
proposal that cultivated potatoes may have had a
single origin, and hence were domesticated only
once. 486

Potatoes are quite unlike the other major crops
that we have surveyed so far, in that they are grown
for their starch-rich roots and only rarely propa-
gated from seed. The edible part of the potato,
selected by early Andean farmers, is a modified
starchy root, called a tuber. This means that aspir-
ing potato farmers would have been interested in
very different genetic traits compared to grain
farmers. For example traits such as seed shattering,
synchronous flowering, or grain size would have
been irrelevant. Instead, the most important traits
would have centred on the potato tuber itself.
Because the tubers of wild potatoes normally
contain bitter-tasting and potentially toxic alkal-
oids, the primary trait of interest to farmers would
have been low alkaloid content. One wonders how
many hundreds, or possibly thousands, of people
were poisoned by toxic wild potatoes before a
chance mutation resulted in a low-alkaloid variety
that would have been edible.*¥” Because wild tubers
tend to be very small compared to domesticated
varieties, another important trait would have been
tuber size. This latter trait would have been a lot
easier, not to mention rather less dangerous, for the
early farmers to select.

Potatoes rarely set fertile seed and normally
propagate vegetatively rather than undergoing
sexual reproduction. This means that all of the
vegetatively propagated progeny from a particular
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plant will be clones that are genetically identical to
each other and to the original parent plant. The first
stage in the domestication of potatoes was probably
the selection and propagation of a clonal line that
had a low alkaloid content.*®® The cultivation of
genetically identical clones makes for a uniform
and predictable crop, but also carries the risk of
susceptibility to new pests and diseases. This risk is
minimized in the Andean centre of domestication,
where potatoes have grown wild for millions of
years, have been cultivated for over 13 millennia,
and have therefore been able to build up resistance
to local pests and diseases.*®® But when potatoes
were taken overseas, they encountered new
pathogens against which they had little or no
resistance. This means that if a single potato is
attacked by new disease or pest, to which it does
not have any resistance, then the entire crop, and
perhaps an entire country, is at risk.

Potatoes were brought into Europe by the
Spanish in 1537, in the form of the Andean clonal
variety, S. tuberosum subsp. andigena. However, the
plant was not well received and for several cen-
turies potatoes were regarded by many ignorant
and conservative folk as being ruinous of the soil
and unfit for human consumption.*? In fact, pota-
toes are exceptionally high yielding in most
European soils, achieving as much as 50 tonnes/ha,
and are also one of the most nutrient-rich vegetable
crops. Quite apart from their very high amounts of
complex starchy carbohydrates, potatoes are rich in
vitamins B, and C, as well as folate, niacin, protein,
iodine, and many other minerals.*! Gradually, the
Andean potato became more accepted by farmers
and by the nineteenth century it was an important
crop in northern Europe. Unfortunately, this variety
proved to be unsuitable for cultivation in Europe
because of its sensitivity to fungal pathogens and
consequent catastrophic crop losses.

It was this Andean potato variety that suffered a
series of infestations by the oomycete mould,
Phytophthora infestans, throughout Europe during
the mid-nineteenth century.*? Because it had
become the sole staple crop of most of the relatively
impoverished rural population of many parts of
Ireland, the failure of the potato harvest for several
years in succession caused a ruinous famine.*® As a
result of this disaster, the Andean variety was

largely abandoned in favour of a more resistant
variety from Chile. Most of the cultivated potatoes
grown today in Europe and North America are
based on a single clone of S. fuberosum subsp.
tuberosum that was introduced from Chile soon
after the potato blight. This means that potatoes are
still, genetically speaking, a dangerously uniform
crop. Fortunately, however, the Chilean lines seem
to be relatively resistant to fungal pathogens—at
least so far.

Other solanaceous crops

In addition to potatoes, other important solan-
aceous crops include: tomatoes, Lycopersicon escu-
lentum; eggplant or aubergine, Solanum melongena;
and peppers (e.g. chilli, bell, and jalapefio),
Capsicum annuum. These are all fruit, rather than
grain or tuber, crops and therefore have different
domestication-related traits. Instead of traits such
as pod shattering, would-be farmers would have
focused on fruit size and taste, as well as harvesta-
bility traits such as the absence of thorns on the
main plant or the fruit case. Most solanaceous
species have the same basic diploid chromosome
number of 24. Genetic studies with eggplant
suggest that many of the solanaceous crops have
similar genomic distributions of key traits that
regulate the dramatic phenotypic differences in
fruit weight, prickliness, shape, and colour that
distinguish cultivated plants from their wild rela-
tives.** In these studies, 62 domestication traits
were localized to only six genetic loci with major
regulatory effects. In the case of tomatoes, although
there are as many as 30 traits that regulate fruit size
and shape, a single locus, called fw2.2, accounts for
as much as one-third of variation in fruit weight.#%
Almost half of these major loci in the eggplant
genome had counterparts in either the potato,
pepper, and/or tomato genomes. The data are
consistent with a similar mode of genetically-
driven domestication (with humans as the selection
agents) in these otherwise unrelated crops that
were independently brought into cultivation on
different continents, by different human cultures,
and at very different times in the past.

The wild form of a tomato fruit is a small
(1-2 g), round, seed-dense berry that is ideal for



reproduction and dispersal in the wild. The
combination of favourable genetics and human
intervention enabled the conversion of these
tiny berries into the vast range of large-sized
(50-1000 g), fleshy, seed-poor domesticated fruits
that can be round, oblate, pear-shaped, or torpedo-
shaped. Naturally, the new cultivated forms are
very poorly adapted for seed dispersal in the wild
and now rely instead on humans for propagation.
Wild forms of eggplant, which originated in east
Asia, are unpleasantly prickly, and have small, bit-
ter-tasting fruits.**® Domestication resulted in much
larger, palatable fruits with fewer, softer prickles.*”
Eggplant was domesticated at an unknown period
in the region encompassed by modern China, India,
and Thailand and did not reach western Asia,
Europe, and Africa until post-Roman times.**8
There are four domesticated species of pepper
within the Capsicum genus, but Capsicum annuum is
by far the most important crop.*® All four culti-
vated Capsicum species originate from South
America but the location of their domestication has
yet to be determined conclusively. Until recently,
the consensus was that wild C. annuum spread to
Mesoamerica, which was an important centre of
diversity for the species, as well as its most prob-
able first site of domestication, possibly as early as
9000 Bp.5% However, recent data suggest very early
cultivation of three domesticated Capsicum species
in the Peruvian Andes, where they were already
being grown alongside maize and potatoes by
4000 Bp during the preceramic period at sites such as
Waynuna.5!

Evidence of the location and chronology of
domestication of these fruit crops is more difficult
to acquire than for grain crops because, unlike
grains, the relatively soft fleshy fruits are hardly
ever preserved for posterity. Therefore we can only
infer their domestication route via indirect methods
such as human cultural records. For example tex-
tiles, language, and written texts have each shed
light on the possible domestication of tomatoes.
Tomatoes originated in the Andean region of South
America, where all of their wild relatives are still
located, but cultural data point to a Mesoamerican
centre of domestication. Pre-Columbian cultures
in the Andes region often decorated textiles
with depictions of their most important crops,
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but tomatoes are absent.’®2 On the other hand,
ancient Mesoamerican peoples knew of tomatoes,
which they called ‘tomati’ or ‘xitomatl’5 And,
whereas Peruvian texts do not mention the crop,
Mesoamerican writings include tomatoes in recipes
for dishes that include what we now know as salsa.
Finally, recent genetic studies indicate that the
accessions of L. esculentum var. cerasiforme, that
were imported to Europe in the sixteenth century,
had already reached an advanced stage of cultiva-
tion in Mexico. No genetically similar variety to
cerasiforme has been found in South America, which
strengthens the case for tomato domestication
being restricted to Mesoamerica. However, we still
do not know when, how many times, and in how
many places the crop was domesticated within this
relatively large botanically and culturally diverse
region.

Brassicas

The brassica crops are of particular interest to the
geneticist and plant breeder alike. Members of this
genus probably originated in the Mediterranean—
Near East region, where many of their wild relatives
still flourish today. There are dozens of varieties of
brassicas that are grown as vegetable crops all over
the world. Brassica vegetables are especially popu-
lar in the Far East, for example in China and Korea,
where the leafy kales are greatly prized. In Western
countries, mutated forms of a single species
(Brassica oleracea) have given rise to such common-
place vegetables as broccoli, cabbage, and Brussels
sprouts (Figure 5.1). However, in terms of economic
value, the most important cultivated species today
is Brassica napus, or oilseed rape (known as canola in
North America and Australia), which is the second
most important, global oilseed crop. Geneticists are
particularly interested in the Brassica genus because
it is closely related to the model species used for
much of the research into modern plant genetics,
namely Arabidopsis thaliana. In 2001, amid great
international fanfare, the completion of the sequen-
cing of the Arabidopsis genome was announced.>
Even before this news, we had already started to
realize that the Arabidopsis research could tell us a
lot about brassica genetics and hence inform our
efforts to improve these crops.’®
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The multiple genomes of the brassicas

The genetic history of the brassicas turns out to be
just as convoluted as that of the wheat and potato
families, which we have just considered. The
original breakthrough that provided the most
important insight into brassica genetics occurred
over 70 years ago. Back in 1935, a Japanese geneticist
called Naga-hara U (sic) proposed that the major
brassica crops are all derived from three diploid
species, namely Brassica rapa, B. oleracea, and
B. nigra. These brassicas respectively contain 10, 9,
and 8 chromosomes.’ U then proposed that these
diploid species had spontaneously hybridized with
each other in three different combinations to create
three additional allotetraploid species, namely
B. napus (19 chromosomes), B. juncea (18 chromo-
somes), and B. carinata (17 chromosomes). This
genetic model of the brassicas, known as U’s trian-
gle, is depicted in Figure 7.1. U’s triangle has
allowed brassica breeders to recreate new versions
of the allotetraploid crops, by constructing new

B.nigra
n=8
BB
B.carinata B.juncea
n=17 n=18
BBCC AABB
B.oleracea B.napus B.rapa

Figure 7.1 The Triangle of U’, showing genomic relationships
between Brassica species. The ‘Triangle of U’, named after Japanese
geneticist, Naga-hara U, is an important insight into the origin and
genetics of crops in the Brassica genus. The major Brassica crops are
derived from genetically complex polyploid species. For example the
commercially important vegetable oil crop, oilseed rape (B. napus),
which has an AACC genome, is a hybrid of cabbage (B. oleracea, CC
genome) and tumnip (B. rapa, AA genome). Likewise, Ethiopian
mustard (B. carinata, BBCC genome) and Indian mustard (B. juncea,
AABB genome) are also hybrids of pseudodiploid Brassicas.

n = haploid chromosome number.

hybrids from their diploid parental species via arti-
ficial genetic crosses. In the case of a resynthesized
oilseed rape, for example, this would mean the cre-
ation of a new hybrid by combining B. rapa with B.
oleracea. This approach has allowed breeders to
bring in useful genes for traits, such as disease
resistance, from the wild populations of the diploid
brassica species and to transfer them, via the newly
created or ‘resynthesized” hybrids, into the
genomes of the crop species.?”

During the 1990s, a combination of research on
Arabidopsis and brassica genetics revealed an unex-
pected additional complexity in this genetic saga. It
seems that each of the genomes of what we had
considered as the three basic ‘diploid’ brassica
species might in fact contain three partially,
rearranged copies of a much older genome that was
extremely similar to that of Arabidopsis.>*® These
three ancient genomes have become reshuffled over
the past 10 to 20 million years, but are still evident
within the so-called “diploid’ brassicas of today. In
other words, the ‘diploid” brassica are, in reality,
derived from ancient hexaploid plants. This in turn
means that the ‘tetraploid’ brassicas, such as
oilseed rape, are actually dodecaploids with no
fewer than 12 residual genomes lurking within
their DNA. This was bizarre enough, but the
genetics of the brassicas then became even more
convoluted with the discovery that Arabidopsis
thaliana itself is almost certainly an ancient
tetraploid.” So now the ‘diploid” brassicas have
become dodecaploids and the ‘tetraploid” brassicas
have become 24-ploids!>'

The precise nature of the events that created this
remarkable genetic architecture in the brassicas
species is not yet clear, but things might have
unfolded something along the following lines (see
also Figure 7.2). At some time, over 40 million years
ago, there was a small plant of the mustard family
(Brassicaceae) with a tiny genome of about 60 Mb.
About 38 million years ago, this little diploid, cress-
like plant either spontaneously doubled all of its
chromosomes or hybridized with a close relative to
create a new tetraploid cress plant with a double-
sized genome of 120 Mb.>"! The modern species
of thale cress, Arabidopsis thaliana, is the direct
descendant of this plant and still has a similarly
sized genome of just over 100 Mb, although it now
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present
40 million | Arabidopsis diploid precursor (60 Mb) | true diploid
I
1st hybridization or autopolyploidy
38 million | Ancestor of present-day Arabidopsis (120 Mb) | “tetraploid”
2nd hybridization or autopolyploidy
20 million | 1st Brassica precursor (220 Mb) | ‘octoploid’
3rd hybridization or autopolyploidy
| 2nd Brassica precursor (440 Mb) | ‘dodecaploid’
genome growth
and speciation
5 million v
Modern ‘diploid” Brassicas (500-600 Mb) | dodecaploid’
4 million e.g. cabbage, mustard
|
4th hybridization
2000 v
Modern ‘tetraploid” Brassicas (1200 Mb) , .
TOoDAY Y e.g. oilseed rape 24-ploid

Figure 7.2 Evolution of the Brassica genomes. Present-day brassica crops are products of a complex evolutionary process that may have
involved up to four successive rounds of hybridization to produce ever more complex polyploid species. According to modermn genomic studies, the
most important Brassica crop, oilseed rape, may contain the partially rearranged remains of as many as 24 ancestral genomes. This means that,
external appearances notwithstanding, the genome of oilseed rape might contain ten-fold more genes than the human genome.

behaves like a conventional diploid species. About
20 million years ago, some of the tetraploid
Arabidopsis-like cress plants formed new polyploid
hybrids that contained first two ‘tetraploid’
genomes and then three ‘tetraploid” genomes of 250
to 400 Mb. By 5 million years ago, one of the new
hybrids with three ‘tetraploid’ genomes became a
successful new species that was the progenitor of
today’s ‘diploid” brassicas. Its genome, which had
now grown to about 500 to 600 Mb, rearranged
itself from being a relatively unstable hexaploid
into a more stable pseudodiploid configuration.
As we saw above in the case of the polyploid
wheats, this sort of functional diploidization can
start immediately after the initial hybridization
event that produced the new polyploid. Brassicas
appear to have an analogous mechanism that
often, although not invariably, ensured a rapid

diploidization of the genome of a new allopoly-
ploid hybrid.>*?

