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ABSTRACT The external morphology and internal 
structure of the male sexual tube of the hermit crab Mi- 
cropagurus acantholepis, a member of the family Paguri- 
dae from Australian waters, is described in detail using 
histological thick sectioning and scanning and transmis- 
sion electron microscopy techniques. This is the first in- 
depth study of a sexual tube in the Paguroidea, a group 
where a remarkable number of genera (55.9% in the fam- 
ily Paguridae) with species having these intriguing sexual 
structures are known. In M. acantholepis a sexual tube is 
present on the left side, whereas only a gonopore is 
present on the right side. The tube is used for the delivery 
of spermatophores to the female and consists of a sheath of 
cuticular origin surrounding an internal, functional exten- 
sion of the posterior vas deferens. Pedunculate spermato- 
phores were observed within the lumen and partially ex- 
truding from the terminal opening of the tube in presei-ved 
specimens. The tube protrudes from the left coxa of the 
fifth pereopod as an elongate 3-mm-long, hollow, coiled 
structure with a terminal opening. Exteriorly the tube 
consists of a conspicuous thick chitinous cuticular ridge 
throughout its length, and a thin chitinous cuticle with 
sparse, regularly arranged simple setae. Interior to the 
cuticle, the tube contains loose connective tissue, secretory 
cells, oblique muscle, circular muscle, and epithelial cells. 
The latter cells line a central lumen that runs the length 
of the sexual tube. The morphology, cellular composition, 
and function of the tube are discussed. J. Morphol. 259: 
106 -118, 2004.      © 2003 Wiley-Liss, Inc. 
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Sperm transfer in hermit crabs (superfamily 
Paguroidea, see Martin and Davis, 2001) is most 
commonly accomplished while the male/female pair 
are in a quasi-embrace, by simple direct release of 
spermatophores from the male gonopores located on 
the coxae of the fifth pereopods to the vicinity of the 
female gonopores located on the coxae of their third 
pereopods (e.g., Hess and Bauer, 2002). Fertilization 
is believed to be external in all hermit crabs. In some 

cases, such as in the Diogenidae genera Paguristes 
and Pseudopaguristes, Pylochelidae, and most 
Parapaguridae, the male first and second pairs of 
abdominal appendages, or pleopods, are modified as 
gonopods to act as transfer agents, as is seen in 
other decapods such as penaeoid shrimp, crayfish, 
lobsters, and many brachyuran crabs. However, 
some semiterrestrial hermit crabs of the family Co- 
enobitidae, and at least 38 (or 55.9%) of the 68 
known genera of the family Paguridae, have devel- 
oped entirely different, specialized structures for 
sperm transfer called "sexual tubes" (e.g.. Ingle, 
1993; Sandberg and McLaughHn, 1998). These sex- 
ual tubes are believed to be functional prolongations 
of the vas deferens from one or both of the male 
gonopores, or may be formed by elongations of one or 
both coxae into often hardened, tubular protrusions 
(Lemaitre and McLaughlin, 2003). 

The existence of sexual tubes in hermit crabs has 
been known for nearly two centuries (e.g., Milne 
Edwards, 1837; De Haan, 1849; Stimpson, 1858; 
Henderson, 1888). However, it is only recently that 
the astonishing variety and complex detail of these 
sexual tubes has been recognized (e.g., McLaughlin, 
2003). Until the present investigation, no detailed 
information has been available on the external mor- 
phology and internal structure of a pagurid sexual 
tube. The shape and position of the sexual tubes 
have been used as distinguishing taxonomic charac- 
ters at the generic and species levels (e.g., de Saint 
Laurent-Bechance, 1966a,b; de Saint Laurent, 
1970a,b; Nakasone, 1988; Ingle, 1993; McLaughlin, 
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Fig. 1. Micropagurus acan- 
tholepis, male. A: Diagrammatic 
sternal region showing coxae of 
pereopods 1-5, right gonopore 
and left sexual tube. B: Coxae 
and sternite of pereopods 5 
showing gonopore, and sexual 
tube. SEM. C: Diagrammatic 
morphology of single peduncu- 
late spermatophore (scale bar = 
100 um). Drawings not to scale. 
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2003), but details of tube morphology, internal 
structure, function, and evolution have remained 
poorly studied. 

