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Abstract: Our investigations into the causes of the cheetah's decline began in 1981, after Frank
Brand, director of the National Zoological Gardens of South Africa, invited us, as representatives
of the U.S. National Zoological Park, to cooperate in studying a seemingly narrow problem: why
was it difficult to breed cheetahs in captivity? The analysis of 40 semen samples from cheetahs of
Namibia and South Africa revealed that the concentration, motility and quality of sperm was
significantly lower than usually seen in domestic cats. Two electrophoresis analysis of 52 and 155
proteins found no polymorphism in the first experiment and a frequency of only 3 percent of
polymorphism in the second one. These results were confirmed by additional evidences. First, the
skulls of the cheetah displayed a higher level of asymmetry than the skulls of three other cat
species. Second, all skin graft exchanged between cheetahs individuals were accepted and were
indistinguishable from the autographs of the 10-to-12-day period, indicating the monomorphism at
the Major Histocompatibility Complex. The cheetah's genetic uniformity is certainly dangerous for
the species, but we think it should not be interpreted as a death sentence.



The Cheetah in Genetic Peril

The world’s fastest land animal is in a race for continued survival,

An ancient population bottlencck has resulted in genceic uniformity

and has made the species extremely vulnerable to ccological change

by Stephen J. O'Brien, David E. Wildt and Mitchell Bush

he chectah, a virtual running ma-

I chine, is a model of aerodynamic
engineering. Its skull is small and
lightweight and its limbs arc long and
slender, not unlike a grevhound’s. Its
heart, vascular system, lungs and adre-
nal glands arc all enlarged, cnhancing
the animal’s ability to accelerale and
navigate during a high-spced chase. [n
addition the chectalt’s claws are semi-
retractile: they are always cxtended
like cleats, in contrast to the claws of
other specics in the cat family (Feli-
dae), which arc normally withdrawn
and covered by a protective sheath,
These various adaptations have madc
the cheectah a particularly cllective
hunter on the flat, open savannas of
central and southern Africa, where it
has a higher rate of successful kills
than even the lton. After stalking its
prey the chectah launches a high-speed
chase (often clocked at up to 70 miles
per hour), pushes over or trips its wind-
ed victim and swiftly kills the prey by
strangulation in its strong leline jaws.

In spite of the cheetah’s impressive
skill as a runner and hunter, the species
scems to be heading for extinction.
Where once the present-day species
(Acinonyx jubatus) spanncd the globe,
now the cheetah’s range is limited to a
few small pockets in Africa. In all the
world there are probably no more
than 20,000 cheetahs.

Ilow is onc to explain the chectah’s
march to extinction? Qur investiga-
tions of the past {ive years suggest that
the species has somehow lost its ge-
netic variation. As a result of inten-
stve inbreeding generations ago, each
cheetah appears to be nearly identical
with every other chectah., Ever since
Charles Darwin wrote On the Origin
of Species a century ago it has been
cvident that genetic uniformity would
hamper the ability of a species to adapt
to such ecological perturbations as
temperature shifts, drought, glaciation
or the ascendance of new viruses or
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bacteria. Darwin’s law of natural sc-
lection predicts that individuals well
adapted to an cnvironment will lcave
more oflspring than less well-adapt-
ed individuals will. When a species
has little genetic varicty, its ranks are
unlikely to conlain many members
whose genetically determined  traits
arc well suited to withstand ccological
change; the species competes poorly
for survival under changed conditions
and may die out.

As Darwin might have predicted,
inbreeding has left the cheetah with
trails that are as maladaptive as its
lithe construction is adaptive. The spe-
cies is vulnerable to discase and has an
infant mortality ratc that is estimated
to be as high as 70 pereent in some
gamc preserves. In addition, although
the cheetah ts the world’s fastest mam-
mal, it can only run a few hundred
yards. Flaving increased its respiratory
rate from 60 to 150 breaths per minute
during a typical chase, the animal of-
ten collapses for half an hour to regain
its strength; during that time it can be
attacked or, at the least, lose its boun-
ty. Indeed, even when they are not ex-
hausted, cheetahs are rather timid as
defenders of their catch: fully 50 per-
cent ol their kills are snatched by more
aggressive lions, leopards and hyenas,

