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We present here a description of early development in the onychophoran Euperipatoides kanangrensis
with emphasis on processes that are ambiguously described in older literature. Special focus has been on
the pattern of early cleavage, blastoderm and germinal disc development and gastrulation. The formation
of the blastopore, stomodeum and proctodeum is described from sectioned material using light and
transmission electron microscopy as well as whole-mount material stained for nuclei and gene
expression. The early cleavages were found to be superficial, contrary to earlier descriptions of cleavage
in yolky, ovoviviparous onychophorans. Also, contrary to earlier descriptions, the embryonic anterior-
posterior axis is not predetermined in the egg. Our data support the view of a blastopore that
becomes elongated and slit-like, resembling some of the earliest descriptions. From gene expression
data, we concluded that the position of the proctodeum is the most posterior pit in the developing
embryo. This description of early development adds to our knowledge of the staging of embryonic
development in onychophorans necessary for studies on the role of developmental changes in evolution.

� 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.
1. Introduction

1.1. Phylogenetic position

Recent molecular and morphological studies propose a radical
reorganisation of phylawithin the Protostomia (Aguinaldo et al.,1997;
Dunn et al., 2008; Wheeler et al., 1993). Despite these changes, most
analyses confirm the status of theOnychophora as a sister group to the
Arthropoda (see Campbell et al., 2011). Because of their phylogenetic
position, onychophorans providevital informationabout the evolution
of arthropods. To facilitate such an investigation, it is essential to have
a detailed description of their embryonic development. This will form
the basis for comparative analyses of development between
onychophorans and arthropods, studies that fit well with the resur-
gence of our appreciation of the role that developmental change plays
in evolutionary innovation.
nt of Neurobiology, Faculty of
090 Vienna, Austria. Tel.: þ43

Eriksson).

-NC-ND license.
1.2. Reproductive strategies

Present day onychophorans are well known for the diversity of
female reproductive strategies they display. As a consequence of their
terrestrial lifestyle, these strategies provide adaptations for the
protection and nourishment of their developing embryos. These range
from oviparity with large (approximately 2 mm), yolky eggs sur-
rounded by a thick shell (Dendy, 1902; Norman and Tait, 2008); ovo-
viviparity with large (approximately 1.5 mm), yolky eggs (Reid, 1996;
Ruhberg, 1985) and smaller (approximately 0.5 mm), relatively yolk-
free eggs surrounded by thin egg membranes (Manton, 1938, 1949;
Ruhberg, 1985); to viviparity with minute (approximately 0.03mm),
non-yolky eggs that lack surrounding membranes (Anderson and
Manton, 1972; Campiglia and Walker, 1995). This designation of
reproductive strategies within the Onychophora is in accordancewith
the definition of viviparity, which includes the absence of egg
membranes during embryonic development (Campiglia and Walker,
1995; Reid, 1996). Contrary to this, some authors have designated
species of onychophorans with membrane-bound, non-yolky eggs as
non-placental viviparous (Anderson, 1973; Ruhberg, 1985).

In oviparous species, some embryonic development occurs
before egg deposition (Brockmann et al., 1997; Norman and Tait,
2008), but the vast majority of development takes place outside
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Fig. 1. Euperipatoides kanangrensis. Diagrammatic representation of gastrulatory movements. (A) Ventral view of embryo showing germinal disc (gd) as encircled gray area within
the surrounding blastoderm (bdm). Upper arrowhead indicates position of anterior end of the embryo. A mid-line groove (marked in yellow) is referred to as the blastopore by
Sedgwick (1887) or the mouth-anus by Manton (1949) but here is called the anterior part of the blastopore. Upper two pairs of small, solid arrows show direction of migration of
germinal disc cells as they move towards the midline then, as dashed arrows, as they descend into the groove and spread laterally taking on the function of vitellophages before
becoming part of the anterior midgut. The posterior pair of small, solid arrows shows cells from the raised pit (dark grey circle), called here the posterior part of the blastopore, but
referred to as the primitive streak by Sedgwick (1887) or blastopore area by Manton (1949). They become internalized and migrate anteriorly and laterally (dashed arrows), before
ending up as part of the posterior midgut. Boxed area B is enlarged in ventral view B0 and in transverse section in B00 . Lower arrowhead indicates position of the posterior end of the
embryo. The large arrows on each side of the pit indicate the migration of the mesoderm as the germ bands on each side descend into the pit (dashed arrows) and migrate, at first
laterally, and then anteriorly and parallel to the groove. Segmentation is first seen as the separation of the first somite, the antennal segment (a), from the unsegmented mesoderm
(u). Boxed area C is enlarged in ventral view in C0 and transverse section in C00 . (B0) Ventral view of the anterior part of the blastopore (ab), box B in A. The small, grey open circles
represent germinal disc cells, on each side of the groove, before they become internalized and the grey area represents underlying yolk. (B00) Transverse section of the anterior part
of the blastopore (ab), box B in A. Small, grey open circles indicate germinal disc cells at the surface and grey, open tear-like shapes indicate cells being internalized. Small, yellow
open circles indicate internalized endodermal cells (en) migrating laterally. Large, grey-filled circles indicate yolk spheres. (C0) Ventral view of the posterior part of the blastopore
(pb), box C in A. Grey circle indicates the posterior blastopore area (pb) and the lighter grey circle the central pit. The yellow arrows show the migration path of endoderm cells (en),
while the red arrows show the migration of the mesoderm (m). (C00) Transverse section of the posterior part of the blastopore, box C in A. Open, grey circles indicate cells in the
blastopore area (pb) and grey, open tear-like shapes indicate cells being internalized. Yellow, small open circles indicate internalized endodermal cells (en) migrating anteriorly,
corresponding to yellow arrows in C0 and lower, small dashed arrows in A. Large, grey-filled circles indicate yolk spheres. Anterior is to the top in A, B0 and C0 . Ventral is to the top in
B00 and C00 . This study recommends that the groove be henceforth referred to as the anterior part of the blastopore and the pit the posterior part of the blastopore, which removes the
inappropriate use of vertebrate terminology.
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the body of the female within the protection of the shell
(Brockmann et al., 1997; Dendy, 1893). On the other hand, ovovi-
viparous species complete their development within the uteri of
the female and hatching and birth are simultaneous. While nour-
ishment for the developing embryo in ovoviviparous species is
primarily derived from yolk, even in very yolky eggs some nutrient
is obtained from other source/s, perhaps from uterine secretions
(Sunnucks et al., 2000). On the other hand, ovoviviparous species
with relatively yolk-free eggs have eggs that contain a clear liquid.
However, the origin of this fluid, its composition and its uptake and
role in providing nutrient to the developing embryo requires
investigation (Anderson, 1973; Manton, 1949). In true viviparity,
the developing embryos receive their nutrient via a placental
attachment to the uterine wall (Anderson and Manton, 1972;
Walker and Campiglia, 1988).

