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Introduction

Mating in Brachyura may be restricted to the molting 
period when soft-shell females become receptive, i.e., 
morphologically able to copulate, which is considered the 
“ancestral” condition, as observed in the post-molt mating 
of both portunids and cancrids. However, most brachyuran 
females become receptive during the intermolt period, as 
seen in ocypodids and grapsoids, a condition considered 
“derived”: a sample of 100 brachyuran species drawn from 
30 families shows 70 which are hard-shell while only 30 are 
soft-shell maters (McLay and López Greco 2011, see their 
Tables 2, 3). The receptive period in females that copulate 
during the intermolt period depends on the vulvae form. 
The vulva of crabs is defined as the aperture located in the 
sternum of the third pereonite, used for both intromission 
and egg-laying (Guinot et al. 2013 for eubrachyuran crabs). 
The vulva or gonopore of grapsoid crabs is covered by an 
operculum (a hood-like projection of the sternum), which 
is attached to the sternum through a hinge or membrane 
(Hartnoll 1968; McLay and Sal Moyano 2016). In receptive 
females, the operculum becomes temporarily mobile dur-
ing the intermolt period, allowing the male gonopod to be 
inserted during copulation (McLay and López Greco 2011; 
McLay and Becker 2015; McLay and Sal Moyano 2016). 
Both the operculum and hinge normally present lower cal-
cium levels compared to the adjacent exoskeleton of the 
sternum, as reported for six species of grapsoid females 
(McLay and Sal Moyano 2016). It has been proposed that 
the female operculum becomes mobile due to a “decalci-
fication” process (Hartnoll 1968; Henmi and Murai 1999). 
However, although the hinge shows the lowest values of 
calcium, no differences were found in its calcium levels 
during the reproductive cycle of the varunid crab Hem-
igrapsus sexdentatus (McLay and Sal Moyano 2016).
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It has been well demonstrated that growth of crabs 
during molting is a process positively regulated by ecdys-
teroid hormones, with ecdysone playing a major role in 
“decalcification” of the carapace (for a review, see Chang 
1995). The main ecdysteroid hormone secreted by the Y 
organ of crustaceans is α-ecdysone, which is peripherally 
converted to β-ecdysone (20-hydroxyecdysone), identi-
fied as the active hormone involved in molting. However, 
no previous studies have been conducted to see whether 
ecdysone is involved in signaling vulvae mobility caused 
by softening of the hinge in receptive intermolt females.

Receptive grapsoid females, besides having mobile 
vulvae opercula, attract males for mating through the lib-
eration of pheromones (McLay and López Greco 2011). 
This physiological process leads to sex recognition, and 
mating. Pheromones are recognized as chemical signals 
released and received by individuals of the same species 
to promote a specific reaction (Wyatt 2011). It has been 
widely demonstrated in the animal kingdom that hor-
mones can act as pheromones (Chang 2011). Although 
more than 1800 different types of pheromones have been 
identified, few of them were characterized in marine 
organisms (Wyatt 2009). In decapod crustaceans, many 
studies have recognized the existence of sexual phero-
mones (e.g., Gleeson 1991; Asai et  al. 2000; Hardege 
et  al. 2002; Kamio et  al. 2002; Atema and Steinbach 
2007; Kamio and Derby 2011), although evidence about 
their chemical identity is wanting (Chang 2011).

In crustaceans, the sensitivity to chemical stimuli 
depends on both the reproductive and molting stages 
(Hardege and Terschak 2011). Concerning the repro-
ductive stage, chemical signals have been recognized 
as relevant cues for mating interactions (Dunham 1988; 
Bushmann and Atema 2000). In aquatic species, the 
courtship involves the liberation of pheromones by recep-
tive females, which encourage reproductive behaviors in 
males, such as the pre-copulatory behavior (e.g., Eales 
1974; Gleeson et  al. 1984; Dunham 1988; Kamio et  al. 
2002; Christy and Rittschof 2011). In those decapods, 
whose mating is associated with molting, sexual phero-
mones are frequently released either just before or after 
the molting process, to stimulate the courtship or copu-
lation (e.g., Karplus et  al. 2000; Chang and Kaufman 
2005). The possibility that sexual pheromones could be 
represented in these species by the ecdysteroids secreted 
by the Y organ has been suggested by early studies (Horn 
et  al. 1966; Kittredge et  al. 1971), although others did 
not find any effect of ecdysteroids in courtship or mating 
behavior (Atema and Gagosian 1973). Moreover, in the 
lobster Homarus americanus, a gland associated with the 
urine bladder might be a source of pheromones released 
in the urine (Bushmann and Atema 1996). In this species, 
the full picture of pheromones involved in reproduction 

and other social interactions has been reported by Atema 
and Steimbach (2007).

