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Abstract. The common non-marine ostracod Cypridopsis vidua (O.F. Miiller, 1776) is used as a proxy
in various biological disciplines, such as (palaco-)ecology, evolutionary biology, ecotoxicology and
parasitology. This morphospecies was considered to be an obligate parthenogen. We report on the
discovery of the first population of C. vidua with males from Woods Hole (MA, USA) and determine
that it is a population with mixed reproduction. We describe the morphology of the males and of the
sexual and asexual females. We illustrate a copula of a male and a sexual female as well insemination
in a sexual female, showing that males are functional. Therefore, Cypridopsis vidua is a morphospecies
with mixed reproduction, not a full apomictic parthenogen. We use, for the first time, polychromatic
polarization microscope technology to illustrate soft parts of ostracods. In addition, we compare the
sexual species C. bisexualis, C. okeechobei, C. howei and C. schwartzi and conclude that these species,
especially the latter three, are morphologically very close to C. vidua.

Keywords. Mixed reproduction, male morphology, copula, insemination, polychromatic polarization
microscopy.
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Introduction

Non-marine ostracods, small, bivalved crustaceans, are a common part of many types of aquatic
ecosystems. Currently, approximately 2330 species and 270 genera of living non-marine ostracods
are known worldwide (MEISCH et al. 2019). Ostracods are excellent model systems for evolutionary
research, as they are the living arthropod group with the most extensive fossil record, enabling studies
of evolutionary pathways in real-time frames (MARTENS & HORNE 2000). In addition, there is a large
incidence of parthenogenetic reproduction and both sexual and asexual reproduction can occur in the
same species. Such species are generally referred to as having mixed reproduction and comprise asexual
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females, males and sexual females. This is especially so in species of the family Cyprididae Baird, 1845,
with more than 1000 recognised species comprising ca 43% of the total specific non-marine ostracod
diversity (MEISCH et al. 2019).

Parthenogenesis in ostracods is very different from the commonly known cyclic parthenogenesis, such as
in cladocerans, where populations experience several generations of asexual reproduction in favourable
seasons, while the last cycle(s) before the unfavourable season (winter, dry season) are sexual with
males and sexual females. This generation then produces ephippia to survive the unfavourable season
(DECAESTECKER et al. 2009).

Sex in non-marine ostracods, especially in Cyprididae, is mostly determined by genetic mechanisms,
with males being the heterogametic gender (SCHON et al. 1998; MEIRMANS 2009). However, other
factors such as cytoplasmatic micro-organisms (e.g., Cardinium infections - SCHON et al. 2018; SCHON &
MARTENS 2020) could also play a role in sex determination.

There was a tendency amongst some ostracod workers in the mid-20" century to consider sexual
populations of otherwise asexual species as different nominal species. The best-known example in North
America is that of sexual populations of Limnocythere inopinata (Baird, 1843) which were commonly
referred to as Limnocythere sappaensis Staplin, 1963. Meanwhile, genetic work has shown that sexual
and asexual strains of the same species cluster together in molecular trees (e.g., BODE et al. 2010 on
Eucypris virens (Jurine, 1820)). These insights have led MEISCH (2000) to formally sink Limnocythere
sappaensis into the synonymy with L. inopinata. We will consider sexual and asexual populations as
conspecific in the present paper.

Mixed populations with asexual and sexual females plus males can lead to hybridisation between males
and asexual females, giving rise to polyploid (asexual) strains (ADOLFSSON et al. 2009; SYMONOVA
et al. 2018). The combination of these (and other) factors can, over time, give rise to species clusters,
with several cryptic genetic species existing within the traditional morphospecies. A case in point is the
cypridid ostracod species Eucypris virens in which close to 40 (cryptic) genetic species were found in
Europe (BODE et al. 2010). Some of these genetic species appear to be fully asexual, others are mixed,
few are fully sexual. It is assumed that such entities can be evolutionarily dynamic, with some genetic
species going extinct, while others arise de novo, for example by intra-specific hybridisation (BODE
et al. 2010).

Cypridopsis vidua (O.F. Miiller, 1776) is one of the most common non-marine ostracod species in the
Holarctic, but has also been reported from all other continents, except Antarctica (MEISCH 2000; MEISCH
et al. 2019). It has been used as a proxy in various biological disciplines, such as (palaeo-)ecology,
evolutionary biology, ecotoxicology and parasitology (see below). Only fully asexual populations have
thus far been found so that HAVEL & HEBERT (1989) considered it an obligate apomictic parthenogen,
this in spite of the fact that the species is quite variable in size, shape and colouration of its carapace and
many slightly deviant populations have been described as different species. MEISCH et al. (2019) cited
no less than 19 synonyms. A molecular study of the genetic diversity of this common morphospecies is
underway and will be presented elsewhere (COURS ef al. in prep.).

