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ABSTRACT

Pancrustaceans in general display a wide variety of  developmental strategies and are morpho-
logically diverse. The evolution of  many compelling pancrustacean features, such as limbs and 
diverse nervous/sensory systems, however, are not well understood due to a lack of  sampling 
across clades. Ostracods are representatives of  the understudied, basally branching Oligostraca. 
While their amazing fossil record is well-characterized, little is known about the development 
of  any oligostracan. We are developing Euphilomedes carcharodonta Smith, 1952 (Myodocopida, 
Sarsielloidea, Philomedidae) as a novel model for studying evolution and development within 
Ostracoda. We examined practical aspects including antibody staining, brood size, time course 
of  embryogenesis, and artificial rearing, as well as provide a description of  sarsielloid cell-divi-
sion patterns, a broad description of  the embryonic nervous system, limb bud, and developing 
carapace.

Key Words: carapace, Crustacea, DAPI, embryogenesis, embryology, evolutionary biology, 
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EIGHTEENTH INTERNATIONAL SYMPOSIUM ON OSTRACODA

INTRODUCTION

While ostracods comprise a major pancrustacean class, their 
basic biology is understudied compared to other crustacean 
classes. The vast majority of  species are known only from the 
fossil record, approximately 65,000 of  the 95,000 known species 
are only described from fossils (Brusca et  al., 2016; Ikeya et  al., 
2005). Because ostracods have a rich fossil record and are valu-
able indicator species, much of  the focus of  ostracod research 
has been on micropaleontology and biostratigraphy. Interest has 
recently grown on the biology of  living ostracods, in particular 
in their bioluminescence, evolution, and behavior (e.g., Oakley, 
2005; Rivers & Morin, 2013; Speiser, 2013; Ellis & Oakley, 2016; 
Gerrish & Morin, 2016; Arenz et al., 2018). Possibly the least stud-
ied aspect of  this understudied taxon is their embryology and 
juvenile development. This is a particularly weighty omission as 
ostracods are a diverse clade within the most basally branching 
group of  Pancrustacea (Oligostraca; Oakley et al., 2013) and could 
give clarity to the murky early evolution of  this group. Ostracods 
themselves also have compelling features with unresolved devel-
opmental and evolutionary origins, for example their bivalved 
hinged carapace. Other characters, such as bioluminescent mucus, 
and sexually dimorphic eyes, have apparently each evolved mul-
tiple times (Oakley, 2005). Here we provide the first overview of  

embryogenesis of  a sarsielloid (Myodocopida) ostracod and the 
first microphotographs of  a developing ostracod nervous system.

Euphilomedes carcharodonta Smith, 1952 is a benthic ostra-
cod found in the shallow subtidal off the Pacific coast of  North 
America. Myodocopid ostracods, including E.  carcharodonta, 
undergo direct development, with free-swimming juvenile instars 
which resemble small adults. Like other myodocopids, females 
of  this species brood their eggs in a marsupium, a brood pouch 
within the female carapace, from which they hatch at the com-
pletion of  embryogenesis and the beginning of  the first juvenile 
stage, instar I (Cohen & Morin, 1990). They develop through four 
additional juvenile stages (instars II-V) before a final molting to an 
adult stage (Kornicker & Harrison-Nelson, 1997).

While the development of  myodocopid ostracods has been 
studied previously, most studies have focused on the gross mor-
phology of  juvenile development (e.g., Turpen & Angell, 1971; 
Cohen, 1983; Baltanás et al., 2000; Kornicker & Harrison-Nelson, 
2002; Smith & Kamiya, 2002, 2005; Horne et  al., 2004), fewer 
have described macroscopic timeline events of  embryogenesis 
(e.g. Gerrish & Morin, 2008) and only two studies have exam-
ined embryological processes in a myodocopid, the cypridinid 
Vargula hilgendorfii Mueller, 1890 (Wakayama, 2007; Ikuta, 2017). 
Wakayama (2007) examined nuclear stained (DAPI) embryos and 
made a timeline based on limb and carapace development. Ikuta 
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(2017) furthered this research by examining segmentation, espe-
cially significant as myodocopids are extremely oligosegmented 
arthropods. Both studies found that the five anteriormost limb 
buds, of  a total of  seven, appear simultaneously along with the 
carapace (Ikuta, 2017).

