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Abstract Study of the molecular genetics of human male infertility and the Y chromosome has

helped to elucidate the evolution of our X and Y chromosomes. Particularly, the study of the Y

chromosome in male infertility has also helped to clarify, in a surprising and unexpected way, a

likely mechanism for dinosaur extinction, the biggest question all of us have entertained from

our earliest childhood days.

There have been many claims in the popular press of ‘‘discoveries’’ on how the dinosaurs went

extinct. These claims all relate to climate change events that occurred 65 million years ago that

no one disputes occurred. But none have explored the biology of how so many animals escaped

extinction while the dinosaurs and at least half of all other species did not. For example, why

did large dinosaurs, as well as small dinosaurs the same size as chickens go extinct, but birds sur-

vived? Possibly the evolution of sex chromosomes holds the answer to this question.

Our studies of the Y chromosome and male infertility suggest that the default mechanism for

determining the sex of offspring is the temperature of egg incubation, and that genetic sex determi-

nation (based on sex chromosomes like X and Y) has evolved many times over and over again in

different ways, in different genera, as a more foolproof method than temperature variation of assur-

ing a balanced sex ratio in offspring. The absence of such a genetic sex determining mechanism in
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Figure 1 The Y chromosome evolve

was originally just an ancestral pair

with degeneration of its X homologo

‘‘male benefit’’ genes.
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dinosaurs may have led to a skewed sex ratio when global temperature dramatically changed

65,000,000 years ago, resulting in a preponderance of males, and consequentially a rapid decline

in population.

� 2011 Middle East Fertility Society. Production and hosting by Elsevier B.V. All rights reserved.
1. Introduction

Genetically based sex determination mechanisms have evolved
independently in many different genera numerous times over
throughout the history of life on earth to ensure a balanced

male–female sex ratio (1–13). Mammals, birds, all snakes
and most lizards, amphibians, flying insects, worms, and some
fish, employ specific ‘‘sex-determining’’ chromosomes or genes

to determine the sex of the embryo. This mechanism is gener-
ically termed GSD, for ‘‘genetic sex determination.’’ In mam-
mals, GSD is controlled by the SRY gene on the smaller Y

chromosome of the male. Contrastingly, in birds and snakes,
who also use GSD, the smaller sex chromosome results in
female rather than male offspring.

Not all animals employ GSD for sex determination.

Crocodiles and alligators, turtles, some lizards, and many fish
employ environmental, or temperature-dependent sex determi-
nation (TSD) of offspring. This means that there is no genetic

predetermination of gender. In these animals, it is merely the
temperature at which the early embryos are incubated that
determines whether the primitive gonad will differentiate into

a testis or an ovary.
Temperature dependent sex determination (TSD) is

thought to be the primordial mechanism that triggers either

testicular or ovarian development in the early embryo (7–9).
The embryonic development of the testis or the ovary from a
primitive gonad is the product of a multitude of well-conserved
genes. The sex-determining gene (like SRY in the mammals) is

simply a trigger to activate that downstream cascade of many
other genes elsewhere in the genome that actually orchestrate
testis or ovarian development (Fig. 1). The various modes of
d over 300 years from what
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genetic sex determination (GSD) have evolved many times to

override TSD, completely independently and differently, in
the history of life on earth (3,4,12,13). There is no similarity
of the Y chromosome or the sex-determining ‘‘trigger’’ gene

in mammals, lizards, drosophila, or worms, except that the
male determining chromosome (by definition the Y) is smaller
than its counterpart (the X). In snakes and birds, the female
determining trigger gene (the W by definition) is smaller than

its counterpart (the Z), but they are completely different from
each other in all genera.

Evolution, therefore, appears to favor the eventual repeated

appearance of genetic based sex determination (GSD), we pos-
tulate, because animals not using this mechanism are at risk of
extinction due to a skewed sex ratio that could result from

massive global environmental temperature change. If there
are multiple generations of a preponderance of male offspring,
the species cannot survive. This recurring hazard favors the re-

peated evolution of a sex determining ‘‘trigger’’ gene in all gen-
era (to protect against the disastrous effect of environmental
vicissitudes on the sex ratio of offspring).

