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ABSTRACT Seemingly, the sex differentiation (SD) in animals and human is determined by the amount of constitutive
heterochromatin region (HR) in the chromosomes of the undifferentiated embryonic gonads (UEG) via cell
thermoregulation. It is assumed the medulla and cortex tissue cells in the UEG differ in vulnerability to the increase
of the intracellular temperature. If the amount of the HR is enough for efficient elimination of heat difference
between the nucleus and cytoplasm in rapidly growing UEG cells the medulla tissue survives. Otherwise it doomed to
degeneration and a cortex tissue will remain in the UEG. For artificia regulation of the SD it is proposed to remove
a layer of cortex or medulla in the UEG depending on the objective and task of the research.

INTRODUCTION

“The function of heterochromatin must be
involved in the differences between somatic and
germinal cells’

- Richard Goldschmidt

In many animals, including us, the genetic
sex isdetermined at fertilization by sex chromo-
somes carried by the father’'s sperm, X in the
caseof femaleand Y inthecase of male. Inbirds,
moths, and butterflies, males are XX(ZZ) and
femaesare XY (XW).

However at the early stages of embryonic
development apair of undifferentiated embryonic
gonads (UEG) and both rudimentary female and
male reproductive system develops in the
embryo. Asresult of thisall embryos are poten-
tially bisexual.

For the time being the mechani sms of the sex
differentiation (SD) are not known. At present
the balance hypotheses, worked out by Bridges
(1939) and Goldschmidt (1955) are generally
accepted. According to these hypotheses, the
interaction of genes, located in the sex chromo-
somes and autosomes, underlie the SD. Thus, it
is considered that sex is a polygenic features.

However, almost nothing is known about
concrete mechanisms and types of gene
interaction at the SD. The problem al so becomes
complicated especially as: a) the number,
localization, products, and types of these gene

interactions are not determined; b) therole of the
sex chromosomesin the embryo SD remains not
completely clear; c) therearenoideasasregards
the possiblerole of agreat amount of constitutive
heterochromatin region (cHR) of the' Y chromo-
someinthe SD.

HETEROCHROMATINANDONTOGENES S

Very few special researches on the peculi-
arities of organization and behavior of the
heterochromatin regions (HRs) in process of the
individual devel opment and differentiation of the
cell systemshave been carried out. Theavailable
data are mainly restricted by separate stages of
ontogenesis with some organisms.

Boveri (1888) discovered the heterochromatin
diminution in the mitotically division cells in
Ascaris. Later the heterochromatin diminution
was found in cyclops, infusoria, Stylonychia,
Miagter, Sciaria, Phynchosciriaand Ceccidonidae.

In mitosis of the early embryogenesis the
amplification of highly repetitive DNASs
sequences creating large blocks of the HRs occur.
With all objects, well studied at the early stages
of embryogenesis- cyclops, loach, salmon, trout,
a number of amphibians, mice - the interphase
nuclei cells of the very first divisions of the egg
cleavage possess remarkable peculiarities. At
stage 2 to 4 blastomeres the heterochromatin is
not revealed. All parts of the chromosomes in
these nuclei are despiralyzed, and the nucleolus
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ismissing. At the metaphase stage the chromo-
somes represent thin filament structures. The
gradual nucleus structuring and devel op-ment
of nucleolus accompany the successive cleavage
of the blastomeres, and the chromo-somesin the
metaphase acquire amorphological structurethat
is peculiar to this species (for review see

Prokofyeva-Belgovskaya 1986).

In the ontogenesis of the somatic cells the
chromosomes undergo progressive heterochro-
matinization. Burkholder and Comings (1972) in
comparing the G+ bands of the chromosomes of
thelater embryonic fibroblasts and chromosomes
of blastocyst have found a more intensive and
larger centromere HRs in the embryonic fibro-
blasts and at the same time a complete corres-
pondence of the G-bands pattern by the chromo-
somes length in both types of the cells.

