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Abstract Structure of the adult gonads of a hermaphroditic cephalocarid, Sandersiella sp.,
was examined and some phylogenetic features on the mode of oogenesis were discussed.
Both a pair of ovaries and a pair of testes lay along the alimentary canal. A long sac-like
ovary was located in each side of the alimentary canal, extended from the eighth to the 18th
and the 19th postcephalic segment. A short oviduct grew forward from the anterior end of
each ovary. A pair of short sac-like testes was situated on the dorsal side of the alimentary
canal, extended from the seventh to the eleventh postcephalic segment. A short spermiduct
arose forward from the anterior end of each testis and then was joined with the oviduct to
form a common genital duct opened at the base of the sixth thoracopod. The ovarian wall
was a thin single-layered ovarian epithelium. Three and four germaria including several
oogonia and very early previtellogenic oocytes embedded in the ovarian epithelium, we
rearranged in a line along the ventromedian axis of each ovary. Approximately 10 larger
oocytes at various oogenetic stages, previtellogenic and vitellogenic, lay in the ovarian
lumen other than the younger oocytes in the germaria. Neither follicle cells nor nurse cells
were found about these oocytes. A mature egg oviposited was attached to each gonopod
with cement. In the present specimen, the early previtellogenic oocytes should leave the
germaria to grow into mature eggs in the ovarian lumen, which a mature egg should be
oviposited through each of the oviducts, the common genital ducts, and gonopores. Such
an oogenetic egg laying mode is of the typical mandibulate-type, which has been expected in
the cephalocarids, one of the most primitive mandibulate arthropods.
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Introduction

Two structural and functional types of the ovaries corresponding to the two major
arthropod subphyla, the Chelicerata and the Mandibulata, were compared by Makioka
(1988) based on various descriptions of arthropod ovaries.

In most chelicerates, the oocytes leave the germarium to grow and to become mature on
the outer surface of the tubular ovary. Mature eggs are ovulated into the ovarian lumen
through the ovarian wall soon to be transferred into the oviduct. In most mandibulates,
however, the oocytes leave the germarium to grow and to become mature in the lumen of the
sac-like ovary. Mature eggs are transferred in order into the oviduct. Despite such
remarkable differences in structural and oogenetic features of the ovaries between
chelicerates and mandibulates, the origin of these differences remains unexplored. In the
most primitive chelicerates, such as horseshoe crabs and scorpions, the ovaries are typical
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specimens of the chelicerate-type. In the primitive mandibulates, such as branchiopod
crustaceans, however, the ovaries are of the mandibulate-type in anostracans (Criel, 1980;
Munuswamy and Subramoniam, 1985; Tommasini and Scanabissi-Sabelli, 1992) and
cladocerans (Rossi, 1980; Tommasini and Scanabissi-Sabelli, 1992), but of the remarkably
transformed mandibulate-type superficially looking like the chelicerate-type in notostracans
(Trentini, 1978; Trentini and Scanabissi-Sabelli, 1978; Ando and Makioka, 1992; Tommasini
and Scanabissi-Sabelli, 1992) and conchostracans (Zeni and Zaffagnini, 1989; Tommasini
and Scanabissi-Sabelli, 1992). In one of the most primitive crustaceans, the cephalocarid
Hutchinsoniella macracantha, an outline of the female reproductive system has been
described (Sanders and Hessler, 1970; Hessler ef al., 1995), leaving structural and functional
details of the ovary behind. In the present study, structural details of the ovary in the
hermaphroditic gonad of another cephalocarid, Sandersiella sp. are described and the
structural and the oogenetic type of the ovary is discussed.

Materials and Methods

A specimen of the cephalocarid, Sandersiella sp., was collected from 87m deep sandy
bottom of the Otsuchi Bay, Iwate, Japan, in October 1995. The body was white and about
2.7 mm long. A large white egg, about 250 um in diameter and 360 um in length was
attached to the most distal segment of each of the ninth rudimental thoracopods with cements.
The two eggs were not included in such as the brooding pouch but exposed to sea water.

The whole body was fixed with Bouin's solution, dehydrated and cleared with graduated
ethanol-n-butanol series and embedded in paraffin. Serial paraffin sections, 6 um thick,
were stained with Mayer's hematoxylin and eosin (H-E), periodic acid-Schiff and Mayer's
hematoxylin (PAS-H), or Heidenhain's Azan (Az).

