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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-dflerentiation. 
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 ~ 0 ~ e c t e d  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 c e k  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 Caenorhabditis 
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 et 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 futed (Malakhov, 1994; 1998; Voronov, 
1999). The most detailed observations of enoplid 
embryogenesis were done on Enoplus demani 
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Table 1. Development of Enoplus demani at 18-20 "C. 

slit-like blastopore 

blastopore is closed 

lirna-bean 

comma 

two-fold loop 

three-fold loop 

four-fold loop 

(Malakhov, 1994; ~ o r o n o v  & 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 
x fold emb~yo) (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 fdled 
with filtered seawater. The egg shell was pierced by 
a glass capillary just before fmation for TEM. Em- 
bryos were futed at 10 "C in 2.5% glutaraldehyde 
in 0.05 M cacodylate buffer containing 21 mg/ml 
NaCI, and then postfuted at room temperature in 
2% osmium tetroxide in the same buffer contai- 
ning 23 mg/rnl NaC1. Post-fmation 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 lOOB or JEOL JEM 
10 10 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 cu~ved "tail" (Fig. 1). The anterior 
end comprises the ectodermal pha~ynx 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 rnesoder- 
ma1 cells occurs between the epidermis and ern- 
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 pm in the epidermis to 12 pm in the 
intestine. Their cytoplasm contains mitochondria, 
and is frlled with yolk granules and lipid droplets 
(Fig. 2A, B). The nuclei of the cells are 5-6 pm 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- 
b~yonic layers (Fig. 3A). The ceritrosornes of the 
mitotic spindles include centrioles 180 nm long, 
and I50 nm in diameter (Fig. 3A, B). 
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Fig. I. 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 rnany 
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 longitudi~ially oriented micro- 
tubules (Fig. 4D). We inte~pret 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 fdamentous ma- 
terial are abundant in the apical cytoplasm. Broad 
basal pasts 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 
myofflamexits, but mitochondria are abundant at 
the future basal (contractile) part of the cells (Fig. 
3D). 

A pair of very large cells, which we interyret 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 emb~yo 
(Fig. 6A), and completely fdl the blastocoel. The 
eccent~ic nuclei of these cells are large, about 10 
pm 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 pm). 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. (Scaie 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 pm). For abbreviations see Figure 
2. 

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

The voluminous cytoplasnl 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 E. 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 x fold) embryo are di- 
vided into quadrants and polarized due to a con- 
centration of myofdaments 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 zonsisting of ectodemal 
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 inagnification of the 
nuclear envelope (arrowheads) and surrounding cytoplasm. (Scale bar, A - 2 Fm; B - 1 pm). For abbreviations see 
Figure 2. 



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 nelve cells of early embryos of nema- 
todes are undifferentiated and indistinguishable 
from surrounding cells up to the stage of morpho- 
genesis (Krieg et a[., 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 ep-ider~nal invaginations at the 
anterior end of the embryo. Specific microtubule 
frlled processes of apical ends confirm the future 
neuronal nature of the invaginated cells. Con- 
certed mosphogenetic 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 et a[. (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 s t a t  of mo~-phogenesis 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 occuls ill 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 (J 1) 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 incolpol-ated 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). 

Nematode development 

In spesm 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 intelstitial spaces 
between cellular layers are occupied by a thin basal 
lamina. This situation is considered primitive for 
nematodes (Ehlers, 1994). The tadpole emblyo 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 Z1 and Z2, 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 cytoplasnl inclusions, asso- 
ciated with nucleus (Kirnble & 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 g e m  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 latel-ally 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 et 
al., 1983; Sulston et al., 1983; Endo, 1998). The 
absence of P-granules prevents tracing detennina- 
tion of PGC during the early cleavage of E. de- 
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mani. Also, a late determination of PGC in E. 
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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WLLIHH B. B., K O M ~ H C  A., Eopro~u r., M a ~ l a x o ~  B. B. Ynbrpacrpymyp~oe uccnenosaHue cranuu 
ronosacTuKa y r r p m m u ~ ~ o i i  M O P C K O ~ ~  HeMaTonb1 Enoplus demani (Enoplia: Enoplida). 
P e s ~ o ~ e .  M 3 y e ~ a  ynbrpampymypa ronosacrurca - p a ~ ~ e i i  cranuu ~ M ~ P A O H ~ ~ H O ~ O  p a 3 ~ m m  
C B O ~ O P Z ~ O X U B Y U ~ ~ ~  M O P C K O ~ ~  HeMaTOAbI Enoplus demani. Knmm BCeX T K ~ H &  ~ M ~ P A O H ~  M a 0  