Onychophoran embryology has beenmost extensively studied in
the relatively yolk-free ovoviviparous Peripatopsis sp. and Opistho-
patus roseus from South Africa (Manton, 1949; Mayer et al., 2005;
Sedgwick, 1885, 1886, 1887, 1888) and Paraperipatus amboinensis
from Indonesia (Pflugfelder, 1948), and the Neotropical viviparous
Epiperipatus trinidadensis, Macroperipatus torquatus, Peripatus aca-
cioi and Epiperipatus biolleyi (Anderson and Manton, 1972).
Embryological studies on the early development of yolky, ovovi-
viparous species are limited (Anderson, 1966; Sheldon, 1887, 1888),
while later development and general reproductive biology is more
thoroughly documented (Anderson, 1966; Curach and Sunnucks,
1999; Eriksson et al., 2003, 2005, 2009, 2010; Evans, 1901; Janssen
et al., 2010; Mayer et al., 2010; Sunnucks et al., 2000; Walker and
Tait, 2004). The embryology of oviparous species is practically
unknown (Brockmann et al., 1997; Dendy, 1902).

1.3. Cleavage

In viviparous species, cleavage is total and equal and, as cell
division proceeds, a hollow morula with a single layer of cells is
formed. This becomes attached to the uterine wall by specialised
cells of the morula that form a hollow stalk that forms the placenta.
These stalk cells are derived from dorsal extra-embryonic
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ectoderm. The remaining cells of the morula, at the free end of the
placental stalk, continue to increase in number to form the blas-
toderm of the developing embryo (see Fig. 44 in Anderson, 1973;
Kennel, 1885; Sclater, 1888). The few descriptions of early devel-
opment in yolky, ovoviviparous onychophorans (Anderson, 1966;
Evans, 1901; Sheldon, 1887, 1888; and summarized in Anderson,
1973) describe early cleavage as intralecithal with resulting nuclei
migrating to the egg surface to form a small group of blastomeres
partly covering the yolk. The blastomeres divide and spread to
eventually cover the surface of the egg, forming a blastoderm. The
eggs of yolk-free ovoviviparous species have a somewhat different
pattern of cleavage, since the zygote nucleus is not centrally located
but lies to one side of the egg. Consequently, it becomes membrane
bound to form a blastomere without prior migration to the surface.
Cleavage divisions follow to produce a saddle-shaped patch of cells.
Subsequent events are variable with some species (P. moseleyi and
P. sedgwicki) expanding the patch to form a blastoderm similar to
that in yolky, ovoviviparous species. Other species (P. balfouri and
P. capensis) are more modified in that there is ingression of cells at
the perimeter of the patch prior to blastoderm formation. These
cells are transient in P. balfouri but persist in P. capensis to add an
inner lining of cells to the superficial blastoderm (see S. Fig. 6). It
has been suggested that this precocious migration of cells in yolk-
free, ovoviviparous species is confined to the presumptive ante-
rior midgut region of the blastoderm and as such may be involved
in the uptake of nutrients secreted into the uterus (Anderson, 1973;
Manton,1949). Apart from early migration of anterior midgut, yolk-
free species also show a relative increase in the area of extra-
embryonic ectoderm as compared with embryonic ectoderm
again possibly a reflection of its role in absorption of nutrients.