This study of sexual tube morphology, microstruc- 
ture, and ultrastructure in Micropagwus acanthol- 
epis, a species distributed along the southern coast 
of Australia (Gunn and McLaughlin, 1988), is the 
first in a series designed to explore the complexities 
of sexual tube morphology, development, functional- 
ity, and evolution, which are essential to future re- 
search into hermit crab reproductive behavior. How- 
ever, due to the paucity of studies on sexual tubes, 
and hermit crab mating behavior, it is not yet pos- 
sible to explain the striking variety of sexual tube 
shapes, differences in function, development, and 
evolution, or to make comparisons of phylogenetic 
significance with sperm transfer organs in other de- 
capods. 

In Micropagurus acantholepis, a sexual tube is 
present on the left side and is recurved or coiled 
upward to the level of the coxa of the fifth pereopod 
(Fig. 1). On the right side there is no sexual tube and 
only an open gonopore is present, although other 
species of Micropagurus lack the right gonopore 
(McLaughlin, 1986, 2003; Gunn and McLaughlin, 
1988). Histological sectioning and staining for light 
microscopy (LM) and both scanning electron micros- 
copy (SEM) and transmission electron microscopy 
(TEM) techniques are here used to identify the ex- 
ternal and internal microstructure, as well as the 
cellular composition of the sexual tube. 

MATERIALS AND METHODS 

Four individuals of Micropagurus acantholepis (Stimpson, 
1858) were used for the histological procedures outlined below. 
No décalcification was undertaken prior to the histology or elec- 
tron microscopy. 

Wax Sectioning 

The sexual tube fi-om a male specimen collected in southern 
Port Phillip, Victoria, Australia, on 18 April 1987 (Museum Vic- 
toria catalogue number J17494) was dissected and placed in 
Bouin's fixative for 2 h, several changes of 50% ETOH, and then 
stored in 70% ETOH. An ascending ethanol series of 80, 90, and 
2X 100% for 30 min each was applied, followed by two changes of 
toluene for 30 min each, wax for 30 min, and then wax in a 
vacuum for 1 h. Thick sections (6 (xm) were cut on a Spencer 820 
rotary microtome and later stained with Mayer's hematoxylin- 
eosin. Sections were viewed and photographed with an Olympus 
BH2 optical microscope equipped with Nomarski interference 
contrast optics, with an attached Olympus OM-2 camera. 

Scanning Electron Microscopy 

Two male specimens, one from the Northwest Bank in the 
mouth of the Tamar Estuary, Tasmania, Australia, and the other 
from Lime Bay National Park, Norfolk Bay, Tasmania, were 
collected on 25 July 1995 and 15 August 1995, respectively. Both 
were originally preserved in 70% ETOH. The protocol for SEM 
can be summarized as prior sonication for 20 sec in 70% ETOH 
(Felgenhauer, 1987), progressive dehydration in an ascending 
ethanol series of 80, 90, and 100%; for 5 min each, and finally a 
fresh change of 100% ethanol. The critical point-dried specimens 
were attached to glass coverslips on SEM stubs and sputter- 
coated with gold. The specimens were viewed and photogi-aphed 
at 10-20 kV on a Leica Stereoscan 440 scanning electron micro- 
scope. 



108 C. TUDGE AND R. LEMAITRE 

Transmission Electron Microscopy 

A male specimen was collected under QueenscliffPier, Queens- 
cliff, Victoria, Australia, on 10 October 1998. Observations were 
made of the live animal prior to fixation in 3% glutaraldehyde in 
phosphate buffer (PB). The TEM protocol is that described in 
Tudge et al. (2001) and was carried out in a Lynx-el microscopy 
tissue processor. 