Results

I Hermaphroditic reproductive system

Sandersiella sp. had both female and male reproductive systems, a pair of ovaries and
oviducts and a pair of testes and spermiducts other than a pair of common genital ducts (Fig.
1). A pair of ovaries was located along the both sides of the alimentary canal, extended
from the eighth to the 18th (the left ovary) and 19th (the right ovary) trunk segment. A pair
of testes was situated on the dorsal side of the alimentary canal and extended from the
seventh to the eleventh trunk segment (Fig. 1). A short oviduct, about 100 zm long and 10
um wide, arose forward from the anterior end of each ovary (Fig. 1). A spermiduct, about
70 um long and 8 um wide, extended forward from the anterior end of each testis (Fig. 1).
The spermiduct joined with the oviduct at the seventh trunk segment to form a common
genital duct, about 150 um long and 12 um wide, connected with the genital pore opened at
each base of the sixth thoracopod. Neither seminal receptacles nor seminal vesicles were
found on the oviducts or the spermiducts.

Il Histology of the female organs and female germ cells
Ovaries and oviducts

Each ovary was a long straight sac-like organ. The ovarian wall was a single layered
thin ovarian epithelium, and each ovarian epithelial cell was flat and contained a basophilic
nucleus of about 4 x 7 um (Figs. 2, 3, 4, and 6). Several oogonia, about 6 um in diameter,
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Fig. 1. Schematic drawings of dorsal and sagittal view of the hermaphroditic reproductive system
in Sandersiella sp. A pair of long sac-like ovaries is located along both sides of the alimentary
canal between the 8th and the 19th trunk segment, and a pair of short sac-like testes above the
alimentary canal between the 7th and the 11th trunk segment. A short oviduct is extended forward
from the anterior end of each ovary and a short spermiduct from the anterior end of each testis.
They are joined each other to form a common genital duct opening at the base of the 6th
thoracopod. A pair of mature eggs attached to the 9th thoracopod. A is dorsal and B is sagittal
view. Numerals are the number of trunk segments. cgd = common genital duct, e = egg, od =
oviduct, ov = ovary, sd = spermiduct, t = testis.

and very early previtellogenic oocytes less than 15 um in diameter, and some somatic
interstitial cells were loosely aggregated in the central ovarian epithelium to form three (at
the 11th, 14th and the 17th trunk segments in the left ovary) and four (at the 10th, 12th, 15th
and the 17th trunk segments in the right ovary) germaria arranged in a line along the
ventromedian axis of the ovary (Fig. 2). Larger oocytes, previtellogenic and vitellogenic,
were found, not in the ovarian epithelium, but in the ovarian lumen, the larger oocytes much
more bulging the ovarian wall. The thin oviductal wall consisted of single-layered flat
epithelial cells, the nuclei of which were about 4 x 6 um (Fig. 7).

Oocytes in the ovary

Seven oocytes, six previtellogenic and a vitellogenic, were found in the left ovary. The
smallest previtellogenic oocyte, about 10 um in diameter, was embedded in the ovarian
epithelium at the eleventh trunk segment. Two other early previtellogenic oocytes, about
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15 um in diameter, were attached to their germaria at the 14th and the 17th trunk segments.
Two others about40 x 80 um lay closest to the posterior end of the left ovary in the 18th
trunk segment, and the largest previtellogenic oocyte between the 16th and the 18th trunk
segments. A vitellogenic oocyte, about 70 x 450 um, most extremely bulging the left ovary
between the twelfth and the 15th trunk segments (Fig. 4). In the right ovary, nine oocytes,
eight previtellogenic and a vitellogenic, were found. A very early previtellogenic oocyte,
about 15 um in diameter, was embedded in the ovarian epithelium at the tenth trunk segment
(Fig. 3). All of other oocytes lay in the ovarian lumen. Three others about 20 x 25 um,
were attached to their germaria at the twelfth, 15th, and the 17th trunk segments. Two
others about 40 x 80 um closest to the posterior end of the right ovary were at the 19th trunk
segment. A couple of late previtellogenic oocytes, about 50 x 90 um and 50 x 120 um,
were between the 18th and the 19th, and the 16th and the 18th trunk segments. The largest
oocytes, in the late vitellogenic, was occupied the ovarian lumen, most extremely bulging the
right ovary between the ninth and the 16th trunk segments (Fig 5). In each ovary, all of the
oocytes larger than 20 x 25 um lay in the ovarian lumen, and only the largest oocyte was
vitellogenic. The oocytes were arranged in a rule in the ovarian lumen. The oocytes larger
than 40 x 80 um, previtellogenic and vitellogenic, were arranged in order of size, the larger
ones more anteriorly, nearer the oviduct. Contrarily, the oocytes less than that size were
located on the ventral side of the ovarian lumen, between the larger oocytes. They were
arranged in reverse, the smaller ones more anteriorly. The oocytes of the boundary size,
about 40 x 80 um, were found near the posterior end of the ovary (Fig. 12).