1.4. Gastrulation

Gastrulation starts after the formation of a germinal disc some-
where on the surface of the egg (Fig.1) (Anderson,1973;Mayer et al.,
2010; Manton, 1949). Cells start to aggregate in this germinal disc
and a cone-shaped pit leading into the interior of the germinal disc
is formed. A groove then extends from this pit, which is variously
referred to as a groove, furrow or mouth-anus furrow. There are
diverging views on the nature of the blastopore, stomodeum and
proctodeum and their contribution to the gastrointestinal system
between earlier authors (Balfour, 1883; Kennel, 1888; Sedgwick,
1887; Sheldon, 1887, 1888) and that of Manton (1949). The earlier
authors except Kennel regarded the mouth-anus furrow as the
blastopore, whereas Manton and Kennel favoured a different view.
While this may very well be due to interspecific differences, it is
possible that some differences are also due to errors in observation
and evaluation of the details of embryonic development. In her
work on yolk-free South African species, Manton (1949) found no
evidence for the mouth-anus furrow (blastopore of earlier authors)
Fig. 2. Euperipatoides kanangrensis. (A) An egg (e) situated in the ovary (o) and connected to
rise to the flattened surface of the egg (arrow). Scale bars: A¼ 200 mm; B¼ 300.
producing endodermal cells and contributing to the anteriormidgut
and hence, she did not correlate this groovewith the blastopore. She
claimed that the blastopore, as the centre of origin of the endoderm
and mesoderm as well as the ectoderm, is confined to the pit area
posterior to the mouth-anus groove. The situation is, however,
slightly different in yolky ovoviviparous species, where Anderson
(1966, 1973) and Evans (1901) claimed that invagination of cells in
themouth-anus groove contributes to the endoderm of the anterior
midgut, while the pit, the blastopore as defined by Manton, later
takes over endoderm production as the gut extends (Fig. 1, S. figs.
6e7). Manton (1949) did not find that the blastopore was ever
continuous with the mouth-anus groove, and hence, regarded the
mouth-anus groove as a newopening in close proximity to, or at the
site of the blastopore, depending on species. There is also a question
of how the early proctodeum opening is moved to its adult position
at the posterior of the body (Sedgwick, 1888), where the blastopore
(Manton, 1949) or primitive streak (Sedgwick, 1888) is situated
during gastrulation.

As there is scarce data on the early development of the yolkyeggs
of ovoviviparous onychophorans, this study investigates cleavage
and gastrulatory events in ovoviviparous Euperipatoides kanan-
grensis bymorphology aswell as gene expression. Thewingless gene
is expressed in the future proctodeum in representatives of several
animal groups. These include ArthropodaeDiplopoda Glomeris
marginata (Janssen et al., 2004), Coleoptera Tribolium castaneum
(Nagy and Carroll,1994), DipteraDrosophilamelanogaster (Hoch and
Pankratz, 1996), Crustacea Triops longicaudatus (Nulsen and Nagy,
1999); AnnelidaePolychaeta Capitella sp. (Seaver and Kaneshige,
2006) and Platynereis dumerelii (Prud’homme et al., 2003); Chor-
data-Cephalochordata Branchiostoma floridae (Holland et al., 2000).
Hence the control ofwingless expression during early gastrulation is
used here to define the location of the proctodeum.

2. Methods

2.1. Collection of specimens

Gravid female specimens of Euperipatoides kanangrensis, Reid
(1996) selected for their large size, were collected in Kanangra
Boyd National Park, NSW, Australia (33�590S, 150�080E) and main-
tained in the laboratory at w13 �C in moist sphagnum moss until
processed.

2.2. Dissection of embryos

Specimens were relaxed and killed by exposure to ethyl acetate
fumes in a Petri dish lined with moistened filter paper. After a mid-
dorsal incision, the embryos were removed in sequence from each
uterus into PBSwith 0.1% Tween-20. Using finewatchmaker’s forceps,
the two embryonic membranes, outer chorion and inner vitelline
its flat side with a stalk (arrow). (B) An embryo with approximately 60 nuclei, the nuclei
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membrane, were removed. After the formation of the blastoderm,
a slight space (the perivitelline space) is formedbetween the surface of
the blastoderm and the vitelline membrane. Before this perivitelline
space is formed, removal of the vitellinemembranewithout damaging
the embryo is impossible. Consequently, embryos at this stage of
development have to be photographed without staining.

