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reproduce mainly as females (P, < P,). There is no 
high constraint for the reproduction of aa animals 
(Fig. 3 a). The frequency of AA individuals is within 
the range [0·38, 0·50], the frequency of Aa individuals 
within the range [0-47, 0·56] and the frequency of aa 
individ uals within the range [0·02,0·12]. 

For R hypothesis, a total of 3585 combinations of 
(a"a"p"p"y"y,) parameters are compatible with 
the data estimated for the Brenne population. The 
distribution of the (aI' a" PI' (12 ' Yl' Y2) values for these 
stable equilibria is shown in Fig. 3b. We show that 
Aa animals reproduce mainly as males (P, > P,) and 
aa animals reproduce mainly as females (y, < Y2). 
There is no high constraint for the reproduction of AA 
animals (Fig. 3b). However, these conclusions a re not 
as strict as that for the D hypothesis. For example, in 
630 cases, aa individ uals do not reproduce as females 
(Y2 = 0) but can reproduce as males (y , ;;, 0). The 
frequency of AA individuals is within the range [0·01 , 
0·10], the frequency of Aa individuals within the range 
[0·34, 0·50] and the frequency of aa individuals within 
the range [0-46, 0·62]. 

We can expect the fitne ss values (0"1j) to be not very 
different from unity since up to now the tentatives to 
measure some differences of fitness as a function of 
temperature in reptiles with TSD have failed. Then we 
conclude that a, P and y are not very different from 
a" p, and y , respectively, and I -a, l -P and l - y 
are not very different from a" p, and y, respectively. 

(c) Generalizalioll of Ihe results fo r bOlh models. In 
both models, we observe that one kind of homozygous 
animals differentiates mainly as one sex and the 
heterozygous animals differentiate mainly as the other 
sex. The other homozygote can differentiate either as 
a male or a female without high constraint. These last 
homozygous animals are always at the lower frequency 
in the population. These conclusions are not so strict 
in model 2 when H-Y+ is recessive, but this hypothesis 
is the less probable because H-Y+ is dominant in the 
great majority of species (Wachtel, 1983; Nakamura 
el al. 1987). 

4. Discussion 

In this study, the sex determination in a turtle (Emys 
orbicularis) is considered to be influenced by both 
temperature and a genetic component. The genetic 
component is reflected by the expression of the 
serologically defined H- Y antigen in non-gonadal 
cells. This expression was used as a marker of 
genotypic sex, genotypic females being H-Y+ and 
genotypic males being H-Y-. 

We show that in the majority of individuals of 
adult populations in Brenne, the sexual phenotype 
and the expression of H-Ys antigen are concordant 
[(P - (II ., P»+(I - P)-((I-n,)(I- P» = 0·91]. The 
other ind ivid uals (6% of the females and II % of 
the males) are sexually inverted. In these individuals, 
the conditions of incubation temperature of eggs 
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were either feminizing [(I - n, ) x 100 = 6 %] or mas­
culinizing [11m X 100 = II %] and overrode the in­
fluence of the genetic component. To estimate the 
percentage of animals incubated in conditions 
allowing the genetic component to influence sex deter­
mination, the genotypic ma les (H-Y -) incubated at 
masculinizing temperature (11 m H) and the genotypic 
females (H-Y+) incubated at feminizing temperature 
(( I - 11/) (1- H» must be subtracted from the number 
of animals in which H-Ys phenotype and sexual 
phenotype are concordant. Then the proportion of 
eggs incubated in conditions of temperature allowing 
the genotypic component to influence sex deter­
mination is: 

H - (( I - I1, )H+l1mH )+(I - H ) - ((I - I1, ) 
(1 - H) +nm(I-H» = ",- 11", = 0·83, 

assuming that the sex-determining factor is in maximal 
linkage disequilibrium with H-Ys as shown by 
Zaborski el al. (1988). These conclusions are in­
dependent of the nature of the regulation of H-Ys, by 
one locus/two al1eles or multigenic. 