Here, we report on the first discovery of a mixed population of Cypridopsis vidua from Woods Hole
(MA, USA) and describe aspects of the morphology of the males as well as of sexual and of asexual
females. We also describe a copula of a male and a sexual female and a case of in situ fertilization in a
sexual female of C. vidua. For the first time, we use polychromatic polarization microscopy (SHRIBAK
2014, 2015) to illustrate soft parts of ostracods.
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Material and methods

Study area and material

Samples were collected from an algal freshwater pool on Gardiner Rd, surface ca 10 x 20 m, near the
Marine Biological Laboratory (MBL) in Woods Hole, MA, USA (see Appendix, Fig. STA) on August 12,
2019 by KM and IS using a hand net with mesh size of 160 pm. Approximate coordinates: 41°528572 N,
70°672693 W. The population of C. vidua in this pool consisted of asexual females, males and sexual
females. At the time of collecting, the pond was filled and covered by green algae (Fig. S1A), which were,
one week later, manually largely cleared by municipal services (Fig. S1B). In 2022, the pond had changed
to a different ecological state, with many submerged and emergent macrophytes, but still with patches of
submerged algae (Fig. S1C-D). The mixed population of males, sexual and asexual females of Cypridopsis
vidua had persisted in high densities, with dozens to hundreds of specimens in each net sample.

Methods

Samples were fixed in 99% ethanol and ostracods were sorted under a WILD M10 binocular microscope
and dissected with valves stored dry in micropaleontological slides and with soft parts dissected with
tungsten needles in glycerine in sealed slides. Drawings of soft parts were made with a camera lucida
with a compound microscope (Olympus, BX51 at RBINS, Brussels).

Hemipenes and prehensile palps were also illustrated using a novel microscopic technique. The
polychromatic polarization microscope is a unique instrument that uses polarization interference colours
to show details of tissues that would otherwise be invisible. The polychromatic polarization microscope
was invented by Michael SHRIBAK (SHRIBAK 2014, 2015) at the Marine Biological Laboratory (MBL,
Woods Hole, MA, USA) to visualize even weak birefringent and small structures in colours. Usually,
Newton colours appear in microscopic pictures only if one of the two white light beams is retarded
relative to the other by 400 nm to 2000 nm (SHRIBAK 2014, 2015; RAJABI et al. 2022). Structures with
smaller retardance as they are typical for (small) ostracods then appear as grey images. In the polscope,
ector interference of polarized light creates full spectrum colours at retardance of several nanometers,
whereby the hue is determined by orientation of the birefringent structure. Previously colourless
birefringent images of organelles, cells, and tissues thus become vividly coloured (SHRIBAK 2015). The
“polscope” set-up here consisted of a microscope Olympus [X81, with objective lens magnification 20
x and total magnification 20 x 16, and a camera: colour CCD camera Olympus DP73.

Valves were illustrated and measured using Scanning Electron Microscopy (SEM; Fei Qanta 200 ESEM,
Royal Belgian Institute of Natural Sciences, Brussels, Belgium). Higher taxonomy of the Ostracoda
follows the synopses by HORNE et al. (2002) and by MEISCH et al. (2019). The picture of copula of the
male and the sexual female was taken with a binocular microscope at MBL (Woods Hole, MA, USA) by
Mr Chris Dix, and was augmented using Adobe Photoshop Elements.

Reference material was deposited in the Ostracod Collection of the Royal Belgian Institute of Natural
Sciences, Brussels, Belgium (INV — numbers).

Abbreviations used in text and figures

Cp=Carapace; CpD/CpV=Carapace in dorsal/ ventral view; CpRL=Carapace in right lateral view;
H=Height of valves; il=inner list; L=Length of valves; LV=Left valve; LVi=internal view of LV;
RV=Right valve; RVi=internal view of RV; W=width of carapace.

Al=antennula; A2 =antenna; CR =caudal ramus (furca); F =Female; FCO=Female Copulatory Organ;
Hp=hemipenis; Lpp=Ileft prehensile palp of T1 in male; Is=lateral shield of hemipenis; M=male;
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Md=mandibula; ms=medial shield of hemipenis; Mx 1 =maxillula; Rpp=right prehensile palp of T1 in
male; T1=first thoracopod; T2= second thoracopod; T3 =third thoracopod.

Results

Taxonomic account

Class Ostracoda Latreille, 1802
Subclass Podocopa Sars, 1866
Order Podocopida Sars, 1866

Suborder Cypridocopina Baird, 1845
Superfamily Cypridoidea Baird, 1845
Family Cyprididae Baird, 1845
Subfamily Cypridopsinae Kaufmann, 1900
Tribe Cypridopsini Kaufmann, 1900

Genus Cypridopsis Brady, 1867

Type species (by original designation). Cypris vidua O.F. Miiller, 1776.
Other species. See MEISCH et al. (2019).

Cypridopsis vidua (O.F. Miiller, 1776)
Figs 1-7

Synonymies. MEISCH et al. (2019) listed 19 synonymies of this species.
Extended diagnosis (adapted from MEISCH 2000)

Cp ovate in both lateral and dorsal views, usually with four light to dark green transverse bands on
yellowish background, but with a remarkable variability in shape, size and external ornamentation. LV
slightly longer than RV, overlapping RV at least ventrally and anteriorly, both valves about equally long
at the posterior end. CpD with anterior end bluntly pointed, posteriorly more rounded. L of females
0.4-0.7 mm (usually 0.5-0.6 mm), i.e., as typical of cypridopsines.

