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ABSTRACT Intersex individuals of the crayfish Cherax quadricarinatus are functional males
that also possess arrested ovaries. To study the role of eyestalk vs. androgenic gland factors in
regulating the functional balance between the different components of the intersex reproductive
system, andrectomy and/or unilateral destalking were performed. Andrectomized intersex speci-
mens had atrophied testes and sperm ducts and showed a reduction in the number of testicular
spermatogenic lobules. Large oocytes developed in their ovarian lobes, and the Gonadosomatic
Index reached 1.60 + 0.36 compared with 0.21 + 0.03 for the control. In the polypeptide profiles of
the ovarian lobes from andrectomized individuals, the 177-, 150-, and 106-kDa polypeptides pre-
dominated, resembling the profile of the secondary vitellogenic ovary. The andrectomized indi-
viduals neither lost their male external characteristics, such as the red patch on the propodus, nor
developed ovigerous setae on their male-like pleopods. Unilateral eyestalk ablation did not cause
significant differences in the male or the female components of the reproductive system compared
with the control group. The maturation of the permanently arrested ovary and the arrest of the
testis in andrectomized intersex individuals illustrated the central role of the androgenic gland in
maintaining the endocrine balance in intersex C. quadricarinatus. J. Exp. Zool. 283:286-294, 1999.
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In populations of the crayfish Cherax quadri-
carinatus, intersex individuals, having both male
and female openings, have been observed (Med-
ley and Rouse, '93; Brummett and Alon, '94). In-
tersex individuals that possess a male opening on
one of the fifth walking legs and a female open-
ing on the opposite third walking leg also possess
an androgenic gland and an active testis on the
side of the male opening and an ovary on the op-
posite side. These intersex individuals have male
secondary sexual characteristics and function as
males, and their ovarian component is always
previtellogenic. Thus, in C. quadricarinatus, in-
tersexuality constitutes an aspect of nonfunctional
hermaphroditism (Sagi et al., ’96a), unlike spe-
cies such as the burrowing crayfish, Parastacus
nicoleti, in which intersexuality is a manifesta-
tion of functional hermaphroditism (Rudolph, ’95).

Although the chemical nature and structure of
the androgenic hormone have not been determined
in decapods, the role of the androgenic gland in
sex differentiation and gonad regulation in many
malacostraca crustaceans is well known (Charni-
aux-Cotton, 54, ’55, ’57): male differentiation of
the genital apparatus and secondary sexual char-
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acteristics are controlled by a hormone synthe-
sized by the androgenic gland, which is separated
from the gonads (Charniaux-Cotton and Payen,
’88). The androgenic gland also regulates sper-
matogenic activity in the testes (Payen, ’73;
Taketomi et al., ’96) and inhibits ovarian matu-
ration (Meusy and Payen, ’88; Taketomi and
Nishikawa, ’96). Ablation of the androgenic gland
(andrectomy) results in female differentiation in
isopods, amphipods, and decapods (Charniaux-
Cotton, ’64; Nagamine et al., ’80b; Sagi et al., ’90).
In protandric hermaphrodites, the androgenic
gland degenerates to allow the ovary and second-
ary sexual characteristics of the female to develop.
Delayed appearance of the androgenic gland in
protogenic hermaphrodites primarily allows fe-
male differentiation (Charniaux-Cotton, *75).
Reproduction in crustaceans is neuroregulated
by hormones from the X organ—sinus gland (a com-
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plex located in the eyestalk). Gonad-inhibiting hor-
mone, produced in this gland, apparently acts di-
rectly on the ovaries, whereas its action on the
testes is thought to be indirect, via a direct effect
on the androgenic gland (Fingerman, ’95; Sagi et
al., ’97a). Eyestalk ablation also increased RNA
synthesis in the androgenic gland (Brocken-
brough-Foulks and Hoffman, '74). The negative
regulation of gonad-inhibiting hormone on the ova-
ries is illustrated by the induction of vitellogen-
esis after bilateral eyestalk ablation (destalking)
(Wilder et al., 94). Therefore, the role of the eye-
stalk in the endocrine balance between male and
female components of the reproductive system in
intersex individuals was addressed by our group.
In this study, we andrectomized and/or unilat-
erally destalked intersex individuals of the cray-
fish C. quadricarinatus and examined the effect
of these endocrine manipulations on male and fe-
male primary and secondary sexual characteris-
tics. This way, the role of androgenic gland and
eyestalk-borne hormones in the endocrine balance
between male and female components of the re-
productive system could be investigated.