Ljmx-el Microscopy Tissue Processor 

Portions of the vas deferens were washed in PB (thi-ee washes 
of 15 min), postfixed in PB 1% osmium tetroxide for 80 min, 
similarly washed in buffer, and dehydrated through ascending 
concentrations of ETCH (20-100%). After infiltrating and embed- 
ding in Spurr's epoxy resin (Spurr, 1969), thin sections (50-80 
nm thick) were cut on a LKB 2128 UM IV microtome with a 
diamond knife. Sections were placed on carbon-stabilized 
colloidin-coated 200 |xm mesh copper grids and stained in 6% 
aqueous uranyl acetate for 30 sec, rinsed in distilled water, 
stained with Reynold's lead citrate (Reynolds, 1963) for 4 min, 
and further stained in uranyl acetate for 2 min before a final rinse 
in distilled water (Daddow, 1986). Micrographs were taken on a 
JEOL 1200EX transmission electron microscope at 80 kV. 

RESULTS 
Tube Size and External Morphology 

As previously mentioned, the male of Micropagu- 
rus acantholepis has a single, coiled sexual tube 
projecting from the left gonopore (Figs. 1A,B, 2A). 
The coiled nature of the tube makes determination 
of an exact length difficult, but of the four specimens 
used an average length of 3.0 mm was obtained. In 
comparison, the shield length (the standard mea- 
sure of size in hermit crabs, measured from tip of 
rostrum to midpoint of posterior margin of shield) of 
the two individuals used for the SEM was 2.9 mm 
and 3.0 mm, respectively. This gives an indication of 
the substantial nature of the sexual tube in these 
relatively small hermit crabs. 

The tube is slightly greater than 500 ixm in diam- 
eter at its base on the coxal segment, but attenuates 
gradually along its length to •60 |a,m at the tip. The 
tube completes one-and-a-half coils throughout its 
length (Figs. IB, 2A), and on the exterior plane of 
the coiled tube a conspicuous, cuticular ridge runs 
from base to tip. This cuticular ridge appears as a 
raised, cross-furrowed, relatively smooth strip dis- 
tinct from the irregularly wrinkled exterior of the 
rest of the tube surface (Figs. 2A,C, 3), and de- 
creases in width from just over 200 [xm at the base of 
the tube to •20 ¡xm. near the tip. The ridge consists 
of a thickened region of the cuticle characterized by 
whorled microfibrils (Fig. 5B,C) similar to the chiti- 
nous or calcified cuticle of other crustaceans 
(Stevenson, 1985; Felgenhauer, 1991), and probably 
provides the structural integrity needed for the coil- 
ing as well as a strengthened area for any internal 
muscle attachment. 

The tip of the sexual tube has a terminal opening 
or pore that ranges in diameter from slightly less 
than 20 |xm (Fig. 4C) to 56 jj-m (Fig. 3C). The pore 

has a small, distended lip around it (Figs. 3A, 4C) 
when in a contracted state. 

Many short, simple setae occur on the exterior 
surface of the sexual tube over its entire length, 
although they are conspicuously absent from the 
cuticular ridge (Figs. 2A,C, 3A,C). Observations us- 
ing SEM and TEM indicate that the setae are cutic- 
ular in origin. Based on the presence at their base of 
cellular material (dendritic?) which penetrates into 
the socket of the setal stalk, the setae can be con- 
sidered to be innervated (Fig. 6E). 

Right Gonopore 

The right gonopore (Figs. lA, 2B) consists of a 
spherical pore •190 ixm in diameter and is sur- 
rounded posteriorly by dense, simple, and serrulate 
setae that can obscure the pore. Within and around 
the gonopore (Fig. 2B) are membranes that appear 
to be cuticular in structure, similar to those on the 
external surface of the sexual tube. The gonopore is 
flush with the surface of the coxal segment, and no 
distinct operculum sealing the opening is apparent. 

