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ABSTRACT It is hypothesized on the basis of sex determination theory that species exhibiting
genetic sex determination (GSD) may undergo sexual differentiation earlier in development than
species with environmental sex determination (ESD). Most turtle species exhibit a form of ESD
known as temperature-dependent sex determination (TSD), and in such species the chronology of
sex differentiation is well studied. Apalone spinifera is a species of softshell turtle (Trionychidae)
that exhibits GSD. We studied sexual differentiation in this species in order to facilitate compari-
son to TSD species. Eggs were incubated at two different temperatures and embryos were har-
vested at various stages of mid to late development. Gonad length was measured with image
analysis software, then prepared histologically. Indifferent gonads have differentiated in stage 19
embryos. Histological details of gonadogenesis follow the same pattern as described for other rep-
tiles. Regression of the male paramesonephric duct closely follows testicular differentiation. Go-
nad lengths are longer at the warmer incubation temperature, and ovaries are generally longer
than testes at each stage and for each temperature. Although sexual differentiation takes place at
about the same stage as in other turtles with TSD (18-20), in A. spinifera this differentiation is
irreversible at this stage, while in some of the TSD species sex is reversible until about stage 22.
This immutable, definitive sexual differentiation may support the hypothesis of an accelerated
chronology of sex differentiation for this species. We also note that sexual dichromatism at hatch-
ing is known in this species and may provide additional evidence of early differentiation. J. Exp.
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Sexual differentiation and sex determination
have been the subject of increasing research in-
terest in nonmammalian vertebrates, especially
reptiles (see recent reviews in Pieau, '96; Lance,
’97; Lance and Bogart, '98). Lance ("97) distin-
guishes between the two related phenomena, de-
fining sexual differentiation as “a programmed
cascade of genetic and hormonal events in which
the indifferent gonad develops as a testis or ovary
with the appropriate urogenital and secondary sex
characters,” and sex determination as the event
or trigger that sets off the cascade. Given the di-
versity of sex determining mechanisms known
among reptiles (Ewert and Nelson, '91; Ewert et
al., ’94; Wibbels et al., ’94), it is surprising that
essentially all studies of sexual differentiation
have involved species that exhibit temperature-
dependent sex determination (TSD) (Lance, 97).
Among turtles, TSD is very common and has been
found in most turtle families, while genetic (or
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genotypic) sex determination (GSD) has been
found in relatively few taxa.

Studies involving GSD in turtles are limited in
number and scope, having primarily consisted of
documenting that primary sexual differentiation
at the time of hatching is not influenced by tem-
perature, including some species that have sex
chromosomes (see review in Janzen and Paukstis,
’91). Other species that lack heteromorphic chro-
mosomes nonetheless have been shown to have
GSD, including several chelids, an emydid, and
two species of the Trionychidae (Bull and Vogt,
79; Yntema, ’81; Vogt and Bull, ’82; Bull et al.,
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’85; McBee et al., ’85; Georges, '88; Thompson, '88;
Ewert and Nelson, ’91). Although it exhibits GSD,
the spiny softshell turtle (Apalone spinifera) lacks
heteromorphic sex chromosomes (Bickham et al.,
’83). Embryos of A. spinifera have been reported
to be susceptible to feminization by administra-
tion of exogenous estradiol (Bull et al., ’88); how-
ever, a more recent study found no influence of
sex steroids on sex ratio in this species (Marquez
et al., ’99).

Researchers have documented the morphologi-
cal chronology of primary sexual differentiation
in terms of developmental stages; however, in all
cases the species involved exhibit T'SD (Yntema,
’79; Bull and Vogt, ’81; Pieau and Dorizzi, ’81;
Yntema and Mrosovsky, 82; Wibbels et al., ’91a).
Broadly speaking, the thermosensitive period
(TSP) extends between stages 14-22 and is very
comparable across numerous taxa. These stages
correspond with a time that begins while the go-
nad is sexually indifferent and continues through
a point when sex-specific gonadal differentiation
has begun (Wibbels et al., ’94). This is roughly
the same developmental time frame during which
the embryos are susceptible to hormonal ma-
nipulation of gonadogenesis (Pieau, ’96; Lance, ’97).
In every case, primary sexual differentiation of the
gonads had taken place by the time of hatching
(stage 26), with the exception of a few intersexes
with ovotestes found in some species (reviewed
in Pieau et al., '98). Another outcome of the tem-
perature sensitivity experiments has been the ob-
servation that there is a differential effect of
temperature on the growth and development of
ovaries in Trachemys scripta and Graptemys
caglei (Wibbels et al., ’91a,b).