Crustaceans in which molting and reproduction have 
been de-linked, the ovary itself could be able to synthe-
size ecdysteroids, as suggested by Subramoniam (2000). 
In addition to the chemical signals excreted in the urine, 
ovarian signals (indicating readiness to spawn) could also 
attract males for mating, particularly in those species with 
hard-shell (McLay and López Greco 2011). Therefore, a 
direct liberation of pheromones from the ovary to the semi-
nal receptacle and mobile vulvae of receptive females could 
be a testable hypothesis.

The semi-terrestrial burrowing crab Neohelice granu-
lata (Dana 1851) is considered a keystone species of 
South American salt marshes, mud flats, and estuaries, its 
distribution ranging from Northern Patagonia, Argentina 
(42°25ʹS, 64°36ʹW) to Rio de Janeiro, Brazil (22°57ʹS, 
42°50ʹW) (Spivak 2010). The mating system of N. granu-
lata is based on the defense of burrows constructed by 
males and used as a copulatory chamber (Sal Moyano et al. 
2012a). Neohelice granulata females become sexual mature 
at a carapace width >19 mm (López Greco and Rodríguez 
1998). During the reproductive season (spring and summer 
months), mature females are in the intermolt period when 
they become receptive. Receptive females are recognized 
when their vulvae opercula becomes mobile and can be dis-
placed by the male gonopods during copulation. Females 
can become receptive up to six times in a single breeding 
season (Sal Moyano et al. 2012b). While receptive, males 
are attracted to females, presumably by some chemical sig-
nal (Sal Moyano et  al. 2012b). During the non-breeding 
season (autumn months), females usually molt. When molt-
ing, females have a soft skeleton and, therefore, a mobile 
vulvae operculum. However, males are not attracted to soft 
females, and therefore, no mating occurs at molting in this 
species (Sal Moyano et al. 2012b).

In this context, and taking as model a crab species with a 
derived condition of mating (i.e., not linked to molting), we 
have tested the following hypotheses: (1) the vulvae mobil-
ity of receptive females depends on a softening process of 
its cuticle hinge involving changes in calcium levels; (2) 
ecdysone is signaling such a softening process during the 
intermolt period, advertising female receptivity; and (3) the 
pathway of pheromone release involves the mobile vulvae 
of receptive females.

Materials and methods

Calcium levels in the vulvae of receptive females

Crabs were captured in Mar Chiquita Coastal Lagoon 
(MCL, 37°45ʹS; 57°19ʹW), an oligo-polyhaline estuary 
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located in Buenos Aires Province, Argentina. Only mature 
crabs (CW >19  mm, López Greco and Rodríguez 1998) 
were captured. Carapace width (CW) was taken as the 
reference size variable and measured with calipers at a 
precision of ±0.01  mm. Unreceptive females (CW rang-
ing from 25 to 33 mm, N = 20) were collected during the 
non-reproductive season (May to July). During the breed-
ing season (September–February), females (CW ranging 
from 25 to 32 mm, N = 20) were collected and transported 
to the laboratory. The receptive period of females was 
monitored daily in the laboratory by pushing the opercu-
lum to check for mobility: the pleon was lifted, and the 
opercula were gently probed using fine forceps, under a 
binocular stereoscope. When the opercula became mobile, 
it could be pushed inwards like a trapdoor, indicating that 
females were receptive (Brockerhoff and McLay 2005a; Sal 
Moyano et  al. 2012b). The duration of female receptivity 
is defined as the time elapsed from the first day; a female 
has mobile opercula up to the day and it becomes immobile 
again (Sal Moyano et al. 2012b). Unreceptive females were 
always characterized by non-mobile operculae.

Once in the laboratory, crabs were placed in natural sea-
water aquaria (30 × 35 × 25  cm, 26  L capacity, filled with 
3 L), at a density of four crabs/aquarium, under a controlled 
photoperiod of 12:12 h, salinity of 23 g/L, and continuous 
aeration. Ambient room temperature was 24.5 ± 1.5 °C. 
Crabs were fed daily with rabbit pellet food (15% protein 
content), and water was changed weekly. Crabs were main-
tained for a maximum of 1 month in the laboratory and 
then replaced by fresh animals. No mortality was observed.

