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Summary. The ultrastructure of the tadpole (1% fold) embryo of the free-living marine nematode
Enoplus demani was studied. The cells of the tadpole embryo show no distinct cyto-differentiation.
Cytoplasm contains mitochondria and is filled with yolk granules and lipid droplets; nuclei contain
clumps of condensed chromatin. The cells at the different stages of the mitotic cycle occur frequently
in all the primordial embryonic layers. The centrosomes of the mitotic spindles include centrioles. The
cells of the epidermis and the intestine form distinct layers of polarized cells underlain by basal lamina
and connected at the apical ends by adherent junctions. The apical membranes of epidermal cells are
slightly undulated, occasional cisternae of RER and Golgi bodies occur in the apical cytoplasm. The
epidermis of the head-end forms many small funnel-shaped invaginations, interpreted here as the result
of morphogenetic cell movement associated with cephalic sensilla formation. There is no distinct
lumen in the tadpole intestine, rare microvilli occur squeezed between the apical membranes of
intestinal cells. Presumptive muscle cells have no myofilaments, but mitochondria are abundant at the
future basal (contractile) part of the cells. The pair of primordial germ cells (PGC) are positioned in
the blastocoel latero-ventrally to the mid-part of the intestine. These cells are about twice the diameter
of other cells of the embryo. The cytoplasm of PGC does not differ from the cytoplasm of somatic
cells of the embryo, and specific P-granules are absent. Data on cell structure of E. demani tadpole
embryo are compared with data on cell differentiation in Caenorhabditis elegans.

Key words: Caenorhabditis elegans, centriole, development, Enoplus demani, germ cells, nematodes, P-
granules, ultrastructure.

The free-living soil nematode Caernorhabditis
elegans, belonging to the order Rhabditida of the
subclass Rhabditia, has highly determinate deve-
lopment with invariant cell lineage, that is usual
for this taxon of nematodes (Sulston, 1997). C.
elegans has been studied extensively during the last
two decades as a model organism for different
fields of developmental biology. Cleavage and
following morphogenesis were studied in detail,
including ultrastructural observations of cell
differentiation (Wood, 1988b; Riddle et al., 1997).

To date, ultrastructural studies of the em-
bryogenesis in the nematode species, except for C.
elegans, have been focused mainly on the activity

of the epidermis and the first cuticle formation
(Bruce, 1970; Kozek, 1971; Bird & Stynes, 1981;
Bird, 1977; Martinez-Palomo, 1978; Platzer &
Platzer, 1988; Yushin & Malakhov, 1989, 1992).
Little information is available on the structure of

other embryonic tissues (Tongu ef al, 1978;
MacKinnon, 1986).
Development of members of the order

Enoplida, subclass Enoplia, differs from that of
other nematodes. The pattern of cleavage in
enoplid nematodes is indeterminate and cell line-
age is not fixed (Malakhov, 1994; 1998; Voronov,
1999). The most detailed observations of enoplid
embryogenesis were done on FEnoplus demani
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Table 1. Development of Enoplus demani at 18-20 °C.

Time from the initiation Stage
1 day 2 blastomeres |
3 days start of gastrulation
3.5 days slit-like blastopore
4 days blastopore is closed
5 days lima-bean
5.5 days comma
6.5 days tadpole
8 days two-fold loop
10 days three-fold loop
11 days four-fold loop
13-18 days pretzel
19-20 days hatching, first stage juvenile

(Malakhov, 1994; Voronov & Panchin, 1998).
These data were not accompanied by ultrastuctural
observations of histogenesis and cyto-differentia-
tion, which would assist understanding of the im-
portance of different developmental patterns for
embryonic morphogenesis.

Preliminary light microscope observations show
the absence of distinct structural differences be-
tween cells of the early embryos of the free-living
marine nematode E. demani to the tadpole stage (1
% fold embryo) (Malakhov & Akimushkina, 1976).
Thus, the tadpole embryo may be considered as
the starting point for embryonic cyto-dif-
ferentiation. The purpose of the present study of
E. demani was to describe in detail the ultrastruc-
ture of the cells in the primordial embryonic layers
of the tadpole embryo.