Assuming that the H-Ys antigen is regulated by two 
alleles A and a, we show that one category of 
homozygous animals (AA or (la) reproduces mainly as 
one sex and the heterozygous animals (Aa) reproduce 
mainly as the other sex. The other category of 
homozygous animals is at low freq uency in the 
population and reproduces as male or fema le without 
high constraint. Thus the genetic component of sex 
determination in Emys orbicularis accounts for a 
system of monogenic genotypic sex determination. 
This turtle is perhaps on the way to acquiring strict 
ESD, if ESD is apomorphic, or to acq uiring strict 
GS D, if GSD is apomorphic. The discussion of the 
origin of sex determination in reptiles remains open. A 
plesiomorphic environmental sex determination ap­
pears to be more parsimonious than genotypic sex 
determination for reptiles (Janzen & Paukstis, 1991 a), 
but ESD can be adaptive and therefore apomorphic 
(Bull , 1983). The linkage between sex determining 
genes and the locus of regulation of H-Ys could be 
selected because H-Ys seems to be involved in 
gametogenesis at least in mammals. Logically this 
linkage would be ancestral in amniotes and ESD 
would be an apomorphic character. Emys orbicularis 
has both ESD and a linkage between sex determining 
genes and the locus of regulation of H- Ys. As 
approximately 91 % of anima ls have phenotypic sex 
corresponding to their genotypic sex, this linkage can 
still be selected. 

As already quoted , there are some laboratory studies 
showing a genotypic contribution to sex determination 
in reptiles with ESD. Emys orbicularis is another 
species with both ESD and GSD. One way to 
demonstrate the action of a genetic factor on one 
character is to estimate the heritability of this 
character. At pivotal temperature, the heritability of 
the zygotic character of sex ra tio in the turtle 
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Craptemys ouachitensis is 0·82 (Bull el af. 1982). This 
heritability is 'rather high for a quantitative genetic 
character' and a major gene could be implicated in the 
sex determination at pivotal temperature. The same 
heritability was obtained in Che/ydra serpentina, and 
this high heritability was specified as not due to 
genotypic-environment interactions (Janzen, 1992). 
However, most natural nests of Craplemys ouachi­
lensis in one locality are unisexual (Vogt & Bull, 
1984). So, in nature the genetic component at the 
pivotal temperature has little influence on sex de­
termination in that locality. By contrast, 115 embryos 
of Emys orbicularis from 27 clutches were field­
developed in five experimental series. In each of them, 
males and females were obtained simultaneously 
(Pieau, 1982). We can interpret these results by 
biological differences but also by ecological differences 
between species. Particularly it would be very im­
portant to know the temperature in natural nests 
during the thermo sensitive period of development. 

Bull el al. (1982) postulated that the effective 
heritability (or heritability of the zygotic character of 
sex ratio in natural conditions) is much lower than the 
heritability at pivotal temperature because most of the 
nests are incubated at extreme temperatures (all 
masculinizing temperature or all feminizing tempera­
ture). Our data for Emys orbicularis do not agree with 
this hypothesis. The fluctuations of temperature could 
be an important factor. Most experiments in labora­
tories are conducted at constant temperature (but see 
Pieau, 1973; Bull & Vogt, 1979; Wilhoft et al. 1983 ; 
Paukstis el al. 1984), whereas in natural conditions 
temperature fluctuates. When the temperature fluctu­
ates around the pivotal temperature during the 
thermosensitive period, the effective heritability would 
not be much reduced in comparison with an incubation 
at constant pivotal temperature. 
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cal reading of the manuscript and for suggestions. We 
thank E. Prevost for helpful discussions on the theoretical 
approach and Ms L. Guillon for her help with the manu­
script. This work was supported by the CNRS and by the 
' Ministere de I'Education Nationale ' with grants for the 
program' Evolution '. Animals have been captured with the 
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Appendix 

Parameters evaluated from natural populations 

"/ Frequency of H-Y+ individuals among pheno­
typic females 

II ", Frequency of H-Y+ individuals among pheno­
typic males 

H Primary sex ratio (frequency of males in hatch­
lings) 

nil Frequency of H- Y+ individuals among hatchlings 
P Population sex ratio (frequency of males among 

adults) 
11" Frequency of H-Y+ individuals among adults 
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Parameters used for modelization 