About four million years ago, the ancestral bras-
sica species diverged into several closely related
species, including our familiar ‘diploid” brassica
crops, such as B. rapa, B. oleracea, and B. nigra,>'® all
of which still have genomes of 500 to 600 Mb.5!4 The
final chapter in this genetic saga happened much
more recently, and probably occurred well after
people had begun to cultivate the ‘diploid” bras-
sicas as crops. Some of the ‘diploid’ brassicas
formed yet another series of interspecific hybrids
between themselves to create the ‘tetraploid” bras-
sica crops, including oilseed rape, which may have
arisen as recently as 2000 years ago. The genome of
oilseed rape is about 1200 Mb and still contains the
fully intact and essentially unrearranged genomes
of its two recent parental species. This remarkable



104 CROPS AND GENETICS: 90 MILLION YEARS OF PLANT EVOLUTION

plant has therefore undergone at least four rounds
of hybridization and polyploidization over the past
20 million years and its genome has grown 20-fold.
Unlike most of the cereal crops that we have
already looked at, however, brassica genomes do
not contain massive amounts of repetitive DNA.
Hence the brassica genomes are relatively large, not
due to the presence of ‘extra’ non-coding DNA of
exogenous origin, but rather because they contain a
lot more genes. It is largely due to their complex
multiple-polyploid origins that the brassicas are
such a diverse and useful group of crops.’'®

A uniquely versatile group of crops

One benefit of having so many additional genes is
that the brassicas are capable of a huge amount of
metabolic flexibility. They use this ability to synthe-
size a vast range of secondary compounds, which
mainly serve to deter or poison the many would-be
pathogens and herbivores that would otherwise
damage or even destroy the plants. As well as
deterrents and toxins of many hues, brassicas also
produce volatile chemicals that attract beneficial
insects that help to rid them of their pests. For
example, the cabbage white caterpillar, Pieris brassi-
cae, is a serious pest of brassicas that has become
adapted to the normal deterrents and toxins pro-
duced by the leaves, so the plants are rendered
defenceless against attack. Some brassicas have
responded to the threat posed by this noxious
caterpillar pest by releasing volatile chemicals that
attract tiny parasitic chalcid or braconid female
wasps. Once they reach the brassica plant, the
wasps quickly locate any caterpillars that might be
present, paralyse them, and proceed to lay dozens
of eggs inside their bodies. This leads to the even-
tual, and not very pleasant, death of the caterpillars
as they are consumed from within, while still very
much alive, by dozens of minute but voracious
wasp larvae.>®

Probably the most characteristic secondary com-
pounds made by brassicas are the glucosinolates.
Glucosinolates are toxic to many pest species of
brassica crops, and a few forms can also cause
goitre and other problems in animals and
humans.’” However, the edible brassicas, and
especially the vegetable varieties, contain other,

more desirable types of glucosinolates that
cause the slightly sharp taste that is common to all
brassicas from broccoli to Brussels sprouts.
Glucosinolates are also the main flavour ingredient
of mustard, Sinapis alba, which is a close relative of
the Brassica genus. The characteristic sharp flavours
of brassica vegetables may not be to everybody’s
taste, but the compounds causing them are respon-
sible for some of the most important, positive nutri-
tional qualities of these oft-maligned vegetables.>8
According to medieval folklore, some brassicas,
especially broccoli, are efficacious in warding off
various diseases including various forms of cancer.
Recent laboratory studies have confirmed the anti-
carcinogenic activity of broccoli glucosinolates in
cultured human cells. There is now a great deal of
interest in breeding new varieties of broccoli and
other brassicas that contain higher levels of these
potentially health-enhancing compounds.’'

The first cultivated brassica crops were probably
varieties of B. rapa, or turnip, that were grown for
their seed oil about 4000 Br.5° B. rapa was domesti-
cated repeatedly from wild populations that
occurred across Eurasia, from the Mediterranean to
India. It is likely that turnips first came to the
attention of early cereal farmers as commonly
encountered weeds in fields of wheat and barley.
The leafy vegetable kales of B. oleracea were prob-
ably the second brassica species to be cultivated
and there are written accounts from ancient Greek
sources, such as Theophrastus, that record them
from at least 2500 Br.5*! Kales were also a popular
crop in ancient China and elsewhere in the Far East.
Oilseed rape, B. napus, may not have been brought
into widespread cultivation until well after the end
of the Roman Empire. We know that all the brassica
crops were widely grown in western Europe during
the medieval period, either as edible vegetables or
as forage for animals. In some cases, the crops were
also grown for their oil-rich seed. Oilseed rape in
particular was used as a source of oil, although this
was mostly used as a fuel for lighting rather than
for its present uses for margarine and cooking or
salad oils.

Although oilseed rape is now a major crop, its
relatively recent provenance as a domesticant is
evident from its many persistent wild, or ‘weedy’,
traits. For example it still tends to lose its seeds



before harvest due to premature pod shattering.5??

Despite several much effort by breeders, this pod-
shattering trait has proved remarkable difficult to
control.>? It seems that, unlike in the majority of
older crops, the pod shattering/seed retention trait
in the brassicas behaves as a more complex, multi-
genic character that will require several mutations
to alter to a more human-friendly configuration.
Another unusual feature of some brassica crops is
that they can readily escape from farmed areas to
survive as free-living plants. For example, in the
UK, feral rape now grows on riverbanks, roadside
verges, and field margins, often located many kilo-
metres from its cultivation site. The persistence of

THE DOMESTICATION OF NON-CEREAL CROPS 105

such wild traits means that much work remains to
be done by geneticists and breeders before they will
be able to domesticate oilseed rape to the same
extent as more established crops such as wheat,
rice, or maize. As we saw in Chapter 4, radish
is a similarly ‘weedy’ crop that can interbreed
with wild relatives to produce invasive new
hybrid species. Radish is of Near Eastern origin
and was probably domesticated in the eastern
Mediterranean some time after 8000 Bp, with evi-
dence of cultivation by 4780 s in Egypt, reaching
China by 2500 Br.5?* Despite this long history as a
crop, however, radish is still only semidomesticated
in comparison with the likes of wheat or peas.
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PART Il

People and plants in prehistoric
times: ten millennia of climatic
and social change

Civilization exists by geological consent, subject to change without notice
Will Durant (1885-1981) attributed
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CHAPTER 8

People and the emergence of crops

Our fathers planted gardens long ago
Whose fruits we reap with joy today;
Their labour constitutes a debt we owe
Which to our heirs we must repay;

For all crops sown in any land

Are destined for a future man.

Nizami Ganjavi (1141-1204) Azeri Persian Poet>®

Introduction

In Parts I and II, we examined the human, environ-
mental, and genetic contexts of agricultural devel-
opment during the late Palaeolithic and early
Neolithic Eras. In the following five chapters of Part
I, we will focus on the consequences of agriculture
for the people involved, whether as individuals or
societies. We will begin with an overview of the
various crop domestication processes in the areas of
origin of the major crops. This will be followed in
Chapter 9 by a review of the biological conse-
quences of farming for people, which were often far
from benign. Chapters 10 to 12 will then relate the
fascinating story of how different forms of agricul-
ture led to the evolution of some quite distinctive
societies in various parts of the world. As we will
see, the eventual fates of these civilizations
depended on complex interactions between social,
environmental, and biological factors—one of the
latter being the nature of the major crop(s) being
cultivated by each society. In this first chapter of
Part III, we will survey how human societies
interacted with their protocrops as the latter were
first brought into informal cultivation and then
more fully domesticated into true crops in various
parts of the world.

During these processes, there was no sudden,
global agricultural revolution. Rather, there were
numerous, gradual, localized processes whereby
certain wild plants were increasingly managed by

one or more human cultures. For each crop, domes-
tication occurred independently, often on different
continents. In some cases, a crop might be domesti-
cated at several different times in widely separated
localities. Hence, common beans were domesti-
cated at least twice, two millennia apart, first in
Mexico and then in Peru. Rice was probably
domesticated many times in several regions of
Asia. As far as we can tell, some of the domestica-
tion processes may have been linked to varying
degrees with sudden climate change, such as the
Younger Dryas. However, in all cases of crop culti-
vation, the process was also triggered by a series
of other factors, possibly including sedentism,
cultural developments within societies, population
increases, and technological advances.’® The rela-
tive importance of these factors varied from place
to place and from crop to crop, but one of the most
important factors in, and indeed the prerequisite
for, successful domestication was the genetic
constitution of the plants themselves.

Emergence of cereal crops in
the Near East

During and immediately after the Younger Dryas,
there was a very gradual transition to domesticated
cereals at Natufian sites in the greater Levantine
region. Wild-type seeds of cereals, and other
smaller-grained, starchy grasses, continued to be
used, albeit in gradually diminishing quantities, for
a further 2500 years before there was a more or less
complete dependence on the new cultivated forms
of the large-grained cereals (Figure 8.1B).5?” This
may have been due to the spread of cultivated
family plots of cereals from several small, localized
centres of origin to a much wider range of sites in
the southwest Asia. There would also have been a
gradual diffusion in the use of better-performing
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seeds as people compared their cereal plots with
those of their neighbours. They would have noticed
differences in factors such as plant vigour, grain
size, ease of harvesting, processing performance
and, possibly, the taste of the resulting foodstuffs.
The important insight that like (normally) gives rise
to like applies as much to plants as it does to
animals and people, would have led early farmers
to preferentially propagate seeds from better per-
forming plots. The custodians of the best plots
might even have bartered their superior grain for
goods, services, or future favours, hence becoming
the first seed merchants.

Such activities would have greatly accelerated
the dissemination of crop variants that had
favourable characteristics, as defined by the newly
emerging groups of empirical farmer—breeders.
Whereas wild cereals normally rely on the vagaries
of wind pollination or seed dispersal to colonize
new areas, the newly favoured domesticated vari-
eties had a much faster and more efficient dispersal
mechanism, that is human beings. Dispersal was no
longer limited by normal ecological mechanisms
and the new seeds were eventually transported
across mountain ranges, continents, and oceans,
until their habitat frequently encompassed the
entire globe. One of the factors that led to the dis-
persal of cereals, such as wheat, across the world is
that most humans find it easy to digest and assimi-
late nutrients from wheat products. In contrast,
liquid milk still cannot be tolerated by most adults
around the world. Hence, the use of liquid milk as
a dietary staple is pretty much restricted to those
populations (such as northern Europeans and some
African pastoralists) that carry lactose-tolerance
mutations (see Chapter 9).

Even after the cultivation of cereals led to the
favouring of new agronomically adapted varieties,
the original wild-type cereal populations persisted
in many regions and some of them still survive to
this day.°?® In many cases, wild cereals will grow in
the immediately vicinity of a related crop. If the
crop is an outbreeder, this can result in cross fertil-
ization, which would have been a double-edged
sword for early farmers. On the one hand, the wild
cereals may have been useful repositories of valu-
able traits such as disease resistance. But, inter-
breeding of the crop with neighbouring wild

species could also dilute the effect of agronomically
useful traits, such as large grain size or synchron-
ous development and seed set. This may have
caused early farmers to weed out wild cereals from
the vicinity of their crops, creating a genetic barrier
between them. Gradually, the differences between
the cultivated cereals and the wild forms became
more and more marked until they reached a point
where we can truly speak about ‘domesticated’
plant varieties that sometimes developed into separ-
ate species from their wild progenitors. It should be
repeated, however, that throughout this early
period of agricultural evolution, it is not necessary
to invoke any conscious attempt at breeding desir-
able traits on the part of the first farmers. The very
practice of clearing, sowing, weeding, harvesting,
and storing grain would have provided the condi-
tions that favoured the evolution of what we now
know as ‘domesticated’ varieties of each type of
cereal and even the evolution of new species
(Figure 8.1).