MATERIALS AND METHODS

Gravid females of Enoplus demani Galtsova,
1976 were obtained from sand collected in the
intertidal zone at the White Sea Biological Station
of Moscow State University (Kandalaksha Bay,
White Sea). Living specimens were cut into halves
at the vulva; as a result the fertilized eggs were
extruded from the body by internal pressure and
began to develop. The eggs were maintained at
room temperature (18-20 °C) in Petri dishes filled
with filtered seawater. The egg shell was pierced by
a glass capillary just before fixation for TEM. Em-
bryos were fixed at 10 °C in 2.5% glutaraldehyde
in 0.05 M cacodylate buffer containing 21 mg/ml
NaCl, and then postfixed at room temperature in
2% osmium tetroxide in the same buffer contai-
ning 23 mg/ml NaCl. Post-fixation was followed
by en bloc staining for 12 h in 1% uranyl acetate,
and then specimens were dehydrated in an ethanol

and acetone series and embedded in Spurr resin.
Thin sections were cut with a Reichert Ultracut E
ultratome, stained with lead citrate, and then exa-
mined with a JEOL JEM 100B or JEOL JEM
1010 electron microscope.

Development of free-living marine nematodes
includes the same morphologically distinct stages
as in C. elegans (Malakhov, 1994; Voronov &
Panchin, 1998; Voronov, 1999). Table 1 shows
original data on the approximate timing of
development of E. demani.

RESULTS

The tadpole embryo of E. demani looks like a
short worm with a massive dilated “head” and
short, ventrally curved “tail” (Fig. 1). The anterior
end comprises the ectodermal pharynx with an
oral opening. Intestinal cells form a cylinder of
relatively large cells; the short ectodermal procto-
daeum opens ventrally to the exterior by the anus,
close to the tip of the tail. The layer of mesoder-
mal cells occurs between the epidermis and em-
bryonic intestine.

In general, the ultrastructure of the cells of the
tadpole embryo is uniform and shows no distinct
cyto-differentiation. The average sizes of the cells
vary from 8 um in the epidermis to 12 um in the
intestine. Their cytoplasm contains mitochondria,
and is filled with yolk granules and lipid droplets
(Fig. 2A, B). The nuclei of the cells are 5-6 um in
diameter and contain clumps of condensed chro-
matin. The cells at the different stages of the mi-
totic cycle occur frequently in all the primary em-
bryonic layers (Fig. 3A). The centrosomes of the
mitotic spindles include centrioles 180 nm long,
and 150 nm in diameter (Fig. 3A, B).
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Fig. 1. Enoplus demani, schematic representation of the structure of the tadpole embryo as revealed by light

microscopy.

The main feature of the tadpole histology is a
clear epithelization of ectodermal derivatives (epi-
dermis, stomodaeum, proctodaeum) and endo-
derm (intestine). The epithelial cells form distinct
layers of polarized cells underlain by basal lamina
and connected at the apical ends by adherent
junctions (Figs 3C, D; 4A, B). The apical mem-
brane of the epidermis is slightly undulated (Fig.
4C) and forms rare, short microvilli. No evidence
of exocytosis or cuticle formation were found, but
occasional cisternae of RER and Golgi bodies
occur in the apical cytoplasm.

The epidermis of the head end forms many
small funnel-shaped invaginations each consisting
of several cells with extremely narrow apical and
broad basal ends (Fig. 4D, 5). The apical ends of
these cells form microvilli and long processes
strengthened with longitudinally oriented micro-
tubules (Fig. 4D). We interpret these invaginations
of epidermis as the result of morphogenetic cell
movement associated with head sensilla formation.