Our investigation into the causes of
the cheetah’s decline began in
1981, after Frank Brand, dircctor of
the National Zoological Gardens of
South Africa, invited us, as representa-
tives of the U.S. National Zoological
Park, to cooperate in studying a sccm-
ingly narrow problem: Why was it dif-
ficult to breed chectahs in captivity?
The early results of this cooperative
cifort yiclded the first evidence that the
cheetah might have a diminished genc
pool and stimulated us to explore the
cheetalv’s genetic status in detail.
Brand’s problem was clear enough.
In 1971 the Zoological Gardens had

founded a cheetah-breeding program
at the De Wildt Chectah Breeding and
Rescarch Center, a compound near
Pretoria. Ten years later the center led
the world in numbers of offspring but
was still frustrated by the animals’ low
fecundity and high infant mortality
rate (37 percent).

Indeed, the cheetah had a history of
failure to breed in captivity dating
back at Icast to the time of Akbar the
Great, a 16th-century ruler in India.
{Akbar, who had 1,000 chectahs, was
onc of a long line of regal potentates
on three continents who kept cheetahs
as hunters and status symbols.) Ac-
cording to chronicles written by Ak-
bar’s son, the ruler had resorted to
cstreme efforts to promote breeding,
including giving his regal specimens
the run of the palace gardens. Even so,
only a single litter was ever produced—
and it was the sole recorded litter born
to captivc cheetahs until cubs were
born at the Philadelphia Zoo in 1956.

Since 1956 a mere handful of breed-
ing programs have been successful,
and only from 10 to 15 percent of the
sexvally mature cheetahs caught in
the wild have reproduced in captivi-
ty. Such low fecundity is often a con-
scquence of unsuccessful mating at-
tempts, but even after successful mat-
ings the cheetah has a low conception
rate compared with that of other zoo-
bred species, and about 30 percent of
the cubs born in captivity die before
the age of six months.

hen we arrived at De Wildt to

begin our diagnostic workup, in-
cluding semen analyses and a study of
genetic variety, the center had about
80 chectahs. The colony had been
established [rom two distinct rcgions
of southern Africa: Namibia (South-
West Africa) and the northern region
of the Transvaal Province of the Re-
public of South Africa. The regions are
separated by the Kalahari Desert, a



distance of 1,500 kilometers, which led
the curators to conclude that the ani-
mals were represenlatives of separate
geographic subspecics.

Cur first step was (o collect and
analyvze 40 semen samples from 18
males. ‘The cjaculates were very differ-

CHEETAIIL the world’s

est sprimter, is shown in two of the po-
sitions it assumes while running at top speed, Often clocked at 70

ent from those of other species we had
studicd. The concentration of sperm
was only a tenth as high as the con-
centration usually scen in domestic
cats, and the motility of the sperm was
also significantly lower. Even more
siriking, sperm quality was invariably

miles per hour, the cheetah is airhorne half of the time dor
chase and can speed to 50 m.p.h. from a standing position in seconds.

poor. In the average ¢jaculate some 7
percent of the sperm were shaped ab-
normally, in sharp contrast to the aver-
age of 29 percent found in domestic
cats. For cxample, the flagella, which
propel the sperm, were often coiled or
bent al right angles, and many of the
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sperm heads werce cither too large or
too small,

The results of the scmen studies
scemed  particularly  significant  be-
causc the vast majority of similar ab-
normalitics (particularly at such a high
incidence) in other species are associ-
ated with infertility. In the bull, for in-
stance, the finding that 10 or 20 per-
cent of the sperm are abnormal in-
dicates that the animal is subfertile
or even sterile, Furthermore, it seems
clear that the quality of sperm meor-
phology is under strict genetic control;
increased morphological abnormali-
ties often appear as a conseguence of

PLEISTOCENE

inbreeding of laboratory animals or
livestock. The sperm data collected at
De Witdt provided the first clue to the
nature of the cheetah’s plight.

