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Abstract. Levels of methyl farnesoate in the blood and 
in vitro rates of methyl farnesoate synthesis by the man- 
dibular organ were investigated to determine whether this 
compound is related to the differences in morphology and 
reproductive states of distinct types of male spider crabs 
described by Homola et al. (1992) in winter populations. 
Three male types, selected from a summer population, 
were investigated in detail: ( 1) males with relatively large 
propoduses (claws) and worn exoskeletons (abraded), (2) 
males with relatively large propoduses and exoskeletons 
covered with epicuticle (unabraded), and (3) males with 
small propoduses and unabraded exoskeletons (small). 

All males examined had sperm, but abraded males, 
identical in propodus and body size to unabraded males, 
had a reproductive system that weighed twice as much. 
Large-clawed unabraded males had relatively small re- 
productive systems. Small-clawed males possessed a small 
reproductive system. 

Abraded males possessed larger mandibular organs, 
containing almost twice the total protein, and their man- 
dibular organs synthesized significantly more methyl far- 
nesoate in vitro than did the other types of males. Cir- 
culating levels of methyl farnesoate, in the hemolymph 
of the abraded males, were more then twice as high as the 
levels detected in any other type of male. 
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The strong relationship between methyl farnesoate lev- 
els, male morphology, and reproductive system devel- 
opment calls for further studies on the role of methyl 
farnesoate in the regulation of reproduction and mor- 
phogenesis in male crustaceans. 

Introduction 

The crustacean mandibular organ was first described 
by Le Roux (1968). Two decades later, Laufer et al. (1987) 
identified a secretory product of this gland, methyl far- 
nesoate, which is found both in the mandibular organ 
and the hemolymph of the spider crab L. emarginata. 
Methyl farnesoate is the unepoxidated form of the insect 
juvenile hormone III. In insects, juvenile hormones play 
several regulatory roles both as gonadotropins (Herman 
and Bennett, 1975) and morphogens (Wigglesworth, 
1970). 

Different male types were described in adult spider crab 
populations using a propodus (claw) to carapace ratio 
(Tessier, 1960; Hartnoll, 1963; Aldrich, 1974). Recently, 
different adult male types were described in L. emarginata 
that were collected in the winter (Homola et al., 1992). 
Those types differ from each other in the appearance of 
the exoskeleton as well as in relative claw size. Abraded 
males had larger reproductive systems and higher methyl 
farnesoate titers compared to the unabraded males 
(Homola et al., 1992). 

The present study examines the size of the mandibular 
organ, its relative rate of methyl farnesoate synthesis, and 
level of methyl farnesoate in the circulatory system of L. 
emarginata males collected in the summer. We report the 
results of a comparative study of methyl farnesoate pro- 
duction and circulation in three male morphs distinctive 
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in their claw size, appearance of the exoskeleton, and de- 
velopment of their reproductive system. 

Materials and Methods 

Animals 

Individuals of Libinia emarginata were collected in two 
locations, off the coast 2 km south of Woods Hole, Mas- 
sachusetts, and 1 km north of Vineyard Haven harbor, 
Martha’s Vineyard, during June and July 1990. Two 
hundred and four (204) male crabs were individually 
tagged and held in the facilities of the Marine Biological 
Laboratory (Woods Hole, MA) in two 4500-liter tanks 
in the presence of females. Fresh seawater was continu- 
ously pumped into the tanks so that the whole volume of 
water was replaced 2.5 times a day. The crabs were fed 
fresh or frozen squid twice a day ad libitum. Leftover 
food and other debris was siphoned out of the tanks once 
a day. Carapace length and propodus length were mea- 
sured to the nearest millimeter using a vernier caliper. 
The animals were categorized into three morphs on the 
basis of log propodus to log carapace ratios, and the ap- 
pearance of the exoskeleton (Tessier, 1960; Kuris et al., 
1987; Homola et al., 1992). The abraded and unabraded 
morphs were illustrated previously (Homola et al., 1992). 
Because L. emarginata molt in the fall (Hinsch, pers. 
comm., Hinsch, 1972) and newly molted animals are 
completely unabraded, the unabraded males collected in 
the summer had more variation in the state of abrasion 
of the carapace compared with the winter population 
(Homola et al., 1992). Therefore the population was clas- 
sified with respect to the degree of abrasion, and animals 
with the greatest amount of intact epicuticle were selected 
and classified as unabraded males. Three distinct types of 
males were selected from the captured population of 204 
males shown in Figure 1: (1) abraded large males (A) with 
relatively large propodus (n = 20) (2) unabraded large 
males (U) with relatively large propodus (n = 20), and (3) 
unabraded males with a relatively small propodus (S) (n 
= 29). 

