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Preface

The scope of biology is so vast it can be dizzying. Upwards of 50 mil-
lion species of living things exist on Earth. Within each species, the num-
ber of creatures can range from the alarming (only a handful of Yangtze
River dolphins exist), to the worrisome (our own species numbers six bil-
lion and counting), to the astonishing (five hundred quadrillion individual
wheat plants emerge and die every year). But numbers alone can’t tell the
tale, because life at every level is a process and a pattern, from the devel-
opment of a single creature to the evolution of a whole species, and from
the expression of a single gene to the nutrient cycling of an entire ecosys-
tem. The human body contains about fifty trillion cells, every one of which
draws on its store of thirty thousand genes to make the pattern of proteins
that control it and make it unique. Within the human brain, one hundred
billion neurons make one hundred trillion connections, which combine to
make the pattern of thoughts, memories, and feelings that make each of us
unique.

Central Ideas and Vital Details

How can a single book, or even a four-volume encyclopedia, encompass
so vast a subject? It can’t. And in producing Biology, we didn’t try to cover
every topic from Aardvark to Zyzzyva. Instead, in our 432 entries we pre-
sent as broad an introduction as possible to the many facets of biology, while
concentrating in depth on a smaller number of central ideas and phenom-
ena that are at the heart of all biological processes.

One of our major themes is molecular genetics, which in the last two
decades has taken center stage in biology, along with its offspring, biotech-
nology. In these volumes, students will find detailed and accessible descrip-
tions of the many aspects of these growing disciplines, from genes and
chromosomes to cloning and the Human Genome Project. Genes exert their
effects through proteins in cells, and we discuss both individual cell processes
and the rapidly growing understanding of control mechanisms. Through-
out, our emphasis is on clear explanation of the underlying principles, so
that students can prepare to understand phenomena that may yet remain
undiscovered.

Understanding of human physiology is central to medicine and health,
and in Biology, we discuss almost every aspect of the human system, includ-
ing bones, brains, and behavior. We devote special attention to several health
issues especially important to students, including smoking, alcohol, and sex-
ually transmitted diseases. Comparative animal physiology and plant phys-
iology are also featured.

*Explore further in DNA,
Nucleus, and Clone

*Explore further in
Development, Immune
Response, and Smoking
and Health
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*Explore further in
Eubacteria, Conifers, and
Conservation

*Explore further in
Grasslands, Population
Dynamics, and Sexual
Selection

The world’s biodiversity is being revealed even as it is increasingly
threatened, and we survey both of these crucial aspects within our pages.
Animal and plant diversity is discussed in many separate entries, and major
entries are provided on archaea, eubacteria, fungi, and protists. Up-to-date
classification systems are used throughout. We examine the major environ-
mental challenges facing the world today, including global climate change,
extinction, desertification, and the growing human population.

“The ecological theater and the evolutionary play” was how one notable
biologist described the vital connection between these two major areas in
biology. This interplay is explored in entries that range from physiological
ecology to human evolution, and in environments from the Arctic tundra
to the depths of the oceans. Finally, we examine the history of biology
through major entries and capsule biographies, and we look at careers in bi-
ology at every level in every field.

Organization of the Material

To aid students and teachers in exploring this vast territory, Biology in-
cludes individual volume indexes as well as a cumulative index at the end of
Volume 4. We also provide a glossary of more than 550 terms with defin-
itions both in the page margin and collected at the end of each volume. Each
entry contains suggestions for further reading. A topical index provides a
guide to entries by subject, and useful references are provided as frontmat-
ter, including a geologic time scale and tables of metric conversions.

Acknowledgments and Thanks

A work of this scope would be impossible without the dedication and
hard work of many people. Our contributors are biologists who have de-
voted their careers to understanding the living world, and have now devoted
many hours to explaining it carefully and clearly enough for a beginning au-
dience. Hélene Potter of Macmillan Library Reference charted a challeng-
ing and inspiring course in launching this encyclopedia, and Linda Hubbard,
Michelle Harper, Diane Sawinski, and Christine Slovey of the Gale Group
provided a sure hand on the tiller during rough weather. Ricki Lewis of-
tered invaluable editorial review when it mattered most.

The editorial advisors for this project have given their time and exper-
tise unstintingly, often far beyond the call of duty. As will be clear from the
list of authors, several of them are also gifted and generous authors. They
have my deep gratitude for all their work on this encyclopedia. Sadly, Tom
Frost, an aquatic ecologist of national stature, did not live to see the com-
pletion of this work. His loss was a blow to this project, and even more so
to the world of ecology. But he has left his mark on Biology, and we dedi-
cate this work to him.

Richard Robinson
Tucson, Arizona
rrobinson@nasw.org



For Your Reference

The following section provides information that is applicable to a num-
ber of articles in this reference work. Included are a metric measurement
and conversion table, geologic timescale, diagrams of an animal cell and a
plant cell, illustration of the structure of DNA nucleotides, detail of DNA
nucleotides pairing up across the double helix, and a comparison of the mol-

ecular structure of DNA and RNA.

METRIC MEASUREMENT

Definitions Temperature Conversion
Kilo = 1000
Hecto = 100 210
Deka = 10 200
Deci = 0.10 (1/10) 190
Centi = 0.01 (1/100)
Milli = 0.001 (1,/1000) 180
Micro = 0.000001 (1/1,000,000) 170
Nano = 0.000000001 (1,/1,000,000,000) 160
150
140
Conversions 130
120
To convert Into Multiply by 110
Acres Hectares 0.4047 100
Centimeters Inches 0.3937 90
Feet Meters 0.3048 80
Gallons Liters 3.7853 70
Grams Ounces 0.0353
Grams Pounds 0.0022 60
Hectares Acres 2.4710 50
Inches Centimeters 2.5400 40
Kilograms Pounds 2.2046 30
Kilometers Miles 0.6214
Liters Gallons] 0.2642 20
Meters Feet 3.2808 10
Miles Kilometers 1.6093 0
Ounces Grams 28.3495 10
Pounds Kilograms 0.4536
Pounds Grams 453.59

100°C = water boils
0°C = water freezes
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GEOLOGIC TIMESCALE

ERA PERIOD EPOCH minol ARTED
Cenozoic: Quaternary Holocene 0.01
66.4 millions of years Hafeiraee 1.6
ago—present time
Neogene Pliocene 5.3
> Miocene 23.7
'E Paleogene Oligocene 36.6
= Eocene 57.8
Paleocene 66.4
Mesozoic: Cretaceous Late 97.5
3:;;682.;1 millions of Early 144
Jurassic Late 163
Middle 187
Early 208
Triassic Late 230
Middle 240
Early 245
[ Permian Late 258
570-245 millions of Early 286
years ago @
_é Pennsylvanian Late 320
<
2
8 Mississippian Early 360
Devonian Late 374
Middle 387
Early 408
Silurian Late 421
Early 438
Ordovician Late 458
Middle 478
Early 505
Cambrian Late 528
Middle 540
Early 570
Precambrian time: 4500-570 millions of years ago 4500




A TYPICAL ANIMAL CELL
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A TYPICAL PLANT CELL
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STRUCTURE OF DNA NUCLEOTIDES

Components of a nucleotide

Nitrogenous

base
Phosphate

Purine-containing nucleotides Pyrimidine-containing nucleotides

Adenine Thymine
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DNA NUCLEOTIDES PAIR UP ACROSS THE DOUBLE HELIX
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COMPARISON OF DNA AND RNA

DNA

RNA
Deoxyribose Ribose
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Active Transport

Active transport is the movement of molecules up their concentration
gradient, using energy.

Concentration Gradients

The concentration of most molecules inside a cell is different than the con-
centration of molecules in the surrounding environment. The plasma mem-
brane separates the internal environment of the cell from the fluid bathing
the cell and regulates the flow of molecules both into and out of the cell.
The second law of thermodynamics states that molecules, whether in the
gas or liquid state, will move spontaneously from an area of higher con-
centration to an area of lower concentration or down their concentration
gradient.

A concentration gradient can be likened to water stored behind a dam.
The water behind the dam will flow through the dam via any available chan-
nel to the other side. The energy from the water moving through the dam
can be harnessed to make electricity. Water can also be pumped in the op-
posite direction from the river below the dam up to the reservoir behind
the dam, with an expenditure of energy. Cellular membranes act somewhat
like a dam. They block the movement of many types of molecules and have
specific channels, transporters and pumps to provide pathways for the move-
ment of certain molecules across the membrane.

When a molecule moves down its concentration gradient using one of
these membrane channels or transporters, the process is called facilitated
diffusion. In facilitated diffusion, no input of energy is needed to move
the molecules. Instead, the potential energy of the concentration gradi-
ent powers the movement, just like water flowing out of a dam. For fur-
ther diffusion, the channel or transporter does not determine in which
direction the molecules will move, it only provides a pathway for the
movement.

In cells, some molecules must be moved against their concentration gra-
dient to increase their concentration inside or outside the cell. This process
requires the input of energy and is known as active transport. As with facil-
itated diffusion, special transporters in the membrane are used to move the
molecules across the membrane. The plasma membrane is not the only cel-
lular membrane that requires active transport. All organelles surrounded by
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concentration between
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Active Transport

Diagram of carrier
protein, which actively
pumps Na™ out of and
K* into a cell. For every
molecule of ATP
hydrolyzed inside the cell,
three Na™ are pumped
out and two K™ are
pumped in.

ATP adenosine triphos-
phate, a high-energy
nucleotide used by cells
to power most energy-
requiring reactions

ion an electrically
charged particle

protein complex mole-

cule made from amino

acids; used in cells for
structure, signaling, and
controlling reactions

enzyme protein that
controls a reaction in a
cell

amino acid a building
block of protein

K*-binding site
membrane

sodium 4
electrochemical
gradient

l Na*-binding
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potassium
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gradient
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membranes must concentrate some molecules against their concentration
gradients.

Types of Active Transporters

There are three types of active transporters in cells: (1) Coupled transporters
link the “downhill” transport of one molecule to the “uphill” transport of a
different molecule; (2) ATP-driven pumps use the energy stored in adeno-
sine triphosphate (ATP) to move molecules across membranes; (3) Light-
driven pumps use the energy from photons of light to move molecules across
membranes. Light driven pumps are found mainly in certain types of bac-
terial cells.

Most of the energy expended by a cell in active transport is used to
pump ions out of the cell across the plasma membrane. Because ions have
an electrical charge, they do not easily cross membranes. This phenomenon
allows large ion concentration differences to be built up across a membrane.
Highly selective transporters are present in membranes that pump certain
ions up their concentration gradients, but ignore other ions.

The NAT-K™ Pump. One of the best understood active transport systems
is the sodium-potassium pump, or NA*-K* pump. This carrier protein is
a coupled transporter that moves sodium ions out of the cell while simulta-
neously moving potassium ions into the cell. Because of the pump, the
sodium ion concentration inside the cell is about ten to thirty times lower
than the concentration of sodium ions in the fluid surrounding the cell. The
concentration of potassium ions inside the cell is almost exactly the oppo-
site, with a ten- to thirtyfold higher concentration of potassium ions inside
the cell than outside.

Because the cell is pumping sodium from a region of lower concentra-
tion (inside) to a region of higher concentration (outside), the NA"-K™
pump must use energy to carry out its pumping activity, and this energy is
supplied by ATP. For this reason, the NA™-K™ pump is also considered an
enzyme. It belongs to a class of enzymes known as ATPases that use the
energy stored in ATP to carry out another action. Other membrane trans-
porters use the energy from ATP to pump ions like calcium, amino acids,
and other electrically charged molecules either into or out of the cell.
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Tons carry a positive or negative electrical charge so that these gradi-
ents have two components: a concentration gradient and a voltage or elec-
trical gradient. For instance, sodium ions are positively charged. The higher
concentration of sodium ions outside of the cell than inside means that out-
side of the cell will have a positive charge and the inside of the cell will have
a negative charge. This potential difference, or voltage, across the mem-
brane can be used as an energy source to move other charged molecules.
Positively charged molecules will be attracted towards the inside of the cell
and negatively charged molecules will be attracted to the outside of the cell.
It is, in fact, this electrical potential that causes positively charged potassium
ions to enter the cell through the Na-K pump, even though they are mov-
ing up their concentration gradient.

The potential energy of the gradient can be used to produce ATP or to
transport other molecules across membranes. One of the most important uses
of the NA™ gradient is to power the transport of glucose into the cell. The
NA"-glucose cotransporter moves sodium down its concentration gradient,
and glucose up its gradient, as both move into the cell. SEE ALso MEMBRANE
TransPorT; NEURON; OXIDATIVE PHOSPHORYLATION; PHOTOSYNTHESIS

Stephen A. Adam
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Adaptation

To survive and reproduce, all living organisms must adjust to conditions im-
posed on them by their environments. An organism’s environment includes
everything impinging upon it, as well as everything that is affected by that
organism. Conformity between an organism and its environment constitutes
what biologists call adaptation.

Biotic and Abiotic Environments

Plants and animals have adapted to their environments genetically and by
means of physiological, behavioral, or developmental flexibility, including
both instinctive behavior and learning. Adaptation has many dimensions in
that most organisms must conform simultaneously to numerous different
aspects of their environments. Adaptation involves coping not only with the
physical abiotic environment (light, dark, temperature, water, wind), but
also with the complex biotic environment (other organisms such as mates,
competitors, parasites, predators, and escape tactics of prey). Conflicting
demands of these various environmental components often require that an
organism compromise in its adaptations to each.

Conformity to any given dimension requires a certain amount of en-
ergy that is then no longer available for other adaptations. The presence of
predators, for example, may require that an animal be wary, which in turn
is likely to reduce its feeding efficiency and hence its competitive ability.

glucose simple sugar
that provides energy to
animal cells and is the
building block of cellu-
lose in plants

abiotic nonliving

biotic living

parasite organism living
in close association
with another from which

it derives most of its
nutrition
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A willow ptarmigan in
winter color.

nocturnal characterized
by activity at night, or
related to the night

hormone molecule
released by one cell to
influence another

avian concerning birds

For a small bird, trees are an important part of its environment: They
offer vital shade during the heat of a hot summer day, places to forage for
insects, safety from ground-dwelling predators, and safe places to build nests
and raise chicks. Blades of grass or hairs used to line a bird’s nest are also
important components of a bird’s environment. During the dangerous night,
a bird copes with nocturnal predators such as raccoons by sleeping perched
on a small twig high above the ground. While gleaning tiny insects from
tree leaves during the day, a bird remains alert for diurnal predators like
hawks.

Many birds cope with changing seasonal conditions by migrating to
warmer places at lower latitudes where there is more food. Over eons of
time, natural selection has molded birds to make them effective at escaping
from the predictable dire consequences of winter (a time of high mortality).
Birds that did not successfully evade winter’s icy clutches died without leav-
ing any surviving offspring, whereas those that migrated survived to pass on
their genes. Natural selection has endowed birds with a built-in biological
clock, which they compare against day length, effectively giving them a built-
in calendar. Changing day length affects a bird’s pituitary gland, causing it
to secrete hormones that control avian behavior. Short autumn days elicit
a “wanderlust,” ultimately leading to migratory behavior. Experiments with
migrating birds in planetaria have shown that tiny bird brains have been
hard-wired so that they contain a map of the stars. Indeed, natural selection
“invented” celestial navigation.

Factors that Affect Adaptation

Organisms can conform to and cope with a highly predictable environment
relatively easily, even when it changes in a regular way, as long as the changes
are not too extreme. Adaptation to an unpredictable environment is usually
more difficult; adapting to extremely erratic environments may even prove
impossible. Many organisms have evolved dormant stages that allow them
to survive unfavorable periods, both predictable and unpredictable. Brine
shrimp in deserts and annual plants everywhere are good examples. Brine
shrimp eggs survive for years in the salty crust of dry desert lakes; when a
rare desert rain fills one of these lakes, the eggs hatch, the shrimp grow
rapidly to adults, and they produce many eggs. Some plant seeds known to
be many centuries old are still viable and have been germinated.

Very small undirected changes in the physical environment can some-
times improve the level of adaptation between an organism and its envi-
ronment, but large changes are almost always detrimental. Changes in the
environment that reduce overall adaptation are collectively termed the “de-
terioration of environment.” Such changes cause directional selection re-
sulting in accommodation to the new environment, or adaptation. Changes
in biotic environments (such as the hunting efficiency of an organism’s
predator) are usually directed and typically reduce the level of adaptation.

Every individual is simultaneously a member of a population, a species,
and a community; therefore, it must be adapted to cope with each and must
be considered in that context. An individual’s fitness—its ability to perpet-
uate itself as measured by its reproductive success—is greatly influenced by
its status within its own population. An individual might be a resident or a
vagrant, mated or unmated, or high or low in a pecking order, all factors
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that strongly affect its fitness. Any given individual’s fitness is also influ-
enced by various interspecific associations of its species and especially by
the particular community in which it finds itself embedded.

“Arms Races”

Individuals and species must “track” their environments in ecological and
evolutionary time, adapting and evolving as their environments change. Nat-
ural selection acting on natural enemies (prey, parasites, and predators) will
always result in a deterioration of an organism’s biotic environment, di-
minishing fitness. Every prey-predator or host-parasite interaction consti-
tutes an escalating “arms race,” in which moves alternate with countermoves.

Prey that are better able to escape from their predators, or hosts that
can better resist infection by parasites, will enjoy a fitness advantage. But
better predators and better parasites are also favored by natural selection
themselves, assuring that the arms race will continue to escalate indefinitely.
Indeed, most species are probably evolving rapidly just to maintain a given
current level of adaptation in the face of a continually deteriorating envi-
ronment. Still other interactions between species are mutually beneficial, re-
sulting in increased fitness for both parties, such as between plants and their
pollinators.

Any genetically based physiological, behavioral, or ecological trait that
enables an organism to cope with, and to survive and reproduce in, its en-
vironment represents an adaptation. Some traits may not be adaptive but
simply leftover vestiges of traits that once were adaptive. A given trait can
also be “preadapted” if it was formerly adaptive under some prior set of con-
ditions now gone but is later co-opted as the basis of a new adaptation un-
der some new environmental conditions. For instance, it is likely that bird
feathers were initially important for temperature regulation, rather than for
flying. sEE ALso ComMmuniTY; CoNVERGENT EvoLuTioN; EvoLuTtion; NaT-
URAL SELECTION; ParasiTic Diseasks; Prrurtary Granp; PoruraTion Dy-
NAMICS; PREDATION AND DEFENSE; SEXUAL SELECTION; SYMBIOSIS
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Adrenal Gland

The adrenal glands are located on the upper pole of each kidney. In fact,
their name designates their location: the prefix 2d means “adjacent,” and re-
nal refers to the kidney. In the human body, they are small yellowish glands
that weigh about five grams (0.175 ounces) each.

The adrenal gland is actually two organs in one. The outer portion,
called the adrenal cortex (cortex means “bark,” as in the bark of a tree), is
about nine-tenths of the gland’s total weight. The inner part, called the
adrenal medulla (7zedulla means “marrow,” as found in the inside of a bone),

A willow ptarmigan in
summer color.

interspecific between
different species
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Cross section of a human
adrenal gland.

endocrine related to
the system of hormones
and glands that regulate
body function

hormone molecule
released by one cell to
influence another

aggregate clump
together

steroids hormones
such as testosterone or
estrogens that control
many aspects of physi-
ology

excrete deposit out-
side of

minerals iron, calcium,
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is about one-tenth. They are both endocrine glands, meaning that they se-
crete chemical messengers called hormones into the bloodstream. How-
ever, the adrenal cortex and medulla are different in their embryological
development, their tissue structure, the types of hormones they secrete, and
the way they are regulated. So why is one located inside the other?

Adrenal Cortex

The adrenal cortex develops from the mesoderm (middle layer) of the em-
bryo. The tissue destined to become the adrenal cortex aggregates near the
developing kidney and becomes organized into three zones. The outer zone
is called the zona glomerulosa (meaning that the cells are arranged in little
balls called glomeruli), the middle zone is the zona fasiculata (the cells are
in parallel fascicles or bundles), and the zona reticularis (reticular means net-
work) is innermost.

The hormones secreted from each zone all resemble the molecule cho-
lesterol and are called steroids, but each zone secretes slightly different
hormones. The zona glomerulosa secretes hormones that influence the kid-
neys to excrete or retain sodium and potassium, depending on the needs of
the body. These hormones are called mineralocorticoids (sodium and potas-
sium are minerals). The zona fasiculata secretes hormones called gluco-
corticoids that influence the metabolism of carbohydrates, including
glucose. The glucocorticoids include hydrocortisone, corticosterone, and
cortisone.

In addition to regulating metabolism, these steroids provide resistance
to stress and suppress the inflammatory response and some allergic reac-
tions. Steroids such as these are often rubbed onto inflamed and itchy skin
to make it feel better. The zona reticularis secretes steroids that resemble
the sex hormones secreted by the ovary in the female and testes in the male.

The adrenal cortex is regulated by the pituitary gland in the head. The
pituitary gland secretes a hormone called adrenocorticotropic hormone
(ACTH). Tropic (pronounced with a long o) is from a Greek word meaning
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“nourishment,” so ACTH simply refers to this hormone’s ability to produce
a change in the adrenal cortex. ACTH is necessary for cell growth and main-
tenance and stimulates glucocorticoid synthesis.

Adrenal Medulla

The adrenal medulla forms from ectoderm (outer layer) very near the em-
bryonic spinal cord. From its beginnings, the adrenal medulla is part of the
nervous system. These cells migrate into the middle of the developing
adrenal cortex and form into a solid ball. The cells of the adrenal medulla
secrete a class of hormones called catecholamines, adrenaline (or epineph-
rine) being the best known. Norepinephrine is also secreted.

In times of acute stress, the brain and spinal cord send a signal to the
adrenal medulla, and it secretes adrenaline into the bloodstream. This causes
the heart to beat faster, opens up the airways, and gets the body ready for
physical activity. This “fight or flight” reaction is a survival mechanism, al-
lowing people (and other animals) to escape from a dangerous situation. A
person experiences the effects of the adrenal medulla when he or she gets
scared or excited.

Why is the adrenal medulla inside the cortex? Steroids in the adrenal
cortex activate the enzyme that puts the final atoms onto adrenaline. There-
fore, the adrenal cortex helps the adrenal medulla to synthesize adrenaline,
allowing the medulla to do its job. SEE ALsoO ANaBoOLIC STEROIDS; ENDOCRINE
SysteEm; HomeosTasis; HorMmoNES; Prrurtary GLAND; STRESS RESPONSE

Stephen W. Carmichael
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Aging, Biology of

Human life span, or longevity, has two components: mean longevity (also
called life expectancy) and maximum longevity. Mean longevity is the aver-
age age at death of all members of a population. Throughout history, hu-
man life expectancy has increased. For example, life expectancy in the United
States in the late eighteenth century was thirty-five years. By the last quar-
ter of the twentieth century, it had increased to seventy-two years. The sec-
ond component of life span, maximum longevity, is the age at which the most
long-lived individuals of a population will die. This is difficult to determine
in humans but is generally accepted to fall between 110 and 120 years.

The trend for life expectancy to get closer to maximum longevity has
been attributed to improvements in nutrition, sanitation, and medical care.
Maximum longevity, in actuality, appears to be independent of these envi-
ronmental factors and is an absolute limit, probably determined by the ac-
tion of genes. The genes that determine maximum longevity are believed
to be responsible for repairing errors in the genetic information, repairing

mistakes in the process of protein synthesis, and determining the time of
death.
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controls a reaction in a
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controlling reactions



Aging, Biology of

Improvements in
nutrition, sanitation, and
medical care have
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life expectancy.

aerobic with air, or
requiring it
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Aging Changes that Occur in Humans

Some of the most easily observed age-related changes in humans are found
in the skin and its derivatives. These include a loss of pigment in the hair,
wrinkling of the skin, an increase in pigment in the skin, and thickening of
the nails. Other observable changes are a decrease in size, due to loss of
muscle and bone mass; a decrease in muscle strength; a decrease in mobil-
ity in the joints; and a variety of neurological changes, including diminished
sensory function (vision, hearing, smell, and taste), increased response time,
and diminished capacity for learning and memory. The latter have been at-
tributed to a loss in brain mass, due at least in part to a loss of brain cells.

Less easily observed changes include a decrease in metabolic rate; di-
minished function of the kidneys, lungs, and pancreas; cardiovascular dis-
ease; diminished immune function; increased susceptibility to cancer; and a
decrease (in males) or termination (in females) of reproductive function. All
of these changes have been attributed to cellular events and processes that
are described by various theories of aging.

Theories of Aging

It is widely accepted that the process of aging cannot be traced to a single
cause. A number of theories have been proposed to explain the changes ob-
served during aging. In order to be a valid candidate for an explanation of
the aging process, the changes proposed by the theory must meet the fol-
lowing criteria: (1) they will commonly occur in all or most humans; (2) as
an individual ages, these changes will become more pronounced; and (3) the
changes will lead to cellular or organ dysfunction that ultimately cause fail-
ure of the organ or system. The following explanations are the most com-
monly accepted ones for the aging process.

Free Radicals. Free radicals are chemical particles that contain an un-
paired electron and are extremely reactive. They are produced by aerobic
metabolism and by radiation and other environmental agents. Their effects
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are widespread. They alter or break down the structure of many other mol-
ecules in the cell and thus impair their functions. Free radicals react with
proteins, which have enzymatic, structural, and control functions. They
cause breaks in deoxyribonucleic acid (DNA) and thus alter the information
necessary for synthesizing proteins. They cause lipids to stick together,
which causes cell membranes to break down.

Their effects on carbohydrates are less well documented. Free radicals
are most abundant in the cellular organelles called mitochondria, where
oxidative reactions occur. Mitochondrial damage, including damage to mi-
tochondrial DNA, has been proposed as a contributing factor to the aging
process. The effects of free radicals are diminished by certain enzymes (su-
peroxide dismutase and catalase) that interrupt the cycle of reactions that
cause their damage. Antioxidants such as vitamins C and E also protect
against free radical damage by quenching the reactions.

Crosslinkage of Proteins. In addition to the effects of free radicals, pro-
teins can be altered by the spontaneous and uncontrolled joining of protein
molecules to one another by glucose. The cumulative effect of this glyco-
sylation is to cause the proteins to stick together. For example, the fibrous
extracellular protein collagen, found in connective tissue, becomes stiff via
this process, which contributes to the wrinkling of the skin and the loss of
joint mobility.