The lack of a conscious human effort to breed
improved cereal varieties does not mean that early
farmers failed to recognize and exploit superior
varieties emerging from their fields. Clearly, they
were observant and experienced cultivators who
would have been quick to capitalize on any oppor-
tunity to augment their staple food supply.
Gradually, this new knowledge about cultivation,
and the improved seeds themselves, would have
been disseminated from multiple sites within the
greater Levantine region.” It is likely that different
cereals were cultivated at different sites, depending
on the local soil conditions, climate, and pre-existing
knowledge of the human population. For example,
as discussed in Chapter 3, the Abu Hureyra people
were somewhat unusual in their initial reliance on
rye. The more southern Natufians and other groups
focussed more on wheat and barley, but different
types of wheat tended to be used in different areas.
Hence, emmer was the main crop at Aswad, while
einkorn was preferred at Mureybit.** The dissemi-
nation of cereal agriculture is therefore not like a
simple recipe. Rather, it involves a complex set of
options involving numerous crops and varieties
that could potentially be grown in a wide variety of
climatic zones from the Arctic Circle to the Sahara.
This was the unique power of the temperate
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Figure 8.1 Emergence of domesticated wheats in the Near East.
Domesticated forms of wheat gradually emerged over several
millennia as human activities such as gathering and cultivation
created new niches for mutations such as non-shattering
(indehiscent) ears and larger grains. (A) Selection and breeding of
wheat from the earliest wild einkorn varieties (left) to the most
modern high-yielding cultivars (right). Note the progressive increase
in grain number and size. Other key traits that are less obvious
include stronger retention of the grains on the head, rapid
germination, and improved flour quality. (B) Archaeological data from
several human-occupied sites in the Levant show the very gradual
supplanting of wild-type dehiscent wheat with domestic indehiscent
cultigens over a period of almost 4000 years (data from Tanno and
Wilcox, 2006).

cereals, enabling their cultivation to spread far
beyond their Levantine and Near Eastern centres of
origin.%!

Over the next three or four millennia, the cereal/
pulse farming package spread throughout central
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and western Eurasia, as shown in Figure 8.2.5%
Cultivation of the Near Eastern cereals also spread
to west Africa and the Nile Valley,5 and by 5000 Bp
wheat and barley had reached China.> It is likely
that the major mechanism for the spread of the tem-
perate cereal crops across Eurasia was via the trans-
fer of seeds and of farming expertise from one
group to another, possibly in the context of recipro-
cal trade. It has also been proposed that agriculture
may have been spread by the physical replacement
of non-farming cultures by farming cultures. While
there may have been several instances of such
forcible spreading (possibly including millet farm-
ing in northern China—see Chapter 11), this is not
now regarded as the principal mode of agricultural
dissemination across Eurasia. As we will discuss
later in Chapter 12, recent genetic evidence sug-
gests that, while there was some migration of
people from the Levant into Europe in the early to
mid-Neolithic, this made only a minor contribution
to the current European gene pool, which is mostly
derived from mid-Palaeolithic migrants who had
arrived tens of millennia previously.>*

It is likely, therefore, that agriculture spread
across Eurasia just as much, or more, due to trans-
fer of knowledge and the trading of seeds, than via
migration and/or conquest. Such a process would
be analogous to the way many other technological
innovations, from gunpowder to plastics, have
been transferred around the world over the past
few millennia without significant population
movement. It is also evident that agricultural diffu-
sion did not necessarily occur separately for each
type of crop. For example, in the case of Eurasia, a
package of crops including emmer and einkorn
wheat, barley, peas, lentils, and flax, was dissemi-
nated as a group.> Again, this is reminiscent of the
global spread of other ‘bundles’ of related tech-
nologies, such as ancient metallurgy, or more recent
examples such as electronics and information
technology.

Rice and millet come to eastern Asia
Rice

Rice is by far the most important crop in the world
today in its contribution to human nutrition. It is
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Figure 8.2 Spread of agriculture into Europe from the Near East. The map shows the approximate trajectory of the spread of agriculture
during the Neolithic Era. The lines represent the approximate boundaries of widespread agriculture at various dates sp. At this time, farming
was frequently restricted to more favourable zones such as river valleys, and was often intermingled with pastoral and/or hunter—gatherer
communities with whom farmers traded and exchanged marriage partners. The northwesterly progression of agriculture was by no means either
smooth or continuous. In particular, there was a mid-Holocene hiatus before the selection of new cold-hardy cereal mutants enabled cereal
farming to spread to cooler Atlantic littoral regions by 6000 8, as discussed in more detail in Chapter 12. Map based on data from Zohary and

Hopf (2000) and Diamond (1997). LBK, Linearbandkeramik.

the staple food of more than two billion people and
a regular dietary component of billions more. In
contrast to temperate cereals, rice is a warm-
climate, water-requiring plant, grown primarily in
tropical and subtropical countries. By far the most
commonly cultivated species is Oryza sativa, also
known as Asian rice, while a much less common
species is O. glaberrima or African rice. The origins
of Asian rice are much less clear than the various
Near Eastern cereals that we have just considered.
The two main reasons for this are the extremely
large area of potential rice cultivation, and a dearth
of archaeological evidence. Whereas the early pre-
cursors of the temperate cereals, such as wheat and
barley, were restricted to a relatively small area of
southwest Asia, wild rice was present across a vast
area extending throughout the whole of eastern
and southern Asia. Hitherto, this region has been

relatively neglected by archaeologists, who have
tended to focus much more on Near Eastern sites.
Even now, with more attention being paid to east
and south Asian archaeology and palaeobotany, the
warm, wet climate typical of rice-growing areas
means that ancient samples are much less likely to
be well preserved than in the drier Levantine sites.

These factors mean that it is not yet possible to
define where and when rice was first cultivated in
Asia. Most existing evidence points to the inde-
pendent cultivation of rice in several widely separ-
ate locations across the continent.’ For example
researchers have made out fairly robust cases
respectively for India, central China,>*® and South-
East Asia® as cradles of rice cultivation. A multisite
origin for Asian rice is also supported by the fact
that there are two quite distinct races of cultivated
rice, namely indica and japonica.>*° There has been



much discussion about whether these races had a
single common ancestor that was the original form
in which rice was domesticated.>! However, recent
DNA-based evidence seems to suggest that indica
and japonica rice varieties diverged as early as one
to two million years ago.5? If confirmed, this would
mean that indica and japonica were already separate
varieties when they were domesticated around ten
millennia ago. Therefore, the two races must have
been domesticated independently and hence mod-
ern Asian rice has at least two, and possibly many
more, centres of origin.543 Most authorities estimate
that rice was first grown as a crop at or before
10,000 Bp,>* but its spread from its centre(s) of ori-
gin was slower than that of the temperate cereals
and it was not widely adopted as a major food
source for several millennia after its initial domesti-
cation. Rice did not become a widespread dietary
staple until about 7000 BP and did not reach the
Asian littoral regions of Korea and Japan until
much later, at about 3000 Bp.

It is likely that, as with the temperate cereals in
the Near East, Asiatic hunter-gatherers began
collecting wild rice to supplement their diet long
before they started to cultivate it as a crop.3*® The
stimulus for systematic crop cultivation is not
known, but the process is not necessarily linked as
closely to sudden climate change as was cultivation
of the temperate cereals. For example we cannot
establish a close correlation with the Younger Dryas,
because this climatic episode ended at 11,500 Bp,
which is at least a millennium or two before our earli-
est firm evidence of rice cultivation. Furthermore,
the severity of the Younger Dryas was much less
pronounced in the rice-growing regions of Asia
than it was in the Near East and North America.>
Once people started systematic cultivation of wild
rice, it is likely that there was a fairly rapid change
in its genetics, with more cultivation-suitable vari-
ants being favoured over weedy-like variants.
Evidence for this comes from a Japanese study
showing that once wild rice is cultivated, domesti-
cated-like varieties arise spontaneously within a
few years.>” For example, in some experiments, it
was found that characters controlling seed shedding
and seed dormancy became more closely associated
simply by cultivating wild rice, and without any
sort of deliberate selection by the scientists.>
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This study implies that early rice farmers did not
necessarily need to know what they were doing as
regards selection of domestication traits in their
first wild crops. The mere fact of cultivating wild
rice, and allowing it to interbreed with other wild
varieties, would have led to the emergence of some-
thing resembling a domesticated, higher yielding,
and more easily cultivated form of rice, possibly
within as little as a few decades. This process
would have been greatly assisted by another recent
discovery about rice genetics, namely that many
important domestication-related genes in rice are
clustered together on a few chromosomes in the
rice genome.>¥ For the early farmers, this clustering
would have meant that, if just one of these useful
characters were selected, whether deliberately or
not, several other valuable traits would also be
likely to be selected at the same time. One final
point should be emphasized about the domestica-
tion of rice. Although Asian rice became the major
staple throughout much of southern and eastern
Asia, its dissemination took many millennia. In
the meantime, other crops such as barley and
beans were also being domesticated in the some of
the same parts of Asia. Gradually, rice began to
out-perform the other grain crops and eventually
it partially or completely replaced most of them
as the preferred dietary staple across much of
the region.

The immense and abiding importance of rice to
the peoples of Asia is reflected today in their lan-
guages. A few examples can be used to illustrate
this point: in traditional speech, Japanese people do
not use terms such as breakfast, lunch, and dinner;
instead they use the word for rice to mean meal.
Hence, breakfast is ‘morning rice’ (asa gohan); lunch
is ‘afternoon rice’ (hiru gohan); and dinner is
‘evening rice’ (ban gohan). Even the names of some
of the best-known Japanese companies are ultim-
ately derived from the word for rice; for example,
“Toyota” means bountiful rice field and ‘Honda’
means main rice field.>® In Bangladesh, China, and
Thailand, instead of the greeting: “‘How are you?’
people ask: ‘Have you eaten your rice today?’
Several Asian languages use the same word for rice
and food; or for rice and agriculture.’®! Use of a
crop name in such intimate discourse is not found
in anywhere else. It reflects the unique historic
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dependence of these Asian cultures on this single,
and very special, crop—a dependence that largely
persists to the present day.

The cultural importance of rice throughout Asia
is also demonstrated by its ancient mythicoreli-
gious status. Hence, rice is an integral part of many
deistic creation myths in regions as far apart as
Burma and Bali. In Chinese myth, rice was donated
to people by an animal instead of a god. The myth
involves the common narrative of a massive flood
that destroyed much of the vegetation that had
sustained the population. Hunting was difficult as
game was scarce due to lack of plant life and peo-
ple were on the verge of starvation. The myth
relates how they were saved by a dog that wan-
dered into their village with long yellow seeds
hanging off its tail. Once planted these seeds
developed into the productive rice crop that has
sustained the Chinese to the present day. Even in
modern China, it is still said that ‘the precious
things are not pearls and jade but the five grains’, of
which rice is foremost. Meanwhile, across the East
China Sea, in Japan, the Shinto religion has always
regarded the Emperor as a living embodiment of
the rice god, Ninigi-no-mikoto.5>?

Millets

Millets are warm-season cereals that are relatively
tolerant of the dryer climates found during several
periods of the Holocene. The discovery in northern
China of domesticated varieties of broomcorn and
foxtail millet from 10,500 BP, or earlier, suggests that
millet cultivation might have predated that of rice
in parts of Asia.’® The main Neolithic agricultural
zones of Northern China are the north China Plain,
which extends from present-day Nanjing in the
south to Beijing in the north, and the Loess Plateau
region, immediately to the west (see Figure 11.2).
The Loess Plateau region covers a vast area of more
than 640,000 square kilometres, from the arid bor-
derlands of Mongolia to the relatively fertile Yellow
River Valley. Millet cultivation seems to have
started in the northern part of the Loess Plateau
region during a particularly humid period at about
11,000 Bp.>* This followed an as-yet unspecified
transitional period between hunter-gathering and
farming during the Palaeolithic/Neolithic overlap,

locally termed the Tengger period, which corres-
ponds to the Younger Dryas phenomenon.>

Recent findings (see Chapter 11) point to a rapid
introduction of millet farming into the Loess
Plateau region, possibly by migrants from the
northwest, into relatively unpopulated areas. In
contrast to Near Eastern cereal agriculture, which
largely developed in already well-populated
regions, the relatively sudden introduction of farm-
ing into north China by external migrants has been
cited to explain the much more rapid adoption of
intensive millet cultivation compared to the much
slower indigenous intensification of barley and
wheat cultivation in the Near East. Frustratingly,
there are relatively few finds to connect this
fascinating period to the later and much better-
characterized millet farming cultures that were so
prominent in the Loess Plateau region by the main
Chinese Neolithic Period of the mid-Holocene at
about 8000 to 5000 Bp.

Maize arrives in Mesoamerica

Maize is currently the third most important cereal
crop in the world (after rice and wheat). The word
‘maize’ is based on one of the many Mesoamerican
names for the crop, as also reflected in its botanical
name, Zea mays. Most Mesoamerican maize-growing
cultures had their own name for the crop. Whereas
maize itself comes from the Taino word mahis, the
Maya called the crop ixim, the Zatopec rxoa, and the
Nahuatl (Aztec) centli.®® When the first English
colonists arrived in North America in the sixteenth
century, they noticed a local crop that slightly resem-
bled their own European corn (wheat) and chris-
tened it ‘Indian corn’. Maize was also called Indian
corn when it was first imported into Europe, for
example as a belated form of food aid during the
Irish potato famine of the mid-nineteenth century. In
North America itself, maize soon became known
simply as ‘corn’, although in Britain the word corn
has retained its original meaning as a grain crop, and
is mainly applied to wheat. Today, maize is a staple
food across much of the Americas and in many parts
of Africa, where it is often made into unleavened
bread or baked to make cakes. Maize is also the main
ingredient in the most popular group of breakfast
cereals in the west, as well as providing the basic



ingredient for numerous popular snack products,
ranging from popcorn to corn chips.