Both kinds of females (receptive and unreceptive) were 
sacrificed in the laboratory by placing them in a freezer at 
−20 °C for approximately 30 min. The area surrounding the 
vulva was dissected, dried at room temperature (23–25 °C), 
and coated with gold–palladium, to be further inspected 
under a Jeol JSM-6460LV scanning electron microscope 
provided with EDAX Genesis XM4-Sys 60, and equipped 
with a multichannel analyzer EDAX mod EDAM IV, sap-
phire Si (Li) detector. Quantitative data were analyzed by 
means of the EDAX Genesis 5.11 software. The level of 
calcium was measured as its percentage mass in relation to 
other elements of the tissue sample (carbon and oxygen) 
using an energy dispersive spectroscopy X-ray analysis 
(EDXA). Following the descriptions from Hartnoll (1968), 
Sal Moyano et  al. (2012b) and McLay and Sal Moyano 
(2016), three areas of the vulvae were differentiated to 
examine calcium levels: the operculum, the hinge (both 
forming the vulva), and the adjacent exoskeleton (N = 20 
for both receptive and unreceptive females).

A two-way ANOVA (Zar 1999) was used to evaluate dif-
ferences in the calcium levels among the three vulvae areas 
(opercula, hinge, and adjacent exoskeleton), and between 
both female types (receptive and unreceptive). The Tukey 

test (Zar 1999) was used for multiple comparisons among 
the levels of both considered factors.

In vivo injection and in vitro incubation experiments 
with 20-OH-ecdysone to stimulate female receptivity

In vivo injection experiments

To test whether the ecdysteroid 20-hydroxyecdysone 
(20-OH-ecdysone) stimulates female receptivity during the 
intermolt period, N. granulata females were captured at 
MCL in the pre-reproductive season (August) when gonads 
become fully developed, and therefore, females were able 
to become receptive in captivity (Ituarte et al. 2006). Only 
mature, non-ovigerous, and intermolt (according to Rod-
ríguez Moreno et  al. 2003) females were captured. Once 
in the laboratory, all animals were acclimated for 48  h 
to the following environmental conditions: photoperiod 
10:14 (L:D), temperature 18 ± 1 °C, and salinity of 23 g/L. 
Females weighing 10 ± 1 g (20 < CW < 25 mm) were used 
for the experiments.

20-OH-ecdysone (Sigma Co.) was first dissolved in ana-
lytical grade ethanol, and then in crustacean physiological 
saline (Cooke et  al. 1977); final concentration of ethanol 
in this solution was 10 µL/mL. The hormone was added in 
quantities so as to reach three different concentrations (1, 
10, and 100 ng/g of body mass) after injecting 50 µL of the 
ethanol–saline solution. The same solution, at the same vol-
ume, was injected to controls but with no hormone added.

Twenty females were randomly assigned to each treat-
ment and control. Each female was isolated in a plastic 
circular container of 1 L capacity (12 cm diameter) filled 
with 200 mL of natural seawater. Crabs were fed with rab-
bit pellet food three times a week. After 40 min of feeding, 
water was changed in all containers, females were injected, 
and their receptivity inspected by testing the mobility of 
the vulvae opercula. Females were injected at the base of 
the fourth or fifth pairs of pereiopods, by means of a 1 mL 
syringe provided with a 27G needle, according to Rod-
ríguez et  al. (1992) and Zapata et  al. (2003). The experi-
ment lasted for 4 weeks. Once a female was found recep-
tive (either with—when females have recently laid eggs 
and remain with mobile opercula for few hours—or with-
out extruded eggs), it was removed from the experiment 
and placed in another aquarium together with a mature 
male of similar size, to test if either guarding or copula-
tion occurred. As a negative control, non-receptive females 
were also placed with males. Guarding was recognized by 
the male holding the female with his chelae or caged inside 
his legs, while effective copula was detected after observing 
the pair in the “rostrum to rostrum” position (female over 
the male) with both abdomens opened (as described by Sal 
Moyano et  al. 2012a). According to previous studies, the 



236 J Comp Physiol A (2017) 203:233–243

1 3

observer was located 1 m from the experimental aquarium, 
enough distance to observe the crabs without affecting their 
behavior (Sal Moyano et al. 2012a). Both male and female 
were left in the aquarium for 2 h and monitored every 10 
min by the observer.

Females were dissected after freezing them for 30 min 
to check the maturity stage of the ovary. An expanded 
ovary, covering all the hepatopancreas, of dark violet color 
was considered to be in the ultimate stage of development, 
ready to extrude oocytes. Since injected ecdysone could 
stimulate the beginning of the molting process, a sample 
of the female pleon edge (1 mm2) was cut with dissecting 
scissors and observed under an optical microscope to verify 
the molting stage, according to Rodríguez Moreno et  al. 
(2003). A Chi-square test was used to analyze differences 
among all treatments and control.