2.3. Transmission electron microscopy (TEM) and light microscopy
(LM)

Embryos were fixed in a mixture of 1.5% paraformaldehyde and
1.5% glutaraldehyde in 0.1 M phosphate buffer (19 mM NaH2-
PO4$H2O and 81 mM Na2HPO4$7H2O, pH 7.4) and post-fixed in 1%
osmium tetroxide in 0.1 M phosphate buffer for 1 h at 4 �C, then
rinsed and dehydrated. Embryos for TEM and LM were put into
acetone and then embedded in epoxy resin (TAAB 812). Sections for
TEM were cut at w50 nm, stained for 30 min with uranyl acetate
and then 10 minwith lead citrate. Sections for LM were cut at 2 mm
and stained with methylene blue.

2.4. Preparation of embryos for in situ hybridization and light
microscopy

Embryos were fixed in 4% formaldehyde in phosphate buffered
saline (PBS) (35.7 mMNaCl, 7.7 mMKCl,16 mMNaH2PO4$2H2O and
3.5 mM KH2PO4) overnight at 4 �C. They were dehydrated in
a graded series of methanol (25, 50 and 75% in PBS with 0.1%
Tween-20 for 10 min each) and stored in 100% methanol at �20 �C.
Some embryos were processed for paraffin embedding. Sections
were cut at 8 mm. The sections were then stained with eosin/hae-
matoxylin, mounted and photographed. For in situ hybridization,
a previous cloned fragment of wingless was used as a template for
probe preparation and subsequent in situ hybridization according
to Eriksson et al. (2009).

2.5. Nuclear staining

Whole embryos, dissected germinal discs and germ bands were
stained with SYBR-Green (Invitrogen) at a concentration of
1:10,000, cleared in 70% glycerol in PBS and photographed in
a fluorescence microscope.

2.6. Live embryo culture and photography

Early cleavage stages were incubated in PBS at 13 �C and
removed for photography twice a day. No staining was done but the
light source was adjusted until sufficient contrast for the detection
of nuclei was achieved. Embryos were subjected to shrinkage and
hence, different salinities were included in the incubation media as
well as a number of different media. This did not, however, have
any noticeable effect on shrinkage. We propose that the embryos
were subjected to a loss of mechanical support when they were
removed from the uterus and therefore start to shrink a few
minutes after removal. Cleavage continues for a few days in vitro
Fig. 3. Euperipatoides kanangrensis. (AeI) Cleavage stages of unstained live material. (JeK) s
Four nuclei stage, each nucleus is composed of a clear, circular area (arrowhead) surrounded
arrowheads. (D) Same embryo as in C a few hours later when the newly divided nuclei hav
with the same number in C. The left arrow indicates the pattern of nuclei and the right arro
nuclei arranged in a different orientation (left arrow) compared with long axis of the egg (rig
nuclei stage, the nuclei are starting to loose their organization and synchronization. The bou
membranes (see also Fig. 3L). (H) An embryo with approximately fifty cells and the yolk st
a nucleus appear white (arrowhead). (I) Embryo with approximately 150 cells and yolk gra
1000 forming a saddle of blastoderm cells on one side of the egg (b). (K) An embryo with a
embryo stained with DAPI showing the nucleus (n) and granules (g). Scale bars: AeK 300 m
before it stops. We do not know howmuch effect this shrinkage has
on early development during cleavages and we must, therefore,
stress that the time between cleavages reported here should be
taken with caution.
3. Results

3.1. Cleavage

Large female E. kanangrensis may contain as many as 150
embryos in their paired uteri. These embryos are in series with
embryos of later developmental stages towards the distal end (S.
Fig. 1). This difference in developmental timing is relative, so that
all embryos may be of early cleavage stages but differ in the number
of nuclei on the surface. In another female, there may be embryos
that are in the process of forming segments, so that the proximal
embryos have just formed the first segment while the distal
embryos have formed all segments. Sometimes each uterus contains
two batches of embryos, one in late stages of embryogenesis and
one with much earlier stages. The difference in developmental
timing between these two batches may be several months.

Secondary oocytes are attached by a stalk to the haemocoelic
surface of the fused ovary. The side of the oocyte that is attached to
the stalk is somewhat flattened (Fig. 2A). This slightly bean-shaped
form remains for some time while the oocytes pass through the
lumen of the ovary and into the paired oviducts each of which bears
a spermatheca. The eggs then pass into the uteri where the rest of
their embryonic development occurs. Cleavage nuclei first appear
on the flattened side of the egg (Fig. 2B). The dimensions of the eggs
in the uteri are approximately 1.5 by 1 mm.