MATERIALS AND METHODS
Animals

Intersex C. quadricarinatus individuals, whose
reproductive systems were composed of a female
component (including an ovary and oviduct) on
one side and a male component (including testis,
sperm duct, and androgenic gland) on the other
side (Sagi et al., ’96b), were collected at the Aquac-
ulture Research Station Dor, Israel, approximately
9 months after hatching. The intersex individu-
als were held in our facility at the Ben-Gurion
University of the Negev for 1 month for acclima-
tion prior to the experiment. Normal immature
and vitellogenic females were used as references
for the ovarian polypeptide profile.

Sixty-four intersex individuals, carapace length
30 to 50 mm, were sorted by size into 16 groups,
four crayfish in each group. Each animal was sub-
jected to one of the following treatments: sham op-
eration (control), unilateral destalking, andrectomy,
or both andrectomy and unilateral destalking. Sham
operation comprised electrical cauterization of the
coxa of the fifth walking leg on the side opposite
that of the male opening. Unilateral eyestalk abla-
tion was performed because such treatment had pre-
viously caused gonad maturation in females with
an ovarian stage similar to that of intersex indi-
viduals (Sagi et al., ’97b), whereas bilateral eyestalk
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ablation resulted in uncontrolled molting and mor-
tality. Andrectomy was performed by cauterization
through the articular membrane above the coxa of
the fifth walking leg, which had a male opening
(Huxley, 1880). Destalking was performed with a
pair of scissors, followed by cauterization to pre-
vent bleeding. Each group was kept in a glass
aquarium (40 x 50 x 40 cm) with polycarbonate par-
titions that formed four identical compartments, one
for each individual. The temperature was main-
tained at 27 £ 2°C, and a photoperiod of 141.:10D
was applied. Water quality was assured by circu-
lating the water through a gravel biofilter. Food was
supplied ad libitum.

Morphological and anatomical observations

Fifty days after endocrine manipulation, each
individual was weighed and examined exter-
nally for endopod morphology (Sagi et al., ’96a),
carapace length, and the presence of the red
patch. For anatomical studies, the animals were
anesthetized in ice-cold water and dissected on
ice. The weight of each ovarian lobe was re-
corded and the Gonadosomatic Index (GSI) was
calculated (Quumlhewirz,,y) The weights of each
testis and sperm duct were recorded, and the
relative weights of these organs were calculated

Ogantts2 m0). Intersex individuals possess only half
of the reproductive system of each sex; thus, both
the relative weight of male components and the
GSI of ovarian components were calculated as if
the organs were paired. This allows for compari-
son with normal individuals. The diameters of 15
fresh oocytes were measured under a light micro-
scope. The colors and shapes of the male and fe-
male components of the reproductive system were
recorded.

Polypeptide profiles

Ovarian lobes were homogenized individually on
ice with 0.05 M Tris-HCI buffer, pH 7.4, supple-
mented with the following antiproteases: 0.8 mM
benzamidine, 0.1 mM PMSF, 1 pg/mL leupeptin, 1
pg/mL aprotinine, and 1 mM EDTA. The samples
were centrifuged at 10,800g for 15 min at 4°C. The
pellet was resuspended in the above-mentioned
buffer supplemented with 1% C,Eq (polyoxethylene
9-lauryl ether polidocanol) for 30 min on ice and
recentrifuged. Total protein in the supernatant was
determined (Bradford, *76). The polypeptide profiles
of samples (approximately 35 pug of protein per lane)
were characterized by 7% mini-sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-
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PAGE) (Laemmli, *70) and were stained either with
Coomassie blue or with the cationic carbocyanine
dye “Stains all” (King and Morrison, 76).