Our study expands what is already known about ostracod 
embryology by providing a protocol for immunohistochemical 
staining of  an ostracod, the first detailed look at the embryology 
of  a sarsielloid, and the first published microphotographs of  the 
development of  the ostracod nervous system. Our primary study 
species, E.  carcharodonta, is simple to collect with inexpensive 
equipment, can be kept in small containers in a laboratory set-
ting, and has large (relative to body size) embryos. They present 
a promising opportunity to explore the embryonic development 
of  ostracods and add to the scarce knowledge on myodocopid 
development.

MATERIALS AND METHODS

Collection of  Euphilomedes carcharodonta embryos

We collected E.  carcharodonta from Pillar Point, Half  Moon Bay, 
California as previously described (Sajuthi et  al., 2015). We col-
lected sand approximately 10 m from shore with hand nets dur-
ing low tide. The sand was sorted on site with sieves with 500 µm 
mesh to remove silt. We stored ostracods in sand in plastic 20 l 
buckets with an aquarium bubbler until sorting. Ostracods were 
sorted out of  sand under a dissection microscope and separated 
by sex and approximate age into petri dishes containing artificial 
seawater. The dishes were then stored at 12–14 °C

We used a low power dissection microscope with top light-
ing to assess the presence and approximate stage of  brooding 
females, using the color of  embryos as an indication of  age (see 
Supplementary material Fig. S1). To remove embryos, we placed 
a brooding female in a small petri dish with artificial seawater, and 
quickly cracked open the carapace with insect pins. We used the 
pins to gently move embryos into the dish.

Embryos were either maintained in 6-well plates in artificial 
seawater at 12–14 °C or fixed for staining in 4% paraformalde-
hyde in PBS (PFA). Adults were transferred into microcentrifuge 
tubes using forceps and embryos were transferred using a micro-
pipette, taking care not to transfer excess seawater. Following 
an overnight fixation at 4  °C, animals were washed three times 
30 min each in PBS.

Immunohistochemistry

We visualized the embryonic nervous system of  E.  carcharodonta 
using immunohistochemistry, with an antibody against acety-
lated alpha-tubulin using a modified crustacean staining protocol 
(e.g., Harzsch et al., 1997; Harzsch & Glötzner, 2002; Brenneis & 
Richter, 2010; Brenneis et al., 2013; Mayer et al., 2013).

We pre-incubated fixed embryos in preparation for staining, 
as follows: NH4Cl for 5 min, followed by 0.2% Triton-X in PBS 
for 10 min, followed by cold PBS for 5 min. Staining of  embryos 
with antibodies required physical permeabilization of  the chorion 
with a microneedle. We blocked embryos in a 0.1% BSA solu-
tion in 0.3% Triton-X in PBS for 1  h. We diluted the primary 
antibody (mouse anti-acetylated alpha tubulin; Sigma-Aldrich, 
Darmstadt, Germany) in blocking solution 1:20 and incubated at 
room temperature for 1 h. The following day, we washed embryos 
three times at 30 min each in PBS, then added the secondary anti-
body (FITC-conjugated goat anti-mouse IgG (ImmunoReagents, 
Raleigh, NC, USA) diluted 1:20 in blocking solution incubated 
overnight at 12  °C with shaking protected from light. Following 
immunostaining, embryos were counterstained in a DAPI/30% 

glycerol solution for at least 1 h prior to mounting in 70% glyc-
erol. We confirmed our immunostaining results with phalloi-
din staining (data not shown). Phalloidin stains F-actin, which is 
abundant in developing arthropod axons (Harzsch et al.,1997). For 
embryos stained with DAPI alone, we washed fixed embryos three 
times 15  min each in PBS, then stained in DAPI/30% glycerol 
overnight at 4 °C.