Global temperature spikes predictably occur every

100,000 years, and to a lesser extent in harmonics of every
25,000 years (1) (Fig. 2). A massive global temperature change
can skew the sex ratio of TSD offspring and we have postu-

lated that this played a role in the demise of the dinosaurs.
Global warming today, which far exceeds the usual 100,000-
year spike, similarly represents a current risk for extant TSD

species. This theory originally suggested in 1989, was based
on paleontologic evidence, before we understood the unusual
sequence of the Y chromosome and the evolution of sex chro-

mosomes (2). But now our better understanding of the DNA
sequence of sex chromosomes, and of the survival of avian
dinosaurs, gives even stronger credence to such a view.
Figure 2 Global temperature independent of man spikes every

100,000 years which encourages the evolution of sex chromosomes

to assure a balanced sex ratio.
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Figure 4 A complete predator dinosaur found intact in Gobi

Desert in Mongolia.

Human male infertility, the Y chromosome, and dinosaur extinction 3
Despite the survival advantage of genetic sex determina-
tion, there is, however, a survival disadvantage. The disadvan-
tage of an evolving sex determining chromosome (which

guarantees a balanced sex ratio) is its eventual decay caused
by the absence of meiotic recombination during gametogene-
sis, and in humans the subsequent loss of spermatogenesis

genes, causing male infertility. This mechanism has been con-
firmed in studies of infertile males, in association with the full
sequencing of the Y chromosome (3,4). Hence, despite the pro-

tection that GSD affords against catastrophic global tempera-
ture shifts, and its necessity for the evolution of endothermic
mammals, male infertility is increased because of the accumu-
lation on the Y chromosome of a dense concentration of sper-

matogenesis genes in a region that is chromosomally unstable
because of failure of chromosomal recombination during mei-
osis (Fig. 3). Similarly a ZZ–ZW system may have protected

birds from the global K-T extinction of their cousins, the dino-
saurs and flying pterosaurs. However, female birds only have
one working ovary, and if it is removed, the remaining vestigial

gonad becomes a testis. So we might speculate that the ZZ–
ZW female bird may have avoided global extinction by
employing a GSD based mechanism for sex determination,

but may have paid a price for this by having only one ovary.
The human male’s price for this GSD security is the risk of
declining sperm count caused by Y chromosomal deletions.

Thus, unexpectedly, through our efforts to understand the

molecular genetics of male infertility, we may have stumbled
upon one explanation for the deepest mystery of our child-
hood, and our biggest fear, extinction (Fig. 4).

2. Sex determination and extinction

Genetic modes of sex determination (GSD) in unrelated ani-

mals have arisen independently many times over (14–16). De-
Figure 3 The Y chromosome cannot repair itself by ordinary

meiosis with its homologous mate, and therefore, has to try to

recombine with itself (gene conversion).
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spite highly varied ‘‘triggering’’ mechanisms in a variety of
vertebrates, most animals share the same or similar, highly
conserved downstream genes that control sex differentiation.
The genes that cause the primitive embryonic gonad to become

a testis or an ovary are virtually the same for all animals on the
planet. Thus, the downstream genetic programs involved in
both GSD and environmental modes of sex determination

(TSD) are closely related. This is perhaps not unexpected, gi-
ven that the development of the testis and ovary and their con-
stituent cells is broadly similar in amphibians, reptiles,

mammals, and birds. However, the mechanisms, whether
GSD or TSD, which trigger those downstream genes to direct
testis or ovary development from the primordial indifferent go-
nads are quite different. TSD animals rely on a potentially pre-

carious relationship with their environment where a balanced
sex ratio is dependent on the temperature of egg incubation
(Fig. 5) (5,17–19). Whether a sex-determining gene or random

variation in temperature of egg incubation, both trigger mech-
Figure 5 Dinosaurs laid their eggs in nests similar to crocodil-

ians where temperature variation was the rule.
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Figure 6 Evolution of animals on Earth before and after

extinction of dinosaurs – a review of this summary of the

evolution of life on earth demonstrates several major extinction

events related to massive global environmental changes. The K-T

event of 65 million years ago resulted in sudden loss of the most

dominant animals in history, the dinosaurs.
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anisms have the same common goal of assuring a balanced
male–female sex ratio.