Charnov and Bull (77) formulated a general
model concerning the evolution of ESD. Part of
the rationale relates the timing of ultimate sexual
differentiation to mode of sex determination.
Their hypothesis suggests that when environmen-
tal factors determine the sex of an embryo as in
species with TSD, it would be advantageous to
postpone sexual differentiation as long as possible
in order that the developing embryo may experi-
ence and respond to the environmental cue that
will give rise to the sex having the greatest “rela-
tive” fitness. Therefore, in GSD species, since
there is no environmental influence, sexual dif-
ferentiation may begin immediately, resulting in
the early development of sex, which may be of
significant fitness advantage to such individuals
and this may be the “major advantage of GSD”
(Charnov and Bull, *77). Since embryonic gonado-
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genesis results in primary sexual differentiation
prior to hatching or birth in amniotes, according
to the Charnov-Bull model, it seems logical to pre-
dict a heterochronic change in embryonic sexual
differentiation between ESD and GSD species.

The goal of this study is to test the hypothesis
that a GSD species of turtle, Apalone spinifera,
will undergo primary gonadal differentiation at an
earlier stage of embryonic development when com-
pared to TSD species, such as 7. scripta (Wibbels
et al., ’91a). In addition, gonadal development of
A. spinifera will be compared at two different tem-
peratures to test for the presence of temperature
effects other than on sex, as have been reported
on ovarian length (Wibbels et al., ’91a,b).

MATERIALS AND METHODS
Egg collection and incubation

A total of 306 eggs of Apalone spinifera were
obtained for experimentation in 1996 and 1997.
Forty-four eggs collected in West Feliciana Par-
ish, Louisiana in the second half of May, 1996,
plus 46 eggs obtained in Ouachita Parish were
maintained at a room temperature near 24.5°C
until June 10, 1996. At that time the eggs were
all moved to an incubator set at 31°C (Precision
Scientific Lab Incubator). Another 36 eggs ob-
tained in Ouachita Parish, Louisiana in May and
June, 1997 were also incubated at 31°C. One hun-
dred eighty eggs obtained on July 4, 1997 from
Concordia Turtle Farm in Wildsville, Louisiana
were randomly divided and placed into incuba-
tors on July 9 at 31°C or July 10 at 26°C, the
same two temperatures employed by Bull et al.
(’88) and Wibbels et al. ("91a). In 1997, eggs were
placed into insulation board incubators (60 x 70 x
74 cm) with the temperature regulated by a digi-
tal thermostat (Lang et al., ’89). Eggs were indi-
vidually numbered and placed in small plastic
boxes before being placed in an incubator. The in-
cubation substrate used in the boxes contained a
1:1 mixture of granular vermiculite to distilled
water by weight. During the course of the experi-
ment, the temperature of the incubators fluctu-
ated as much as 0.6°C around the desired setpoint
in 1997 and 1.0°C in 1996.

Embryo collection

Embryos incubated in 1996 were sacrificed
starting on 26 June 1996 by severing the spinal
cord. Embryos from 1997 were sacrificed by im-
mersion in a 0.2% solution of MS-222 if they were
less than 1 c¢m in total length, or by intracardiac
injection of sodium pentabarbitol if they had a to-
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tal length exceeding 1 cm (AVMA Panel on Eu-
thanasia, ’93). Embryos from 1996 were preserved
in 10% formalin for 12 months before transferral
to Bouin’s solution for at least two weeks, and then
stored in 50% isopropyl alcohol (Presnell and
Schreibman, ’97). Embryos from 1997 were di-
rectly preserved in Bouin’s solution for at least
two weeks before transferral to 50% isopropyl al-
cohol for longer term storage. A total of 32 em-
bryos were harvested from the 1996 clutches, and
101 embryos were collected from the 1997 eggs.
Research on turtle embryos was approved by the
Institutional Animal Care and Use Committee.