Histology

Ovarian and testicular tissues were fixed in
Bouin solution for 24 hr, embedded in Paraplast,
cross-sectioned at 5 pm, and stained with hema-
toxylin and eosin. Lobules in different spermato-
genic stages were counted in three randomly
chosen areas of 1 mm?section. Sections were
taken from two andrectomized and two sham-op-
erated individuals.

Statistical analysis

Changes in weight, GSI, oocyte diameter, and
abundance of testicular lobules were analyzed us-
ing ANOVA, followed by LSD test. Survival rate,
maturing ovary, and molting were analyzed by the
chi-square test. Probabilities below 0.05 and 0.001
were considered significant and highly significant,
respectively.

RESULTS

Secondary sexual characteristics, such as the
red patch on the propodus and plumose setae on
the pleopods, remained unchanged throughout the
experiment in all individuals. The survival rate
was not significantly different among treatment
groups: 88% for the sham-operated group, 81% for
the destalked and the andrectomized groups, and
63% for the group that underwent both andrec-
tomy and eyestalk ablation (Table 1).

All the surviving sham-operated individuals had
arrested ovaries with small white-yellowish oo-
cytes. Their sperm ducts were milky white and
full of spermatophores (Fig. 1A). Twelve of the
destalked individuals had arrested ovaries and
milky white sperm ducts. Only one destalked ani-
mal had a maturing ovary with big creamy-green
oocytes. The testis of this individual had degener-
ated, and the sperm duct was thin and transpar-
ent. Eleven andrectomized individuals (85%) and
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seven animals from the group that underwent both
andrectomy and destalking (70%) had maturing ova-
ries, with big creamy-green oocytes. Their sperm
ducts were thin and transparent (Table 1, Fig. 1B).
The reminder of the crayfish from these groups had
arrested ovaries (Table 1). A significant difference
was found between the number of maturing ova-
ries in the two andrectomized groups and in the
other two groups (Table 1).

Andrectomy resulted in a significant decrease
in molting rate compared with the sham-operated
and destalked groups (Table 1).

The relative weights of the male components of
the reproductive systems (testis + sperm duct) at
the end of the experiment were similar to those
of the sham-operated (1.21 + 0.06) and destalked
(1.11 + 0.08) groups (Fig. 2). A similarity was also
found between the andrectomized group (0.57 =
0.06) and the group that underwent both andrec-
tomy and destalking (0.64 + 0.07). Highly signifi-
cant differences (P < 0.001) in the relative weights
of the male reproductive system were found be-
tween the two andrectomized groups and the other
two groups (Fig. 2). Destalked individuals showed
a significant decrease (P < 0.05) in the relative
weight of the testis (0.27 + 0.04) compared with
the sham-operated individuals (0.37 + 0.03). Yet,
both groups were not significantly different from
the andrectomized individuals for this parameter
(Fig. 2).

The relative weight of the ovarian component
in the sham-operated group was the smallest, but
it was not significantly different from that in the
destalked group, 0.21 + 0.03 and 0.37 = 0.15, re-
spectively. The relative weight of the ovarian com-
ponent in the group subjected to both andrectomy
and destalking was slightly higher (not signifi-
cantly) than that in the andrectomized group, 1.78
+ 0.43 and 1.60 = 0.36, respectively. There were
highly significant differences (P < 0.001) between
the relative weights of the ovarian component of
the two andrectomized groups and the other two
groups (Fig. 3).

TABLE 1. Effect of the various endocrine interventions on molt, survival, and gonad maturation in
intersex C. quadricarinatus®

Sham operated Destalked Andrectomized Destalked and
Treatment (%) (%) (%) andrectomized (%)
Molting 28.6° 30.8% ob 10%°
Maturing ovary 0° 7.7° 84.6¢ 70¢
Arrested ovary 100° 92.3¢ 15.4° 30f
Mortality 12.5 18.8 18.8 37.5

