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Summary. We have reconstructed the evolutionary history of an early developmental character by 
mapping the configuration of the posterior cells in the early embryo onto the SSU-based molecular 
phylogeny of Holterman (2006). We have analyzed the early embryonic development of 19 species, 
complemented with 20 species from the literature, covering representatives in each clade. We show that 
the Caenorhabditis elegans configuration, found in most species in clade 111-X, is the ancestral state for 
these clades. Alternative configurations arose independently in clade IX, (Diploscapter coronatus), X 
(Halicephalobus gingivalis), XI (all investigated species) and XII (Meloidogyne incognita). A variable 
configuration of the posterior cells arose at least twice independently during nematode evolution, once in 
clade IX (D. coronatus) and once in an ancestor, shared by clade XI and XI I and thus can be used as a 
phylogenetic marker to delineate these clades. Statistical tests based on our data-set show that the 
presence of a variable configuration is related to developmental tempo and egg shape. 
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The potential significance of features of 
embryonic development as phylogenetic markers in 
the phylum Nematoda is little recognized, although 
researchers have made several attempts to 
reconstruct the evolution of embryonic diversity 
within nematodes. Drozdovsky ( 1967) assessed the 
arrangement of the blastomeres in the (our-cell 
stage to infer phylogenetic relationships. Yoronov 
et al. ( 1998) pointed out that three distinct 
patterns of early embryonic development reported 
for nematodes are in good agreement with the 
classification of Blaxter et al. ( 1998), which divides 
the phylum into three groups. Goldstein et al. 
( 1998) and Goldstein (2001) mapped several early 
developmental characters, such as axis 
specification, onto the molecular phylogeny of 
Blaxter et al. ( 1998) . However, they examined the 
scored characters in only a limited number of taxa. 
Schierenberg (2000) identified features that are 
typical for specific taxa: the timing of early 
cleavages, gastrulation and establishment of 

bilateral symmetry. Dolinski et al. (200 I) were the 
first to map the evolution of some early 
developmental characters on a large scale . For 70 
species they scored the spatial arrangement of the 
four-cell stage, whether the AB and Pl lineages 
proceed at a synchronous or asynchronous rate, 
and the time when the germ founder cell P4 is 
established. Recently, Schierenberg (2004) 
investigated two developmental events, namely, the 
establishment of a visible germline and the type of 
gastrulation, and found four taxon-specific 
character combinations that could be used to infer 
phylogenetic information. 

Most studies of the early embryonic 
development of nematodes have focused on species 
belonging to clades VI-XII (12-clade phylogeny of 
Holterman et al., 2006). These species develop 
with a fixed cleavage pattern (Sulston et al., 1983; 
Schierenberg, 1987; Skiba & Schierenberg, 1992; 
Malakhov, 1994; Spieler & Schierenberg, 1995; 
Goldstein et al., 1998; Wiegner & Schierenberg, 

107 



S. Vangestel et al. 

1999; Borgonie et al., 2000; Dolinski et al. , 2001; 
Lahl et al., 2003; Houthoofd et al., 2003; 
Hasegawa et al, 2004; Laugsch & Schierenberg, 
2004; Houthoofd et al., 2006; Lahl et al., 2006; 
Houthoofd & Borgonie, 2007; Houthoofd et al., 
2008; Vangestel et al., 2008; Schulze & 
Schierenberg, 2008). Development starts with a 
series of asymmetric stem cell-like divisions: the 
zygote PO divides in an anterior daughter AB, 
which contributes to the somatic tissues and a 
posterior daughter P 1, the germline precursor cell. 
Pl divides to generate an anterior somatic cell 
EMS, which defines the future ventral side of the 
embryo, and a posterior germline cell P2, which 
continues to cleave in a stem cell-like pattern for 
two more cycles. In intact embryos of 
Caenorhabditis elegans (Rhabditidae, clade IX), 
beginning with the second germline division, the 
polarity is reversed (Schierenberg, 1987), so when 
P2 divides the anterior daughter cell P3 is pushed 
to the ventral side and C is pushed to the dorsal 
side. Also P3 gives rise to a germline cell P4 at the 
ventral side and a somatic cell D, which is located 
at the dorsal side of the embryo. With this one 
reversal of polarity the configuration of the 
posterior cells from ventral to dorsal is P4-D-C 
(Fig. 1 C). Another configuration was described for 
Acrobeloides nanus (Cephalobidae, clade XI) by 
Skiba & Schierenberg (1992). In intact embryos of 
this species, no reversal of polarity occurs, which 
results in the following spatial configuration from 
ventral to dorsal: C-D-P4 (Fig. IA). Recently 
Houthoofd & Borgonie (2007) found that in 
Halicephalobus gingivalis (Panagrolaimidae, clade 
X) the polarity in the germline divisions changes 
twice, once with the division of P2 and again with 
the division of P3, resulting in the configuration 
D-P4-C (Fig. 1 D). Because this configuration 
seems to vary between species, and is well defined 
and easy to determine, it prompted us to study 
more species over the phylum to see how this 
putatively taxon-specific character has evolved ... 
Schierenberg (1987) first described the 
characteristic developmental phenomenon of 
polarity reversal in the C. elegans embryo. In this 
study partial embryos were generated by 
puncturing the eggshell with a laser micro-beam 
and gently removing the anterior AB cell in order 
to give space for the posterior germ line cells. 
However, this method requires experimental 
interference. This is not compatible with our goal 
of analyzing a readily visible and easily scored 
developmental character, which can be determined 
with great ease on recordings of developing 
embryos for many species. Depending on whether 
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there is a reversal of polarity in the division of P2 
and/or P3, four different configurations of the 
posterior cells are possible (Fig. 1). After scoring 
this character in 39 investigated nematodes ( data 
for 20 nematodes were obtained from literature), it 
will be mapped on a molecular phylogeny to 
evaluate its level of congruence with major clades 
in the phylogeny. 

MATERIAL AND METHODS 

Strains. The analyzed strains and the strains 
found in the literature can be found in Table 1. 
The strains whose development was recorded using 
40-microscopy are marked in bold. 