The reproductive system of selected male types 

Body weight was measured to kO.0 1 g. The testes, sperm 
duct, and accessory gland (Homola et al., 1992) were dis- 
sected and weighed separately to +O.Ol g to determine 
their wet weight. The reproductive system indices were 
calculated by dividing the sum of the components of the 
reproductive system by carapace length and multiplying 
by 100. A sample of semen from the vas deferens of each 
crab was examined under a light microscope for the pres- 
ence of spermatophores. 

In vitro methyl farnesoate synthesis by the mandibular 
organ 

The paired mandibular organs were dissected from each 
male. One organ was removed from the mandibular ten- 
don, homogenized in Pantin’s saline (Laufer et al., 1986, 
1987), and an aliquot was withdrawn for total protein 
determination, using the Bradford protein assay (Bradford, 
1976). The other organ was incubated attached to the 
mandibular tendon, so that it would not be damaged dur- 
ing dissection, and transferred to 400 ~1 of media where 
it was incubated for 2 h at 22-25°C with gentle agitation. 
The culture medium was Pantin’s saline containing 20 
mM HEPES (pH 7.4) 3.8 mA4 dextrose, 0.2% BSA and 
[methy13]-methionine (specific activity = 200 mCi/ 
mmole, total activity = 40 p Ci/ml). Following incubation, 
the isotope incorporation was stopped by fixing the cells 
with ethanol. The gland and the culture medium were 
then homogenized and extracted with 1 ml hexane. 
Therefore, MF synthesis refers to the sum of the radio- 
labeled MF secreted into the medium and that which is 
retained within the gland. The amount of radioactivity in 
methyl famesoate in a 100 ~1 sample was determined using 
liquid scintillation spectrometry. Approximately 90% of 
the radioactivity in the hexane extract co-eluted with the 
methyl farnesoate standard on normal phase HPLC 
(Laufer and Borst, 1988; Homola, 1989). 

Methyl farnesoate levels in the hemolymph 

Prior to dissection, hemolymph samples (2 ml) were 
taken from the base of the walking legs, using a ~-CC syringe 
with an 18-gauge needle. The samples were transferred to 
15-ml glass tubes, on ice, containing 5 ml acetonitrile, 
and 2 ml 4% NaCl. 25 ng of the cis-trans (non-biological) 
isomer of methyl farnesoate was added to each tube as 
an internal standard (Sagi et al., 199 1). The samples were 
extracted with 1 ml hexane. Hemolymph titers of methyl 
farnesoate were determined according to the method de- 
veloped by Laufer et al. (1986, 1987) and modified by 
Borst and Tsukimura (1991). Two hundred microliters 
from the hexane phase was loaded onto a Waters HPLC 
system using a 5 p Econosil silica column (Alltech), two 
model 50 1 pumps and a Lambda Max 48 1 absorbance 
detector that was set at 2 18 nm. The running solvent was 
1% diethyl ether in hexane flowing at 2.5 ml/min. Peak 
areas were calculated using Omega software (Version 1.4 
Perkin Elmer/Nelson), and hemolymph methyl famesoate 
titers were determined with reference to the known 
amount of the internal standard in the sample. 