To cvaluate the extent of genetic va-
riety in the De Wildt cheetahs we
drew blood from 50 animals and ar-
ranged to have the blood-cell and plas-
ma proteins—mostly enzymes—in the
samples analyzed in the (1S, by gel
clectrophoresis, a standard proccdure
for the study of genctic variation. To
make sensc of the procedure one first
needs to know a few basic facts about
thc mechanisms of genetic inheritance.
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An animal receives a double sct of
chromosomces at conception, one sct
from the mother and an analogous sct
from the father. As a result each gene
on a chromosome has an allele, or a
mate, that resides on a paired chromo-
somc and performs the same function
as the flirst gene, such as directing the
synthesis of a protein. Sometimes the
alleles inhervited from cach parent at
a given locus on the chromosome are
homozygous, or identical, and some-
times they arc heterozygous, or differ-
ent. An individual that has heterozy-
gous alleles for a given protein will
produce two versions of thal protein.
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EVOLUTIONARY TREE of the cat family illustrates the related-
ness of some of the 37 species that are in existence today, The fossil
record shows that several families of saber-toothed cats came into
being in the Miocene epoch (20 to 30 million ycars ago) and later
died oud, with one variety, Smilodon, persisting until 10,000 years
ago. The modern felines began their radiation from other cats about
12 million years aga, The earliest branch led to the small and mid-
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dle-size South American cats, including the ocelot and margay. The
second branch began some eight to 10 million years ago and led to
the domestic cat and its close relatives, The third branch began
about four to six million years ago and led first to the pantherine
lincage (including the golden cats, puma, cheetah, serval) and then
to a split between the lynx and the modern big cats, This phylogeny
is based on analyses of the protein albumin in modern cat species,



In carrying out a standard clectro-
phorectic analysis of blood samples,
workers isolate proteins from blood,
place them on a gel and expose them to
an ¢lectric ficld that causcs the proteins
to travel through the gel matrix. Pro-
teins that arc exactly alike (the prod-
ucts of identical genes) travel identical
distances in the gel. Varictics of a given
protein (the products of genes that en-
code proteins having an altered amino
acid in the backbone) migrate to differ-
ent posilions. The proteins can be visu-
alized with a specific stain, making i
possible to compare the migration of
the proteins and determine the degree
of genetic variety within and between
individuals |see illustrarion on page 90).

Our clectrophoretic survey of the
De Wildt cheetahs yiclded a startling
result, ‘There was no variation in any
of the 52 proteins examined; cach
cheetah was clectrophoretically identi-
cal with every other chectah. This was
highly unusual. Similar clectrophoret-
ic surveys ol genelic variation in more
than 250 species over the preceding
two decades had shown thaf between
10 and 60 percent of the genes 1n cach
species were pelymorphic (had moaore
than one clectropharetic form) and
that between 1 and 36 percent of the
genetic loci of the average individual
were heterozygous, ‘The genes of the
cheetahs were monomorphic (had onc
form for cach proteiny and, it follows,
were also homozygous at each prolein
locus. Such a striking level of genelic
monomorphism is rare in natural pop-
ulations. Like our semen analyses, it
was reminiscent of the genctic homo-
gencily seen in purposely inbred spe-
cigs, such as certain laboratory mice.

‘n our increasingly refined scarch
L for some indication ol genetic va-
ricty, we ook a somewhat different
approach 1o profein analysis: (wo-di-
mensional gel clectrophoresis. Fike the
technigue cinployed in our cnzyme
surveys, this approach also analyses
protein migration in a gel, but it can
cvaluate hundreds of proteins simulta-
neously. We asked David Goldman
and Carl B, Merril of the National in-
stitute of Mental Tlealth to cxamine
proieing from the fibroblas s (connee-
Live-tissue cells) of six unrclaled south-
crn Alrican cheetahs in U5, and Furo-
pean zoo0s. Although these chectihs
did have a [ew variant proteins, the
requency of polymorphism among
155 proleins analyved was [ound Lo be
exceedingly low: 3 percent, or less than
a third of what is usually scen in hu-
man populations that have been stud-
ied by the same technigue.