Events Affecting the Genetic Material. Mutations, or changes in the
DNA, are common and can lead to changes in the structure and function
of proteins. There are a number of mechanisms that can repair these
changes, but it is possible that these mechanisms diminish in their effec-
tiveness with age, since they are carried out by enzymatic proteins, which
are themselves damaged by the aging process. Another suggestion is that
there are specific genes responsible for the death of individual cells.

Also, it is known that cells in tissue culture will undergo only a certain
number of cell divisions. In human cells, this limit is approximately fifty cell
divisions. This so-called Hayflick limit (after the scientist who first described
it) has been tentatively explained by the progressive shortening of the telom-
ere, the section of each DNA molecule that is responsible for initiating repli-
cation of DNA. As the telomere becomes too short, an increasing number
of mistakes occur in the replicated DNA.

The Effects of Hormones. These chemical messengers normally have well-
regulated effects on body tissues. Abnormally high levels of some hormones
(which may be caused by other changes described here) can change the sen-
sitivity of tissues to the hormones, as well as stimulate the secretion of other
hormones whose uncontrolled effects could be deleterious. Insulin, growth
hormone, glucocorticoid hormones, and reproductive hormones have been
suggested as candidates in this mechanism.

Changes in the Immune System. This major defense system of the body
may experience two kinds of change, either one of which could contribute
to the aging process. First, the immune system may gradually lose its abil-
ity to distinguish cells of the body from foreign cells, resulting in immune
attack on the body itself. Second, the immune system appears to be less
able to respond to microbes or foreign molecules, thus rendering the cells
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of the body more susceptible to the effects of these noxious agents. SEE ALSO
AvutoiMMUNE Disease; Lire Cycre, HumaN; MiTocHONDRION; PEROXI-
SOMES

Steven N. Trautwein
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Agriculture

Agriculture is both an occupational practice and a subject to be studied.
Farmers, horticulturists, and ranchers are examples of individuals who grow
things for human use. Scientific researchers who experiment to improve
plant and animal productivity; historians who examine the development of
agrarian processes and the industry; and ecologists who study fields and fish

ecosystem an ecologi- ponds as managed ecosystems are examples of those who pursue agricul-

cal community and its ture as an area of academic interest. Decision making, leadership, research,

environment and many other roles in modern agriculture require a college education in
fields such as agronomy, animal husbandry, pathology, floriculture, agri-
cultural economics, and mariculture.

Farming began early in the development of human society. The earli-
est ancestors of modern humans were scavengers, hunters, and gatherers.
The search for food was an ongoing process, and the collected items were
consumed shortly after being found. The abundance of food was very de-
pendent on periodic variations in weather and natural disasters such as flood,
fire, drought, and severe cold. The beginnings of agriculture rest with in-
dividuals who learned to plant seeds of edible crops or keep a small herd of
goats or maintain a flock of chickens.

The transition to sustainability involved using the milk of the goats, or
gathering eggs, rather than butchering animals as soon as possible for meat.
Some cultures were ingenious in developing ways to obtain multiple sus-
tainable resources from a single species. Examples of this are the cattle
herded by the Masai of present-day Kenya and Tanzania, and reindeer man-
aged by many indigenous peoples of northern Eurasia. These animals pro-
vide resources such as milk, meat from excess calves, and even blood as food,
plus leather and bone for clothes, tools, and ornaments.

Globally, a variety of cultural patterns developed as family units grew
into villages, villages into towns, and ultimately towns grew into the com-
plex urban cultures present throughout the world today. With the concen-
tration of humans into cities, the ability of the individual to produce food
for a family unit declined to the point where as of the twenty-first century
a large number of individuals are totally dependent on others for their nour-
ishment. In some societies this involves a daily trip to the marketplace where
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family farmers sell the products of their efforts. In many less-developed
countries a great deal of the food consumed is still self-produced or obtained
from small agricultural units in this manner. In more developed and indus-
trialized countries, the local market has been extensively replaced by large
chain stores that distribute packaged and processed foods that are produced
by large commercial farms, ranches, and orchards. However, even in these
highly developed areas, there are many who prefer locally grown foods and
flock to farmers markets, organic food stores, and other small businesses.

Modern agriculture is now a big business, which is driven by ever-
increasing scientific knowledge. The family farm found throughout America
during the twentieth century is disappearing. These traditional, somewhat
self-contained operations, where field crops were grown to produce grain,
and gardens cultivated for vegetables, and a mixture of animals including
cows, pigs, chickens, and sheep produced food and necessary materials such
as leather and wool, are no longer economically practical. They have, in the
industrialized world, given way to corporate farms that operate in much the
same way as other large businesses. These agricultural units include not only
the obvious specialized food-producing dairy farms, poultry operations, ap-
ple orchards, cattle ranches, and expansive wheat, corn, and soybean fields,
but also such industries as catfish farms, shrimp nurseries, and oyster cul-
tures. Agriculture also produces nonedible products such as tobacco and cot-
ton, and grain for the production of methanol, a substitute for fossil fuels.

The agricultural operations of the past depended greatly on the intu-
ition and experience of the family unit concerning when to plant, how to
recognize a disease in the herd, and the best time to harvest. This infor-
mation was passed from generation to generation. Decisions are now based
on research and development carried out by university and private industry
scientists. At one time it was a matter of knowing which farmer in the town-
ship had the best bull and bartering with him or her to bring this fine spec-
imen to one’s herd of females. Today genetic research has resulted in the
development of the best bull in the country, and a farmer can order frozen
sperm from across the continent. In fact, in this new millennium, the com-
mercial distribution of cloned embryos of individual livestock specimens with
the best possible characteristics is at hand.

Genetic engineering has virtually unlimited potential for producing
frost- and disease-resistant crops, high-yield animals, products with a longer
shelf life and a better flavor, and a multitude of other advances. Biotech-
nology, which has the great promise of advancing agriculture, has potential
deleterious effects. For example, it could result in the herbicide-resistant
gene inserted in a grain variety being transferred through unintended hy-
bridization into a natural population of a related “weedy” or deleterious
species, allowing it to prosper out of control.

Not only has modern agriculture introduced additional science into the
barnyard, it has also brought in the economists, the lawyers, the television
commentators for agri-business shows, and a multitude of businesspeople
who advertise and market the product. This is a far cry from a farmer sell-
ing his best calf at the end of the summer at the county fair.

Finally, there is another element of modern agriculture. When farms
were spread out across the countryside interspersed with wood lots, or when
cattle production involved letting the herd range over hundreds of acres

A wild rice plant growing
in Ocala, Florida. For the
earliest ancestors of
modern humans, the
search for food was an
ongoing process.
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fertility and avoidance of
synthetic pesticides and
fertilizers
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A herd of Holsteins eat
silage from troughs on a
Minnesota farm. Modern
agriculture is now a big
business, which is driven
by ever increasing
scientific knowledge.

eutrophication process
by which waters become
enriched in dissolved
nutrients that promote
plant growth, which
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during the summer, the local impact on the land and environment was rel-
atively low (although the total impact was high, given the large number of
acres devoted to agriculture). Modern, high-intensity agriculture with fields
cultivated using tractors as large as elephants, fertilizers, pesticides, and ir-
rigation systems is a potential threat to the environment. These techniques
can place high demands on freshwater sources and have the potential for in-
troducing toxic contaminants and excess nutrients into streams and rivers
or promoting soil erosion. High-density animal production, such as hog
farms in North Carolina, cattle feed lots in the Midwest, and turkey and
dairy farms in the Shenandoah Valley, produce fecal contamination that can
pollute waterways with bacteria and cause cultural eutrophication of aquatic
ecosystems due to excess nutrients. Even the best planned containment of
animal wastes can break down under the flood conditions of hurricanes and
high rainfall years.

The human population is growing at such a high rate that humans in
less-developed countries will surely starve and die without pulses of progress
such as the green revolution that produced high-quality rice for underde-
veloped countries in the 1960s. Prevention of this situation is the hope of
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industrial and biological technology advances that are sure to happen dur-
ing the twenty-first century. However, this is a double-edged sword. Agri-
cultural progress without due attention to environmental impacts has the
potential for creating a world that will not be desirable to live in for the
people supported by its products. SEE ALso AGroNoMisT; GraiN; HisTory
oF AGRICULTURE; HORTICULTURIST; ORGANIC AGRICULTURE

Dean Cocking
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Agronomist

An agronomist is a professional who practices, or does research in the area
of, agronomy, which is the art and science of managing field crops and the
soils beneath them. Agronomy emerged early in the twentieth century when
this component of agriculture involving the growing of plants was separated
from animal husbandry. It has continued to evolve as subcategories develop
within the crop and soil sciences, such as the study of forage crops, tropi-
cal cropping systems, weed science, and turf science and management (the
growth of grasses for golf courses and parks).

Seed science and technology, agro-forestry (the growth of timber in plan-
tations), agricultural economics and engineering, and the nutrition, physiol-
ogy, and ecology of crop plants are other interests of agronomists. They also
often concentrate on soil conservation and the structural, chemical, and phys-
ical properties of soil that affect the growth of crops. Because of this exten-
sive diversification, professionals working in these fields now often use the
specialty to define their occupation rather than the broader designation of
agronomist. All of these disciplines contribute toward increasing the pro-
ductivity of farmlands, enhancing the quality of the agricultural product, and
improving the economic efficiency of farming practices.

Because farming cannot always occur under optimal plant growth con-
ditions, many agronomists focus on the utilization of marginal habitats and
problems occurring in the less-industrialized countries. These include con-
ditions such as fields under frequent water deficiency, where dry-land farm-
ing practices can be utilized, and farming on nutrient-poor soils. Others seek
to make plants grow under saline conditions; in extremely hot or cold en-
vironments; or in habitats with abbreviated growing seasons. Many of these
challenges can be resolved through traditional plant breeding or the appli-
cation of biotechnology.

These scientifically based aspects of the profession require undergrad-
uate college study. In the United States, this is frequently at federally es-
tablished land-grant universities. Many of these individuals become farm
managers or owners, county agricultural agents, or work in industry or the

physiology branch of
biology that deals with
the functions and activi-
ties of living matter

saline of, relating to
salt
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tederal government. Students interested in these subjects need to follow a
college preparatory track focusing on science, computer, and writing skills
and, where possible, courses covering practices in business and agriculture.
Internships or applied experience in agricultural operations can provide
practical information that is very useful in making career decisions. Fur-
thermore, the continually increasing emphasis on scientific research by
agronomists provides opportunities for trained scientists to contribute to the
growth of knowledge in agronomy. Masters degree and doctorate programs
can be entered as a continuation of undergraduate applied study, or fol-
lowing liberal arts degrees, particularly in biology or geology with an em-
phasis on soil science. SEE ALsO BioTecuNoLogy; Prant NutriTioN; SoiL

Dean Cocking
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AIDS

AIDS (acquired immunodeficiency syndrome) is defined as the stage of in-
fection with HIV-1, or HIV (human immunodeficiency virus), in which an
infected person’s immune system has become so weak that he or she is at
risk of developing other infections or cancers (or has already developed
them) that can potentially lead to death. Though all people with AIDS are
infected with HIV-1, not all people with HIV-1 infection have AIDS, nor
will all of them develop AIDS.

HIV Pathogenesis

The cause of AIDS is human immunodeficiency virus-1 (HIV-1), a mem-
ber of a group of viruses called retroviruses. Retroviruses are enveloped ri-
bonucleic acid (RNA) viruses that contain an enzyme (reverse transcriptase)
that will transcribe viral RNA to deoxyribonucleic acid (DNA). In the case
of HIV-1, this DNA (now called a DNA provirus) is then integrated into
the infected person’s DNA. When the infected person’s DNA is then tran-
scribed, or read by the cell’s molecular machinery, the proviral DNA is also
read, leading to the creation of new virus and release from the infected cell.

The pathogenesis of HIV-1 infection is complex. HIV-1 binds to cells
that have specific types of molecular receptors on their surface, such as CD4
and chemokine receptors. Cells that have these receptors include CD4 lym-
phocytes, macrophages, and microglial cells in the brain. CD4 lymphocytes
are a kind of helper T cell. Macrophages are immune cells that consume
infected cells, and microglial cells perform certain immune functions in the
brain. After the virus binds and enters the cell, it will replicate as discussed
above. In the course of a day, as many as ten billion virus particles can be
produced in an infected person.

CD4 lymphocytes are one of the main targets of HIV-1. These cells are
essential in the functioning of the immune system. The CD4 lymphocytes
are destroyed by direct viral killing, by other lymphocytes that destroy HIV-
infected cells, and probably by other mechanisms. As the CD4 lymphocytes
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become depleted, the immune system’s ability to fight off infections and cer-
tain types of cancers is lost. When the loss becomes severe enough, these
infections and cancers can occur, and may kill the HIV-infected person. At
this stage of depleted CD4 cells, medical professionals say that the infected
person has full-blown AIDS.

Transmission

The epidemiology of HIV infection/AIDS has changed over the years.
When the disease was first recognized in the early 1980s, men who had sex
with men were by far the largest affected risk group, followed by intravenous
drug users who were sharing needles, individuals who received HIV-infected
blood, and hemophiliacs who received infected clotting factors. Women who
had sexual contact with infected men were recognized as being at high risk
of contracting HIV, and if they were pregnant, passing it on to their un-
born children.

Though this disease was first recognized in the United States, cases soon
appeared in many countries of the world. Particularly hard hit were coun-
tries in sub-Saharan Africa, the Caribbean, and Asia. At the turn of the
twenty-first century, it is estimated that more than forty million people are
infected worldwide and as many as one million in the United States alone.

Transmission of HIV-1 occurs through infected bodily fluids. Sexual con-
tact by far is the most common mode of transmitting HIV. Anal sex is the
most efficient sexual manner of transmitting the virus. Vaginal intercourse
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poses the next highest risk, but more to the female than the male. In other
words, it is much easier for an infected man to infect a woman through
penile-vaginal intercourse than the other way around, especially if the man
is circumcised and has no sores or ulcers on his penis. Since HIV is a blood-
borne infection, those individuals engaging in intravenous drug use and shar-
ing needles can easily transmit the virus in this manner. Prior to testing for
the virus in the blood supply, there was a risk of acquiring HIV from trans-
fusion of blood or a blood product, but this risk is now extremely small. Ver-
tical transmission, or transmission from mother to child during pregnancy,
occurs in about one-third of HIV-infected pregnant women who are not
treated with anti-HIV medications.

Prevention

Prevention of HIV transmission is both a behavioral and medical problem.
Abstinence from sexual behavior is promoted as the only sure way of pre-
venting transmission of HIV. Though this of course is true, premarital and
extramarital sexual behavior is common in most societies. Condoms provide
an effective barrier to sexual transmission. Social, religious, political, and
cultural issues, however, enter into the education of youth on the use of
condoms, and lead to controversies over education about sexual behavior in
general. With as many as one-third or more of HIV infections occurring
during adolescence, aggressive and honest educational approaches must be
implemented. One can only make an informed decision about one’s behav-
ior if one understands the consequences and has knowledge of how to pre-
vent transmission.

Beyond all of this, there are the medical areas of transmission preven-
tion. As mentioned above, HIV-infected pregnant women who are treated
with anti-HIV medications can reduce their risk of transmitting the virus
to their baby. Health care workers who are stuck with needles contaminated
with blood from HIV-positive patients can reduce their risk of infection by
using anti-HIV medications. Medical studies in the early twenty-first cen-
tury are looking at the possibility of reducing the risk of HIV transmission
following a sexual contact by treating the uninfected contact with anti-HIV
medications. Vaccines against HIV are being researched in many parts of
the world, but as of yet, have not been shown to be protective.

Treatment

Treatment of HIV/AIDS is both complicated and expensive. The medica-
tions that are available inhibit the reverse transcriptase enzyme, and in-
hibit an enzyme that helps the virus mature into one that can infect other
cells. By using a combination of at least three different medications that
are active at these various sites, one can clear the blood stream completely
of virus. Once this occurs, the patient’s immune system often improves,
and in some cases, returns to normal. If the patient takes medications as
directed and the virus stays suppressed, there is a chance that the patient
may never become ill. The virus, however, is still present in the lymph
nodes and probably other tissues. If the patient stops taking medications
or takes them erratically, the virus will return to the bloodstream. Once
the virus is actively produced again, there is a high probability that it will
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mutate to a form resistant to the medications that the patient was previ-
ously on. When this occurs, especially if the patient has been on more than
one regimen of medicines, a virus resistant to all available medications can
be selected for. At this point, little else can be done. One major concern
about these individuals is that if they are still sexually active or continue to
share needles, they will transmit resistant virus. This is being documented
more frequently.

New medications are being studied that may be able to overcome
this resistance problem by attacking different sites of viral production,
or those that are not affected by mutations in the resistant virus. The
problems here include the possibility that the patient could die before
the new medicines are available; that if the patient is still alive, he or she
will be unable to tolerate the side effects of the new medicines; and, fi-
nally, that the patient will be unable to afford the medicines. Anti-HIV
or anti-retroviral medications are very expensive, costing over $10,000
per year in the United States. This, plus the costs of blood tests and doc-
tor visits, makes treatment beyond the means of most of the infected
people in the world.

HIV/AIDS is and will continue to be one of the greatest medical chal-
lenges medical professionals have ever faced. Prevention and education are
the only means that public health professionals currently have to stem the
tide of this ever-growing epidemic. SEE ALso Birta CoNTRrOL; RETROVIRUS;
REVERSE TRANSCRIPTASE; SEXUALLY TRANSMITTED Diseases; T CeLrs; Vi-
RAL DISEASES

Harold P. Katner
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Alcohol and Health

Ethanol, C,H;OH, also known as ethyl alcohol or grain alcohol, is the only
common alcohol that humans are able to digest. Alcohol is readily absorbed
by the body when consumed in an aqueous solution. All common alcoholic
drinks are aqueous solutions of ethanol.

Alcohol absorption generally begins in the stomach, although most ab-
sorption takes place from the small intestine. Because alcohol is distributed
to all body fluids (in proportion to the water content of that fluid), alcohol
can be detected and quantitatively measured in the blood, urine, cere-
brospinal fluid, and water vapor from the lungs. Drug testing for alcohol
level relies on this fact.

epidemic rapid spread
of disease through a
population, or a disease
that spreads in this
manner

aqueous watery or
water-based
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A Santa Monica police
officer administers a
breathalyzer test to a
man to determine the
alcohol level in his
bloodstream.
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Metabolism

Only about 2 percent of consumed alcohol is excreted unchanged by the
lungs or kidneys. The rest is metabolized by the body through biological
oxidation with the aid of the enzymes alcohol dehydrogenase and ac-
etaldehyde dehydrogenase. These are induced enzymes (produced in re-
sponse to need), and are found in larger quantities in heavy drinkers than
in nondrinkers.

Alcohol dehydrogenase catalyzes the oxidation of ethyl alcohol to ac-
etaldehyde. Acetaldehyde is moderately toxic and is believed to be a major
cause of headaches and hangovers.

The second enzyme, acetaldehyde dehydrogenase, catalyzes the oxida-
tion of acetaldehyde to acetate. A small amount of acetate enters the Krebs
(cellular digestion) cycle, while other acetate molecules enter other energy-
conversion pathways of the body. The remainder of the acetate is stored as
long-chain fatty acids and is ultimately oxidized to form carbon dioxide and
water.
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Although some human variation exists, the body can metabolize only
about one drink (1'/4 fluid ounces [0.036 liters]) per hour. Because the ox-
idation reactions are enzyme-catalyzed, little can be done to speed up the
reactions.

Alcohol is processed by the liver. However, excessive quantities of al-
cohol cannot be processed during a single pass through the liver. Thus, al-
cohol can have a direct effect on other parts of the body. Most tissue effects
are a part of an intricate, interrelated series of events.

Physiological Effects

Alcohol is a vasodilator (the blood vessels dilate or enlarge). Chronically di-
lated veins are often associated with liver disease, and the “enlarged red
nose” of the chronic alcoholic is usually the result of permanently dilated
blood vessels. Dilation of the veins of the esophagus can lead to he-
matemesis (vomiting blood). Late-stage alcoholics have been known to
drown in their own blood because of ruptured esophageal blood vessels.

Edema, the accumulation of tissue fluid, occurs with alcohol consump-
tion because when the blood vessels expand, the proteins as well as the flu-
ids within the capillaries leak into the interstitial space. This accumulation
between the cells leads to tissue swelling. Because the fluid is not within the
blood vessels, apparent dehydration exists. Jaundice (yellowing of the body
tissues) is generally caused by excessive bilirubin (a normal body pigment)
in the extracellular fluids, and may indicate liver disease.

Alcohol is a central nervous system (CNS) depressant, meaning that
with alcohol the central nervous system is operating at decreased efficiency.
Alcohol is also a depressant of all major systems of the body. High quanti-
ties of alcohol function as an anesthetic. Alcohol also depresses the psycho-
logical inhibition and thus may appear to be a stimulant. Because of this
apparent stimulation of certain behaviors, psychologists call alcohol a bipha-
sic drug. The combination of CNS depression and inhibition release leads
to the symptoms of drunkenness. Drunkenness, a term for which there is
no precise definition, varies with body size, metabolic rate, individual ab-
sorption, and individual tolerance.

Chronic Alcoholism

Prolonged use of alcohol can lead to compensatory mechanisms for the de-
pressed normal nervous system activity. The nervous system tends to “work
harder” to maintain equilibrium and therefore, upon withdrawal of alcohol,
the nervous system may experience excessive excitement which may lead to
convulsions, seizures, and ultimately delirium tremens (the D'T’s), a state of
restlessness, disorientation, and hallucinations.

Mental impairment in chronic alcohol use is difficult to quantify be-
cause some impairment is reparable either by itself or by the construction
of alternate nervous routes in the brain. Perhaps the most noticeable of the
reparable impairments is personality loss.

Other physiological involvements include sleep apnea, decreased REM
(restful) sleep, headaches, inhibition of testosterone synthesis, pancreatic in-
flammation, and electrolyte imbalance in the blood.
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ecosystem an ecologi-
cal community and its
environment

phytoplankton micro-
scopic floating creatures
that photosynthesize

prokaryote single-celled
organism without a
nucleus

The major nutritional problem with alcohol is poor diet. Also, exces-
sive alcohol ingestion often leads to gastrointestinal irritation, and this can
lead to ulcers, colitis (inflamed colon), and other chronic ailments.

It is estimated that about 10 percent of the human population is ad-
dicted to alcohol. Probably no single cause of alcohol addiction exists. Cer-
tain genetic markers have been discovered, and the genetic component of
alcoholism is well documented. Nevertheless, genetics alone does not ex-
plain all alcohol addiction. Psychological components to alcohol addiction
have also been identified. For most alcohol addicts, the only treatment is
total abstinence from alcohol and participation in a program such as Alco-
holics Anonymous. The alcoholic’s body does not “forget” alcohol, and the
induced enzymes mentioned earlier remain ready to continue their meta-
bolic actions if alcohol use resumes. SEE ALsO DicesTive SystEM; Druc
TesTiNG; KreBs CycLe; LIver

Roberta M. Meehan
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Algae

Algae are a diverse group of all photosynthetic organisms that are not plants.
Algae are important in marine, freshwater, and some terrestrial ecosystems.
Seaweeds are large marine algae. The study of algae is called phycology.

Algae may be unicellular, colonial, or multicellular. Some algae, like
the diatoms, are microscopically small. Other algae, like kelp, are as big as
trees. Some algae, the phytoplankton, drift in the water. Other algae, the
epiphitic or benthic algae, grow attached to rocks, docks, plants, and other
solid objects.

Classification

The major groups of eukaryotic algae are the green algae, diatoms, red al-
gae, brown algae, and dinoflagellates. They are classified as protista. An-
other group, the blue-green algae, is the cyanobacteria. Some authorities do
not consider the blue-green algae to be true algae because they are prokary-
otes, not eukaryotes.

Green Algae. Green algae are the algae most closely related to plants. They
have the same pigments (chlorophyll a and b and carotenoids), the same
chemicals in their cell walls (cellulose), and the same storage product (starch)
as plants. Green algae may be unicellular or form filaments, nets, sheets,
spheres, or complex mosslike structures. There are both freshwater and ma-
rine species. Some species of green algae live on snow, or in symbiotic as-
sociations as lichens, or with sponges or other aquatic animals. Edible green
algae include Chlorella and sea lettuce. There are at least seventeen thou-
sand species of green algae.
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Diatoms. Diatoms are often regarded as the most beautiful of the algae.
Each diatom has a cell wall made of glass that is very finely etched with a
species-specific pattern of dots and lines. The patterns on the diatom cell
walls are so precise that they were used for years to test the optics of new
microscopes. Diatoms are also the most abundant algae in the open ocean
and responsible for about one-quarter of all the oxygen gas produced on the
earth each year. Diatom populations often bloom in lakes in the spring, pro-
viding a major food for zooplankton, forming the base of the aquatic food
chain. There are over one hundred thousand species of diatoms.

Red Algae. Red algae are almost exclusively marine and include many ed-
ible and economically important species, including nori and laver. Red al-
gae are also the source of carageenan and agar, which are used as food
thickeners and stabilizers. Red algae are mostly large, complex seaweeds.
There are four thousand to six thousand species.

Brown Algae. Brown algae are almost exclusively marine and include the
largest and most complex seaweeds. Kelp, for example, may be more than
60 meters (200 feet) tall, and forms dense underwater forests off the Cali-
fornia coast. Other important brown algae include the rockweeds and Sar-
gassum, for which the Sargasso Sea is named. There are about fifteen
hundred species of brown algae.

Dinoflagellates. Dinoflagellates are unicellular algae with armor made of
cellulose and flagella that cause them to spin as they swim. Dinoflagellates
are found in both freshwater and marine ecosystems. Some species of di-
noflagellates emit an eerie blue light when disturbed, called biolumines-
cence. Other dinoflagellates are toxic and responsible for red tides and
outbreaks of shellfish poisoning. There are two thousand to four thousand
species of dinoflagellates.

Life Cycles

Life cycles among the algae are incredibly varied. In fact, almost any type
of life cycle one can imagine is displayed by some member of the algae. In
an asexual life cycle, individuals reproduce by splitting. Some dinoflagellates
reproduce primarily by asexual division. There are three types of sexual life
cycles, which involve at some stage the fusion of gametes: gametic meio-
sis, zygotic meiosis, and sporic meiosis.

Gametic Meiosis. In the gametic meiosis life cycle (which is employed
by humans), meiosis produces the gametes, so the only haploid cells in the
life cycle are the gametes. The individual that one sees is made of diploid
cells. Diatoms have gametic meiosis.