Culture of nematodes. Acrobeloides butschlii, 
Acrobeloides maximus, Acrobeloides thornei 
Caenorhabditis elegans, Cephalobus cubaensis: 
Caenorhabditis remanei, Halicephalobus gingivalis, 
Mesorhabditis longespiculosa, Mesorhabditis miotki, 
Oscheius dolichuroides, Panagrolaimus 
detritophagus, Pristionchus pacificus, Panagrellus 
redivivus, Panagrolaimus rigidus, Procephalobus sp., 
Pelodera strongyloides, Rhabditella axei, 
Rhabditophanes sp. and Teratorhabditis palmarum 
were cultured on 1 % agar plates. Pellioditis marina 
was cultured on artificial sea agar plates, as 
described by Houthoofd et al. (2003). Plectus 
aquatilis was cultured on low salt agar plates made 
from 1 Og agar/500 ml distilled water. All agar 
plates contained 5 mg/1 cholesterol. The uracil
requiring strain of Escherichia coli OPSO was used 
as a food source . Prionchulus punctatus, a predator 
on other nematodes, was cultured on humus 
extract based agar plates; the prey species used was 
Oscheius sp. (Rhabdititidae). Humus extracts were 
made by cooking rotting leaves in distilled water 
for 45 min in a microwave oven and filtering them 
through coffee filters. Humus extracts were stored 
at -20°C. 1 % humus agar was made with nutrient 
agar diluted with 2/3 distilled water and 1/3 
humus extract. Handling was as described by 
Brenner (197 4). Meloidogyne incognito was cultured 
in vitro on Pisum sativum on Knop medium 
(Sijmons et al., 1991) under sterile conditions. 

Slide preparation. For M. incognito, galls were 
collected from the roots 4-6 weeks after the initial 
inoculation and gently cut in M9 buffer with a 
scalpel to release the eggs/embryos. All other 
embryos were collected by either cutting open 
gravid hermaphrodites or females in a drop of 
distilled water with a scalpel, or by flooding agar 
plates with distilled water using a drawn-out 
Pasteur pipette. Embryos in the one- or two-cell 
stage were transferred to a microscope slide 
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Enoplus brevis 

Pontonema vulgare 

Tobri/us diversipapillatus . 
Prionchulus punctatus (n=3) 

Gastromermis hibernalis 

Romanomermis culicivorax 

Desmodora serpentulus 

Hypodontolaimus inaequalis 

Daptonema setosum 

Axonolaimus paraspinosus 

Plectus aquatilis (n=4) 

Plectus minimus 

Tylocephalus auricu/atus 

Teratocephalus lirellus 

Farascaris equorum 

Table 1. Analyzed species and their source 

Code Source 

GB0021 G. Borgonie , University of Ghent, Belgium 

PDL0018 P. De Ley, University of California, Riverside 

Available literature 

Yoronov and Panchin ( 1998), Yoronov et 

al., (1998) 

Malakhov (1994), Malakhov (1998), 

Yoronov et al. (1998) ; Yoronov (1999) 

Schierenberg, 2005 

Malakhov, 1994 

Schulze & Schierenberg, 2008 

Malakhov, 1994 

Malakhov, 1994 

Malakhov, 1994 

Malakhov, 1994 

Lahl et al., 2003 

Lahl et al., 2003 

Lah! et al., 2003 

E. Schierenberg, pers. comm. 
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Clade 
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9 N eodi plogastridae 

Rhabditidae 

Diploscapteridae 

Parasitaphelenchidae 

Panagrolairnidae 
10 

Alloionematidae 

Rhabdiasidae 

11 Cepha!obidae 

12 Meloydoginidae 

Table 1 ( continued). Analyzed species and their source 

Species 
Code Source 

(nr of examined species) 

Pristionchus pacificus (n=l2) PS 312 CGC, University of Minnesota 

Caenorhabditis e/egans (n=8) N2 CGC, University of Minnesota 

Caenorhabditis remanei (n=3) PB206 CGC, University of Minnesota 

Rhabdite//a axei (n=3) DF5006 CGC, University of Minnesota 

Oscheius dolichuroides (n=3) OF 5018 CGC, University of Minnesota 

Pellioditis marina (n=3) TM02 CGC, University of Minnesota 

Teratorhabditis palmarum (n=3) DF5019 CGC, University of Minnesota 

Mesorhabditis miotki (n= 5) AF72 CGC, University of Minnesota 

Mesorhabditis /ongespiculosa (n=4) DF5017 CGC, University of Minnesota 

Pelodera strongyloides (n=3) DF5022 CGC, University of Minnesota 

Dip/oscapter coronatus 

Bursaphelenchus xy/ophi/us 

Halicepha/obus gingivalis (n= 3) 

Panagrolaimus detritophagus (n=3) BS0008 A. Burnell , National University of Ireland , Maynooth 

Panagrolaimus rigidus (n=3) AF36 CGC, University of Minnesota 

Procephalobus sp . (n=3) JU 169 P . De Ley, University of California , Riverside 

Panagrellus redivivus (n=3) PSI 163 CGC, University of Minnesota 

Rhabditophanes sp. (n=3) PDL0036 P. De Ley, University of California , Riverside 

Rhabdias bufonis 

Acrobeloides butsch/ii (n=4) DWFl 107 CGC, University of Minnesota 

Acrobe/oides thomei (n=5) DWFl 109 CGC, University of Minnesota 

Acrobeloides maximus (n=3) DWF5048 P. De Ley, University of California, Riverside 

Cephalobus cubaensis (n=3) PSI 197 R. Rhode , University of California, Davis 

Meloidogyne incognito (n=5) G . Gheysen, University of Ghent, Belgium 

Available literature 

Yangestel et al., 2008 

Schierenberg, 1987 

Lah! , 2007 

Hasegawa et al. , 2004 

Houthoofd en Borgonie, 2007 

Spieler and Schierenberg, 1995 
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Configuration of the posterior tells in the nematode embryo 

A 

C-D-P4 

B 

C-P4-D 

C Am AB~A ____ p ...... ·~ P4-D-C 
P3 

EMS MS 

P2 Am AB~ D 

Q P4 D-P4-C 
P3 

D 
EMS MS E 

Fig. 1. Scheme representing the four possible configurations of the posterior cells, from ventral to dorsal, after P3 
has divided. A: no reversal of polarity in germline divisions leading to the configuration C-D-P4; One reversal of 
polarity in P2, leading to B: the configuration C-P4-D or C: the configuration P4-D-C ( C. elegans pattern); D: 
double reversal of polarity in gennline divisions, leading to the configuration D-P4-C. 

carrying a thin pad of 5 % agar. Embryos were 
covered with a cover slip and sealed with Vaseline 
(Sulston & Horvitz, 1977). 

4D microscopy. Recordings of embryos were 
obtained using 4D microscopy (Hird & White, 
1993),_ a multi-focal plane and a time-lapse 
recording system. Depending on the 
developmental tempo, every 30-60 s ( 15-30 min 
for M. incognito), a Hamamatsu Newvicon -camera 
(C2400-07) recorded 30 focal planes through the 
embryos (with a distance between 1 and 1.2 m 
between two focal planes), and the software 
Simple PCI 5.3/6.1.0 (Compix, Inc., USA) stored 
the images on disk. The lineage of each recording 
was constructed using the Simi Biocell software 
(version 4.0, Simi Gmbh, D-85705 
U nterschleissheim, Germany) (Schnabel et al., 
1997). The recordings could be replayed as 
required for further analysis. The embryonic cell 
lineage was established by identifying all cells and 
cell divisions in space and time. By clicking with 
the mouse pointer on the nucleus of the cell in the 
window displaying the digitized image, the cell 

positions were marked and stored in a file. By 
establishing the pos1t1ons of each cell, 3D 
reconstructions of the embryo were made and 
cellular migrations could be followed . All embryos 
were recorded at 20°C, except for P. marina, H. 
gingivalis and Rhabditophanes sp. (25°C). 