The emerging prolile of an inbred
species in unusual genetic peril was
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RANGE OF CHEKTAIT is shown for today {eoler) and for the turn of the century (shad-
ed) In 1900 the rauge of the present-day cheelah, Acinonyy Jubatus, extended throngh
Afrien, the Middle East and India, Now the cheetah is extinet as a frec-ranging species
everywhere except in central and senthern Africn, Estimates of the number of cheetahs
alive today vary from 2,000 to 25,000, Vossils of 4. jubaius have been found in Eorope,
Asia, Africa and North America, Fossils of at least three othes, extinet cheetah species
have alse heen found: A. pardinensis, giant cheetahs that lived perhaps four million years
apo in China, hudia and southern Furope; A, intermediuy, a smaller species that ranged
throughuust Burasia, and A. tremani, which had similarity to the puma and lived in the U8,

corroboraled by three additional stud-
ies, beginning with a comparison of
chectahs and other cats. Andrea New-
man, a graduate student in the Tabora-
tory of one of us ((PBrien) at the Na-
tional Cancer Institute (NCD, did a
comprechensive clectrophoretic survey
of blood-cell enzymes from nine cat
species housed in zoos and wildiile
preserves throughout the world, Her
results revealed moderate to high lev-
cls of genetic varicty within cach spe-
cies studied, including some whose
ranges overlap that of the African
cheetah (the leopard, lion, serval and
caracaly and some whose ranges do not
(the tiger, occlot, margay and domes-
tic cat). In other words, lhe cheetahs
we had studicd were exceptional even
among [ellow felines in their dimin-
ished level of genetic variation,

The second set of data was obtlained
from an analysis of morphological
traits in a group of African cheetah
skulls collected in American musc
ums. We o estimated  morphological
variation on the basis of a measure-
ment called fluctuating  asymmetry:
the extent to which Teatures that are

normally mirror images ol cach other,
stuch as the lelt and right sides of the
skull, are dilferent sives in a given in-
dividual. In a variety ol species asym-
metry has been found to increase in
degree and incidence as a result of in-
breeding, although just how the asym-
melry comes about is not exactly clear.

Robert K. Wayne, # postdoctoral
fellow in our laboratory at the NCI,
cvaluated Nuctualing asymmetry in
cach of 33 muscum-held skulls and
compared the results with measure
ments from leopards, margays and
occlots, which are species we knew
{from Newman's results) have abon
dant genetic variety. The skulls of the
checiahs did indeed display a higher
level of asymmetry than the skutls of
the other three cal species.

()lll‘ third- -and most alarming -sct
of corroborative daly came from
a study designed to determine wheth-
et the cheetah displays any variability
at the major histocompatibilily com-
plex (MHC), The MIIC s a complex
acnetic locus in mammals that directs
the synthesis of antigens on the surface
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ABLERRANT SI'MRM delected in animals at the De Wildi Chectah
Breeding and Research Conter are shown, along with a normally
shaped specimmen (far feft). Among the many striking abnormalitics
found were (eft to righty coiling of the flagellum, bending of the mid-

ol most cells. The antigens communi-
cate with ¥ lymphocytes {circulating
white blood cells) during an immune
response to an infectious agent or (o
spontancously arising abcrrant cells,
such as tumors. MIIC antigens arc
also responsible for the immunologi-
cal graft rejection that follows tissue
or organ transplantation when the do-
nor and the recipient have dilferent
MIIC antigens. In the past 30 years
the MHC system has been exiensively
studicd in man and in the mouse, rat,
dog, horse, chimpanzee and scveral
other species,

The MIIC is the most extlensively
pelymorphic locus in mammals. The
complex 1s really a chromosomal clus-
ler having three functionally distinet
woups of subloci, termed class 1, 11
and M1 In human beings the class 1
MI1C sublocus alone is composed of
three genes, cach of which can be
drawn from more than a doven alletic
varieties in the gene pool. As a result
the number of possible combinations
at the class T sublocus on one chromo-
some i humans is enormous (more
than 123, and the chance ol any two
individuals having the same combina-
tion is slim (less than onc in 10,000).
Other mammalian species also display
similar extreme polymorphism. The
major ¢xeeptions are strains of inbreg
mice that are bred intentionally for
homorygosity of their MEIC genes and
therefore accepit skin grafls within but
nol between strains.

To assess the presence of polymor-
phism at the MHC in the cheetah, we
exchanged skin graflts between the two
members of seven pairs ol chectahs
from southern Africa: six unrclated
pairs and one sibting pair. A patch of
skin was removed from cach animal
and cut in hall. One picce was sutured
into a gralt bed in the paired recipient;
it was an “allograft.” The other picce
was sutured into a graltl bed in the ani-
mal from which it was removed; it was
an “autograft.” After the procedure
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the animals were examined and their
gralts were cleancd twice a week for
about cight weeks, during which time
any signs of rejection were noted.