Intestinal cells are arranged radially and
stretched along their apical-basal axes (Fig. 2B).
There is no distinct lumen in the tadpole intestine
and apical surfaces of the opposite cells are in

close contact (Fig. 4A). Rare microvilli occur
squeezed between the apical membranes of the
intestinal cells. Microtubules and filamentous ma-
terial are abundant in the apical cytoplasm. Broad
basal parts of the cells are underlayen by basal
lamina (Fig. 4B).

The undifferentiated cells positioned between
the basal laminae of the epidermis and the intes-
tine are interpreted here as presumptive muscle
cells (Figs. 2A, 3D). The cells of this layer have no
myofilaments, but mitochondria are abundant at
the future basal (contractile) part of the cells (Fig.
3D).

A pair of very large cells, which we interpret as
primordial germ cells (PGC), are positioned in the
blastocoel latero-ventrally (one to the left and an-
other to the right) to the midpart of the intestinal
cylinder close to the flexion point of the embryo
(Fig. 1). These cells are about twice as large in
diameter (24 pm) than other cells of the embryo
(Fig. 6A), and completely fill the blastocoel. The
eccentric nuclei of these cells are large, about 10
um in diameter. They differ distinctly from the
nuclei of surrounding somatic cells by the uniform
dispersion of chromatin. Small vesiculated nucleoli
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Fig. 2. Enoplus demani, sagittal sections through the tadpole embryo. A: Epidermal and muscle cells of the dorsal
side, the asterisks indicate the basal lamina, the arrowheads show the apical membrane of the epidermal cell; B:
Intestinal cells, the asterisk indicates the apical part of the intestinal cell. (Scale bar - 2 pm). Abbreviations, ch,
chromosome; E, epidermal cell; gb, Golgi body; Ic, intestinal cell; L, lipid droplet; M, muscle cell; mi,
mitochondria; mv, microvilli; pr, cell process; N, nucleus; ng, nucleus of the primordial germ cell; nu, nucleolus; Y,
yolk granule.
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Fig. 3. Enoplus demani, sagittal (A-C) and transverse (D) sections through the tadpole embryo. A: Telophase stage
of mitosis in the intestinal epithelium, chromosomes are surrounded by newly formed nuclear envelope (arrowheads),
the arrow shows the centriole; B: Centriole (arrow) in the centrosome of a mitotic cell; C; Adherent junction
(arrowheads) between epidermal cells; D: Basal lamina (asterisk) between epidermal and muscle cells. (Scale bar -
0.5 um). For abbreviations see Figure 2.
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Fig. 3. Enoplus demani, sagittal (A-C) and transverse (D) sections through the tadpole embryo. A: Telophase stage
of mitosis in the intestinal epithelium, chromosomes are surrounded by newly formed nuclear envelope (arrowheads),
the arrow shows the centriole; B: Centriole (arrow) in the centrosome of a mitotic cell; C: Adherent junction
(arrowheads) between epidermal cells; D: Basal lamina (asterisk) between epidermal and muscle cells. (Scale bar -
0.5 pm). For abbreviations see Figure 2.
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Fig. 4. Enoplus demani, transverse (A, B, D) and sagittal (C) sections through the tadpole embryo. A: Apexes
(asterisks) of the intestinal cells, the arrowheads show adherent junctions; B: Basal lamina (asterisks) between
intestinal and muscle cells; C: Apical surface (arrowheads) of the epidermal cell; D: High magnification of epidermal
invagination at the anterior end of the embryo, the asterisks indicate the apical parts of epidermal cells. (Scale bar -
0.5 pm). For abbreviations see Figure 2.
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Fig. 5. Enoplus demani, sagittal section through the tadpole embryo. Epidermal invagination at the anterior end of
the embryo, the asterisks indicate the apical parts of epidermal cells. (Scale bar- 2 um). For abbreviations see Figure

2.

occur rarely in the nucleoplasm, and the nuclear
envelope has numerous pores (Fig. 6B).