Tube Internal Organization and 
Ultrastructure 

Transverse sections (TS) of the sexual tube at both 
the LM and TEM level show three main regions: 1) 
a thin outer chitinous, cuticular layer and a thick- 
ened cuticular ridge; 2) an inner muscle-lined lu- 
men; and 3) connective tissue intervening between 
the two previous regions (Fig. 4A). At the light mi- 
croscope level the outermost cuticular layer, 10-16 
|xm thick, appears as multiple thin layers or laminae 
(Fig. 4B). The thickened cuticular ridge is on the 
outer side of the sexual tube, and differs from the 
thinner multilaminate layer in having the appear- 
ance of thick whorls (Fig. 4A,B). The ridge, being on 
average 100 |xm thick, is 6•10 times thicker than 
the adjacent layer of thin cuticle. In longitudinal 
section (LS) the aligned, serial nature of the lamel- 
lar whorls is clearly visible (Fig. 4B). At the ultra- 
structural level, the multilaminate appearance of 
the thin cuticular layer, and the serial whorling 
pattern of the thickened ridge, are evident. Simi- 
larly, the entire cuticular layer has no obvious min- 
eralized inclusions and parallel bundles of chitin 
microfibrils are often present (Figs. 5B,C, 6E). 

A central lumen runs the full length of the sexual 
tube (Figs. 4A-C, 5E,F), ending at the terminal pore 
on the tip (Fig. 4C). The lumen is circular in TS (Fig. 
4A), although it appears as a thin line (Fig. 4B) due 
to tangential sectioning, or partial collapsing (Fig. 
4C). The latter case is probably a fixation and/or 
sectioning artifact. 

The LM and TEM revealed four principle cell 
types between the cuticle and the central lumen. 
From exterior to interior these are: 1) loose connec- 
tive tissue cells, 2) secretory or glandular cells, 3) 
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Fig. 2. Micropagurus acaii- 
tliolepis. Male sexual tube and 
gonopore. SEM. A: Lateral view 
of sexual tube showing spiral 
shape, junction (arrowhead) 
with coxa of left pereopod 5, and 
terminal opening. B: Detail of 
right gonopore and setae. C: De- 
tail of thickened, cuticular ridge 
of the sexual tube, co, coxa; cr, 
cuticular ridge; go, gonopore; st, 
seta; to, terminal opening. 
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Fig. 3. Micropagurus acaii- 
tholepis. Distal portion of male 
sexual tube. SEM. A: Terminal 
opening of sexual tube. B: Ter- 
minal opening with partially ex- 
truded sperraatophore. C: Dif- 
ferent view (lateral) of same 
terminal opening with partially 
extruded sperraatophore. cr, cu- 
ticular ridge; sp, spermatophore 
pedestal; st, seta; to, terminal 
opening. 

muscle or myocyte cells, and 4) epithelial cells. The 
description of these cell types follows. 

1) The darkly staining cells of the connective tis- 
sue are widely scattered and are often only loosely 
connected to one another (Figs. 4A,B, 5D). In some 
sections (Fig. 4A,B) the large translucent spaces 
between the cells of the connective tissue may be 
artifactual, as more densely packed cells are seen in 
other light and TEM sections (Figs. 4C, 5D, 6B). 

2) Several large secretory or glandular cells were 
identified within the connective tissue adjacent to 

the lumen (Fig. 4A,D,E), and are characterized by 
their large size of about 170 (xm long by 70 |xm wide 
and distinctive shape. These cells are much larger 
than the surrounding loose connective tissue cells 
and are immediately recognizable by their shape 
and contents. They are sometimes referred to as 
goblet cells because of this distinctive teardrop 
shape (Bloom and Fawcett, 1968). Both electron- 
dark (Figs. 4E) and electron-lucent (Figs. 4A,D, 6D) 
vesicles are present inside these secretory cells, with 
the darker vesicles concentrated at the tapered end. 
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Fig. 4. Micropagurus acantholepis. Wax thick sections of male sexual tube. LM. A: Transverse section (TS) through sexual tube 
showing thickened cuticular ridge, loose connective tissue, secretory cell, and muscle-lined lumen enclosing a spermatophore. 
B: Oblique longitudinal section (LS) through sexual tube showing detail of cuticular ridge, loose connective tissue, and distinct 
cuticular nature of the thinner sexual tube wall. C: LS through the tip of sexual tube at the terminal opening. D,E: Goblet-shaped 
secretory cell in TS (D) and LS (E). cr, cuticular ridge; ct, connective tissue; cu, cuticle; 1, lumen of sexual tube; ml, myocyte layers; sc, 
secretory cell; sp, spermatophore; to, terminal opening. 
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The change in density of the vesicles from electron 
lucent to dark may indicate the accumulation of 
secretory product within the vesicles (Fig. 6D), or 
two different types of vesicles. 