Posteroventral marginal zone of LV with the double folded inner list, not running parallel to the valve
margin. In RV, this list running parallel to valve margin and to selvage. Anterior external marginal zone
of RV with a row of ca 15-20 tiny pustules.

A2 with natatory setae extending beyond tips of terminal claws with ca V4 of their total length. Md-palp
with beta-seta stout and hirsute. Mx -palp with terminal segment cylindrical, longer than broad; teeth
bristles of 3™ masticatory lobe smooth. Respiratory plate of T, usually with 5 filaments (rarely 4 or 3).
Prehensile palps of T1 in males slightly asymmetrical, first segment of Lpp narrower, distal segment
broader than in Rpp. T2 short and strongly developed; seta d missing, d, well-developed; terminal claw
heavily built; seta h, tiny or absent. T3 without special characters. CR reduced to a short triangular base
a long terminal flagellum and a short subapical seta in females, absent in males.

Hemipenes with a broadly rounded ms, produced towards the ventral side; Is narrower, distally rounded
and subapically with a long ventral finger.
Material used

USA — Woods Hole (Massachusetts) « numerous males and females, the latter both sexual and asexual,
roadside algal pond at Gardiner Rd, 41, 41°528572 N, 70°672693 W, August 12, 2019, 1. Schon & K.
Martens leg., INV.190336-190344. See description of pond above.
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Descriptions of C. vidua from Woods Hole population

Male
Cp smaller than those of females (sexual and asexual); CpRL (Fig. 1C) with greatest height situated
well-before the middle, anterior margins more broadly rounded than posterior one. CpD (Fig. 1D, F)
narrower than in female, with greatest width situated slightly behind the middle. External ornamentation
(Fig. 1F) consisting of clear pits and long and stiff setae.

Figure 1 — Cypridopsis vidua, 3. A. LVi (INV.190336). B. RVi (INV.190336). C. CpRL (INV.190341/2).
D. CpD (INV.190341/4). E. LVi, detail of posterior part (INV.190336). F. CpD, detail anterior
(INV.190341/4). Scale bars: A—D = 500 um; E =200 pm; F =100 um.
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LVi (Fig. 1A, E) with posterior double inner list not running parallel to valve margin. The latter running
close to valve margin along ventral side, barely reaching to anterior margin; the latter with a submarginal
(but parallel) selvage.

RVi (Fig. 1B) with anterior submarginal selvage, posteriorly with selvage inwardly displaced, not
parallel to valve margin in posteroventral corner.

Testical tubes running in a bunch from anterior to posterior side of valves and back, both bunches
running above the central transversal muscles (Fig. 1A-B).

Morphology of somatic limbs (A1, Md, Mx1, T2, T3) as typical of the species. Sexual dimorphisms
present in limbs A2 and T1, as well as in hemipenes, Zenker organ and CR.

A2 (Fig. 2) with protopodite, exopodite and three-segmented endopodite. Protopodite ventrally with
three setae: two unequal but short basal setae, one long apical seta reaching beyond the tip of the first
endopodal segment. Exopodite reduced to a small plate with one long seta (reaching beyond the tip of
the first endopodal segment) and two sub-equal short setae. First endopodal segment ventrally with
short aestethasc Y (less than Y5 of the length of this segment), one long hirsute ventral seta (not reaching
beyond the tip of the second endopodal segment), five natatory setae, reaching beyond the tip of the
end claws, and one short accompanying seta, about %2 of the length of the second endopodal segment.
Second endopodal segment with two unequal but long dorsal setae, two long hirsute ventral setae t, ,;
apically with two large (G,, G,) and one short (z,) claws and three setae (G,, z,, z,. Terminal segment
with two claws, one large (G,,) and one short (G, ) and one aesthetasc y, with accompanying seta (longer
than the aesthetasc). Seta g absent.

Prehensile palps of T1 slightly asymmetrical. Rpp (Figs 3A, 4C) with elongated first segment with
subparallel sides, subapically with two small, unequal sensory organs; second segment sickle-shaped,
distally tapering, with long distal sensory organ. Lpp (Fig. 3B) with slightly narrower first segment, also
subapically with two small sensory organs; second segment broader and less tapering distally.

T2 (Fig. 3C) with seta d1 missing and seta d2 well-developed, as typical of the genus. End claw more
robust than in females.

Hemipenes (Figs 3D-E, 4A-B) slightly asymmetrical. Both hemipenes with a large body, distally with
a broadly rounded ms, produced towards the ventral side; Is narrower, distally rounded and subapically
with a long ventral finger, dorso-proximally with an extended lobe surpassing ms. In one Hp (Fig. 3D),
this finger on Is with parallel sides and distally narrowly rounded, touching the edge of the ms. In the
second Hp (Fig. 3E), this finger distally swollen and running distant from the edge of the ms. Internally
as typical of the Cypridopsinae, with a stout labyrinth, post-labyrinthal spermiduct with two full coils
and an additional half coil ending in a stout, cup-like bursa-copulatrix. Internal anatomy especially
well-visible in the polychromatic polarization microscope illustrations, with interference colours more
clearly showing the post-labyrinthal loops (Fig. 4A-B).