Data analysis 

The dimensions in mm of the propodus along the lateral 
margin, and the length of the carapace, were logarith- 
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Figure 1. Regression analysis of log-transformed carapace and pro- 
podus data from a summer population of male Libinia emarginata. 
Three male types were found in the sample: abraded (0) and unabraded 
(w) males with relatively large propoduses (the upper regression line) and 
small claw type (0) (the lower regression line). Animals marked not 
selected (.) were present in the original sample but not used in this study. 

mically transformed prior to the analysis of linear regres- 
sion (Tessier, 1960; Kuris et al., 1987). Assuming that the 
specific activity of the radiolabeled methyl farnesoate 
synthesized by the gland is equal to that of the precursor, 
and that only one labeled methyl group is incorporated 
into each methyl famesoate molecule, the in vitro synthetic 
rates of the mandibular organs were calculated and ex- 
pressed in nanomoles/gland/h as was previously calculated 
for Libinia emarginata (Laufer et al., 1987) and Procam- 
barus clarkii glands (Landau et al., 1989). 

Pearson correlation coefficients and Waller-Duncan k- 
ratio t test were calculated using the Statistical Analysis 
System (SAS Institute, Gary, North Carolina). 

Results 

Types of male L. emarginata 

Males (204 individuals), with carapace length greater 
than 35 mm, were plotted with respect to log propodus 
versus log carapace (Fig. 1). The population appears to 
fall into two linear clusters (Homola et al., 1992). The 
upper regression line represents the large-clawed males 
while the lower regression line represents unabraded small- 
clawed males (S). Among the large-clawed males, two dis- 
tinct classes emerged with respect to exoskeleton texture. 
Abraded males (A) were quite smooth and were presumed 
to have molted a long time ago; unabraded males (U) had 
velvety epicuticle and presumably molted the previous 
fall. 

Reproductive system and mandibular organ size in the 
diferent types of males 

The three morphologically distinct male types differ in 
the relative development of their reproductive systems 
and mandibular organs (Fig. 2). The largest reproductive 

TYPE OF MALE 

0.0 

Figure 2. The reproductive system and mandibular organ indices in 
the three types of Libinia emarginata males. Abraded (A), unabraded 
(U), and small-clawed (S). Reproductive system weight (RW), carapace 
length (CL), reproductive index (RI), mandibular organ index (MOI). 
The reproductive system weight was normalized for body size and the 
mandibular organ index is expressed as total mandibular organ protein 
normalized for body size. Bars represent mean + SEM of at least 17 
observations. Bars labeled with different letters are significantly different 
(P 2 0.001). 

system and mandibular organ indices (normalized for 
body size), were found in the abraded males (0.64 f 0.2 
and 1.5 1 f 0.77, respectively). The reproductive system 
and mandibular organ indices were significantly lower in 
the unabraded males (0.3 + 0.1 and 0.97 f 0.43, respec- 
tively) and were the lowest in the small-clawed unabraded 
males (0.08 f 0.01 and 0.87 + 0.35, respectively). Man- 
dibular organ indices were not statistically different in 
small clawed and unabraded males. The size of the re- 
productive system (Fig. 3) and mandibular organ (Fig. 4) 

*1 

0 ABRADED (A) 
0 

. UNABRADED (U) 

l SMALL(S) 

CARAPACE LENGTH (mm) 

Figure 3. Regression analysis of carapace length and reproductive 
system weight in the three types of Libiniu emurginuta males. Abraded 
(A) (y = -4.61 +0.14x), unabraded (U) (y = 1.98 f 1.09 X 10m3x), and 
small-clawed (S) (y = -0.7 1 f 2.26 X 10-*x). 



MF AND MALE REPRODUCTIVE TYPES 

0 ABRADED (A) 
0 o 

0 
/ 

0 
n UNABRADED (U) 

p/ 

l SMALL(S) 

. c 

$ w,, 

l .  
.  