While the precise environmental effects of the great impact
event of 65 million years ago are open to debate, it is not con-
tested that profound global environmental changes occurred

that led to the extinction of dinosaurs (20). Yet this global
‘‘K-T’’ event 65 million years ago, when the dinosaurs went ex-
tinct, did not cause the mass extinction of mammals, birds,
fruitflies, frogs, or snakes (Fig. 6). We suggest the reason for

this could be that changes in global temperature would have
had a more pronounced extinction effect on TSD-dependent
animals than on animals using GSD (2). However, we must an-

swer why alligators, crocodiles, and turtles (which are also
TSD animals) survived the K-T event even though dinosaurs
and pterodactyls did not, and how this theory might be tested.

Every few months another paper makes media news claim-
ing that the cause for the extinction of the dinosaurs has been
discovered. But it is always about the giant asteroid or the vol-
canic activity 65 million years ago, and never about the actual

physiology of the animals themselves, that might have made
some prone to extinction (like the dinosaurs) and others not.
It is possible that without the recurrent evolution of GSD sys-
Please cite this article in press as: Silber SJ Human male infertili
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tems for sex determination, many animals, obviously not all,
would go extinct because of a skewed sex ratio in their offspring.

These conclusions are based on a two-way comparison of

dinosaur fossils with extant species, and construction of a
mathematical population prediction model based on sex ratio
skewing (21). We also evaluated the evolution of sex chromo-

somes by studying the mapping and sequencing of the human
X and Y in fertile and infertile men (3,4,14,22–25). We postu-
late that the absence of genetic sex determination is very likely

what could have caused the selective extinction of the dino-
saurs 65 million years ago.
3. Relationship between dinosaurs and their relatives

Dinosaurs and crocodiles are members of the Archosauria, a
major group of diaspsids that appeared in the Early Triassic,

some 245 million years ago. By the Late Triassic (208 mil-
lion years ago) the dominant representatives were dinosaurs,
champosaurs, pterosaurs, and crocodilians (26). Modern birds
were derived from avian archosaurs that first appeared during

the Jurassic (about 170 million years ago) and expanded their
range in the Cretaceous period where they would have shared
the skies with the dominant pterosaurs (pterodactyls). Crocod-

ilians (TSD-dependent) and birds (GSD-dependent) are the
only Archosaurian taxa that have persisted to this day
(27,28). We propose that avians (birds), which are considered

surviving dinosaurs, survived because of their GSD system
for gender determination. Crocodilians and other TSD species
(but not dinosaurs) survived because they could adapt success-
fully to the changing environment, or possibly their TSD sys-

tem resulted in a female dominated skewing rather than males.
Studies on oviparity in the American alligator demonstrate

a close physiological link between crocodilian and ancient

archosaurian reproductive function (29,30). These compari-
sons are significant because they suggest physiological similar-
ities between crocodilians and extinct dinosaurs. Birds

developed GSD in parallel with their endothermy some
170 million years ago, whereas dinosaurs more likely employed
TSD for sex determination. As GSD modes of sex determina-

tion are immune to the environmental vicissitudes that chal-
lenge animals using TSD, a strong selection bias favors the
adoption of GSD in environments where a deleterious change
in temperature becomes a species-threatening issue.
4. Molecular evolution of sex determining chromosomes

The specific chromosomes and genes responsible for GSD have

evolved independently many times over and over again, in in-
sects, worms, amphibians, reptiles, birds, and mammals indi-
cating significant evolutionary advantages in its development.

Mammals employ a XX–XY, male heterogametic system that
evolved from what were originally autosomes, centered around
the emergence of the SRY (testis-determining) gene on the

ancestral Y chromosome between 200 and 300 million years
ago (31–35). Much earlier than this, insect species developed
a completely different XX–XY male heterogametic system that

has no relation to the mammalian. Birds employed a female
heterogametic (ZZ–ZW) system about 150 million years later.
This simply means that unlike a XY system where the short
sex chromosome (the Y) determines that the primitive gonad
ty, the Y chromosome, and dinosaur extinction, Middle East
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Figure 8 All nine testis specific spermatogenesis gene families in

the Y exist in the ampliconic multiple (60 members) copy

sequences.
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will become a testicle, the short sex chromosome (the W) of the
bird determines that the primitive gonad will become an ovary.
(It is a little more complicated in ZZ–ZW systems in that the

double dosage of the ZZ in birds could possibly be just as sig-
nificant as the single short W.)