In addition to its use in a host of human foods,
maize is a versatile and highly nutritious animal
feedstock. Although maize originated as a subtrop-
ical crop, there are now cool/temperate varieties
that can be grown commercially as far north as
latitude 55°, in the Scottish border regions of the
UK. In some ways, maize is a more versatile food
crop than wheat or rice because, as well as its high
quality starch and protein, the grain contains a
substantial amount (from 5-16% of total grain
weight) of edible oil. This polyunsaturate-rich oil
can be extracted from the maize grain and either
used on its own in salads and for cooking, or in the
manufacture of processed foods such as pastries
and cakes. Compared to the pulses, maize is rela-
tively lacking in protein (about 9-10% of grain
weight) and is deficient in the essential amino
acids, tryptophan and lysine. Maize starch is
converted into a sweetening agent, called corn
syrup, used in many processed foods, especially
confectionary products. Finally, maize starch can be
fermented to produce many industrial products,
ranging from textiles and biopolymers to a form of
alcohol, termed ‘gasohol’, used in the USA and
South America as a vehicle fuel.>”

Cultivated maize, Zea mays spp. mays, is derived
from a group of very different-looking wild cereals,
known collectively as teosinte (see Figure 6.6).
A typical teosinte plant has many branches and
relatively few grains on its small seed-cobs, while
cultivated maize is a much taller plant with few
branches and just a few, large, grain-rich cobs. This
means that the cultivated maize yields ten-fold
more grain per unit area than the wild teosintes.
There are several less-closely related forms of
teosinte that include other species within the genus
Zea,>™8 but none of these plants were ancestors to
maize. The ancestor of domesticated maize was one
of the many teosinte varieties now classified as
subspecies within the same overall species as
cultivated maize, namely Zea mays spp. parviglumis.
Recent evidence from a US/European collaboration
has come to the surprising conclusion that most of
the initial changes needed to convert a wild teosinte
to domestic-type maize can be achieved by the
modification of only three major genes.>
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This genetic alteration could have been effected
quite readily if early maize cultivators could recog-
nize the physical differences in the mutant plants.
By selecting seed from these mutated plants for
subsequent sowing, the mutation would become
fixed in the crop population over subsequent gen-
erations. Mutations in any of these three key genes
would have led to easily observable and obviously
desirable traits in the crop, including reduced
branching, softer kernels, and tighter adhesion to
the cob. This means that the Mesoamerican preagri-
culturalists would have been able to select agro-
nomically superior triple-mutants of maize in a
relatively short time. It has been estimated that this
selection process may have taken as little as a
decade and it seems likely that it occurred prior to
the systematic cultivation of maize as a crop.>®
Therefore, preagricultural maize gatherers may
have unknowingly acted as plant breeders and crop
domesticators, long before they became actual
tillers of the soil.

Genetic data also suggest that all our contempor-
ary maize varieties derive from a single domestica-
tion event.®! It remains possible that maize could
have been domesticated more than once in different
localities in Mesoamerica. But if multiple domesti-
cations of maize did occur, it seems that the progeny
of only one of them has survived to the present day.
The early teosinte-like plants that were cultivated
ten millennia ago (before the key mutations
occurred) would have yielded far less grain than the
domesticated form of maize. Would this lower
yielding crop have still been worthwhile for
the Mesoamerican people to plant, nurture, and
harvest? The answer appears to be a resounding
‘yes’. Field experiments show that a family of five
could grow enough grain (0.7 tonnes) on a 1.5-ha
plot to provide themselves with a quarter of all their
annual caloric needs.>? Harvesting would not have
been a problem as a family group could collect over
a tonne of teosinte seed in just 3 weeks.*> Note that
this estimate is based on a modern attempt to grow
teosinte by agronomically inexperienced scientists.
It is quite likely that the ancient Mesoamericans,
with their vast empirical knowledge of teosinte
cultivation, would have achieved significantly
higher yields than this, and therefore needed even
less than 1.5 ha of maize per family.
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During this initial period of cultivation, people
would not have needed their new maize crop to
provide all their food needs. Such communities
were still in transition from full hunter-gathering
to full sedentary—agrarian status. Therefore the 25%
of their calories supplied by teosinte would have
been supplemented by hunting and foraging,
as well as by other experimental crops, such as
squashes and gourds (see later in this section),
which were also cultivated in the region during
this period. Anthropologists have estimated that a
typical community at this time in ancient Mexico
would have numbered between 25 and 40 people,
requiring a relatively modest 5 to 15 ha of teosinte
crops for their sustenance.’® Therefore, both
botanists and anthropologists agree that even the
earliest protocultivars of teosinte would have
yielded enough grain, on a relatively small and
easily worked area, to provide a worthwhile food
source for the kinds of communities present in
ancient Mesoamerica.

In contrast to the growing amount of genetic data,
archaeological evidence for maize domestication
remains scanty. A major challenge in identifying the
origins and development of maize cultivation is
the poor preservation of ancient samples in the
relatively moist, warm Mesoamerican climate.
Another limitation is that studies of Mesoamerican
prehistory are of relatively recent provenance and
are much fewer in number than those of the Near
East. However, there has been an enormous bur-
geoning of interest in maize domestication over the
past decade. The application of new analytical
methods has given us powerful insights into this
fascinating episode in human/plant interactions.>
We now know that the cradle of maize cultivation
was in southwestern Mexico, possibly along the
drainage area of the Rio de las Balsas, in the present
day states of Michoacdn, Oaxaca, and Guerrero.>6
The earliest known samples of fossilized maize,
from the Oaxacan highlands, have been dated to
about 7000 Bp,%%7 although recent DNA analyses
suggest that the domesticated version of maize
may have diverged from its wild teosinte ancestor
as long ago as 9200 Bp.5® Therefore there is an
interesting agreement between the genetic and
archaeological evidence that places the initial
domestication of maize in the cooler highlands of

Oaxaca from which it would have spread along the
river system to the lowlands at a later date.>

The evolution of domesticated forms of maize
was facilitated by the fact that, although many
genes can contribute to domestication-related
traits, the most important differences between
maize and teosinte appear to be controlled by just a
few key genes.? It is likely that the early pioneers
of maize cultivation began the process of domesti-
cation in a similar manner to early wheat farmers.
Hunter—gatherers would have periodically col-
lected the grain from wild stands of teosinte and
processed it to flour, breads, and cakes. We have no
record of these early stages of preagricultural
maize/teosinte use, but it seems probable that
Mesoamericans went through a similar extended
process of familiarization with their plants to that
undergone by the early wheat/barley/rye users in
the Near East. Central Mexico appears to have had
a more prolonged cold, dry phase than the Near
East, possibly extending to 10,500 BP or beyond in
some areas.’’! But this is still over a millennium
before the earliest domestication date of 9200 BP
implied by genetic evidence. Therefore, there are
not enough data of sufficient precision to allow us
to link maize domestication with this or any other
episode of climatic change, in the same way as
we can with Younger Dryas-related cultivation of
cereals in the Near East.

Although the earliest fossil maize remains date
from about 7000 Bp, there is evidence from pollen
and starch analyses that people as far south as
Panama were already cultivating maize crops at
around 7800-7000 Br.52 It is possible that societal
demands, rather than climatic or population pres-
sures, may have been important contributors to the
development of maize and other crops in
Mesoamerica.”” Following the initial domestication
of maize in this small area of southern Mexico, the
crop was spread throughout Central America over
the next few millennia. Intensive cultivation of
maize was the staple form of agriculture and pro-
vided the subsistence base of the later Olmec,
Mayan, Toltec, Aztec, and related civilizations. To a
great extent, it was the advances in maize cultiva-
tion by farmers that allowed the development of
these and other complex human societies in
Mesoamerica, who never forgot their debt to maize.



Accordingly, the domestication and many uses of
the maize crop are central features of Aztec, Toltec,
and Mayan mythologies.

The most common mythical story about the ori-
gin of maize concerns a fox that follows an ant and
discovers a hoard of golden seeds. The fox eats the
maize but, as he digests it, flatulence betrays his
marvellous discovery to other animals in the vicin-
ity. Many small animals can now eat the maize, but
the plant still does not become available to humans
until it is later released to them by divine interven-
tion. One can interpret this story as reflecting a time
when the ancestor of maize (i.e. teosinte) was only
edible by animals until a sudden series of events,
such as a set of mutations, ‘released” the newly
mutated maize as a domesticated plant that was
now edible by people.5* Quetzalcoatl, the Toltec and
Aztec god of wisdom and knowledge, was regarded
by these cultures as the discoverer of maize, and is
also credited with devising the method of making
maize meal into tortillas.”® The Aztecs had separate
male and female gods of young maize plants, called
respectively, Xochipilli and Chicomecoatl. In Mayan
mythology, there is a maize god called Yum Kaax,
while in Yucatan the maize god is combined with
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the god of flora, Yumil Kaxob (Figure 8.3).57° These
diverse cultures had numerous other maize gods,
alas far too many to describe here.>””

From its Mexican centre of origin, maize grad-
ually spread through the rest of the Americas along
two different routes. The first pathway ran from
Mexico to Guatemala, the Caribbean Islands, and
thence to the South American lowlands and Andes
foothills.5’® The second dispersal route was via
northern Mexico into the southwestern United
States and on to the eastern USA and southern
Canada.’” Maize was quickly taken up in those
regions of South America where the climate was
suitable for its cultivation. But it took a much
longer time for it to become a staple crop in North
America, possibly due to a combination of climatic
factors and the availability of more attractive food
sources.’ The first archaeological records of maize
in the southwestern USA date from between 4000
and 3200 BP (see Chapter 12).58! It was not until
1200 BP that maize was more widely adopted by
semisedentary Amerindian cultures as far away as
southern Canada and New England.5? However,
maize was not always a successful crop in North
America. As we shall see in Chapter 9, its adoption

Figure 8.3 Gods, maize, and chocolate in Mesoamerica. (A) Yum Kaax, god of maize and wildlife and protector of farmers, was a principal deity
in ancient Mayan culture. Here, the stylized god figure holds a bowl containing several large maize cobs. (B) Xocalat/, a form of drinking
chocolate was a greatly prized, Mesoamerican beverage normally only affordable by the wealthy. The drawing shows a thirteenth century ce

bridal couple sharing a goblet (normally gold) full of frothing xocalatl, which was drunk to mark the sealing of a marriage union.



118 PEOPLE AND PLANTS IN PREHISTORIC TIMES

had drastic health consequences for at least one
group of people at the Dickson Mounds in Illinois.
Amerindians in the southern and eastern Great
Basin region of North America temporarily
adopted maize farming about 1000 years ago, but
then reverted to hunter—gatherering.>3

Other cultures, other crops

We have focussed up to now on cereal crops,
because they are by far the major staples across
much of the world. Cereals are also relatively
straightforward crops to grow under intensive
agricultural conditions. But there are many other
important crops, of which two groups merit special
mention here; namely the starch-rich, non-grain
crops such as squash and potatoes, and the protein-
rich pulses such as the beans. We can list the earliest
crops in terms of their plant groups as follows: the
grains or cereals, such as wheat, barley, maize, and
rice are from the Gramineae; the seed pulses, such as
chickpea, lentil, garden pea, and beans are from the
Leguminoseae; the squashes and gourds are from the
Cucurbitaceae; several types of fleshy tubers, includ-
ing potatoes, and fruit crops such as tomatoes and
peppers are from the Solanaceae; yams come from
the Dioscoreaceae; and sweet potatoes from the
Convolvulaceae.® In this section, we will briefly
survey some of the many non-cereal crops culti-
vated by ancient cultures across the world. There is
insufficient space to discuss all the crops domesti-
cated by our ancestors over the past dozen or so
millennia, but several recent reference texts are
recommended for the interested reader.5

Squash

There are several domesticated species of the
squash family, or Cucurbitaceae. Such crops include
the pumpkin, bottle gourd, melon, loofah, cucum-
ber, plus many species of squash itself.’®¢ The
pumpkin squash from Mesoamerica may be one of
our oldest cultivated crops. It almost certainly pre-
dates maize and is possibly a close contemporary
of Near Eastern wheat. Excavations at the Mexican
cave sites of Guilda Naquitz in Oaxaca and at
Ocampo in Tamaulipas have revealed evidence of
Cucurbita pepo domestication as early as 10,800 Bp,%”

while samples at the Coxcatlan cave site in the
Tehuacdn Valley have been dated to 7920 pp.5%
However, these Mesoamerican events may have
been preceded a much earlier domestication
in Ecuador, where a related cultivated squash,
C. ecuadorensis, has been dated to 12,000 to
10,000 BP.5¥ Genetic evidence suggests that several
species of the genus Cucurbita were domesticated
on many separate occasions in locations ranging
from Andean South America, through Mesoamerica,
to eastern regions of North America.>*

These findings indicate that Mesoamerican
and Andean cultures may have cultivated non-
cereals as their first edible crop. However, early
Mesoamericans did not used squash for its flesh in
the way that we do today; rather the plant was used
for its seeds, somewhat more akin to the use of
cereals. Nowadays the carbohydrate-rich, but
relatively tasteless, flesh of the squash fruit is often
baked to accompany a meat dish or spiced to add
more flavour. However, the earliest domesticated
varieties of squash had relatively little flesh, and
even that was bitter and unpalatable due to the
toxic terpenoid, cucurbitacin, which is unique
to the Cucurbitaceae.” Prolonged boiling was
needed to remove the bitter toxins and make the
flesh edible, and there was so little of it in the early
fruits that it was not worth using. Hence, ancestral
squash crops were grown principally for their
nutritious, edible seeds and the paltry, unappetiz-
ing flesh may have been only used in extremis, for
example as a starvation food.> Squash seeds are
rich in oil, and hence high in calories and lipophilic
vitamins, as well as having a good protein and
starch content. They can be eaten raw or roasted
and would have provided a nutritious, abundant,
and easily managed food resource for their cultiva-
tors. It is therefore not surprising to find that one of
the initial signs of squash domestication was a sub-
stantial increase in seed size.” It was only the later
chance appearance of more fleshy and palatable
mutations that altered the use of squash and
enabled it to be grown alongside maize (and, later,
common beans) as part of the milpa system of
ancient American agriculture. While most crops of
the squash family are edible, the bottle gourd is an
extremely useful non-edible species and may be
one of the earliest domesticated plants (Box 8.1).
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the New World

Box 8.1 Bottle gourds and dogs—the first non-food domesticants and early migrants to

The bottle gourd, Lagenaria siceraria, is a relative of
squash that, unlike most other ancient domesticates, was
not grown as a staple food crop. Instead, its large, tough,
durable, hard-shelled fruits were highly prized as
containers for various liquids and solids, particularly
foodstuffs, as well as being used to make musical
instruments and fishing floats.