0 

40 SO so 70 80 90 

CARAPACE LENGTH (mm) 

Figure 4. Regression analysis of carapace length and total protein 
in the mandibular organ of three Libiniu emargkta male types. Abraded 
(A) (y = -313.96 f 6.32x), unabraded (U) (y = -17.27 f 1.19x), and 
small-clawed (S) (y = -38.7 f 1.65x). 

appear to be significantly correlated with body size in both 
the abraded (A) and small-clawed (S) males. The Pearson 
correlation coefficients for reproductive systems and car- 
apaces are: A, r = 0.683 P I 0.001 n = 20, S, r = 0.623 
P 5 0.001 n = 29, and for the mandibular organs and 
carapaces A, r = 0.676 P I 0.002 n = 17; S, r = 0.5 13 P 
I 0.007 n = 26. In the unabraded males, the sizes of the 
mandibular organ and the reproductive system were not 
found to be significantly correlated with body size, Pearson 
correlation coefficients for reproductive system and car- 
apace r = 0.080 P I 0.73 n = 20, and for the mandibular 
organ and carapace r = 0.126 P I 0.600 n = 19. 

Methyl farnesoate synthesis and its levels in the 
circulation 

The largest mandibular organs, i.e., those having the 
highest measurements of total protein per gland (Fig. 5) 
were found in the abraded males (101.62 f 58.43 mg). 
The largest glands synthesized the highest amounts of 
methyl farnesoate during a 2-h incubation period (9.3 
X lo5 + 4.8 X lo5 DPM in methyl farnesoate/gland/2h 
or 1.04 f 0.54 nanomoles/gland/h). The smaller glands 
(66.65 + 29.29 mg) of the unabraded males synthesized 
significantly less methyl farnesoate in vitro (5.7 X 1 O5 f 2.4 
X lo5 DPM/gland/2 h, or 0.64 k 0.27 nanomoles/ 
gland/h), and the small mandibular organs (43.94 + 19.06 
mg) of the small clawed males synthesized the smallest 
amounts of methyl farnesoate (3.3 X lo5 + 2.0 X lo5 
DPM/gland/2 h, or 0.37 + 0.22 nanomoles/gland/h). 
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The circulating levels of methyl famesoate (Fig. 6) were 
the highest in the abraded males (67.20 + 16.58 rig/ml). 
Methyl farnesoate levels were significantly lower in the 
hemolymph of the unabraded males (29.60 f 7.10 ng/ (PI 0.001). 

Figure 6. Circulating levels of methyl famesoate in the hemolymph 
of three Libinia emarginata male types. Abraded (A), unabraded (U), 
and small-clawed (S). Methyl farnesoate concentrations are expressed in 
rig/ml of hemolymph. The bars represent mean + SEM of at least 17 
observations. Bars labeled with different letters are significantly different 
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Mandibular organ size and its in vitro methyl farnesoate 
synthesis in three Libinia emarginata male types. Abraded (A), unabraded 
(U), and small-clawed (S). Mandibular organ size is expressed in total 
(mg) protein per gland and its activity is measured by the amount of 
radiolabeled methyl farnesoate produced by an organ within a one-hour 
period. The bars represent mean f SEM of at least 17 observations. Bars 
labeled with different letters are significantly different (P 5 0.001). 

ml), despite the fact that these males had similar claw and 
carapace sizes as did the abraded males. The lowest level 
of methyl farnesoate was found in the hemolymph of 
small-clawed males (10.70 f 5.97 rig/ml), this value is 
not statistically different from the level found in the large 
unabraded males. 
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Discussion 