For visualization under a compound microscope, we mounted 
animals on specially prepared agar slides in a preparation modi-
fied from methods used to visualize the nematode Caenorhabditis 
elegans (Walston & Hardin, 2010). We applied two layers of  
laboratory tape to standard glass microscope slides on either 
long edge and placed a drop of  hot 2% agarose solution on 
the center of  the slide. We flattened the hot drop of  agarose by 
placing a second microscope slide on top. The agarose set until 
cool, and then we removed top microscope slide and tape to 
reveal a thin, even layer of  agarose on the slide. We trimmed the 
edges using a razor blade and cut wells into the agar layer using 
a p200 micropipette tip.

To mount the embryos, we covered the agarose pad in a drop 
of  70% glycerol, placed the stained embryos into wells, and cov-
ered the slide with a coverslip. We were then able to rotate the 
embryos and reposition them in the wells by gently sliding the 
coverslip over the agarose pad. This allowed for microphotog-
raphy of  several angles of  the embryo.

Microscopy and microphotography

We visualized fluorescently stained embryos using a compound 
LED microscope (Zeiss Axio Scope.A1, Oberkochen, Germany) 
and took color microphotographs with a Canon EOS Digital 
Rebel XS camera (Canon, Tokyo, Japan) at several depths of  field 
for each specimen. We compiled images into stacks, then merged 
into composite images using ImageJ (ver. 1.50i; National Institutes 
of  Health, Washington, DC, USA) stack and Z-projection func-
tions (maximum intensity) and Helicon Focus (Heliconsoft, 
Kharkiv, Ukraine). We converted images to black and white 8-bit 
images for increased contrast because images were used for gen-
eral reference and not for quantification.

We mounted live embryos, either freshly removed from the 
marsupium or artificially reared in wells (see below), in a large 
drop of  seawater on a microscope slide and visualized them under 
a dissection microscope. Microphotographs were taken using a 
Canon EOS Digital Rebel XS camera with EOS software.

Estimation of  brooding duration

We estimated brooding duration by placing 30 females with dark 
purple broods in a separate wells of  12-well cell culture dishes filled 
with artificial seawater. We checked females every 1 to 3 d to note 
embryo color and check for juvenile hatchlings (Supplementary 
material Fig.  S1). Because females may have oviposited earlier 
than the initiation of  this study, the average duration of  brooding 
time presented here is minimal developmental time.

Improvement of  artificial rearing

After removing from their marsupium, we split three broods of  
about 20 purple (early stage) embryos each into a control (daily 
hand pipette rotation) and experimental (constant shaker rota-
tion) group, each group contained around 9 to 10 embryos. We 
reared all groups in 6-well culture dishes in artificial seawater at 
12 °C and counted embryos daily. We identified dead embryos by 
their malformed morphology and removed these from their well, 
and calculated percent survival by dividing the number of  live 
embryos in the group by the initial size of  the group.
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Brood and carapace measurements

We examined brood size, carapace size, and brood age of  91 
adult females to determine whether brood size decreases with 
brood age (suggesting that embryos die and are removed over the 
course of  brood development) and whether larger females are 
able to produce larger broods (suggesting they have more repro-
ductive resources). We removed embryos from the female cara-
pace as described previously, noting the approximate stage of  the 
embryos and counting the total number of  embryos per brood. 
One valve from each female was retained before fixation, and we 
photographed the valve under a dissection microscope. We meas-
ured the anteroposterior length and two-dimensional area of  the 
carapace from the resulting photographs using ImageJ; six valves 
were crushed during dissection and not measured. For simplicity, 
we categorized brood ages as “early” (cleavage and germ band 
stages), “mid” (limb bud and head stages), and “late” (eye spot 
stage). We counted brood sizes of  30 females with early embryos, 
31 broods from females with mid-stage embryos, and 30 broods 
of  late embryos. We performed ANOVA to determine whether 
brood size was significantly different at different stages, and per-
formed linear regression analysis to determine if  carapace size 
was correlated with brood size.