Oogenesis

The oogonium was spherical cell and included a large and entirely spherical nucleus with
some chromatin granules condensed and a nucleolus was not found. The previtellogenic
oocytes less than 20 x 25 um in diameter had a large germinal vesicle, in which no
prominent nucleolus was found (Fig. 3), but strong basophilic chromatin granules were
agglutinated into several clusters. Their narrow ooplasm was slightly stained with
hematoxylin. In the previtellogenic oocytes, about 40 x 80 um, the ooplasm was weakly
stained with hematoxylin. Their germinal vesicles, about 30 um in diameter, contained one
or two large prominent nucleoli, 10-15 um in diameter, strongly stained with hematoxylin or
azocarmine. In the larger previtellogenic oocytes, from 50 x 90 um to 50 x 120 um, the
germinal vesicles were about 30 um in diameter containing a prominent nucleolus of about
18 um in diameter, and their ooplasm was weakly stained with hematoxylin or anilin blue.
The vitellogenic oocyte, about 70 x 450 um, had a large germinal vesicles of about 35 ym in
diameter with a prominent nucleolus about 25 um in diameter, and some yolk granules, 1-5
um in diameter, stained with eosin, PAS, anilin blue, or azocarmine, were scattered in its
ooplasm (Fig. 4). A mature vitellogenic oocyte, about 90 x 900 um, contained a germinal
vesicle, about 30 um in diameter, had begun to break down for the maturation division. In
the ooplasm, the large yolk granules, 3-5 um in diameter, stained with eosin, PAS or
azocarmine, and the small yolk granules, less than 2 um in diameter, stained with eosin, PAS,
or anilin blue, filled their ooplasm (Figs. 5 and 6). Thin vitellin membrane -about 2 um
thick was found only in the largest vitellogenic oocyte (Fig. 6). No nucleolus was found in
its germinal vesicle. Egg membrane was thickened up to about 3 um, but egg shell was not
formed. Neither follicle cells nor nurse cells were found about all the oocytes.
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Fig. 2. Cross section of the posterior region of the left ovary. An oogonium lies in the germinal
region of the ovarian epithelium running along the ventromedian axis. A previtellogenic oocyte is
seen in the ovarian lumen. H-E staining. Scale bar = 5 yum. oe = ovarian epithelium, og =
oogonium, poc = previtellogenic oocyte.

Fig. 3. An early previtellogenic oocyte embedded in the germinal region of the ovarian epithelium
and a vitellogenic oocyte in the lumen of the right ovary. PAS-hematoxylin (PAS-H) staining.
Scale bar = 10 um. voc = vitellogenic oocyte.

Fig. 4. The largest oocyte in the lumen of the left ovary. A large nucleolus is seen in the nucleus.
Azan staining. Scale bar = 10 um. ac = alimentary canal, yg = yolk granule.

Fig 5. A mature oocyte in the lumen of the right ovary. The germinal vesicle is breaking down.
Numerous yolk granules fill the ooplasm. PAS-H staining. Scale bar = 20 xm.

Fig. 6. Peripheral region of the mature oocyte in the right ovary. A thin vitellin membrane
surrounds the oocyte. Numerous yolk granules in various size fill the ooplasm. PAS-H staining.
Scale bar = 10 xm. vm = vitellin membrane.