Evaluation of the configuration of the posterior 
cells. The final configuration of the posterior cells 
from ventral to dorsal was scored as followed: after 
P3 · divided, we looked at the configuration of the 
following cells: the endodermal precursor (EMS or 
E), C, D and P4. When a nematode shows no 
polarity reversal the configuration of the posterior 
cells from ventral to dorsal is C-D- P4 (Fig. IA). 
When a nematode has a single polarity reversal the 
configuration of the posterior cells from ventral to 
dorsal is either C-P4-D (Fig. l B) or P4-D-C (Fig. 
l C). When a double polarity reversal occurs, the 
spatial configuration of the posterior cells from 
ventral to dorsal is D-P4-C (Fig. 1 D). 

Determination of relative early developmental 
tempo. For all recorded nematodes the early 
developmental tempo, measured as the time between 
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II C-D-P4 

P4-D-C 

D D-P4-C 

UIIIIl C-P4-D 

I] chaotic 

XII 

VIII 

Meloidogyne incognita U81578 

Acrobeloides butschlii EU543174 

Acrobeloides thornei EU543175 

f ';t:iewui'iio::l Cephalobus cubaensis AF202 l 61 

~;;;;;;;;;;;;;;;;;;;;;;i Acrobeloides maximus EU306344 

Bursaphelenchus xylophilus AB067760 * 
Rhabdias bufonis AJ4 l 7022* 

Rhabditophanes sp. AF202 I 51 

Halicephalobus gingiva/is AF202 l 56 * 
Procephalobus sp. EU543179 
Panagrolaimus rigidus DQ285636 

Panagrolaimus detritophagus EU543176 
Pangrellus ridivivus AF036599 

Pellioditis marina AF083021 

Rhabditella axe{DF5006 

Oscheius dolichura EU543180 
* Caenorhabditis elegans X03680 

Caenorhabditis remanei U13930 

Diploscapter coronatus A Y593921* 

Mesorhabditis miotki EU543177 
Mesorhabditis longespiculosa EU543178 
Teratorhabditis palm arum U 13 93 7 

Pelodera strongyloides U 13932 
Pristionchus pacificus U81584* 

Parascaris equorum* 

Teratocephalus lirellus* 
Plectus minimus* 
Plectus aquatilis* 

Tylocephalus auriculatus * 
Daptonema setosum* 

Axonolaimus paraspinosus* 

Desmodora serpentulus * 
* Hypodontolaimus inaequalis 

Gastromermis hibernalis* 
Romanomermis culicivorax* 
Prionchulus punctatus 
Pontonema vulgare* 

Tobrilus diversipapilatus* 

Fig. 2. Parsimonious reconstruction of the posterior cells' configuration onto the phylogenetic tree. This tree is a 
combination of the nematode phylogeny presented by Holterman et al. (2006) and newly obtained consensus 
phylogenies based on SSU rDNA data of clades IX, X and XI. Data obtained from literature are marked with an 
asterisk (see Table 1). Species, where the configuration could not be determined because of homology problems, are 
shown in grey. Branch support is indicated with posterior probability (PP). Newly obtained SSU rDNA sequences are 
marked in bold. The numbering of the clades (I-XII) refers to the phylogeny of Holterman et al. (2006). 

the second division of the zygote (AB in case of C. 
elegans, C. remanei, 0. dolichuroides, P. redivivus, 
P. rigidus, P. marina, P. strongyloides, P. aquatilis, 
P. pacificus, Rhabditophanes sp., R. axei, T. 
palmarum; and Pl in case of A. butschlii, A. 
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maximus, A. thornei, C. cubaensis, H. gingivalis, M. 
incognita, M. longespiculosa, M. miotki, P. 
detritophagus and Procephalobus sp.), and the 
division of the endodermal precursor cell E, was 
calculated. This time was divided by the time C. 



elegans needed to develop from the division of AB 
until the division of E at 20°C ( or at 25°C for P. 
marina, H. gingivalis and Rhabditophanes sp.), and 
was called the relative early developmental tempo. 
For B. xylophylus (Hasegawa et al., 2004) and R. 
bufonis (Spieler & Schierenberg, 1995), this early 
developmental tempo was deduced from lineages 
in the literature. 

Determination of egg shape index. The Egg 
Shape Index (ESI) was measured on three recording.5 
and calculated as follows: ESI=lOO x A/B, with A= 
egg width and B = egg length. 

Phylogenetic analysis and mapping the 
configuration of the posterior cells. To study 
character evolution based on a phylogenetic 
hypothesis, separate trees were assembled (a 
'supertree' approach). The backbone of the 
presented phylogenetic tree was based on the 
framework presented by Holterman et al. (2006) 
and agreed with Meldal et al. (2007). We did this 
because sequences were not available for all 
analyzed nematodes and we preferred to use well
established phylogenetic hypotheses based on 
many taxa. However, de novo phylogenetic 
analyses were made for the taxon dense clades 
Rhabditomorpha (clade IX); Panagrolaimorpha
Aphelenchoidea (clade X) and Tylenchomorpha
Cephalobomorpha (clades XI and XII), based on 
seven new and 17 GenBank SSU sequences. DNA 
amplification and sequencing were done as 
described by Bert et al. (2008). The sequences 
were aligned with Clustal W (Thompson et al., 
1997) and manually checked and edited. Bayesian 
inference (BI) was performed with MrBayes v3. l.2 
(Ronquist & Huelsenbeck, 2003) with a general 
time-reversible model with rate variation across 
sites and a proportion of invariable sites (GTR + I 
+ r), as estimated by PAUP/Mr Modeltest I.Ob 
(Nylander, 2004). Analyses were run for four 
million generations and trees were generated using 
the last three million generations, well beyend the 
bum-in value. LogDet-transformed distance 
analyses (LogDet; Lockhart et al., 1994) were 
performed using PAUP* 4.0blO (Swofford, 2002), 
especially to cope with the possible effects of 
compositional heterogeneity across taxa. 
Consensus trees were built from the outcome of 
both analyses based on a pronounced conservative 
approach; conflicts from both analyses and/or 
branches with lower than a 95 Bayesian posterior 
probability were presented as unresolved. Finally, 
our own analyses and the Holterman (2006) 
framework were combined into a single tree in 
Mesquite vl.11 (Maddison & Maddison, 2006). 
Character evolution of developmental character 

Configuration of the posterior cells in the nematode embryo 

states was traced using parsimony reconstruction. 
The character states at the internal nodes were 
reconstructed with the "reconstruct Ancestral 
States" module implemented in Mesquite. 