Zenker organ (Fig. 3F) stout and compact, with parallel sides and ca 17 spinous whorls in fully mature
males.

CR absent in the male, as typical of the Cypridopsinae.

Remark. The testical tubes and the Zenker organ are very difficult to see in transparency through the
carapaces in this species, which makes it easy to miss male specimens in populations which are generally
assumed to be all-female. It is quite possible that males have been missed in sexual /mixed populations
in the past. We only became aware of the fact that this population contained males, when discovering
abundant sperm in a dissection of a female.

Female
Females assumed to be sexual in the present population (Fig. 5B, D, F — with sperm) were in general
slightly smaller than asexual ones (Fig. 5A, C, E — without sperm) and had less pronounced external
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Figure 2 — Cypridopsis vidua, &, A2 (INV.190336). Scale bar: 50 um.
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Figure 3 — Cypridopsis vidua, 3. A. Rpp (INV.190344). B. Lpp (INV.190344). C. T2 (INV.190344).
D-E. Hp (INV.190344). F. Zenker organ (INV.190344).
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Figure 4 — Cypridopsis vidua, &, (INV.190344). A-B. Hemipenes. C. Right T1, showing prehensile palp
(distal sensory organ folded). All with polychromatic polarization (polscope) microscopy.
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Figure 5 — Cypridopsis vidua, 9. A. CpD (INV.190338/1). B. CpD (INV.190339/1). C. CpV
(INV.190338/3). D. CpV. (INV.190340). E. CpRL INV.190338/2). F. CpRL (INV.190339/2). G. CpRL,
detail of carapace surface (INV.190338/2). H. CpV, detail of carapace surface (INV.190340). A, C, E, G
=asexual; B, D, F, H = sexual. Scale bars: A—F = 500 um; G =100 um; H =50 um.
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TABLE 1

Measurements (in pm) of selected specimens of C. vidua from the Woods Hole population by Scanning
Electron Microscopy.

RV LV CpRL CpD/V LW
L H L H L H L W

INV nrs sex/asex 319

INV.190338/1 asex Q - - - - - - 634 457 1.39
INV.190338/2 asex Q - - - - 648 425 - - -
INV.190338/3 asex Q - - - — — — 652 463 141
INV.190340 asex Q - - - - - - 627 426 1.47
INV.190339/1 sex Q - - - — — — 500 411 1.44
INV.190339/2 sex Q - - - - 581 397 - - -
INV.190341/1 sex 3 - - - - - - 558 407 1.37
INV.190341/2 sex 3 - - - - 543 363 - - -
INV.190341/3 sex 3 - - - - - - 575 387 149
INV.190341/4 sex 3 - - - - - - 563 373 1.51
INV.190336 sex 3 564 363 572 362 - - - - -

ornamentation. The most useful distinguishing characters were that asexual females were generally
larger and with a more deeply coloured green Cp, while sexual females were smaller, more yellowish
of colour (as were the males), but especially that their CpRL was slightly more highly arched (compare
Fig. 5E and 5F).

Measurements
See Table 1.

Insemination

A polychromatic polarization microscopy image of one side of posterior part of a female body (Fig. 6)
is showing a mass of sperm on the left (spermatheca not visible), subsequently entering in a spermiduct
and subsequent spermiductal coils towards FCO, where insemination in a large egg cell is clearly visible.
Also visible are female CR, situated next to the female reproductive organ.

Copula

One male and female were preserved in copulation position (Fig. 7). The present position corresponds to
the position “C” in the scheme of COHEN & MORIN (1990), which seems quite common in Cyprididae.

Discussion

Cypridopsis vidua as a model species in biology

Cypridopsis vidua is, together with Cypria ophthalmica (Jurine, 1820) and Cyclocypris ovum (Jurine,
1820), one of the most common species in the Holarctic (MEISCH 2000). It occurs in many species
inventories, both in recent communities (MEISCH 2000) and in fossil assemblages (GRIFFITHS 1995).
The species is commonly used in evolutionary studies (HAVEL & HEBERT 1989; CYWINSKA & HEBERT
2002; SCHON et al. 2019) and especially in ecological assessments, such as its adaptive responses to
different types of habitats (ROCA & DANIELOPOL 1991; ROCA et al. 1993) and in behavioural studies
(UIBLEIN et al. 1994; HUNT et al. 2007), to name only a few. Cypridopsis vidua was developed as
a proxy for palaeo-temperature reconstructions using Mg/ Ca ratios in the valves (PALACIOS-FEST &
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insemination

spermiduct

Figure 6 — Cypridopsis vidua, @, sexual (INV.190337). Posterior part of female body, with insemination
in progress (no scale). The image was taken with combined phase contrast/polychromatic polarization.

Figure 7 — Cypridopsis vidua, copula of male (right) and sexual female (left) (no scale).
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DETTMAN 2001) and as a proxy for sensitivity to radioactivity (CHEN et al. 2022). Cypridopsis vidua
is also an intermediate host of an eoacanthocephalan parasite species which has fish as its final host
(LOURENCO et al. 2018).