The origin of this crop has for long been an enigma. The
bottle gourd originated in Africa as a thin-shelled wild
species that was initially of little interest to humans. More
useful thick-shelled versions of the plant, probably selected
and grown by people, were present in East Asia by about
9000 sp. However, domesticated bottle gourds have also
found associated with cultures throughout the Americas
from as early as 8000 sp. During this period, we have no
evidence of intercourse between Old and New World
cultures, which had been long separated by the inundation
of Beringia several millennia beforehand. So how did
bottle gourd get from Asia to the Americas? Was it
transported there as a wild plant (perhaps by birds carrying
seeds), and independently domesticated by people in the
New World? Or was there a single very early origin of
domestication in the Old World followed by deliberate
transportation by human migrants to the Americas?

A combination of archaeological and genetic
evidence has recently suggested an answer to this long-
standing conundrum (Erickson et al., 2005). These data
show that domesticated forms of bottle gourd were
already present in the Americas as far south as Mexico by
10,000 8p, and that the crop was definitely of Asian, not
African, origin. This means that it must have been
domesticated in Asia well before 70,000 g, and

probably by 73,000-12,000 sp, in order to make the
lengthy journey with its human cultivators from Siberia,
across Beringia, and down the length of North America to
Mexico. It also raises the fascinating possibility that some
of the Asiatic migrants, who made the trek across the
Beringia land bridge before it was flooded between
11,000 and 10,500 8p, may have brought at least one
domesticated crop with them.

This runs counter to our prevailing notions of these
proto-Amerindian migrants as exclusively
hunter—gatherers. It also puts bottle gourd alongside the
Near Eastern cereals as one of mankind's earliest
domesticants. The site of its putative Asian domestication is
unknown, but is likely to be towards the east and north of
the continent and well away from the other early
domestication centres in China or the Fertile Crescent.
Meanwhile, a separate population of African bottle gourd
was independently domesticated in the Nile Valley, but this
only occurred many millennia later, at about 4000 sp
(Schweinfurth, 1884: Crawford, 1992).

In addition to bottle gourd, some of the Palaeoindians
may have brought domesticated dogs with them on their
migrations from Asia. It has been suggested that dogs
had been domesticated as early as 72,000 sp in Eurasia
and that at least five different breeds accompanied the
various waves of human migrants (Wayne et al., 2006).
Therefore the dog and the bottle gourd may be examples
of two principally non-food species that were
domesticated and transported around the world by
highly mobile late-Palaeolithic cultures, long before they
adopted other, edible domesticants in an agricultural
context (Erickson et al., 2005).

Potatoes

Another important non-cereal crop domesticated
more than ten millennia ago is the potato. Like
squash, potatoes were first grown in the Americas,
but they are not warm-weather crops. Their centre
of domestication probably lies in the temperate
zone of the Andean highlands, especially in the
high plateau region shared by present-day Bolivia
and Peru.?** While there are very few edible grain
plants in this region, many plants produce starch-
rich, fleshy tubers. Unfortunately, these wild tubers
are also normally extremely bitter, often producing

toxic quantities of alkaloids in order to deter
herbivores and various microbial pathogens. The
potato belongs to the family, Solanaceae, which also
includes tomatoes. Solanaceous plants are notori-
ous for the presence of highly poisonous alkaloids,
for example the deadly nightshade, Atropa bella-
donna. Even our present-day, highly domesticated
potatoes and tomatoes may contain enough alkal-
oids to make a person very ill, if you are unlucky
enough to eat the wrong part of the plant.>

For example potato tubers left in the light even-
tually turn green and sprout shoots. These green
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tissues can contain unhealthy amounts of alkaloids,
such as solanine and chaconine. The same is true
for very young, green tomatoes, which contain the
alkaloid, tomatine. These solanaceous alkaloids act
as cholinesterase inhibitors in the nervous system,
causing muscle weakness, drowsiness, paralysis,
and even death. Luckily, most alkaloids taste very
bitter and are therefore readily detected before
swallowing, but this is not always the case, so
green solanaceous tissues are best avoided.>*
Occasionally, even relatively small doses of solana-
ceous alkaloids that are well below the threshold of
taste can be dangerous. For example it was recently
reported that some glycoalkaloids from supposedly
safe, freshly purchased potatoes (i.e. non-green)
might be implicated in inflammatory bowel dis-
ease. Given our current preoccupation with food
safety, it is quite likely that, were potatoes or toma-
toes to be introduced as new foods today, they
would be banned by most national regulatory
agencies due to the risk of accidental alkaloid
poisoning. This is not just a theoretical risk. During
the 1980s, a potato variety called Lenape was with-
drawn from sale because of its potential toxicity
due to high levels of alkaloids such as solanine.*’
Luckily for us, ancient Andean peoples had
fewer scruples than we do about experimenting
with potential new foods. The exigencies of their
food supply in the high mountains would have
meant that they had good reason to repeatedly
sample any potential edible plants, even the bitter
and potentially toxic tubers with which they would
have already become familiar. It is likely that, at
some point, there arose a mutated form of potato
with a reduced tuber alkaloid content. For a wild
plant this would normally be a distinctly disadvan-
tageous mutation, because the newly sweet tubers
would become palatable to animals that would nor-
mally avoid their bitter taste. The mutant tubers,
therefore, would have been rapidly eaten out of
existence by opportunistic herbivores. However, if
some of these sweeter tubers were recognized by
humans as a useful food source before the animals
got to them, they would have been protected and
cultivated. Potatoes can be readily propagated
asexually from tubers without the need to collect or
plant seeds, which is useful to the would-be farmer
because potato plants do not readily set seed.

Moreover, by propagating tubers, rather than
seeds, the early potato farmers would have been
carrying out a very different, and potentially more
powerful, form of plant reproduction than the seed-
propagation by early cereal farmers.

The progeny of the original low-alkaloid tubers
would have been genetically identical clones of
the parental mutant plant because they had been
vegetatively propagated. This means that a genetic-
ally uniform clonal variety, derived from a single
mutated low-alkaloid potato plant, could be propa-
gated very efficiently to produce a highly nutritious
and relatively safe staple food crop. There is evi-
dence that people were consuming potatoes in the
Andes as long ago as 13,000 Bp.5%8 It took a long time
for potatoes to be adopted outside their centre of
origin and they did not reach Mexico until 3000 to
2000 Br.> This lag in the uptake of potatoes may
have been due to the presence of already well-
established and successful crops, such as maize and
squash, in Mesoamerica, coupled with a warmer
climate and more varied topography that was gen-
erally unfavourable to potato cultivation.®®
Following their introduction into Europe and Asia
over the past two centuries, potatoes have gone on

to be one of the most successful global crops.®"

Pulses

The pulses include beans, lentils, and peas, and are
members of the legume family, or Leguminoseae.
Many legume seeds are especially rich in protein
and therefore can complement the carbohydrate-
rich cereals to provide a well-balanced diet.
Although the protein of legume seeds tends to be
deficient in several essential amino acids,?’? the lat-
ter can be obtained from other plant sources, such
as nuts. This means that a diet of cereals and
legumes, supplemented by nuts and fruits, could
dispense altogether with the need to hunt game or
consume any expensive (in terms of time and effort
to secure) animal protein. Human groups across the
world were familiar with pulses long before they
began to cultivate them. During the Palaeolithic
Era, wild lentils and peas were harvested alongside
wild cereals in the Near East and many other nutri-
tious legumes would have supplemented human
diets from Asia to the Americas.®®® Other important



Old World legumes include chickpea (from central
and western Asia), cowpea (mostly from Africa),
faba beans (from the Near East), and soybean (from
northern China). The most important type of bean
from the New World is the Phaseolus genus, which
includes dozens of species, of five of which are
cultivated.®%*

There is good evidence that the common bean
has been cultivated for several millennia in the
same region of southwestern Mexico as maize and
squash. These three crops are regularly referred to
as the maize-beans-squash trinity.®®> Beans were
domesticated much later than maize or squash and
archaeological and genetic studies suggest that
common beans may have had at least two inde-
pendent centres of origin.®® In Mexico, the earliest
evidence for bean cultivation is about 2300 Bp.%”
Although the location of these finds is very close to
the centres of origin of both maize and squash, the
domestication dates are eight millennia apart. It
also seems that there was an earlier, completely
unrelated, domestication of another type of P. vul-
garis in the Peruvian Andes at about 4400 Bp.5%
Once the common bean, or one of the other New
World legumes, had been domesticated, it is likely
that the new legume crop would have been inte-
grated into a combined cropping system with
maize and squash, both of which were spreading
across the Americas by the time that the legumes
were first cultivated. This three-fold cropping
system, known as milpa, is still practised today
by traditional societies throughout Latin America.
The term ‘milpa’ means ‘maize field” but refers
to something more complex. A milpa is a field,
often recently cleared, in which a farmer plants
several crops, such as maize, squash, and beans,
at once. Sometimes other crops such as jicama
(Pachyrhizus erosus), tomatoes, melon (Cucumis
spp.), chillies, sweet potato (Ipomoea batatas), amar-
anth (Amaranthus spp.), and mucuna (Mucuna spp)
are also included.

Milpa crops are both nutritionally and environ-
mentally complementary. Hence, maize is rich in
carbohydrates and oils, but is deficient in the essen-
tial amino acids lysine and tryptophan, which are
required to make proteins, and the vitamin, niacin.
Beans are protein-rich with an abundance of lysine
and tryptophan, but lack the essential amino acids
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cysteine and methionine, which are provided by
the maize. As a result, beans and maize make a
nutritionally complete meal. Squash is rich in carbo-
hydrates and many vitamins.®” A combination of
the three crops in the diet therefore gives a good
diversity of essential nutrients, as well as mere
calories. The nutritional qualities of a milpa diet
may be one of the factors behind the lack of animal
farming in most of Mesoamerica. Cultures such as
the Aztec raised a few animal domesticants, such as
turkeys and dogs, they obtained fish and seafood
from lakes, and they even ate larger insects such as
crickets and maguey worms. But these were only
used as supplements or for special occasions. The
versatile milpa cropping system acted as a hedge
against diseases or other problems that might afflict
one of the crops during a particular season, but
were very unlikely to affect all three crops at once.
Most crop diseases are caused by viruses, bacteria,
or fungi that are specific for a single type of crop.
Hence, a cereal disease such as wheat leaf rust does
not affect legume crops, and so on. Thanks in
part to the milpa system; there are regions of
Mesoamerica and South America where intensive
agriculture has been now practiced continuously
for at least four millennia.®

Soybeans

Although most new domesticants eventually
moved far beyond their regions of origin, some
crops remained highly localized until modern times.
This applies to many members of the bean family,
including one the most widely grown present day
crops, namely soybeans, Glycine max (Figure 8.4).
Cultivation of soybeans began in the eastern half of
northern China about 3000 to 4000 Bp,°"! but is
almost certainly much older.®?> Soybean is derived
from a wild relative, Glycine soya, which is still
found throughout northeastern Asia. This form of
wild soy plant grew as a recumbent vine with small
black or brown seeds. As with many beans, wild soy
seeds require considerable preparation in order to
be rendered at all digestible by humans. And as
with most of the other beans, soybeans are notori-
ous for their flatulence-inducing properties.
Flatulence is mainly caused by oligosaccharides in
the beans that are broken down by intestinal
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(B)

Figure 8.4 Soybean: a uniquely versatile legume. The versatile soybean was first cultivated in eastern China about 4000 years ago, but only
reached the West during the last century. (A) Soybean plant (courtesy Oklahoma Farm Bureau, USA). (B) Loose soya beans.

microbes, with the release of foul-smelling gases.®!3
This unpleasant property of beans has been toler-
ated, if not exactly welcomed, by bean-eating
cultures for many millennia. Recently, however,
breeders have started using new genetic techniques
to reduce levels of flatulence-inducing components
in these otherwise highly desirable crops.®'*

For would-be bean eaters in the ancient world,
flatulence would have been the least of their wor-
ries. Of much greater import was the deadly cock-
tail of toxins present in many legumes, which deter
herbivores, pests, and pathogens from eating or
attacking the seeds. Despite millennia of breeding,
toxins are still present in many of our major pulse
crops today. For example soybeans contain more
than 15 toxins that must be heat-treated before they
become edible.®’> Chickpeas contain neurotoxic
lathyrogens, while other legumes contain poison-
ous lectins and cyanogenic glycosides. In the UK
alone, between 1976 and 1989, red kidney beans

were implicated in 50 cases of poisoning.®'¢ Such
beans must be carefully prepared by prolonged
soaking to leech out the toxins, strained to remove
the extracted toxins, and cooked to soften remain-
ing seed tissue and to inactivate any residual
toxins.®"” These procedures were doubtless arrived
at by trial and error by many cultures as they sought
to harness the nutritional value of the wild beans. It
probably then took a millennium or more of empir-
ical experimentation and selection before an erect
soybean plant, producing much larger seeds than
the original wild forms, eventually emerged. The
rewards for this prolonged effort were considerable.
The domesticated version of soybean is one of the
best sources of protein of any crop, and far better
than the mainly starch-rich cereals.