The voluminous cytoplasm of the PGC does
not differ from the cytoplasm of somatic cells of
the embryo (Fig. 6A). It contains mitochondria
and is filled with yolk granules and lipid droplets.
The thin cytoplasm region near the nuclear enve-
lope contains Golgi bodies, cysternae of RER,
ribosomes and vesicles. We were unable to identify
distinct cytoplasmic features or inclusions that may
be used as morphological markers of the tadpole
PGC.

DISCUSSION

The tadpole embryo of E. demani consists of
almost uniform cells, but finishing organogenesis
results in epithelia formation, start of early
morphogenesis, and cyto-differentiation.

The epidermis of FE. demani forms in the
comma embryo as five cell rows: two lateral, two
subventral, and one dorsal (Voronov et al., 1989).
This five row arrangement of embryonic epidermal
cells occurs with C. elegans (Priess & Hirsch,
1986). The tadpole stages of both species do not
show cuticle formation. In C. elegans this process
starts only after strong elongation in the three-fold
loop embryo (Costa et al., 1997). The same situa-

tion might be expected in the development of E.
demani, where the tadpole embryo shows poor
metabolic activity of epidermal cells.

Myoblasts in the tadpole embryo of E. demani
are positioned between the epidermis and the in-
testine as two lateral layers of uniform thickness,
without division into quadrants. Future muscle
cells of the embryo show no evidence of cyto-dif-
ferentiation except mitochondria grouping at the
basal (future contractile) part of the cell. No myo-
filaments were detected there. In C. elegans the
first muscle proteins appear in 290 min old em-
bryos, long before the comma (390 min) and tad-
pole (420 min) embryos show twitching movement
followed by a slow movement of the two-fold loop
embryo (450 min) inside the egg shell (Wood,
1988a; Moerman & Fire, 1997). Muscle cells of
the C. elegans tadpole (1% fold) embryo are di-
vided into quadrants and polarized due to a con-
centration of myofilaments in the basal part of the
cells (Moerman & Fire, 1997). It is evident, that
muscle formation in E. demani is shifted to a later
stage of morphogenesis than in C. elegans.

Gastrulation in nematodes results in the forma-
tion of a central cylinder consisting of ectodermal
pharynx and endodermal intestine (Wood, 1988a;
Malakhov, 1994). In the tadpole embryo of E.
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Fig. 6. Enoplus demani, primary germ cell (PGC) in a parasagittal section through the tadpole embryo. A: General
view, the arrowheads show the border, the asterisks indicate the cytoplasm of the PGC; B: High magnification of the
nuclear envelope (arrowheads) and surrounding cytoplasm. (Scale bar, A - 2 pm; B - 1 um). For abbreviations see
Figure 2.
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demani the intestine consists of relatively large po-
larized epithelial cells with microvilli on the apical
surface, but the lumen is indistinct and cells show
no metabolic activity. At this stage the cells of the
pharynx and the intestine have only size diffe-
rences. It was shown for C. elegans that cell com-
munication between intestinal and pharyngeal cells
is completed at the tadpole stage (Bossinger &
Schirenberg, 1992). This may be considered as the
first evidence of intestinal cell differentiation.

Future nerve cells of early embryos of nema-
todes are undifferentiated and indistinguishable
from surrounding cells up to the stage of morpho-
genesis (Krieg ef al., 1978; Malakhov, 1994). We
were unable to identify neurons and axons inside
tissues of the tadpole embryo of E. demani. The
only evidence of nerve system (sense organs) for-
mation was deep epidermal invaginations at the
anterior end of the embryo. Specific microtubule
filled processes of apical ends confirm the future
neuronal nature of the invaginated cells. Con-
certed morphogenetic migration of the cells of
future cephalic sensilla occurs in C. elegans and
proceeds at the comma stage (Sulston, 1988), just
before tadpole stage formation.