IDifferent superscript letters represent significant differences between treatments (chi-square df = 1, P < 0.05).
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Fig. 1. Reproductive systems of sham-operated (A) vs.
andrectomized (B) intersex C. quadricarinatus individuals
and transverse sections of an ovary (C) and testes (D) from a
sham-operated intersex individual and from an andrectomized
intersex individual (F and E). OV indicates ovary; T, testes;

At the end of the experiment, the populations
of large oocytes of the two andrectomized groups
had reached mean diameters of 1135 + 92 pm
and 1308 + 139 pum, respectively. These diam-
eters were significantly higher than those of the
sham-operated and the destalked groups, 528
+ 44 ym and 670 = 87 pm, respectively. The

SD, sperm duct; FC, follicular cell; VT, vitellin (yolk gran-
ules); SC1, primary spermatocytes; SC2, secondary sperma-
tocytes; and ST, spermatids. Bars represent 0.1 mm in C and
F, and 0.05 mm in D and E.

mean diameter of the small oocyte population
did not differ significantly among all four
groups (Fig. 4).

Maturing ovarian lobes of andrectomized indi-
viduals and arrested ovaries of sham-operated in-
dividuals were investigated histologically because
these groups represented significantly different
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Fig. 2. Effect of various endocrine interventions on rela-
tive weights of the male components of the reproductive sys-
tem in intersex C. quadricarinatus individuals. C indicates
control (sham operation); ES, eyestalk ablation; AG, andro-
genic gland ablation; and AG-ES, androgenic gland and eye-
stalk ablation. The letters a and b represent significant
differences in whole reproductive system relative weight and
the relative weight of the sperm duct. Letters ¢ and d repre-
sent significant difference in the relative weight of the testis
alone (ANOVA followed by LSD test, P < 0.05).
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Fig. 3. Effect of various endocrine interventions on the
ovarian relative weight (GSI) of intersex C. quadricarinatus
individuals. C indicates control (sham operation); ES, eye-
stalk ablation; AG, androgenic gland ablation; and AG-ES,
androgenic gland and eyestalk ablation. Error bars represent
SE; bars labeled with different letters are significantly dif-
ferent (ANOVA followed by LSD test, P < 0.05).
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Fig. 4. Effect of various endocrine interventions on the
oocyte diameters (Um) of the two different oocyte populations
in the ovarian component of intersex C. quadricarinatus in-
dividuals. C indicates control (sham operation); ES, destalked;
AG, andrectomized; and AG-ES, androgenic gland and eye-
stalk ablation. Error bars represent SE; bars labeled with
different letters are significantly different (ANOVA followed
by LSD test, P< 0.05).

ovaries with respect to GSI and oocyte diameter
(Figs. 3 and 4, respectively). The oocytes were
surrounded by follicular cells and contained lipo-
protein vesicles, resembling the early-maturation—
stage oocyte of an ovary in secondary vitellogenesis
(Fig. 1F). Sections of ovarian lobes from a sham-
operated intersex individual contained smaller oo-
cytes with no yolk globules, i.e., oocytes resembling
late-perinuclear to lipid-stage oocytes of a primary
vitellogenic ovary (Fig. 1C).

The polypeptide profile of the ovarian lobe of
an andrectomized intersex animal (with an oocyte
diameter of 1362 + 44 ym) showed three promi-
nent polypeptides, with high molecular weights
of approximately 177, 150, and 106 kDa, in a
Coomassie blue-stained SDS-PAGE (Fig. 5, lane
C). These three polypeptides were less prominent
in the polypeptide profile of a sham-operated in-
tersex ovarian lobe (548 + 110 um) (Fig. 5, lane
B). A significant similarity was evident between
the polypeptide profile of the ovary of an imma-
ture female (380 = 55 um) (Fig. 5, lane A) and of
that of a sham-operated intersex individual (Fig.
5, lane B). The polypeptide profile of the andrec-
tomized individual was the same as that of the
ovary from mature female (1350 = 123 um) (Fig.
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Fig. 5. SDS-PAGE of ovarian polypeptides from an im-
mature female (A and E), a control intersex individual (B
and F), an andrectomized intersex individual (C and G), and
a vitellogenic female (D and H). A-D were stained with

5, lanes C and D, respectively). The change in the
polypeptide profile after andrectomy was best il-
lustrated by the presence of the “Stains all,” nega-
tively charged, 106-kDa polypeptide only in the
maturing ovarian lobes of andrectomized intersex
individuals and vitellogenic females (Fig. 5, lanes
G and H, respectively).