Lyon (1961) proposed the single-active X
chromosome hypothesis to explain the obser-
vation that in the mouse, females heterozygous
for X-linked fur color genes are patchy mosaics
of two colors. To quote Lyon: “... (1) that the
heteropicnotic X-chromosome can be either
paternal or maternal in originin different cellsof
the same animal; (2) that it is genetically
inactivated” . According to the Lyon this mecha-
nism provides dosage compensation for X-linked
genesbecause each cell, male or female, hasonly
one X-chromosome that is transcribed. This
generally accepted thesis connects the main
reason of inactivation of one X chromosomein
the normal female with possible undesirable
genes' effectsin casethey arein double amount
inthe mammal’sgenome.

As we conceive, the hypothesis of gene
dosage compensation may turn out to be not the
only reason for “lyonization”. It is possible that
in this phenomenon the heat conductivity effect
of the condensed chromatin (CC) in the cell
thermoregulation aso plays quite an important
role (for detailssee lbraimov 2003, 2004; Ibraimov
and Tabaldiev 2007). In short, the essence of our
objectionsis based on the following facts:

1) theinactivation of one X-chromosomeinthe
normal femalesoccursonly withthemammals,
which areableto support arelatively constant
core temperature in the body;

2 theinactivation of X chromosome takes place
early in embryonic development at an
estimated 1000 - to 2000- cell stage of the
blastocyst or possibly even earlier (for review
seelLyon, 1974),i.e. whenthesizeof thecells
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are considerably smaller than that of the
fertilized egg, and they become more or less
closer to the size of the somatic cells. Asis
known the cell size is restricted by the
surface-to-volumeratio, asacell metabolizes,
it must exchange materials and heat with its
environment. In other words, with the
formation of a multicellular embryo the
problemsarise, which are connected with the
intracellular thermoregulation, and webelieve
that for their solution the CC is of great
importance (Ibraimov 2003, 2004). As in
thekaryotype of thefemale mammalsthereis
lack of the sex chromosomewith alargeblock
of cHR, for exampleas'Y chromosome with
males, then it is possible that in the interest
of the cell thermoregulation a considerable
part of one of the two X-chromosomes with
the female embryo is undergoing to
heterochromatinization;

3) it is known that at the level of population
there is no significant differences between
sexes by the amount of C- and Q-HRson the
autosomes (Ibraimov and Mirrakhimov 1985).
However, it is established that the amount of

Q-HRson the Y chromosome influences to the

mean number of Q-HRs per individual (m), for

example in males with large blocks of Q-

heterochromatin onthe'Y chromosome, thevalue

of mon their autosomesislower and vice versa

(Ibraimov et al. 2000). These observations

indirectly justify the possibility of existence of

some mechanisms of compensation of a

hetechromatin “dose” in the genome between

sexes. If such assumption is correct than the

heterochromatinization of one of the two X-

chromosomesin cellsof themammalscould have

arational explanation within the framework of
the hypothesis on participation of the CC in the
cell thermoregulation. In this case the female
genome via heterochromatinization of agreater
part of the body of one of the two X-chromo-
somes compensates the lack of Y chromosome
with alargeblock of cHR initskaryotype.Anda

certaintrend to theincrease of the value of m

in females (Ibraimov 1983) justify that the

heterochromatinized X-chromosome (facultative
heterochromatin) possibly not completely

replaces the heat conductive effect of the Y

chromosome cHR intheinterphase nucleus. This

isproved by the physiological dataon arelatively
low heat conductivity of the female body in
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comparison with the males' one (Ibraimov and

Tabaldiev 2007);