Zygotic Meiosis. In zygotic meiosis, the zygote undergoes meiosis, so
the only cell that is diploid is the zygote. All the other cells in the organ-
ism are haploid. Many of the green algae, including sea lettuce, have zygotic
meiosis.

Sporic Meiosis. In sporic meiosis, there are both haploid individuals and
diploid individuals within the life cycle. Meiosis produces haploid spores,
which then divide to produce an individual that is made entirely of haploid
cells. This individual produces gametes by mitosis. Two gametes unite and
form a diploid zygote. The zygote divides to produce an individual that is
made entirely of diploid cells. This individual produces spores by meiosis

Algae on a pond. Algae
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marine and some
terrestrial ecosystems.
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to complete the cycle. Because the life cycle includes two generations of in-
dividuals, a haploid generation and a diploid generation, it is called “alter-
nation of generations.” Plants and many of the green, red, and brown algae
have sporic meiosis.

In Japan, Korea, and China, the production of nori is a billion-dollar-
a-year industry, but because the two generations in the nori life cycle look
completely unlike each other it was not until the early twentieth century
that the second generation was discovered. This discovery radically im-
proved the ability of humans to grow nori, and there is a memorial park in
Japan dedicated to the British scientist, Kathleen Drew Baker, who discov-
ered it.

Economic and Ecological Importance

Algae are the base of the aquatic food chain. Humans also eat many types
of algae. The marine algae nori and kelp have been harvested in China for
over two thousand years. Spirulina, a blue-green algae that is rich in pro-
tein and vitamin B, is harvested from Lake Chad in Africa. The photosyn-
thesis done by algae is very important to the biosphere because it reduces
the amount of carbon dioxide and increases the amount of oxygen in the at-
mosphere.

Some types of algae can cause environmental problems such as red tides
and fishy-tasting water. These problems are usually caused by the excessive
release of nutrients from farms, sewage, and other human activities. The
outbreak of the nerve-toxin-producing Pfiesteria (a dinoflagellate) on the At-
lantic coast, for example, has been linked to overflowing sewage lagoons.
SEE ALSO ALTERNATION OF GENERATIONS; CELL WaLL; CHLOROPLAST; Evo-
LuTioN ofF Prants; LicueN; Lire CycrLes; LimNovrocisT; OceaN Ecosys-

TEMSs: Harp Borroms; Ocean EcosysteEms: OpeN OcreaN; OcreaN
Ecosystems: Sorr Borroms; ProTosyNTHESIS; PrLANKTON; PranT;
ProTisTA
Virginia Card
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Alternation of Generations

For sexually reproducing multicellular organisms such as plants and animals,
the life cycle requires that diploid cells divide by meiosis to create haploid
cells. Haploid cells then fuse to recreate the diploid number and a new or-
ganism. Alternation of generations refers to the occurrence in the plant life
cycle of both a multicellular diploid organism and a multicellular haploid
organism, each giving rise to the other. This is in contrast to animals, in
which the only multicellular phase is the diploid organism (such as the hu-
man man or woman), whereas the haploid phase is a single egg or sperm
cell.
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Alternation of generations is easiest to understand by considering the
fern. The large, leafy fern is the diploid organism. On the undersurface of
its fronds or leaves, its cells undergo meiosis to create haploid cells. How-
ever, these cells do not immediately unite with others to recreate the diploid
state. Instead, they are shed as spores and germinate into small haploid or-
ganisms. Because the diploid organism creates spores, it is called the sporo-
phyte generation of the life cycle. Upon reaching maturity, the haploid
organism creates haploid egg and sperm cells (gametes) by mitosis. Because
the haploid organism creates gametes, it is called the gametophyte gener-
ation of the life cycle. The male gametes (sperm) are then released and swim
to the female egg. Fusion of the gametes creates the new diploid sporo-

phyte, completing the life cycle.

Whereas the fern gametophyte and sporophyte generations are com-
pletely independent, in some types of plants one generation lives on or in
the other and depends on it for nutrition. In mosses, the familiar lush car-
pet of moss is the gametophyte, and its gametes require a moist environ-
ment for short-distance swimming before fusing. The sporophyte lives as a
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ovule multicellular
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to form alpha-helices and
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to give proteins their
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dimensional shape.
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thin stalk attached to the gametophyte. Spores are released into the air and
can travel on the slightest breezes to other habitats.

In contrast, in flowering plants (angiosperms), the sporophyte is the
dominant form. The male gametophyte has been reduced to just three cells,
two of which are sperm. These together form the pollen grain, which is
formed from the anther, part of the sporophyte. Similarly, the female ga-
metophyte has been reduced to just seven cells, one of which is the egg cell.
These are retained inside the ovule, which is part of the sporophyte. In an-
giosperms, two fertilization events take place: one sperm fertilizes the egg
to form the diploid zygote of the new individual, and the other sperm fer-
tilizes the so-called polar nuclei to form the triploid endosperm, a nutri-
tive tissue. Together with maternal sporophyte tissue, these make up the
seed. SEE ALSO ANG10sPERMS; BryopHYTES; Lire CycLes; MErosis; PoLLi-
NATION AND FERTILIZATION; PTERIDOPHYTES; REPRODUCTION IN PLANTS

Richard Robinson

Amino Acid

Amino acids are molecules that have both an amino group (-NH,) and a
carboxylic acid group (-COOH), hence the name. The most common amino
acids are the a-amino acids, the building blocks of proteins. These have
the amino group, the carboxylic acid group, a hydrogen, and a characteris-
tic side chain all attached to one carbon atom, designated the a-carbon.
Each type of a-amino acid has a unique side chain that determines its prop-
erties and its role in proteins. The side chains (or “R” groups) can range
from a hydrogen atom, as in glycine, to the more complicated side chains
of tryptophan or arginine.

The a-carbon atom has four different groups attached to it arranged at
the points of a tetrahedron. This arrangement is asymmetric and can occur
in two different forms, or enantiomers, that are related to each other in the
same way as an object and its image in a mirror. These two enantiomers are
called L and D. Only L-amino acids occur in proteins made by living sys-
tems. D-amino acids and amino acids other than a-amino acids occur in bi-
ological systems but are not incorporated into proteins.

Many organisms can synthesize all of the amino acids they require from
compounds present in the metabolic pathways they use for energy produc-
tion. Humans, however, are not able to synthesize all of the necessary amino
acids, and a number of them must be obtained from the diet.

The major use of amino acids is to construct proteins. A protein is a
linear chain of amino acids linked together by peptide bonds. A peptide
bond is formed when the amino group attached to the a-carbon of one
amino acid is joined to the carboxyl group of a second amino acid with the
elimination of water. The side chain of each amino acid residue protrudes
from the polypeptide backbone. The sequence of amino acids in the chain
is determined by the deoxyribonucleic acid (DNA) sequence of the gene
that codes for that protein.

The three-dimensional structure and the properties of a specific pro-
tein, and therefore its biological role, are determined by the sequence of
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Peptide Bond Formation
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amino acid side chains. In proteins, acidic amino acid side chains are neg-
atively charged, and basic ones are positively charged. The polar and
charged amino acids are hydrophilic, meaning they like to interact with wa-
ter (or are water-loving). The nonpolar, aromatic, and sulfur-containing
amino acid side chains prefer to interact with themselves or each other (they
are hydrophobic, or water-avoiding).

A protein folds so that nonpolar side chains tend to be buried within
the protein while polar and charged side chains tend to be exposed to the
water around the protein. The biological function of a protein is generally
highly dependent on its three-dimensional structure. SEE ALsO ENzyMEs;
PrROTEIN STRUCTURE

Wayne F. Anderson
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Amniote Egg

The amniotic egg was an evolutionary invention that allowed the first rep-
tiles to colonize dry land more than 300 million years ago. Fishes and am-
phibians must lay their eggs in water and therefore cannot live far from
water. But thanks to the amniotic egg, reptiles can lay their eggs nearly any-
where on dry land.

The amniotic egg of reptiles and birds is surrounded by a tough outer
shell that protects the egg from predators, pathogens, damage, and drying.
Oxygen passes through tiny pores in the shell, so the embryo doesn’t suf-
focate. Inside the shell are four sacs. The first sac inside the shell is the
chorion, which carries oxygen from the shell to the embryo and waste car-
bon dioxide from the embryo to the shell. Within the chorion is the
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amnion, the membrane for which the amniotic egg is named. The amnion
keeps the embryo from drying out, so it’s critical to living on land. A third
sac, the allantois, stores wastes from the embryo and also fuses with the
chorion to form the chorioallantoic membrane, which carries oxygen and
carbon dioxide to and from the embryo, just like a lung. A fourth mem-
brane, the yolk sac, holds and digests nutritious yolk for the developing em-
bryo.

Together, the shell and membranes create a safe watery environment in
which an embryo can develop from a few cells to an animal with eyes and
ears, brain, and heart. Because reptiles, birds, and mammals all have amni-
otic eggs, they are called amniotes.

The duck-billed platypus and some other mammals also lay eggs. But
most mammals have evolved amniotic eggs that develop inside the mother’s
womb, or uterus, and so lack a shell. In humans and other mammals, the
chorion fuses with the lining of the mother’s uterus to form an organ called
the placenta. The placenta transports oxygen and carbon dioxide to and from
the embryo and delivers nutrients from the mother’s blood. sEe ALso Birp;
Evorution; FETAL DEVELOPMENT, HUMAN; MAMMAL; REPTILE

Jennie Dusheck
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Amphibian

The class Amphibia consists worldwide of nearly 4,700 species, contained
in three major orders: Caudata (salamanders), Gymnophiona (caecilians),
and Anura (frogs and toads). Salamanders are composed of about 415 species
worldwide, and are typically characterized by their long tails and four limbs
of nearly equal size. They first appeared in the fossil record over 190 mil-
lion years ago in the late Triassic.

The caecilians consist of about 165 species. They have a mostly pantrop-
ical distribution, and are characterized by their elongated, annulated (ringed)
bodies and lack of legs, resembling worms. These amphibians first appeared
in the fossil record nearly 190 million years ago in the early Jurassic.

By far the most successful of the three orders with about 4,100 species
worldwide, frogs and toads are characterized by lack of a true tail and by gen-
erally having comparatively enlarged hind limbs. The order Anura first sur-
faced in the fossil record about 230 million years ago in the early Triassic.

Amphibians have relatively moist, scaleless skin and rely heavily on cu-
taneous respiration and/or the presence of a buccopharyngeal pump (a
muscular pump in the throat) to force air into their mouth and lungs, fea-
tures not found in other classes of terrestrial vertebrates. In addition, most
amphibians produce eggs that develop and hatch outside their bodies lay-
ing gelatinous, unshelled eggs in water or moist places. Many undergo a lar-
val aquatic existence before metamorphosis into adults (unlike other classes
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of terrestrial vertebrates). In a few species, the female retains the eggs in her
body where they are nourished directly by her before she gives birth to her
young, or they develop by absorbing their own yolk (a phenomenon also
known to occur in at least one species of sea snake, class Reptilia).

Some populations of amphibians have disappeared or begun to decline,
and this has raised concern among biologists worldwide. It is unknown if
this phenomenon is uniformly widespread across all continents, or is oc-
curring only in selected areas. SEE ALs0 CROCODILIANS; REPTILE; TUATARA;
TURTLE

Foseph T. Collins
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Anabolic Steroids

Anabolic steroids are synthetic chemicals that mimic the effects of the male
sex hormone testosterone. Some athletes seeking increased muscular
strength and size abuse anabolic steroids. They may reach their goal of in-
creased strength in the short term but risk serious medical complications in
the long term.

“Anabolic” denotes the ability to induce protein synthesis, particularly
in muscle cells. As a result, isometric muscle strength increases. These
steroids are also androgenic, which means that they cause changes charac-
teristic of males, such as growth of facial hair, loss of scalp hair, deepening
of the voice, skin oiliness, and aggressive behavior.

A strawberry poison arrow
frog in Costa Rica.
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Anabolic steroids
increase muscular
strength and size, but put
their abusers at risk for
serious medical
complications.

anemia lack of oxygen-
carrying capacity in the
blood

A female taking anabolic steroids experiences irregular menstrual peri-
ods and atrophy of the breasts and uterus, and develops the male-associated
characteristics. A male may develop an enlarged prostate and atrophy of the
testicles.

Steroid abuse stunts height, increases weight, dampens immunity, and
can damage the kidneys, liver, and heart. Blood vessels may become blocked
with fatty plaque. The liver may develop tumors, and infertility is common.
Psychiatric symptoms include depression, delusions, and violent tendencies,
sometimes called “‘roid rage.”

Athletes call anabolic steroids ‘roids, juice, pump, or hype. Some of the
one hundred varieties are oxymetholone, oxandrolone, and stanozolol (taken
orally) and nandrolone and boldenone (taken by injection). Abusers may take
one huge dose seeking instant strength, slowly build up the dose (pyramid-
ing), or “stack” different types of steroids. Whatever the delivery route, the
message to the body is the same: there’s too much testosterone; halt nor-
mal production.

Despite the well-known side effects of anabolic steroids, use among ath-
letes is widespread, perhaps because of the example set by professional base-
ball, basketball, and hockey players who use them. However, the National
Football League, International Olympic Committee, and National Colle-
giate Athletic Association ban their use. Still, about 30 percent of college
and professional athletes use anabolic steroids, as do 10 to 20 percent of
high school athletes. Among U.S. bodybuilders, studies show that steroid

use exceeds 80 percent.

Olympic athletes have often been punished for steroid use. After Cana-
dian Ben Johnson flew past his competitors in the 100-meter run in the 1988
summer Olympics, officials rescinded his gold medal when a urine test re-
vealed stanozolol in Johnson’s system. His natural testosterone level was
only 15 percent of a normal male’s. Shot-putters, discus throwers, wrestlers,
and swimmers have also been known to use anabolic steroids. In 2000, a
urine test on U.S. shot-putter C. J. Hunter revealed one thousand times the
allowable limit of nandrolone.

Anabolic steroids do have legitimate medical uses. They were first syn-
thesized in the 1930s to treat underdeveloped testes and resulting testos-
terone deficiency. In the 1950s, they were used to treat anemia and
muscle-wasting disorders and to bulk up patients whose muscles had atro-
phied from extended bed rest. In the 1960s, anabolic steroids were used to
treat some forms of dwarfism. Today anabolic steroids are being studied for
their ability to alleviate the extreme body wasting associated with acquired
immunodeficiency syndrome (AIDS). Their most common use, however,
remains among athletes seeking a quick competitive edge. SEE ALso En-
DOCRINE SysTEM; HorMmoNES; MALE REPRODUCTIVE SYsTEM; MUSCLE

Ricki Lewis
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Anatomy of Plants

Plants are the primary producers in Earth’s ecosystem. Plants are au-
totrophic, meaning that they produce their own food (via photosynthesis),
and as a result ultimately produce food for the ecosystem’s consumers (such
as humans). Understanding plant function is the key to enhancing crop pro-
duction, preserving plant biodiversity, producing medicines, and much
more. However, in order to understand plant function, one must understand
plant form.

General Anatomical Organization of Plants

Like animals, plant bodies are made up of a variety of cell types that are or-
ganized into tissues. Tissues are organized into organs, and organs function
together within systems. Within this hierarchy of structure, emergent prop-
erties arise at each level. An emergent property is a characteristic or func-
tion that can be found at one level that is not present at lower levels. For
example, an individual cell of a leaf cannot perform all of the functions of
the leaf, but the cells of the leaf collectively perform the function of a leaf.
Therefore, the function of each lower level is best understood in the con-
text of the system in which it exists. For this reason, this article begins by
exploring the gross anatomical features of a plant and proceeds to examine
the anatomy in progressive detail.

Plants are made up of two organ systems: the shoot system and the root
system. For terrestrial plants the shoot system is above ground and consists
of a number of organs. These include stems, leaves, and flowers. On the
other hand, the root system is most often underground and consists of or-
gans such as roots, underground stems (tubers), and rhizomes.

Each of these organs performs a different function. Stems are support
structures and mediate the growth of the plant. Shoot tips contain actively
dividing regions called meristems, which produce auxin, a hormone that
regulates the growth and shape of the plant. Leaves are the primary sites of
photosynthesis, so they are the food production centers of the plant. Flow-
ers are reproductive structures, where eggs and sperm (pollen) are produced
and where pollination and fertilization occur. Roots, tubers, and rhizomes
are the main system for nutrient and water acquisition and storage. All of
these organs are made up of cells that can be categorized into three major
tissue types: dermal, ground, and vascular tissue.

Dermal Tissue

Dermal tissue makes up the outer layers of the plant and contains epider-
mal cells that secrete and are coated with a waxy layer. This waxy coating,
the cuticle, prevents excessive water loss from the plant. While the dermal
tissue primarily serves a protective role, it also has a variety of other spe-
cialized functions depending on the particular organ where it is located.

In leaves, dermal tissue contains specialized cells called guard cells that
make up structures called stomata. Stomata facilitate the exchange of gases
in the leaf. Carbon dioxide (CO,) diffuses into the leaf through the stom-
ata for use in photosynthesis, and oxygen (O,), the waste product of pho-
tosynthesis, diffuses out of the leaf through stomata. Stomata are also crucial
for water transport through the xylem. Stomatal opening results in the evap-
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oration of water from the air spaces of the leaf. This creates negative water
pressure that pulls on the column of water in the xylem. The evaporation
of water from the stomata is the main driving force for water transport
through the water. In roots, epidermal cells have a specialized structure that
facilitates water and nutrient absorption, the main function of the root. Some
of the root epidermal cells have long membranous extensions called root
hairs that increase the absorptive surface area of the root. Root epidermis
also interacts with symbiotic fungi that form mycorrhizae, which increase
nutrient absorption.

Ground Tissue

Many different functions are performed by ground tissue including photo-
synthesis, storage, and support. Ground tissue makes up the majority of the
plant structure and is composed of three cell types: parenchyma, col-
lenchyma, and sclerenchyma cells.

Parenchyma cells are the least specialized cells in a plant. These cells
are responsible for the production and storage of nutrients. Photosynthesis
occurs in the chloroplasts of parenchyma cells in leaves. Parenchyma cells
in stems, roots, and fruits have structures that store starch. Most develop-
ing plant cells are structurally similar to parenchyma cells. During their dif-
ferentiation, they become specialized in form and function and lose the
potential to divide. Mature parenchyma cells do not usually divide, but they
retain the ability to divide and differentiate into different cell and tissue
types in the event of an injury to the plant.

Collenchyma and sclerenchyma cells provide structural support for the
plant. Collenchyma cells have thick, yet pliable, cell walls. These cells give
structural support to newly formed portions of a plant without restricting
growth. Collenchyma cells are stacked end on end and are oriented in strands
just beneath the epidermis of the young structure. The relatively soft cell
wall allows the collenchyma cells to elongate as the structure grows.

On the other hand, sclerenchyma cells provide support to mature plant
structures. Like collenchyma cells, they have very thick cell walls. However,
the cell walls of sclerenchyma cells contain lignin, a molecule that makes
the cell wall hard. This provides strength to the cell wall, but restricts the
ability of the cells to elongate and grow. Since a sclerenchyma cell functions
solely to provide structural support, many sclerenchyma cells are actually
dead at functional maturity. The cell membrane, protoplasm (cytoplasm)
and organelles are gone, leaving only the rigid cell wall that serves as a scaf-
folding system for that structure.

Vascular Tissue

Vascular tissues make up the organs that transport water, minerals, and
food throughout the plant. Vascular tissue can be divided into two func-
tional units. Xylem transports water and minerals from root to shoot.
phloem transports nutrients (such as sugar and amino acids) from leaves
and other production sites to roots, flowers, stems, and other tissues that
need them. The cells that make up vascular tissue are unique in their struc-
ture. Their specialized characteristics allow them to transport material
through the plant efficiently while providing structural support to the plant.
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Xylem tissue contains two types of cells: tracheids and vessel elements.
Like sclerenchyma, both of these cell types are dead at functional maturity
and therefore lack protoplasm. Tracheids are long, thin cells that have ta-
pered ends. They overlap on another, and water passes from tracheid to tra-
cheid via small pores. Vessel elements are shorter and are stacked end to
end, forming more of a tube structure. Water flows in the tube by passing
through perforated end walls between cells.

Phloem tissue is made up of two different types of cells: sieve tube mem-
bers and companion cells. Sieve tube members are the main conducting cells,
and are named for the sievelike areas along their cell walls through which
the phloem sap moves from cell to cell. Unlike cells of the xylem, sieve tube
members are alive at functional maturity, but do not have nuclei. For this
reason, companion cells are closely associated with sieve tube members.
These cells do have nuclei and serve to support the sieve tube members.
The cytoplasm of sieve tube members and companion cells is connected
through numerous pores called plasmodesmata. These pores allow the com-
panion cells to regulate the content and activity of the sieve tube member’s
cytoplasm. Moreover, the companion cells help to load the sieve tube mem-
bers with sugar and the other metabolic products that they transport
throughout the plant. SEE ALsO ArLcaEg; ANGIosPERMS; BryoruYTES; CELL
Wair; Conirers; Fruits; GymNosPERMS; LEAVES; MERISTEMS; MYCOR-
RHIZAE; PTERIDOPHYTES; RooTs; SHoOTS; TRrRANSLOCATION; WATER MOVE-
MENT IN PLANTS

Susan T. Rouse
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Angiosperms

The angiosperms, or flowering plants, are the largest and most species-rich
phylum of plants, with more than 250,000 species estimated.

Defining Characteristics

The term “angiosperm” derives from two Greek words: angeion, meaning
“vessel,” and sperma, meaning “seed.” The angiosperms are those plants
whose seeds develop within a surrounding layer of plant tissue, called the
carpel, with seeds attached around the margins. This arrangement is easily
seen by slicing into a tomato, for example. Collectively, carpels together
with the style and stigma are termed the ovary, and these plus associated
structures develop into the mature fruit. The enclosed seeds and the pres-
ence of carpels distinguish angiosperms from their closest living relatives,
the gymnosperms, in which the seed is not enclosed within a fruit, but
rather sits exposed to the environment. Some defining characteristics of an-
giosperms include flowers, carpels, and the presence of endosperm, a nu-
tritive substance found in seeds, produced via a second fertilization event.
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An iris. Angiosperms, or
flowering plants, are quite
diverse in morphology,
growth form, and habitat.

sepal whorl of flower
organs outside of the
petals, usually green
and serving to protect
the flower before it
opens

pistil female reproduc-
tive organ of a flower

lineage ancestral line

phylogenetic related to
phylogeny, the evolution-
ary development of a
species

basal lowest level

monocot any of various
flowering plants, such
as grasses and orchids,
that have a single
cotyledon in the seed

eudicot “true dicot”;
plants with two seed
leaves that originated
from the earliest of flow-
ering plants

However, some current studies suggest that endosperm is not unique to an-
giosperms.

Angiosperm flowers are generically characterized by having four whorls,
or sets of organs: sepals, petals, stamens, and carpels. The carpels may be
united or fused to form a compound pistil, and the number of stigma lobes
may then be indicative of the number of carpels. The pistil also includes the
stigma, on which pollen lands, and style, the tube leading to the egg. Sta-
mens are separated into anthers, which produce pollen, and filaments. The
mature ovary (part of the pistil containing the seeds) is termed a “fruit.”
Sepals and petals may be showy and colorful to attract pollinators, or may
be quite reduced in wind-pollinated plants, such as grasses. Likewise, fruits
may assume a wide variety of forms associated with mode of dispersal, such
as fleshy fruits (for example, berries) dispersed by animals, and dry, winged
fruits adapted for wind dispersal, such as the samaras of maple trees, which
twirl like helicopters as they fall.

Evolution and the Angiosperms

The angiosperms are a relatively recent group of land plants, and are thought
to have originated in the early Cretaceous, only 130 million years ago. The
angiosperms increased dramatically in abundance during the Cretaceous.
This sudden, dramatic appearance of large numbers of very diverse flower-
ing plant species in the fossil record was referred to by English naturalist
Charles Darwin as an “abominable mystery.” It is postulated that coevolu-
tion with animal pollinators, especially insects, may have contributed to the
explosion and abundance of angiosperm species which characterize the mod-
ern earth’s flora. However, even today, it is not clear what group of non-
flowering plants the angiosperms are most closely related to, or what the
relationships of the early lineages of flowering plants are to one another.
This is in part due to the extremely fast evolution of this group of plants,
over a relatively short period of time, and the extinction of many closely re-
lated lineages of seed plants, some of which may be more closely related to
the modern angiosperms than extant seed plant lineages.

Most contemporary studies, which are based on phylogenetic analysis
of deoxyribonucleic acid (DNA) sequence data from as many as six differ-
ent genes, suggest that the closest relatives of the angiosperms are the gym-
nosperms, which include cycads, Ginkgo, conifers (the group that contains
the pines, spruces, firs, and relatives), and Gnetales (a group containing three
ancient genera: Epbedra, the Mormon tea; Welwitschia, a bizarre plant of
southwest African deserts; and Gnetum, a genus of mostly tropical vines).
The origins of angiosperms are not well understood and remain problem-
atic, in part because many seed plant lineages have already gone extinct.
However, studies indicate that the earliest lineage of flowering plants, or
basal angiosperms, may include the family Amborellaceae (with the single
living species Amborella trichopoda, a shrub from the South Pacific island of
New Caledonia). Other early diverging lineages of angiosperms include
Nympheales, the water lilies; Illiciales, or star anise; a group called the mag-
noliids, which includes magnolias, laurels, and black pepper; and the very
large group called the monocots. A final lineage, the eudicots, contains
all other flowering plants and comprises the bulk (approximately three-
quarters) of the flowering plant species.
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Monocots, Dicots, and Eudicots

The angiosperms have historically been divided into two groups: the mono-
cotyledons (monocots) and the dicotyledons (dicots). These terms derive
from the number of seed leaves, or cotyledons, the plants have upon ger-
mination. Dicots have recently been shown not to be an evolutionarily nat-
ural group.

The monocots do form an evolutionarily natural, or monophyletic,
group, and include familiar plants such as lilies, grasses, and palm trees. The
monocots are characterized by having a single cotyledon, an adventitious
root system, stems with scattered vascular bundles, absence of woody growth,
leaves with parallel venation, flower parts usually in sets of threes, and mono-
aperturate pollen (that is, pollen with one large, groovelike aperture).