RESULTS

Improvement of  artificial rearing

One logistical obstacle which makes E. carcharodonta and other slow-
developing crustaceans difficult to study is inefficient and relatively 
unsuccessful artificial rearing in the laboratory. To observe longer-
term development of  embryos, however, live embryos must be 
removed from a brooding female and incubated for several weeks. 
It is thought that rotation of  the embryos is important for the sur-
vival of  other brooding crustaceans (e.g., Vannier & Abe, 1993; 
Baeza & Fernandez, 2002; Wakayama, 2007). We thus rotated 
artificially reared embryos on a shaker with constant movement 
or by hand with a pipette. Pipette-rotated early embryos only lived 
for about a week while shaker-rotated embryos lived up to 28 d 
outside of  the marsupium (Supplementary material Fig. S1. While 
the shaker-table treatment was not sufficient to maintain embryos 
throughout the entire duration of  embryogenesis, embryos did 
show physical signs of  development during the course of  the 
experiment, allowing for study of  artificially reared embryos over 
the course of  several weeks, rather than several days.

Brood size

Brood sizes of  adult females were highly variable, the smallest 
brood we counted was two embryos and the largest 28, although 
they typically ranged from 10–20 embryos. We counted the brood 

size for embryos of  different stages to see whether brood size 
decreases with brood age. We found that broods of  early embryos 
(N = 30) averaged 13.8 embryos per brood (min. 4, max. 28), mid-
stage broods (N = 31) averaged 15.65 embryos per brood (5–22), 
and late embryo broods (N  =  30) averaged 16.87 embryos per 
brood (2–26) We found no significant difference between brood 
sizes at different stages (ANOVA, P = 0.087; Supplementary mate-
rial Fig. S2), suggesting that there is not significant embryo mor-
tality under natural brooding conditions. These brood sizes are 
roughly similar to other myodocopids, Vargula annecohenae Torres 
& Morin, 2007, for example, has an average brood size of  12.9 
(Gerrish & Morin, 2008).

We also found no significant difference between the number of  
embryos brooded by females of  different size. We measured the 
anteroposterior length and total 2D area of  one removed valve 
from 85 brooding females and found that the average anteropos-
terior length (or diameter) of  an adult valve is 1.936 mm and the 
average area of  the shape circumscribing the widest part of  its 
valve (2D shape) 2.082  mm2. While area and length are tightly 
associated (R2 = 0.89, P = 3.52 × 10–42), neither was tightly asso-
ciated with brood size (R2 = 0.017, P = 0.23 and 0.016, P = 0.25 
respectively; Supplementary material Fig.  S3). This suggest that 
larger females do not produce larger broods.

Overview of  embryogenesis

We incubated females soon after oviposition, as estimated by color 
of  the embryos in her marsupium, in isolated dishes at 12–14°C. 
While some broods died during this time period, most lived and 
we estimate that embryogenesis in E.  carcharodonta lasts 65–75 d 
from oviposition to hatching (Table  1). Because of  this lengthy 
period, inefficient artificial rearing, and small broods, we made 
most of  our observations by comparing several broods at different 
developmental timepoints, rather than by continuous observation 
of  a single cohort.

Fertilized eggs are approximately 300–350  µm in diameter 
lengthwise, and 250  µm widthwise. Embryos undergo character-
istic changes in appearance in amount of  yolk and color of  yolk 
(Supplementary material Figs.  S1, S4). After extrusion into the 
marsupium, fertilized eggs are filled with yolk granules, giving them 
a distinctive dark purple color under top lighting (Supplementary 
material Fig. S1A) though they appear orange with a bottom light 
(Supplementary material Fig.  S4A). Although we have not been 
able to observe females extruding eggs into their marsupium, 
we have observed embryos at the single nuclear stage (Fig.  1A, 
B). These embryos have, in addition to a large or bright nucleus, 
three polar nuclei that likely represent the polar bodies. These 
polar bodies are clearly visible until the 16-cell stage (Fig. 1A–E). 
Early cell divisions appeared synchronous. In embryos with divid-
ing cells (i.e., with cells in metaphase or anaphase) all cells exhib-
ited signs of  mitotic chromosomes (Figs. 1A–G, 2A). Most nuclei 

Table 1. Stages of  embryos. *Color as visible by eye or under a dissection scope with top lighting; **from Wakayama (2007).