Histology

Yntema (°68) described 26 stages in the embry-
onic development of Chelydra serpentina, and
most studies of turtle embryos since then have
used his stages as the standard by which to com-
pare the timing of developmental events. Each
embryo was assigned to the appropriate embry-
onic stage using the morphological criteria of
Yntema (’68), supplemented by characteristics spe-
cific to A. spinifera (Greenbaum and Carr, per-
sonal communication). Whole embryos from stages
11-14 and the kidney + gonad from embryos
staged 15-26 were cut transversely, transferred
to individually labeled cassettes, and immersed
in a tissue processor for 12 hr. The two tissue
pieces from each embryo were positioned with
their cut ends down against the embedding plates
and covered in paraffin (Yntema, '81). Every tenth
section was mounted and stained using hematoxy-
lin-eosin stains as outlined by Presnell and
Schreibman (°97), with the following exceptions:
the absolute alcohol bath (Step 2), 70% alcohol
bath (Step 4), Lugol solution bath (Step 5), 5%
thiosulfate bath (Step 7), and the optional abso-
lute alcohol-xylene bath (Step 18) were skipped.
The Scott solution bath (Step 11) was substituted
with a 1% HCI bath, and a 1% ammonium hy-
droxide bath was employed directly following the
water bath (Step 12). Eosin was the counterstain
used, and the coverslips were mounted with
Cytoseal (Stephens Scientific, Riverdale, NJ).

Whole preserved gonads were photographed
through a stereo microscope using an Industrial
Color CCD video camera (Panasonic Broadcast
and Television Systems Company, Secaucus, NdJ).
The image was captured to a computer file using
Snappy Video Snapshot software (Play Incorpo-
rated, Rancho Cordova, CA) and then measured
with Sigma Scan Pro Image Measurement soft-
ware (Jandel Corporation, San Rafael, CA). All
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statistics on measurements and frequencies were
executed with The SAS System for Windows, re-
lease 6.12. Statistics employed included chi-square
analysis to test frequencies, and student’s ¢-test
for means.

RESULTS

Histological description of gonads and
paramesonephric duct

The following description is based upon exami-
nation of histological sections of the kidney and
gonad complex of embryos from stages 15 to 26.
Chi-square analysis of the total sex ratio for all
sexually diagnosable embryos based on histology,
indicated that it was not different from a 1:1 ratio
(X*=0.134,n = 67, P = 0.714). A 2 x 2 contingency
table of sex and incubation temperature indicated
that the two factors are independent of one an-
other (x*= 0.070, n = 67, P = 0.792). These data
are in accord with prior studies which concluded
that A. spinifera has GSD rather than T'SD (Bull
and Vogt, ’79; Yntema, ’81; Vogt and Bull, ’82).

Stage 15 gonads lack distinctive internal struc-
ture. Germ cells are present in the gonad, which
projects outward slightly from the kidney.

At stage 16 the cortical layer of the gonad is 1-
2 cells thick, but does not have a distinct bound-
ary separating it from the medullary area. The
cortex is darkly stained at its periphery. Sex cords
are present, but indistinct, with nuclei that stain
more darkly than those in other cells of the go-
nad. Germ cells are scattered throughout the go-
nad and can be observed in mitotic division. There
remains an extensive attachment of gonad to kid-
ney. The paramesonephric duct bulges as a small
ridge on the side of the kidney, and may vary from
a nearly circular array of cells with darkly-stained
nuclei in the center, to possessing a discrete ring
of simple cuboidal or columnar epithelium sur-
rounding a narrow lumen.

The stage 17 gonad remains indifferent and
lacking in significant internal organization as was
exhibited in the prior stage (Fig. 1A). Parameso-
nephric ducts are still growing at this stage, and
depending on where the transverse section is
made, display variation in the structure of the epi-
thelial lining. Stromal mesenchyme cells surround
the epithelial ring in all ducts, and about half the
circumference of the wall of the structure is still
connected to the kidney (Fig. 1B).