4) innormal females, 30to 50 percent buccal cells
show aBarr body, but the count from different
laboratories very greatly. In cultural fibro-
blasts, theincidence of cellswith Barr bodies
ismorethan 90 percent when most of thecells
are in the G2 phase. In polymorphonuclear
whiteblood cells the inactive X chromosome
appearsas adrumstick-shaped extrusionwith
afrequency of 1to 10 percent. Y-body morpho-
logy may vary with DNA synthesis activity,
being moredispersedin cellswith active DNA
synthesis. From thisit is possible to assume
that the X-and Y-bodies do not appear in the
G1 phase when the cell for the exact imple-
mentation of itsspecific functionisin need of
preservation of the intracellular temperature
homeostasismost of all. Apparently, inthe G1
phase of the cell cycle both the constitutive
and facultative heterochromatin is in the
composition of the of the peripheral layer of
the CC in the most compacted statein order
to efficiently equalizethetemperature differe-
nce between the cytoplasm and nucleus
(Ibraimov 2003, 2004). Inthissensethe X- and
Y- bodiesdo not participatein the cell thermo-
regulation, asin thisform they occupy only a
small part of the surface of the nuclear enve-
lope in spite of their dense states, especially
since they are formed after the chromosome
replication;

5 if compensation (double) dose of genesisan
inevitable phenomenon for normal functioning
of the mammals' genome, then why the
inactivation of genes on the homologous
autosomes do not happen? The inactivation
of autosomes was not found even in cases of
trisomies. Yunis (1977) pointed out that the
only threeautosomes (13, 18 and 21) for which
trisomy areviableto any appreciable extent. A
similar nonrandomness has been shown for
spontaneous trisomic abortions. Yunis
concluded that these chromosomes contained
more heterochromatin, therefore, their
trisomieswere better tolerated than trisomies
fore more generic autosomes.

6) “...the mammalian X chromosome is not
specialized for sex determination. Although a
rather large number of X-linked genes are
known in mammalss, a vast mgjority of them
have nothing whatsoever to do with the
process of sex determination and sexual
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development. On the contrary, many of the

genes clearly involved in sexual deve-

lopment reside in autosomes’.. .” Even the
genes for hypothalamic releasing factors of
gonadotropins are apparently on autosomes’

(Ohno 1983).

Apparently, the hypothesis of the gene
dosage compensation does not cope with the
task of explanation of the above-mentioned facts
completely. It ispossiblethat the main reason of
the”lyonization” is not the gene dosage
compensation, but the compensation of the
“dose” of the cHR, missing in the genome of the
mammals females for efficient leveling of the
temperature difference between the nucleus and
cytoplasm that isvery important for keeping the
temperature homeostasis with the mammals
(Ibraimov 2003, 2004; Ibraimov and Tabaldiev
2007). In other words the inactivation of the X-
chromosome in the mammals' females occurs,
mainly, intheinterests of thermoregulation.

In order to clarify the essence of our SD
hypotheses, it is necessary to remind, in brief,
some generally known facts of the sexual
development. The sexua development in the
mammalsis a process consisting of at least three
stages: the 1% stage is the chromosome
determination of sex (XX or xy); the 2" stage is
SD (the development of testicles or ovaries); the
3% stage is the development of the secondary
sexual characteristics. In case the testicles are
formed, they excrete the testosterone hormone,
circulating over embryo, and causing the
devel opment of the somatic cellsby themaletype.
Onthecontrary, thelack of testosteroneresultsin
invariable development of the somatic cells by
the female type. Normally, the direction of the
sexual development isdetermined by availability
of the Y chromosome; the male gonads are
developing if there is one Y chromosome
irrespective of the X chromosome number. It is
assumed that the formation of testiclesisaresult
of direct effect of the genes located in the Y
chromosome. By another concept the sexual
development may also depend on the H-Y
antigens, though lately itsrole callsin question.

The UEG turn out to be of dual nature, or to
be more exact they areindifferent concerning sex.
They consist of the outer layer of tissue (cortex)
from which the female tissue devel ops, and the
inner layer, called medulla, fromwhichthemale
tissue develops. In course of the 2 stage of the
sexual development, the progress of one of the
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germs and suppression of the other one takes
place. Inthe male sex the medullary tissue, which
suppresses the activity of the cortex layer,
develops quicker; as a result the gonads turn
into the testicles.

We assume that basically the SD is a
“physical process’, and at this stage of the sexual
development the role of genes (a chemical
process) isinsignificant. Thegeneseffectsmainly
determine the devel opment of secondary sexual
characteristics.