As stated by Voronov ef al. (1989) for E. de-
mani embryogenesis, active proliferation is finished
at the comma stage. Our ultrastructural data show
occasional mitoses in all the primordial tissues of
the tadpole embryo. In C. elegans mitoses are
completed at the lima-bean stage, and this coin-
cides with the start of morphogenesis and cyto-
differentiation (Ehrenstein & Schierenberg, 1980).
The end of proliferation and start of cyto-differen-
tiation in E. demani are shifted to a later stage of
embryogenesis than occurs in C. elegans. This
phenomenon may be derived from the multicellu-
larity of E. demani juveniles and adults as com-
pared to C. elegans. For example, the first stage
juveniles (J1) of E. brevis consist of approximately
1500 cells (Voronov & Panchin, 1998), whereas
the J1 of C. elegans are comprised of only 538
cells (Wood, 1988a).

Centrioles have only occasionally been de-
scribed in somatic cells of nematodes (Wright,
1991). It was shown for C. elegans that sperm
derived centrioles are incorporated into centro-
somes of the first mitotic spindle (Albertson,
1984). Our data on the tadpole embryo of E. de-
mani is the first ultrastructural evidence of the
presence of centrioles in mitotic spindles of a
primitive marine nematode. The structure of these
centrioles is clear only in cross section, and the
diameter (150 nm) coincides with the diameter of
centrioles with triplets (Loewy & Siekewitz, 1974).

In sperm of C. elegans, as well as of many other
nematodes, centrioles have a reduced structure and
consist of only 9 singlets of microtubules (Justine
& Jamieson, 1999). Centrioles with nine doublets
were found in somatic cells of Capillaria hepatica
(Wright, 1976). It is possible that centrioles of E.
demani also have a reduced number of micro-
tubules.

Small marine nematodes lack a real body cavity
(Malakhov, 1994; Van de Velde & Coomans,
1989, Ehlers, 1994). Narrow interstitial spaces
between cellular layers are occupied by a thin basal
Jamina. This situation is considered primitive for
nematodes (Ehlers, 1994). The tadpole embryo of
E. demani has no distinct body cavity, but a thin
basal lamina separates layers of epidermis, pre-
sumptive muscle cells and intestinal epithelium.
However adult E. demani, a relatively large marine
species, possesses a body cavity between the
epithelial-muscle sac and the intestine (Malakhov,
1994).

Nematodes have one of the earliest determina-
tions of primary germ cells (PGC) (Strome &
Wood, 1982, 1983). For example, in C. elegans
two PGC, termed in cell lineage as Z; and Z,, are
isolated in the 28 cell embryo and continue to
proliferate only during the postembryonic period
(Ehrenstein & Schierenberg, 1980). The cells of
the germ line in the embryogenesis of all nema-
todes studied are clearly marked by P-granules,
viz. specific amorphous cytoplasm inclusions, asso-
ciated with nucleus (Kimble & Ward, 1988).

E. demani has less determined development
than other nematodes (Malakhov, 1994; Voronov
& Panchin, 1998). Although the cell cleavage pat-
tern of this primitive nematode was studied inten-
sively, the germ cell line remains undetermined.
Putative PGC were found in late stages of devel-
opment (comma, tadpole and two-fold loop), after
examination of serial thick sections (Malakhov &
Akimushkina, 1976). These were two giant cells
positioned laterally to the primordial intestine.

The present study of serial thin sections con-
firms the existence of two cells of a special type in
the tadpole embryo of E. demani. The number (2),
position (blastocoel, midbody, latero-ventrally to
the intestine), and comparatively large size of these
cells suggest they are PGC. However they have no
P-granules or other special cytoplasmic markers.
In this respect the PGC of E. demani differ dis-
tinctly from PGC of other nematodes studied
(Wisse & Daems, 1968; Krieg et al., 1978; Wolf ef
al., 1983; Sulston ef al., 1983; Endo, 1998). The
absence of P-granules prevents tracing determina-
tion of PGC during the early cleavage of FE. de-
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mani. Also, a late determination of PGC in F.
demani cannot be assumed, because it is possible
that the PGC become isolated from somatic cells
at an early stage, but are stored during develop-
ment without easily detectable cytological events
(Jeffery, 1988; Ikenishi, 1998).
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Oumn B, B,, Komanc A,, boproun I'.,, Majaxos B. B. YabTpacTpyKTypHOE HCCIICAOBAHHE CTAAMH
TOJIOBAaCTHKA Y MPHMHMTHBHOH MOpckoi HemaTtoawl Enoplus demani (Enoplia: Enoplida).