PI Frequency of A allele in males 
1'2 Frequency of a allele in males (p, = 1 - P1) 
ql Frequency of A allele in females 
q, Frequency of a allele in females (q, = 

I - p,) 
x Frequency of males among individuals of 

genotype AA 
fl Frequency of males among individuals of 

genotype Aa 
l' Frequency of males among individuals of 

genotype aa 
0'11 Mean relative fitness in males of genotype 

AA 

0'12 Mean relative fitness in females of genotype 
AA 

0'21 Mean relative fitness in males of genotype 
Aa 

0'" Mean relative fitness in females of genotype 
Aa 

0'" Mean relative fitness in males of genotype 
aa 

1T32 Mean relative fitness in females of genotype 
aa 

x 1 Relative contribution to reproduction of 
individuals AA as males 

", Relative contribution to reproduction of 
individuals AA as females 

fll Relative contribution to reproduction of 
individuals Aa as males 

fl, Relative contribution to reproduction of 
indivdiuals Aa as females 

1'1 Relative contribution to reproduction of 
individuals aa as males 

1', Relative contribution to reproduction of 
individuals aa as females 

Qi' Q2 Normalizing factors 

References 

Bull, J. J. (1980). Sex determination in reptiles. Quarlerly 
Review oj Biology 55, 3-21. 

Bull, J. J. (1981). Sex ratio evolution when fitness varies. 
HeredilY 46, 9-26. 

Bull, J. J. (1983). Evolulion olSex Delermining Mechanisms. 
Menlo Park, California, USA: The Benjamin/Cummings 
Publishing Company, Inc. 

Bull, J. J. & Charnov, E. L. (1989). Enigmatic reptilian sex 
ratios. Evolulion 43,1561- 1566. 

Bull, J. J. & Vogt, R. C. (1979). Temperature-dependent sex 
detennination in turtles. Science 206, 1186-1188. 

Bull, J. J., Vogt, R. C. & Bulmer, M. G. (1982). Heritability 
of sex ratio in turtles with environmental sex deter­
mination. Evolulion 36, 333-341. 

Burgoyne, P. S. , Levy, E. R. & McLaren, A. (1986). 
Spermatogenic failure in male mice lacking H-Y antigen. 
Nalure 320, t7(}-172. 

Cantrell, M. A. , Bogan, J. S., Simpson, E., Bicknell, J. N., 
Gou1my, E., Chandler, P., Pagon, R. A., Walker, D. c., 
Thuline, H. c., Graham, J. M., Delachapelle, A. , Page, 
D. C. & Disteche, C. M. (1992). Deletion mapping of 



M. Girondot and others 

H-Y-antigen to the long arm of the human Y-chromo­
some. Genomics 13, 1255-1260. 

Ca rr, J. L. & Bickham, J. W. (1981). Sex chromosomes of 
the Asian black pond turtle , Siehenrockiella crassicolis 
(Testudines: Emydidae). Cytogenetic and Cell Genetics 31, 
178- 183. 

Charnov, E. L. & Bull, J. J. (1977). When is sex environ­
mentally determined? Nature 226, 828-830. 

Conover, D. O. (1984). Adaptive significance of 
temperature-dependent sex determination in a fish. 
American Nall/ralis' 123, 297- 313. 

Deeming, D. C. & Ferguson, M. W. J. (1989). The mech­
anism of temperature-dependent sex determination in 
crocodilians: a hypothesis. American Zoologist 29 , 
973-985. 

Deeming, D. C. & Ferguson, W. J. (1991). Physiological 
effects of incubation temperature on embryonic devel­
opment in reptiles and birds. In Egg Incubation: its 
Eflects on Embryonic Development in Birds and Reptiles. 
(ed. D. C. Deeming and W. J. Ferguson), pp. 147-171. 
Cambridge: Cambridge University Press. 