In several mammalian specics, n-
cluding domestic cats, the average sur
vival fime of skin gralts from an un-
related animal is some 10 10 12 days;
rejection within this time is attribut-
able o dilferences al the MIIC, Slow-
cr, or chronic, rejection s the result of
differences at other, minor histocom-

picee and reduction in head size. The disc
the e Wildt center had a high incidence of almormal sperm pro
vided the first majur clue that the cheetal?’s reproductive problems
ave physiological in nature and might have o penctic explanatiou,

very that the cheelahs at

patibility loci in cases where there is
identity at the MHC. Tlence if a chee-
tah rejected an allogralt within 10 or
12 days, we could conclude that the
MIIC genes of the two members of a
pair were not identical.

( )nc:c: again the cheetahs demonstrat
4 cd their genetic uniformity. Re-
muarkably, all allografts were accept-
cd and indeed were indistinguishable
from the autografis throughout the 10-
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TWO ELECTROPIHORETIC METIIODS for measaring the extent of pewetic variation in
cheetahys are illustrated. In one method (fop) fresh blood is treated with heparin fo prevent
clotting and allow different components (white cells, red cells and plasma) te be separated
in a centrifuge. Soluble enzymes from the blood samples are then subjected to clectropho-
resis, that is, they are exposed to an electric ficld that causes them to migrale through a




to-12-day period. Three of the allo-
grafts did undergo slow rejection later,
but several of the grafts persisted for at
least 78 days, by which time they ap-
peared to biend in with the recipicnt’s
own skin.

In order to be sure that the failure to
reject the allografts was a result of
identity at the MHC and not of a gen-
cral failure of the chectah’s immune
system to reject tissue grafts, we also
sutured skin from a domestic cat into
the graft bed of two of the cheetahs. In
both chectahs the graft from the cat
underwent a classical acute rejection
between days 10 and 12, whereas the
autograft and the allograft continued
to heal and grow. This indicated that
the immune system of the chectahs
was indeed able to recognize antigens
specified by foreign MHC genes. The
cheetahs’ immunc system had simply
not encountered any foreign antigens
in the skin grafts from the purportedly
unrelated chectahs.

The cheetahs in these skin-graflt ex-
periments (and for that matier in all
the studies we have described) dem-
onstrate a level of genelic monomor-
phism that is unprecedented in any out-

(PROTEIN CHARGE)

gel matrix, after which they are made visible by specific stains, En-
zymes that are products of polymorphic genes migrate to diffevent
positions in the gel matrix, whereas enzymes that are products of
monomorphic genes migrate to identical positions. In the second
method (pottonr) radioactively labeled proteins from skin cells that

bred mammalian species. Neverthe-
less, there is onc possibility that must
be considercd before we can conclude
definitively that cheetahs throughout
Africa are virtual genetic twins and the
products of inbrecding. The biochemi-
cal studies reported here all involved
samples from cheetahs of southern Al-
rica; most of the cheetah skulls that
showed increased asymmetry (an indi-
cation of inbreeding) had been collect-
cd from castern African populations
by Theodore Roosevell and his com-
panions. ‘There is a chance that the
cheetahs 1n eastern and central Africa,
although possibly inbred themselves,
have gene pools somewhat different
from those of the southern cheetahs.
We are not optimistic that this is so,
but it is a possibility we are exploring.

Thc fact that genetic uniformity pos-
es a threat to the survival of a pop-
ulation or a species has been evident
since Darwin formulated his theorem
of natural sclection. Genetic variation
is the raw material for evolution; it is
genctic heterogeneity on which natural
sclection operates in times of environ-
mental or ccological change. The sur-

{(MOLECULAR WEIGHT)

prise, then, is that the monomorphic
cheetah has persisted at ali. It has not
persisted without peril, however. Evo-
lutionary theory predicts that a species
with little genctic plasticity would be
particularly vulnerable in a time of
ccological perturbation, and a graph-
ic demonstration that this is so for the
cheetah occurred in 1982,

A pair of apparently healthy chee-
tahs arrived (on breeding loan) at the
Wildlife Safari Park in Oregon, which
had one of the most successful chee-
tah-breeding programs in the world.
Within a few months the visiting chee-
tahs developed fever, diarrhea and
jaundice, and they died a few weeks
later. The cause of death was deter-
mincd to be a viral infection called fe-
line infectious peritonitis (FI17).