By stage 18, the gonad has developed a rela-
tively less extensive contact with the kidney and
has cells with dark staining nuclei within the sex
cords, some of which are now easily discernible.
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Fig. 1. (A) Stage 17 gonad. Scale bar = 50 um. (B) Stage
17 paramesonephric duct. Scale bar = 25 pm. (C) Stage 19
female gonad. Indications of sex cords are absent and the
cortex region is prominent. Scale bar = 50 pm. (D) Stage 19
female paramesonephric duct. Nuclei in the epithelial ring of
cells are at the basal side. The structure is partially detached

Subtle differences in diameter of the parameso-
nephric duct are present in different individuals,
ranging from smaller than to approximately as
large as the gonad in cross-section. As the duct

from the kidney. Scale bar = 25 pm. (E) Stage 19 male go-
nad. Indications of sex cords are present with no thickening
of the cortical layer. Scale bar = 50 um. (F) Stage 19 male
paramesonephric duct. Note the disorganization present in
the epithelial ring and failure of the structure to detach from
the kidney. Scale bar = 25 pm.

develops, the frequency of histological sections
lacking a lumen decreases.

At stage 19, the distinction between female and
male gonads is clear in the majority of specimens
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(6 of 8). The female gonad, in most cases, retains
no indication of medullary sex cords (Fig. 1C).
Germ cells are concentrated in the cortical region,
which continues to have a darkly stained germi-
nal epithelium 1-2 cells thick (Fig. 1C). Nearly
the entire circumference (approximately one-half
to three-fourths) of the paramesonephric duct of
females is free of connection to the kidney (Fig.
1D). The nuclei in the epithelial cell lining are
near the basal side.

In male gonads at stage 19, the sex cords are
more distinct from the surrounding stroma (Fig.
1E). Germ cell concentrations are in the sex cords.
The male paramesonephric duct may remain the
same relative size as in the previous stage or de-
crease in size. The attachment to the kidney re-
mains as it was in the prior two stages (i.e., with
approximately half of the circumference attached)
(Fig. 1F).

The gonad and paramesonephric duct of females
at stage 20 remain essentially the same as de-
scribed for the previous stage. The male gonad
exhibits what appear to be vacant spaces devel-
oping around the sex cords in the medullary re-
gion. Male paramesonephric ducts are either
completely absent or reduced in size with a col-
lapsed lumen.

The gonads of both sexes at stage 21 (Fig. 2A)
have developed a short mesenteric attachment to
the kidney. Female gonads at this stage have a
distinct cortico-medullary boundary, with the cor-
tex at least two cells thick (Fig. 2A). The female
paramesonephric duct has also developed a me-
senteric attachment to the kidney at this stage.
Some individuals appear to have two rings of co-
lumnar or cuboidal epithelial cells surrounding the
increasingly large lumen in the duct. Opposite the
mesenteric attachment to the kidney is a small
conical protuberance (Fig. 2B), apparently identi-
cal to what Austin (’89) called a “mesenchymal
ridge” in Alligator mississipiensis.

The male gonad at stage 21 retains a cortex that
is 1-2 cells thick, which may contain a few germ
cells in addition to those in the medullary sex
cords. None of the male specimens retained a
paramesonephric duct at stage 21.

At stage 22 in the female gonad, a distinct base-
ment membrane is found at the cortico-medul-
lary boundary. There are no germ cells remaining
in the medullary region, which has begun to de-
velop what appear to be vacant spaces as noted
previously in male gonads. The seminiferous tu-
bules (sex cords) of the male gonad become increas-
ingly distinct from the surrounding connective
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tissue spaces of the medullary region by virtue of
their darker staining cytoplasm as in Fig. 2E (at
stage 23).

Spaces in the medullary region of stage 23 fe-
male gonads have increased (Fig. 2C). The male
gonad is not significantly different from that of
the previous stage (Fig. 2E). The “mesenchymal
ridge” of the female paramesonephric duct has in-
creased in size (i.e., it projects farther from the
duct), and the cross-sectional profile of the duct
is distinctly oval, as opposed to basically circular
as it has been since its inception. Only one cell
layer of columnar or cuboidal epithelium is present
around the lumen, and the nuclei are darkly
stained (Fig. 2D).

Gonads from embryos of stages 24 through 26
exhibit no additional distinctive changes. The fe-
male gonads appear much the same as those of
stage 23. The seminiferous tubules of the male
gonad continue to become increasingly distinct
from the intervening connective tissue with ad-
vancing stages.