Stage Color* Morphology Days Figures Supplementary figures V. hilgendorfii days**

Cleavage Purple cleavage to germ disc 1-? 1A-H

2A,B

2A

4A

Days 1-?

(early)

Germ-band Lavender Germ band ?-13 1I-M

2C

2B

4B

Days?-3

(early)

Limb Orange Limb buds form 14–41 1N-P

3A,B

2C

4C,D

Days 4–5

(appendage I)

Head Orange Anterior tissue mass grows 42–57 3C,D

4A,C,D

2D,E

4E, 5A,B

Days 6–7

(appendage II)

Eye Bright orange-pink Eyespots form to hatching 58–70 3E,F

4B

2F

4F, 5C,D

Days 8–16

(carapace repartition)
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were clearly at the surface of  the embryo in these early stages, 
but we were unable to observe a clear cleavage plane or furrow. 
The nuclei appeared to move superficially and become more 
evenly-spaced around the surface of  the embryo after approxi-
mately 16 nuclei had formed (Fig. 3F). Cells began to divide asyn-
chronously after this stage (Figs.  1G–P, 2B, C) then apparently 
migrated toward the two extreme poles of  the embryo, form-
ing rows of  nuclei at each end (Fig. 1H). The nuclei then spread 
peripherally outward from both poles, creating linear rows wrap-
ping around the embryo in an apparent germ band (Fig.  1I, J).  
The nuclei eventually appear to migrate toward the lateral sur-
faces, then epibolize to cover the entire yolk evenly (Fig. 1L, M). 
This germ band layer is thin and difficult to see under brightfield 
(Supplementary material Figs. S1B, S4B); embryos of  this age are 
lavender in color.

By day 14, the yolk mass has begun to visibly shrink and become 
more orange in color as the surface tissue forms undulations, 
the future limb buds (Supplementary material Fig.  S4C). While 
these undulations are difficult to see in brightfield, they are quite 

evident in DAPI-stained embryos (Fig. 1N, O). Over the next two 
weeks, these undulations grow into limb buds easily visible under 
brightfield (Fig. 1P and Supplementary material Figs. S1C, S4D). 
Around day 42, the anteriormost tissue begins to outpace the 
growth of  posterior tissues to form a head region (Supplementary 
material Figs.  S1D, E, S4E). Near the end of  embryogenesis, 
around day 58, small red eyespots become visible as does the 
carapace, and limbs begin to move, the head region continues to 
grow during this time as the yolk shrinks (Supplementary mate-
rial Figs.  S1F, S4F). After approximately 65–75 d, at the end of  
embryogenesis, embryos tear through the chorion with their furcal 
claw and hatch as first instar juveniles.

Limb bud and carapace formation

The presumptive fates of  the limb buds are homologized to 
V.  hilgendorfii (Wakayama, 2007). Tentative assignments are given 
in Figure  3. We counted five cell mounds with furrows between 
them (undulations) before definitive limb bud formation. These 