Although the disease spreads ram-
pantly in colonics of domestic cats,
FI¥ scldom kills more than 10 pereent
of infceted animals. It was different for
the cheelah, Within six months of the
first two deaths at Safar Park, symp-
toms of FIP had developed in every
cheetah in the park, and by the end of
1983 nearly half of the cheetahs had
dicd of FIP-related disease. The epizo-
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have been grown in culiure are exposed to electric ficlds that sepa-
rate them in two dimensions, The proteins are separated first on the
basis of electrie charge and then on the basis of molecular weight.
Finally the gels are exposed to X-ray film, which reveals hundreds
of profeins whose positions can be compared between chectahs,
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otic (an epidemic among animals) was
the most extreme response to an FIP
viral infection so far reported in any
species. Since then we have learned
of similar FIP epizootics at cheetah-
breeding compounds in Ireland, Cana-
da and Namibia.

One possible explanation for the Or-
egon epizootic was that the FIP virus
was a particularly virulent strain and
simply happened to strike the cheetahs
first. This idea did not hold up. Several
attempts to transmit FIP to domestic
cats by inoculating them with virus
collected from the cheetahs were un-
successful. Moreover, 10 African lions
in the Oregon compound remained
free of symptoms after exposure to the
virus. Such a lack of virulence in two
feline groups indicated that the epizo-
otic among the cheetahs was a result of
cheetah vulnerability rather than of vi-
ral hypervirulence.

Monomorphism at the MHC, which
would limit a species’ repertory
of defenses against a virus, is an attrac-
tive candidate for a biological explana-
tion of the epizootic. In a monomor-
phic species one would expect wide-
spread morbidity soon after a virus
successfully overcomes one animal’s
defenses, because all the other animals
would have much the same degree of
susceptibility to the virus.

The event in Oregon could actual-
ly be cxplained by monomorphism
of genes within cither the class 1I or

CHEETAHS

ELECTROPHORETIC MIGRATION is shown for one protein,
transferrin, in 19 plasma samples from chectahs (lefr) and 19 sam-
ples from domestic cats (right). The transferrin that was synthe-
sized by the cheetahs migrated to one position (dark band across all
samples), indicating that all 19 cheetahs were monomorphic: they
carried the identical transferrin gene. In contrast, the transferrin
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the class I MHC sublocus. The class
IT sublocus contains immune-response
(IR) genes and is believed to contain
viral-restriction genes also (although
the two gene types may actually be the
same entity). IR genes encode antigens
that have been shown to elicit antibod-
ies against synthetic antigens or virus-
es in laboratory animals. Viral-restric-
tion genes have been shown in mice
to determine the degree to which an
organism can prevent the replication
of viruses whose genetic material is
RNA, and the FIP agent is an RNA
virus. A population that is polymor-
phic at the MHC locus would be
expected to have many varieties of
IR and viral-restriction genes with the
ability to confer protection against the
FIP virus. On the other hand, a popula-
tion that suddenly became monomor-
phic at the class II sublocus would be
particularly vulnerable to a viral strain
able to circumvent the immunological
defenses that are controlled by the
population’s single, universally shared
set of class II genes.

Monomorphism in the class | MHC
sublocus would result in an cpizoot-
ic by a different mechanism. Class I
MHC genes encode antigens that must
appear on the surfacc of a virus-infect-
ed cell before 7 lymphocytes can rec-
ognize viral antigens, which are also
displaycd on the cell surface, and kill
the infected cell. Any virus able to al-
ter itself in a way that prevents 7lym-
phocytes from recognizing the class T

TRANSFERRIN

MHC antigen on virus-infected cells
would be effective against the host. In
a polymorphic population any such
adaptation to one host by a virus is
unlikely to be effective against the im-
mune system of a host having a dif-
ferent set of class I antigens. In a
monomorphic population, however,
any virus that adapts to one animal’s
immune-surveillance system would
subsequently find every other system
it encounters in the population to be
identical to the first and therefore easy
to get around.