Demas, S., Duronslet, M., Wachtel, S., Caillouet, C. & 
Nakamura, D. (1990). Sex-specific DNA in reptiles with 
temperature sex determination. Journal of Experimental 
Zoology 253, 319- 324. 

Eichwald, E. J. & Silmser, C. R. (1955). Untitled com­
munication. Transplantation Bulletin 2, 148- 149. 

Engel, W. , Klemme, B. & Schmid, M. (1981). H-Y antigen 
and sex-determination in turtles. Differentiation 20, 
152- 156. 

Eshel, 1. (1975). Selection on sex-ratio and the evolution of 
sex-determination. Heredity 34, 351-361. 

Ewert, M. A. & Nelson, C. E. (1991). Sex determination in 
turtles: diverse patterns and some possible adaptive 
values. Copeia 91, 50-69. 

Fisher, R. A. (1929). The Genetical Theory of Natural 
Selection. Oxford: Oxford University Press. 

Girondot, M. & Pieau, C. (1993). Effects of sexual differences 
of age at maturity and survival on population sex ratio. 
Evolutionary Ecology 7, 645-650. 

Goldberg, E. H., McLaren, A. & Reilly, B. (1991). Male 
antigen defined serologically does not identify a factor 
responsible for testicular development. lournal of Re­
productive Immunology 20, 305-309. 

Gubbay, J. , Collignon, J. , Koopman, P. , Capel, B., 
Economou, A., Miisterberg, A., Vivian, N., Goodfellow, 
P. & Lovell-Badge, R. (1990). A gene mapping to the sex­
determining region of the mouse Y chromosome is a 
member of a novel family of embryonically expressed 
genes. Nature 346, 245- 250. 

Janzen, F. J. (1992). Heritable variation for sex ratio under 
environmental sex determination in the common snapping 
turtle (Chelydra serpenlina). Genetics 131, 155- 161. 

Janzen, F. J. & Paukstis, G. L. (1991 a). Environmental sex 
determination in reptiles: ecology, evolutionary, and 
experimental design. Quarterly Review of Biology 66, 
149-179. 

Janzen, F. J. & Paukstis, G. L. (1991b). A preliminary test 
of the adaptative significance of environmental sex 
determination in reptiles. Evolution 45, 435-440. 

Karlin, S. & Lessard, S. (1984). On the optimal sex-ratio: a 
stability analysis based on a characterization for one­
locus multiallele viability models. Journal of Mathematical 
Biology 20, 15- 38. 

Karlin , S. & Lessard, S. (1986). Theoretical Studies on Sex 
Ratio Evolution. Princeton, New Jersey, USA: Princeton 
University Press. 

Lovich, J. E. & Gibbons, J. W. (1990). Age at maturity 
influences adult sex ratio in the turtle Malaclemys terrapin. 
Gikos 59, 126-134. 

126 

McLaren, A. , Simpson, E., Tomonari , K. , Chandler, P. & 
Hogg, H. (1984). Male sexual differentiation in mice 
lacking H-Y antigen. Nature 312,345-348. 

Nakamura, D., Wachtel, S. S., Lance, V. & Be,ak, W. 
(1987). On the evolution of sex determination. Proceedings 
of the Royal Society, London 232(B), 159-180. 

Paukstis, G. L., Gutzke, W. H. N. & Packard, G. C. (1984). 
Effects of substrate water potential and fluctuating 
temperatures on sex ratios of hatchling painted turtles 
(Chrysemys picta). Canadian Journal of Zoology 62 , 
1491-1494. 

Pieau, C. (1973). Nouvelles donnees experimentales con­
cernant l'effet de la temperature sur la differenciation 
sexuelle chez les embryons de Cheloniens. Comptes Rendus 
de I' Academie des Sciences, Paris 277(D), 2789- 2792. 

Pieau, C. (1982). Modalities of the action of temperature on 
sexual differentiation in field-developing embryos of the 
European pond turtle Emys orbicularis (Emydidae). 
Journal 0/ Experimental Zoology 220, 353-360. 