3) The sexual tube lumen is lined with multiple 
layers of myocytes (Figs. 4A,E, 5E,F, 6A-C,F), about 
20 |xm thick in total, and the inner wall is composed 
of cells with membranes extended as many small 
microvillar projections (Fig. 5E,F). The microvillar 
projections ("microvilli") are separated from the 
muscle layers by a thin basal lamina (Fig. 5E,F). 
The interior of the lumen contains spermatozoa 
bound into pedunculate spermatophores (Figs. 
4A,E, 6F), and even some loose spermatozoa (Figs. 
5F, 6F). Two morphologically distinct myocyte ar- 
rangements are identifiable within the tube, and 
have been tentatively identified as oblique and cir- 
cular muscle. The oblique muscle, consisting of myo- 
cytes 27 |jLm long by 10 |j,m wide, occurs as randomly 
arranged, infrequent bundles interspersed with con- 
nective tissue cells and extending across the sexual 
tube between the cuticle and the lumen. The asso- 
ciated myocjTte nuclei and the distinctive myofibril 
bands or striations are clearly seen (Fig. 6B). The 
more obvious muscle type is the circular muscle that 
surrounds the lumen in several concentric layers. As 
with the oblique muscle, the occasional muscle cell 
nucleus and less distinct periodic banding can be 
seen in electron micrographs (Fig. 6A,C,F). 

4) Interior to the band of concentric circular mus- 
cle, and directly adjacent to the lumen of the sexual 
tube, is a layer of epithelial cells. These cells are only 
visible at the TEM level and exhibit extremely di- 
verse shapes with many intertwining cellular exten- 
sions and tiny "microvilli" (Fig. 5E,F). These "mi- 
crovilli" are extremely numerous and project into 
the sexual tube lumen. The lumen itself appears 
reasonably clear of cellular or extracellular mate- 
rial, with the obvious exceptions being the large 
pedunculate spermatophores (Fig. 4A) and the occa- 
sional free sperm cell (Figs. 5F, 6F). In some sections 
the ampullae of the spermatophores occupy the ma- 
jority of the lumen and parts of the stalk and ped- 
estal are also visible (Figs. 4A, 6F). 

Spermatophores 

During dissection of the sexual tube of Micropagu- 
rus acantholepis, and mounting of specimens for 
SEM, spermatophores were observed inside the sex- 
ual tube and reproductive system, and also stuck to 
the external cuticle of one hermit crab specimen. 
The general spermatophore morphology (Fig. IC) is 
typical for that of hermit crabs (Tudge, 1991) and 
the family Paguridae in particular (Tudge, 1999). 
The stalked or pedunculate spermatophore is com- 
posed of three main regions (tripartite) with a ped- 
estal (or base), a stalk, and a sperm-filled ampulla. 
Each spermatophore is about 800 |xm in height and 
the ampulla is about 100 jjirn at its widest point. One 

specimen was preserved with a spermatophore par- 
tially extruded from the end of the sexual tube, and 
the pedestal and stalk of the spermatophore can be 
clearly seen (Fig. 3B,C). It was not possible to deter- 
mine whether the spermatophore was exiting when 
the hermit crab was fixed, or whether the partially 
extruded position of the spermatophore was an ar- 
tifact of fixation. 