Additional changes in the paramesonephric
ducts at stages 24-26 are negligible. We noted
that at stage 26, the ring of epithelial cells sur-
rounding the lumen of the paramesonephric duct
in females appears to have an extremely well de-
veloped basement membrane at which the duct
may cleave from the surrounding stroma when
sectioned. The epithelial ring then appears as an
insular body within the duct. Although this may
be an artifact of preparation, the condition was
present in all specimens examined.

Gonad length

Gonad lengths are compared for the two differ-
ent incubation temperatures in Tables 1 and 2.
Due to the small sample sizes for most stages,
these data are presented to illustrate trends
rather than draw statistical conclusions.

The indifferent gonads from stages 16-19 listed
in Table 1 increased in length with each incre-
ment in stage. A noticeable difference in gonad
length is evident between the two different incu-
bation temperatures at each stage. In every case
individuals incubated at 31°C have longer gonads
than those incubated at 26°C.

For stages 19 through 26, the average gonad
length increased with each stepwise increase in
stage (Table 2). In all possible pairwise compari-
sons at a particular temperature and stage, fe-
male gonads are longer than those of males. Also,
a trend is noticeable within stages for both testes
and ovaries to have greater average length at the



Fig. 2. (A) Stage 21 female gonad. Note the prominent mesenteric
attachment to the kidney. The distinction between the cortex and me-
dulla is noticeable. Scale bar = 50 pm. (B) Stage 21 female parameso-
nephric duct. Note the prominent mesenteric attachment to the kidney
and the appearance of a small mesenchymal ridge. Scale bar = 50 um.

(C) Stage 23 female gonad. Scale bar = 100 um. (D) Stage 23 female
paramesonephric duct. Note the increase in length of the mesenchymal
ridge. Scale bar = 50 pm. (E) Stage 23 male gonad. Note that it is lying
next to the kidney, not attached along its entire length. Scale bar = 50 pm.
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TABLE 1. Average length of indifferent gonads in A.
spinifera embryos at 26°C and 31°C*

Stage 26°C 31°C

16 1.53(3) £ 0.41 1.66 (4) £ 0.28
17 1.67 (1) 1.72 (5) £ 0.40
18 1.85 (3) £ 0.02 1.90 (4) £ 0.22
192 2.26 (4) £ 0.53 2.562(4)+0.51

'Data are average lengths in mm (sample size) + 1 SD.
20nly two specimens from stage 19 were sexually indifferent, but all
speciments are included in the table to facilitate comparison.

warmer incubation temperature, except at stage
21 (Table 2). Due to the small sample sizes in the
cells of the sex by temperature by stage data ma-
trix, statistical analyses of the aforementioned
trends were not attempted.

DISCUSSION
Gonadal differentiation

The bisexual characteristics of gonads prior to
sexual differentiation are typical for vertebrates
and have been noted in many groups of reptiles
(Fox, ’77; Raynaud and Pieau, ’85). The indiffer-
ent characteristics of simultaneous possession of
medullary sex cords and a thickened cortical layer
of the gonad, as well as the random localization
of germ cells has been noted in the turtles
Sternotherus odoratus, Emys orbicularis, Testudo
graeca and Trachemys scripta (Risley, ’33; Ray-
naud and Pieau, ’85; Wibbels et al., ’91a).

Although nuances of the path of sexual differen-
tiation were evident in specimens of Apalone
spinifera at stage 18, gonads were not assigned to
a particular sex until stage 19 (Fig. 1C and E).
Ewert (’85) noted that sex specific changes were evi-
dent in stage 17 embryos of Emys orbicularis incu-
bated at different temperatures. However, in that
species as well as Testudo graeca and Chrysemys
picta, a definite sex was not assigned until stage

19+ or 20. In the emydid Trachemys scripta, Wibbels
et al. ("91a) noted that sex specific changes began
to occur between stages 18-20, but they did not in-
dicate that they were definitive until stage 23.
Risley (’33) used measurements to stage the em-
bryos he examined, which complicates stagewise
comparison with other taxa, but it was noted that
embryos between 10.0 and 14.0 mm in carapace
length could be characterized as inherently male,
female, or bisexual according to development of the
sex cords and epithelial cortex of the gonad. Pre-
sumably irreversible differentiation of gonads into
ovaries or testes occurs in Apalone spinifera em-
bryos at stage 19 of development (Fig. 1C and E).