RESULTS 
The configuration of the posterior cells. We 

evaluated the configuration of the posterior cells 
on recordings using 40 microscopy for 19 species, 
complemented with 20 species from the literature. 
The results are discussed per clade, according to 
the phylogeny of Holterman et al. (2006). For 
clarity, the data obtained from the literature are 
included in the results section. 

The early embryonic development of clade I 
differs from the other clades. Malakhov (1994 ), 
Yoronov & Panchin ( 1998), Yoronov et al. (1998), 
Malakhov (1998) and Yoronov (1999) showed that 
marine nematodes of the order Enoplida lack early 
asymmetric cleavages and a recognizable germline. 
Schierenberg (2005) studied another member of 
clade I, belonging to the order Triplonchida, and 
confirmed the symmetric cleavage and the absence 
of distinct cell lineages. Therefore the 
configuration of the posterior cells cannot be 
determined in this clade. 

In clade II, P. punctatus, belonging to the 
family Mononchidae was studied. Drozdovsky 
( 1969) found that in this nematode the intestine is 
derived from the anterior instead of the posterior 
blastomere. This was also observed by Malakhov & 
Spiridonov ( 1981) in Gastromermis and by Schulze 
& Schierenberg (2008) in Romanomermis 
culicivorax, both belonging to the family 
Mermithidae. As a result, because of homology 
problems ( cells with a similar fate and position in 
the embryo have a different lineal origin), this 
character cannot be coded in this clade. 

In descriptions of five species within clad es I II
V, observed by Malakhov (1994), a small 
primordial germ cell at the ventral side is in 
contact with the intestinal precursor, thus leading 
to the pattern P4-D-C. We assume that no prior 
cell rearrangements occur, since this is nowhere 
mentioned in the text. 

Within clade YI, P. aquatilis showed the C. 
elegans pattern P4- D-C. This finding confirmed 
the results of Lah! et al. (2003), who studied this 
nematode together with two other P/ectus species 
and T. auriculatus. All showed the C. elegans 
pattern P4-D-C. 

In clades VII and VIII, predominantly 
containing animal parasites, one representative for 
each clade was found in the literature. Both P. 
equorum (formerly known as Ascaris 
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megalocephala) (zur Strassen, 1906) and T. lirellus 
(E. Schierenberg, pers. comm.) showed the C. 
elegans pattern P4-D-C. 

In clade IX, containing mostly bacterial-feeding 
nematode families, 11 representatives of three 
families were studied. Within the family 
Rhabditidae, to which the model organism C. 
elegans belongs, all nine species showed the C. 
elegans configuration P4-D-C. Also the satellite 
organism P. pacificus had a pattern similar to that 
of the members of the family Rhabditidae 
(Vangestel et al., 2008). However, one species 
within this clade showed a different pattern: D. 
coronatus (Diploscapteridae) is characterized by a 
variable configuration of the posterior cells (Lahl, 
2007). 

In clade X, also containing mostly bacterial-
feeding nematode familtes, we investigated 
representatives of four families: 
Parasitaphelenchidae ( one species, Hasegawa et 
al., 2004), Panagrolaimidae (five species), 
Alloionematidae (one species) and Rhabdiasidae 
(one species, Spieler & Schierenberg, 1995). All 
species display the P4-D-C pattern, except one 
species within the family Panagrolaimidae: H. 
gingivalis has the D-P4-C configuration (Fig. 1 D) 
(Houthoofd & Borgonie, 2007). In this species 
contact between the germline and the endodermal 
progenitor is restored when the two daughters of 
the primordial germ cell migrate between the two 
daughter cells of D, after which they migrate 
inwardly together. 

In clades XI and XII, the configuration C- D
P4 was prevalent. Remarkably, there was 
considerable intraspecific variation in cellular 
positioning and subsequent rearrangements within 
these clades. Variations in spatial patterns were 
already described for Cephalobus sp. (later referred 
to as Acrobeloides nanus that develops 5 times 
slower than C. elegans (Skiba & Schierenberg, 
1992). They found that alternative orientations of 
the cleavage spindle in AB result in two different 
arrangements of blastomeres in the 5-cell stage. 
Within clade XI, which comprises mainly bacterial 
feeding families, we studied four other species of 
the family Cephalobidae, all of which showed 
variable arrangements of blastomeres after the 
division of P3. A. butschlii showed two possible 
configurations: D-P4-C (3/4; double polarity 
reversal) and P4-D-C (1/4; the C. elegans 
configuration). In the three cases of double 
polarity reversal, subsequent migration of P4 over 
D resulted in the C. elegans configuration before 
gastrulation started. The other case exhibited the 
C. elegans pattern immediately and no migrations 
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were observed. For A. thornei we observed three 
different configurations. The configuration C- D
P4 (Fig. IA) was evident in three out of five cases. 
All three cases displayed intense cellular 
migrations, in which C migrated from its ventral 
position toward the dorsal side, and P4 and D 
switched positions. While P4 migrated over the D 
cell ventrally, D translocated to a more dorsal 
position. One specimen was found with the 
configuration P4-D-C, showing no cellular 
migrations. In one recording the configuration C
P4-D (Fig. 1 B) was found . After the division of 
EMS, C started to migrate toward the dorsal side , 
leading to the C. elegans configuration. A. maximus 
displayed two different configurations: C-D-P4 
(2/3) and P4-D-C (1/3). In the first case 
migrations typical for the C- D- P4 pattern were 
observed. Finally, in C. cubaensis we found two 
configurations: C-P4-D (2/3) and P4-D-C (1/3); 
in the first case, migration of the C blastomere to 
the dorsal side lead to the C. elegans configuration. 

In clade XII, dominated by plant parasites, we 
studied the root-knot nematode M. incognita. The 
following configurations of its posterior cells were 
found: P4-D-C (2/5) and C-D-P4 (3/5). This 
finding contrasts with the observations of 
Goldstein et al. ( 1998), who mentioned an absence 
of polarity reversal for M. incognita. There are 
alternative orientations of the cleavage spindle of 
P2, possibly resulting in two different arrangements 
of blastomeres in the five-cell stage. This does not 
depend on the orientation of the cleavage spindle 
of ABs, because two AB cells are already present 
when P2 divides. 