Fig. 7. Cross section of the left oviduct. Some nuclei of the oviductal epithelial cells are seen. H-E
staining. Scale bar = 10 um. od = oviduct.
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Fig. 8. Cross section of the medial part of the right testis. Some male germ cell cysts showing
various spermatogenetic stages fill the testicular lumen. H-E staining. Scale bar = 20 um. sc =
spermatocyte, sg = spermatogonium, sp = sperm, te = testicular epithelium.

Fig. 9. Cross section of the anterior part of the right testis. A number of mature sperms fill the
testicular lumen. H-E staining. Scale bar = 10 zm.

Fig. 10. Cross section of the right spermiduct near the testis. Mature sperms are seen in the
spermiductal lumen. H-E staining. Scale bar = 10 um. sd = spermiduct.

Fig. 11. Sagittal section of the left common genital duct. Mature sperms fill the lumen of the
common genital duct. H-E staining. Scale bar = 10 #m. cgd = common genital duct.

III.  Histology of the male organs and male germ cells

Each testis was a short sac-like organ. The testicular wall was a single layered thin
testicular epithelium, less than about 4 #m thick, and the testicular epithelial cells included a
flattened nucleus of about 4 x 10 um (Figs. 8 and 9). A number of spermatogonia and
somatic interstitial cells were aggregated in the testicular epithelium forming some cysts,
mainly in the posterior two thirds of each testis. Each spermatogonium, 7-8 um in diameter,
had a large nucleus contained peculiarly agglutinated chromatin granules strongly stained
with hematoxylin, and no nucleolus was found. The testicular lumen was occupied with
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numbers of male germ cell-cysts consisting of about 20 to 50 of spermatocytes, spermatids,
or mature sperms, which developed synchronously in their cysts (Figs. 8 and 9). The
primary and secondary spermatocytes were smaller than the spermatogonia, about 4-7 um in
diameter (Fig. 8). Condensed chromatin particles in their nuclei, less than 4 um in diameter,
were strongly basophilic and distinct nucleolus was not formed. Two different regions, the
strongly basophilic nuclear region and the weakly basophilic cytoplasmic region, were
distinguished (Fig. 8). The mature sperm was aflagellate and slightly flattened, about 2 x
2.5 ym. In the mature sperm, strongly condensed basophilic nucleus and weakly basophilic
cytoplasmic region were distinguished (Figs. 8, 9, 10, and 11). The mature sperms released
from the cysts filled the lumens of the spermiducts and also those of the common genital
ducts (Figs. 10 and 11). The wall of the spermiduct consisted of single layered thin
epithelial cells containing the nuclei about 3 x 6 um. The wall of the common genital duct
consisted of single layered elongated epithelial cells and their nuclei were about 3 x 8 um
(Fig. 11).

Discussion

The Cephalocarida is one of the most primitive crustacean groups (Hessler and Elofsson,
1991; 1992; 1995; Hessler et al., 1995). The representatives have some primitive external
morphological features, such as the homonomous body segments, but no internal feature
have been examined other than Hutchinsoniella macracantha.

The present species, Sandersiella sp., is hermaphroditic, having both a pair of short
sac-like testes with a number of spermatogonia, primary and secondary spermatocytes,
spermatids and mature sperms and a pair of long sac-like ovaries with oogonia and
previtellogenic and vitellogenic oocytes. Two mature eggs are found to be already
oviposited and attached to each of the ninth thoracopods. Paired spermiducts and oviducts
are connected with each other into a pair of common genital ducts, which are filled with
mature sperms. No seminal receptacles and seminal vesicles are seen in the oviducts and
the common genital ducts. Mature eggs pass through the lumen of the oviduct and
common genital duct filled with sperms at their oviposition. These structural features of
the male and female reproductive systems suggest a self-fertilization, because this system
may not be able to avoid a self-fertilization.

In H. macracantha, Sanders and Hessler (1970) and Hessler ef al. (1995) described testes
and ovaries connected with a pair of common genital ducts through the spermiducts and the
oviducts, However, their terminations are somewhat different from those in the present
study in particular on the female system. First, they described a pair of "ovaries" as solid
tissues located near the maxillary gland. It may correspond to the "germarium" because
they have find out oogonia in it despite the oogonia have somewhat unique appearance.
Next, an extremely elongated and doubled up "oviduct”, in the lumen of which growing
oocytes, may correspond to the ovary, in the present study and many other studies on
crustacean and other arthropod female reproductive systems. If it is accepted, the both
species should share some basic ovarian structural and oogenetic features: such as a pair of
branchless long sac-like ovaries and oocytes growing in the ovarian lumen. These are typical
features of the mandibulate-type ovaries.