Our hypothesisis guided by aconcept of the
cell thermoregulation (CT) and the role of the
cHR in the composition of the condensed
chromatin (CC) (Ibraimov, 2003) in this process.
The essence of the CT isin the following: CC,
being the densest domainsin a cell, apparently
conducts heat between the cytoplasm and
nucleuswhen thereisadifferenceintemperature
between them. The assumed heat conductivity
effect of CCisdtipulated by itsprincipal features:
condensed state during the interphase,
association with thelaminaand theinner nuclear
membrane, replication at the end of the S period
of a cell cycle, formation of the chromocenter,
genetic inertness, and wide variability in the
guantitative contents both within and between
species (Ibraimov 2003). The reality of the CT
existence is shown at the organism level. In
particular, it turned out that theindividualsinthe
population differ from one another by the heat
conductivity of their bodies (BHC). At that the
BHC value depends on amount of the Q-HRsin
their genomes (Ibraimov and Tabal diev 2007).

Aswe conceive, the cHR plays an important
roleintheSD. Let'stry toillustratethisassumption
on the example of a human being. Until now the
hypothetical genes responsible for the develop-
ment of themale sex inthe Y chromosome have
not been reveadled. The pointisthat the' Y chromo-
someislargely adummy (Ohno 1983). Most likely
from our point of view, the cHR of the Y
chromosome are responsiblefor the devel opment
of UEG towardsformation of thetesticles, and not
some genes or the H-Y-antigen.

Atfirstwegivesomeinitial prerequisites. (1).
Whatever the nature of the factors determining
the male sex may be, they are necessary in order
that the UEG develop as the testicles, which is
thefirst step in amale development. For lack of
the processes causing the testicles devel opment,
the UEG developsinvariably asanovary. (2). SD
at thelevel of gonadsturned out to be athreshold
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phenomenon; to transform the germ cells of the
gonads into the testicles some minimum “ dose”
of the factor switching over the direction of the
sexual development is needed. (3). The sex
“genotype’ manifestsitsdirectimpact only at this
stage of the UEG development transferring the
further control over the corresponding develop-
ment of the secondary sexual characteristics to
different hormones. (4). The X chromosome of the
mammal s remains evolutionary stable; the genes
located init are homologousin all studied species
of mammals(Ohno 1983). (5). Itisknownthat the
amount of cHR inmalesat thelevel of population
isonaveragetwotimesmorethaninfemales(Paris
conference1971, 1975; Ibraimov and Mirrakhimov
1985). (6). Most of the genesresponsiblefor the
development of the secondary sexual charac-
teristics are concentrated not on the sex chromo-
somes, but on the autosomes (Ohno 1983).
Now let’stry to ground our assumption. (1).
The heat conductive effect of the CC especially
strongly increasesin conditions of mulicellularity
(Ibraimov 2004); (2). By the 3“week of theembryo
development in human, the HRs is completely
formed [ Prokofyeva-Belgovskaya 1988], and they
are able to exert their heat conductive effectsin
thecells. (3). Innumber mammals, including man,
it has been shown that at equivalent gestational
ages, males are developmentally more advanced
than females. Medulla, being located in the very
middle of the UEG closed to aortaand surrounded
with mesentery probably experiencesthe greatest
problems with removal of the excessive heat in
comparison with cortex. Obviously, the cortex
having a relative advantage in supporting the
intracellular temperature homeostasis than the
medulla, other things being equal, has more
chancesto preserve and further develop into the
femaletissue. (4). Physical agentsmay determine
sex astemperature. For exampleasearly asinthe
first decades of the XX century in the testswith
the descendents of the triploid females of
Drosophilait was shown that at high temperature
theflieswith the female characteristics are being
developed, and at alower temperature - with the
male sexual characteristics. Conover and Kynard
(1981) have found that in the fish Menidia
menidia (Atlantic Silverside fish) sex deter-
minationisunder genetic and temperature control
during acritical phase of larval development. The
sex ratios of the progenies were highly skewed
by this treatment. The eel (Anguilla) has no
chromosomes that can be recognized as sex
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chromosomes and it showsthe same skewed sex
ratiosas Menidia (Wiberg 1983). Thereare many
such examplesinanimals (Lima-de-Faria1983).