In vitro incubation experiments

In vitro experiments were conducted during July and 
August. Mature, non-receptive, intermolt females meas-
uring 25–27  mm CW and previously acclimated as men-
tioned above were employed. After freezing each female 
for 30  min, the area surrounding the vulva was dissected 
and used for the experiment, assigning the left to the treat-
ment with ecdysone and the right vulva to the control, with 
no hormone added. These were incubated for 48 h in 2 mL 
well plates filled with M199 culture medium (Sigma Co.). 
Two treatments with 20-OH-ecdysone levels were used: 
one at 2.5 ng/mL and the other at 25 ng/mL, correspond-
ing to the hemolymphatic hormone concentration theoreti-
cally expected for 10 g females injected with 1 and 10 ng/g 
of 20-OH-ecdysone, respectively. In all cases, osmolality 
and pH of the culture medium were adjusted to the values 
corresponding to the crustacean physiological saline from 
Cooke et al. (1977). There were 20 replicates per treatment.

Calcium levels in these vulvae were measured using 
X-ray EDS, after processing the samples under the same 
methodology described above. A paired Student t test was 
used to compare calcium levels in each ecdysone concen-
tration with control.

How are male-attracting pheromones released 
by females?

Both adult males (CW ranging from 28 to 32 mm) and non-
ovigerous intermolt adult females (CW ranging from 27 to 
32  mm) were collected from MCL throughout the breed-
ing season (September to February). In the laboratory, 
sexes were kept separate and acclimation conditions were 
the same as those described above. Only receptive females 
were used. The receptivity of females was confirmed by 
checking operculum mobility. The experiment consisted of 

preventing females from releasing the putative male-attract-
ing pheromones by blocking the mobile vulvae and/or the 
external pore of the urinary glands located at the base of 
the second pair of antennae. Blocking was performed using 
cyanoacrylate glue, after completely drying the area to be 
blocked with absorbent paper. To ensure security, blocking 
material in excess was used to cover all around the vulvae 
and the area containing the external pores of secretory uri-
nary glands. The cyanoacrylate glue has been used in other 
crustaceans to block openings or to glue materials to the 
carapace in behavioral experiments; thus, it is assumed not 
to affect behavior (e.g., Berry and Breithaupt 2010; Rein-
hart et al. 2012).

Twenty females were assigned to each of the follow-
ing treatments: [T1] females with mobile vulvae blocked, 
[T2] females with excretory gland pores blocked, and 
[T3] females with both vulvae and excretory gland pores 
blocked. The control consisted of receptive females without 
any blockage. Each female from each treatment was sub-
mitted to a 3 h trial, together with a male, and any guarding 
or copulation between partners recorded every 10 min by 
an observer located 1 m from the experimental aquarium to 
avoid affecting crab behavior. The size difference between 
sexes was never larger than 4 mm CW. Each trial was run 
in a glass aquarium of 26 L capacity (30 × 35 × 25 cm) and 
filled with 3  L of natural seawater at 23  g/L which was 
used. A temperature of 23 ± 2 °C and a photoperiod of 
14:10 (L:D) were maintained throughout.

Statistical differences in the proportion of courtship/cop-
ula among treatments and control were analyzed by means 
of a Chi-squared test.

Results

Calcium levels in the vulvae of receptive females

Differences in calcium levels were found in the three vulvae 
areas between receptive and unreceptive females (two-way 
ANOVA, P < 0.001). The Tukey test showed that receptive 
females had differences among the three areas (P < 0.001), 
showing the lowest calcium levels in the hinge, medium 
values in the operculum, and the highest ones in the adja-
cent skeleton; while in unreceptive females, the adjacent 
skeleton showed a significant (P < 0.001) higher calcium 
level with respect to both the hinge and the operculum, 
while no differences (P > 0.05) were noted between these 
latter two (Fig. 1). Comparisons of each area, showed, only 
in the case of the hinge, a significant (P < 0.001) lower cal-
cium level in the receptive females compared to the unre-
ceptive ones (Fig. 1). Vulvae of unreceptive and receptive 
females are shown in Fig. 2: the former presented a smooth 
hinge (Fig. 2a), while the latter a wrinkled hinge (Fig. 2d). 
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The vulvae of six receptive females presented cuticle secre-
tions in their hinge (Fig. 2b). Secretions looked like a cuti-
cle crystalline material in the form of granules (Fig.  2c). 
Secretions were abundant and covered all the hinge area 
(Fig. 2c), and thus, calcium levels were measured on them. 
The cuticle secretions showed significantly higher calcium 

levels (12.6 ± 6.3% of mass)—similar to the ones of the 
adjacent skeleton (12.1 ± 2.9% of mass)—compared to the 
ones of the hinge of receptive females without secretions 
(1.1 ± 0.7% of mass) (t = 3.92, P < 0.0001). Thus, these 
hinge-calcium level measurements were not considered in 
the analysis.