Peitome. H3syuena yapTpacTpykTypa TrONOBACTHKA — pPaHHEH CTaguH 3MODHOHAIBHOTO Ppa3BHTHA
cBOOOAHOMKMBYIIEH MOpPCKOH Hemaroawl Fnoplus demani. Knerku Bcex TkaHedt 3mOpHoHa Mano
andeperuuposansl. LlHTonnasMa coaepKUT MHTOXOHAPHH, YKEITOYHBIE IPAHYJIbl U JIMIHAHBIE KATLIH;
SApa 3aMOMHEHBl YACTHLUAMHM KOHIACHCHDOBAHHOIO XpOMaTuHa. Bo BceX 3apoABIIIEBBIX JHMCTKAX
00HApYXKEHBI KIETKM HA PA3JIMYHBIX CTAAHUAX MUTO3a. LIEHTPOCOMBI MHTOTHYECKOTO BEPETEHA COIEpPIKAT
UEHTPHOAM. KIIeTKH JMHACPMHCA M KHIUCYHHKA MONAPH30BAHBI H (DOPMHPYIOT MHTEC/IUH, MOACTHIIACMBIC
6azanbHOM mnacTHHKOH. AnMkanpHas MeMOpaHa SMHUACPMANbHBIX KIETOK BOJHHCTAasA, B LHUTOIUIA3ME
KJIETOK BCTpe4arTca Teapua [onpmxu M muctepHsl LIIDOP. Ha ronoBHOM koHUE anuacpMuc GopMHpPYET
MHO>KCCTBO BOPOHKOBHJIHBIX BITYMBAHHMH, CBHIETENBCTBYIOUIMX O Hauane (JOpMHPOBAHHA rOJOBHBIX
YyBCTBHTEJIBHBIX OPraHoB. B kuimeuHol TpyOke mpocBeT OTCYTCTBYET, OJHAKO MEXIY aNMUKATbHBIMH
MeMOpaHaMH KJIETOK KMIUEYHHKA OOHAPY)KEHbI MHKPOBOPCHHKH. [IpE3yMNTHBHBIE MBILUEYHBIC KIETKH HE
coaepaT MMO(MIIAMEHTOB, OQHAKO B HX Oyaymei Oa3anbHOH (COKpAaTHTENbHOH) 4acTH HAGmOAAeTCA
ckoruicHHe MHuTOXOHApui. ITapa nepeuunbix nonoseix knerox (ITMIK) pacnonaraercs B Onacrouene
IMOpHOHA JIATEPO-BEHTPAJIbHO HA YPOBHE CEPEAMHBI KHIIEUHOHN TpyOku. JJHaMeTpoM 3TH KIETKH B JBa
pa3a MpeBOCXOAAT COMATHYECKHE KeTkH IMOpuoHa. L{uronnaima ITTK He OTIHYAETCA OT LIMTOMIA3MBI
COMATHYECKHX KJICTOK H HE COACPKHT crneunpuyeckux P-rpanyn. [lansele mo yabTpacTpyKType
rojaoBacTHKa E. demani CPaBHHBAIOTCA C HMEIOIUMHUCA B JIHTEPATYPE CBEACHHAMH MO KJIETOMHOH
A GEPCHUMPOBKE B PAHHEM IMOpHOreHe3e NoYBEHHOH HeMmaToasl Caenorhabditis elegans.