DISCUSSION 
Morphological Features 

Previous articles, almost exclusively taxonomic in 
nature, have documented only limited aspects of the 
external morphology of sexual tubes at a gross level 
(e.g., Alcock, 1905; Fenizia, 1937; de Saint Laurent, 
1968a,b,c, 1969, 1970a,b; García-Gómez, 1994; 
McLaughlin, 1997; Asakura, 2001). In the present 
study, a number of features have been confirmed 
and elucidated in much finer detail. The most de- 
tailed description of the tip of a sexual tube, where 
the lumen opens to the exterior, was provided by de 
Saint Laurent (1968b: 1103, fig. 39) for Decaphyllus 
junquai. The tip of the tube in Micropagwus acan- 
tholepis, like in D. junquai, has a lip and short setae 
around it (Figs. 3A, 4C). Some setae have been found 
during our study to be innervated (Fig. 6E) and 
might serve a sensory function during the mating 
process. A thick, cross-furrowed cuticular ridge 
(Figs. lA, 2A,C, 3A-C, 4A,B), similar to that present 
in M. acantholepis, has previously been depicted 
only for Forestopagurus drachi (see Forest, 1966: fig. 
24, as Anapagurus drachi), and Anapagurus species 
(see García-Gómez, 1994: fig. 2M). We have also 
observed (unpubl. obs.) a similar ridge on the sexual 
tube of Spiropagurus species. Quite possibly this 
ridge serves as structural support for the tube, 
which in M. acantholepis appears to have very lim- 
ited mobility. 

Spernvatophore Delivery 

Sexual tubes containing spermatophores within 
the tube have been previously illustrated in De- 
caphyllus junquai (see de Saint Laurent, 1968b: fig. 
39), and Enneobranchus flauioculatus (see García- 
Gómez, 1988: fig. Ih). We have also observed (un- 
publ. obs.) spermatophores in the tube of preserved 
specimens of Cestopagurus timidus and in live and 
preserved specimens of Iridopagurus caribbensis. 
These observations, as well as those described 
herein for Micropagurus acantholepis showing sper- 
matophores within the tube and partially extruded 
at the tip (Figs. 3B,C, 4A, 6F), indicate that at least 
in these species the tube must have a spermato- 
phore delivery capability. The terminal opening of 
the tube of M. acantholepis (Figs. 2A, 3A-C) appears 
to be capable of considerable expansion to allow exit 
of the tripartite spermatophore. The width of the 
terminal opening (~50 ¡xm) of the tube is less than 
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the width of the spermatophore pedestal (Fig. 3B,C). 
Also, the sperm-filled ampulla is of greater diameter 
than the preceding stalk (Fig. IC), so the terminal 
opening of the tube would have to expand to expel it. 
Again, direct observations of mating behavior using 
live animals are needed to understand how this pro- 
cess functions. 

Cellular Composition and Function 

Both light and ultrastructural microscopy re- 
vealed important details of the raicrostructure of the 
sexual tube of Micropagurus aeantholepis. The out- 
ermost membrane surrounding the sexual tube was 
found unequivocally to be made of typical, chitinous 
crustacean cuticle (Figs. 4A,B, 5A-C, 6B,E). The 
particular morphology of crustacean cuticle, with 
multilaminar appearance in some sections and a 
swirling pattern of chitin fibrils in others, is unmis- 
takable (Johnson, 1980; Stevenson, 1985; Felgen- 
hauer, 1991; Marlowe and Dillaman, 1995). The 
crustacean cuticle is primarily composed of the mul- 
tilaminate, chitinous procuticle (exo- and endocu- 
ticle), but may also be calcified by the deposition oí 
mineral crystals (usually calcium salts). When cal- 
cification occurs, the calcium salts fill spaces be- 
tween the chitin microfibrils and generally appear 
as vertical canals of stacked crystals (Stevenson, 
1985). When calcified cuticle is decalcified, these 
canals lose their salts and appear as aligned trans- 
lucent spaces. Since the sexual tube tissue was not 
decalcified during preparations of our specimens, 
and no mineral crystal canals are present in light or 
TEM sections, we conclude that the cuticle consists 
only of chitin and its associated proteins. In fact, 
bundles of chitin microfibrils are clearly visible in 
some ultrastructural micrographs of the cuticle 
(Figs. 5B,C, 6E). The majority of the cuticular mem- 
brane surrounding the sexual tube in M. aeanthol- 
epis is composed of thin cuticle (•13 |jim thick), and 
under SEM appears as a highly wrinkled surface 
(Figs. 2A,C, 3A-C). 