Soon, Asian farmers were using soybean to make
a host of food products: the beans can be fermented
into a paste (miso) or a sauce (soy sauce), or used to
prepare curds (tofu), dissolved flour (soy milk), and



vegetable oil. Soybeans are, indeed, one of the most
versatile of the major crops. As well as being
protein-rich, they contain considerable amounts of
starch and oil, thereby supplying the three
macronutrients (protein, carbohydrate, and fat)
required in our diet. Soy protein extracts, often
termed ‘textured vegetable protein’ are nowadays
commonly used in meat substitutes, in products
such as vegetarian burgers and sausages. It is esti-
mated that as much as 60% of all processed food
products in a typical Western supermarket contain
components derived from soybeans.®'® Some of the
delight felt by Chinese soybean farmers can be
gleaned from the names that they still gave to their
favourite varieties, including: Great Treasure, Brings
Happiness, Yellow Jewel, and Heaven'’s Bird. Contrast
these sublimely evocative names with the more
prosaic varietal names of contemporary Western
crops, such as: Creso (wheat); Maris Piper and
Russet (potato); or Westar and Tower (rapeseed).
A further advantage of soybeans, which must
have soon become apparent to early farmers, is the
ability of the crop to grow in soils too depleted of
nitrates to support other types of crop, such as cer-
eals. The reason is that soybeans are legumes and
can therefore fix their own nitrogen, rather than
relying on nitrogen already present in the soil. The
growth of most plants is limited by the availability
of nitrogen. Plants require nitrogen for the synthe-
sis of proteins and nucleic acids in order to support
their growth and development. Even if nitrogenous
compounds are present in the soil, they are mostly
unavailable to plants. They may be sequestered in
compounds that plants cannot use or be trapped in
decaying vegetation or animal manure that
requires microbial breakdown to render it avail-
able. Nitrogen-fixing plants, such as the legumes,
contain bacteria, most commonly of the Rhizobium
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genus, that are able to fix gaseous nitrogen into
soluble nitrates. The bacteria live as symbionts in
specialized swellings of the plant roots, called
nodules. Inside the nodules, the bacteria receive
nutrients from the host plant while the plant in turn
uses the dissolved nitrates to support its own
growth.

This means that, not only can legumes be grown
in nitrogen-depleted soil, their cultivation actually
enriches the soil for the next crop. For this reason,
legumes are now commonly used as so-called
‘break crops’ that are grown every 3 to 5 years to re-
enrich the soil after cereal cultivation. This practice
is called crop rotation. Continuous cultivation of
cereal crops results in the steady depletion of soil-
borne nitrogen and eventually this is reflected in
diminishing crop yields. It would have been pos-
sible for early farmers to supplement the depleted
soil-borne nitrogen by adding fertilizers, such as
animal or human dung, but this was not always
practical. Therefore, domestication of a self-fertiliz-
ing crop, which is also rich in scarce proteins,
would have been a considerable boon for the early
Chinese soybean farmers. By 1500 BP, soybeans
were being cultivated in much of eastern Asia, but
the crop did not move beyond this region until well
into the twentieth century CE. This was despite the
fact that Europeans and Americans had been aware
of this crop for centuries beforehand.®! Ironically,
following the collection of hundreds of soybean
seed samples in the late nineteenth century by
prospectors from the US government, the crop has
now been adopted with a vengeance throughout
the Americas. For the past 50 years, this legume has
been the second most important grain crop in the
USA (after maize), and over the past decade Brazil
and Argentina have also emerged as major centres
of soybean cultivation.



CHAPTER 9

Agriculture: a mixed blessing

Do not arouse a disdainful mind when you prepare
a broth of wild grasses;

Do not arouse joyful mind when you prepare a fine
cream soup.

Dogen Zengi, 1200-1253 CE

Introduction

We have seen that the increasing reliance of a few
semisedentary cultures on cultivated cereals and
pulses resulted in unconscious selection for certain
genetic changes in these plants that led, in turn, to
the evolution of what we now know as ‘domesti-
cated’ varieties, with profoundly altered morpholo-
gies and reproductive mechanisms. But what were
the impacts of this switch to crop cultivation on the
people involved? The obvious impacts were at soci-
etal level. One of the earliest effects of having to
manage and protect their new crops on a more
intensive basis would have been to reinforce ten-
dencies towards sedentism. As crop yields rose
during the early Neolithic, human settlements
increased significantly in size and sophistication.
Small settlements slowly grew into larger villages,
then into towns, and eventually cities. There was
also a parallel development of a range of new tech-
nologies and cultural artefacts. These develop-
ments underpinned the evolution of increasingly
organized and complex, technologically advanced
societies that gradually spread across the world,
supplanting most hunter—gatherer cultures.

But some of the most profound effects of agricul-
ture on people have been largely overlooked until
recently. The switch to a narrower, largely cereal-
based diet and more crowded, sedentary living
conditions has also had dramatic effects on our
bodies. Just like our crops, we have responded to
these external challenges both in terms of our
behaviour and via genetic changes that have made
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us better adapted to our new domesticated lifestyle.
Over the past ten millennia, our external appear-
ance has changed as we became smaller and less
robust, especially in the facial area. In addition,
numerous, more significant but less physically
obvious genetic changes have spread through
human populations, gradually locking us into an
ever-closer association with, and dependence on,
our domesticated plants and animals. In this chap-
ter, we will focus on the surprisingly profound
impact of agriculture, and its associated lifestyles,
on many aspects of internal human biology, and
especially on our genetic endowment (see Box 9.1).
We will see that we too have been genetically modi-
fied and to some extent ‘domesticated” such that
most late-Holocene humans differ in many respects
from our Palaeolithic ancestors.

Early agriculture and human nutrition

It is important to appreciate that, although they
evolved gradually, the lifestyle and nutritional
status of early Neolithic, agriculturally based
societies was a fairly radical departure from condi-
tions experienced by previous human societies. The
received wisdom that agriculture was a ‘great leap
forward, the advance that catapulted us out of the
hand-to-mouth, day-to-day existence of hunter—
gatherers . . . and into the complex, cultured, liter-
ate existence of modern human beings’ is still
prevalent in much of the popular literature of
today.®” However, while many agriculturally
related developments, such as civilization, sophisti-
cated technologies, etc., can perhaps be interpreted
as ‘progressive’ and ‘a good thing’, it appears that
the overall impact of farming on human well-being
was often far from benign. The progressivist view
of agriculture can be criticized on several levels,
including its correlation with the rise of elites,
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Box 9.1 Homo sapiens continues to evolve—at an ever increasing rate

There is a common perception that human development is
now overwhelmingly influenced by cultural factors, and that
our species is no longer directly subject to change via
biological evolution. It is certainly true that, thanks to our
many technological innovations, we can live almost
anywhere on earth, from tropical rainforests to the Arctic
tundra, without undergoing the lengthy and complex
biological adaptations required by other organisms.
However, H. sapiens is still very much a biological species;
and as such it remains subject to a wide range of selective
pressures whereby certain variants will be reproductively
favoured over others. This point is often overlooked when it
is stated that humans no longer ‘need’ to evolve. There is
no direction or predetermined endpoint in evolutionary
processes and selection does not stop just because we now
have access to central heating or nuclear weaponry. What
has changed is the type of selective pressures that act on
contemporary Homo sapiens, which are very different from
those that affected our Palaeolithic ancestors.

These new selective pressures often arise from the very
societies that we have created, and include many factors
that have arisen as we seek to adapt to the consequences
of embracing agriculture and its associated lifestyles. Over
the past three decades, and especially in the last 5 years,
research into human genetics has significantly altered our
perspective on the evolutionary impacts of the new, and
largely human-created, environment in which most of us
now live. The emerging picture is of a hominid species that
is still fully subject to a wide range of evolutionary
pressures that have sometimes resulted in startlingly rapid
genetic changes over the past few thousand years. Recent
genetic changes have altered our appearance, making
modern humans shorter, more gracile, and much more
prone to dental problems than our ancestors. The changes
in our craniofacial regions, which have greatly accelerated
since the adoption of farming ten millennia ago, are largely
an adaptation to softer-textured food Some people also
carry a mutation that causes their skin colour to revert to

the unpigmented state found in hirsute apes, instead of
the darker colour developed by early humans as they lost
much of their body hair.

Some of the more recent genetic changes have
previously gone unremarked because they do not affect
our external appearance, and were only uncovered by
sophisticated DNA analysis. For example two mutations in
the lactase gene among some Northern European
pastoralists between five and ten millennia ago resulted in
the paedomorphic retention of lactose tolerance into
adulthood, i.e. such people could now drink milk
throughout their lives. These mutations soon spread
through adjacent populations and are now carried by the
vast majority of Northern Europeans, but are much rarer in
other groups. A second set of mutations probably occurred
about five millennia ago in West Africa as new farming
practices favoured the spread of malarial mosquitoes.
Mutations in at least three genes predisposed people to
chronic anaemia, but also protected them from the even
worse scourge of malaria.

Many farming cultures went on to live in highly
crowded conditions that favoured the spread of animal-
borne diseases, or zoonoses. Such societies often adapted
to these chronic infections by developing a partial,
genetically based, tolerance, e.g. a smallpox infection
might wipe out a proportion of the population but there
were normally enough survivors to carry on. Other societies
not exposed to these diseases did not develop this type of
partial immunity and were all but wiped out when
eventually confronted by human carriers of these
infections, as occurred in the post-Columbian Americas.
Some of the most recent studies of Asian, European, and
African populations reveals that, far from ceasing to
evolve, the genomes of humans are currently evolving
much more rapidly than before, as new selective pressures
constantly arise from our unprecedented changes in
habitat, food, population density, and pathogen exposure
(Voight et al., 2006).

exploitation, and profound inequalities in human
societies. These arguments have been much
explored elsewhere, but another less well-aired
aspect of agriculture is its long-term biological
implications for modern-day humans, including
anybody reading this book.

The thesis that agriculture was not necessarily a
‘great leap forward’ for individual human health

was first raised seriously in the 1970s by scholars
such as Mark Cohen and George Armelagos.*!
Many subsequent studies have shown the
often-adverse impacts of a cereal-based diet on the
health of some early farmer societies.®” It is now
clear that moves to a more monotonous diet had
far-reaching nutritional and genetic consequences
for humankind. In short, although they were now
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getting food from a more efficient source than pre-
viously, it seems that folk in some of the new farm-
ing communities were often not nearly as well
nourished as neighbouring hunter-gatherers.®*
The more restricted diet of many farming cultures
led to a series of vitamin deficiencies that severely
impacted on the their well-being and life span.
In particular, the diet of the average early
farmer/urban dweller contained a lot more starchy
carbohydrate and less animal protein than that of a
typical hunter-gatherer. If they depended exces-
sively on a few staple crops, the early farmers
might not have met their vitamin requirements as
easily as foragers who had access to a much
broader range of foodstuffs.5?*

The main evidence for a decline in health among
some of the early agricultural communities comes
from analysis of skeletal remains in gravesites of
known provenance.®® An example is the study of
eastern Mediterranean populations by Lawrence
Angel .52 This is one of the most comprehensive,
early analyses of the physical effects on people of
the transition to farming in the Palaeolithic and
Neolithic periods, extending from about 30,000 BP
to the present day.®?”” Compared to immediately
preceding and contemporaneous hunter—gatherer
specimens from the region, agricultural popula-
tions showed many pathological changes. Perhaps
the most striking of these was a drastic reduction in
stature (height), plus a host of skeletal and vitamin-
related disorders. For example dental pathologies,
such as hypoplasia of tooth enamel, increased in
frequency after the Natufian period. The incidence
of dental caries also increased steadily from the
Natufian through the Neolithic Era and beyond. In
the next section, we will look at the data on changes
in human stature as an indicator of overall nutri-
tional status, but we will also see that there are
many other useful indicators associated with the
skeletal remains. Smith ef al. have used these data
to support the theory that there was a marked
decline in health that is correlated with the after-
math of agriculture and animal husbandry.®®

While this view of decreasing individual fit-
ness (but not necessarily societal fitness, as dis-
cussed below) in early agrarian societies is widely
accepted, it is not without its critics.®”® For
example, in his impressive recent synthesis on early

agriculture, First Farmers: The Origins of Agricultural
Societies, Peter Bellwood has made the following
comments: ‘The early centuries of agricultural
development were probably fairly healthy, in the
sense that the major epidemic diseases of history,
many known to have derived from domesticated
animals, had probably not yet developed. Neither,
perhaps, had crop diseases.”®® This statement is
almost certainly true, as we will discuss in relation
to the Abu Hureyra culture in Chapter 10. For
example the earliest farming cultures did not yet
live in close proximity to domesticated livestock.
Hence, the many zoonoses, or animal-derived
infections, that were to plague humankind and
reduce the average life expectancy had yet to be
transmitted to people. Examples of zoonoses from
domestic livestock include anthrax, salmonellosis,
toxoplasmosis, brucellosis, and trichinosis. Other
diseases, including diphtheria, influenza, measles,
smallpox, and tuberculosis, probably also origi-
nated as zoonoses. Two very recent zoonoses from
domestic livestock (in both cases, poultry) are SARS
and avian influenza.%!