The above are just a few examples to show that the ostracod species Cypridopsis vidua is used as a
model or test organism in a variety of biological disciplines. It is therefore more than of academic
importance only to determine if this species is just a single apomictically reproducing lineage (HAVEL &
HEBERT 1989) or if it is a complex of sexual and asexual lineages through which high morphological
and genetic diversity can be maintained.

The morphospecies Cypridopsis vidua is not an exclusive parthenogen

For a long time, it was thought that Cypridopsis vidua was an exclusively apomictically reproducing
parthenogenetic species (HAVEL & HEBERT 1989), in spite of the fact that it is a hypervariable one,
both morphologically (MEISCH 2000) and genetically (CYWINSKA & HEBERT 2002). In general, long-
term asexual species are thought to be morphologically and genetically uniform, as is the case in the
ostracod Darwinula stevensoni (Brady & Robertson, 1870) (morphologically: ROSSETTI & MARTENS
1996, genetically: SCHON et al. 1998). High diversity, such as in C. vidua, but also in Eucypris virens
(Jurine, 1820), Heterocypris incongruens (Ramdohr, 1808) and other cypridinid ostracod species, is
often linked to mixed reproduction (see above). Therefore, C. vidua was a rather enigmatic species.

CYWINSKA & HEBERT (2002) explained the high observed genetic variability, based on their allozyme
and COI sequence divergences, by recurrent colonisation events combined with in situ mutational
diversification. Now, C. vidua is shown to be a species with mixed reproduction including sexual and
asexual females and males as mentioned above. At least in the Woods Hole population, these three
genders co-exist in one pond, so that males have access to both sexual and asexual females. Further
indications of the fact that males in this population are truly functional are the documented incidence of
insemination in a sexual female by sperm, caught during preservation of the specimen (Fig. 6) and the
discovery of copula (Fig. 7).

The existence of mixed populations in cypridid ostracods was abundantly demonstrated in Eucypris
virens (see BODE et al. 2010). This led researchers to postulate that occasional intraspecific hybridisations
between males and asexual females in the same populations could give rise to polyploid asexual females
(ADOLFSSON et al. 2009). This could be a plausible causal mechanism for the observed hypervariability
in E. virens. The same could be true for C. vidua as indeed, polyploidy has been demonstrated for this
species (HAVEL & HEBERT 1989).

Morphology of C. vidua with polychromatic polarization microscopy

The morphology of the prehensile palps and of the hemipenis in Cypridopsis vidua holds few surprises.
The hemipenes are slightly asymmetrical, consist of Is and ms and internally the postlabyrinthal coils
in the spermiduct show first the double coil, followed by an additional half coil leading to the basal
sclerified part of the bursa copulatrix. The thumb-like expansions of the Is of the hemipenes are peculiar
structures, not common in the Cyprididae, but also not unique in other Cypridopsinae. Here, however,
these expansions are hyper-developed.

Especially in the illustrations of the polychromatic polarization microscopy of the hemipenes (Fig. 4A—
B) the various parts of the pre-labyrinthal, labyrinthal and post-labyrinthal spermiduct are clearer
than any other (non-stacking) photography could produce. This is important, as drawings give more
detail, but these are always subjective interpretations, while the polychromatic polarization microscope
photographs are fully objective pictures of the internal anatomy. This technique is non-invasive (it does
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not require chemical staining) and might be especially useful in re-analysing dissected older museum
specimens.

The polychromatic polarization microscope photographs of the T1 of the male, showing the Rpp
(Fig. 4C), are especially useful to illustrate the musculature of this (and other) limbs. Again, the shape of
the second segment is shown objectively, while the drawing (Fig. 3B) is a subjective attempt to catch a
three-dimensional structure in two dimensions. Also, the posterior part of the female body showing the
insemination in progress (Fig. 6) has a clarity and detail which would be almost impossible to match in
a drawing.

Males in other Cypridopsis species

Of all the species listed by MEISCH et al. (2019) in the genus Cypridopsis, many do not belong in
this genus. At least 17 of them, described by SARS (1910) and ROME (1962) from Lake Tanganyika
(Africa), belong in one or two new genera (JACOBS & MARTENS 2022). Cypridopsis acanthodes Rome,
1962 almost certainly belongs to the genus Tanganyikacypridopsis Martens, 1985 (see discussion in
MARTENS 1985), while Cypridopsis cunningtoni Sars, 1910 was recently transferred to Malawidopsis
by JACOBS & MARTENS (2022). Of the remainder of the species listed by MEISCH et al. (2019) which
can putatively be retained in Cypridopsis s.s., only four were described including the male morphology.
Of these, Cypridopsis brevisetosa Klie, 1943 from Morocco (Africa) has very elongated valves, short
natatory setae on A2, and Hp, Lpp and Rpp which are very different from those described here for
C. vidua (Klie, 1943), to the extent that the assignment of this species to Cypridopsis s.s. can also be
doubted. Three others, however, have very similar to almost identical morphologies to C. vidua.