Eggs in the immediate proximal end of the uterus do not show
any superficial signs of cleavage. The beginning of cleavage is indi-
cated by the appearance of eggswith one or two nuclei visible at the
surface (Fig. 3A). Each nucleus appears as a clear areawithin a larger
zone of white cytoplasm (Fig. 3B). In dissected blastomeres, from
a 32 cell embryo, this white zone appears granular (Fig. 3L). We
never found consecutive cleavages in the developmental series of
embryos in a single uterus, but rather, it would appear that two or
three cleavages separate the eggs lying adjacent to each other.
During culture of the eggs in vitro, the time between the earliest
cleavages was roughly 24 h at 13 �C. This suggests that a new egg is
fertilized and passed down to each uterus every two to three days.
However, after the one nucleus stage, eggs with 2, 4, 8, 16 and 32
nuclei at the surface were found in the uteri of different females
(Fig. 3AeG). We did not find any nuclei within the yolk mass of
dissected early cleavage or sectioned blastoderm stage embryos.
Cleavages up to 32 nuclei are synchronous but, at later stages, this
synchronicity is abandoned and the nuclei loose their regular
arrangement (Fig. 3GeI), such that eggswith exactly 64 nuclei could
not be found. However, the island of nuclei on the yolk surface
continues to grow (Fig. 3J) and eventually covers the egg as the
blastoderm (Fig. 3K). The blastomeres becomemembrane enclosed,
as can be seen in a dissected blastomere from a 32 cell embryo
(Fig. 3L). The presence of a plasma membrane is also indicated by
pecimens fixed and then stained with DAPI. (A) Two nuclei at the surface (arrows). (B)
by a white zone (arrows). (C) Eight nuclei (1e8) stage with cleavage planes indicated by
e been rearranged into two rows; each numbered nucleus corresponds to the nucleus
w indicates the long axis of the egg. (E) Another eight nuclei embryo with the rows of
ht arrow). (F) 16 nuclei stage with the nuclei organized in an alignment (arrows). (G) 32
ndaries around the nuclei are starting to be sharp (arrowhead), indicating forming cell
arting to segment (arrows) forming yolk granules without nuclei. The cells containing
nules formed (arrow). (J) An embryo with the number of cells estimated to be around
blastoderm (b) covering the yolk granules (y). (L) A dissected cell from a 32 cell stage
m, L 50 mm.
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a sharp border to the cytoplasm containing a cleavage nucleus
(Fig. 3H). We could not determine, however, if there is still a cyto-
plasmic connection towards the interior of the egg at this stage.

As the number of blastomeres on the surface of the egg
increases to approximately the 64-cell stage and onwards, aggre-
gations of yolk granules into rounded clusters become apparent
(Fig. 3K). Some of these yolk clusters contain a nucleus
(Supp. Fig. 2).

3.2. Formation of germinal disc and beginnings of gastrulation

The germinal disc appears within the blastoderm as an area of
more densely packed cells that contain smaller nuclei (Fig. 4AeB).
The cells aggregate in the centre of the germinal disc to form
a cluster that becomes elongated and bilaterally symmetrical
(Fig. 4AeE). This cluster of cells is a few cells thick (Fig. 5A). One end
of the blastoderm forms a circular mass of cells surrounding a pit.
A groove, lined by aggregations of cells, extends from the pit in the
germinal disc. This groove and pit form the axis of the embryo with
the groove at the anterior and the pit at the posterior end. At this
stage, the embryonic axis is not fixed in relation to the axis of the
egg but varies in its position (Fig. 4CeE).

Sections taken from the anterior part of the groove indicate that
cells become internalized and spread as a sheet on each side of the
groove and, as they tuck back, they detach and migrate dorsally in
the peripheral part of the yolk (Fig. 5BeD and see also Fig. 13 in
Eriksson et al., 2003 and Fig. 21 plate 16 in Sheldon, 1888). It is
possible that some internalisation by invagination occurs since
bottle-shaped cells can be seen in some sections (Supp. Fig. 4) The
internalisation of midgut cells into the groove and then up the sides
of the embryo leaves the yolk exposed along the floor of the groove
(Fig. 5BeC). This is in contrast to the posterior part of the blastopore,
in the base of the pit (Fig. 5D, Supp. Fig. 5). The posterior part of the
blastopore forms amulti-layeredelevationwith a central pit. It is not
clear how cells get internalised in this area but mesoderm and
endoderm appear to be spreading from this area (Supp. Fig. 5).
During the early phases of development the groove merges imper-
ceptibly into the pit (Fig. 4B). This connection is soon severed and, in
later development, the groove itself splits into two (see below).

3.3. Germ band formation and segmentation

Cells that accumulate at the pit and pass inwards are meso-
dermal and eventually give rise to the split germ band on either
side of the developing embryo. The split germ band extends from
each side of the pit (Fig. 4CeE). It first moves away from the pit
perpendicular to the midline of the embryo (Fig. 4CeE). The germ
band bends anteriorly and thereafter become parallel to the
embryonic axis (Fig. 4F, see also Fig. 1 for an explanation). The two
halves of the germ band are never in contact along the midline of
the embryo, only the most anterior somites that will form the brain
segment will be joined anteriorly at the stomodeum. The germ
band is at first a homogenous sheet of cells that in the LM cannot be
separated into ectoderm and mesoderm (Fig. 5A). However, in the
TEM it is possible to appreciate that the mesoderm is epithelium-
like, and is surrounded by a basal lamina towards both the
Fig. 4. Euperipatoides kanangrensis. A and CeG embryos stained with SYBR-green, (B) embryo
germinal disc (gd). The border between the germinal disc and the rest of the blastoderm (b
germinal disc, compare both sides of white line. (B) The blastopore has elongated and the pos
aggregate of cells (arrowhead) surrounding the central pit (asterisk) and the latter is an e
anterioreposterior axis is, at the early germ band stages, not fixed in relation to the long ax
grooves (arrowheads). The blastopore has been split up into three parts, the mouth (m), a m
(s1) has already started to grow considerably larger than the following jaw (J) and slime pa
formed. The brain lobes have formed as a result of extensive cell proliferation of the neuroect
ventral extra-embryonic ectoderm (dee and vee). Scale bars¼ 250 mm. Anterior is to the to
ectoderm and the endoderm (Fig. 6AeB). The one to two cell
layered mesodermal strands underlying the similarly layered
ectoderm elongates beneath the ectoderm. The first somites on
each side form by the budding of the anterior-most mesodermal
strands into a single-layered vesicle (Fig. 5B and Supp. Fig. 3).