Mapping the configuration of the posterior cells. 
The most parsimonious reconstruction of the 
evolution of the configuration of the posterior cells 
along the phylogram (Fig. 2) suggests that a fixed 
configuration of the posterior cells and, more 
precisely, the configuration P4-D-C, is the 
ancestral state for all the investigated clades (III
XII). However, this is because Mesquite makes 
ancestral reconstructions for clad es I and II, while 
in these clades the character cannot be coded. In 
the phylogram it seems as if there is no distinction 
between clade I (no cells can be identified because 
of equal cleavages) and clade II ( cells are not 
homologous), but this is because the program 
makes no distinction between missing data and 
non-applicable data. From the configuration P4-
D-C the pattern D-P4-C evolved once in H. 
gingivalis. According to our analysis a variable 
configuration of the posterior cells evolved at least 
twice independently, once in an ancestor of clades 
XI and XI I and once in D. coronatus ( clade IX). 



A variable configuration of the posterior cells 
versus the relative early developmental tempo and 
the shape of the egg. We tested whether the 
developmental tempo is possibly linked to the 
organization of the posterior cells in the early 
embryo, because A. nanus, with a variable 
configuration of its posterior cells, has a slow 
developmental tempo (13.3 times slower than C. 
elegans, measured from the division of PO) (Skiba 
& Schierenberg, 1992). A Wilcoxon Mann
Withney test showed that there is a significant 
difference in developmental tempo between a 
variable and a fixed configuration (P<0.0001). 
Looking at early developmental tempo, Fig. 3 
suggests that nematodes with a fixed configuration 
of their posterior cells have a fast developmental 
tempo. As such, rapidly developing nematodes 
tend to show a strict regulation of the division axes 
of the germline divisions. With the exception of 
Diploscapter coronatus, all nematodes with a 
variable configuration are slow developing 
nematodes. However, not all slow developing 
nematodes have a fixed configuration . 
Romanomermis culicivorax, which has a fixed 
configuration, develops at least 20 times more 
slowly than Caenorhabditis elegans (based on total 
embryogenesis, Ginarte & Mijares, 1994). 
Alternatively, we could hypothesize that the shape 
of the eggshell also exerts a determining influence 
on the cells' configuration. We may expect that in 
long eggs the posterior blastomeres would have a 
fixed configuration,. because there is little space for 
reorganization to the P4-D-C pattern, while this 
restriction is not present in more round eggs. A 
Wilcoxon Mann-Withney test showed that there is 
a significant difference in developmental tempo 
between a variable and a fixed configuration 
(P=0.0147). However, Fig. 4 reveals that long 
nematode eggs, with an egg shape index around 
40, have both variable (M. incognita) and fixed 
(Procephalobus sp.) configurations. More .. round 
eggs with an egg shape index around 60 also 
display both variable ( C. cubaensis) and fixed ( 0. 
dolichuroides) configurations. 

DISCUSSION 

Is the configuration of the posterior cells a 
valuable phylogenetic marker? With the exception 
of H. gingivalis, the configuration P4-D-C is found 
in all species of clade III-X. Thus, the 
configuration of the posterior cells is apparently 
uninformative. Furthermore, in clades where 
variation in configuration was observed (in D. 
coronatus and in clade XI+ XII), this variation 
proved to be intraspecific. A variable configuration 
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of the configuration of the posterior cells 
apparently has arisen at least twice independently 
within the phylum: once in an ancestor of clades 
XI and XII, and once in a member of clade IX 
(D. coronatus). Thus, the configuration of the 
posterior cells is a good phylogenetic marker to 
delineate clades XI and XII; however, as a 
diagnostic marker it cannot be used since it shows 
parallel evolution in clade IX. Using experimental 
interference, Laugsch & Schierenberg (2004) also 
found variable configurations within clade IX. 
They analyzed three Rhabditis species (family 
Rhabditidae) in this way and found that in two of 
them, R. belari (2/4) and R. dolichura (9/11), a 
reversal of polarity in P3 was seen in some cases, 
resulting in the configuration C-P4-D. By looking 
at the configuration of the posterior cells, we have 
shown that M. incognita and Cephalobidae both 
have a similar variable positioning of their 
posterior cells. This is in agreement with the sister 
relation of the Tylenchomorpha and the 
Cephalobidae (Holterman et al., 2006; Bert et al., 
2008). Other parameters typical for clades XI and 
XII were described by Goldstein et al. (1998), who 
analyzed how asymmetry is generated along the 
antero-posterior (A-P) axis by analyzing the 
presence of a cytoplasmic rearrangement in the 
uncleaved embryo, and whether the site of sperm 
entry predicts the posterior of the embryo. They 
found that the mechanism, typical for Acrobeloides 
sp., is an apomorphic character, which may have 
arisen once in an ancestor of clades X, XI and 
XII. In addition Dolinski et al. (2001) described 
similar early developmental characters 
(asynchronous cleavage and early establishment of 
the P4 cell) for Cephalobidae and Tylencho
morpha with ancestral morphological characters 
(Tylenchidae and Anguinidae). In contrast, typical 
for the more derived Tylenchomorpha is a 
synchronous cleavage and a late establishment of 
the P4 cell (our data of M. incognita). 

Migrations restore contact between endodermal 
line and germline. All examined members of clades 
XI and XII and D. coronatus ( clade IX) show a 
variable configuration of their posterior cells in 
their embryo. In all cases where the C. elegans 
configuration is not reached after the division of 
P3, subsequent cellular migrations restore the 
contact between the germline and the endodermal 
precursors, leading to the C. e/egans spatial 
arrangement (P4-D-C) before the onset of 
gastrulation, which suggests that this configuration 
is needed for normal further development (Skiba 
& Schierenberg, 1992). Contact between germline 
and gut is a common feature in many species. 
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Fig. 3: Relative early developmental tempo of all analyzed species, expressed as number of times slower than C. 
elegans. (time from of the zygote's second division until the division of the endodermal precursor cell E) . The 
configuration of the posterior cells was visualized as follows : white=variable configuration, grey=fixed configuration. 
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Fig. 4. Egg shape index (ESI) of all analyzed species. The configuration of the posterior cells was visualized as 
follows: white=variable configuration, grey=fixed configuration . Error bars represent the standard error. 
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Primordial germ cells have a similar pattern of 
migration in Drosophila, Xenopus, chick and 
mouse. In each case the primordial germ cells 
associate with the developing gut, from which they 
migrate to the gonads during organogenesis (Wylie, 
1999). 