Fig. 1  Mean calcium level 
(±standard error) of exoskeleton 
adjacent to vulva, hinge, and 
operculum, for both recep-
tive (N = 14) and unreceptive 
(N = 20) females. Asterisk 
indicates significant differences 
between both kinds of females 
(Tukey test after a two-way 
ANOVA, P < 0.001). Different 
letters indicate significant dif-
ferences among the three areas, 
for each kind of female (Tukey 
test after a two-way ANOVA, 
P < 0.001)

Fig. 2  Vulvae of Neohelice 
granulata females: Operculum 
(o), hinge (h), and adjacent 
skeleton (as). a Unreceptive 
female (N = 20): the hinge (the 
white line shows its length) 
is smooth (according to Sal 
Moyano et al. 2012b). b Recep-
tive female: the hinge (the white 
line shows its length) carries 
cuticle secretions (arrow) over 
it (N = 6). The white square 
shows the exact area, where the 
calcium level was measured. 
c Detailed view of the cuticle 
secretions (arrows) covering 
all the hinge area. d Receptive 
female (N = 14): the hinge (the 
white line shows its length) is 
wrinkled as a result of stretch-
ing during gonopod insertion 
followed by closing of the oper-
cula (according to Sal Moyano 
et al. 2012b). The white square 
shows the exact area, where the 
calcium level was measured
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In vivo injection and in vitro incubation experiments 
with 20-OH-ecdysone to stimulate female receptivity

In vivo injection experiments

We found that the lowest concentration of the 20-OH-
ecdysone (treatment 1) caused a significantly higher pro-
portion of females to develop mobile operculae than both 
the control (χ2 = 4.27, df = 1, P < 0.05) and the highest con-
centration of the hormone-treatment 3- (χ2 = 4.29, df = 1, 
P < 0.05) (Fig.  3). On the contrary, no differences were 
found between treatments 1 and 2, nor between treatment 2 
or 3 with respect to control. All females that became recep-
tive copulated with males in the aquaria, while non-recep-
tive females did not. All receptive females had expanded 
dark violet ovaries at the ultimate stage of development, 
ready to extrude oocytes. The analysis of the pleon edge 
showed no differences between the control and treatments, 
indicating that neither of the hormone concentrations stim-
ulated the molting process.

In vitro incubation experiments

The same cuticle secretions described in [1] were found 
on the hinge of females treated with both ecdysone 
concentrations: 65 and 30% of females treated with the 
concentrations of 2.5 and 25  ng/mL, respectively. Thus, 
for testing differences in calcium levels on the hinge 
between treated and control females, we considered only 
the treated females without secretions on their hinges. 
In any case, cuticle secretions were found on the vulvae 
hinge of control females. Treated females with the low-
est ecdysone concentration (2.5  ng/mL) which did not 

show the presence of secretions on their hinge (35%) had 
significantly (P < 0.01) lower calcium levels compared 
to the hinge of control females. However, despite finding 
lower calcium levels on the hinge of treated vulvae com-
pared to control ones, no mobility of the opercula was 
found in any case. For females treated with the 25  ng/
mL ecdysone concentration, no differences (P > 0.05) 
were found in calcium levels between the hinge of treated 
females which did not show the presence of secretions 
(70%) and control ones.

How are male-attracting pheromones released 
by females?

Significant differences were encountered among the treat-
ments and the control (χ2 = 31.77, df = 3, P < 0.001): 
both control receptive females and receptive females 
with their excretory gland pores blocked (T2) were able 
to attract males for guarding/copulation, while receptive 
females with their vulvae blocked, alone (T1 vs control: 
χ2 = 11.55, df = 1, P < 0.001; T1 vs T2: χ2 = 12.13, df = 1, 
P < 0.01) or in combination with the urinary gland pores 
blocked (T3 vs control: χ2 = 19.6, df = 1, P < 0.001; T3 vs 
T2: χ2 = 16.94, df = 1, P < 0.01), did not attract males for 
guarding or copulation (Fig. 4).