The dicots have historically included all those plants with two cotyle-
dons, tap root systems, stems with vascular bundles in a ring, leaf venation
forming a netlike pattern, and flower parts in fours or fives. Current stud-
ies indicate that the dicots do not form an evolutionarily monophyletic
group, but instead include several different lineages, some of which are more
closely related to the monocots.

Two groups that are well supported in contemporary studies are the eu-
dicots (“true dicots”), characterized by having triaperturate pollen (that is,
pollen with three long, groovelike apertures), and the noneudicots, which
are characterized by having inaperturate pollen; that is, pollen lacking aper-
tures. Noneudicot, basal angiosperms include the monocots, the laurels and
avocados, the magnolias, black pepper, Amborella, water lilies and Illiciaceae
(the star anise family). Evolutionary relationships among these noneudicot
groups are not well understood. The eudicots include many familiar plants,
including most trees, and include two major groups of flowering plants, the
asterids (including the composite family, and the economically important
Solanaceae, the potato family) and the rosids (including the rose family and
the economically important legume family).

Diversity and Symbioses

Some of the most species-rich families of flowering plants include the mono-
cot species of Orchidaceae, the orchids (19,500 species), the Poaceae or grass
family (8,700), the Cyperaceae or sedge family (4,500), and the eudicot fam-
ilies of Euphorbiaceae or spurge family (6,900), the Fabaceae or legume fam-
ily (18,000), the Rosaceae or rose family (3,000), Brassicaceae or mustard
family (4,130), Rubiaceae or coffee family (9,000), the Lamiaceae or mint
family (6,970), the Apiaceae or carrot family (4,250), and the Asteraceae or
composite family (23,000).

The angiosperms are of great ecological importance and are principal
components of nearly all of the major land habitats. Correspondingly, flow-
ering plants are quite diverse in morphology, growth form, and habitat, and
range from the minute aquatic plants in the duckweed family (genus Lemzna)
to the massive forest trees, such as oak and maple. Angiosperm flowers can
be quite reduced, as in the grasses, where the most visible floral parts are
the stamens and stigmas, to quite elaborate floral structures exhibiting fu-
sion of parts and development of complex shapes, such as those evolved to
attract insect pollinators in the orchids, mints, and snapdragons.
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symbionts organisms
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An important aspect of angiosperm evolution is their well-documented
relationships with other organisms such as animal pollinators, mycorrhizal
(fungal) root associations, and even bacteria. Indeed, one of the most suc-
cessful families of flowering plants, in terms of number of species, are the
orchids, which have very specialized relationships with both pollinators and
mycorrhizal interactions. Another highly successful family, the legume fam-
ily, has evolved symbiotic relationships with nitrogen-fixing bacterial sym-
bionts. Some flowering plants, such as the acacias of the legume family,
obtain protection from herbivores via symbiotic relationships with ants.
Through agriculture, humans have developed their own complex relation-
ship with angiosperms. It is these relationships with other organisms that is
the hallmark of angiosperms, and as such have contributed to the success of
the flowering plants in the modern earth’s flora. SEE ALsO CONIFERS;
Frurts; GymNosPERMS; MoNocOTS; NITROGEN FIxATION; POLLINATION AND
FerTIiLIZATION; ROOTS; SYMBIOSIS
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Animalia

The kingdom Animalia, or Metazoa, includes all animals. Animals are mul-
ticellular, eukaryotic organisms, which are heterotrophic, meaning they ob-
tain nutrition from organic sources. Most animals obtain nutrition by
ingesting other organisms or decomposing organic material.

Animal cells are characterized by their lack of a rigid cell wall exhibited
by fungi and plants. Instead, animal cells are held together by structural pro-
teins such as collagen. All animals, except for the sponges, are made up of
cells organized into tissues that are specialized for some function. As a re-
sult, most animals are capable of complex behavioral responses and rapid
movement.

Most animals are diploid, meaning they have two copies of all genetic
information for most of their life cycle. Most animals reproduce sexually
with differentiated sex cells. These cells (large, nonmotile eggs and small,
motile sperm) fuse to form a new diploid individual called a zygote. The
zygote undergoes a series of cell divisions, called cleavage, to form a hol-
low, multicellular ball known as a blastula. The blastula then folds in on it-
self to form a gastrula, a double-walled structure with an opening to the
outside called the blastopore. Some animals (including all mammals) de-
velop and mature directly into adults but the development of most animals
includes larval stages. Larvae are immature forms that are morphologically
distinct from adults. The process of metamorphosis transforms larvae into
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their adult form. A familiar example is the metamorphosis of a tadpole into

a frog.

Although taxonomists disagree about the identity of major animal groups
and the relationships among them, most agree that Animalia is mono-
phyletic. This means that all animals can trace their descent to a single com-
mon ancestor. There are approximately thirty-two living animal groups, or
phyla, each with a distinctive body plan and biological properties.

All of these are the survivors of the one hundred or so animal phyla that
evolved during the Cambrian explosion. This incredible diversity of animal
body plans and lifestyles arose in the relatively short period of 40 million
years, between 565 and 525 million years ago. All of today’s remarkably di-
verse animal forms are variations on the basic body plans that evolved dur-
ing the Cambrian.

The most primitive animal group is the phylum Porifera, the sponges.
The remaining animal groups can be divided into radial and bilaterally
symmetric animals. Radially symmetric animals are the cnidarians, in-
cluding jellyfish, corals, and anemones, and ctenophores, or comb jellies.

A jellyfish is a radially
symmetric animal with
internal organs that are
visible through its
transparent, gelatinous
body.

bilaterally symmetric
symmetric, or similar,
across a central line

radially symmetric sym-
metric, or similar, about
a central point (a wheel
is radially symmetric)
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nematode worm of the
Nematoda phylum,
many of which are para-
sitic

protostome “mouth
first”; referring to the
early development of
the oral pore during gut
tube formation

deuterostome “mouth
second”; referring to the
early development of
the anal pore during gut
tube formation

ecosystem an ecologj-
cal community and its
environment

phylogenetic related to
phylogeny, the evolution-
ary development of a
species

bilaterally symmetric
symmetric, or similar,
across a central line

Bilaterally symmetric animals (which include all vertebrates) are further di-
vided based on types of body cavities and variations on the pattern of gas-
trula formation during development. Flatworms, phylum Platyhelminthes,
have no body cavity. Ten phyla of animals, including nematodes and ro-
tifers, have a primitive type of body cavity.

All other animals have a true body cavity and are divided into two ma-
jor groups. Protostomes include Mollusca (clams, snails, and octopi), An-
nelida (segmented worms), Arthropoda (spiders, crustaceans, and insects),
and several minor phyla. Deuterostomes include Echinodermata (sea stars
and sea urchins), two proto-chordate phyla, and Chordata (tunicates,
lancelets, sharks, fish, amphibians, snakes and lizards, birds, and mammals).
SEE ALSO ANNELID; ARTHROPOD; CAMBRIAN ExrrosioN; CeLL; CHORDATA;
CNIDARIAN;  EcHINODERM; MoLLusk; NEMATODE; PLATYHELMINTHES;
Porirera; PROTEIN STRUCTURE; TUNICATE
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Annelid

Annelids, or true-segmented worms, are members of the animal phylum An-
nelida, the most complex of all wormlike groups of organisms. Annelids are
commonly found in terrestrial, as well as marine, brackish, estuarine, and
freshwater ecosystems worldwide. Most annelids are free-living, although
several species have parasitic, mutualistic, or commensal relationships with
other animals, and many species are commonly associated with aquatic and
terrestrial plants.

Six major classes comprise this phylum: Polychaeta (polychaete, or
many-bristled worms; primarily marine; more than 15,000 species [spp.]);
Oligochaeta (oligochaete worms; freshwater, terrestrial, marine; more than
8,000 spp.), Hirudinea (leeches; freshwater, terrestrial, marine; more than
700 spp.), Branchiobdellida (crayfish worms; freshwater, live on crayfishes;
more than 100 spp.), Aphanoneura (suction-feeding worms; freshwater;
more than 30 spp.), and Acanthobdellida (bristle leech; parasitic on Arctic
marine fishes; 1 sp.). As with any group of organisms, the phylogenetic re-
lationships of the diverse groups within annelids, and of the phylum to oth-
ers within the animal kingdom, is the subject of continuing debate. The
marine invertebrate groups Echiura and Sipunculida recently were aligned
with the annelids.

All annelids are bilaterally symmetrical, with an elongated, cylindrical
body shape divided both externally and internally by a regular, linear series
of segments. The highly developed digestive, circulatory, nervous, and ex-
cretory systems within the body cavity, or coelom, reflect external segmen-
tation and generally are repeated serially; this is called metameric
segmentation, and distinguishes annelids from all other wormlike groups.
Annelids range in size from less than 0.7 millimeters (0.019 inch) to over 3
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meters (9.8 feet) in length. The number of segments is relatively fixed in
some groups (Branchiobdellida, Hirudinea), but indeterminate in others. Ex-
ternal form of annelids is diverse, even within each group; the polychaetes
may have distinct body regions, with limblike parapodia, chaetae (hairs), ten-
tacles, and antennae, while others may appear similar to an earthworm, with
few if any external appendages. Most oligochaete species have chaetae
arranged in bundles on each segment. Several aquatic oligochaetes and many
polychaetes have gills.

Leeches are usually flattened, with a posterior sucker and anterior suck-
erlike mouth; several species have jaws, others have an extendable proboscis.
The branchiobdellidans have a posterior sucker and an anterior end with
several fused segments and distinct teeth. Chaetae are absent in leeches and
branchiobdellidans. The single species of Acanthobdellida is shaped like an
elongate leech, with a few hooked chaetae located ventrally on a few ante-
rior segments. Annelids are hermaphroditic; reproduction is commonly sex-
ual, but many species reproduce asexually by budding or fragmentation.
Annelids are important components of their respective habitats, whether it
be the bottom of freshwater or marine environments, or the soil. The feed-
ing habits of many species are important in the decomposition of organic
matter and recycling of nutrients in terrestrial and aquatic environments.
Many annelids feed on algae, insects, carrion, and other worms, and several
leech species consume the blood of turtles, birds, fishes, and mammals. SEE
ALSO NEMATODE; PLATYHELMINTHES
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Antibodies in Research

Antibodies are proteins made by B cells, part of the body’s immune sys-
tem. The normal function of antibodies is to latch onto foreign substances
(antigens) and flag them for destruction, thus helping to fight infection. This
ability to bind to specific molecules makes them ideal probes in cell research,
where they are used to latch onto, and thus help isolate and identify, mol-
ecules of interest in and on cells. Antibodies have become one of the most
important tools for studying protein function in cells.

To see how antibodies are used, consider the challenge of determining
where actin is located in a nerve cell. Actin is a protein that forms part of
the cytoskeleton, giving internal structure to the cell much like the human
skeleton does. First, purified actin is used to trigger an immune reaction in
a rabbit. The B cells that make the anti-actin antibodies are then isolated
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An enzyme-linked
immunosorbent assay
(ELISA) plate, an
immunologic test that can
be used to indicate
pregnancy or HIV infection
by detecting very small
quantities of antigens
and antibodies (HTLV-III
viral antibodies, in this
case).

electrophoresis tech-
nique that uses electric-
ity to separate
molecules based on
size and electric charge

enzyme protein that
controls a reaction in a
cell
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and fused with tumor cells. Unlike B cells, tumor cells will grow forever in
the lab, and thus can supply large amounts of anti-actin antibodies indefi-
nitely. These can be harvested from the cells in large quantities. The re-
sulting antibodies are called “monoclonal” antibodies, because they derive
from identical (cloned) cells.

Next, in order to make the antibodies visible once inside the cell, a flu-
orescent molecule is attached to them. They are then injected into the cell
using a very fine glass needle. Once an antibody encounters actin, it attaches
to it. The cell can then be examined under the light microscope, where the
fluorescent molecules will light up, revealing the location of the actin. Of
course it is not just actin that can be found this way; any protein to which
we can make an antibody can be located in the cell.

Several modifications and extensions of this basic procedure are possi-
ble. To mark more than one protein at a time, a set of different antibodies
is used, each marked with a differently colored fluorescent tag. In this way,
for instance, the spatial relations between actin and other cytoskeleton pro-
teins can be visualized. Instead of fluorescent tags, antibodies can be at-
tached to gold particles, which will show up under the electron microscope.
Outside of cells, antibodies attached to glass beads can grab proteins out of
a homogenized cell puree, allowing the protein to be isolated for further
study. In one widely used technique called western blotting, fluorescently
tagged antibodies are used to locate proteins of interest that have been sep-
arated in electrophoresis gels.

Antibodies are also used in a test, or assay, called the enzyme-linked
immunosorbent assay (ELISA). This is the assay used in the home preg-
nancy test, which detects the presence of human chorionic gonadotropin
(HCG), produced by human embryos. The test kit contains an antibody to
HCG, which traps HCG if it is present in a woman’s urine. Next, a second
antibody to HCG is added, which will bind to the HCG if it is trapped.
This antibody is linked to an enzyme called peroxidase. Chemicals are then
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added which the peroxidase will cause to react, making a color change. The
color change will only occur if the enzyme is present, and the enzyme will
only be present if the HCG is present. Therefore, a color change indicates
pregnancy. An ELISA test is also used to screen for HIV (human immun-
odeficiency virus) infection. In this case, the test kit contains HIV proteins,
which bind to anti-HIV antibodies in the patient’s blood.

It is the specificity of the antibody-antigen reaction, combined with the
ability to link one or the other to fluorescent tags, enzymes, or other mark-
ers, that makes antibodies such versatile tools in both basic and clinical re-
search. SEE ALSO ANTIBODY; CLONE; CYTOSKELETON; ELECTROPHORESIS;
FemaLE REPRODUCTIVE SYSTEM

Richard Robinson
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Antibody

In 1890 scientists transferred blood from animals with diphtheria to animals
never exposed to the disease. The second group of animals became resis-
tant (or immune) to diphtheria. Over the next decade, investigators such as
Emil von Behring, Shibasabura Kitasato, Karl Landsteiner, and Paul Ehrlich
studied this phenomenon and discovered that this transfer of immunity oc-
curred because of proteins called antibodies. This type of immunity was
called humoral immunity. The word “humoral” refers to body fluids, and
antibodies are found in the liquid part of the blood. Antibodies are an ex-
tremely important part of the body’s defense against infection.

Antibodies are also called gamma globulins and immunoglobulins (ab-
breviated “Ig”). Vertebrate animals make antibodies, but invertebrate ani-
mals do not. They are made by white blood cells called B lymphocytes (or
B cells). Antibodies are capable of attaching to foreign invaders, targeting
them for destruction. They can do this because of their structure.

Structure

Antibodies are Y-shaped molecules. At the end of each arm of the Y is a
pocket called an antigen binding site. An antigen is a piece of a foreign in-
vader that starts an immune response. An antigen fits inside the antigen
binding site of an antibody because the structures match, like a key in a lock.
Each antibody has antigen binding sites different from other antibodies.
Consequently, each antibody recognizes a different piece of a foreign in-
vader. This explains how the immune system specifically identifies a wide
variety of foreign invaders.

Each antibody is composed of four chains of amino acids. There are
two light chains and two heavy chains. The arms of the antibody contain
both light and heavy chains. They are called the variable regions because this
is where antigen binding sites are located. The genes that determine the
variable region’s structure undergo a series of rearrangements as a B cell
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U.S. biologist who developed a
technique, called “radioim-
munoassay,” for detecting and
measuring tiny amounts of bio-
logical substances using
radioactive antibodies. Her tech-
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matures. Millions of possible antibodies can be produced by this rearrange-
ment. However, once the genes are rearranged, the B cell is committed to
making only one type of antibody.

The base of the Y contains only heavy chains and is called the constant
region. The constant region determines the antibody’s class. Mammals make
five main classes of antibodies. Each class works differently to protect the
body from disease.

Classes of Antibodies

IgM and IgD are two classes of antibodies. They are found on the surface
of mature B cells. If a B cell encounters an invader with antigens that match
its antibodies (like a key in a lock), the antigen is brought inside and then
displayed on the surface, akin to waiving the enemy’s captured flag. This
alerts other immune cells that it is ready to be activated. If the B cell gets
the appropriate signals from T cells, it becomes activated, dividing rapidly
and secreting antibodies into the surrounding fluid. B cells that release an-
tibodies are also called plasma cells. The first class of antibodies secreted by
B cells is IgM. Like all antibodies, IgM travels through the body’s fluids,
binding to antigens to eliminate the invader. IgM antibodies are often found
in groups of five, forming a structure called a pentamer.

The B cell may then switch the class of antibodies it is secreting to more
effectively remove the invader. It will most likely start producing the IgG
class of antibodies. Unlike other antibodies, IgG can be transferred across
the placenta from mother to fetus.

B cells may also produce IgA antibodies. Because IgA is found in se-
cretions such as milk, tears, saliva, sweat, and mucus, it represents an im-
portant first line of defense against invaders trying to enter the body. IgA
antibodies are often found in groups of two, forming a structure called a
dimer.

Finally, B cells may produce IgE antibodies. IgE provides protection
against parasitic infections. IgE binds to white blood cells called mast cells
and basophils. When an antigen is encountered, IgE signals these cells to
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release chemicals that cause inflammation. This process is responsible for
the symptoms of many allergies.

The binding of antibodies to antigens protects the body in several ways.
The invader may simply be neutralized, unable to infect healthy cells. Sec-
ondly, large numbers of antibodies can bind large numbers of antigens, form-
ing an immune complex. Immune complexes are large and precipitate out
of solution, increasing the chance that white blood cells called phagocytes
will destroy them. In fact, any antigen with an attached antibody is likely to
be phagocytosed. This is because phagocytes can bind to antibodies, allow-
ing phagocytes to more easily recognize the antigen. Finally, blood proteins
called complement can destroy the membranes of foreign cells. Comple-
ment proteins do this more easily when antibodies are attached to the tar-
get. Phagocytosis and complement proteins are both examples of
nonspecific immunity.

As the research since the late 1800s has shown, interactions between
specific antibodies and nonspecific defenses give the immune system a pow-
erful tool to eliminate invaders. SEE ALSO AUTOIMMUNE DisEAsE; IMMUNE
Resronse; Nonspeciric Derense; T CeLL

Jobn M. Ripper
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Antisense Nucleotides

Antisense nucleotides are either ribonucleic acid (RNA) or deoxyribonucleic
acid (DNA) molecules that are complementary to a messenger RNA
(mRNA) molecule. Because these molecules are complementary to given
mRNA, they will bind to the RNA and form a free double-stranded mole-
cule or double-stranded region of a chromosome. The double-stranded
molecules are not able to interact with ribosomes and, as a result, a par-
ticular protein is unable to be made. Inhibiting the production of a given
protein may be important in the control and treatment of many diseases
such as cancer.

Two approaches to antisense nucleotides have been tried: (1) direct in-
troduction of antisense nucleotides into cells and (2) synthesis of antisense
nucleotides within the cell. In the first approach, short antisense oligonu-
cleotides are introduced directly into cells in hopes that they will interact
with the appropriate mRNA. Scientists are using different nucleotides
that are complementary to different regions of the mRNA—beginning,
middle, or end—in an attempt to determine the most effective sequence.
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Unfortunately, enzymes within cells often degrade these short oligonu-
cleotides before they can interact with the target mRNA. Replacing the
phosphate linkages in the nucleotides with sulfur or other linkages seems to
prevent degradation.

The second approach involves using a vector (a vehicle for transferring
genetic material) containing the entire gene to transfer DNA into the cells.
This DNA will theoretically integrate into the chromosome, duplicate at
each cell division, and remain within the cells. These vectors are constructed
so that the control sequences for transcription are on the DNA strand op-
posite to the one that is usually used for transcription. Therefore, when in-
ducers are added, the cells make the antisense RNA, which then binds to
mRNA from the normal gene. In many cases, the amount of an undesirable
protein is reduced.

The use of antisense nucleotides is in its infancy, but the results have
been promising in reducing certain types of cancer in animals. The proce-
dure has the potential of becoming widely used in the future to treat a va-
riety of diseases, provided that it has low risks associated with it. SEE ALsO
DNA; Gene; HysripizaTion; RNA
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Arachnid

Spiders, mites, ticks, and scorpions make up the class Arachnida. Arachnids
are members of the phylum Arthropoda, which also includes crustaceans
(such as crabs and shrimp), insects, and other animals with an exoskeleton
and jointed legs. Although arachnids vary in form and behavior, they share
certain characteristics. All arachnids have two body segments, eight legs, and
no antennae or wings. Unlike many insects, arachnids do not go through
metamorphosis but hatch from eggs as miniature adults. Most arachnids
are carnivores, often delivering digestive enzymes to their victims exter-
nally (by squirting it onto or injecting it into the dead or paralyzed prey),
and then sucking in the liquefied food. Most arachnids have poor vision and
rely mostly on sensing chemicals and vibrations. The jumping spiders, an
exception, have excellent vision.

The most common arachnids are mites (order Acari) and spiders (order
Araneae). Although mites outdo spiders in sheer numbers, and likely also in
numbers of species, mites are all very small (often microscopic) and hard to
observe. They usually parasitize plants or animals, and are very abundant in
most terrestrial environments. Spiders, although less widely distributed, are
found on all continents except Antarctica, and in almost all habitats except
the ocean. (Sea spiders are neither true spiders nor arachnids.) Because of
their greater physical size, spiders have been studied more, and have played
more of a role in human society throughout history.
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The most interesting, distinctive, and useful adaptation of the spiders is
their silk. Spiders secrete silk (a kind of protein) using organs on their ab-
domens called spinnerets. Spiders put the silk to a multitude of uses: build-
ing webs, covering egg sacs, lining their burrows, constructing safety tethers,
even making “parachutes” for the dispersal of young spiders on a windy day.
Some jumping spiders have even been observed attaching a thread to a wall
like a bungee cord and then jumping into the air to catch an insect in flight.
SEE ALSO ARTHROPOD; CRUSTACEAN; INSECT
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Archaea

Much of human knowledge of the diversity of life has been based on what
can be seen. Early attempts at classifying life considered just plants and an-
imals, with fungi part of the plant kingdom. Once microscopes revealed mi-
crobial life, biologists could distinguish the bacteria and cyanobacteria,
whose cells lack nuclei, from the more complex Protista, single-celled or-
ganisms that have nuclei and other organelles. However, lumping together
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A scanning electron
micrograph of a ten-
million-year-old Archaea.
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enzyme protein that
controls a reaction in a
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all unicellular organisms lacking nuclei—the prokaryotes—as bacteria
proved inaccurate too.

It took a different way of looking at life to recognize that a group of
prokaryotes, the Archaea, actually represent a third major form of life, ne-
cessitating invention of a term to supercede kingdom, the domain. The three
domains of life are the Bacteria, the Archaea, and the Eukarya. Evidence
obtained so far indicates that the Bacteria and Archaea diverged from a com-
mon ancestor about 3.7 billion years ago, and somewhat later the Archaea
diverged from the lineage that would become the Eukarya. Carl Woese, a
microbiologist at the University of Illinois, identified the Archaea and pro-
posed the three-domain system of classifying life in 1977.

Considering Different Characteristics

Traditionally, microbial classifications were based on superficial similari-
ties, such as shape, habitat, or method of acquiring energy. This approach
did not necessarily group organisms that are the most recently descended
from shared ancestors. That is, traditional classification considered similar-
ities, but not evolutionary relationships. For example, Thermus aquaticus and
Thermoplasma volcanium both are thermophiles, thriving in hot springs, but
the former is a bacterium, and the latter an archaeon. They are not closely
related at all, but live in similar surroundings.

In the early 1970s, Woese and others began comparing nucleic acid se-
quences to discover the evolutionary relationships among microorganisms.
Woese focused on ribosomal ribonucleic acid (rRNA) because these are very
important molecules that are therefore unlikely to have changed much over
evolutionary time. The more alike the rRNA sequences were between two
microbes, the more recently they shared an ancestor. Because nucleic acid
sequencing had not yet been invented, Woese used an indirect method to
compare rRINA sequences. He cut rRNA molecules into pieces with en-
zymes, then visualized the pieces in size order using a technique called au-
toradiography.
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Different patterns of rRNA pieces characterized the prokaryotes known
at the time (bacteria), and the eukaryotes. At the suggestion of a colleague,
Woese ventured beyond probing the rRNAs of common laboratory strains
of bacteria and analyzed a microbe that a graduate student had collected
from a nearby septic system. These microorganisms were methanogens; they
produced methane (swamp gas) from hydrogen and carbon dioxide in the
environment. Surprisingly, the rRINA pattern for the septic system microbe
lacked some of the pieces that had been identified in more than forty types
of bacteria, and had some mysterious spots of its own.

Woese found other methanogens that didn’t fit the expected prokary-
otic pattern or rRNA fragments. By 1977, he and his colleagues published
a landmark paper that described ten species of methanogens that “appear to
be only distantly related to typical bacteria” (Woese 1977, p. 5088). Even
though further publications continued to make the case for two types of
prokaryotes, the idea of domains in general, and of the newly distinguished
archaea in particular, took a long time to gain acceptance. Confusion arose
over the initial naming of the “new” organisms as “archaebacteria.” They
are not bacteria; they are archaea.

Describing Archaea

Since 1977, microbiologists have identified and described several more
members of domain Archaea. An initial misnomer was that these microbes
are only found in what scientists call extreme environments, such as hot
springs and deep-sea hydrothermal vents. Continued research showed that
this is not the case. Archaea have been found in rice paddies, soils, swamps,
freshwater, and throughout the oceans.

As more microbiologists came to accept the idea that archaea are not
bacteria, more distinctions emerged. Archaean transfer RNA (tRNA) mol-
ecules differ in sequence from their bacterial or eukaryotic counterparts. Ar-
chaean cell walls lack the peptidoglycans that are part of bacterial cell walls,
yet archaean cell membranes include lipid molecules not seen in other types
of organisms. Archaea make methane using different enzymes than do bac-
terial methanogens.

Archaeans are sensitive to different antibiotic drugs than are bacteria,
indicating a basic difference in cell structure. However, archaea also share
characteristics with members of the other two domains. They have some of
the same surface molecules as bacteria and transport ions in much the same
way. But archaea have proteins associated with their DNA that resemble
the histone proteins of eukaryotes and synthesize proteins in a way similar
to that of eukaryotes. Also like eukaryotes, archaean genomes have more
genes interrupted with intron sequences, and more repeated sequences, than
do bacterial genomes.