Histological sections of the testis revealed a re-
duction in the relative abundance of spermatoge-
nic lobules in andrectomized intersex individuals
compared with the testes of sham-operated indi-
viduals (Fig. 1D and E, and Table 2). Lobules in
metaphase and those containing spermatogonia
and primary and secondary spermatocytes were
significantly less abundant in the testes of the
andrectomized individuals and were more fre-
quently observed in the testes of sham-operated
intersex individuals (Fig. 1E and D, and Table 2).
Lobules containing spermatids were significantly
more abundant in the testes of andrectomized in-
dividuals.

Coomassie blue and E-H were stained with carbocyanine dye
(“Stains all”). Arrows indicate major yolk polypeptides. White
arrow indicates “Stains-all” positive polypeptide.

DISCUSSION

Andrectomy in C. quadricarinatus intersex in-
dividuals allowed secondary vitellogenesis to take
place, as seen by the change in the diameter of
the oocytes (Fig. 4), the GSI (Fig. 3), and the
polypeptide profile of the cytosolic component of
the oocyte (Fig. 5). This finding is in keeping with
the report of Charniaux-Cotton and Payen (’85)
that in protandric hermaphrodites, the androgenic
gland inhibits secondary vitellogenesis in the oo-
cytes, but primary vitellogenesis is permitted in
the presence of the androgenic gland.

When crustacean yolk protein is subjected to
SDS-PAGE, the protein is denatured into a num-
ber of polypeptide subunits, from 2 to 8, as in
Macrobrachium rosenbergii (Derelle et al., ’86) and
Penaeus monodon (Chang et al., ’93), respectively.
In our study, three prominent polypeptides—177,
150, and 106 kDa—that are predominant in ova-
ries of vitellogenic females were found in the
polypeptide profile of the andrectomized intersex

TABLE 2. Effect of androgenic gland ablation on the relative abundance of testicular lobules containing germ cells at
different spermatogenic stages of intersex C. quadricarinatus®

Content of lobules

Spermatogonia Secondary
and primary spermatocytes Spermatids
Treatment spermatocytes (%) (%) (%)
Andrectomized 11.8£3.3% 15.6 + 3.2% 72.6 £6.2°
Sham operated 25.9 + 4.0 30.1 + 5.4% 44.0 + 6.5¢

Superscript letters represent significant differences between treatments (ANOVA followed by LSD, P < 0.05).
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ovary (Fig. 5C and D). These three polypeptides
are most probably major yolk polypeptides because
they are less prominent in the ovaries of both im-
mature females and sham-operated intersex in-
dividuals. Moreover, the 106-kDa polypeptide, a
“Stains all”—positive polypeptide (Fig. 5G and H),
which is specific to secondary vitellogenesis (U.
Abdu, personal communication), was present in
the ovary of an andrectomized intersex individual.
Yet, this polypeptide was totally undetectable in
immature and sham-operated intersex ovaries.
Thus, its presence in the ovaries of andrectomized
intersex individuals clearly indicates the occur-
rence of secondary vitellogenesis. Our results are
also consistent with the results of a recent study
in which implantation of androgenic glands in im-
mature females of the crayfish Procambarus
clarkii inhibited vitellogenesis (Taketomi and
Nishikawa, ’96).