Fig. 3  Results from the in vivo experiment to stimulate female recep-
tivity. Three ecdysone concentrations were injected: [T1] 1  ng/g, 
[T2] 10 ng/g, and [T3] 100 ng/g. The control consisted of injecting 
a saline-ethanol solution only. The lowest proportion of females with 
mobile vulvae was seen in the control (Chi-square test, P > 0.05). Dif-
ferent letters indicate significant differences among the control and 
the treatments

Fig. 4  Results from the experiment of male-attracting pheromones 
released, in receptive females. [T1]: mobile vulvae blocked, [T2]: 
excretory gland pores blocked, and [T3]: both vulvae and excretory 
gland pores blocked. Control: receptive female without any blocking. 
The lowest proportion of females with guarding or copulation was 
seen in the control (Chi-square test, P > 0.05). Different letters indi-
cate significant differences among the control and the treatments
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Discussion

Calcium levels in the vulvae of receptive females

When grapsoid females are ready to mate their opercu-
lae become mobile, and this has been a priori assumed 
to be due to “decalcification” of the hinge line (Hartnoll 
1968, 2006; Henmi and Murai 1999). Accordingly, in the 
mobile hinge of receptive females, we have found hinge-
calcium levels lower than those showed by the unreceptive 
ones, confirming that in N. granulata mobilization of the 
opercula and softening of the hinge effectively occurs, at 
least in part, because of a “decalcification” process of the 
hinge. However, in Hemigrapsus sexdentatus, calcium lev-
els of the hinge did not vary during its reproductive cycle; 
instead, other mechanisms were suggested to be involved 
in the operculum mobilization, such as polymerization or 
glycosylation of specific chitin glycoproteins of the cuticle 
(McLay and Sal Moyano 2016). Some other studies made 
in decapods show changes in glycoprotein composition of 
the cuticle during the molting cycle (Shafer et  al. 1994), 
or eventually, different proteins were found in the abdomi-
nal arthrodial membrane compared to the skeleton miner-
alized cuticle (Andersen 1998). Even so, it has also been 
accepted that changes in cuticle proteins and calcification 
during the molting cycle are related processes: some cuti-
cle proteins, such as acid or glycol-proteins, are involved 
in nucleating calcium crystals (Roer et al. 2001; Dillaman 
et  al. 2005, 2013). In the case of H. sexdentatus, calcium 
levels in the hinge were measured during a single breeding 
cycle (unreceptive females that became receptive), while in 
N. granulata, they were measured in unreceptive females 
collected in the non-reproductive season and receptive 
females captured in the breeding season. Thus, it is pos-
sible that changes in calcium levels during the breeding 
season, although being receptive and unreceptive females, 
are lower and not detectable with the X-ray EDS technique. 
The molt cycle in all crabs includes softening involving 
“decalcification” and apolysis, separating the new from the 
old exoskeleton, followed by hardening involving re-calci-
fication and tanning of chitin and proteins (Roer and Dilli-
man 1984; Dillaman et al. 2013). However, in hinge soften-
ing of hard-shell mating crabs, there is no apolysis, because 
no new cuticle is created, and there is less need to decalcify 
the hinge which is already low in calcium (McLay and Sal 
Moyano 2016). To some extent, likening hinge mobiliza-
tion to molting is misleading. The origin of hard-shell mat-
ing may have involved evolution of a low calcium hinge 
followed by use of an enzyme to soften the organic matrix 
of the hinge.

Our finding showing that both the operculum and the 
hinge have low calcium levels in all analyzed females, com-
pared to the adjacent skeleton, is similar to that reported for 

other grapsoids (McLay and Sal Moyano 2016). The same 
authors suggested that the derived condition of mating not 
linked to molting (as that of some crabs) could have, there-
fore, evolved from vulvae with lower calcium levels, which 
could facilitate, during the intermolt period, the local sof-
tening of only this area, instead of softening of the whole 
exoskeleton. Besides, the presence of secretions with high 
calcium levels found in the mobile hinge of receptive N. 
granulata females suggests that they were formed as a 
result of the decalcification process. We hypothesized that 
secretions could be one way of making them flexible, by 
extracting it from the hinge and depositing it on the exterior 
by the tegumental glands which lie below the epidermis. 
Some studies on carapace calcification during molting of 
decapods, through scanning electron micrographs, showed 
the presence of small spherulitic granules after calcium 
accumulation for the mineralization process (Roer and Dil-
laman 1984; Dillaman et  al. 2005, 2013). Those granules 
look morphologically similar to the secretions found in the 
current study, suggesting that the process of cuticle hinge 
decalcification/mineralization is the similar to that observed 
for molting. It has been largely demonstrated that during 
the molting process, calcium is high in the hemolymph of 
premolt individuals, which is attributed to calcium resorp-
tion from the old cuticle, decreasing in post-molt individu-
als because of the subsequent calcium transport from the 
hemolymph to the new post-molt cuticle (e.g., Robertson 
1960; Greenaway 1985). Moreover, calcium uptake from 
seawater can occur (Greenaway 1983). In the estuarine 
crab N. granulata, the calcium-rich secretions of the small 
hinges could be used for a further re-mineralization of the 
hinge, in addition to the calcium uptake from either seawa-
ter or internal sources.