Cypridopsis okeechobei Furtos, 1936 from Lake Okeechobee in central Florida (USA) has a Cp
shape, ornamentation and colouration which is highly similar to that of C. vidua, especially taking
into account that the latter species is known to have a highly variable Cp morphology (MEISCH 2000).
FURrTOS (1936), in addition, only cited small differences between her species and C. vidua in soft part
morphology: small differences in the length of natatory setae on A2 and a shorter claw on T2, which
may be part of intraspecific variability. But FERGUSON (1964) also remarked that the natatory setac on
the A2 in C. okeechobei extend beyond the tips of the claws by one-half the length of the claws, which
is about the same as the in the illustration of the A2 of C. vidua in MEISCH (2000: Fig. 156A). The
main argument to distinguish C. okeechobei from C. vidua was apparently the absence of males in the
latter species, and as was already foreshadowed in the introduction, we do not adhere to this particular
species concept where sexual and asexual populations are lodged in different species. This had lead
MARTENS & SAVATENALINTON (2011) to sink C. okeechobei into the synonymy of C. vidua, but at that
stage based exclusively on the female (valve and carapace) morphology. Now we can also compare the
male morphologies of C. okeechobei and C. vidua, and whereas the Hp (especially the large thumb-
like expansion on the Is) and the Rpp are almost identical, the second segment of the Lpp is somewhat
different between both species.

There is a lot of confusion in the literature regarding the identity of Cypridopsis okeechobei, possibly as
a result of the way in which FURTOS (1936) tried to distinguish her new species from Cypridopsis vidua.
DELORME (1970) very briefly redescribed C. okeechobei and provided illustrations of a LV and a RV of
a single individual. These figures show that these valves do not belong to a specimen of C. okeechobei,
as the dorsal margin is much more rounded than in the figures of FURTOS (1936). DELORME (1970)
also remarked that C. okeechobei can be differentiated from C. vidua especially in being smaller in all
dimensions, particularly height. But FURTOS (1936: 492) explicitly stated that “This species may very
readily be mistaken from C. vidua vidua by virtue of the pitted, hairy nature of the valve, presence of
conspicuous dorso-lateral bands and similar size.”
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SMITH & DELORME (2010) provided different illustrations of what they call Cypridopsis okeechobei
(and one of those figures is re-used by SMITH & HORNE 2016) but it is again doubtful if this is the real
C. okeechobei as the LV is much more elongated (L/H ratio of this specimen=1.90, L/H ratio of the
illustration by FURTOS (1936)=1.58), while this specimen also has an anteroventral feature (widening of
the fused zone) which does not occur in C. vidua). Several other reports on occurrences of C. okeechobei
(e.g., TAYLOR & HOWARD 1993; KAUFMANN et al. 2002; FLEURY et al. 2014; FORESTER et al. 2017) do
not provide illustrations or descriptions of what they call C. okeechobei, so if they based their work on
any of the above three papers, then these (and other) identifications are uncertain. Our conclusion at this
stage is that several populations have erroneously been identified as C. okeechobei and to go any further
into the specific status of these populations is beyond the scope of the present paper.

Cypridopsis howei Ferguson, 1964 from Louisiana (USA) has a highly similar Hp morphology, also
with the hyperdeveloped thumb-like expansion on the Is. Sadly, FERGUSON (1964) did not illustrate or
describe the prehensile palps. He did compare his species to C. okeechobei, citing differences in external
valve ornamentation and shorter natatory setae on the A2 in his species, again characters that are prone
to intraspecific variation. However, as the description and the illustration of C. howei is incomplete, and
unless type material allows redescription, it might in time be better to consider C. howei an “uncertain
species”, following the procedure of MEISCH et al. (2019).

COLE (1965) described Cypridopsis compressa, later renamed C. bisexualis by COLE (1966), from
Tennessee. From the illustrations, it is quite obvious that the valves of her specimens must have been
severely decalcified, to the extent that the original shape was hardly imaginable. However, the shape of
the Hp, including the large thumb-like expansion on the Is, and of the prehensile palps is very similar
to that of C. vidua, as far as can be guessed from the illustrations. COLE (1965) did compare her species
to C. okeechobei and to C. howei from which she distinguished it mainly by small differences in valve
shape and ornamentation. Figure 39 in COLE (1965) shows that seta g on T2 is much longer than in
C. vidua. As was suggested for C. howei, it might in time be better to classify C. bisexualis as an
“uncertain species”.

Recently, KULKOYLUOGLU et al. (2022) described Cypridopsis schwartzi from Texas. The shape and
anatomy of the valves are very similar to those of C. vidua, while Hp and prehensile palps are most
similar to those of C. vidua here described, although the second segment of the Lpp is somewhat more
similar to that of C. okeechobei.

It is clear from the above analysis of various male morphological features, such as the hyperdeveloped
thumb-like expansion on the Is of the Hp, that the latter four species are very closely related to C. vidua,
and that most of the differences could be either owing to intraspecific variability (see extensive discussion
in MEISCH 2000: 387-388), or to artefacts related to illustrations. For example, the prehensile palps
are often three-dimensional structures, and the way they are reduced to subjective two-dimensional
drawings (when squeezed in a slide after dissection) can be different between specimens. In light of the
present description of the males of C. vidua, it appears that most, if not all, of the above four species
could be considered synonyms of C. vidua, but to confirm this is beyond the scope of the present paper.