Comparing Genomes

Genome studies confirm that the archaea mix characteristics of the other
two domains of life, and much more. A team from The Institute of Ge-
nomic Research (TIGR), which included Carl Woese, published the first
genome sequence of an archaeon in 1996. The researchers collected sam-
ples of Methanococcus jannaschii from a “white smoker” chimney 2,600 me-
ters (over 8,500 feet) deep in the Pacific Ocean, an environment that lacks
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oxygen and has extremely high temperature (near 85 degrees Celsius [185
degrees Fahrenheit]) and pressure (exceeding 200 atmospheres). Of M. jan-
naschii’s 1,738 protein-encoding genes, more than half are unknown in other
organisms. Analysis of its genes revealed that its metabolism, cell surface,
and ion transport mechanisms resemble those of bacteria, yet its DNA repli-
cation and protein synthesis mechanisms are more like those of eukaryotes.

Two years later, TIGR sequenced a second archaeon, Archaeoglobus
fulgidus. Now researchers could compare archaea. Although A. fulgidus re-
sembles M. jannaschii in DNA replication, protein synthesis, and biosyn-
thetic pathways, it differs markedly in how it senses the environment, moves
substances into and out of cells, and regulates metabolism. One quarter of
A. fulgidus’ genes encode proteins that are uncharacterized, but two-thirds
of them are also found in M. jannaschii. Half of A. fulgidus’ proteins are
known in other organisms. However, one-quarter of its genes are not known,
even in M. jannaschii. A. fulgidus is a thermophilic anaerobe like 7. jannaschii,
but also leads a very different lifestyle in that it metabolizes sulfur. In 1999,
TIGR introduced the genome sequence of another archaeon, Aeropyrum
pernix K1. It differs from the other two in that it lives in the presence of
oxygen, but it also has many unique genes.

Compared to other types of organisms, biologists know very little about
the archaea. However, the diversity seen among the few known types indi-
cate that not only are the members of this third domain of life quite dis-
tinctive from members of the others, but they also differ from each other.
SEE ALSO BacTeriaL Cerr; Cern Warr; EuBacTeria; ExTREME CoMMUNI-
TIES; KingDOM; RNA; TaxoNomy, HisTory oF
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Arthropod

Arthropods are a phylum within the animal kingdom. They include four
classes: Chelicerates (such as spiders, mites, ticks, scorpions, and horseshoe
crabs), the extinct Trilobites, Crustaceans (such as lobsters, crabs, and
shrimp), and Uniramians (millipedes, centipedes, and the most numerous
group of all, the insects). The defining features of arthropods are their ex-
oskeletons (hard outer coverings), segmented bodies, and jointed ap-
pendages, from which they derive their name (#rthro means “joint,” pod
means “foot”).

The exoskeleton, secreted by the outer tissue layer, is composed of pro-
tein and a nitrogenous carbohydrate called chitin, which in crustaceans is
fortified with calcium carbonate crystals. To grow, most arthropods either
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shed (molt) the exoskeleton periodically or grow as soft-bodied larvae be-
fore undergoing metamorphosis into the adult, hard-bodied form. Some
arthropods (such as millipedes) have legs on nearly every segment. How-
ever, most arthropods have evolved reduced numbers of legs, with many
other appendages taking on highly specialized roles. Examples include the
antennae and hardened mouth parts on head segments, and egg-clasping
ovipositors on rear segments.

Arthropods are the most numerous of all animal phyla, both in num-
bers of species and numbers of individuals, primarily due to insect diversity
and numbers. There are at least one million recorded species of arthropods,
with the actual number probably ten or even twenty times that amount. SEE
ALSO ARACHNID; CRUSTACEAN; INSECT
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Autoimmune Disease

In order for the immune system to protect the body against attack by for-
eign organisms, it must be able to distinguish between the body’s own pro-
teins (autoantigens) and proteins from foreign cells (foreign antigens).
When the immune system turns against autoantigens, thus attacking its own
tissues, the resulting condition is an autoimmune disease.

Common autoimmune diseases include:

* glomerulonephritis, which compromises the filtering ability of the

kidney tubules

* Graves’ disease, which stimulates the thyroid to overproduce thyroid
hormone

* rheumatoid arthritis, which destroys joint tissue

* myasthenia gravis, which interferes with nerve-muscle communica-
tion

* multiple sclerosis, which destroys the fatty myelin coating of nerves

* systemic lupus erythematosus, which attacks deoxyribonucleic acid
(DNA), causing widespread damage in kidneys, heart, lungs, and skin

* juvenile onset (Type I) diabetes mellitus, which destroys the insulin-
producing beta cells of the pancreas, resulting in inability to regulate
blood sugar properly.

Theories of Autoimmunity

The cells involved in immune reactions are B lymphocytes (B cells), which
develop in the bone marrow, and T lymphocytes (T cells), which develop
in the thymus. Each lymphocyte carries a recognition site for a specific anti-
gen and becomes activated when that antigen is encountered. During de-
velopment, most of the lymphocytes that could recognize and destroy widely
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A digitally enhanced X ray
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sufferer of rheumatoid
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disease that destroys
joint tissue.
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B lymphocyte white
blood cell that makes
antibodies

alkaline chemically
basic, with an excess of
OH- ions

prokaryote single-celled
organism without a
nucleus

eukaryotic cell a cell
with a nucleus

nucleus membrane-
bound portion of cell
containing the chromo-
somes

organelle membrane-
bound cell compartment

occurring autoantigens are deleted. Tissues bearing these autoantigens are
generally safe from subsequent attack by the immune system unless either
the autoantigen mutates or the immune system confuses the autoantigen
with a foreign antigen. However, some tissue-specific autoantigens are un-
available when lymphocytes are developing in the bone marrow or thymus,
and so lymphocytes with receptors for those autoantigens remain viable,
posing the threat of tissue destruction in autoimmune diseases.

It is not yet clear why these lingering, self-reactive lymphocytes do not
trigger autoimmunity more often, or why autoimmunity occurs when it does.
However, there is strong suspicion that infection may play an important role
in genetically susceptible individuals. An infection causes the production of
inflammatory chemicals. If these are present at the same time that a lym-
phocyte is presented with its autoantigen by an antigen-presenting cell, the
combination could activate self-reactive lymphocytes that were not deleted
during development. Destruction of body tissues bearing those autoantigens
would follow.

In another possible process, termed “molecular mimicry,” a foreign pro-
tein bears such similarity to an autoantigen that B cell antibodies or cyto-
toxic T cells specific for that foreign antigen cross-react with autoantigens,
causing tissue destruction. Alternatively, the combination of a foreign anti-
gen with a self-protein can form a new complex capable of activating ap-
propriate T or B lymphocytes to destroy tissues containing the complex.
SEE ALSO ANTIBODY; BLoOD SuGAr REGuLATION; IMMUNE REspoNsE; T CeLLs
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Bacterial Cell

Hundreds of thousands of bacterial species exist on Earth. They can be found
in very diverse environments ranging from cold to hot and alkaline to acid.
They live in soil, in water, and on rocks. They exist deep in the earth, high
on mountains, and in deep-sea vents. They grow on and in other bacteria,
worms, insects, plants, animals, and people.

Bacteria are prokaryotes. Prokaryotic cells possess simpler structures
than eukaryotic cells, since they do not have a nucleus, other membrane
bound organelles, or a cytoskeleton. Bacterial cells have two major com-
partments, the cytoplasm and cell envelope, and may also have exterior ap-
pendages, such as flagella or pili. There are two major types of prokaryotes:
bacteria and archaea. Archaea (also called archaebacteria) are often found in
extreme environments, and while they are clearly prokaryotic, they have
evolved separately from bacteria. Mitochondria and chloroplasts are two
membrane-bound organelles carried within eukaryotic cells that are thought
to have been derived from free-living prokaryotic organisms that became ir-
reversibly engulfed by ancestral eukaryotes.
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Growth and Reproduction

Bacterial cells grow by a process called binary fission: One cell doubles in
size and splits in half to produce two identical daughter cells. These daugh-
ter cells can then double in size again to produce four sibling cells and these
to produce eight, and so on. The time it takes for a bacterial cell to grow
and divide in two is called the doubling time. When nutrients are plentiful,
the doubling time of some bacterial species can be as short as twenty min-
utes. However, most bacterial species show a doubling time between one
and four hours. A single bacterial cell with a one-hour doubling time will
produce over 1 million offspring within twenty hours. If left unchecked, a
single E. coli bacterium replicating once every twenty minutes could repli-
cate to equal the mass of Earth in twenty-four hours. The enormous in-
crease in cell numbers that accompanies this exponential growth provides
these simple unicellular organisms with an incredible growth advantage over
other unicellular or multicellular organisms. Luckily, there are always lim-
its to bacterial growth.

A colored transmission
electron micrograph of
Streptococcus bacteria
attached to a human
tonsil cell.

cytoskeleton internal
scaffolding in a cell,
composed of protein

cytoplasm material in a
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nucleus

appendage attached
organ or structure

mitochondria subcellu-
lar organelle that cre-
ates ATP used for
energy-requiring
processes in a cell
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genome total genetic
material in a cell or
organism

transcriptional of, relat-
ing to messenger RNA
formation from a DNA
sequence

ribosome protein-RNA
complex in cells that
synthesizes protein

protein complex mole-

cule made from amino

acids; used in cells for
structure, signaling, and
controlling reactions

chromosome “colored
body” in the cell
nucleus; made of DNA
and protein, and divided
functionally into genes
and non-gene regions

bilayer composed of
two layers

amino acid a building
block of protein

peptidoglycan polymer
that is composed of
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tide chains

lipid fat or waxlike mol-
ecule, insoluble in water

polymer molecule com-
posed of many similar
parts

The cytoplasm of a bacterial cell contains the deoxyribonucleic acid
(DNA) molecules that make up the bacterial genome (or nucleoid), the
transcriptional machinery that copies DNA into ribonucleic acid (RNA),
and the ribosomes that translate the messenger RNA information into pro-
tein sequence. Since there is no nucleus, all of these processes occur si-
multaneously. The rapid growth rate of the bacterial cell requires constant
DNA replication and ways to segregate the two new chromosomes into
the two daughter cells without tangling them.

Structure and Diversity

Bacterial cells express a variety of shapes and sizes. The smallest bacteria
are the Mycoplasmas, which range from about 0.1 to 0.25 micrometers in di-
ameter, while the gigantic Epulopiscium fishelsoni is 250 micrometers long
and visible to the naked eye. Some bacteria have a coccal (spherical) shape.
Others are shaped as bacilli (rods), vibrio (curved rods), or spirochetes (spi-
rals).

Bacterial cells are often classified by the structure of their cell envelope.
All bacteria have a bilayer membrane that surrounds the cytoplasm. Inte-
gral membrane proteins within the cytoplasmic membrane are required to
transport nutrients (sugars and amino acids) into the cell for growth. Most
bacteria have a cell wall that is made up of peptidoglycan. The exceptions
are the Mycoplasma species, which only have a cytoplasmic membrane that
is unique in the prokaryotic world due to the presence of the lipid choles-
terol. The peptidoglycan molecule is made up of chains of sugars (glycans)
that are attached to one another by peptide (amino acid) cross-links. This
is a naturally occurring polymer, similar to chemicals that make up plastics
and synthetic fabrics. Peptidoglycan it is only found in bacterial cells. The
beta-lactam antibiotics (penicillin, ampicillin, amoxicillin) act to prevent the
peptide cross-links from forming, which makes them active in preventing
the growth of a diverse number of bacteria.

Most bacteria are classified by how they react to a defined series of col-
ored dyes (the Gram stain). The Gram stain is the basis of one major clas-
sification scheme for bacteria. Gram-positive bacteria have a thick cell wall
with many peptide cross-links that allow a dark purple color to remain af-
ter the Gram stain procedure. The Gram-positive cell wall acts as a mole-
cular barrier to prevent access to the cytoplasmic membrane and to
keep large, harmful molecules from damaging the cell. In contrast, Gram-
negative bacteria have a thin layer of peptidoglycan that makes up their cell
wall that is surrounded by a second bilayer membrane called the outer mem-
brane. The purple dye used in the Gram stain does not penetrate the outer
membrane, and these cells do not stain purple. Gram-negative cells are in-
stead identified by a pink color contributed by a different chemical stain
during the Gram stain procedure. The Gram-negative outer membrane
functions to protect the cytoplasmic membrane. The outer membrane con-
tains porin proteins that form holes in the outer membrane to allow small
molecules (sugars, peptides, salts) to enter the area between the two mem-
branes (the periplasm).

The Gram-negative outer membrane is made up of a molecule called
lipopolysaccharide (LPS). LPS has a unique chemical structure that is only
found in Gram-negative bacteria and is recognized by the mammalian im-
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mune system as a microbial product (endotoxin). Since LPS in the blood
stream can be fatal to mammals, all products that are used clinically within
the bloodstream (such as insulin) must be endotoxin-free to prevent septic
shock. Gram-positive bacteria express lipoteichoic acids in their cell walls
that act similar to LPS on the mammalian immune system.

Most bacterial species express other molecules and structures outside of
their cell envelope that are important for interactions with the environment.
Polysaccharide postmortem capsules prevent desiccation of environmen-
tal microbes and allow pathogens to resist phagocytosis by mammalian
white blood cells. Most bacterial species have flagella, which allow the bac-
teria cells to move around in aqueous environments. Most Gram-negative
bacteria express hairlike appendages called pili or fimbriae that allow them
to adhere to other bacteria, bacterial viruses, eukaryotic cells, or other phys-
ical surfaces. Both Gram-negative and Gram-positive bacteria can express
afimbrial adhesions that also allow adherence to a variety of molecules or
surfaces. These exterior appendages help bacteria get to where they want to
go, and then keep them there to facilitate growth.

A colored transmission
electron micrograph of
Streptococcus pyogenes
bacteria.
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pH measure of acidity
or alkalinity; numbers

below 7 are acid, above

are basic

WILLIAM, ANNA
WESSELS
(1863-1954)

Physician and bacteriologist who
isolated a strain of the bac-
terium that causes diphtheria,
from which she made an anti-
toxin that could be used to treat
the disease. She also discov-
ered a way to diagnose rabies
in a few minutes instead of a
few days, thus saving many
more lives.

G2

Beneficial Bacteria

Most bacteria do not directly influence humans. However, a small number
of bacterial species can cause human or animal diseases and are a major fo-
cus of scientific study. Other bacteria can be beneficial to humans by con-
tributing to human nutrition and protecting the body from pathogens. The
E. coli bacteria in our colons are an example. Bacterial cells such as E. coli
are widely used in laboratories as factories to produce commercially or med-
ically important proteins through the use of genetic engineering or recom-
binant DNA technologies. Other bacteria are important for agriculture since
they take nitrogen from the air and replace it in the soil (nitrogen fixation).
Bacteria are used to clean up oil spills and toxic chemicals in the environ-
ment. There are as many beneficial bacteria as there are destructive germs.
SEE ALSO ARCHAEA; BAcTERIAL GENETICS; BACTERIAL VIRUSES; CELL WALL;
EusacTeriA; NiTrROGEN FixaTioN; RecomBiINANT DNA; REpPLICATION;
"TRANSCRIPTION
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Bacterial Diseases

Bacteria get a bad reputation for causing disease when, in reality, very few
species of bacteria infect humans. The ones that do, however, are the ones
most often written about in magazines and newspapers. These bacteria in-
habit the human body because of the constant source of nourishment, moist
environment, relatively stable pH and body temperature, and extensive sur-
face area.

Contamination with bacteria from the environment can lead to colo-
nization, taking up residence on or in the human body. The mixed collec-
tion of bacteria that are adapted to the body and reside in it for extended
periods of time are called normal flora. Some bacteria inhabit the body only
as transients, soon destroyed by human (host) defense mechanisms or re-
moved by cleaning. Bacteria that evade host defenses and cause infection
are described as virulent. Under certain circumstances, such as an imbalance
in normal flora or lowered host resistance, even normal flora can cause in-
fection.

Infection may proceed to disease if host defenses do not arrest the in-
fection before tissue damage occurs. Bacterial disease can have several out-
comes. The immune system may arrest the infection and stop progression
of the disease. In other cases, the body may be unable to repair damaged
tissues and permanent dysfunction or even death may result. For this rea-
son, treatments are designed to stop the infection before permanent dam-
age has occurred.

Most bacterial diseases are treated with antibiotics to kill the organisms.
In recent years, more and more bacteria have become resistant to the avail-
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able antibiotics. This has forced the scientific community to examine the
use of antibacterial agents in soaps and cleansers, the use of antibiotics in
animal feeds, and the inappropriate prescription of antibiotics. Patients who
terminate the treatment prematurely because they feel better, even though
the infection is not yet eliminated, compound the problem of antibiotic re-
sistance. All of these situations lead to the killing off of susceptible bacteria
while leaving the resistant ones to multiply. The best “medicine” is still pre-
vention of infection. SEE ALSO Diseasg; EUBACTERIA

Jackie Butler
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Bacterial Genetics

There are hundreds of thousands of bacterial species in existence on Earth.
They grow relatively quickly, and most reproduce by binary fission, the pro-
duction of two identical daughter cells from one mother cell. Therefore,
each replication cycle doubles the number of cells in a bacterial population.
The bacterial chromosome is a long circle of deoxyribonucleic acid (DNA)
that is attached to the membrane of the cell. During replication, the chro-
mosome is copied, and the two copies are divided into the two daughter
cells. Transfer of genetic information from the mother cell to offspring is
called vertical transmission.

Beneficial mutations that develop in one bacterial cell can also be passed
to related bacteria of different lineages through the process of horizontal
transmission. There are three main forms of horizontal transmission used
to spread genes between members of the same or different species: conju-
gation (bacteria-to-bacteria transfer), transduction (viral-mediated transfer),
and transformation (free DNA transfer). These forms of genetic transfer can
move plasmid, bacteriophage, or genomic DNA sequences. A plasmid is a
small circle of DNA separate from the chromosome; a bacteriophage is a
virus that reproduces in bacteria by injecting its DNA; the genome is the
total DNA of the bacterial organism.

After transfer, the DNA molecules can exist in two forms, either as DNA
molecules separate from the bacterial chromosome (an episome), or can be-
come part of the bacterial chromosome. The study of basic mechanisms used
by bacteria to exchange genes allowed scientists to develop many of the es-
sential tools of modern molecular biology.

Conjugation

Bacterial conjugation refers to the transfer of DNA between bacterial cells
that requires cell-to-cell contact. Joshua Lederberg and Edward Tatum first

KOCH, ROBERT
(1843-1910)

German physician who discov-
ered the three bacteria that
cause the deadly diseases
tuberculosis, cholera, and
anthrax, and who won the 1905
Nobel Prize in medicine. His
most enduring work was a set
of guidelines, called Koch’s pos-
tulates, for telling which
pathogens (bacteria or viruses)
cause which diseases.

chromosome “colored
body” in the cell
nucleus; made of DNA
and protein, and divided
functionally into genes
and non-gene regions

lineage ancestral line

plasmid small ring of
DNA found in many bac-
teria

genome total genetic
material in a cell or
organism
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-

A laboratory technician
performing an Analytical
Profile Index (API) test on
bacteria.

described conjugation in 1946 when they discovered the F factor (an epi-
some) that can move between Escherichia coli cells. The F factor is one of
the most well studied conjugative plasmids (plasmids are circular episomes)
and is the most well studied conjugative system. There are many different
conjugal plasmids carried by members of most bacterial species. Conjugal
plasmids that carry antibiotic resistance genes are called R factors. The F
factor and R factors usually exist as episomes and each carries functions that
allow it to replicate its DNA and thus be inherited by the daughter cells af-
ter binary fission. However, conjugative plasmids also express transfer func-
tions that allow the movement of DNA from a donor to a recipient cell; this
is the process of conjugation.

The steps of bacterial conjugation are: mating pair formation, conjugal
DNA synthesis, DNA transfer, and maturation. The main structure of the
F factor that allows mating pair formation is the F pilus or sex pilus (a long
thin fiber that extends from the bacterial cell surface). There are one to
three pili expressed on an E. coli cell that carries the F factor, and one pilus
will specifically interact with several molecules on the recipient cell surface
(attachment). About twenty genes on the F factor are required to produce
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a functional pilus, but the structure is mainly made up of one protein, pilin.
To bring the donor and recipient cell into close proximity, the F pilus re-
tracts into the donor cell by removing pilin protein monomers from the
base of the pilus to draw the bacterial cells together.

Once a stable mating pair is formed, a specialized form of DNA repli-
cation starts. Conjugal DNA synthesis produces a single-stranded copy of
the F factor DNA (as opposed to a double-stranded DNA that is formed by
normal replication). This DNA strand is transferred into the recipient cell.
Once in the recipient cell, the single-stranded copy of the F plasmid DNA
is copied to make a double-stranded DNA molecule, which then forms a
mature circular plasmid. At the end of conjugation the mating pair is bro-
ken and both the donor and the recipient cells carry an identical episomal
copy of the F factor. All of the approximately one hundred genes carried on
the F factor can now be expressed by the recipient cell and will be inher-
ited by its offspring.

In addition to transferring itself, the F factor can also transfer chromo-
somal genes between a donor and recipient cell. The F factor can be found
inserted (integrated) into the bacterial chromosome at many locations in a
small fraction of bacterial cells. An integrated F factor is replicated along
with the rest of the chromosome and inherited by offspring along with the
rest of the chromosome. When a mating pair is formed between the donor
cell carrying an integrated F factor and a recipient cell, DNA transfer oc-
curs as it does for the episomal F factor, but now the chromosomal sequences
adjacent to the integrated F factor are transferred into the recipient. Since
these DNA sequences encode bacterial genes, they can recombine with the
same genes in the recipient. If the donor gene has minor changes in DNA
sequence from the recipient gene, the different sequence can be incorpo-
rated into the recipient gene and inherited by the recipient cell’s offspring.
Donor cells that have an integrated copy of the F factor are called Hfr strains
(High frequency of recombination).

Transduction

The second way that DNA is transferred between bacterial cells is through
a phage particle in the process of transduction. Joshua Lederberg and Nor-
ton Zinder first discovered transduction in 1956. When phage inject their
DNA into a recipient cell, a process occurs that produces new bacterio-
phage particles and kills the host cell (Iytic growth). Some phage do not
always kill the host cell (temperate phage), but instead can be inherited by
daughter host cells. Therefore acquisition of a so-called temperate
“prophage” by a recipient cell is a form of transduction. Many phage also
have the ability to transfer chromosomal or plasmid genes between bacte-
rial cells. During generalized transduction any gene can be transferred from
a donor cell to a recipient cell. Generalized transducing phage are pro-
duced when a phage packages bacterial genes into its capsid (protein en-
velope) instead of its own DNA. When a phage particle carrying bacterial
chromosomal genes attaches to a recipient cell, the DNA is injected into
the cytoplasm where it can recombine with a homologous DNA se-
quences.

Some bacteriophage can pick up a subset of chromosomal genes and
transfer them to other bacteria. This process is called specialized transduc-

protein complex mole-

cule made from amino

acids; used in cells for
structure, signaling, and
controlling reactions

monomer “single part”;
monomers are joined to
form a polymer

phage short for bacte-
riophage

cytoplasm material in a
cell, excluding the
nucleus

homologous similar in
structure
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tion since only a limited set of chromosomal genes can be transferred be-
tween bacterial cells.

Transformation

The third main way that bacteria exchange DNA is called DNA transfor-
mation. Some bacteria have evolved systems that transport free DNA from
the outside of the bacterial cell into the cytoplasm. These bacterial are called
“naturally competent” for DNA transformation. Natural DNA transforma-
tion of Streptococcus pnewmonaiae provided the first proof that DNA encoded
the genetic material in experiments by Oswald Avery and colleagues. Some
other naturally competent bacteria include Bacillus subtilis, Haemophilus in-
fluenzae, and Neisseria gonorrhoeae. Other bacterial species such as E. coli are
not naturally competent for DNA transformation. Scientists have devised
many ways to physically or chemically force noncompetant bacteria to take
up DNA. These methods of artificial DNA transformation form the basis
of plasmid cloning in molecular biology.

Most naturally competent bacteria regulate transformation competence
so that they only take up DNA into their cells when there is a high density
of cells in the environment. The ability to sense how many other cells are
in an area is called quorum sensing. Bacteria that are naturally competent
for DNA transformation express ten to twenty proteins that form a struc-
ture that spans the bacterial cell envelope. In some bacteria this structure
also is required to form a particular type of pilus different than the F fac-
tor pilus. Other bacteria express similar structures that are involved in se-
creting proteins into the exterior medium (Type II secretion). Therefore,
it appears that DNA transformation and protein secretion have evolved to-
gether.

During natural DNA transformation, doubled-stranded DNA is bound
to the recipient cell surface by a protein receptor. One strand of the DNA
is transported through the cell envelope, where it can recombine with sim-
ilar sequences present in the recipient cell. If the DNA taken up is not ho-
mologous to genes already present in the cell, the DNA is usually broken
down and the nucleotides released are used to synthesize new DNA dur-
ing normal replication. This observation has led to the speculation that DNA
transformation competence may have originally evolved to allow the acqui-
sition of nucleic acids for food.

The source of DNA for transformation is thought to be DNA released
from other cells in the same population. Most naturally competent bacteria
spontaneously break apart by expressing enzymes that break the cell wall.
Autolysis will release the genomic DNA into the environment where it will
be available for DNA transformation. Of course, this results in the death of
some cells in the population, but usually not large numbers of cells. It ap-
pears that losing a few cells from the population is counterbalanced by hav-
ing the possibility of gaining new traits by DNA transformation. SEE ALSO
BacteriaL CerLr; BacTErIAL VIrUSES; CLONE; REcoMBINANT DNA
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Bacterial Viruses

There are viruses that infect all types of cells: animal cells, plant cells, and
unicellular organisms. Those that infect bacteria are called bacteriophage or
just phage (phage means “to eat”). Bacteriophage exist as inert particles when
they are outside of bacterial cells. They possess complex protein coats with
defined structure and may also have tail structures. The protein coat, or cap-
sid, surrounds the deoxyribonucleic acid (DNA) or ribonucleic acid (RINA)
molecules that make up the bacteriophage genome. Phage genomes can be
single stranded or double stranded, and are either circular or linear. Dif-
ferent bacteriophage can encode as few as four proteins or as many as one
hundred in their genome.