It may be important to remember
that exquisite strategies for abrogating
immune surveillance are evolved by
viruses in parallel with the defensc sys-
tems of their hosts. Regardless of the
exact explanation of the cheetah colo-
ny’s reaction to the FIP virus, the epi-
sode in Oregon seems to emphasize the
disadvantage of a genetically depau-
perate population in adapting to path-
ogens in its environment.

Having uncovered an array of ev-
idence that the African cheetah
is a genetically monomorphic species,
we turned to the historical causes of
the inbreeding that led to such mono-
morphism. Data relating to a single
point in time in the dynamic evolution
of a species do not give one much to go
on. Nevertheless, we considered sever-
al hypotheses, each of which presumes
that the ancestors of today’s cheetah
once had as much genetic variety as

TRANSFERRIN

CATS

synthesized by the domestic cats migrated to several positions, re-
vealing the presence of four different types of transferrin and indi-
cating that the cat population was polymorphic: had more than one
transferrin gene variant. (The letters at the bottom indicate the dual
gene combinations expressed by each cat.) In the cheetah similar
uniform results have been found for virtually all enzymes studied.



that currently enjoyed by other felines, AVERAGE HIZTERGZYGOUITY (PERCENT)
One hypothests is that the cheetah is L R 30 L I

predisposed 1o incestuous maling, but
that idea 1s not consistent with the find
ings ol cthologists who have studicd
chectahs of castern and southern Ad-
rica. They lind that chectshs general-
ly do nol remain with thelr siblings af-
ter childhood. Male checlahs are olien
territorial and occasionally nomadic,
and unrelated feniales wander alone in
and out of territories, mating with sev-
aral males before moving on.

A sccond hypothesis is that the chee-
tah evolved Lo an adaptive optimuin
for a particular environmental niche
and then gradually shed its variety dur-
ing an exicnded period of niche stabili-
ty. The idea is appealing to those who
view the chectah as a masterpicee of
evolutionary construction, but various
predictions based on this theory are
not borne out by the facts. For exam-
ple, a species ideally suited 1o a partic
ular niche would be expected to have
no closely refated contemporarics, and
yet the fossil record reveals that at
least four specics of Acironyx have
roamecd the carth in the past few mil-
lion years. Onc can only speculate
aboul how many other species existed.
An optimally adapted specics would
be cxpected Lo compele successfully
with other species in its habitat, but
lhe modern chectah competes badly:
predators always prevail in a show-
down and chectah young arc often
kidled, A specics ideally suited to its
niche should have gradually shoed s
deteterious recessive alleles and ac-
quired homoxygosity only for highly
adaptive traits, but (he chectah still
has plenty of bad genes, for example
those controlling sperm morphelogy.

Our third hypothesis, and the most
plausible, is that al some poinl in
the past the species went through an
extreme population bottlencek: a se-
vere population reduction. This was
foillowed by inbreeding, which dimin-
ished the gene pool by the chance loss
of alfcles.

llow ¢xtreme would a botilencck
have to be to produce a population
with vero percenl cnzyme variation
and with identity at the MHC? What
caused the bottlencek in the cheetah
populations and when did it oceur?
Theory and practice demonstrate that
a population that passes through a bot-
tleneck of a mere seven individuals can
still retain about 95 percent of its origi-
nal genctic varialion; it can retain that
variety if the survivors expand their
numbers quickly and geomctrically.
(Slow cxpansion in a small popula-
tion increases the likelihood that dif-
ferent gene types will disappear.) We
thercfore suspect that at lcast once

CHELETAH

MARGAY

OCLLOT

IGER

CARACAL

LEQPARDY

SERVAL

[1ION

DOMESTIC
CAT

MOUISI:

HUMAN

DIOSONHNA

10 50

FREQUENCY OF POEYMOBRPHIC LOGH(PERCHENT)

GEMNETIC VARIATION in 12 species, inclnding nine felines, is compared based on clec-
trophoretic surveys of enzymes, (“Keterozygous” loci are posilions on chronmoseme pa

where homologous genes differ from each other.) Of the move than 250 species that have
been studicd by population gencticists, the chectah hay the least amount of genetic variety.

and perhaps scveral times in the past
the chectaiy’s forcrunner populations
must have dropped o a very few in-
dividuals, escaping extinclion by a
whisker; it s also possible that the
surviving chectahs never managed Lo
expand their numbers rapidly. Jusi
why the chectah population would
have dwindled so severely is anyone's
guess. The possibilities range {rom chi-
matic catastrophe Lo viral or bacterial
plagues to desiruction ol the habitat
or outright killing by humans.