nu@@epemupoaatibr. LZIfi.onna3~a c o n e p m  ~ m o x o ~ a p n n ,  xemoqHbre rpaHynbr n n u m b r e  mmu;  
Sppa s a n o n ~ e ~ b r  qacTuuaMu KoweHcuposannoro xpoMaTuHa. Bo Bcex saponarme~b~x nucrmx 
06~apy~eHbl  KJl€TKU Ha pa3JIUYHbIX CTWWlX MUTO3a. ~ ~ H T P o c o M ~ I  MUTOTUYeCKOTO Bep€Tt?Ha COnepKiT 
uetrrpuonu. Knmm snunepMuca A muevHum ~ O J U I P U ~ O B ~ H ~ I  u @ o p ~ u p y o ~  3nmemu, noncTunaeMbIe 
6a3mb~0# ~ ~ ~ C T K H K O ~ ~ .  AnU~anbHaR Me~6paHa 3nULlepMaJIbHbIX KJlmOK BOJIHUCTaR, B WOnna3Me 
IUleTOK BCTpeqL3OTCR TenbUa r0nbLVIUi U UUCTepHbI L . 3 P .  Ha rOn0BHOM KOHUe 3nWePMUC @ o P M ~ ~ ~ Y ~ T  

MHOXeCfBO BOPOHKOBUAHbIX B ~ V N U B ~ H ~ ,  CBUAeTenbCTB)'lOUHX 0 Ha'Iae @ o ~ M U ~ O B ~ H W ~  rOnOBHb1X 
KrJ'BCTBUTeJIbHbIX OpraHOB. B KU~e'1~0ii r p y 6 ~ e  IIpOCBeT OTCYTCTBYeT, OnHaKO M e w  aIIHKmbHbIMH 
MeM6paHaM~ KJIeTOK KNLUeqHUKa 06HapyXCeHb1 MUKpOBOpCUHKU. ~ ~ ~ ~ Y M I K u B H ~ I ~  MbIUle'IHbIe KlleTKU He 
COAep?KaT M U O @ U ~ ~ M ~ H T O B ,  OnHaKO B UX 6ynyqefi 6a3mb~0k (~0~pa~meJlbHofi) liaCTU ~ a 6 m n a e ~ c n  
cKonneHue M ~ O X O H A ~ ~ .  napa nepslnriblx nonosbrx wreToK (nnK) pacnonaramcn B 6nacrottene 
~ M ~ P U O H ~  JlaTepO-BeHTpmbHO Ha JQOBHe CepeAUHbI KUmecl~Ofi TPY~KU. A u ~ M ~ T ~ o M  3TU KJleTM B ABa 
pa3a IIpeBocxorurr coMaTmecme m m m  a ~ 6 p u o ~ a .  4 m o n n a 3 ~ a  llllK He oTnmaeTcn OT w o n n a s ~ b r  
CoMaTmecmx m m o ~  H He Conepm cneuu@weclcux P-rpa~yn. AaHxbIe no ynb-rpacrpymype 
ronosacruKa E. demani c p a a m a w c n  c uMexomuMucm B nmeparype caenesumMn no mmoq~oi i  
n u @ @ e p e ~ u u p o ~ ~ e  B paHHeM 3~6puore~e3e  ~ O Y B ~ H H O ~ ~  HeMaTonbr Caenorhabditis elegans. 