Phage are similar to animal and plant viruses in that they are not alive,
since they cannot replicate themselves or conduct metabolic processes. All
phage require bacterial cells for reproduction, but each phage type exhibits
a defined host range. Some phage are very specific for one or two closely
related bacterial species, while others can infect and replicate in a variety of
bacterial cells. The host cell functions required for bacteriophage repro-
duction define host range. These include attachment to specific molecules
on the bacterial cell surface, injection of the bacteriophage DNA into the
bacterial cell cytoplasm, avoidance of host cell defenses, proper expression
and regulation of bacteriophage genes, production and assembly of the cap-
sid, replication of the phage nucleic acid (DNA or RNA), packaging the nu-

cleic acid into the capsid, and exit from the bacterial cell.

The bacteriophage that infect the bacterium Escherichia coli can be used
to illustrate many of the properties of different bacteriophage. One of the
most well-studied bacteriophage is bacteriophage N. The N genome exists
as a linear, doubled-stranded DNA molecule in the bacteriophage particle.
There are 48,514 base pairs of DNA that encode about 50 genes that de-
fine the A genome. A phage bind to a receptor on the E. coli cell surface that
includes a protein involved in transporting the sugar molecule, maltose. (It
is common for viruses to use cellular molecules designed for another func-
tion for their own ends.)

The A genome is injected through the cell envelope into the cytoplasm,
where it is converted from a linear to circular form. At this point a choice
is made between two different programs: a lytic or lysogenic state. When A
phage undergo lytic growth, replication produces hundreds of copies of its
genome and phage genes produce the proteins that make up the capsid, in
which the phage genome is inserted to make the mature phage particles.
These phage particles are released by enzymes that break open the bacte-
rial cell. Lysogeny is a dormant state, where the A genome becomes part of
the bacterial genome and is inherited by the bacterial offspring as a prophage.
Bacteriophage that produce lysogeny, like A, are called temperate since they
do not harm the bacteria, while those that can only replicate are called vir-
ulent, since they commonly kill the host cell.

There are many virulent phage in E. coli. The T even phage (such as
T2,T4) and T odd phage (such as T'1, T3) always replicate themselves and
lyse the bacterial cell. In contrast, filamentous phage (for example, M13, fd)
always replicate but produce new phage particles by extruding out of the
bacterial membrane and never destroy the bacterial cell. When a prophage
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carries one or more genes that provide a selective advantage for the host
bacterial cell, this is called lysogenic conversion. SEE ALs0 BacTeriaL CELL;
Bacteriar Genetics; DNA; DNA Viruses; RepricaTioN; RETROVIRUS;
Virus
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Beer-making, Biology of

Beer is made by fermentation of grains, principally barley (Hordeum vul-
gare). Other grains, including wheat and rice, may be added to develop par-
ticular flavors. The grain is first allowed to germinate by soaking it in water.
As part of its germination process, the grain produces amylase enzymes that
break down the starches of the endosperm (part of the seed) into sugars.

A scanning electron
micrograph of T4 cells, a
virulent phage in E. coli.
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endosperm nutritive
tissue within a seed
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gene portion of DNA
that codes for a protein
or RNA molecule

At a certain point, germination is halted by rapidly drying the grain, in a
process called kilning, to produce “malt.” More prolonged kilning produces
a darker beer. The malt is then ground and mixed with more water to re-
activate the amylases and complete the liberation of the sugars.

The resin-filled flowers of the hops plant (Humulus lupulus, Cannabi-
naceae family), are added for aroma and bitter flavor, and the mixture is
boiled to bring out the flavor. Boiling also kills unwanted microorganisms
that might spoil the fermentation that follows. Yeast is then added to fer-
ment the sugars to ethyl alcohol. Ales are made at room temperature using
the yeast Saccharomyces cerevisine, whereas lagers use Saccharomyces wvarum at
cooler temperatures. The final alcohol concentration of most beers is about
5 percent. Some beers are naturally carbonated by bottling before fermen-
tation is complete, but most commercial beers require addition of carbon
dioxide after fermentation.

Beer is probably the oldest of alcoholic beverages and has been made
for thousands of years, at least as far back as classical Egyptian civilization
of five thousand years ago. Modern beer styles originated in Germany, the
Czech Republic, and the United Kingdom, which still claim production of
some of the finest beers in the world. SEE ALSO AGRricULTURE; COFFEE,
Borany or; EnzymEes; Grycorysis AND FERMENTATION; WINE-MAKING,
Borany oF
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Behavior, Genetic Basis of

A debate raged throughout the twentieth century, and probably will con-
tinue, about the relative influences of heredity and experience on human be-
havior. Behavioral scientists today largely regard this “nature versus nurture”
debate as an outmoded dichotomy. Most scientists now believe that behav-
ior results from a combination of these influences, never entirely from one
or the other.

Genetic Influences in Animal Behavior

Clearly, genes significantly influence animal behavior. This is the only rea-
sonable conclusion in cases where animals born and reared in isolation nev-
ertheless develop age-appropriate, species-specific behaviors that they could
not have possibly learned from other individuals. Such instincts that occur
even in isolated animals include insect mating behavior; courtship, nesting,
and brood-rearing behavior of pigeons; the songs of some (not all) birds;
bird flight; and nut-cracking and nut-burying by squirrels. Animals are born
“knowing” how to do certain things. Experiments that rule out social learn-
ing and trial-and-error learning leave heredity—that is, genes—as the only
logical explanation for such behaviors.

People have long used artificial selection to produce animal breeds with
desirable behavioral traits, such as dogs that herd sheep or hunt. Artificial
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selection can also shape the reactions of fruit flies (Drosophila) to light and
gravity and the ability of rats to learn mazes. Such results would not be pos-
sible if genes did not influence behavior. The fact that X rays and chemi-
cals can induce mutations that alter behavior strengthens the link to genetics.
Mutations have changed obstacle-avoidance behavior of Paramecium and bi-
ological clocks and several behaviors in Drosophila.

Experimental Evidence of Gene-Behavior Links

Breeding experiments confirm the relationship between genes and behav-
iors. For example, worker honeybees normally react to diseased or dead pu-
pae by uncapping the honeycomb cell containing the pupa, dragging the
pupa out, and removing it from the hive. This helps to prevent the spread
of infections through the colony. Experiments in which normal honeybees
were crossed with bees that do not bring out their dead traced the behav-
ior to two genes: one that induces workers to uncap the diseased cell, and
the other that induces the insects to remove the diseased pupa.

Hybrids between behaviorally different strains and species of animals
exhibit behaviors intermediate between those of the parents, or combine the
parental behaviors. This has been seen for aggression in honeybees,
courtship in Drosophila, breeding behaviors of cichlid fishes, food prefer-
ences in garter snakes, bird migratory and nesting behaviors, and bird dis-
tress calls.

Genes and Human Behavior

The foregoing observations and experiments, and many others like these,
no longer leave room for doubt that genes significantly influence animal be-
havior. The subject becomes very controversial, however, when we come to
the behavior of the most complex of animals, Homo sapiens. Behavioral ge-
neticists find evidence of a genetic influence on schizophrenia, alcoholism,
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confirmed the relationship
between genes and
behaviors.
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sleep disorders, depression, sexual orientation, intelligence quotient, and
many personality traits.

Consider, for example, sexual orientation, an intensely heated issue in
which one side argues that people are born with a hereditary predisposition
to become homosexual or heterosexual, and the other side argues that ho-
mosexuals simply “choose to be that way” and could change if they wanted
to, or that this behavior was caused by childhood influences and can be “cor-
rected” by such means as psychotherapy. J. M. Bailey and R. C. Pillard stud-
ied families with two or more male siblings, at least one of whom was
homosexual. In 52 percent of the cases where the brothers were monozy-
gotic (genetically identical) twins, the other brother was also homosexual;
in 22 percent of dizygotic (nonidentical) twin pairs, the second brother was
homosexual; and in only 9 percent of nontwin brothers, the second brother
was homosexual. The 52 percent figure shows that genes do not inevitably
determine sexual orientation; if they did, this figure would be 100 percent.
But the contrast between this datum and the other two does suggest that
heredity significantly increases the likelihood of a given adult sexual orien-
tation.

The sequencing of the human genome will provide a new tool to as-
sess the genetic underpinnings of behaviors in the human species. A short-
cut to sequencing the genomes of many people is to identify places in the
genome where people tend to differ in the particular DNA base found. These
sites are called single nucleotide polymorphisms, or SNPs, and already an
international consortium of researchers has identified more than two mil-
lion of them among the three billion bases of the human genome. Many re-
search groups are now correlating specific SNP patterns to disease
susceptibilities, and these include conditions that have behavioral compo-
nents. One company, for example, is amassing SNP patterns among six hun-
dred families in which two or more members have eating disorders. The
researchers look at SNPs in genes known to be associated with eating be-
haviors and satiety, such as leptin and neuropeptide Y, and other, as yet un-
known places in the genome where certain SNPs are statistically more
common in people with these types of disorders. Even with this powerful
new technology, it will be difficult to separate inherited tendencies from
learned behaviors.

Political and Philosophical Issues

Much of the opposition to the idea of a genetic influence on human be-
havior stems from political and social philosophies that are reluctant to ac-
cept the idea that not all human behavior can be shaped by experience or
changed at will. It would be discouraging to think that tendencies toward
war, racism, or marital infidelity were genetic and unchangeable. Heredi-
tary theories of human behavior were taken to despicable extremes in the
twentieth century, including a eugenics movement in America that argued
that some races and classes of people were genetically inferior to others
and, most horrendously, the racial philosophy of Nazi Germany, which ex-
tolled the fictitious “white Aryan race” while trying to systematically ex-
terminate another. In light of this horrific history, it is understandable that
some people recoil from any latter-day suggestions that human behavior is
hereditary.
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Yet scientific evidence cannot be rejected simply because it does not
conform to a political philosophy. In evaluating the influence of genes on
human behavior, several points must be kept in mind. One is that behav-
ioral geneticists are not arguing for genetic determinism: they are saying
genes influence behavior, not that they rigidly determine it and destine peo-
ple to behave in certain ways. Genes may influence human behavior, but
they do not enslave people. All behaviors require at least some contribution
from genes (to build sense organs, nervous systems, muscles, and the other
equipment of behavior) and environment (to provide the raw materials to
build this equipment and the experiences that sway gene expression). As
evolutionary theorist Richard Dawkins puts it, behavior is like a chocolate
cake, needing both a recipe and ingredients. Genes provide the behavioral
recipe, and the environment the ingredients.

Finally, there is no such thing as a gene for any behavior. There is no
aggression gene, no gay gene, no gene for bird song or nut-burying. Genes
encode proteins, nothing more; but through proteins, they can influence
behavior. Aggression and sexual behavior, for example, are influenced by
testosterone, and testosterone is synthesized by enzymes, which are pro-
teins encoded by deoxyribonucleic acid (DNA). Thus one can see how genes
would influence these behaviors. All behavior, furthermore, depends on
chemical signals (neurotransmitters) that are released by one neuron and
bind to receptors on the next neuron. Neurotransmitters, too, are syn-
thesized by enzymes encoded by DNA, and their receptors are proteins as
well. Neurotransmitter levels control mood and probably aspects of per-
sonality. The list goes on and on. Indeed, it is impossible to see how genes
could not play a role in behavior. SEE ALso Brorogy or Race; EvoruTion;
SocrosioLoGy

Kenneth S. Saladin and Ricki Lewis
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Behavior Patterns

There are millions of different species of animals, and each species behaves
somewhat differently. Nevertheless, there are common patterns of behav-
ior exhibited by many species, and a few behavior patterns that are exhib-
ited by all species. Since all species need to reproduce, eat, and try not to
be eaten by someone else, all species exhibit some type of reproductive be-
havior, foraging (eating) behavior, and defensive behavior. Over time, nat-
ural selection has also favored other behavior patterns that help species
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accomplish these basic goals, including communication behavior, territorial
behavior, dispersal behavior, and social behavior.

Reproductive Behavior

Although some animals are able to reproduce asexually (such as some in-
sects and a few species of lizards), most animals must find a mate in order
to reproduce. In many cases, one of the individuals, usually the male, tries
to attract a mate by performing a courtship display. This is often a visual
display, as is the case with the peacock and many species of coral reef fish.
Studies have shown that the females select males partly on the basis of their
courtship displays. Scientists believe that vigorous and brightly colored dis-
plays might signal to the female that the male is strong and healthy. Thus,
mating behavior plays an important role in determining which genes get
passed on to the next generation.

Foraging Behavior

Animals exhibit several different types of foraging behavior. Some animals
are quite selective in what they eat. These animals are called foraging spe-
cialists. For example, the diet of the lynx consists primarily of snowshoe
hares. Some species of insects feed only on a single plant species; they are
the ultimate feeding specialists. Other animals are generalists, eating a wide
variety of food types. An example of a foraging generalist is the opossum,
which eats everything from insects and berries to garbage. It is thought that
natural selection has favored many animals to forage in an efficient manner.
"This means that the animals make feeding choices that maximize the amount
of energy they can obtain in the shortest time possible. This type of forag-
ing, sometimes referred to as “optimal foraging,” leaves the animal with
more time and energy for other important activities, such as finding a mate
or caring for offspring.

Defensive Behavior

Virtually all animals are vulnerable to predation (being eaten by another an-
imal) at least some time during their lives. Even wolves and lions can be
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prey for other animals when they are very young. As a result, animals from
worms to whales have evolved ways to reduce the likelihood they are eaten.
"This behavior, often referred to as defensive, or antipredator, behavior, can
take many forms. Some animals, such as many moths and lizards, try to
blend in with their surroundings so the predator cannot see them. This is
called cryptic behavior. Other species have evolved effective escape behav-
iors, such as fast-running antelope and fast-swimming fish. Others fight back
with stinging or biting behavior. In many cases, prey can deter predators
with a threat display. Threat displays are special behaviors that tell the preda-
tor that the prey may fight back ferociously. A raccoon that bares its teeth
and growls when cornered by a predator is giving such a threat display.

Communication Behavior

As illustrated above, effective communication behavior is vital for an ani-
mal. Besides communicating with sight and sound, some animals commu-
nicate using chemicals. For example, male moths find mates by detecting
special chemicals called pheromones that the females release into the air.
Ants also use pheromones to determine if another ant is an intruder or a
member of the colony.

Territorial Behavior

Setting up and maintaining a territory is another common pattern of be-
havior exhibited by many species of insects, fish, birds, reptiles, and mam-
mals. Territories are used for a variety of purposes, including feeding,
mating, and caring for offspring. The territory owner normally tries to keep
other individuals of its species out of the territory.

Dispersal and Social Behavior

Other patterns of behavior include dispersal behavior, exhibited when indi-
viduals move away from the area in which they were born, and many types
of social behavior. Social behavior is particularly common in animals that
live in groups, such as ants, penguins, and primates. In all cases, scientists
believe that these patterns of behavior have evolved over time because they
have increased the ability of animals to survive and reproduce. SEE ALSO
FeepiNG STrATEGIES; HERBIVORY AND PLANT DEFENSES; MATING SYSTEMS;
MicraTioN; Mimicry, CAMOUFLAGE AND WARNING COLORATION; PREDATION
AND DEFENSE; SEXUAL SELECTION; SociAL Bemavior

Mark A. Davis
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Biochemist

A biochemist is a scientist primarily concerned with the chemistry of bio-
logical processes. The four main branches of biochemistry are: a) nucleic
acids, b) proteins, c) carbohydrates, and d) lipids. Most biochemists will
generally specialize in one of these areas. The training and scientific focus
of a biochemist is what distinguishes him or her from others in related
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ecosystem an ecologj-
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environment

disciplines (molecular genetics, cell biology, analytic chemistry, and bio-
physics). Biochemists deal chiefly with scientific research of specific bio-
chemical structures, interactions, or reactions. Two specific examples of
research biochemists are enzymologists, who study catalytic proteins, and an-
alytical biochemists, who may, for example, develop new DNA separation
technologies.

Minimal training for a technician-level position in biochemistry gener-
ally requires a B.S. in biochemistry or chemistry, while those wishing more
professional autonomy should attain a graduate degree. Ph.D.-level bio-
chemists achieve the greatest autonomy. Before attaining their first inde-
pendent position they will usually undergo additional training after
completion of their in Ph.D., a postdoctoral position.

Biochemists work in the biopharmaceutical and agricultural biotech-
nology industries, academia, clinical laboratories, and a variety of regulatory
and military posts in government. SEE ALSO BIoTECHNOLOGY; CARBOHY-
DRATES; DNA; Lirips; PHARMACOLOGIST

Michael L. Gleason
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Biodiversity

Biodiversity is the sum total of life on Earth; the entire global complement
of terrestrial, marine, and freshwater biomes and ecosystems, and the
species—plants, animals, fungi, and microorganisms—that live in them, in-
cluding their behaviors, interactions, and ecological processes. Biodiversity
is linked directly to the nonliving components of the planet—atmosphere,
oceans, freshwater systems, geological formations, and soils—forming one
great, interdependent system, the biosphere.

Humankind’s Relationship to Biodiversity

Humans depend entirely on this biodiversity and are an integral part of it.
Directly or indirectly, be it from wild or domesticated components of bio-
diversity, humankind derives many goods critical to its sustenance, well-
being, health, and enjoyment, such as food, medicine, building materials,
and industrial products. Also, people enjoy many ecosystem services, in-
cluding water regulation and supply, erosion control, soil formation, nutri-
ent storage and cycling, pollination, pollution breakdown and absorption,
climate stability, protection and recovery from natural disasters, and buffer-
ing against the spread of disease. These services, provided by nature free of
charge, have an estimated value of $33 trillion per year.

Even though continued human welfare depends on it, our knowledge
of biodiversity is seriously inadequate. As of 1998, scientists have described
between 1.4 and 1.8 million species. However, later estimates indicate that
the total number of species ranges between 5 and 30 million, and some sci-
entists believe it may be higher than 100 million.

Clearly, much more work is needed to quantify and describe all biodi-
versity at three main levels: genetic diversity, or the variation of genes
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within species; species diversity, or the variety of species within a biome or
ecosystem, measured in species richness, species abundance, and taxonomic
diversity; and ecosystem diversity, or the broad differences between ecosys-
tem structures and biome types, and the diversity of habitats and ecologi-
cal processes occurring within each of them. Taxonomists and other
scientists in fields such as zoology, botany, ecology, and genetics study bio-
diversity.

Threats to Biodiversity

Species are becoming extinct faster than scientists can discover them. The
loss of biodiversity is an irreversible process: once a species becomes extinct
its loss is permanent and irrevocable. Late-twentieth-century estimates cite
the extinction rate between one thousand and ten thousand times greater
than it would be naturally. This means that Earth is losing species at the
fastest rate in the planet’s 4.5 billion-year history and, unlike prior extinc-
tion episodes (such as the mass extinction of dinosaurs 65 million years ago),
this extinction spasm is mainly the result of human activity and not of a cos-
mic event. If extinctions continue at the current rate, in the next one hun-
dred years humankind runs the risk of losing half of the planet’s biodiversity.

Most threats to biodiversity have to do with pressures on natural re-
sources due to human activities. These include habitat destruction and con-
version of natural ecosystems to agriculture; flooding for hydroelectric
projects; large-scale extraction of natural resources such as mining and log-
ging; excessive hunting and overfishing; pollution from agricultural pesti-
cides, human waste, and industrial processes; and poorly planned urban and
suburban sprawl.

Conserving Biodiversity

Conserving biodiversity is an urgent matter of common concern and should
be an integral part of the development process, as was outlined in the Con-
vention on Biological Diversity. This global, comprehensive agreement was
drafted at the 1992 Rio de Janeiro Earth Summit and signed by 160 nations
to address all aspects of biological diversity. Its objectives include “the con-
servation of biodiversity, its sustainable use and the fair sharing of the ben-
efits derived from the utilization of genetic resources.”

One conservation strategy aimed at reaching this goal recognizes that
biodiversity is not evenly distributed over the planet: certain regions have
higher species richness (the number of species in an area) and endemism
(the number of species in that area that occur nowhere else) than others.
Ironically, many of these sensitive areas are also preferred by humans to in-
habit, placing tremendous pressure on local biodiversity. These areas are
called the “biodiversity hotspots”; twenty-five of them have been described
thus far, including Madagascar, the tropical Andes, the Philippines, and the
Atlantic forest of Brazil. Conservationists believe that urgent conservation
efforts should be targeted at these regions. Equally important are the so-
called wilderness areas: Amazonia, the Congo Basin, and Papua New Guinea.
These areas are also high in biodiversity but are not so immediately threat-
ened. SEE ALSO Brome; ConservaTION; EcosysTEM; ENDANGERED SpECIES;
ExTincTION; INVASIVE SPECIES

Cristina G. Mittermeier and Russell A. Mittermeier
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Biogeochemical Cycles

Biogeochemical cycles refer to the movement of chemical elements between
living (biotic) and nonliving (abiotic) forms in the environment. Although
many elements undergo this type of cycling to some extent, four elements—
carbon, nitrogen, phosphorus, and sulfur—are most commonly discussed
because of their importance (along with hydrogen and oxygen) for living or-
ganisms. The extent and rate of the cycling of these elements has impor-
tant consequences, such as influencing the amount of phosphate available
to forests and the ability of the oceans to slow down global warming by ab-
sorbing carbon dioxide.

Common Compounds

All the elements that undergo cycling are incorporated into compounds.
Carbon may be found as inorganic CO, gas, carbonate ions (CO;*) in rocks
or the oceans, or in organic compounds, such as sugars and proteins, within
living organisms. Nitrogen exists in the atmosphere as N, or ammonia
(NH;), in the soil as an ion such as nitrate (NO5"), and in living organisms
in a variety of organic compounds, including proteins and nucleic acids.
Wherever it occurs, phosphorus is largely bound to oxygen to make a phos-
phate ion (PO,*). Sulfur exists as sulfur dioxide gas (SO,), sulfate ions

(SO,%) in rocks, and in living organisms incorporated into proteins.

The atmosphere, oceans, fresh water, rocks, soil, and living organisms
can each be thought of as a “pool” for storing these compounds. The time
spent in any one pool is quantified as the mean residence time (MRT). For
instance, the MRT for phosphate in rock may be thousands of years, whereas
the MRT for the phosphate in a stand of corn is less than one year.

Transport Mechanisms

Elements move from one pool to another through meteorological, geologic,
biological, or anthropogenic mechanisms. Meteorological mechanisms re-
volve around precipitation, such as rain carrying SO, into the soil. Geologic
mechanisms include erosion, which can bring rock ions into solution, as well
as sedimentation and volcanoes.

Biological mechanisms are those carried on by living organisms, such as
photosynthetic conversion of CO, to sugar, or conversion of soil NH; to
gaseous N, by soil bacteria. Marine birds can have a significant local impact
on transport of phosphate and nitrogen from ocean to land. Many islands off
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the western coast of South America, for instance, are covered with a layer of
white guano, dropped by generations of birds feasting on anchovies. Harvest
of this rich fertilizer forms part of the economies of Peru, Chile, and Ecuador.

Anthropogenic mechanisms are those carried on by humans and are
therefore a subset of biological mechanisms. Humans have a profound ef-
fect on biogeochemical cycles through agriculture (for example, adding ni-
trogen to the global nitrogen cycle through fertilizer applications), forestry,
and especially the use of carbon-based fossil fuels. The release of vast
amounts of carbon from stored pools is likely to raise the world’s tempera-
ture by at least several degrees over the coming decades, with the potential
for significant consequences on many forms of life. An important, yet unan-
swered, question is whether the forests, soil, and especially the ocean can
absorb this extra CO, and thereby reduce the extent of global warming. SEg
ALsO CarBoN Cycre; EcosysteMm; GLoBAL CLIMATE CHANGE; NITROGEN
CycLE; PHOTOSYNTHESIS; PLANKTON
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Bibliography

Berner Elizabeth Kay, and Robert A. Berner. Global Environment: Water, Air, and Geo-
chemical Cycles. Upper Saddle River, NJ: Prentice Hall, 1996.

Soil erosion on a trail in
the Adirondack
mountains. Erosion is a
geologic mechanism that
helps to move chemical
compounds between
biotic and abiotic forms
in the environment.

anthropogenic of, relat-
ing to the influence of
human beings or nature



Biogeography

Biogeography

An enormous variety of species live in the thin layer on Earth’s surface that
makes up the biosphere. None of these species is found everywhere on
Earth’s surface. Instead, the number and kinds of species change dramati-
cally as one moves from one place to the next. The science that studies the
past and present distribution patterns of organisms and seeks to understand
the mechanisms that underlie these patterns is called biogeography.

Biogeographers explain the distributions of species using four basic prin-
ciples regarding the nature of Earth and the organisms that live on it:

1. Environmental variability: For a variety of reasons, the conditions
that organisms experience change dramatically across Earth’s surface.
Climate and elevation are two major influences.

2. Ecological limitation: Every organism has a limited range of condi-
tions that must be met in order to allow it to live and reproduce.
Since a species is a population of reproductively compatible organ-
isms that have similar biological properties, no species can be found

everywhere.

3. Continental drift: The locations of landmasses across Earth’s surface
have not remained the same, but have changed slowly over the course
of Earth’s history. Therefore, the conditions experienced by organ-
isms change over long periods of Earth’s history.

4. Evolutionary change: Species do not stay the same over time, but are
in a constant state of change as individuals best able to survive and
reproduce within certain environments become more frequent, while
others less capable die or fail to produce offspring. The ability of a
species to evolve allows it to persist over long periods of time and
track the changes occurring on Earth’s surface.

The first two principles indicate that the current geographic distribu-
tion of a species is determined by how its ecological limitations are related
to the environmental conditions it encounters. Species with similar re-
quirements will be found together in the same locations. Regions on con-
tinents or in oceans where the species share similar ecological limitations
are called biomes. For example, deserts are biomes where the species are all
able to withstand relatively hot, dry climates.

The third and fourth principles indicate that as continents move about
across the face of Earth, they carry with them the species that inhabit them.
When continents that were once connected separate, populations are frag-
mented, and subsequent evolutionary changes in related species will occur
independently. The timing of such independent evolutionary changes pro-
vides clues about the timing of Earth’s history. Much of the history of con-
tinental drift, for example, can be reconstructed by examining the
geographical distribution of fossils and of related groups of living species.