Jt'hy is the mechanism of strict regulation lost? 
We conclude that a variable configuration of the 
posterior cells has arisen independently on at least 
two occasions within the phylum. Then an 
important question arises: why would this variable 
patterning evolve with no apparent evolutionary 
consequence, since the change is neutralized by 
compensatory migrations? The variable polarity of 
the germline divisions suggest that in these 
nematodes, the mechanism which tightly regulates 
the division axes of the germline cells is lost in 
these species; and time consuming migrations to 
restore the required C. e!egans configuration before 
gastrulation are no obstacle. This agrees with the 
low maternal control in A. nanus (clade XI), in 
which early development proceeds very slowly and 
speeds up later when zygotic expression becomes 
active (Wiegner & Schierenberg, 1998). However, 
in the fast developing nematode C. elegans, 
essential decisions, including fixed division axes 
which assure the correct positioning of early 
blastorneres, have shifted to a very early phase of 
development in conjunction with early segregation 
of maternal factors. For example, in C. elegans the 
MES- I protein, which is localized to the boundary 
between the gerrnline and gut cells, is required for 
unequal divisions of the gerrnline and EMS 
(Berkowitz & Strome, 2000; Bei et al., 2002). In 
embryos with a mutation in this maternal-effect 
gene, PO and P 1 divide normally, but P2 and P3 
partition P-granules to both daughters, leading to 
defects in cleavage asymmetry. The variable 
polarity in gerrnline divisions in clades XI-XII and 
D. coronatus indicates that no tightly regulated 
molecular MES- I-like mechanism is present in 
these species, and that the ultimate position of the 
posterior cells must be regulated later during the 
compensatory migrations. Moreover, the observed 
variable arrangements of blastorneres within one 
species suggest that certain inductive cell 
interactions found in C. elegans probably do not 
take place in these nematodes, and cell fates are 
specified in another way. Wiegner & Schierenberg 
( 1998, 1999) demonstrated that A. nan us shows 
aspects of regulative development. Whether other 
members of the family Cepha!obidae also exhibit 
this regulative fate specification mechanism is not 
clear yet. Schierenberg (2000) mentioned that 
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other Cephalobidae behave similarly, but until now 
experimental confirmation is missing. 

Could it be that nematodes with a variable 
configuration of their posterior cells have a 
different strategy because their environment does 
not require the ability to reproduce quickly, and 
hence, strict regulation of the division axes of their 
germline is unnecessary? In many situations in the 
animal kingdom, environmental features change 
ontogeny. For example , Daphnia develop modified 
shapes in response to the presence of predators, 
and food supply may determine developmental 
pathways in other animals (Raff, 1996) . When we 
look at the habitat of nematodes with a variable 
configuration of their posterior cells, we find 
plant-parasitic nematodes (clade XII), free-living 
bacteriovorous nematodes, often found in sandy 
soils at extreme temperatures (clade XI) (De Ley, 
1992), and thermo-tolerant free-living nematodes, 
commonly found in compost, sewage and the 
rhizosphere of agricultural soils (D. coronatus, 
Gibbs et al., 2005). Thus, there seems to be no 
correlation between the environment and this 
alternative developmental program without fixed 
division axes of germline divisions, resulting in 
variable configurations of the posterior cells. 

ACKNOWLEDGEMENT 

We thank Paul de Ley, Torn Moens, Ann 
Burnell, Godelieve Gheysen and Robert Rhode for 
the strains. Other nematode strains used in this 
work were provided by the Caenorhabditis 
Genetics Center, which is funded by the NIH 
National Center for Research Resources (NCRR). 
We thank Andy Vierstraete for his skillful 
sequencing. This work benefited from the critical 
reading of T. Tytgat. This work was supported by 
funding from G .0033.06N to G . B. 

REFERENCES 

BEi, Y., HOGAN , J., BERKOWITZ, L.A. , SOTO, M., 
. ROCHELEAU , C.E., MING PANG, K., COLLINS, J. & 
MELLO , C.C. 2002. SRC-1 and Wnt Signaling Act 
Together to Specify Endoderm and to Control 
Cleavage Orientation in Early C. elegans Embryos. 
Developmental Cell 3: 113-125. 

BERKOWITZ, L.A. & STROM E, S. 2000. MES- I, a protein 
required for unequal divisions of the germline in 
early C. elegans embryos, resembles receptor 
tyrosine kinases and is localized to the boundary 
between the germline and gut cells. Development 
127: 4419-4431. 

BERT, W., LELIAERT, F. , YIERSTRAETE, AR. , 
YANFLETER EN, J.R. & BORGONIE, G . 2008 . 
Molecular phylogeny of the Tylenchina and 

117 



S. Vangestel et al. 

evolution of the female gonoduct (Nematoda: 
Rhabditida). Molecular Phylogenetics and Evolution 
48: 728-744. 

BLAXTER, M.L., DE LEY, P., LIU, L.X., SCHELDEMAN, 
P., VIERSTRAETE, A., VANFLETEREN, J.R., MACKEY, 
LY., DORRIS, M., FRISSE, L.M., VIDA, J.T. & THOMAS, 
K. 1998. A molecular evolutionary framework for the . 
phylum Nematoda. Nature 392: 71-75. 

BoRGONIE, G., JACOBSEN, K. & COOMANS A. 2000. 
Embryonic lineage evolution within nematodes. 
Nematology 2, 65-69. 

BRENNER, S. 1974. The genetics of Caenorhabditis 
elegans. Genetics 77: 71-94. 

D E LEY, P. 1992. The nematode community of a 
marginal soil at Camberene, Senegal, with special 
attention to functional morphology and niche 
partitioning in the family Cephalobidae. 
Mededelingen van de Koninklijke Academie voor 
Wetenschapen, Letteren en Schone Kunsten van 
Belgie - Klasse der Wetenschappen 5 3: I 07-1 5 3. 

DOLINSKI, C., BALDWIN, J.G., & THOMAS, W.K. 2001. 
Comparative survey of early embryogenesis of 
Secernentea (Nematoda), with phylogenetic 
implications. Canadian Journal of Z.Oology 79: 82-94. 

DROZDOYSKY, E. M. 1967. The use of embryonic 
development in nematode taxonomy. Transactions of 
the Helminthological Laboratory of the Academy of 
Sciences of the US.SR. 18: 22-29. 

DROZDOYSKY, E.M. 1969. Contribution to the analysis 
of the embryology of certain Adenophorea 
(Nematoda). Reports of the Academy of Sciences of 
the US.SR I 86, 720-723. 

GIBBS, D.S., ANDERSON, G.L., BEUCHAT, LR., CARTA, 
L.K. & WILLIAMS, P.L. 2005 . Potential Role of 
Diploscapter sp. Strain LKC25, a Bacterivorous 

Nematode from Soil, as a Vector of Food-Borne 
Pathogenic Bacteria to Preharvest Fruits and 
Vegetables. Applied and Environmental Microbiology 
71: 2433-2437. 

GINARTE, AC. & MIJARES, S.A. 1994. Fecundity and 
embryonal development of Romanomennis culicivorax~ 
Revista Cubana de Medicina Tropical 46: 159-163. 