Similar simple sac-like mandibulate-type ovaries have also been found in some other
primitive crustaceans, such as in the anostracan branchiopods, Artemia salina (Anderson,
1967), A. fransiscana (Criel, 1980), Chilocephalopsis bundyi and Streptocephalus
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ovary

Fig. 12. A schematic drawing of a sagittal section of the hermaphroditic reproductive system of
Sandersiella sp., reconstructed from many serial sections. The ovary is a simple sac-like organ
consisting of a single layered ovarian epithelium. Several germaria including oogonia and very
early previtellogenic oocytes lie along the ventromedian axis of the ovary in the ovarian
epithelium. Early previtellogenic oocytes are attached to the ovarian epithelium near the germaria.
Some previtellogenic oocytes and a vitellogenic oocyte are located in the ovarian lumen, the latter
lying at the nearest to the anterior end of the ovary from which the oviduct arises. The testis is a
short sac-like organ. A single layered testicular epithelium is deeply bulged. The spermatogonia
and the spermatocytes are seen in the lumen of the cysts in the posterior part of the testis. The
mature sperms fill the anterior part of the testis, and also the lumens of the spermiduct and the
common genital duct. bm = basement membrane, cgd = common genital duct, od = oviduct, oe =
ovarian epithelium, og = oogonium, poc = previtellogenic oocyte, sc = spermatocyte, sd =
spermiduct, 'sg = spermatogonium, sp = sperm, te = testicular epithelium, voc = vitellogenic
oocyte.

dichotomus (Munuswamy and Subramoniam, 1985) and in the cladoceran branchiopods,
Sida crystallina, Daphnia magna, Eurycercus lamellatus, Bythotrephes longimanus and
Leptodora kindtii (Rossi, 1980).

On the other hand, some unique ovarian features superficially resembling those in the
chelicerate-type ovaries have been described in the notostracan branchiopods, Triops
cancriformis (Longhurst, 1955; Trentini, 1978; Trentini and Scanabissi-Sabelli, 1978;
Tommasini and Scanabissi-Sabelli, 1992), T. longicaudatus (Ando and Makioka, 1992) and
Lepidulus apus (Longhurst, 1955), and the conchostracan branchiopods, Limnadia
lenticularis (Zaffagnini and Minelli, 1970) and Leptestheria dahalacensis (Zeni and
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Zaffagnini; 1989). Tommasini and Scanabissi-Sabelli (1992) distinguished these two
different ovarian structural features among the branchiopods, but they did not tell which is
more primitive because they could not compare these features with any archetype. The
present study offered the cephalocarid ovarian structural features to be of the typical
mandibulate-type as an archetype, which supports the primitiveness of the mandibulate-type
in ovarian structural features among crustacean and therefore makes it possible to consider
that the typical mandibulate-type, as it is in ovarian structural features of the anostracans and
cladocerans, should be primitive and that the ovarian structural features of the notostracans
and conchostracans superficially resembling those in the chelicerate-type should be derived
from those of the mandibulate-type.

The remipedians, also known to be hermaphroditic, are considered either as another most
primitive crustacean group or as closely related to the copepods (Yager, 1991; Schram, 1986;
Ito and Schram, 1988). The remipedian ovaries were described in Speleonectes benjamini,
Godzillogonomus frondosus (Yager, 1991) and Lasionectes entrichoma (Ito and Schram,
1988). Some common features of the remipedian ovaries, such as paired sac-like ovaries
with the germarium at each anterior end and oocytes growing in the ovarian lumen, show
that these features should also be of a typical mandibulate-type.

The most primitive form of the crustacean ovary should be of a simple sac-like one
including growing oocytes in its lJumen as found in the cephalocarids and remipedians, and
all the diverged ovaries in other crustacean groups might have been derived from the
primitive form. Moreover, the crustacean phylogenetic position in the arthropods suggests
that the primitive form is closest not only to the archetype of the crustaceans, but also to that

of the mandibulates.
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