In vivo injection and in vitro incubation experiments 
with 20-OH-ecdysone to stimulate female receptivity

In the current study, we have shown through the in vivo 
experiment that a low dose of 20-OH-ecdsyone injected 
into the hemolymph produced a local decalcification of the 
hinge -without inducing molting- and mobilization of the 
opercula. In addition, the in vitro experiment showed that 
relatively low concentrations of ecdysone stimulated hinge 
vulvae to decalcify and that the ecdysone acts directly on 
the vulvae tissue. However, in this latter experiment, we 
did not find opercula mobility, likely due to the fact that 
the process of the vulvae becoming mobile might be longer 
than 48 h.

During intermolt, low basal circulating levels of 
20-OH-ecdysone were detected in several crustacean spe-
cies (Skinner et  al. 1985; Chen et  al. 2012). During pre-
molt, ecdysone can peak to more than 100-fold greater 
than intermolt levels, to induce decalcification of the old 
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exoskeleton, as well the synthesis of the new cuticle (Skin-
ner et al. 1985). No data about ecdysone circulating levels 
have been reported during hinge vulvae decalcification, in 
species that mate during intermolt, such as N. granulata. 
However, taking into account: (1) the administered dose of 
ecdysone that was effective to produce hinge decalcifica-
tion (1 ng/g of body mass); (2) the mean mass of females 
used (10 g); and (3) the relatively large volume of hemo-
lymph in the studied species (near 40% of body mass, 
according to Rodríguez and Dezi 1987), we can estimate 
a circulating level of 20-OH-ecdysone of about 2.5 ng/mL 
just after injecting, which represents an increment of about 
twice the values reported for intermolt, taking as reference 
the estuarine crab Callinectes sapidus (Chen et  al. 2012). 
Therefore, the possibility that the vulvae hinge decalcifi-
cation can be triggered at a low ecdysone hemolymphatic 
level could be quite plausible. The fact that the higher doses 
of ecdysone used were not effective to induce hinge decal-
cification could be attributed to one or more additional, 
complex effects of 20-OH-ecdysone as a molting hormone; 
the induction of a higher degradation by P-450-dependent 
hydroxylases (Mykles 2011), caused by moderate levels of 
circulating ecdysone, could not also be ignored.

On the other hand, the stimulus responsible, under phys-
iological conditions, for the increase of ecdysone secretion 
needed for the vulvae hinge softening remains elusive; in 
this sense, a possible hormone secreted by the fully ripe 
ovaries, acting on the Y organ, should be considered; in 
this sense, several peptidic and lipophilic hormones have 
been described as modulatory of ecdysone secretion at the 
Y organ (Webster 2015). Another possibility to be seriously 
considered is the secretion of ecdysone by the ovary itself, 
which would exert a local effect on the vulvae epidermis, to 
promote softening. The possibility of the crustacean ovary 
as a source of ecdysteroids has been previously suggested 
by Subramoniam (2000). In other arthropods, such as both 
hemimetabolous and holometabolous insects, the produc-
tion of ecdysteroids by the ovary has been widely con-
firmed (Bellés 1998).

How are male-attracting pheromones released 
by females?

In those decapods that mate just after molting, the high lev-
els of ecdysone that take place during the premolt period 
are also stimulating the final maturation of the ovary (Nel-
son 1991). Besides, the role of ecdysone as a possible sex-
ual pheromone has been already proposed in early studies 
(Kittredge et al. 1971). In the case of crabs with the derived 
condition of mating not linked to molting, as we stated 
above, the origin of hard-shell mating may have evolved 
to softening of the cuticle hinge. As we demonstrated here, 
the 20-OH-ecdysone is signaling such a process, likely by 

inducing the expression of the enzymes responsible for 
cuticle decalcification. However, ecdysone is not a plausi-
ble candidate for a sexual pheromone, since males are not 
attracted to soft females who are hard-shell maters. Alter-
natively, a more parsimonius hypothesis is to attribute mate 
attraction to an ovarian hormone.