GOLDSTEIN, B., FRISSE, L.M. & THOMAS, W.K. 1998. 
Embryonic axis specification in nematodes: 

evolution of the first step in development. . Current 
Biology 8: 157-160. 

GOLDSTEIN, B. 2001. On the evolution of early 

development in the Nematoda. Philosophical 
Transactions of the Royal Society Biological Sciences 
356: 1521-1531. 

HASEGAWA, K., FUTAI, K., MIWA, S. & MIWA, J . 2004 . 

118 

Early embryogenesis of the pinewood nematode 

Bursaphelenchus xylophilus. Development, Growth & 
Differentiation 46: 15 3-161. 

HIRD, S. & WHITE, J.G. 1993. Cortical and cytoplasmic 
flow polarity in early embryonic cells of Caenorhabditis 
elegans. Journal of Cell Biology 121: 1343-1355. 

HOLTERMAN, M., YAN DER WURFF, A., YAN DEN ELSEN, 
S. , YAN MEGEN, H., BONGERS, T., HOLOYACHOY, 
0 ., BAKKER, J. & HELDER, J. 2006 . Phylum-wide 
analysis of SS U rDNA reveals deep phylogenetic 
relationships among nematodes and accelerated 
evolution toward crown clades. Molecular Biology 
and Evolution 23: 1792-1800. 

HOUTHOOFD, W., JACOBSEN, K., MERTENS, C., 
VANGESTEL, S. , COOMANS, A. & BORGONIE, G. 2003. 
Embryonic cell lineage of the marine nematode 
Pellioditis marina. Developmental Biology 258: 57-69. 

HOUTHOOFD, W., WILLEMS, M., VANGESTEL, S., 
MERTENS, C., BERT, W. & BORGONIE, G. 2006. 
Different roads to form the same gut in nematodes. 
Evolution & Development 8: 362-369. 

HOUTHOOFD, W. & BORGONIE, G. 2007 . The embryonic 
cell lineage of the nematode Halicephalobus 
gingivalis (Nematoda: Cephalobina: 
Panagrolaimoidea) . Nematology 9: 573-584. 

HOUTHOOFD, W., WILLEMS, M., JACOBSEN, K. , 
COOMANS, A. & BORGONIE, G. 2008. The 
embryonic cell lineage of the nematode 
Rhabditophanes sp. Nematology (in press). 

LAHL, V., HALAMA, C. & SCHIERENBERG, E. 2003 . 
Comparative and experimental embryogenesis of 

Plectidae (Nematoda). Development Genes and 
Evolution 213 : 18-27. 

LAHL, V., SADLER, 8. & SCHIERENBERG, E. 2006. Egg 

development in parthenogenetic nematodes: variations 
in meiosis and axis formation. International Journal of 
Developmental Biology 50: 393-397. 

LAHL, V. 2007 . Vergleichende und experimentelle 

Untersuchungen zur Embryonal - entwicklung von 
freilebenden und parasit.uren Nematoden., Ph.D. 
thesis, University of Kain, Germany. 

LAUGSCH, M. & SCHIERENBERG , E. 2004. Differences in 
maternal supply and early development of closely 
related nematode species. International Journal of 
Developmental Biology 48: 655-662. 

LOCKHART, P.J ., STEEL, M.A., HENDY, M .D . & PENNY, 

D. 1994. Recovering evolutionary trees under a 

more realistic model of sequence. Molecular Biology 
and Evolution 11: 605-612. 

MADDISON, W.P . & MADDISSON, D.R. 2006. Mesquite: 

a modular system for evolutionary analysis. Version 

1. 11 . (Available at http://mesquiteproject.org). 

MALAKHOY, V.V. 1994. Nematodes Structure, 
Development, Classification and Phylogeny. Hope , 

W .D. (Ed.). Smithsonian Institution Press, 
Washington and London, 286 pp. 



MALAKHOV, Y.Y. 1998. Embryological and histological 

peculiarities of the order Enoplida, a primitive group of 
nematodes. Russian Journal of Nematology 6: 41-46. 

MALAKHOV, Y.Y. & SPIRIDONOY, S.E. 1981. Embryonic 

development of Gastromermis (Nematoda, 
Mermithida). Zoologichesky Zhurnal 60, 1574-1577. 

MELDAL, B.H.M., DEBENHAM, N.J., DE LEY, P ., DE 

LEY, I.T., YANFLETEREN, J.R., YIERSTRAETE, A.R., 
BERT, W., BoRGONIE, G., MOENS, T., TYLER, P.A., 
AUSTEN, M.C., BLAXTER, M.L., ROGERS, A.O. & 
LAMBSHEAD, P.J.D. 2007. An improved molecular 
phylogeny of the Nematoda with special emphasis 
on marine taxa. Molecular Phylogenetics and 
Evolution 42: 622-636. 

NYLANDER, J.A.A. 2004. MrModeltest v2. Evolutionary 
Biology Centre, Uppsala University. (Available at 

http://www.ebc.uu.se/systzoo/staff/nylander.htrnl). 

RAFF, R.A. 1996. The shape of life. The University of 
Chicago Press, Chicago, USA, 544 pp. 

RONQUIST, F. & HUELSENBECK, J.P. 2003. MrBayes 3: 

Bayesian phylogenetic inference under mixed 
models. Bioinformatics 19: 1572-157 4. 

SCHIERENBERG, E. 1987. Reversal of cellular polarity 
and early cell-cell interaction in the embryos of 

Caenorhabditis elegans. Developmental Biology 122: 

452-463. 
SCHIERENBERG, E . 2000. New approaches to a better 

understanding of nematode phylogeny: molecular 

and developmental studies. Journal of Zoological 
Systematics & Evolutionary Research 38: 129-132. 

SCHIERENBERG, E. 2004. Embryological variation during 

nematode development (January 2, 2006). 

WormBook, ed. The C. elegans Research 

Community, Worm Book, doi/10.1895/wormbook. -
1.55. l, http://www.wormbook.org. 

SCHIERENBERG, E. 2005. Unusual cleavage and 

gastrulation in a freshwater nematode: 

developmental and phylogenetic implications . 

Development, Genes and Evolution 215 : I 03-108. 

SCHNABEL, R., HUTIER, H ., MOERMAN, D. & 
SCHNABEL, H. 1997. Assessing ~ normal 

embryogenesis in Caenorhabditis elegans using a 4 D 

microscope: variability of development and regional 

specification. Developmental Biology 184: 234-265. 

SCHULZE, J. & SCHIERENBERG, E. 2008. Cellular pattern 
formation, establishment of polarity and segregation 

of colored cytoplasm in embryos of the nematode 

Romanomermis culicivorax. Developmental Biology (in 

press) . 
SIJMONS, P.C., GRUNDLER, F.M.W., VON MENDE, N ., 

BURROWS, P .R. & WYSS, U. 1991. Arabidopsis 
thaliana as a new model host for plant-parasitic 

nematodes. The Plant Journal 1: 245-254. 