Earlier authors claim that at the same time as the split germ
band extends from the lateral sides of the pit, endoderm forms from
the anterior part of the pit. Consequently, three sheets of cells
extend from the pit, two mesodermal sheets laterally and the
endoderm medially and anteriorly (Anderson, 1973) (Fig. 1 and
Supp. Fig. 5). Our investigation does not contradict this statement
and newly formed endoderm at the pit can be identified by means
of its position on top of the yolk, its possession of cellular protru-
sions and yolk inclusions (Fig. 6A and Supp. Fig. 5).

Somite formation continues in an anterior/posterior sequence
with mesodermal vesicles being pinched off from the presomitic
mesoderm. Somite proliferation in the split germ band of an
embryo are synchronised although some degree of asymmetry was
observed in the early stages of segmentation (Supp. Fig. 3). The yolk
becomes extended as the trunk elongates, stretching from the
stomodeum to the proctodeum (Fig. 4G).With further elongation of
the germ band the groove splits up into three parts, an anterior
opening that is the stomodeum, a posterior opening that this
investigation claims to be the proctodeum based on the expression
pattern of a wingless homologue (Fig. 7) and an opening (mo) in
between with an unknown destiny (Fig. 4F). The split germ band is
separated ventrally and dorsally by extra-embryonic ectoderm
(Fig. 4G), we cannot conclude if this area is really extra-embryonic,
i.e. does it deteriorate or does it become incorporated in the
embryo. The term ‘extra-embryonic’, however, does occur in the old
literature as summarised in Anderson (1973).

4. Discussion

4.1. Stages of early development

This description of early development now adds to previous
studies on embryological development in onychophorans with
yolky eggs (Norman and Tait, 2008; Walker and Tait, 2004). Stage 1
(Walker and Tait, 2004) includes embryos from cleavage through to
gastrulation and the beginnings of segmentation. Because of the
significance of the Onychophora in evolutionary studies, detailed
knowledge of their embryological development is essential in
determining the evolutionary origins of the arthropod body plan.

4.2. Cleavage

The fact that all nuclei are positioned close together, surrounded
by a large amount of yolk and the lack of separated blastomeres
suggest that cleavage is of the superficial type. This is not as
has been reported in other species of yolky ovoviviparous
onychophorans were cleavage is described as intralecithal (Evans,
1901; Sheldon, 1887, 1888) with cleavage occurring in the centre
of the egg and with subsequent rising of the cleavage nuclei up to
scattered positions at the surface. However, it is more or less
identical to that described for some South-African Peripatopsis sp.
stained with DAPI. (A) An embryo with the blastopore (between arrows) formed in the
d) is not sharp but nuclei start to become smaller and more densely packed within the
terior (p) end can be distinguished from the anterior (a) by the former having a circular
longated concentration of cells on both sides of a cell-free furrow (arrow). (CeE) The
is of the egg. (F) An embryo with eight somites formed as indicated by the segmental
iddle opening (mo), and the proctodeum (pd). The first somite, the antennal segment,
pilla (sp) somites. (G) An embryo with approximately 15 segments out of a total of 18
oderm that covers most of the segment. The split germ band is separated by dorsal and
p in panels FeG otherwise as indicated in the images.