McLay and López Greco (2011) suggested that an 
ovarian hormone, released when the gonad was reaching 
maturity, could signal to males the reproductive status of 
females and that ova release was imminent. The blocking 
experiments carried out in the current study demonstrated 
for the first time that a sex pheromone is certainly involved 
in the guarding behavior of N. granulata. Moreover, since 
receptive females with their urinary gland pores blocked 
engaged in guarding/copulatory behavior with males, such 
pheromone seems to be released by receptive females 
through their mobile vulvae and not through the urine. 
In this sense, the hypothesis about the existence of a sex 
ovarian pheromone is reinforced, because its release would 
occur directly, from the ovary and then through the semi-
nal receptacle and mobile vulvae. On the contrary, in most 
decapod species, where molting and mating are closely 
linked, biological activity of sex pheromones has been 
found in the urine (Bushmann and Atema 1996). For exam-
ple, a recent study in Callinectes sapidus identified a com-
ponent of the urine that was hypothesized to function as a 
sex pheromone involved in courtship (Kamio et al. 2014). 
The female urine of the crayfish Pacifastacus leniusculus 
was selective in favoring reproduction with some males and 
not others in a gregarious context (Berry and Breithaupt 
2010).

Male attraction to females has been previously 
observed in Neohelice granulata, by either or both dis-
tance and contact chemical signals (Sal Moyano et  al. 
2014a). The putative ovarian pheromone seemed to act as 
a distant signal, although this requires further confirma-
tion. Observations of male attraction to receptive female 
Hemigrapsus sexdentatus also indicate a non-contact 
signal (Brockerhoff and McLay 2005b). The presence 
of “contact” sexual pheromones, characterized as cuti-
cle exudates, has been frequently described in decapod 
crustaceans (Borowsky 1991; Kamio et al. 2002; Caskey 
and Bauer 2005; Ekerholm and Hallberg 2005; Herborg 
et al. 2006; Bauer 2011). In this respect, the calcium-rich 
secretions observed on the vulvae hinge of N. granulata 
receptive females could also be part of some kind of 
contact sex pheromone, different from ecdysone. Inter-
estingly, N. granulata males are capable of recognizing 
females which are close to become receptive, by means 
of leg contact, accepting them inside their burrows. 
Although these females are not morphologically recep-
tive, because their vulvae hinge are still immobile, they 
might be physiologically receptive through emission of 
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a chemical signal (Sal Moyano et  al. 2014b). However, 
vulvae of females that were receptive for some days less 
frequently showed the presence of secretions (experiment 
1). It could be that secretions may initially be used as 
contact sex pheromones, while in females close to becom-
ing receptive the cuticle hinge starts to decalcify. Subse-
quently, receptive females could release a further distance 
chemical signal. In this way, N. granulata females could 
show a flexible behavior, using contact pheromones when 
they find a male burrow for copulation just immediately 
after becoming receptive or distance pheromones, when 
looking for a male burrow while being already receptive. 
In the soft-shell mating crab Telmessus cheiragonus, two 
kinds of pheromones were involved in mating behavior: a 
“distance pheromone” inducing pre-copulatory behavior 
and a “contact pheromone” inducing copulation (Kamio 
et  al. 2002). Contact pheromones should be relatively 
insoluble in water to remain attached to the body sur-
face. In the shrimp Palaemonetes pugio, males respond 
to an insoluble substance, a cuticular compound on the 
exoskeleton of post-molt parturial females (Caskey et al. 
2009a), specifically a glucosamine or a related com-
pound, serving as a female contact sex signal for mate 
recognition (Caskey et al. 2009b). In the hermaphroditic 
shrimp Lysmata boggessi, a cuticular hydrocarbon seems 
to act as a contact sex pheromone (Zhang et  al. 2011). 
Further studies are necessary to elucidate the chemical 
compounds of the secretions which may act as both con-
tact and distance sex pheromones in N. granulata.

In conclusion, we found that (1) receptive females 
have mobile vulvae opercula due to a hinge-softening 
process in which calcium levels were lower compared to 
the hinge of unreceptive females, (2) 20-OH-ecdysone at 
low concentrations stimulates intermolt females to soften 
the vulvae hinge and become receptive, and (3) a puta-
tive pheromone released by receptive females to attract 
males could be liberated through their mobile vulvae and 
not through their urine.
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