Glandular cells similar in morphology and shape 
to those found in the tube of Micropagurus aeantho- 
lepis, have been recorded from other crustaceans 
(Felgenhauer, 1991; Fingerman, 1991), as well as 
from mucous-secreting tissues of oligochaetes 
(Jamieson, 1981) and bivalve molluscs (Norenburg 

Fig. 5. Micropagurus aeantholepis. Male sexual tube. TEM. 
A: LS of cuticle of thin wall of sexual tube. B,C: Detail of thick- 
ened cuticular ridge showing characteristic patterns of chitinous 
crustacean cuticle. D: Multiple cells in loose connective tissue. 
E: TS through muscular lumen wall from connective tissue at top, 
to the lumen itself at bottom. Note: possible granular hemocyte 
(*). F: TS through muscular Imnen wall showing microvüli and 
scattered sperm cells within the lumen, bl, basal lamina; ct, 
connective tissue; cu, cuticle; 1, lumen of sexual tube; ml, myocyte 
layers; mv, microvilli; s, sperm cell. 

and Ferraris, 1990). The presence of secretory cells 
adjacent to the tube lumen of M. aeantholepis sug- 
gests that a secretion is being produced into the 
lumen, perhaps as lubrication to assist the passage 
of spermatophores, or as part of the complex forma- 
tion of the spermatophores (Mouchet, 1931; Green- 
wood, 1972; Tudge, 1999). 

The circular muscle cells found in the tube of 
Mieropagurus aeantholepis lack repeated banding or 
any particular pattern of myofibrils (Figs. 5E, 
6A,C,F) and are similar to those described for 
pseudostriated muscle in nematodes (Hope, 1969) 
and nemerteans (Norenburg and Roe, 1998). The 
circular muscle development around the sexual tube 
lumen may produce voluntary, peristalsis-like 
movement of the lumen contents, and thus possibly 
aid in spermatophore expulsion or in holding the 
spermatophores in place within the sexual tube. The 
less frequent oblique myoc5^es may only provide 
limited movement of the entire sexual tube. Exten- 
sive mobility of the sexual tube seems doubtful con- 
sidering the small amount of muscle tissue relative 
to the size and volume of the tube. Once again, direct 
observations of the sexual tube in live specimens are 
needed. 

Tube Function and Evolutionary Comments 

As previously indicated, sexual tube development 
in species of a substantial number of paguroid gen- 
era is diverse and highly variable. Heretofore, even 
studies on the external morphology of male hermit 
crab gonopores have been few (e.g., Lancaster, 1988; 
Manjón-Cabeza and Garcia Raso, 2000; Hess and 
Bauer, 2002). Thus, it is not surprising that this first 
in-depth study of a sexual tube has generated more 
questions than it has provided answers. However, 
the present study has shown that at least in Micro- 
pagurus aeantholepis the tube is much more com- 
plex than previously thought. The tube has elements 
of the associated coxal segment (chitinous cuticle, 
oblique muscle, and connective tissue), as well as 
tissues in common vnVn the vas deferens (circular 
muscle, secretory cells, and epithelium) immediately 
surrounding the central lumen. It is clear that the 
tube is a functional extension of the posterior vas 
deferens, and exteriorly consists of a structural elon- 
gation or chitinous sheath, cuticular in structure, 
that originates from the coxal segment. But why in 
M. aeantholepis do males have both a 
spermatophore-delivering left sexual tube and ap- 
parently also a functional right gonopore that lacks 
a similar tube? Other species of the genus reportedly 
lack a right gonopore altogether (McLaughlin, 1986; 
Haig and Ball, 1988). The right gonopore in M. ae- 
antholepis lacks an operculum, whereas it is present 
in other hermit crab species with paired functional 
gonopores, such as Diogenes pugilator and Clibana- 
rius vittatus (see Manjón-Cabeza and Garcia Raso, 
2000; Hess and Bauer, 2002). An explanation cannot 
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Figure 6 
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be provided at this time, as the focus of the present 
study was to establish preUminary insight into the 
structure of the pagurid sexual tube. However, the 
answer to this question, as well as those involving 
the evolution of sexual tube development within the 
entire family Paguridae, will provide a wealth of 
avenues for future research, some of which are al- 
ready ongoing. In fact, until the phylogenetic rela- 
tionships of paguroid families and genera are 
known, one can only speculate on the evolution of 
sexual tubes. 