All four principles suggest that as the conditions on Earth change over
long periods of time, each species will respond to these changes in one of
three distinct ways. First, a species may change its geographic distribution
to track changes in the location of its favored set of ecological conditions.
For instance, during ice ages, many species moved southward. Second, a
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species may undergo evolutionary change to adapt to changing conditions.
Third, if a species cannot shift its geographic range or undergo evolution-
ary change, the species will go extinct. Over the history of Earth, no species
has been able to persist unchanged as the biosphere has changed. SEE ALsO
Bropiversity; Brome; EvoLuTion
Brian Maurer
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Bioinformatics

Bioinformatics is a new field that centers on the development and applica-
tion of computational methods to organize, integrate, and analyze gene-
related data. The Human Genome Project (HGP) was an international ef-
fort to determine the deoxyribonucleic acid (DNA) base sequence of the en-
tire human genome, which includes about thirty thousand protein-encoding
genes, their regulatory elements, and many highly repeated noncoding sec-
tions. In 1985, a group of visionary scientists led by Charles DeLisi, who
was then the director of the office of health and environmental research at
the U.S. Department of Energy (DOE), realized that having the entire hu-
man genome in hand would provide the foundation for a revolution in bi-
ology and medicine. As a result, the 1988 presidential budget submission to
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U.S. Congress requested funds to start the HGP. Momentum built quickly
and by 1990, DOE and the U.S. National Institutes of Health had laid out
plans for a fifteen-year project. An international public consortium and a
private company announced completion of a rough draft of the human
genome sequence on June 26, 2000, with papers describing the data pub-
lished eight months later. This is the first generation bestowed with the
“parts list” of life, as well as the daunting task of making sense out of it.

Data Management

The Human Genome Project and other genome projects have generated
massive data on genome sequences, disease-causing gene variants, protein
three-dimensional structures and functions, protein-protein interactions,
and gene regulation. Bioinformatics is closely tied to two other new fields:
genomics (identification and functional characterization of genes in a mas-
sively parallel and high-throughput fashion) and proteomics (analysis of the
biological functions of proteins and their interactions), which have also re-
sulted from the genome projects. The fruits of the HGP will have major
impacts on understanding evolution and developmental biology, and on sci-
entists’ ability to diagnose and treat diseases. Areas outside of traditional bi-
ology, such as anthropology and forensic medicine, are also embracing
genome information.

Knowing the sequence of the billions of bases in the human genome
does not tell scientists where the genes are (about 1.5 percent of the human
genome encodes protein). Nor does it tell scientists what the genes do, how
genes are regulated, how gene products form a cell, how cells form organs,
which mutations underlie genetic diseases, why humans age, and how to de-
velop drugs. Bioinformatics, genomics, and proteomics try to answer these
questions using technologies that take advantage of as much gene sequence
information as possible. In particular, bioinformatics focuses on computa-
tional approaches.

Bioinformatics includes development of databases and computational al-
gorithms to store, disseminate, and rapidly retrieve genomic data. Biologi-
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cal data are complex and abundant. For example, the U.S. National Center
for Biotechnology Information (NCBI), a division of the National Institutes
of Health, houses central databases for gene sequences (GenBank), disease
associations (OMIM), and protein structure (MMDB), and publishes bio-
medical articles (PubMed). The best way to get a feeling for the magnitude
and variety of the data is to access the homepage of NCBI via the World
Wide Web (http://ncbi.nlm.nih.gov). A bioinformatics team at NCBI works
on the design of the databases and the development of efficient algorithms
for retrieving data and comparing DNA sequences.

Applications

Bioinformatics also covers the design of genomics and proteomics experi-
ments and subsequent analysis of the results. For instance, disease tissues
(such as those from cancer patients) express different sets of proteins than
their normal counterparts. Therefore protein abundance can be used to di-
agnose diseases. Moreover, proteins that are highly (or uniquely) expressed
in disease tissues may be potential drug targets.

Genomics and proteomics generate protein abundance data using dif-
terent approaches. Genomics determines gene abundance (which is a good
indicator of protein abundance) using DNA microarrays, also known as
DNA chips, which are high-density arrays of short DNA sequences, each
recognizing a particular gene. By hybridizing a tissue sample to a DNA
chip, one can determine the activities of many genes in a single experiment.
The design of DNA chips—that is, which gene fragments to use in order
to achieve maximum sensitivity and specificity, as well as how to interpret
the results of DNA chip experiments—are difficult problems in bioinfor-
matics.

Proteomics measures protein abundance directly using mass spec-
troscopy, which is a way to measure the mass of a protein. Since mass is
not unique enough for identifying a protein, one usually cuts the protein
with enzymes (that cut at specific places according to the protein sequence)
and measures the masses of the resulting fragments using mass spectroscopy.
Such “mass distributions” for all proteins with known sequences can be gen-
erated using computers and stored. By comparing the mass distribution of
an unknown protein sample to those of known proteins, one can identify
the sample. Such comparisons require complex computational algorithms,
especially when the sample is a mixture of proteins. Although not as effi-
cient as DNA chips, mass spectroscopy can directly measure protein abun-
dance. In fact, spectrometric identification of proteins has been the one of
the most significant advances in proteomics.

Bioinformatics can lead to discovery of new proteins. When the cystic
fibrosis gene (CF) was first identified in 1989, for example, researchers com-
pared its DNA sequence computationally to all sequences known at that
time. The comparison revealed striking homology (sequence similarity) to
a large family of proteins involved in active transport across cell membranes.
Indeed, the CF gene encodes a membrane-spanning chloride ion channel,
called the cystic fibrosis transmembrane regulator, or CFTR. The identifi-
cation of gene function by searching for sequence homology is a widely used
bioinformatics method. When no homology is found, one may still be able
to tell if a gene codes for membrane-spanning channels using computational
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bilayer composed of
two layers

lipid fat or waxlike mol-
ecule, insoluble in water

rickettsia (pl. -sias or
siae) any of a family of
polymorphic microorgan-
isms that cause various
diseases

protozoa any of a
phylum of minute proto-
plasmic animals present
in almost every kind of
habitat, some of which
pose serious threats to
humans and animals

fungi major group of
parasitic, lower plants
that obtain their food
from the products of
organic decay (e.g.
molds, smuts, etc.)

tools. Membranes are bilayers of lipid molecules, which are water insolu-
ble. An ion channel typically has regions outside the membrane (water sol-
uble) and regions inside the membrane (water insoluble) arranged in a certain
pattern. Computer algorithms have been developed to capture such patterns
in a gene sequence.

By thinking boldly and by setting ambitious goals, the Human Genome
Project has brought about a new era in biological and biomedical research.
Many revolutionarily new technologies are being developed, most of which
have significant computational components. The avalanche of genomic data
also enables model-based reasoning. The bright future of bioinformatics
calls for individuals who can think quantitatively and in the meantime love
biology—an unusual combination. SEE ALsO BroTecuNoLoGy; (GENOME;
Human GenoMmE ProjecT

Zhiping Weng
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Biological Weapons

Biological weapons are organisms or their by-products used to deliberately
spread disease. They include bacteria, viruses, rickettsiae, protozoa, fungi,
and their toxins. The effects of biological warfare agents are diverse, but
they generally incapacitate or kill their victims, or destroy crops or livestock.

Biological weapons have been used for centuries. The Tartar army cat-
apulted plague-ridden corpses over city walls in the 1346 siege of Kaffa. All
major participants in World War II developed biological weapons, however
Japan, which dropped bubonic plague-infested debris on Chinese cities, was
the only country known to have used them. In 1969 the United States aban-
doned research and production of biological weapons. Within three years,
remaining U.S. stockpiles were destroyed. In 1975, 118 countries signed the
Biological Weapons Convention that outlawed the development, possession,
and stockpiling of biological weapons.

Biological weapons are often called “the poor man’s weapon of mass de-
struction” because they are cheap and easy to produce. The production
processes used to make biological weapons are similar to those used to de-
velop medicines or make yogurt. Since facilities, equipment, and supplies
resemble those for biotechnical and medical research, they can be hidden
within legitimate facilities, making it difficult to track development of bio-
logical weapons. Compared to chemical or nuclear weapons, biological
weapons are easily handled and effective in small amounts.

Exposure to most biological weapons occurs by inhaling an aerosolized
agent. The most difficult part of producing the weapon is getting the agent
into a small, stable form for dispersal. Agents can be dispersed as part of a
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conventional warhead or sprayed from a plane or a small canister. Attacks
are nearly impossible to detect in early stages and may not become known
until symptoms of disease appear. Defense against biological weapons may
include protective clothing and masks, vaccinations, and antibiotic or an-
tiviral therapy. Quick identification of biological agents is essential to save
lives and maintain military effectiveness.

There are more than sixty potential biological warfare agents. Two of
the most common are anthrax and botulism. The anthrax bacteria, Bacillus
anthracis, commonly cause disease in cattle, horses, and sheep. In humans,
cutaneous anthrax, which causes skin ulcers, accounts for about 95 percent
of U.S. cases, with little mortality. However, inhalation of anthrax spores
destroys lung and intestinal membranes, causing severe respiratory distress,
shock, and death in about five days. Although antibiotics can be used, the
mortality rate for inhaled anthrax is nearly 100 percent after symptoms ap-
pear. Anthrax is easy to cultivate and forms highly resistant spores that can
remain active and potentially lethal for at least forty years.

Botulism is caused by Clostridium botulinum neurotoxin. Inhaling a very
small amount of this bacterial toxin blocks electrical signal transmission in
the nervous system and causes progressive muscular paralysis. Paralysis of
respiratory muscles leads to asphyxiation and death. Tracheostomy and use
of a ventilator reduce mortality, but recovery may take months of intensive
nursing care.

Advances in biotechnology may produce biological weapons that are
even more toxic, fast acting, and resilient. Genetic engineering may pro-
duce new organisms or toxins designed to target specific populations.
Cloning techniques may allow for mass production. SEE ALso NErvous Sys-
TEMS; NEURON; Porsons

Lynnette Danzl-Tauer
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genetic code relation-
ship between triples of
RNA nucleotides and
the amino acids they
code for during protein
synthesis

protein complex mole-

cule made from amino

acids; used in cells for
structure, signaling, and
controlling reactions

enzyme protein that
controls a reaction in a
cell

Biology

Biology is defined as the “study of life.” The term life refers to all organ-
isms (plants, animals, bacteria, fungi, and protists) inhabiting Earth and its
atmosphere. Both scientists and laypeople are drawn to biology because it
seeks to answer the question of how life began. All of the acquired evidence
points to a single origin for all living things.

The study of evolution shows that there are significant similarities
among organisms that are not obviously related. Virtually every organism
uses the same genetic code to builds its proteins, from the tiniest bac-
terium to the blue whale and the giant sequoia. A fungus and a horse break
down sugar to release energy using (more or less) the same enzymes. In-
deed, evolution, the gradual change in a population over time, serves as a
unifying concept in biology.

The more related two species of multicellular organisms are, the more
similar their anatomies in almost all cases. Species that rely heavily on one
another for life evolve in response to each other's habits and characteristics.
Researchers use animals closely related to humans in order to predict the
effects of new drugs or surgical techniques on human subjects, taking ad-
vantage of evolutionary relationships that yield similar anatomies and phys-
iologies in different organisms.

Biology’s Subdisciplines

Biology encompasses many diverse subdisciplines. Systematics is the study
of the diversity and classification of organisms. Cell biology is concerned
with the structure and function of cells but also includes the interactions
that occur between cells (for example, the signaling that occurs among dif-
terent cells of the human body). The field of ecology considers interactions
among organisms that inhabit the same area. For example, ecologists might
study the changes in population size of a group of birds in response to the
presence of a predator, or the impact of pollution on frog populations. Some-
one interested in medicine would need a solid background in anatomy, the
study of the structure of the bodies of animals and how different compo-
nents of the body relate to one another.

Physiology, which is closely related to anatomy, describes the mecha-
nisms by which these different components perform. One might also study
the anatomy and physiology of plants to learn how different tissues within
a plant perform and interact. Microbiology, a field driven largely by the
study of disease, is concerned with the structure, function, and interactions
of microorganisms. Genetics is concerned with the inheritance of charac-
teristics from parents to offspring, and the expression of genes to create the
living organism.

Much emphasis in biology is in biotechnology, the use of organisms to
create products. This field opens unimaginable possibilities for the diagno-
sis and treatment of hereditary diseases, production of drugs, and advance-
ment of agriculture. At the same time, these prospects will challenge
scientists with serious ethical considerations in the years to come, as the use
of biotechnology requires scientists to manipulate the course of evolution.
SEE ALSO Biopiversity; BioTecuNoLoGy; EcoLocy; EvoLuTioNn

Karen Gunnison Ballen
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Biology of Race

The biological definition of race is a geographically isolated breeding pop-
ulation that shares certain characteristics in higher frequencies than other
populations of that species, but has not become reproductively isolated from
other populations of the same species. (A population is a group of organ-
isms that inhabit the same region and interbreed.) Human racial groups
compose a number of breeding units that in the past remained geographi-
cally and perhaps temporally isolated, yet could interbreed and produce vi-
able offspring within the species Homzo sapiens sapiens. Paleoanthropological
evidence suggests that these units have been interbreeding between popu-
lations for at least the last two hundred thousand years or longer in what
may once have been considered racial groups.

More recently, molecular techniques have developed to examine genetic
differences between individuals and populations, including karyotypes pro-
viding chromosomal number and patterns, deoxyribonucleic acid (DNA) hy-
bridization, protein sequences, and nuclear and mitochondrial base
sequences from ancient and modern DNA. From all this evidence, it is clear
that populational, but not racial, differences do exist within the human
species. Race should not be equated with ethnicity, which has a sociologi-
cal meaning. Ethnicity is a self-described category that has three compo-
nents—ancestry, language, and culture—that all have affinities to certain
ancestral groups.

Early racial classification systems for humans used specific pheno-
typic characteristics that occurred in higher frequencies in certain pop-
ulations. Initially, three classes were identified by anthropologists:
Caucasoids, Mongoloids, and Negroids; later, Australoids and Capoids
(Bushmen) were added. Following this, even more classifications were
made, with no consensus among biological anthropologists. Difficulties
with these early classification systems stem from the immense genotypic
and phenotypic human variation found in modern living populations.
While the genotypic variation was not studied in great detail in the early
part of the twentieth century, phenotypic variation in skin color, body
height, hair type, nasal width, and other characteristics was studied in
great detail.

Some genetic differences do exists between groups, but these by and
large do not correspond to historical racial categories. For instance, there
are populational differences in the frequency of ABO blood types. Native
North and South Americans have an incidence of nearly 100 percent type
O (less than 1 percent have type AB), while Asians have a lower incidence
of O (60 percent) and higher incidence of type B (22 percent). Some char-
acteristics, such as skin color and body height, are considered to be poly-
genic traits. Skin color has a clinal distribution, with indigenous peoples
with darker skin colors found in native peoples at the equator and lighter
skin colors found in natives from higher latitudes.

paleoanthropological
of, related to the
branch of anthropology
(the study of human
beings) that is con-
cerned with “fossil
man”
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The very large amount of
variation within groups
dwarfs the small
differences between
groups, therefore race in
humans does not have a
biological meaning.

hemoglobin oxygen-
carrying protein complex
in red blood cells

anemia lack of oxygen-
carrying capacity in the
blood

pathogenic causing, or
capable of causing, dis-
ease

heterozygous character-
ized by possession of

two different forms (alle-
les) of a particular gene

enzyme protein that
controls a reaction in a
cell

Skin color is an adaptation to sunlight that provides protection from
skin cancer, yet at the same time allows for vitamin D production for cal-
cium absorption. Darker skin provides more protection, while lighter skin
allows more penetration of the weaker sun in temperate regions. While body
height is also considered a polygenic trait, it is very much affected by in-
heritance, as well as environmental stressors (such as malnutrition and in-
fectious disease).

Some differences between populations may correlate with historical ex-
posure to different infectious diseases. For example, certain genetic variants
of hemoglobin (for example, those causing sickle-cell anemia in people of
African descent and thalassemia in people of Mediterranean descent) were
strongly selected because they provide defensive mechanisms against infec-
tion by the organism that causes malaria (Plasmodium). Such environmental
selection pressures have caused more than three hundred variants of the he-
moglobin molecule. Cystic fibrosis (CF), a disorder of a gene that produces
a protein that forms a chloride pump in cell membranes, allows for the
buildup of mucus in the respiratory tract, thereby leading to death from
pathogenic invasion. Yet the heterozygous condition for CF protects
against extreme dehydration due to cholera. Tay-Sachs disease, a disorder
of an enzyme that breaks down a molecule in the myelin sheath of nerve
fibers, is found more commonly in people of eastern European Jewish de-
scent than in other populations. Whether the Tay-Sachs gene protects
against an infectious disease is unknown, though some have made a con-
nection to tuberculosis exposure.

The molecular techniques outlined above now allow anthropologists
to study the migration patterns of ancient peoples. Genetic diversity has
resulted from the extensive hybridization that has occurred in the last two
hundred thousand years, hiding any clear evidence for typological classi-
fication of race. Moreover, when selection pressures (temperature, alti-
tude) are coupled with phenotypic variation, phenotypic expression defies
taxonomic assignment of race. The genetic diversity within any histori-
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cally defined race swamps the small amount of difference between such
groups, making the boundaries of these categories entirely arbitrary.
Therefore, race in humans does not have a biological meaning. SEE ALSO
GeneTic Diseases; Human Evorution; HyBrIDIZATION; SEXUAL SELEG-
TION

Angie K. Huxley

Bibliography
Brues, A. M. People and Races. New York: Macmillan Publishing Company, 1977.

Dobzhansky, T. Genetics and the Origin of Species. New York: Columbia University
Press, 1951.

Jackson, F. L. “Race and Ethnicity as Biological Constructs.” Ethnicity & Disease 2,
no. 2 (Spring 1992): 120-125.

“Sickle Cell, Thalassemia, Tay Sacs, Cystic Fibrosis.” HealthlinkUSA. <http://
www.healthlinkusa.com/>.

Biome

Earth’s major terrestrial, marine, and freshwater ecosystems are known
as biomes. They are classified according to similarities in species compo-
sition of plants and animals, and by environmental attributes. These at-
tributes include temperature, precipitation, and soil type in terrestrial
biomes and temperature, depth, and salinity in aquatic biomes. There are
no hard boundaries between biomes and there is much intermixing of
species between them.

Biomes are divided into many kinds of ecosystems and habitats, ac-
cording to local variations in species composition and physical environment
(a cloud forest, mud flat, and meadow, to name a few). However, scientists
generally recognize between twelve and fifteen major natural terrestrial bio-
mes, including tropical rain forest, tropical deciduous forest, thorn wood-
land, tropical savanna, desert, sclerophyllous woodland, subtropical
evergreen forest, temperate deciduous forest, temperate rain forest, tem-
perate grassland, boreal forest, and tundra. Some scientists consider culti-
vated land to be a biome. There are seven major freshwater biomes: ice,
spring, river, swamp, marsh, lake, and stream. There are six major marine
biomes: coral reef; algal bed; estuary; upwelling zone; continental shelf;
and open ocean.

Significant changes in the global environment and climate are causing
major shifts in some biomes, such as glacier movement and polar cap melt-
ing, and are threatening the survival of others, such as the deforestation of
tropical and temperate rain forests. SEE ALsO Biobiversity; DeserT; EsTU-
ARIES; ForesT, TEMPERATE; GRrassLanD; Hasrtat; Ocean EcosysTewms;
TuNDRrRA

Cristina G. Mittermeier and Russell A. Mittermeier
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ecosystem an ecologj-
cal community and its
environment

savanna open grass-
land with sparse trees

sclerophyll small,
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on the other
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gene portion of DNA
that codes for a protein
or RNA molecule

protein complex mole-

cule made from amino

acids; used in cells for
structure, signaling, and
controlling reactions

somatostatin hormone
produced by the hypo-
thalamus that influ-
ences growth

hormone molecule
released by one cell to
influence another

pathogen disease-
causing organism

nucleated having a
nucleus

chromosome “colored
body” in the cell
nucleus; made of DNA
and protein, and divided
functionally into genes
and non-gene regions

Biotechnology

The term “biotechnology” was coined in 1919 by Hungarian scientist
Karl Ereky to mean “any product produced from raw materials with the
aid of living organisms.” In its broadest sense, biotechnology dates from
ancient times. Approximately 6000 B.C.E., the Sumarians and Babyloni-
ans discovered the use of yeast in making beer. About 4000 B.C.E., the
Egyptians employed yeast to make bread and the Chinese bacteria to make
yogurt.

The modern sense of biotechnology dates from the mid-1970s, when
molecular biologists developed techniques to isolate, identify, and clone in-
dividual genes. These genes could then be manipulated in the test tube, and
could be inserted into other organisms by “recombinant technology.” The
dawn of modern biotechnology dates from 1977 when the biotechnology
company Genetech reported the production in bacteria of the first human
protein, somatostatin, by recombinant technology. Shortly thereafter, hu-
man insulin and human growth hormone (hGH) were also produced by
similar techniques.

Biotechnology promises dramatic discoveries in the twenty-first century,
particularly in the areas of new drugs, antibiotics, and medicines. Plants and
animals are being genetically manipulated (“plant and animal pharms”) to
produce useful reagents such as antibodies in milk and vaccines in potatoes.
A new “green revolution” in biotechnology is taking place to improve food
crops. Plants are being developed that produce their own nitrogen fertilizer
and pesticides. Others are resistant to herbicides to eradicate weeds and im-
prove crop yield. Rice, the primary foodstuff of one-third of the world’s
population, is deficient in vitamin A. By the insertion of a gene from a flower
into rice, a new strain of “golden rice,” rich in vitamin A, promises to alle-
viate vitamin A—deficient blindness in these populations. On the negative
side, biotechnology, unfortunately, is being used to develop biological
weapons by increasing the virulence of pathogens or creating new “super-
bugs.” sEE ALso CroNg; DNA Sequencing; GENE THERAPY; (GENOMICS;
Human GenomEe Project; PorymMEerase CHAIN ReacTioN; REcOMBINANT

DNA
Ralph Meyer
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Bird

Birds are warm-blooded vertebrates with feathers. They are thought to have
evolved over 150 million years ago from a Mesozoic reptilian ancestor. In-
deed, they share many characteristics with reptiles, including nucleated red
blood cells, females as the heterogametic sex (having two different sex chro-
mosomes), numerous skeletal features, and similar eggs. However, birds
have evolved many unique characteristics.
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Characteristics of Birds

The most remarkable of the bird’s characteristics is the feather. Feathers
are the diagnostic trait of birds. No other living animal has feathers. The
contours and strength of feathers make bird flight possible. At the same time
they are lightweight and provide excellent insulation and physical protec-
tion to the bird’s body. Feather coloration provides both concealment and
a means of communicating with rivals and mates. Feathers are energetically
inexpensive to produce, and a bird can grow at least a partial new feather
coat each year.

Birds are highly skilled, powerful flyers. Flying, however, is an ener-
getically costly activity, and there is hardly any aspect of avian anatomy that
has not been influenced by the demands of flight. In the interest of weight
reduction, some avian bones have been fused or reduced in size, and many
of the bones in a bird’s body are hollow and filled with air (pneumatized).

Birds have lightweight beaks instead of jaws filled with heavy teeth, and
some internal organs are reduced in size or absent. Stability in flight is in-
creased by the bird’s overall body plan, which places its greatest mass in the
centralized area between the wings, providing a compact center of gravity.
To provide the power for flight, birds have exceptionally efficient circula-
tory and respiratory systems, the latter including a system of air sacs that
assist with thermoregulation and buoyancy as well as offering some pro-
tection to internal organs. Control and rapid adjustments during flight are
aided by the bird’s sophisticated central nervous system and exceptional
visual acuity.

The Evolution of Birds

There are two primary theories about bird origins. One theory suggests that
birds arose from early (nondinosaur) reptiles, possibly those called the-
codonts. The other proposes that birds evolved from a common ancestor
with theropod dinosaurs. If the latter idea is true, then modern birds are
“living dinosaurs.”

Proponents of the thecodont theory point out that there are skeletal
similarities between birds and thecodonts, most notably the presence of clav-
icles, which dinosaurs were thought to lack. However, fossil finds and re-
examination of previously collected dinosaur fossils show that many groups
of dinosaurs did, indeed, have clavicles. Proponents of the dinosaur theory
point out that Archaeopteryx, the earliest fossil to be conclusively identified
as having a close affinity to birds, has many anatomical features in common
with theropod dinosaurs.

However, one argument against the dinosaur origin of birds has to do
with the digits. In the avian wing, the bones of the “hand” include only three
fingers. The “hand” of a theropod dinosaur also has only three fingers, but
many paleontologists think that they are a different three than those that
birds have retained.

Birds and the Environment

Birds range in size from the Cuban bee hummingbird, which is approxi-
mately 5.7 centimeters (2.25 inches) from bill tip to tail tip and weighs less
than 31 grams (about 1 ounce), to the ostrich, which may stand 2.7 meters

A red-tailed hawk. Aside
from birds, no other living
animal has feathers.
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(9 feet) tall and weigh over 136 kilograms (300 pounds). Birds are repre-
sented in the breeding fauna of all seven continents, and exploit habitats
ranging from rainforests to deserts to oceans. The high mobility conferred
by flight permits birds to colonize even the most remote areas. Some birds,
however, particularly those residing on islands where there are few terres-
trial predators, have secondarily evolved flightlessness.

Because birds are everywhere and highly visible, the health of bird pop-
ulations can be valuable indicators of environmental health. Habitat de-
struction and/or fragmentation is probably the most important current

contiguous adjacent to threat to bird populations worldwide. Reducing a large area of contiguous
or touching habitat to several smaller parcels means that birds requiring large breeding
territories will not be able to find them. Birds that can breed in the smaller
parcels may also experience reduced breeding success because proximity of
a nest to a habitat edge may increase the likelihood that it will be found by

parasite organism living  a predator or parasite.
in close association

with another from which Pesticides have also been implicated in reductions of bird populations.
it derives most of its In particular, poisons may accumulate in the tissues of predatory birds at
nutrition

the top of the food chain, such as eagles, which consume many smaller preda-
tors that have been exposed to pesticides. An example is DDT, which re-
sults in the thinning of eggshells and consequent egg breakage during
incubation. Some bird species have also been threatened by the introduc-
tion of non-native competitors and predators. SEE ALsO AMNIOTE Eca; Car-
soN, Racuer; CHorpATA; EvoLuTioN; FricaT; REPTILE; RESPIRATION

Ann E. Kessen and Robert M. Zink
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Birth Control

Birth control refers to the practice of deliberately controlling the number
of children born, especially by reducing or eliminating the possibility of con-
ception. While there are many forms of birth control, they can be broadly
classified as follows: behavioral methods; surgical methods; barrier methods;
hormonal methods; and methods that prevent the continuation of preg-
nancy, namely abortion.