Our histological observations of the testes
showed that andrectomy in intersex C. quadricari-
natus individuals caused a decrease in the rela-
tive abundance of lobules containing primary and
secondary spermatocytes, the majority of lobules
containing spermatids. This decrease could be due
to an arrest of new cycles of spermatogenesis, i.e.,
an arrest of mitotic activity after removal of the
androgenic gland. It seems that the presence of
the androgenic gland does not affect the conver-
sion of primary spermatocytes to secondary sper-
matocytes and spermatids but rather the rate of
sperm release from the testis into the sperm duct.
It is also possible that in our study the sperm duct
was blocked or partially destroyed because andrec-
tomy was done by cauterization. Either possibil-
ity—the physical blockage of the sperm duct, as
shown by the accumulation of spermatids, or a
role of the sperm duct in the regulation of sper-
matogenesis (Nakamura, '92; Nagasawa et al.,
’95)—could account for our findings. On the other
hand, our results agree with previous reports that
the androgenic gland modulates spermatogenesis
in the amphipod Orchestia gammarella and in the
American crayfish Cambarus bartonii bartonit
(Charniaux-Cotton, ’60; Puckett, ’64). Our results
are also supported by recent circumstantial evi-
dence showing that spermatogenic activity is re-
lated to the development of the androgenic gland
throughout the juvenile development in male P.
clarkii (Taketomi et al., ’96). The presence of a few
primary and secondary spermatocytes in the testes
of andrectomized intersex individuals at the end of
the experiment may be due to the relatively short
experimental period (50 days) or the possibility that
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the androgenic gland does indeed regulate the in-
tensity of spermatogenesis (Touir, *77).

When the external male sexual characteristics
are formed in the gonochorestic shrimp, the andro-
genic gland is not needed for their maintenance
(Touir, "77). In our experiment, the external sexual
characteristics of the andrectomized intersex cray-
fish remained unchanged, including the red patch
on the propodus and the morphology of the pleo-
pods. In this respect, the experimental period (50
days) could have been too short for the degen-
eration of the red patch or for the development
of female ovigerous setae on the pleopods. The
intervention could also have been too late to
cause such external changes. Previous experi-
ments in the prawn M. rosenbergit showed the
development of female secondary sexual characters
after andrectomy (Nagamine et al., ’80b; Sagi et al.,
’90). The development of male secondary sexual
characters after implantation of the androgenic
gland has been reported in M. rosenbergii and in
P. clarkii (Nagamine et al., 80a; Taketomi and
Nishikawa, ’96). Unlike our experiment, these lat-
ter experiments lasted for a longer period (more
than 6 months) and were conducted on juvenile
individuals.

It is well known that eyestalk-borne hormones
have a moderating effect on the reproductive sys-
tem of decapod crustaceans (Fingerman, '95; Sagi
et al., '97a). Eyestalk neuropeptides apparently
act directly on the female ovaries (Charniaux-Cot-
ton and Payen, '88; Quackenbush, '91; Fingerman,
’95), whereas in males their action on the testes
was suggested to be indirect via a direct effect on
the androgenic gland (Adiyodi, ’84; Gupta et al.,
’89; Hasegawa et al., ’93); for example, spawning
activity in young C. quadricarinatus females in-
creased after unilateral destalking (Sagi et al.,
’97b). Surprisingly, in C. quadricarinatus inter-
sex individuals, unilateral destalking (including
both unilateral destalking and andrectomy) had
no significant effect on the GSI and oocyte diam-
eter in the ovary. Despite the fact that the eye-
stalk has a proven moderating effect on the
reproductive system of C. quadricarinatus, both
male and female (Sagi et al., ’97b; unpublished
data), the present study showed that the andro-
genic gland plays the dominant role in permanently
inhibiting vitellogenesis while stimulating sper-
matogenesis. However, a role of eyestalk-borne hor-
mones could not be entirely ruled out because
bilateral eyestalk ablation had not been feasible.
This study strongly supports the notion that an-
drogenic gland action keeps intersex individuals
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functioning as males and gives rise to nonfunctional
hermaphroditism. The central regulatory role of the
androgenic gland was confirmed by the decrease in
molting frequency of andrectomized intersex indi-
viduals, which have shifted energy into female re-
production.

Although the androgenic hormone has not been
identified in any species of decapod, the andro-
genic hormone of an isopod has recently been iden-
tified (Okuno et al., ’97). The central role of the
androgenic gland in regulating intersexuality of
C. quadricarinatus might serve as an instrumen-
tal model in the current effort to identify the an-
drogenic hormone of decapod Crustacea.
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