It is possible that the medulla of the UEG is
more vul nerable to the temperature increase than
the cortex tissue. The following data testify to
this: 8) theclinical consequencesof cryptorchidism
in boys; b) location of scrotum outside the body
in the mammals. In other words, the direction of
deve opment of the UEG towardsthemaeor femde
sideisnot something strictly fixed, it will depend
on the environment in which it is being
implemented. In our opinion, most likely thisisthe
temperature influence on the UEG tissues, and
seemingly on which it depends, whether the
medullatissue will remain or not. If the medulla
tissueisnot provided withthetimely and efficient
removal of excessive heat, it will be doomed to
degeneration having making for the cell from the
cortex. Just in this meaning we understand the
roleof cHRin SD, asefficient means of medullar
tissue protection against “ heat death”. Asthereis
a wide intrapopulation polymorphism by the
amount of cHR in the Y chromosome (Paris
Conference, 1971, 1975), no wonder that even
insignificant deviation in the operation of the
system ensuring the SD at thegonad level so often
causes an incomplete development of the male
phenotypeinthe organismwith themale genotype
(Vogel and Motulski 1986).

DISCUSSION

Accordingto Lyon (1992) “... the X-chromo-
someisclearly involved at some point in the sex-
determination pathway”. The point that | am
trying to convey is that: a) the SD is one of the
most important examples of how the physical
state of the DNA molecular (inthiscasethelevel
of compacting of the peripheral layer of CC
around the cell nucleus) influences to the cell
differentiation; b) X-inactivationisnot involved
in the SD; ¢) x — chromosome is not being
inactivated, but it isheterochromatinized in order
to compensatethelackingin thefema e karyotype
thelargest block of the cHR intheinterest of the
CT. Thusit would be more correct to speak about
compensation of the heterochromatin dosage,
and not about the dosage (double) of genes.

Thereasonswhy the cortex tissueinthe UEG
is not exposed to the heat degeneration as the
medullar tissue because of the problems
connected with the CT in addition to the above
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mentioned, are al so explained by thefact that: a)
it has been shown that at equivalent gestational
ages, malesare developmentally more advanced
than females, even before the gonads form. So,
as for example adetailed analysis of XX v. XY
developmentd differencesin micehasshownthat
XY fetuses are indeed larger than XX fetuses
prior to gonadal SD (Burgoyneet al. 1995). The
human testiclesareformed earlier (6" — 12" week)
thanthe ovaries (14" — 16" week); b) by thetime
of the ovariesformation, the problemswith heat
conductivity out from the deep parts of the
organs and embryo tissues become considerably
less complicated, as by thistime the circulation
system of fetus beginsto function, i.e. a distant
transfer of heat energy in abody (Ibraimov and
Tabaldiev 2007), that eliminates the danger of
the cell heat degeneration including the cortex
tissues; c¢) with mammals and human the
development towardsthe male sex isdetermined
by availahility of atesticle, to be more precise by
ahormone secreted by it — testosterone, and the
development towards the female sex is not
induced, i.e. it is not the consequence of availa
bility of the embryo ovary. It rather should be
considered as the consequence of the testicle
absence (Ohno et al. 1971); d) random X-
inactivation of either the maternally- or paternaly
- inherited X chromosome most likely justifiesto
the participation of the facultative hetero-
chromatin in the CT, and not to the dosage
compensation of genes; and last ¢) homeotherms
keep the constant temperature in a body not so
much they possess a 4-chamber heart and lung
respiration (as a result the tissues obtain more
oxygen) for acceleration of heat production, as
their ability to efficiently remove the excessive
heat from the organism. Thisispromoted by high
conductivity of their bodieswhich are provided,
inaddition withthe cHR, with theavailability of
G+ and Q+ bands in the chromosomes which
intensify the compactization of the peripheral CC
layer in the interphase nuclel, thus accelerating
the liquidation of the appeared temperature
difference between the nucleus and cytoplasm
inthecell (Ibraimov 2003, 2004). So, the cause of
the differential survivability of the medullaand
cortex cellsisthe CT (preservation of theintrace-
[lular temperature homeostasis), which is
determined by the amount of the HRs.