Raynaud, A. & Pieau, C. (1985). Embryonic development of 
the genital system. In Biology a/the Reptilia (ed. C. 
Gans), Vol. 15(B), pp. 149-300. New York: John Wiley 
and Sons. 

Scudo, F. M. (1964). Sex population genetics. La Ricerca 
Scientifica 34, II-B, 93- 146. 

Servan, J . (1986). Utilisation d'un nouveau piege pour 
I'etude des populations de Cis tudes d 'Europe Emys 
orbicularis (Reptilia , Testudines). Revue p'an(:aise 
d' Ecologie (Terre Vie) 41 , 111- 117. 

Servan, J. , Zaborski, P., Dorizzi, M. & Pieau, C. (1989). 
Female-biased sex-ratio in adults of the turtle Emys 
orbicularis at the northern limit of its distribution in 
France: a probable consequence of interaction of tem­
perature with genotypic sex determination. Canadian 
Journal of Zoology 67, 1279- 1284. 

Sinclair, A. H ., Berta, P., Palmer, M. S. , Hawkins, J. R. , 
Griffiths, B. L. , Smith, M. J., Foster, J. W., Frischauf, 
A.-M., Lovell-Badge, R. & Goodfellow, P. N. (1990). A 
gene from the human sex-determining region encodes a 
protein with homology to a conserved DNA-binding 
motif. Nature 346, 240-244. 

Sites, J. W., Jr., Bickham, J. W. & Haiduk, M. W. (1979). 
Derived X chromosome in the turtle genus Staurotypus. 
Science 206, 1410-1412. 

Tokunaga, S. (1985). Temperature-dependent sex deter­
mination in Gekko japonicus (Gekkonidae, Reptilia). 
Development, Growth and Differentiation 27, 117- 120. 

Vogt, R. C. & Bull, J. J. (1984). Ecology of hatchling sex 
ratio in map turtles. Ecology 65, 582- 587. 

Wachtel, S. S. (1983). H-Y Antigen and the Biology of Sex 
Determination. New York: Grune and Stratton. 

Wachtel , S. S., Ohno, S., Koo, G. C. & Boyse, E. A. (1975). 
Possible role for H-Y antigen in the primary determination 
of sex. Nature 257, 235-236. 

Wellins, D. J. (1987). Use of an H-Y antigen assay for sex 
determination in sea turtles. Copeia 87, 46--52. 

Wiberg, U. H. (1987). Facts and considerations about sex­
specific antigens. Human Genetics 76, 207- 219. 

Wilhoft, D. C., Hotaling, E. & Franks, P. (1983). Effects of 
temperature on sex determination in embryos of the 
snapping turtle , Chelydra serpentina. lournal of Her­
petology 17, 38-42. 

Wolf, U. (1985). Genes of the H-Y antigen system and their 
expression in mammals. In The Y Chromosome: A. Basic 
Characteristic of the Y Chromosome (cd. A. A. Sandberg), 
pp. 81 - 91. New York: Alan Liss. 

Woodward, D. E. & Murray, J. D. (1993). On the effect of 
temperature-dependent sex determination on sex ratio 
and survivorship in crocodilians. Proceedings afthe Royal 
Society, London 232(B), 159- 180. 



, 
Environmental sex determination in turtles 

Zaborski, P. (1979). Detection of H-Y antigen on mouse 
sperm by the use of Staphylococcus aureus. Transplan­
tation 27, 348-350. 

Zaborski, P. (1985). H- Y antigen in nonmammalian 
vertebrates. Archives d ' Anatomie microscopique et de 
Morphologie experimentale 74, 33- 37. 

Zaborski , P., Dorizzi, M. & Pieau, C. (1982). H-Y antigen 

127 

expression in temperature sex-reversed turtles (Emys 
orbicularis). Differentiation 22, 73- 78. 

Zaborski, P. , Dorizzi, M. & Pieau, C. (1988). Temperature­
dependent gonadal differentiation in the turtle Emys 
orbicularis: concordance between sexual phenotype and 
serological H-Y antigen expression at threshold tem­
perature. Differentia tion 38, 17-20. 