Fig. 5. Euperipatoides kanangrensis. (A) Cross section of an embryo at the same stage as Fig. 4, AeB. The section is cut level with the blastopore (bp) just posterior to the central pit.
(y¼ yolk). (B) Cross section at the level of the first somite (s1). The ectoderm over the somite is approximately two cell layers deep (upper arrow) as compared to the ectoderm on
the flanking sides that is one cell layer thick (lower arrow). The anterior part of the blastopore (asterisk) appears to produce cells that migrate inwards (en) and then laterally
beneath the ectoderm. (y¼ yolk) (C) Cross section at the level of the presomitic mesoderm that has not yet formed a somitic cavity (arrows). The anterior part of the blastopore
(asterisk) provides free passage between the outside and the yolk. The continuous sheet of cells (en) stretching from the outside to the inside splits up into scattered cells
(arrowheads) located below the mesoderm. (y¼ yolk). (D) Cross section at the level of the posterior part of the blastopore (pbp). There appear to be three cell groups originating
from this area, the ectoderm (ec), the mesoderm (m) and the endoderm (en). Scale bars: A, D¼ 50 mm; BeC¼ 100 mm. Dorsal is to the top in all panels.
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Manton (1949). The cells are arranged in two columns at the eight
nuclei stage and the long axis of these columns varies in relation to
the long axis of the egg (Fig. 3CeE), which is also in agreement with
Manton (1949). The pattern of formation of these nuclei was
termed a saddle of blastomeres by Manton (1949). We cannot, of
course, completely rule out the possibility that cleavages have
occurred before the first nuclei appear at the surface and so giving
rise to a population of nuclei within the yolk. At a later stage during
blastoderm formation, yolk clusters containing nuclei were
detected.We do not know how these nuclei enter the interior of the
egg, or if they have remained in the interior as a population of
nuclei descending from a very early cleavage stage (see discussion
below).
4.3. Formation of germinal disc and blastopore

The accumulation of a number of densely packed cells within
the blastoderm indicates the first appearance of the germinal disc
in which the future embryo will develop. The inward movement of
cells can be seen as a cone-shaped pit leading into the interior of
the germinal disc. A groove then extends in an anterior direction
from the pit (see Supp. Fig. 7 for an explanatory illustration). The
axis of the germinal disc with its pit and groove varies in its
orientation relative to the long axis of the egg. Intriguingly, the
orientation of the pattern of early cleavage nuclei shows a similar
variation. Whether or not these two observations are related
cannot be determined because it was not possible to follow



Fig. 6. Euperipatoides kanangrensis. (A) TEMmicrograph of the zone between the endoderm (en) and mesoderm (m). The endoderm contains electron dense vesicles (dv) presumed
to be yolk inclusions and cellular processes (cp) that might facilitate transfer of nutrients from the yolk. The mesoderm is epithelial-like with a surrounding basal lamina
(arrowheads). (B) TEM micrograph of the zone between the mesoderm (m) and ectoderm (e) showing the basal lamina around the mesoderm (lower arrowheads) and ectoderm
(upper arrowheads). mt¼mitochondrion; n¼ nucleus. Scale bars¼ 1 mm.
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individual embryos in culture for sufficient time for them to pass
from early cleavage to germinal disc formation. However, by the
time 4e5 segments appear and regardless of the orientation of the
early embryo, the AP axis of the embryo has become aligned with
the long axis of the egg. These observations were also made in
South African species (Manton, 1949). It is, therefore, unlikely that
there is a fate map during the blastoderm stage and, therefore, also
unlikely that segmental patterning genes would be detected, and
indeed, the first sign of engrailed and wingless expression occur
when the germ band has formed (Eriksson et al., 2009).

There is some degree of controversy about the role that the pit and
groove play in early development and consequently there are a variety
of terms applied to each of these structures depending on the author’s
view of their significance. Sedgwick (1885) referred to the groove as
the blastopore and to the pit with the rather vertebracentric term
‘primitive streak’ while Manton (1949) concluded that the groove
playedno part in the invagination of cells and consequently referred to
the pit as the blastopore area. We propose that the entire structure
should be termed the blastopore, since it is clearly formed as one unit,
thegroove couldbe identifiedas the anteriorpartof theblastoporeand
the pit as the posterior part of the blastopore.
Fig. 7. Euperipatoides kanangrensis. The posterior part of an embryo hybridized with
a probe directed against wingless. Wingless expression can be seen around the
presumed proctodeum (pd). Note that there is no staining around the opening (mo)
previously believed to form the proctodeum. us¼ presomitic mesoderm; gb¼ germ
band. Scale bar¼ 200 mm.
4.4. Gastrulation and segmentation

From sections of the anterior part of the blastopore it would
appear that cells invaginate, detach and then migrate dorsally in
the peripheral part of the yolk (Fig. 5BeD and see also Fig. 13 in
Eriksson et al., 2003 and Fig. 21 plate 16 in Sheldon,1888). Labelling
experiments of embryos in culture are required to confirm this
movement of cells and to establish that they contribute to the
anterior midgut. Earlier workers have concluded that these cells
give rise to the anterior midgut by encircling the yolk (Anderson,
1966; Evans, 1901). However, further away from the furrow these
cells seem to be too sparse and scattered to be able to form a sheet
around the yolk and, at least in the anterior part of the embryo, the
gut penetrates into the yolk rather than surrounding it (see Fig. 44
in Eriksson et al., 2003). It is, however, possible that these yolk cells
or vitellophageswill contribute in someway to the formation of the
anterior midgut. The formation of the germ bands and their
extension and segmentation by somite formation seems to concur
with earlier investigations on the viviparous and ovoviviparous
species (Anderson, 1973). However, one difference that can be
identified in comparison with Peripatopsis sp. from South Africa is
the asymmetrical formation of the early somites observed by
Manton (1949). This difference in the number of somites formed on
each of the side of the embryo is corrected during later develop-
ment. In E. kanangrensis embryos, somites developing from the two
sides of the germ band seem to be much more synchronised
(Fig. 4EeG), with asynchronous somite formation only observed
during the very first stages of somite formation (Supp. Fig. 3).
Recently Mayer et al. (2010) showed that a growth zone around the
posterior part of the blastopore with proliferating cells is lacking in
two species of onychophorans, the ovoviviparous Euperipatoides
rowelli and the viviparous Epiperipatus isthmicola. Instead, it
appears as if the germ band elongates by intercalated cell divisions.
Our own observations on E. kanangrensis embryos stained with
nuclear dyes and antibodies against alpha-phospho histone 3 (a
mitotic marker) corroborates the findings of Mayer et al. (2010)
(data not shown).
4.5. Wingless expression and the position of proctodeum