The inherent stability of GSD in mammals and birds iron-

ically is due to the subsequent atrophy of the sex-determining
chromosome, e.g. the human Y. The driving force for this
atrophy process is selective failure of meiotic recombination

between the sex chromosomes, leading over time, to the grad-
ual degradation of the non-recombining portion of the sex-
determining chromosome (Fig. 1). This decay of what was pre-
viously an ordinary paired autosome has resulted in selective

hyper-expression and inactivation of its paired mate (X-inacti-
vation), bringing parity of gene dosage expression between
males and females (16).

ZZ–ZW birds and some advanced snakes have highly het-
eromorphic sex chromosomes with extensively atrophied W
chromosomes like the atrophied Y in mammals and in fruit

flies. However, many snakes, and all amphibians, have homo-
morphic sex chromosomes, which means that they are virtually
indistinguishable in size from each other. In many of these spe-

cies with GSD sex chromosomes that are homomorphic, an
environmentally induced interchangeability of sex determining
mechanisms is occasionally observed. That is, temperature can
still override the genetic sex determination system. No GSD

species with heteromorphic sex chromosomes, however, is
known to display this phenomenon, and evolutionary drive
is consistent with GSD eventually dominating TSD due to

its irreversibility once the sex-determining chromosome has
atrophied. Once atrophy of the sex-determining chromosome
has commenced with compensatory hyper-expression of its

mate to provide gene dosage parity, there is no going back
to TSD (17,36).
Figure 7 The DAZ gene on the Y is an example of a ‘‘male

benefit’’ gene which transposed from its ancestral position on

human chromosome 3, 30 million years ago, to the Y where it was

amplified fourfold with multiple copies.
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5. Evolutionary accumulation of testis specific genes to theY and

the subsequent threat to male fertility

Along with the decay of most of the ancestral autosomal genes
on the heterogametic sex chromosome controlling GSD (the Y
chromosome in mammals), there is a parallel accumulation of
genes on the Y that control spermatogenesis (14,15). This inev-

itably occurs because the region next to the testis-determining
gene, which does not recombine during meiosis, is a ‘‘safe har-
bor’’ for genes that are beneficial to the male but detrimental

to the female (Fig. 7). ‘‘Sexually antagonistic’’ male benefit
genes, which are testis-specific and, therefore, enhance male
fertility, but would be detrimental to female fertility, have thus

been accumulated and amplified with generation of multiple
copies and repeat sequences on the non-recombining region
of the Y over the course of 300 million years (Fig. 8). Thus,

a functionally coherent concentration of testis-specific genes
in multiple copies has arisen on a labile Y chromosome that
is subject to deletions and inversions caused by massive direct
and inverted regions of nucleotide identity (amplicons and pal-

indromes), and is a significant cause of human male infertility
(3,4,23–25). There is a fragile balance between ‘‘gene conver-
sion’’ with chromosome repair by recombination between the

palindrome arms, and their frequent deletion due to a mis-
taken homologous recombination between massive ampliconic
repeat sequences on the Y (22). Thus, the inevitable evolution

over and over again of sex-determining chromosomes must be
very important for species survival, since it also can result in a
major threat to male fertility in animals with a Y chromosome.
TSD might, however, offer an advantage to some species if the

environmental temperature change were to lead to more fe-
males than males. This could have been what saved some
TSD species like the turtle and the crocodilians (37).