The timing of the first bottleneck,
like the degree and cause, is difficult to
determine. A prime candidate is the
time between 10,000 and 12,000 vears
ago, 4t the end of the geologic cpoch
known as the latc Pleistocene. Before
this there were many specics of Acino-
ayx;the modern species, A jubatus, had
a worldwide distribution. Then some-
thing caused a massive extinction of
mammalian species, particularly ones
in North and South America, destroy-
ing 75 percent of those specics. Many
large carnivores succumbed, including
cheetah species other than A jubatus,
and the range of the cheetah eventual-
Iy became limited to its present one

in certain parls of Africa. Whether
the Pleistocene’s environmenial catas-
trophe did in fact cause a bottleneck
in the population ol A. jubarus is not
at all certain. As likely as the notion
seems, we cannot exclude the possibil-
ity thal a more recent crisis is respon-
sible for the cheetah’s vulnerability to-
day, and we hope our ongoing studics
will provide more insight into the ani-
mal’s past history.

()ur findings have revealed mueh
aboul the past and present status
of the chectah, but an important com-
ponent that must also be considered is
the prospect for the future. The chee-
tal’s genctic uniformity is certainly
dangerous for the species, but we think
it should not be interpreted as a death
sentence. ‘There are a number of rea-
sons. If the proposed bottleneck did
oceur as long ago as the Pleistocene,
then natural selection, which ensures
that individuals with scriously mal-
adaptive traits do not survive, has sure-
ly climinated the most dramatically
deleterious genes by now.

Scveral other animal species have
gone throughserious population bottle-
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necks and scem to be recovering, and
the cheetah may have the same good
fortunc. The northern elephant seal 1s
an cncouraging cxample. At the turm
of the century the population was re-
duced to about 20 animals. Yol alter
(and perhaps because of} the passage
of protective legislation in 1922 and
later, the scal population off the coast
of Mcxico and California grew. T'oday
the number of scals in the arca reach-
cs into the tens of thousands.

I'inally, as wc mentioned above,
there is the possibility that the chectah
subspecies in eastern Africa is genel-
ically different from the subspecies in
southern Africa. If that is the case, the
castern African chectahs might be in-
troduced into captive-breeding pro-
grams, which with few exceptions have
largely involved cheetahs from south-
crn Alrica. Even if the two groups

&Y }/

CHEETAH ONE

scem, on the basis of our limited meth-
ods, to be genctically similar, onc
might still want Lo breed them togeth-
er. This has been attempted successful-
Iy at the Whipsnade Zoo, outside Lon-
don. Checlahs {hal have mated there
have produced litters reported to have
a4 low infant mortality rate.

Humun beings have been “civiliz-
ing” the wilderness for centuries, and
the cost has too often been the demo-
tion of cvolution’s most charismatic
creations to cndangered or threatened
status. In the meantime much has
been learned from the study of ani-
mals about human biology and evo-
lution. We hope the Tuture will see
siuch knowledge applied to saving the
world’s threatencd and endangered
species. Perhaps science can cven help
the world’s fustest mammal to win its
race [or survival,
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PROOT OF CHEE'TAHS MONOMORPHISM at the major histocompatibility complex
(MHC) is depicted highly schematically, Three types of skin grafts were surgically trans-
planted onto chectahs: allografts (from unrelated animals of the same species), antografts
(from self) and xenogeafis (from another speeies). Both the allografts and the antografts
were readily accepted and by day 28 after grafting were developing cheetahlike spots and
growing hair. The xenografts, from a domestic cat, were rejected by day 12 after grafting.
MHC genes determine whether a graft will be accepted; unless immunosuppressive drugs
are given, a graft normally survives only if the donor has the snme MBC genes as the recip-
ient. Therefore the acceptance of the allografts by the cheetahs in the study could be ex-
plained in two ways: either their immune system was somehow suppressed or they had iden-
tical MHC genes, Rejection of the xenografts indicated that the chectahs’ immune systems
were operating adequately, and so the animals must have had identical genes at the MHC,