Earlier authors have identified the mouth-anus furrow as the
blastopore (Balfour, 1883; Sedgwick, 1885; Sheldon, 1888) and the
more posterior thickening, the posterior part of the blastopore in
this work that gives rise to the mesoderm as the primitive streak.
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However, Manton (1949) concluded that the mouth-anus furrow
did not give rise to any endoderm by invagination and therefore
should not be labelled as blastopore. She restricted the term blas-
topore for the posterior thickening we term the posterior part of
the blastopore. In the present investigation, we show that the
blastopore and mouth-anus furrow is actually a continuous
depression in the germinal disc and stays that way during a large
part of its elongation, only relatively late does it divide to form
three openings. The most anterior opening is believed to be the
stomodeum for reasons of its position. The second opening from
the anterior is more problematic because of the present investi-
gation. It was labelled the anus by earlier authors (Balfour, 1883;
Sedgwick, 1885; Sheldon, 1888) even though it is situated well in
front of the final position of the anus at the extreme posterior end.
This problemwas recognised by (Balfour, 1883) but he provided no
explanation for the apparent difference in position of the embry-
onic and adult anus. According to our results, wingless is expressed
around the posterior terminus in what we call the posterior part of
the blastopore, but not around the opening traditionally referred to
as the embryonic anus. Given the expression ofwingless around the
proctodeum in many animals (Janssen et al., 2004; Nagy and
Carroll, 1994; Seaver and Kaneshige, 2006), we suggest that this
is also the case in the E. kanangrensis embryo. It is still not known
what happens to the opening referred to as the embryonic anus by
the earlier authors. During development, it appears to move pos-
teriorly and take up a position very close to the proctodeum before
it disappears. It is possible that it actually merges with the proc-
todeum, or closes. It should be noted that the central pit of the
posterior part of the blastopore is much less developed or even
absent in the South African species (see figs. 54, 59 and 112 in
Manton, 1949) and this may explain why the earlier authors never
regarded this area as the proctodeal rudiment.

It is not unlikely that that the edges of the mouth-anus furrow
give rise to endoderm by invagination as suggested by earlier
workers (Balfour, 1883; Sedgwick, 1885; Sheldon, 1888). Manton
(1949) claimed that the furrow did not contribute cells to the
endoderm in the South African species she investigated. The
endoderm had already formed and taken its position before the
mouth-anus furrow opened. In E. kanangrensis,we see a continuous
line of cells from the edges leading in to the periphery of the yolk.
The final destination of these cells is unknown but it seems
reasonable, on grounds of their location within the yolk, to assume
that they at least temporarily have a function as vitellophages.

There is a discrepancy between the descriptions of early gastrula-
tion in onychophorans, possibly due, at least in part, to species differ-
ences (Balfour, 1883; Kennel, 1885; Manton, 1949; Sedgwick, 1885;
Sheldon, 1888). It appears that early phases of gastrulation are
subject to variability due to a shift in the timingof the separation of the
anterior part of the blastopore (mouth-anus) and, hence, also the
possible contribution of endoderm from that structure.

4.6. Conclusion

� Cleavages are superficial and appear identical to that described
in the South-African yolk-less ovoviviparous species (earlier
viviparous without placenta, see introduction) but not to other
ovoviviparous species.

� The initial positioning of the anterior to posterior axis is not
fixed but the axis becomes aligned with the long axis of the egg
during segmentation.

� We propose that the term ‘blastopore’ should replace ‘mouth-
anus groove’ and ‘primitive streak’. The anterior part of the
blastopore corresponds with the mouth-anus groove and the
posterior part of the blastopore corresponds to primitive
streak. The reason for this proposal is that they are formed
initially as one unit and they both indicate sites of ingression of
cells during gastrulation.

� The expression of the gene wingless suggests that the primitive
streak/blastopore of earlier authors, the posterior part of the
blastopore in the present investigation, gives rise to the future
anus.

� This study has clarified the processes that occur in stage 1
(stage table of Walker and Tait, 2004) of embryonic develop-
ment in onychophorans.
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