Sexual (mixed) populations of C. vidua and related nominal species are thus far only known from North
America, in spite of the fact that C. vidua is one of the most common non-marine ostracod species in
the Holarctic and has also been found on all southern hemisphere continents, except Antarctica (MEISCH
et al. 2019). As was mentioned above, it is possible that other sexual populations have been overlooked,
because it is difficult to identify the presence of males in this species without dissecting specimens.
Also, in mixed populations, the ratio of males versus females (sexual and asexual) could be rather low.
For example, CUSHMAN (1907) already reported Cypridopsis vidua from south-eastern Massachusetts,
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where Woods Hole is situated, from “... all kinds of freshwater”. He only reported on finding female
specimens, but maybe the elusive males had also escaped his attention?

Conclusions

We here report on the first sexual (mixed) population of the common freshwater ostracod species
Cypridopsis vidua from the northeast of the USA and describe the morphology of the male of this
species. For the first time, we apply the polychromatic polarization microscopy technology for the
illustrations of ostracod soft parts and find that this technique can clarify morphologies which otherwise
remain less visible. We also analysed other species of Cypridopsis s.s. from which males were reported
and find that at least four of them appear morphologically very closely related to C. vidua.

As males in this species are very difficult to identify without dissection, further populations of C. vidua
from North America and from around the European and North African Mediterranean region (HORNE &
MARTENS 1999) should be screened carefully for the presence of males. This is important as this species
is used as a test object in many biological disciplines, such as evolutionary biology, ecology, palaco-
ecology, toxicology and others. Whether populations of this species used for research in these various
disciplines are fully asexual or have a sexual component can be highly relevant.

Acknowledgements

The stay of IS as a Whitman Fellow at the Marine Biological Laboratory (Woods Hole, USA) in 2019 was
funded by the L. and A. Colwin Fund of the MBL and a travel grant of the Flemish Science Foundation
for a short stay abroad (K217822N). MS gratefully acknowledges funding from the NIGMS/NIH under
Grant Nr. ROIGM101701. We thank Julien Cillis (Brussels, Belgium) who offered technical assistance
with the SEM; Eduardo Grou (Maringa, Brazil) for inking the line drawings electronically, Jeroen
Venderickx (Brussels, Belgium) and Nadiny Martins de Almeida (Maringa, Brazil) for help with various
illustrations and Janet Higuti (Maringd, Brazil) for help in assembling the SEM plates. Mr Chris Dix
(Woods Hole, USA) is thanked for his help with the illustration of the copula. KM and IS acknowledge
the help of their son Emrys in sorting the field samples. We thank two anonymous referees for valuable
comments.

References

ADOLFSSON S., MICHALAKIS Y., PACZESNIAK D., BODE S.N.S., BUTLIN R K., LAMATSCH D.K., MARTINS
M.J.F., SCHMIT O., VANDEKERKHOVE J. & JOKELA J. (2009). Evaluation of elevated ploidy and asexual
reproduction as alternative explanations for geographic parthenogenesis in Eucypris virens ostracods.
Evolution 64: 986-997. https://doi.org/10.1111/].1558-5646.2009.00872.x

BODE S.S., ADOLFSSON S., LAMATSCH D.K., MARTINS M.J.F., SCHMIT O., VANDEKERKHOVE J.,
MEZQUITA F., NAMIOTKO T., ROSSETTI G., SCHON 1., BUTLIN R.K. & MARTENS K. (2010). Exceptional
cryptic diversity and multiple origins of parthenogenesis in a freshwater ostracod. Molecular
Phylogenetics and Evolution 54: 542—552. https://doi.org/10.1016/j.ympev.2009.08.022

CHEN L., Huo Z., Su C., LIu Y., HuANG W., LIU S., FENG O., GUo Z., SU Z., HE H. & Sur Q.
(2022). Sensitivity of ostracods to U, Cd and Cu: The case of Cypridopsis vidua. Toxics 10: 349.
https://doi.org/10.3390/toxics 10070349

COHENA.C. & MORINJ.G. (1990). Patterns of reproduction in ostracodes: areview. Journal of Crustacean
Biology 10: 184-211. Available from https://www.jstor.org/stable/1548480 [accessed 17 January 2023].

30


https://doi.org/10.1111/j.1558-5646.2009.00872.x
https://doi.org/10.1016/j.ympev.2009.08.022
https://doi.org/10.3390/toxics10070349
https://www.jstor.org/stable/1548480

MARTENS K. et al., Cypridopsis vidua is not an obligate parthenogen

COLE M.E. (1965). Seven new species of ostracods from Tennessee. Journal of the Tennessee Academy
of Science 40 (4): 132—-142.

COLE ML.E. (1966). Revised name for a new species of ostracod from Tennessee. Journal of the Tennessee
Academy of Science 41 (3): 91

COURS M., SCHON 1., DE MAEYER L., HIGUTI J., CAICEDO F., CLAES J. & MARTENS K. (in prep.).
Genetic species in the common morphospecies Cypridopsis vidua (O.F. MULLER, 1776) (Crustacea,
Ostracoda). Hydrobiologia.