Many other communicable diseases became
much more prevalent once people adopted high-
density, urban lifestyles, at least five millennia after
the initial development of agriculture. Although
there were many small and large villages in the
wider Near East from about 9000 Bp, the first
recorded cities only date from the late Uruk period
at about 5800 BP. In Mesopotamia, these new cities
soon absorbed most of the population, which
became progressively ever more urbanized until, by
4000 Bp, an astonishing 90% of Sumerians were city
dwellers.%32 For example by 4700 Bp, the city of Uruk
had a population of at least 50,000; most of whom
lived in exceptionally crowded conditions.®®
Population densities of 100 to 200 persons per
hectare can be inferred from the number and nature
of the buildings at Uruk, which compares with
densities of only 80 to 100 persons per hectare in the
most heavily built-up areas of modern European
cities.®® Such crowded conditions were often
coupled with a lack of sanitation which favoured
the spread of infectious diseases, such as typhus,
plague, smallpox, chickenpox, and measles.*®® These
pathogens were much rarer in the more dispersed
human populations prior to urbanization.



Whereas the degenerative results of a nutrition-
ally deficient diet would have been apparent soon
after people adopted cereals as their main staple,
the infectious diseases described above would
not have become endemic until the adoption of
livestock rearing in close proximity to human
habitations, followed several millennia later by
urbanization and overcrowding. We should also
bear in mind that the adoption of cereals to the
exclusion of other foodstuffs was probably neither
a sudden nor a voluntary transition. Rather, the
cereals would have first supplemented and then
gradually replaced other plant and animal foods
that may have been getting scarcer, as with the
climatically generated crisis at Abu Hureyra at
about 12,000 Bp (see Chapter 3). It was only when a
‘tipping point” was reached, where cereals became
virtually the only staple food, that dietary deficien-
cies would have manifested their malign effects.
Most of the immediate post-Younger Dryas small-
scale farming cultures grew both cereals and pulses
and their diet may have improved during this
period. The most serious dietary deficiencies
emerged in the later Neolithic and early historical
periods as diets became more restricted in some
of the agrourban societies that practiced more
restricted forms of intensive agriculture. Overall,
however, the archaeological record supports a pat-
tern of widespread reduction in individual health
in many (but by no means all) farming societies; a
trend that is apparent in cereal-based cultures from
the Americas to Eurasia.

People get smaller but live a little longer

Angel’s study (described above) provides some
fascinating insights into the differential effects of
farming on the health of men and women. In
general, all humans had a relatively short average
life span of between 30 and 40 years until very
recently. Premature death was mainly due to high
infant/mother mortality associated with preg-
nancy, childbirth, and early childhood; trauma (e.g.
injuries from accidents or violence); and infectious
disease. The relatively few people who successfully
lived through infancy, and were not prematurely
killed off by injury, pregnancy, disease, or
hunger, might have lived well into their sixties.
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Immediately after the start of farming/sedentism
the female life span actually improved, despite
their worsening nutritional status. Evidence from
present day hunter—gatherer cultures suggests that
infant and childhood mortality are significantly
higher in nomadic than in comparable agricultural
societies, and this was probably also true in
Neolithic times.%* The reason may be the lower
stresses of sedentary lifestyles, particularly for
pregnant or nursing mothers. Hence, the adverse
effects of poorer nutrition were offset by this
improved lifestyle, meaning that females lived
longer despite being somewhat sicklier.

The most dramatic indicator of the serious effect
of cereal farming on human health was the sus-
tained decrease in adult stature that started around
11,000 Bp, which is exactly when extensive cereal
cultivation began to spread across the Near East.
The decline in human stature continued as cereal
cultivation and urbanization intensified until about
4000 Br, which coincides with the climatic and
social events that halted the intensive barley mono-
cultures of Mesopotamia. During this time, average
adult stature fell by a shocking 16 cm for men and
13 cm for women. Despite a gradual, if intermittent,
increase after 4000 BP as diets became more varied
again, the average human adult of the early twenty-
first century is still about 3 cm shorter than our
Palaeolithic hunter—gatherer forebears. Studies
from other parts of the world, including China and
the North America, show that such effects of agri-
culture were not confined to the Near East, but
seem to have affected most cultures that adopted a
crop-based diet, irrespective of the type of crop
involved.®¥”

For example we commonly think of pre-
Columbian, North American peoples as archetyp-
ical hunter—-gatherers. However, by about 900 Bp,
maize farming had spread from Mesoamerica via
the US southwest, to many parts of the north and
east of the current USA and Canada. Several
Amerindian tribes in this region eschewed their
nomadic hunter-gatherer lifestyle, settled into
villages, and started growing maize as a staple
crop. A study of burial sites at the Dickson Mounds
in Illinois showed that this change in lifestyle to
maize cultivation led to significant increase in rates
of morbidity and infectious disease.®® For example,
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compared to their hunter—gathering predecessors,
these farmers had a nearly 50% increase in tooth
enamel defects, indicative of malnutrition; a four-
fold increase in iron-deficiency anaemia; a three-
fold rise in bone lesions reflecting infectious disease
in general; reduced growth of the femur; and an
increase in degenerative conditions of the spine.®¥
Numerous edentulous (toothless) skulls from com-
paratively young adults have been found in burial
sites of agriculturalists in some regions. In the
Anmericas, this was often associated with periodon-
tal disease, which increased more than three-fold
after the introduction of maize-based farming.54
These adverse health effects doubtless con-
tributed to the observed decline of about 7 years in
the average life expectancy in these farming
communities, many of which reverted to hunter—
gatherer lifestyles. Interestingly, one of the factors
that propelled some Amerindian societies away
from their ill-fated experiment with sedentary
farming was the sudden availability of a new form
of mobility that vastly improved their ability to
hunt. The innovation in question was the introduc-
tion of horses by the Spanish during the sixteenth
century. By the eighteenth century, this had
spawned the development of a wholly new horse-
based nomadic culture that spread across the Great
Plains of the USA, and proved to be a particularly
efficient strategy for food acquisition, especially
compared with maize farming.®4! It is likely that
there were many other instances of reversion from
agrarianism to hunter gathering (or indeed vice
versa), especially when opportunities existed for
cultures to move readily between the two lifestyles.
The sudden decrease in stature among early
Neolithic populations of the Near East is one of sev-
eral examples that humans are still fully subject to
the processes of genetically mediated biological
evolution, despite what has been claimed about our
species now being subject only to ‘cultural” evolu-
tion.®* The reduction of almost 10% in the stature
of the early farmers within a few centuries demon-
strates how rapidly a population can modify its
size in response to external circumstances; in
this case the nutritional quality of the diet. These
people were not just getting smaller due to a more
restricted diet; it was also happening because
anybody who was smaller for genetic reasons

would be less prone to deficiency symptoms and
would be more likely to survive and reproduce
compared with taller, heavier people who needed
more nutrients. Hence, under conditions of lower
food availability, populations with a smaller aver-
age size would be selectively favoured. The smaller
size of people in these populations would be due to
a combination of reduced growth due to their poor
diet and a inherited tendency to a smaller stature.

Similar sorts of relatively rapid, genetically medi-
ated, size reductions are commonplace in animals
that are subject to dietary restriction, especially in
populations living on small islands.**® For example,
less than 5000 years after the island was separated
from Eurasia during the Late Pleistocene era, the
body size of the Wrangel Island mammoth,
Mammuthus primigenius, had declined two-thirds.®
More recently and even more dramatically, during
the last Interglacial period, red deer (Cervus elaphus)
that were stranded on the island of Jersey, off the
French coast, became reduced to one-sixth of their
body weight in less than 6000 years.®* It is also pos-
sible that a similar diet-induced size reduction
occurred in groups of Homo erectus stranded on the
island of Flores many tens of millennia ago. In this
case, the process of size reduction seems to have
continued over several thousand years until the
average stature of the human population had
halved, transforming them into the recently
discovered species of miniature human known as
Homo floresiensis.®*

Sexual differentiation of labour

By 9500 Br, we have good skeletal evidence of
sexual differentiation in agricultural tasks. For
example, at Abu Hureyra, most women had
enlarged tibias and their toes tended to be bent
upwards, while their lower backs and elbows
showed considerable signs of wear.®” These are all
indicative of long periods of kneeling and bending
over in repetitive tasks, such as grinding cereal
grains on a long, flat quern stone by rolling a heavy
cylindrical pestle back and forth across the stone.
A few women also had deep grooves in their front
teeth, similar to those found in modern Paiute
women who still use their teeth to hold canes as
they weave baskets. After 8500 Bp, while some Abu



Hureyra women appear to have developed this
method of weaving, skeletal evidence shows that it
was restricted to a small proportion of the popula-
tion, who may have been especially skilled practi-
tioners. This is an early example of occupational
specialization, which became more common as
urbanization proceeded. Male skeletons lacked the
wear patterns of female cereal grinders or weavers,
although both sexes exhibited cumulative fractur-
ing of the teeth, almost certainly due to the pres-
ence of stone flakes in the flour ground by the
women. In many cases, this led to complete tooth
loss by early adulthood. These dental problems
were eventually resolved at Abu Hureyra by the
development of pottery after about 7300 BP. This
allowed cereal grains to be soaked and cooked to
make a form of porridge, without the need for stone
grinding %4

The skeletal remains at Abu Hureyra are consist-
ent with a sharp division of labour between the
sexes whereby women processed most crop prod-
ucts, such as cereal grains into foodstuffs and fibres
into woven materials. Some of the fibres would
have come from cultivated crops such as flax, while
others such as canes or reeds would have been
collected from wild stands of the plant in question.
Men were responsible for much of the crop and
livestock management at Abu Hureyra, in addition
to some seasonal hunting, although both sexes, and
their children, probably assisted with seasonally
intensive tasks such as crop harvesting and fruit or
berry collection. In many later farming cultures, as
more livestock species were domesticated and
became more important, virtually all crop-related
tasks became a female responsibility, while men
tended the animals. This strict division of labour
was by no mean universal, but it was probably
common in many Neolithic cultures and it is still
the norm today in many pastoralist-agriculturalist
societies in sub-Saharan Africa.

Impact of nutrient deficiencies

Many crop staples are deficient in essential nutri-
ents such as vitamins and minerals. This need not
be a problem if several different crops are grown or
if crop staples are supplemented by nutrient-rich
foods such as meat or fish. However, from Neolithic
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times to the present day, many farming cultures
have over-relied on one or two calorie-rich but
nutrient-poor staples, much to the detriment of
their long-term health.®*® Evidence for this comes
from analysis of skeletal remains, which show that,
in addition to sexual dimorphisms and reduced
stature many early farmers show increased inci-
dence of osteoporosis and indicators of diseases
such as malaria, hookworm, and dysentery. One of
the problems with an excessively cereal-rich diet is
a high intake of phytates, which are relatively
abundant in such grains. Phytates bind essential
minerals such as iron and interfere with their
absorption in the intestine, resulting in the excre-
tion of most of this mineral. Phytates are also pre-
sent in many other plant tissues, which means that
non-meat-eaters of phytate-rich foods are more
likely to develop mineral deficiency symptoms.
Unfortunately, phytates are far from being the only
antinutritional substances found in many common
food plants.

A good example is spinach, which is enriched in
strength-giving iron, as popularized by the well-
known Popeye cartoons. Alas, in reality, Popeye
would be severely anaemic if he relied on a diet of
spinach for his intake of iron. Although spinach
does indeed contain quite a lot of iron, it is virtually
all chelated (bound) into stable complexes with sub-
stances called oxalates. This renders the iron biolog-
ically unavailable; not even the powerful digestive
enzymes of the gut can release such bound iron, so
when we eat spinach nearly all the iron ends up
being excreted. Therefore, for Popeye or anyone
else, spinach is definitely not a good source of
dietary iron, although it is still an extremely nutri-
tious green vegetable for other reasons.®® Iron defi-
ciency would have been a serious problem for all
cereal-farming cultures, especially for populations
relying on milled grains of temperate species such
as wheat or millet. Ironically, it now appears that
domestication may have considerably exacerbated
the iron deficiency of wheat crops due to selection of
cultivated forms with a silenced version of the
NAM-B1 gene and a consequent severe reduction in
grain iron levels.®! Rice is also a very iron-deficient
crop, even in its unmilled form.