Similarly, within the superfamily Paguroidea 
there are questions about the need for a specialized 
spermatophore delivery system in species of some 
genera but not in others. As Hess and Bauer (2002) 
reported, males of the diogenid Clibanarius vittatus, 
which lacks sexual tubes, simply emit material con- 
taining spermatophores onto the sterna of the fe- 
males without having any special delivery system, 
and during copulation the male/female pair position 
themselves so that the ventral surfaces of the cépha- 
lothorax are apposed. Is copulatory behavior in sex- 
ual tube-bearing species different from those with- 
out tubes? What is so different about the Paguridae, 
where species in 55.9% of the 68 known genera have 
a specialized sexual tube sperm transfer mecha- 
nism, and the Diogenidae, where only species of 
three genera have any form of sperm transfer spe- 
cializations at all? Again, we do not as yet have any 
substantive information to answer these questions. 
Nor do we have sufficient data to begin to formulate 
hypotheses regarding the possible homologies be- 
tween paguroid sexual tubes, brachyuran penes, 
and male sperm transfer organs in other decapods 
such as penaeoid shrimps, crayfishes, and lobsters. 
Based on anatomical position, however, the male 
sexual tubes of paguroids are entirely different 
structures than the sperm transfer organs of other 
decapods. In paguroids the sexual tubes originate 
from the coxae of the last pair of thoracic pereopods, 
and there are no pleopods to aid in spermatophore 
transfer. In contrast, in other decapods the sper- 
matophore transfer is accomplished by the modified 
first two pairs of abdominal appendages (gonopods). 
In some brachyurans, such as the Dromiacea, tubu- 
lar structures do develop from the gonopores (see 
Guinot and Tavares, 2003), although here again, the 
sperm transfer is aided by the gonopods. Evidently, 
much data must yet be accumulated if our under- 

Fig. 6. Micropagurus acantholepis. Sexual tube. TEM. 
A; Myocyte layers in lumen wall. B: Two oblique myocytes be- 
tween the outer cuticle and the inner lumen. C: Detail of myocyte 
layers aroimd lumen. D: Detail of ring-like vesicles inside goblet- 
shaped secretory cells. E: LS through the base of a cuticular seta. 
F: LS through single sperm cell wedged between base of sper- 
matophore in the lumen and the myocyte layers in the lumen 
wall, ct, connective tissue; cu, cuticle; ml, myocj^te layers; n, 
nucleus; nt, nerve tissue; om, oblique myocyte; s, sperm cell; sc, 
secretory cell; sp, spermatophore; at, seta; v, ceUular vesicles. 

standing of comparative morphology and behavioral 
ecology is to be applicable to all decapods. 

Our initial research has, nevertheless, revealed or 
confirmed some important information. For exam- 
ple, we have found that the sexual tube in Micro- 
pagurus acantholepis, and presumably all other 
pagurid species in which sexual tubes develop, is 
indeed a sperm transfer mechanism. How or why it 
has evolved in such elaborate diversity, particularly 
in the Paguridae, is still a matter of speculation. 
Species of several genera such as Anapagrides (see 
McLaughlin and Sandberg, 1995), Paguritta (see 
McLaughlin and Lemaitre, 1993), Parapagurodes 
(see McLaughlin and Haig, 1973; Komai 1999), and 
Pylopagurus (see McLaughlin and Lemaitre, 2001) 
are known to have very short tubes or simply pap- 
illary protrusions of the vas deferens. Do these cases 
represent early stages in tube evolution, or are they 
stages of the vas deferens that reflect potential for 
extension during the mating process? No studies of 
mating have been conducted, although such data are 
critical to our understanding of sexual tube function 
and evolution. 
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