Figure 1. Early embryogenesis of  Euphilomedes carcharodonta visualized with DAPI nuclear staining; cleavage stage (A–M), germ-band stage (N, O), limb-bud 
stage (P). A single-cell embryo with a polar body (pb) is visible on one face of  embryo next to the embryonic nucleus (A). Another orientation of  a single-cell 
embryo with the polar body (not visible) on the opposite side of  the visible embryonic nucleus (B). An embryo with two-nuclei and a polar body (C). A four-
nuclei embryo with a polar body (D). An eight-nuclei embryo, this is the oldest stage with an obvious polar body (E). In a sixteen-nuclei embryo the nuclei have 
moved superficially, this is the oldest stage with clearly synchronous cell divisions (F). After the sixteen-cell stage the nuclei are at the surface of  the embryo 
but have not yet coalesced (G). Nuclei begin to coalesce in a band around the embryo with a higher concentration at the narrow poles (H). Nuclei continue 
dividing in a linear pattern (I), creating a band that extends medially (J). Nuclei begin to cover lateral surfaces, perhaps by epiboly (K). Nuclei continue to div-
ide, covering the embryo (L), and eventually creating a semi-even layer around the yolk (M). The axes of  the embryo become evident as the superficial nuclei 
begin to form undulations on the lateral sides. This is a lateral view of  an early limb bud stage with anterior to the right (N). Ventral view of  the same embryo 
as in (N), anterior is to the right (O). Lateral view of  a later limb bud stage embryo, anterior is to the right. Limb buds are visible as lateral condensations of  
nuclei (P); pb, polar body. Scale bar =100 µm.
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undulations apparently become the first five limbs: first antenna/
antennule, second antenna, mandibles, maxillules, and fifth limb 
as well as undifferentiated posterior tissue, some of  which may 

correspond to the furcal claw. Unlike V. hilgendorfii, limb bud undu-
lations are visible long before the carapace buds become obvi-
ous. The first carapace buds we saw were not visible until head 
stage (day 42), while slight undulations corresponding to future 
limb buds were visible by day 14. The carapace begins as two 
buds on the dorsolateral surfaces (visible in a head stage embryo 
in Fig. 3C, D). As the carapace continues to develop, it grows to 
cover the lateral sides of  the embryo during head, limb, and eye 
stages (Fig. 3E, F; Supplementary material Fig. S5). Evidence of  a 
carapace furrow is evident with nuclear staining (Fig. 3C, E), but it 
is difficult to homologize the morphology of  the developing cara-
pace to other ostracod groups without SEM, in particular how the 
carapace joins and what the juncture looks like as it occurs.

Development of  the central nervous system

We visualized the embryonic nervous system of  E.  carcharodonta 
using antibodies against acetylated-alpha tubulin, which is abun-
dant in developing axons in arthropods (e.g., Harzsch et al., 1997; 
Harzsch & Glötzner, 2002; Brenneis & Richter, 2010; Brenneis, 
2013; Mayer et al., 2013). This study represents, to our knowledge 
the first instance of  immunohistochemical staining in an ostracod.

The embryonic brain structure of  E. carcharodonta is typical that 
of  crustaceans, with three distinct parts: protocerebrum, deutocer-
ebrum, and tritocerebrum (Fig.  4A, B, D; after Harzsch, 2006 
and references therein). This structure is visible by the head stage 
of  development and perhaps even earlier, while the embryo still 
appears purple/lavender, well before limb bud elongation. A max-
imum of  nine ganglia pairs were visible in the observed specimens; 
however, it has not yet been determined if  the number of  ganglia 
pairs are correlated with age. The ganglia appear to innervate the 
proximal portions of  the developing limb buds, but a closer exam-
ination is necessary to confirm this (Fig. 4C).

DISCUSSION

Development of  E.  carcharodonta lasts 65–75 d, which is a much 
longer brooding period than in V.  hilgendorfii (about 16 d) and 
about 21–30 d in other cold-water myodocopids (Cohen & Morin, 
1990). While long brooding periods in E.  carcharodonta could pre-
sent a somewhat logistical challenge, this does offer insight into 
the developmental timing of  slower-to-develop ostracods. We pre-
sented practical information for rearing slower-growing ostracods 
in the laboratory. We can maintain embryos on a shaker for about 
30 d, nearly half  of  the 65–75 d total time for embryogenesis. 
We found no significant embryonic death for individuals natur-
ally reared in their mother’s marsupium, neither we found signifi-
cant differences in brood sizes between mothers of  different size. 
This suggests there is no benefit to selecting for larger or smaller 
females when setting up tanks for husbandry. It also suggests that 
the previously reported correlation between female size and brood 
size between species (Kornicker, 1981, 1986) may not extend to 
within-species comparison. We also presented our observations of  
early cleavage patterns, limb and carapace development, and the 
general morphology of  the embryonic central nervous system.