Ovaries

Risley (°33) first mentioned an ovary of Stern-
otherus odoratus in 14.0 mm carapace length em-
bryos. He described regression of the sex cords
as the main characteristic of these embryos,
which presumably coincides with the observed
rapid disappearance of sex cords in Apalone
spinifera female gonads. However, Risley (°33) re-
ported that germ cells were not present in the
cortex, but continued to linger in the medullary
area of the gonad in contrast to the findings of
this study. Wibbels et al. ("91a) described the
gradual regression of medullary cords in Tra-
chemys scripta between stages 18-20, but also
mentioned a distinct boundary between the cor-
tex and medulla, which was not seen uniformly
in all Apalone spinifera until stage 22 (Fig. 2C).
However, this latter characteristic was variable
and its presence may have been masked by dif-
ferences in staining techniques.

In Sternotherus odoratus embryos that had
reached 16.6 mm in carapace length, Risley (’33)
discussed germ cell activity in the cortex and the
rapid reduction in the relative extent of the med-
ullary layer. Although no explanation accompanied

TABLE 2. Average length of gonads in sexually diagnosable A. spinifera embryos at 26°C and 31°C*

26° 31°
Stage 3 ? 3 ?
192 1.98 (1) 2.62(2)£0.54 2.13(2)£0.28 2.65(1)
20 1.83(3)+0.37 2.36 (1) 1.94 (2) £ 0.08 2.94 (1)
21 2.77 (5)£0.43 3.26 (3) + 0.52 2.42 (7) £ 0.42 3.03 (8) £ 0.86
22 2.53 (1) — 2.87(2)£0.23 3.10 (3) £ 0.79
23 — — 2.14 (3) £ 0.63 3.49 (2) £ 0.72
24 2.80 (1) — 2.85(2)+0.31 3.49 (2)+0.31
25 2.97(1) 3.50(2) +1.10 3.27 (1) 3.72(3) £1.35
26 — 3.53(2)+£0.94 2.20 (4) £ 0.58 5.02 (2)+0.33

'Data are average lengths in mm (sample size) + 1 SD.
*The two sexually indifferent specimens from stage 19 included in Table 1 are omitted here.
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it, a photograph illustrating the mesenteric at-
tachment of the gonad to the kidney was shown
in an embryo with a carapace length of 22.0 mm.
Since no mention of its genesis was mentioned,
no comparison can be made to Apalone spinifera.
However, Wibbels et al. (91a) mentioned the struc-
ture at stage 21, which is the same stage that it
appears in the softshell turtle (Fig. 2A). The find-
ing that the cortex was three cells thick at this
stage in Trachemys scripta agrees with the chro-
nology in Apalone spinifera (Fig. 2A).

Beyond this, it was mentioned that the medulla
regressed and the cortex advanced with an abun-
dance of germ cell activity from stages 21-26 in
Trachemys scripta. This also is in agreement with
the ovarian development of Apalone spinifera since
the variation in apparent decrease in relative med-
ullary area was too great among individuals to
attribute to a particular stage. Within ten days
before hatching, Risley (’33) noted that oocytes
within the ovary began to grow to a marked de-
gree in Sternotherus odoratus. We did not observe
oocyte proliferation in embryonic specimens of
Apalone spinifera, nor was it noted in Trachemys
scripta (Wibbels et al., ’91a).

Testes

In describing development of the testis, Risley
(’33) noted that variation among individuals was
too great to attribute sex cord proliferation and
cortical reduction to a particular embryonic stage.
His only stage specific comment referred to the
nearly complete regression of the cortex in the tes-
tis by the time of hatching. Wibbels et al. ("91a)
noted membranes around the sex cords at stages
18-19 in T scripta. Such membranes were vari-
able in appearance in Apalone spinifera, but were
evident in some specimens as early as stage 19.
The sex cords contained germ cells between stages
18-20 in T. scripta, which coincides with events
in the softshell turtle testis.