Despite the supposed dietary improvements
of modern times, all populations but especially
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premenopausal women and young children, are
still highly prone to diet-related iron deficiencies. It
is estimated that two billion people still suffer from
anaemia, mainly due to dietary iron deficiency.®
According to the World Heath Organization: ‘Iron
deficiency anemia exacts a heavy toll on the popu-
lations it affects in terms of ill health, premature
death, impaired child development and lost earn-
ings.’®% If the situation is this bad today, one can
only imagine how much worse it was for those
early cereal farmers, unable to supplement their
diet with iron-rich foods. From archaeological sites
around the world, there are numerous examples of
skeletal pathologies related to dietary iron defi-
ciency in agricultural populations.®® Data from
several studies show that iron deficiency was most
acute in populations that practiced more intensive
forms of cereal agriculture, especially when this
was in a more coercive state setting, as in hyperur-
banized Mesopotamia after 5000 Bp. Likewise,
reversion to more autonomous village-based agri-
culture is correlated with an easing of the physical
manifestation of such deficiencies.®*

In the early farming communities, deficiencies in
essential minerals such as phosphates and iron
were coupled with a reduction in calcium and vita-
min D intake as meat consumption declined. The
most visible results were impaired skeletal devel-
opment, reduced stature, and weaker teeth and
bones. These deficiencies would also have left
people more susceptible to infectious diseases. As
urbanization proceeded, the incidence and severity
of infectious diseases were further exacerbated by
the greater proximity of people, both to each other
and to their domesticated animals.®® Even today, a
high proportion of the population in all countries,
including the most affluent industrial nations, is
relatively deficient in minerals including iron and
calcium, which are abundant in meat but less so in
cereals and other plant products.” Various forms
of chronic and acute vitamin deficiencies were
much more severe in the early- to mid-Neolithic
period, leading in turn to adaptive genetic changes
in the human population that included reduced
stature and mechanisms to cope with some of the
more serious infectious diseases, especially the
zoonoses, that had became a lot more common in
farming-based cultures.

Human genetic changes in response
to agriculture

It is often stated that, with the over-riding influence
of transmitted culture, classical biological evolution
is no longer a significant selective agent for
humankind (Box 9.1). Cultural influences are easily
perceived by all of us, and can lead to rapid adap-
tations in our behaviour. However, we are never-
theless still subject to a plethora of less-obvious
selective pressures, both from the physical environ-
ment and from the plants and animals with which
we interact. As seen above, in the case of the early
Neolithic decline in stature, and below for vitamin
D synthesis, malaria resistance, and lactose toler-
ance, human populations have continued to
respond to environmental pressures by developing
sometimes far-reaching, new genetic adaptations.
In other words, we are still very much evolving in
a similar way to the rest of the biological world and
we are already genetically different in many ways
from our Palaeolithic ancestors. The surprisingly
high incidence of recently occurring, evolutionarily
determined genetic changes in human populations
has been uncovered in the past few years by
modern methods of genome analysis.®*® We will
now look at just a few of the many examples of
such genetic changes that relate to the adoption of
agriculture.

Partial pathogen tolerance: bad for individuals
but good for societies

Several genetic changes in humans have occurred
in response to the increased incidence of crowding-
related diseases and parasite-borne diseases due to
animal domestication and urbanization. Such con-
ditions facilitated the maintenance in the human
community of endemic diseases, including typhus,
plague, smallpox, chickenpox, and measles. Some
of these diseases had afflicted humans for many
millennia before urbanization, but the increased
population densities of the early towns and cities
enabled pathogens to persist for long periods,
instead of dying out as they would in a smaller
group of hunter—gatherers. This in turn set up
powerful selective pressures within the chronically
afflicted human populations, who often developed



a genetically based tolerance, if not an outright
immunity, to the disease.

Ironically, the presence of endemic diseases in a
human society, while obviously debilitating to the
many individuals who were directly affected, also
conferred a selective advantage to the group as a
whole in relation to other societies.®®® Hence,
although smallpox and influenza were serious,
episodic diseases for most Eurasian societies, these
populations had built up a level of tolerance suffi-
cient to ensure that most people survived such
infections. Other Old World diseases that were
not present in the Americas until contact with
Europeans include bubonic plague, measles,
mumps, chickenpox, cholera, diphtheria, typhus,
malaria, leprosy, and yellow fever.®® The more
highly dispersed Native American populations did
not develop either tolerance or any form of
acquired immunity to any of these diseases. The
result was that tens of millions of indigenous
people perished within decades of their first con-
tact with European visitors in the sixteenth century.
This created a niche into which the Europeans
moved to establish new populations that survive to
this day. It is possible that similar mechanisms
acted on a smaller scale in other parts of the world,
hence conferring a powerful selective advantage on
disease-tolerant migrants moving with their ‘semi-
domesticated” pathogens into the territory of more
susceptible native populations.

The sickle-cell trait and other
antimalarial mutations

The sickle-cell trait is a genetic adaptation to an
unexpected consequence of agriculture, that is
malaria, and is caused by a mutation in the human
genome that occurred a few thousand years ago in
western Africa. This hypothesis was first proposed
by Frank Livingstone, who showed that slash-and-
burn agriculture exposed human populations to
Anopheles gambiae, a mosquito that is a major vector
for the parasite Plasmodium falciparum that causes
malaria.®®! The agricultural practices of expanding
populations of yam cultivators, especially in the
Middle Niger region, created numerous stagnant
pools of water, greatly increasing the number of
potential breeding sites for mosquitoes. This form
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of agriculture first arose in Africa at about 3000 BP
and was followed by a much elevated incidence of
malaria in the region. However, within a few hun-
dred years, local human populations were already
showing the first genetic adaptations to the dis-
ease.®? The most effective adaptation was the
sickle-cell anaemia trait, a mutation in the haemo-
globin gene that rapidly spread through popula-
tions in malarial regions and is still commonly
found today in west Africa.

People carrying two copies of this mutation (one
from each parent) produce an aberrant form of
haemoglobin that causes their red blood cells to
be sickle-shaped, rather than the more rounded
biconcave shape of normal erythrocytes. Such
people suffer from so-called sickle-cell anaemia due
to less efficient blood oxygen transport and conse-
quently have a reduced life expectancy. In normal
circumstances such a harmful mutation would tend
to be eliminated from the population within a short
time. However, people who inherit a single copy of
the mutation produce relatively few sickle-shaped
red blood cells and are normally asymptomatic
despite having some aberrant haemoglobin. If such
people are infected with malaria, the plasmodial
parasite is unable to reproduce in the presence
of the aberrant haemoglobin. Therefore these
people are more likely to recover from malaria and
hand on the mutation to their descendents. A
second series of antimalarial mutations results in
a deficiency in the activity of the enzyme, glucose-
6-phosphate-dehydrogenase, or G6PD. This defi-
ciency is caused by mutations in either or both of
two different alleles, called Med and A-, of the
G6PD gene. The effects of the mutations are similar
to the sickle cell trait in that they lead to anaemia in
affected individuals but also confer much increased
protection against the malaria parasite. In the
absence of malaria, these mutations are clearly bad
for the individuals concerned, especially the car-
riers of two copies of the mutated gene who have
greatly reduced fitness. However, when malaria is
common, it is better to be slightly less healthy and
resistant to the parasite (i.e. to carry a single muta-
tion) than to carry a normal haemoglobin gene and
hence be more vulnerable to the parasite.

The DNA profiling of human populations in
malarial regions of Africa has shown that these two
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mutations arose between 1600 and 11,700 years
ago.%%® Such deleterious mutations could only have
been maintained under conditions of severe and
widespread malarial infection. Further genetic
analysis has shown that mosquitoes have also
changed over the past 6000 to 10,000 years to
become more both virulent and more adapted to
human hosts.?* It has been suggested that a period
of climatic warming at about 8000 B> may have
favoured this new strain of mosquito over other
variants in the population.®®® However, it seems
that the newly virulent genotype of mosquito did
not become a widespread scourge of human popu-
lations until its dissemination was enhanced via
agricultural practices that were introduced in west
Africa some 5000 years later. Malaria is still so
prevalent in west Africa that, despite the dire
effects of the sickle cell and G6PD mutations on
affected individuals, these two traits remain suffi-
ciently advantageous at the population level that
they continue to be maintained as adaptive genetic
characters for human populations in this particular
region.

Vitamin D, pale skin, and lactose tolerance

Another set of genetic changes in humans relates to
our requirement for vitamin D, which is needed for
the formation and maintenance of healthy bones,
plus other functions relating to calcium homeosta-
sis. Cereal-based diets are deficient in vitamin D,
but humans can avoid this problem by synthesizing
the vitamin endogenously, providing they are
exposed to sufficient sunlight. Vitamin D synthesis
occurs in the skin and requires ultraviolet radiation
from the sun. The skin of early hominids was uni-
formly dark, due to high levels of the pigment
melanin in their epidermal cells. Interestingly, it
seems likely that the more primitive form of human
skin pigmentation is a light colour. The skin of most
apes and early hominids was (and still is in the case
of chimpanzees and gorillas) virtually unpig-
mented, but was covered instead with a profusion
of dark hairs. When African hominids lost much of
their bodily hair (probably as a way of facilitating
thermoregulation as they moved from their original
woodland locations to more open savannah
habitats), it became adaptive to develop a darkly

pigmented skin as a protection against UV radi-
ation.®® The pigment melanin shields the epidermis
from potentially harmful ultraviolet radiation, but
at the cost of reducing its capacity for endogenous
vitamin D biosynthesis. This was not an issue in
Africa, even for the original dark-skinned human
populations, because the high levels of year-round
sunlight enabled them to synthesize sufficient
endogenous vitamin D.

However, dark skin became a potential problem
for those people who migrated out of Africa into
less sunny, northerly latitudes, especially if they
failed to maintain a vitamin D-rich diet. In Eurasian
farming-based cultures, the dearth of dietary vita-
min D would have led to an explosion in the rates
of debilitating deficiency diseases such as rickets.
This set up a powerful selective pressure for a
reversion to the much lighter skin pigmentation of
our early anthropoid ape ancestors.®” Lighter-
skinned people are able to synthesize their own
vitamin D thanks to their greater ability to absorb
UV light, which is used to convert provitamin D,
into the active form of the vitamin. This has led to
two very important genetic changes in one particu-
lar group of humans in northern Europe. Firstly, a
much lighter skin colour was selected for. Although
this was potentially maladaptive in terms of skin
damage by intense sunlight, their paler skin
enabled these people to synthesize sufficient
vitamin D, even in cloudier temperate regions.%8
When they move back to sunnier regions, these
light-skinned people often experience significant
problems, for example increased incidence of
skin cancer, as their phenotype then becomes
maladaptive.®®

The second genetic adaptation to vitamin D
deficiency was a mutation that allowed the pale-
skinned, northern Europeans to digest milk sugars.
Full-fat milk is a rich source of vitamin D, calcium,
and phosphate, but most adults across the world
today cannot drink milk because they are lactose-
intolerant, that is they cannot efficiently digest the
milk sugar, lactose. Most humans still lose this
ability in infancy, soon after weaning, and become
lactose intolerant as adults. There is a very good
reason for this. The energy cost of breastfeeding
human infants is high, especially for mobile
females in hunter-gatherer groups. Therefore,



nursing mothers must wean their growing off-
spring off breast milk before beginning a new
pregnancy. The onset of lactose intolerance in older
infants is a useful mechanism that facilitates their
move to solid foods, and frees up their mother to
invest in further offspring. Hence we find very high
levels of lactose intolerance amongst adults in
the vast majority of the world’s population. For
example, 85% of Australian aborigines, 93% of
Chinese, 98% of Thais, and 100% of Amerindians
are lactose-intolerant.®”? Lactose intolerance does
not preclude the eating of sold milk products, such
as cheese or butter, because the latter contain little
or no lactose. However, it does mean that a poten-
tially calorie-rich foodstuff, namely lactose-rich
liquid milk from domesticated mammals, is
unavailable to such people.

In contrast to most of the world population, the
incidence of lactose intolerance in Swedes is only
2%, because these people are descended from a
population that developed a specific mutation that
enabled them to maintain the infantile trait of lac-
tose tolerance. The lactose tolerance mutation is
therefore another recent paedomorphic, domestica-
tion-related trait that has some similarities with
what we saw previously with the Siberian fox
study in Chapter 3. Lactose tolerance mutations
probably arose in northern European pastoralists as
recently as 5000 to 10,000 years ago. In genetic
terms, acquisition of adult lactose tolerance seems
to be due to one or two simple mutations in the
promoter region of the lactase gene, as described in
2002 by a group from Finland.®”! These mutations
result in the persistence of lactase activity into
adulthood and allow such people to drink liquid
milk from mammals. Not only did the milk provide
useful calories from its sugars and fats, it was also
a rich source of protein and vitamin D.

The population-wide benefits conferred by the
lactose tolerance trait far outweighed disadvan-
tages caused by older infants retaining the ability to
digest their mother’s milk (and therefore being able
to compete for maternal milk with younger
unweaned infants). Besides, these older infants and
children could now be fed milk from cows or goats
instead of relying on maternal milk. This extremely
adaptive mutation soon spread through popula-
tions in northern Europe, although its incidence
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in other human groups around the world has
remained very low. Analyses by molecular geneti-
cists indicate that the recent selection for this
trait in north European, dairy-dependent cultures
is one of the most powerful such events that
they have measured in the human genome.®”?
Separate lactose-tolerance mutations have arisen
independently in a few other highly pastoralist
groups, such as the Bedouin and Hausa in Africa,