Embryogenesis of  myodocopid ostracods

The unique extreme reduction of  segmentation and the bivalved 
carapace of  ostracods make them an intriguing subject for embry-
ological studies. Euphilomedes carcharodonta, a sarsielloid ostracod, 
shows many similarities to the fast-developing cypridinidid myo-
docopid, Vargula hilgendorfii (Wakayama, 2007; Ikuta, 2017) in that 
both exhibit cleavage without distinct cleavage furrows, develop 
their carapace as two lateral buds that later fuse to form a hinge, 
and develop their first five appendages simultaneously from sur-
face undulations (Wakayama, 2007; Ikuta, 2017). Like V. hilgendorfii, 
cleavage stages in E.  carcharodonta do not show distinct cleavage 

Figure  2. Asynchronous and synchronous nuclear divisions. Nuclei of  
cleavage and germ-band stage embryos visualized with DAPI staining. 
Dividing cells were identified by their appearance of  metaphase or ana-
phase morphologies. Early divisions occurred synchronously, whereas later 
divisions were asynchronous. All closeups are of  embryos in Figure  2. 
Sixteen-cell stage (Fig. 2G) with synchronous divisions (A). Asynchronous 
divisions in a late-cleavage stage embryo, same embryo as Figure 2L (B). 
Asynchronous divisions in a germ-band stage embryo, same embryo as 
Figure 2N and O (C). Scale bar = 30µm.
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furrows (Wakayama, 2007). This suggests that cleavage patterns 
may differ between Podocopa and Myodocopa, the two extant lin-
eages of  Ostracoda. Ostracod cleavage was once assumed to be 
holoblastic and equal, based on podocopids alone, but our work 
confirms that universal cleavage patterns for Ostracoda have not 
been clearly identified (Fig. 5; Minelli et al., 2013). As ostracods are 
representatives of  the Oligostraca, the most understudied of  the 

three major pancrustacean clades (Oakley et  al., 2013), resolving 
the diversity and evolutionary history of  their cleavage patterns 
will be instrumental to understanding the evolution of  early devel-
opment in this group (Fig. 6).

Carapace development in E. carcharodonta is similar to carapace 
development in V. hilgendorfii. Both build a carapace from two dis-
tinct carapace buds, a situation that differs from the one-piece 

Figure 3. Limb and carapace development. Nuclei of  limb through eye-stage embryos visualized with DAPI. A and B are the same embryo as in Figure 2P, 
with limb buds outlined in white and labelled in (B). Dorsal view of  head-stage embryo with developing carapace, arrow points at evidence of  a hinge or 
furrow between the two valves, anterior is up (C). Left lateral view of  embryo from C, anterior is to the right (D). Dorsal view of  eye-stage embryo, anterior 
is up (E). Left lateral view of  embryo in E (F). Supplementary material Fig. S5 shows these embryos with carapace and limbs colorized. fa, first antenna; sa, 
second antenna; mn, mandible; mx, maxillule; fl, fifth limb; fc, furcal claw or undifferentiated posterior tissue. Scale bar = 100 µm.
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carapaces of  some fossil juvenile ostracods (Hanai & Tabuki, 
1995; Siveter et  al., 2003). Unlike V. hilgendorfii embryos, however, 
we found no evidence that E.  carcharodonta exhibit a transient 
hingeless carapace stage, although a more detailed EM study with 
might prove otherwise (Wakayama, 2007).