Behavioral methods include the practice of abstinence from intercourse,
particularly during the fertile period of the woman’s menstrual cycle, com-
monly known as the rhythm method. While the fertile days generally oc-
cur in the three to four days before and after ovulation, this particular
method of birth control is frequently ineffective because of the difficulty in
predicting ovulation with the necessary accuracy. Other behavioral meth-
ods include withdrawal of the penis from the vagina prior to male orgasm.

vulva external female This depends on complete and timely withdrawal, with no sperm deposited
genitalia anywhere near the vulva. It is not an effective method of birth control.
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Surgical methods of birth control can be used by both males and fe-
males. In males, this involves a vasectomy in which the vas deferens is sev-
ered. In females, a tubal ligation ties off the fallopian tubes, thus preventing
sperm from reaching the egg. These methods offer a high degree of effec-
tiveness but have the disadvantage of being difficult to reverse should the
individuals ever want to regain fertility.

Barrier methods of birth control involve preventing the sperm from
reaching and fertilizing the egg. For males, this entails the use of condoms
to prevent the sperm from entering the vagina. In females, sponges, sper-
micides, or diaphragms are used to prevent the sperm from entering the
uterus and ultimately the fallopian tubes. When used in combination and
consistently, these methods can be highly effective, but they frequently fail
due to inconsistent usage or failure of the barrier (for example, a broken
condom or improperly inserted diaphragm).

Hormonal methods are among the most common and effective means
of birth control worldwide. These methods rely on the use of hormones
(usually a combination of progesterone and estrogen) that disrupt the nor-
mal menstrual cycle in the female, resulting in a suppression of ovulation
and hence conception. While the birth control pill is the most common of
these methods, other common hormonal methods of birth control are im-
plants (such as Norplant) that release hormone continuously or injections
of hormones every few months that likewise suppress ovulation.

All of these hormonal methods are highly effective means of birth con-
trol with generally minor side effects. Major side effects, such as stroke, are
rare and generally associated with increasing female age and smoking. The
“morning after” pill is also hormonal in nature. It is often referred to as an
“emergency form” of birth control, and is taken following intercourse. It
prevents the embryo from successfully implanting in the uterine wall.

Another effective means of birth control is the intrauterine device (IUD),
plastic and metal (often copper) devise that is inserted into the uterus. While
earlier versions were linked to side effects including pelvic inflammatory dis-
ease, the currently available forms have few serious side effects and have the
advantage of being easily removed when a restoration of fertility is desired.
It remains unclear how exactly the IUD exerts its contraceptive effects, but
it is thought that it alters the uterine environment to prevent sperm passage
or to prevent implantation of the fertilized egg.

The final category of birth control is abortion, which involves the ces-
sation of a pregnancy. It is not a contraceptive technique, given that it does
not prevent conception from occurring, but rather, one that terminates an
existing pregnancy. This could be performed surgically by removing the fe-
tus from the womb. More recently, drugs that induce a medical abortion
such as Ru486 have become available in certain countries, including the
United States. This drug, taken during the first trimester of pregnancy, in-
hibits the effects of progesterone, a hormone that is essential to the con-
tinuation of the pregnancy. Thus the fetus is ultimately expelled from the
uterus.

While a wide variety of alternatives exist for or birth control, the se-
lection of an appropriate method depends on a wide array of individual cir-
cumstances and should be made in conjunction with a knowledgeable health

Emile-Etienne Beaulieu,
inventor of Ru486.
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care provider. SEE ALsO FEmMALE REPrRODUCTIVE SysTEM; MALE REPRODUC-
TIVE SYSTEM; SEXUAL REPRODUCTION; SEXUALLY TRANSMITTED DISEASES
Margaret Somosi Saba
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Blood

Blood is the bodily fluid responsible for transport of materials and waste
products throughout the body. It carries oxygen from and carbon dioxide
to the lungs, nutrients from the digestive system or storage sites to tissues
that require them, and waste products from the tissues to the liver for detox-
ification and to the kidneys for disposal. Blood delivers hormones to their
sites of action and circulates numerous critical parts of the immune system
throughout the body. Blood regulates its own pH, as well as that of the in-
tercellular fluid in the body, and aids in thermoregulation by redistribut-
ing heat. Blood also carries the proteins and other factors it needs to clot,
thereby preventing its own loss in the event of injury to the vessels in which
it travels.

A human adult has 4 to 6 liters (1 to 1.5 gallons) of blood, approximately
92 percent of which is water. Nearly half its volume is red blood cells (RBCs,
or erythrocytes). Proteins, sugars, salts, white blood cells, and platelets make
up the remainder. The noncellular portion is termed plasma, while the cel-
lular parts are collectively referred to as the formed elements. Blood forms
in the bone marrow, a spongy tissue contained in the bones.

Red Blood Cells and Hemoglobin

Only a small amount of the oxygen needed for life can dissolve directly in
plasma. Oxygen transport instead relies on red blood cells. At any one time,
there are more than 25 trillion RBCs in circulation in an adult, more than
the combined total of all other cell types in the body. As RBCs develop,
they extrude their cell nucleus, so that at maturity they have almost noth-
ing inside their membranes except the oxygen-carrying protein, hemoglo-
bin. The absence of a nucleus contributes to the RBC’s short life, as does
the constant physical stress it experiences squeezing through capillaries that
are narrower than it is. The average RBC circulates for approximately 120
days before being destroyed in the liver, bone marrow, or spleen. The iron
from hemoglobin is recycled, while the cyclic nitrogen compound that holds
it, called heme, is converted to bilirubin. Bilirubin is transported to the liver
for elimination from the body as bile. Liver disease can cause jaundice, a
yellowing of the skin due to bilirubin in the blood.

The iron in hemoglobin is critical for oxygen transport. Lack of dietary
iron is one cause of anemia, a condition in which the blood cannot carry
enough oxygen. The heme group binds oxygen tightly when the concen-
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tration of O, is high (as it is in the lungs), but quickly releases it when the
concentration is low, as it is in the tissues. The iron can also bind carbon
monoxide (CO), which is produced by car engines and other combustion
sources. CO binds much more tightly than oxygen does and prevents oxy-
gen binding, making CO a deadly poison.

A genetic variant of the hemoglobin gene causes a single amino acid
change in the hemoglobin molecule. This change causes the red blood cell
to become sickle-shaped at low oxygen concentrations, so that it tends to
become lodged in small capillaries, depriving tissues of oxygen. A person
with one such variant hemoglobin gene does not suffer ill effects, but with
two variants will develop sickle-cell anemia. Despite this, the sickling vari-
ant is common in populations historically exposed to malaria, because hav-
ing one variant helps protect against malaria infection.

CO, Transport and Blood Buffering

Carbon dioxide (CO,) does not bind to iron, but rather to the protein por-
tion of hemoglobin. CO, is a product of cell respiration, and is picked up
in the tissues and transported to the lungs. Most of the CO, transported is
actually in the form of bicarbonate ion, HCOj;". Bicarbonate is formed by
the enzyme carbonic anhydrase, which is present in the red blood cells.
This enzyme catalyzes the conversion of CO, and H,O to carbonic acid
(H,CO;), which immediately splits to form H" and HCOj;". Besides serv-
ing as a transport form of CO,, HCOj;™ also participates in blood buffering.
It can react with excess H" (acid ion) formed in other reactions. In this way,
it prevents excess acidity in the blood. Similarly, HCO;™ can react with ex-
cess OH™ (base ion) to form water and CO,”", absorbing excess base. Along
with phosphate, bicarbonate keeps the blood buftered at a pH of 7.4.

Nutrient Transport, Regulation, and Clotting

Blood also transports nutrients, hormones, and immune system components.
Nutrients from the gut are dissolved directly in the plasma for transport,
but are quickly shuttled to the liver for processing and storage of excess. In-
sulin and glucagon, hormones produced by the pancreas, control the level
of blood sugar by promoting storage or release of glucose. The kidney per-
forms the vital function of excreting excess salts and water, as well as meta-
bolic wastes, helping to maintain blood levels of these substances within
narrow limits. One waste product the kidneys cannot excrete is heat, pro-
duced by cell metabolism through out the body. Blood performs the vital
function of carrying heat from the body core to the periphery, where it can
be cooled before returning.

Hormones are released by endocrine organs directly into the blood-
stream for wide and rapid circulation. White blood cells also use the circu-
latory system as a highway through the body, traveling in the blood until
they exit in response to chemical signals from wounded or infected tissues.
Platelets and clotting proteins in the blood work together to prevent blood
loss when a vessel is broken. Clotting relies on chemical signals from dam-
aged tissue and from platelets, and the activation of a complex cascade of
more than a dozen different plasma proteins. SEE ALsO BLoop CLOTTING;
HearT anD CircuraTioN; HorMONES; RESPIRATION

Richard Robinson
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Blood Clotting

Blood clotting (coagulation) is the process by which blood vessels repair rup-
tures after injury. Injury repair actually begins even before clotting does,
through vascular spasm, or muscular contraction of the vessel walls, which
reduces blood loss. Clotting itself is a complex cascade of reactions involv-
ing platelets, enzymes, and structural proteins.

Platelets are not whole cells, but rather small packets of membrane-
bounded cytoplasm. There are approximately one million platelets in a drop
of blood. Damage to the lining of a blood vessel (the endothelial lining) ex-
poses materials that cause platelets to stick to the endothelial cells; addi-
tional platelets then stick to these. These aggregating platelets release factors
that promote accumulation of fibrin, a circulating protein. A blood clot is a
meshwork of platelets and blood cells woven together by fibrin.

Accumulation of fibrin must be tightly regulated, of course, to prevent
clot formation where there is no wound. Thrombosis is an abnormal local-
ized activation of the clotting system. Disseminated intravascular coagula-
tion is a pathological condition in which the clotting system is activated
throughout the circulatory system in response to bacterial toxins, trauma,
or other stimuli. A clot may break off, forming an embolus, which can lodge
in a small blood vessel, cutting off circulation. If this occurs in the heart, it
may cause ischemia (lack of blood flow) or myocardial infarction (heart at-
tack). In the lungs, it causes pulmonary embolism, with loss of capacity for
oxygen exchange. In the brain, it can cause stroke.

Because of this need for tight regulation, and the need for rapid re-
sponse, the clotting mechanism involves a multistep cascade of enzymes,
most of whose jobs are to activate the next enzyme in the cascade. In this
way, the effect of the initial stimulus (the damaged blood vessel) can be
quickly magnified, as a single enzyme at the first stage activates many copies
of another enzyme at the next stage, each of which activates many more at
the next, and so on. At the same time, the many levels of interaction pro-
vide many points of control over the process. This coagulation cascade be-
gins from thirty seconds to several minutes after the injury.

Coagulation can begin with either of two pathways, called the extrinsic
and intrinsic pathway, both of which feed into a common pathway that com-
pletes the process. The extrinsic pathway begins with a substance called tis-
sue factor (tissue thromboplastin) released by damaged blood vessels and
surrounding tissues. In the presence of other plasma proteins (clotting fac-
tors) and calcium ions, this leads to the activation of a protein called factor
X. The intrinsic pathway begins with a substance called factor XII, released
by blood platelets. Through a series of additional clotting factors, and again
in the presence of calcium ions, this pathway also leads to the activation of
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factor X. One of the necessary factors of the intrinsic pathway is called fac-
tor VIII. A mutation in the gene for this factor is the most common cause

of hemophilia.

The common pathway begins with the activation of factor X. In the
presence of calcium ions and other clotting factors, factor X activates an en-
zyme called prothrombin activator. This enzyme them converts the plasma
protein prothrombin into thrombin. Thrombin is an enzyme that, in turn,
converts fibrinogen to fibrin. Here the cascade ends, because fibrin is not
an enzyme, but a fibrous protein. It forms strands that stick to the platelets
and endothelial cells at the wound, forming a meshwork that, in turn, traps
other cells.

Once the clot forms, contraction of the platelets pulls the edges of the
wound closer together, and fresh endothelial cells then grow across it, re-
pairing the damaged blood vessel. Over time, fibrin is degraded by plasmin.
This enzyme is formed from circulating plasminogen by tissue plasminogen
activator (t-PA). Synthetic t-PA is used to dissolve blood clots in stroke, my-
ocardial infarction, pulmonary embolism, and other conditions. SEE ALSO
Broon; BLoop VEsseLs; CoNTROL MECHANISMS

Richard Robinson
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Blood Sugar Regulation

Most cells in the human body use the sugar called glucose as their major
source of energy. Glucose molecules are broken down within cells in order
to produce adenosine triphosphate (ATP) molecules, energy-rich molecules
that power numerous cellular processes. Glucose molecules are delivered to
cells by the circulating blood and therefore, to ensure a constant supply of
glucose to cells, it is essential that blood glucose levels be maintained at rel-
atively constant levels. Level constancy is accomplished primarily through
negative feedback systems, which ensure that blood glucose concentration
is maintained within the normal range of 70 to 110 milligrams (0.0024 to

0.0038 ounces) of glucose per deciliter (approximately one-fifth of a pint)
of blood.

Negative feedback systems are processes that sense changes in the body
and activate mechanisms that reverse the changes in order to restore con-
ditions to their normal levels. Negative feedback systems are critically im-
portant in homeostasis, the maintenance of relatively constant internal
conditions. Disruptions in homeostasis lead to potentially life-threatening
situations. The maintenance of relatively constant blood glucose levels is es-
sential for the health of cells and thus the health of the entire body.

Major factors that can increase blood glucose levels include glucose ab-
sorption by the small intestine (after ingesting a meal) and the production
of new glucose molecules by liver cells. Major factors that can decrease blood
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glucose levels include the transport of glucose into cells (for use as a source
of energy or to be stored for future use) and the loss of glucose in urine (an
abnormal event that occurs in diabetes mellitus).

Insulin and Glucagon

In a healthy person, blood glucose levels are restored to normal levels pri-
marily through the actions of two pancreatic hormones, namely insulin and
glucagon. If blood glucose levels rise (for example, during the fed or ab-
sorptive state, when a meal is digested and the nutrient molecules are be-
ing absorbed and used), the beta cells of the pancreas respond by secreting
insulin. Insulin has several notable effects: (1) it stimulates most body cells
to increase their rate of glucose uptake (transport) from the blood; (2) it in-
creases the cellular rate of glucose utilization as an energy source; (3) it ac-
celerates the formation of glycogen from glucose in liver and skeletal muscle
cells; and (4) it stimulates fat synthesis (from glucose) in liver cells and adi-
pose (fat) tissue. These effects collectively cause a decrease in blood glucose
levels back to normal levels.

If blood glucose levels fall below normal levels (for instance, during the
post-absorptive or fasting state, when nutrients from a recently digested meal
are no longer circulating in the blood, or during starvation), insulin secre-
tion is inhibited and, at the same time, the alpha cells of the pancreas re-
spond by secreting glucagon, a hormone that has several important effects:
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(1) it accelerates the breakdown of glycogen to glucose in liver and skeletal
muscle cells; (2) it increases the breakdown of fats to fatty acids and glyc-
erol in adipose tissue and, consequently, the release of these substances into
the blood (which cells can thus use for energy); and (3) it stimulates liver
cells to increase glucose synthesis (from glycerol absorbed from the blood)
and glucose release into the blood. These effects collectively cause an in-
crease in blood glucose levels back to normal levels.

In addition to insulin and glucagon, there are several other hormones
that can influence blood glucose levels. The most important ones are epi-
nephrine, cortisol, and growth hormone, all of which can increase blood
glucose levels.

Diseases and Blood Sugar Regulation

Glucose levels above or below the normal range are indicative of the pres-
ence of disease states. For example, elevated glucose levels are present in di-
abetes mellitus, Cushing’s syndrome, liver disease, and hyperthyroidism,
while decreased glucose levels are present in Addison’s disease, hyperin-
sulinism, and hypothyroidism.

The most prevalent of these diseases is diabetes mellitus. There are two
types of this disease: Type I (insulin-dependent or juvenile-onset) diabetes mel-
litus, and Type II (noninsulin-dependent or maturity-onset) diabetes mellitus.
In Type I diabetes, pancreatic beta cells are destroyed by an erroneous attack
by the body’s own immune system, and thus insulin secretion is reduced to
negligible levels. In Type II diabetes, insulin secretion is not reduced; how-
ever, there is a reduced sensitivity of target cells to insulin, a phenomenon
known as insulin resistance. SEE ALSO AUTOIMMUNE Diseasg; DicesTion; Di-
GESTIVE SysTEM; HoMEOsTASIS; HORMONE; L1vER; PANCREAS; THYROID (GLAND

Izak Paul
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Blood Vessels

The cardiovascular system includes the heart (cardio) and blood vessels (vas-
cular). The heart pumps blood throughout the body. Sixty thousand miles
of blood vessels transport the blood, enough to encircle Earth more than
twice. Arteries carry blood away from the heart; capillaries reach all of the
body’s seventy trillion cells; and veins carry blood back to the heart. Be-
cause blood vessels form a circular route, this system is also called the cir-
culatory system.

The cardiovascular system has two main parts. In the pulmonary cir-
cuit, blood is pumped from the right ventricle of the heart through the pul-
monary arteries, which lead to the lungs. Here the blood gives up carbon
dioxide and picks up oxygen. The oxygen-rich blood returns to the left
atrium of the heart through pulmonary veins. From the left atrium, blood
passes to the left ventricle of the heart, which pushes the blood through the
systemic circuit beginning with the aorta, which branches to all body parts.

HODGKIN, DOROTHY
CROWFOOT
(1910-1994)

English chemist who won the
1964 Nobel Prize in chemistry
for describing the structure of
vitamin B;,. In 1969, she com-
pleted a thirty-four-year effort to
decipher the three-dimensional
structure of insulin, the protein
that helps people regulate blood
sugar levels.
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A scanning electron
micrograph of red and
white blood cells flowing
through a vein.
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few cells and extensive
extracellular material

After delivering oxygen and picking up carbon dioxide, blood returns to the
right atrium of the heart and then to the right ventricle. The journey be-
gins anew.

Arteries

Thick walls enable arteries to withstand the pressure created by the pump-
ing of the heart (blood pressure). The pulmonary arteries and the aorta
are the largest arteries (the aorta is as wide as a thumb!). Some arteries
are named for the organ that they supply, such as the hepatic artery (liver)
and the coronary arteries (heart). Others have special names, such as the
carotid arteries that supply the head and brain. Arteries branch many times
into smaller arteries and eventually into minute branches called arterioles.

Arteries consist of an inner lining, one cell thick, called endothelium, a
middle layer of smooth muscle and elastic tissue, and an outer layer that is
mostly loose connective tissue, which holds the multilayered tube together.
The muscle layer in arteries and arterioles is thick and the overall structure
quite elastic, enabling these vessels to withstand greater blood pressure than
can veins.
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Veins

Veins and arteries are so similar that portions of veins are used to replace
damaged arteries in coronary artery bypass surgery. Veins have the same
three layers as arteries and are elastic, but they have a less-muscular middle
layer, making their walls thinner. Also, unlike arteries, some veins have valves
(tissue flaps) that permit blood to flow in only one direction, back to the
heart. Valves help maintain blood flow in places such as the legs where the
blood pressure has to push blood uphill, against the force of gravity. De-
spite the valves, accumulation of blood in leg veins can stretch the thin walls,
resulting in varicose veins.

Veins are named in much the same way as arteries. Pulmonary veins re-
turn blood from the lungs to the heart, and a hepatic vein returns blood
from the liver. Some veins have special names. The jugular veins return
blood from the head, and the great saphenous veins return blood from the
legs; these are used as grafts in coronary artery bypass surgery. The median
cubital vein, which extends from side to side in the bend of the elbow, is a
common site for drawing blood. The smallest veins arise from minute
venules, and then merge to form larger and larger veins.

Capillaries

Capillaries are the shortest, narrowest, and thinnest blood vessels. They con-
nect arterioles to venules to complete the circuit. Capillaries consist only
of endothelium with some connective tissue binding the cells. Red blood
cells squeeze through capillaries single file. Unlike arteries and veins, cap-
illaries do not have specific names, but are named collectively for the region
that they supply. Capillaries in the lungs, for example, are called pulmonary
capillaries, and those in the stomach are the gastric capillaries.

The body will always have one heart, but the number of blood vessels
may change. Because blood vessels bring oxygen-rich blood to cells, areas
that have increased oxygen demands actually develop more blood vessels,
primarily capillaries. New blood vessel growth is called angiogenesis. For
example, new capillaries permeate the muscles of a conditioned athlete. Can-
cerous tumors also grow new capillary networks. One approach to fight can-
cer is to starve it with drugs that block angiogenesis. SEE ALso Broob;
Broop CrorTing; CARDIOVASCULAR DisEasES; CIRCULATORY SYSTEMS;
HEearT AND CIRCULATION
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Body Cavities

A body cavity can be defined as the space that remains after the organs in-
side it are removed, but this definition does not do justice to the variety and

coronary artery artery
supplying blood to the
heart

arterioles any of the
small, terminal twigs of
an artery that ends in
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venule any of the
minute veins connecting
the capillaries with the
larger systemic veins
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functions of body cavities. Humans have four body cavities: (1) the dorsal
body cavity that encloses the brain and spinal cord; (2) the thoracic cavity
that encloses the heart and lungs; (3) the abdominal cavity that encloses most
of the digestive organs and kidneys; and (4) the pelvic cavity that encloses
the bladder and reproductive organs. The cranial cavity cushions and pro-
tects the brain within a rigid skull. The other body cavities also cushion in-
ternal organs, but instead of being rigid, they have to be flexible for the
heart, lungs, digestive organs, and reproductive organs to expand.

In humans all but the cranial cavity develop from the coelom (pro-
nounced SEE-lum). A coelom is a cavity that is entirely enclosed within cells
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derived from the middle layer of embryonic tissue. A few groups of animals,
such as roundworms (Nematoda), have a body cavity that is only partly en-
closed by tissue from the middle layer. Such a body cavity is called a pseudo-
coelom (pronounced SOO-doe-SEE-lum). In a few other groups, such as
flatworms (Platyhelminthes), there is no body cavity. SEE ALso DEveLop-
MENT; PLATYHELMINTHES

C. Leon Harris
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Bone

Bone serves many important functions. Bones support the body, protect un-
derlying organs, and provide a movable skeleton against which the muscles
can work. In addition, bone forms all the cells of the blood, plus takes part
in calcium and acid-base balance, and storage of trace elements (such as zinc)
needed by cells elsewhere.

Bone Structure

Bone is created from osseous connective tissue. Like other types of con-
nective tissue, osseous tissue is composed of relatively sparse cells surrounded
by an extracellular network, or matrix. Bone matrix is a tough, resilient mix-
ture of protein and minerals. Osteoblasts, a type of bone cell, secrete pro-
teins into the matrix, which provide tensile strength (resistance to stretching
and twisting). The principal protein of the bone matrix is collagen, which
accounts for almost one-third of the dry weight of bone. Most of the rest
of the bone’s weight is due to the minerals of the matrix. These are mainly
calcium phosphate and calcium carbonate. Embedded in the protein net-
work, the minerals provide hardness and compressive strength.

Bone cells remain alive and, like other cells in the body, must be nour-
ished by blood. In order to deliver nutrients to and remove waste from the
bone interior, the hard, compact surface is pierced by “canals” through which
blood vessels can travel. Once inside, these canals branch, allowing blood
vessels to reach cells throughout the bone. This canal system gives bone its
characteristic appearance under the microscope, with bone cells embedded
in concentric rings (lamellae) of calcified matrix, all surrounding a hollow
canal. These units of structure, called osteons, all run parallel in compact
bone, but form a looser and less-ordered network in spongy bone. Compact
bone forms in the perimeter of long bone shafts, such as those of the legs
and arms, where stress forces tend to be all in the same direction. In con-
trast, spongy bone is found in the ends of bones, where forces come from
many different directions. Spongy bone also occurs where bone is not sub-
ject to significant stress.

Formation and Growth

Ossification (bone formation) occurs in one of two ways. Intramembranous
ossification occurs within parts of the skull and part of the clavicles. In this
process, osteoblasts deposit matrix on a membranous network within the

osseous related to
bone

connective tissue one
of four types of body
tissue, characterized by
few cells and extensive
extracellular material

matrix a network, usu-
ally of threadlike fibers

protein complex mole-

cule made from amino

acids; used in cells for
structure, signaling, and
controlling reactions

minerals iron, calcium,
sodium, and other ele-
ments needed by living
organisms

clavicle collar bone



Bone

A false-color scanning
electron micrograph of
cancellous bone tissue

affected by osteoporosis.

enzyme protein that
controls a reaction in a
cell

hormone molecule
released by one cell to
influence another

future bone. Once their own extracellular matrix traps the osteoblasts, they
become fully mature osteocytes.

By contrast, most of the body’s bones form by endochondral (within
cartilage) ossification. In this process, a temporary model in the shape of the
future bone is made from cartilage laid down by chondrocytes (cartilage-
forming cells), which later die within the shaft of the future bone. The space
created by the death of these cells is invaded by osteogenic (bone-forming)
cells. These cells differentiate into osteoblasts and secrete the matrix. As os-
teoblasts build bone, another type of cell, the osteoclast, dissolves older ma-
trix, enlarging the cavity within. Osteoclasts dissolve matrix by secreting
hydrochloric acid, which attacks the mineral portion, and enzymes that di-
gest the collagen and other proteins. Within the shafts of the long bones,
the spaces created are filled with blood-forming tissue, the bone marrow.

Hormonal Control

Growth in bone length is stimulated by sex hormones and growth hormone
during puberty, accounting for the pubertal growth spurt. Growth is later
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halted, and bones cannot grow in length during adulthood. However, bone
is constantly remodeled by the combined action of osteoblasts and osteo-
clasts, and can grow in width in response to mechanical stresses such as
weight lifting. When a bone is fractured, chondrocytes, osteoblasts, and os-
teoclasts go to work repairing it and cleaning up the damage.

The interactions of three hormones—parathyroid hormone, calcitonin,
and calcitriol—control bone growth and remodeling, as well as the calcium
concentration in the blood serum. Calcium is necessary for a variety of crit-
ical functions outside of bone, including muscle contraction, neuron func-
tion, glandular secretion, and blood clotting. Because of this, serum calcium
is kept within very narrow limits, 9.2 to 10.4 milligrams per deciliter of
blood. Calcium excesses and deficiencies are prevented by using bone as a
storage pool.

Calcitriol promotes calcium absorption from the gut and prevents its
loss through the kidneys. Calcitriol is made from vitamin D, either supplied
from the diet or manufactured by sk