Configuration of the posterior cells in the nematode embryo 

SKIBA, F. & SCHIERENBERG, E. 1992. Cell lineages, 

developmental timing and spatial pattern formation 
in embryos of free-living soil nematodes. 
Developmental Biology 151: 597-610. 

SPIELER, M . & SCHIERENBERG, E. 1995. On the 
development of the alternating free-living and 
parasitic generations of the nematode Rhabdias 
bufonis. Invertebrate Reproduction and Development 
28: 193-203. 

SULSTON, J.E. & HORVITZ, H.R. 1977. Post-embryonic 
cell lineages of the nematode Caenorhabditis 
elegans. Developmental Biology 82: 41-55. 

SULSTON, J.E., SCHIERENBERG, E., WHITE, J.G . & 
THOMSON, J.N. 1983. The embryonic cell lineage of 

the nematode C. elegans. Developmental Biology 100: 
64-119. 

SWOFFORD, D.L. 2002. PAUP*. Phylogenetic Analysis 

Using Parsimony (*and Other Methods). Version 4. 
Sinauer Associates , Sunderland, Massachusetts . 

THOMPSON, J.0., GIBSON, T.J ., PLEWNIAK, F., 
JEANMOUGIN, F. & HIGGINS, 0.G . 1997. The 
ClustalX windows interface: flexible strategies for 

multiple sequence alignment aided by quality 
analysis tools . Nucleic Acids Research. 25: 4876-

4882 . 
VANGESTEL, S., HOUTHOOFD, W ., BERT, W. & 

BORGONIE, G. 2008. The early embryonic 

development of the satellite organism Pristionchus 
pacificus: differences and similarities with C. elegans. 
Nematology l 0: 301-312. 

VoRONOY, D.A. 1999. The embryonic development of 

Pontonema vulgare (Enoplida: Oncholaimidae) with 

a discussion of nematode phylogeny. Russian 
Journal of Nematology 7: 105-114. 

VORONOV, D.A. & PANCHIN , Y.Y. 1998. Cell lineage in 

marine nematode Enoplus brevis. Development 125: 
143-150. 

VORONOY, 0.A. , PANCH IN, Y.Y. & SPIRIDONOV, S.E. 

1998 . Nematode phylogeny and embryology. Nature 
395: 28. 

WIEGNER, 0. AND SCHIERENBERG, E. 1998. 

Specification of gut cell fate differs significantly 

between the nematodes Acrobeloides nanus and 

Caenorhabditis elegans. Developmental Biology 204: 

3-14. 

WIEGNER, 0. & SCHIERENBERG, E. 1999. Regulative 
development in a nematode embryo: a hierarchy of 

cell fate transformations. Developmental Biology 215: 
1- 12. 

WYLIE,C.1999.Germ cells. Cell 96: 165-174. 

ZUR STRASSEN, 0. 1906. Die Geschichte der T-Riesen 

von Ascaris megalocephala. E. Schweitzerbartsche 

Verlagsbuchhandlung (E. Nagele) , Stuttgart. 

119 



S. Vangestel et al. 

120 

Vangestel S., Houthoofd, W., Bert, W., Vanholme, B., Calderon-Urrea, A., Willems, M., Artois, T. and G. 

Borgonie. OueHKa B3aHMOpacnOJIO)Kem,151 KJieTOK 3a.nHeH qacn-1 3apO)lbIWa HeMaTO.U KaK noTeHUHaJibHOro 

q:mnoreHeTWiecKoro npmHaKa. 

Pe3IOMe. MeTO.UOM HaHecemu1 pa3IIWIHbIX KOHQHirypaUHH pacnOJIO)KemUI KJieTOK 3a.nHeH qacTH 

3apO.UbIWa HeMaTO.U Ha HX q:mnoreHeTWieCKOe .npeBO, nocTpoeHHOe no nocne.noBaTeJibHOCT51.M MaJIOH 

cy6be.UHHHUbl pH60COMbl (Holterman et al., 2006), npoBe.neHa peKOHCTPYKUilll 3B0Jll0UHOHHOH HCTOpHH 

H3MeHeHHM no 3TOMY npH3HaKy B npe.nenax KJiacca. f1poaHaJIH3HpoBaHO 3M6pHOHaJibHOe pa3BHTHe 19 
BH.UOB HeMaTO.U, a TaK)Ke .no6aBJieHbl JIHTepaTypHbie .naHHbie ewe no 20 BH.UaM, lITO n03B0JIHJIO 

npHBeCTH .naHHbie no BCeM OCHOBHbIM 3BOJilOUHOHHbIM JIHHH51.M KJiacca. floKa3aHo, lITO KOHq:mrypaUHH 

CBOHCTBeHHbie Caenorhabditis elegans H 6oJibWHHCTBY npe.ncTaBHTeJieti 3BOJIIOUHOHHbIX JIHHHM III-X, 
npe.ncTaBJ151.lOT co6oi1 npe.UKOBOe COCT051.HHe .UJI51 Bcex 3THX HeMaTO.U. AIIbTepHaTHBHbie KOHqmrypaUHH 

B03HHKalOT He3aBHCHMO .npyr OT .npyra B 3BOJilOU110HHblX JIHHl151X IX, (Diploscapter corona/us), X 
(Halicephalobus gingivalis), XI (see myqeHHbie Bl1)lbI) 11 XII (Meloidogyne incognita). l13MeHtil1Bbie 

Komfmrypau1111 6JiaCTOMepoB 3a.nHeH qaCTl1 3apO)lbIWa B03Hl1KalOT He3aBl1Cl1MO KaK Ml1Hl1MYM .UBa)K.Ubl B 

3BOJIIOUHH HeMaTo.n: B JIHHHl1 IX (D. coronatus), a TaK)Ke Ha npe.nKOBOH cTa.n1111 .UJI51 Jil1HHH XI a11 XII. 
TaKl1M o6pa30M, .naHHbIM np113HaK MO)KeT 11CnOJib30BaTbC51 KaK qrnnoreHeTHlleCKl1H MapKep .UJI51 3Tl1X 

3B0JllOUHOHHbIX JIHHl1M. CTaTl1CTHlleCK11e TeCTbl, OCHOBb1BaIOm11ec51 Ha 11CCJie.UOBaHHOM MaTep11ane, 

nOKa3bIBalOT CB513b Me)K.ny HaJIWil1eM B pa3Bl1Tl1l1 113MeHtil1BbIX KomfmrypauHH, C 0)].HOH CTOpOHbl, H 

cpopMOM 51.Ml~a 11 TeMnaMH pa3BHTH51, C .npyroii. 