The nervous system in ostracod embryos

The adult ostracod nervous system has been described in a 
few podocopid ostracods, where it was studied using classical 

histological techniques (Turner, 1896; Cannon, 1931; Weygoldt, 
1960). Studies on the embryonic nervous system are even more 
scarce than studies of  the adult nervous system, with only a sin-
gle study in the last century (Weygoldt, 1960). This study followed 
the development of  the central nervous system with an empha-
sis on the development of  nerve ganglia. While Weygoldt (1960) 
provided a good starting point for understanding ostracod nervous 
systems, it is difficult to use as a general reference as it only has 
hand-drawn figures. Furthermore, as modern staining techniques 
become more commonplace, photographic representation of  the 

Figure 4. Development of  the central nervous system. Embryos were immunostained with anti-ac-tubulin and viewed wholemount. Immunostaining results 
were confirmed with phalloidin staining (not shown). Head through eye-spot stage embryos showed clear circumoral rings and posterior pairs of  ganglia, 
correspondence of  ganglia to developing limb structures in uncertain, labels here are tentative. Anterior is to the right in all panels; anterodorsal view of  a 
head stage embryo. The developing brain and first four segmental ganglia are visible (A). Anterodorsal view of  an eye stage embryo. Due to the curvature of  
the embryo, only the first two posterior nervous system segments are visible (B). Dorsal view of  head stage embryo in panel A. Additional posterior ganglia 
are visible (C). Head structures of  head stage embryo in panels A and C, the three major parts of  the brain (protocerebrum, deutocerebrum, and tritocere-
brum) are clearly discernible (D); LPC, lateral protocerebrum; MPC, median protocerebrum; DC, deutocerebrum; TC, tritocerebrum; MD, mandibular; 
MX, maxillary.

Figure 5. Cleavage patterns in Ostracoda. Summary of  cleavage patterns from species previously studied. Cleavage patterns differ between Podocopa and 
Myodocopa, with Podocopa described as having holoblastic and equal cleavages, whereas cleavages in Myodocopa do not show evidence of  a visible cleavage 
plane or furrow (Müller-Calé, 1913; Weygold, 1960; Wakayama, 2007). Cyprideis littoralis Brady, 1868 Heterocypris incongruens Ramdohr, 1808.
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nervous system becomes increasingly powerful as a representation 
of  the nervous system as well as a reference for comparison.

We presented the first immunostaining of  the embryonic ner-
vous system of  ostracods. It is clear that the embryonic nervous 
system of  E.  carcharodonta shares the general crustacean embry-
onic nervous system architecture. One major point of  difference 
between E.  carcharodonta and Vargula is the absence of  embryonic 
compound eyes (Wakayama, 2007; Gerrish & Morin, 2008). 
Brown eye-spots arise just after limb and carapace bud formation 
in V. hilgendorii. These eyes increase in size and ommatidial num-
ber in the ensuing week, and embryos hatch with a fully-formed 
compound eye (Wakayama, 2007). Euphilomedes carachrodonta and 
at least one other congener, E. morini, form red eye-spots that do 
not appear to correspond with an ommatidial field after limb 
and carapace bud formation (Rivera & Oakley, 2009; Table  1, 
Supplementary material Fig.  S1). These non-ommatidial eye-
spots are maintained without elaboration through the first half  of  
juvenile development, representing a major heterochronic shift in 
this genus (Rivera & Oakley, 2009). After the first half  of  juvenile 
development, males restart eye development and form a second 
(brown) eye-field that adds ommatidia during instars IV and V; 
this restart of  eye development is associated with increased expres-
sion of  eye-development genes Dachshund, Chaoptic, and Pax-2 
(Sajuthi et al., 2015). Our newly developed immunohistochemical 
methods now open the possibility of  studying the nervous sys-
tem changes associated with heterochronic eye development in 
Euphilomedes as well as broader questions across Ostracoda.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of  Crustacean Biology 
online.

S1 Figure. Photographs of  live embryos of  Euphilomedes carcharo-
donta taken under a dissection microscope.

S2 Figure. Average percent survival for artificially reared embryos 
of  Euphilomedes carcharodonta.

S3 Figure. Brood size of  Euphilomedes carcharodonta.
S4 Figure. Overview of  development of  Euphilomedes carcharodonta.
S5 Figure. Carapace development in late embryos of  Euphilomedes 

carcharodonta.
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