6. Aromatase and sex determination

For both GSD and TSD, the activity of aromatase is pivotal in

the conversion of testosterone to estradiol. Aromatase is
known to be a key regulatory enzyme directing ovarian devel-
ty, the Y chromosome, and dinosaur extinction, Middle East
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opment of all TSD animals studied to date(38). Hence, at per-
missive (for female development) temperatures, aromatase lev-
els rise during early embryogenesis accompanied by rises in

estradiol and ovarian development. At non-permissive temper-
atures, aromatase levels remain low while testosterone rises,
accompanied by testis development. It is a simple matter to

provide exogenous estrogens to developing eggs incubating
at male determining temperatures and force them to hatch as
females (9,10,39,40). Similar experiments on chickens show

that male to female sex reversal is observed following intra-
ova injection of estradiol, but birds normally revert to a male
phenotype as they mature. Mammalian development is less
sensitive to exogenous steroidgenic factors. However, gender

switching can be observed in all TSD reptiles exposed to estro-
gens. These experiments demonstrate that the control over aro-
matase activity is the key to TSD although how temperature

exerts its control over this enzyme is still unknown.
It is, therefore, likely that TSD is the ancient default mech-

anism for sex determination, and it simply relates to differen-

tial enzyme activity at differing incubation temperatures. The
more specialized GSD (or genetic sex-determining) genes like
X and Y or Z and W evolved over and over again in different

genera, superimposed over the default mechanism of TSD (37).

7. Mathematical modeling of skewed sex ratio and testing of

theory

A major question is whether the proposed skewing of sex ratio
was toward male or toward female, and how severe a skewing
would be required for extinction to occur, as well as how many

generations of skewed sex ratio would be required to result in
extinction? To answer these questions we developed a detailed
mathematical model (21,41). A skewing of 90% male would re-

sult in an initial population decline, but then a robust recovery
if the sex ratio balance were restored within 50 generations.
However, populations would inexorably decline to extinction

if the skew would take longer than 50 generations to correct.
Thus, a prolonged but modest skewing toward male predomi-
nance in the gender of dinosaur offspring over 50 generations

(probably only 1000 years, which is very brief in paleontologic
time) would have led to extinction. A more severe male pre-
dominance could lead to a rapid extinction in just a few gener-
ations. Even a more modest skew of 80:20 would result in

extinction if the skewing were to continue.
However, a skewing of 60:40 males to females would not

lead to extinction even over a prolonged period. A predomi-

nance of female births even over an extended period is not suf-
ficient for population collapse if some males are available.
Therefore, it is very unlikely that a skewing toward predomi-

nantly females would result in extinction. Indeed, this may
be one reason why crocodilians and turtles survived the K-T
event even though dinosaurs went extinct. A preponderance
of females would not be as deleterious as a preponderance of

males, and might have even been advantageous to crocodilians
and turtles (42,43).

8. Conclusions

TSD was the forerunner to GSD. Most or all of the genes con-
trolling testis or ovary formation in TSD had already evolved

prior to the appearance of GSD in early mammal-like reptiles.
Please cite this article in press as: Silber SJ Human male infertili
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Probably all forms of GSD use molecular switches that were
originally derived from one of these primordial testis or ovary
genes. For example, a single gene related to SOX3 on the

ancestral X autosome became the primary switch (SRY) for
sex determination in mammals, and was all that was needed
for GSD to first evolve in mammal-like reptile species some

250–300 million years ago. As this group is credited with being
the forerunner of the mammals, these sex chromosomes would
have been the forerunners of the modern mammalian XY pair

that use SRY as the sex-determining switch. The ZW chromo-
somes independently developed a sex-determining role in
snakes and birds about 100 million years later protecting them
from the population skewing which dinosaurs suffered.

The phylogenetic relationship between crocodiles and dino-
saurs supports the hypothesis that the archosaurian lineage
employed TSD as their default sex determining mechanism.

The relatively clement environments enjoyed by animals in
the Jurassic and early Cretaceous would not have driven their
switching to GSD. Thus the post K-T climatic change would

have resulted in skewing of the sex ratio toward a preponder-
ance of males for a period that was too prolonged to permit
population recovery. This theory has modern day implications.

The current global warming trend is so extreme that it is al-
ready affecting leatherback sea turtle survival off the coast of
Costa Rica for this very same reason of the birth of a skewed
sex ratio in their offspring because of a rise in the beach tem-

perature (44). Thus, we humans may be creating conditions for
another massive global extinction of TSD animals, similar to
what occurred 65,000,000 years ago.
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