As mentioned for the ovary at stage 21, the tes-
tis also developed a mesenteric attachment to the
kidney in T. scripta at that stage (Wibbels et al.,
’91a). This is synchronous with the development
of that structure observed in A. spinifera. Between
stages 21-26, the seminiferous tubules enlarged
within the medulla while the cortical epithelium
remains approximately the same thickness in the
emydid just as in the softshell turtle, but a de-
finitive one-cell thick germinal epithelium during
this period was not uniformly present in A.
spinifera. Many individuals retained a two cell
thick epithelial covering.
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Paramesonephric ducts (Miillerian ducts)

In reptiles generally, the paramesonephric ducts
develop in a craniocaudal direction (Raynaud and
Pieau, ’85). Raynaud and Pieau ('85) reported that
the ostium tubae of the forming paramesonephric
ducts are present at stage 13—14 of the tortoise
Testudo graeca. Ewert ('85) noted that the Miiller-
ian duct advances posteriorly from its attachment
to the kidney, reaching halfway down the length
of the kidney at stage 17 and the cloaca by stage
20 in the same species. Wibbels et al. ('99) out-
lined the development of the Miillerian ducts in
the red-eared slider (7. scripta). In that species,
the ducts developed in a craniocaudal direction
and had reached the level of the gonad by stages
18-19. By comparison, we found that in A. spini-
fera, the Miillerian duct had reached the level of
the gonad by stage 16 and had a well-developed
lumen with an epithelial ring in nearly all sec-
tions by stages 17 and 18. All our observations of
Miillerian ducts were made in cross-sections that
included the gonad, thus we did not record the
direction of duct formation.

Regression of the Miillerian ducts in male rep-
tiles follows differentiation of the testis (Raynaud
and Pieau, ’85; Austin, '89; Wibbels et al., ’99). In
both mammals and chickens, Miillerian inhibit-
ing substance (MIS) produced by the newly dif-
ferentiated testis causes this regression (see
review in Lee and Donahoe, '93). Although it re-
mains to be demonstrated, it is hypothesized that
MIS is involved in reptilian Miillerian duct re-
gression as well (Wibbels et al., ’98, ’99).

The complete absence of a paramesonephric
duct after stage 20 in males of A. spinifera has
not been reported for a turtle species. Fox ("77)
noted that depleted Miillerian ducts were present
in young males of Emydoidea blandingii and
Mauremys caspica. Pieau et al. (98) found the
ducts degenerated between stages 23-25 in the
emydid Emys orbicularis. Wibbels et al. ("99) found
distinct regression of the ducts at stages 22-23
in male 7. scripta; by stage 26 they were absent.
In the green turtle, Chelonia mydas, a degener-
ate paramesonephric duct was still present in
males at stage 26 (Miller and Limpus, ’81). Risley
(’33) illustrated a degenerate oviduct (Miillerian
duct) at stage 26 of Sternotherus odoratus (Kino-
sternidae). Although a remnant paramesonephric
duct with a small lumen is illustrated for a stage
26 male specimen of Carettochelys insulpta (Car-
ettochelyidae), Webb et al. ('86) noted that the duct
has often completely degenerated in many speci-
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mens by the time of hatching. Since the Carett-
ochelyidae is the sister group to the Trionychidae
(Gaffney and Meylan, ’88; Shaffer et al., '97), it is
feasible that paramesonephric duct degeneration
occurs more completely in this clade of turtles
than in more distantly related taxa.

In A. spinifera, the paramesonephric ducts de-
veloped to the same extent in all embryos between
stages 16 through 18, but some degeneration was
noted in males at stage 19. Stage 20 males all
had regressing ducts, and they could not be found
in any stage 21 males. Gonadal differentiation is
primarily occurring at stage 19, thus Miillerian
duct regression follows very closely on the appear-
ance of differentiating testes and is complete at a
relatively early point prior to hatching.