Distinct male L. emarginata morphs 

Hartnoll (1963) described three types of male spider 
crabs on the basis of relative claw length. We suggest, on 
the basis of differences in the appearance of the exoskel- 
eton, that the ‘mature’ (Hartnoll, 1963) type is composed 
of two distinct types, unabraded and abraded males 
(Homola et al., 1992). These male morphs may represent 
different reproductive states within the life history of L. 
emarginata. This view is supported by the fact that the 
reproductive systems and the mandibular organs are con- 
siderably less developed in unabraded males compared 
with abraded males of the same size. Males with relatively 
small propoduses were termed ‘pre-pubescent’ by Hartnoll 
( 1963). We found such males to posses mature sperm and 
thus ‘pre-pubescent’ is physiologically inappropriate; we 
used the term small-claw male. In the present study we 
did not investigate smaller males that were termed ‘im- 
mature’ by Hartnoll and may posses different morpho- 
logical features. This fraction of the population remains 
to be studied in the future. 

The life history of male L. emarginata 

The relation of epicuticular loss and reproductive sys- 
tem growth illuminates our understanding of the life his- 
tory of L. emarginata. Our observations of winter pop- 
ulations (Homola et al., 1992) and the observations by 
Hinsch (pers. comm. and Hinsch, 1972) that large L. 
emarginata males terminally molt in the fall, suggests to 
us that the abraded crabs investigated are anecdysic and 
that they last molted two seasons ago approximately 20 
months prior to the study (or earlier). Thus, these males 
have reached full reproductive tract development, posi- 
tively related to their body size, at least a year following 
their terminal molt. On the other hand, the unabraded 
large-clawed males, having similar body sizes but signif- 
icantly smaller reproductive systems and mandibular or- 
gans, are suggested to have had their terminal molt ap- 
proximately 11 months ago in the previous fall. Unlike 
the abraded males, the sizes of the mandibular organs and 
the reproductive tracts in the unabraded males are poorly 
correlated with body size. The reproductive indices of un- 
abraded males collected in the summer were twice as large 
as those collected in the winter ( 1.19 and 0.58, respectively; 
Homola et al., 1992). Correspondingly, methyl farnesoate 
titers increased from 5.2 rig/ml in the winter (Homola et 
al., 1992) to 29 rig/ml in the summer. The facts that (a) 
the reproductive system of the unabraded male is not as 
fully developed as is permitted by its body size, (b) their 
reproductive system is much smaller than the abraded 
males of the same body size, and (c) their reproductive 
system indices increased from winter to summer, may 

indicate that unabraded males are either in the process of 
commencement of reproductive augmentation, or are 
under a state of reproductive arrest. 

Possible role for methyl farnesoate in the regulation of 
reproduction and morphogenesis 

The fact that gonadal maturity and high methyl far- 
nesoate synthesis by the mandibular organ and elevated 
methyl farnesoate in the blood coincide in male Libinia 
emarginata may suggest that all three events occur in par- 
allel due to a higher causal regulation and are thus related, 
but independent events. It may also suggest a causal re- 
lationship, comparable to juvenile hormone and repro- 
duction in insects (Herman and Bennett, 1975; Wiggles- 
worth, 1970). This relationship is suggested by the fact 
that the most active mandibular organs are in males with 
the highest levels of methyl farnesoate in their hemo- 
lymph, and that these males have the most highly devel- 
oped reproductive systems. Moreover, Hinsch ( 1980) ob- 
served that gonad size is stimulated by mandibular organ 
implants. Because methyl farnesoate is the predominant 
product of the mandibular organ, it is suggested that the 
relationship between this compound and the gonad index 
may be viewed as causal. Along these lines it can be sug- 
gested that in these crabs, methyl farnesoate may act sim- 
ilarly to juvenile hormone in several insect species, by 
terminating reproductive diapause and stimulating re- 
production (Spielman, 1974; Mitchell, 198 1; De Wilde, 
1983, for review). The results of the present study call for 
future direct experimental approach, such as mandibular 
organ transplantation or methyl farnesoate augmentation, 
in order to study the causal relationship between methyl 
farnesoate levels and reproduction. 
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