Within the framework of our hypothesis the
results of the classical experiments of Bridges
(1939) may be interpreted. In any manual on
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genetics a table, where for each sex type of D.
melanogaster the number of the X chromosomes,
number of autosomes - so called sex index is
given. Also there is a figure illustrating a
chromosome set of various sex types, which
occur inthe offspring of thetriploid fly’ sfemales.
As we argue the role of the genes effect in the
SD, we will not analyze the table data, and will
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restrict ourselves only to the karyotypes of
different sex types. So, in Fig. 1 ontop, theflies
karyotypesaccording to Bridgeswithintheframe
of his hypothesis of the gene balance is shown,
and at the bottom of the Figure there is our
interpretation of the samekaryotypestaking into
consideration only the amount of thecHR in all
the D. melanogaster chromosomes without
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Fig. 1. A chromosomal complement of the different sexual types in offspring of the triploid females of D.
melanogaster. A. It shows the importance of balance of X chromosomes (black) and autosomes — |1, II1, and
IV (white) in sex differentiation. The Y chromosome, which is not influencing on sex differentiation is
represented by a dotted line (by Bridges). B. It shows the relative sizes of heterochromatin (black) in all
without exception chromosomes to illustrate the value of amount of constitutive heterochromatin in sex

differentiation.
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exception . There are several necessary remarks
on Figure 1: a) aswell asin Bridges'swork, the
outlines of the Y chromosome are marked by
dotted lines. Itisalwaysdonein order to specialy
underline its insignificance in the SD; b) the
relative parts of the area, occupied by the cHR
by the length of each D. melanogaster chromo-
some are taken from the work of Prokofyeva-
Belgovskaya (1986); c) for the analysis
convenience, the total amount of the cHR inthe
karyotype of anormal diploid fly wastakento be
100, and this total was distributed for the
individual chromosomes as follows: - shares of
the cHR for chromosomes 3, 2, 4, X and Y
amounted to 10, 10, 5, 25 and 50 conventional
units, respectively. In Figure 1 the areas,
occupied by the cHR on the corresponding
chromosomes, are shared.

If in such calculation the total number of the
cHR with a normal diploid male of the D.
melanogaster is125 conventiona units(c.u.), then
inafemaeitis100c.u.,i.e. by 20%]lessthenina
male. Approximately thesameratioisobservedin
so called super-femalesand super-males (125 and
150c.u.), andintriploid femalesand malesitis150
and 175 c.u., respectively. Thus, in al cases the
femaleshavethe cHR approximately by 20% less
than the males, irrespective of the ploidy of the
autosomes and sex chromosomes number in the
karyotype. These results seem to prove that the
SD intheanimalsismost likely determined by the
total amount of the cHR in the embryo genome,
but not by the gene balance, which is located in
the X chromosome and autosomes.

It could be possible to test our hypothesis
experimentally. At UEG with thekaryotype XX to
removeits cortical layer preserving the medulla
tissue. If our hypothesisistrue then amalewith
afemale genotype (XX) will bedevel oped, which
at usual crossing results only in females. Such
experiments could give an answer to two
interrelated question: 1) what doesthe SD depend
on, either on the gene balance or on the “dose’
of the cHR?; 2) why does at genotype XX the
medullatissue preliminarily degenerate?, either
fromthe*heat death” because of asmall dose of
the cHR or from theimpact of the gene products,
produced by the cortex cells, on the medulla
tissue? Thisprincipleisalso acceptablefor birds,
which femal es are heterogamete, for examplein
order to have only femalesin the offspring. For
this, in the embryo with genotype ZZ it is
necessary to remove the medulla tissue and
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preservethe cortex to have aheninthe offspring,
which produces only the femal e gamete.
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