Gonadal length

Risley (’33) demonstrated an increasing sexual
divergence in embryonic gonad length as embry-
onic size increased in S. odoratus. Wibbels et al.
(’91b) measured gonads of hatchling Graptemys
caglei and noted significant differences between
ovary and testis length. In addition, sample sizes
were large enough to confirm statistically signifi-
cant differences in ovary length between individu-
als incubated at 29.0—29.5°C and those incubated
at 30.5°C. Gonad lengths were measured at stages
22 and 26 in T. scripta with statistically different
average lengths for testes and ovaries (Wibbels
et al., ’91a). Once again, a statistically significant
difference in ovary lengths was found between
embryos incubated at two temperatures (29°C and
31°C) (Wibbels et al., ’91a). The very same trends
are present in our Apalone data, i.e., ovaries are
longer than testes at each stage for each of the
two temperatures. Although sample sizes are lim-
ited, ovaries are longer at the warmer tempera-
ture (31° vs. 26°C) for all stages except one (Table
2). Sample sizes were not sufficient for robust test-
ing of significance in the gonad lengths of males
and females at equivalent stages, but the trend
in the data is consistent and coincides with the
established trend of ovaries being longer than tes-
tes (Risley, ’33; Wibbels et al., ’91a,b).

EVOLUTIONARY IMPLICATIONS

Knowing the chronology of sexual differentia-
tion in a turtle species with GSD allows for com-
parison with TSD species and may help elucidate
the evolutionary significance of sex determination
mode. Although sexual differentiation seems to
take place at the same time in embryological de-
velopment in many taxa of turtles, the fact that
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with GSD sex is irreversible at this point is a
significant departure from the situation in TSD
species in which the differentiating gonad is la-
bile with respect to temperature. Embryos of
Chelydra serpentina can be influenced by tem-
perature until stage 19 (Yntema, ’79), Trachemys
scripta to stage 20 (Wibbels et al., '91a), and
Graptemys, Chrysemys, Emys and Caretta to stage
22 (Bull and Vogt, ’81; Pieau and Dorizzi, ’81;
Yntema and Mrosovsky, ‘82). In nearly all these
turtle taxa, temperature can alter the path of go-
nadal differentiation after the time at which A.
spinifera embryonic gonads have definitively en-
tered a developmental path toward an ovary or
testis (stage 19). The absolute nature of the de-
velopmental path taken in A. spinifera may be
reflected in the rapid degeneration of the male
Miillerian ducts following testicular differentia-
tion, since duct regression is hypothetically due
to a putative testicular hormone (MIS).

There is no fundamental difference in the se-
quence or timing of events in the gonadogenesis
of A. spinifera as compared to TSD species of
turtles, and therefore it cannot be argued that
this study provides strong support of the corol-
lary hypothesis of Charnov and Bull ("77). The
hypothetical expectation is that GSD species will
differentiate sexually earlier than TSD species
because they have no adaptive advantage in post-
poning the process. In fact, it may be advanta-
geous to differentiate earlier in order to reach
sexual maturity earlier and thereby enhance re-
productive fitness (Charnov and Bull, ’77). This
prediction of the Charnov-Bull model may not be
reflected in embryonic development and therefore
not testable at the level of primary gonadal dif-
ferentiation in turtles for at least the following
two reasons: (1) gonadal differentiation may be
strongly canalized and it occurs in all taxa early,
at close to the same stage of development, and is
thus maintained by stabilizing selection; or (2) be-
cause embryonic development is so short com-
pared to chelonian life spans, heterochrony in
gonadal differentiation may have no effect on the
ultimate time of sexual maturation, and therefore
no impact on lifetime reproductive fitness.

Sexual dimorphism in size and color pattern is
pronounced in adults of A. spinifera (Webb, 62).
Secondary sexual characteristics in coloration have
been reported from hatchlings and young juveniles
of A. s. spinifera (Graham, ’91; Graham and Cobb,
’98), and A. s. asper (Webb, ’62), and is known in
other subspecies as well (Ewert and Vogt, personal
communication; Carr, personal observation). The
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significance of this early onset of secondary sexual
characteristics is unknown, but since this dichro-
matism has been reported in hatchlings (stage 26),
it must necessarily be the consequence of embry-
onic events. Secondary sexual characteristics in
vertebrates are usually associated with the onset
of sexual maturity and the production of sex ste-
roids (van Tienhoven, ’83). Additional study of A.
spinifera will be required in order to relate the
embryonic events of primary sexual differentia-
tion, precocious onset of secondary sexual charac-
teristics, and the ultimate attainment of
reproductive maturity.
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