CUSHMAN J.A. (1907). Ostracoda from Southeastern Massachusetts. American Society of Naturalists 41
(481): 35-39.

CYWINSKA A. & HEBERT P.D.N. (2002). Origins of clonal diversity in the hypervariable asexual

ostracode Cypridopsis vidua. Journal of Evolutionary Biology 15: 134—145.
https://doi.org/10.1046/j.1420-9101.2002.00362.x

DECAESTECKER E., DE MEESTER L. & MERGEAY J. (2009). Chapter 15. Cyclical Parthenogenesis in
Daphnia: Sexual Versus Asexual Reproduction. /n: SCHON 1., MARTENS K.& VAN DUK P. (eds) Lost
Sex: 295-316. Springer Science+Business Media B.V. https://doi.org/10.1007/978-90-481-2770-2 15

DELORME L.D. (1970). Freshwater ostracodes of Canada. Part II. Subfamilies Cypridopsinae and
Herpetocypridinae and family Cyclocyprididae. Canadian Journal of Zoology 48: 253-266, 10 plates.

FERGUSON E. jr. (1964). The ostracod (Crustacea) genus Cypridopsis in North America and a description
of Cypridopsis howei sp. nov. Transactions of the American Microscopical Society 83 (4): 380-384.
https://doi.org/10.2307/3224755

FLEURY S., MALAIZE B., GIRAUDEAU J., GALOP D., BOUT-ROUMAZEILLES V., MARTINEZ P., CHARLIER
K., CARBONEL P. & ARNAULD M.C. (2014). Impacts of Mayan land use on Laguna Tuspan watershed
(Petén, Guatemala) as seen through clay and ostracode analysis. Journal of Archaeological Science 49:
372-382. https://doi.org/10.1016/.jas.2014.05.032

FORESTER R. M., CARTER C., QUADE J. & SMITH A. J. (2017). Aquifer and surface-water ostracodes in
Quaternary paleowetland deposits of southern Nevada, USA. Hydrobiologia 786 (1): 41-57.
https://doi.org/10.1007/s10750-016-2966-5

FURrTOS N.C. (1936). Fresh-water Ostracoda from Florida and North Carolina. The American Midland
Naturalist 17 (2): 491-522. https://doi.org/10.2307/2419975

GRIFFITHS H.I. (1995). European Quaternary freshwater Ostracoda: a biostratigraphic and
palaeobiogeographical primer. Scopolia 34: 1-168.

HAVEL J.E. & HEBERT P.D.N. (1989). Apomictic parthenogenesis and genotypic diversity in Cypridopsis
vidua (Ostracoda: Cyprididae). Heredity 62: 383-392. https://doi.org/10.1038/hdy.1989.53

HORNE D.J. & MARTENS K. (1999). Geographical parthenogenesis in European non-marine ostracods:
post-glacial invasion or Holocene stability? Hydrobiologia 391: 1-7.
https://doi.org/10.1023/A:1003508210166

HORNE D.J, COHEN A. & MARTENS K. (2002). Taxonomy, Morphology and Biology of Quaternary
and Living Ostracoda. /n: HOLMES J.A. & CHIVAS A. (eds) The Ostracoda: Applications in Quaternary
Research. American Geophysical Union, Washington D.C. 131: 5-36. https://doi.org/10.1029/131GMO02

HUNT G., PARK L.E. & LABARBERA M. (2007). A novel crustacean swimming stroke: coordinated four-
paddled locomotion in the cypridoidean ostracode Cypridopsis vidua (Miiller). Biological Bulletin 212:
67-73. https://doi.org/10.2307/25066581

31


https://doi.org/10.1046/j.1420-9101.2002.00362.x
https://doi.org/10.1007/978-90-481-2770-2_15
https://doi.org/10.2307/3224755
https://doi.org/10.1016/j.jas.2014.05.032
https://doi.org/10.1007/s10750-016-2966-5
https://doi.org/10.2307/2419975
https://doi.org/10.1038/hdy.1989.53
https://doi.org/10.1023/A:1003508210166
https://doi.org/10.1029/131GM02
https://doi.org/10.2307/25066581

Belg. J. Zool. 153: 15-34 (2023)

JACOBS B. & MARTENS K. (2022). An endemic species flock of cypridopsine ostracods (Crustacea,
Ostracoda) from the ancient Lake Malawi (Africa), with the description of a new genus and three new
species. Zootaxa 5100 (3): 301-348. https://doi.org/10.11646/zootaxa.5100.3.1

KAUFMAN D.S., O’BRIEN G., MEAD J.I., BRIGHT J. & UMHOEFER P. (2002). Late Quaternary spring-fed
deposits of the Grand Canyon and their implication for deep lava-dammed lakes. Quaternary Research
58: 329-340. https://doi.org/10.1006/qres.2002.2375

KULKOYLUOGLU O., VEECH J.A. & TUNCER A. (2022). New ostracod species (Cypridopsis schwartzi
n. sp.) from Texas, with discussion on the taxonomic status of Cypridopsis species in the USA. Zootaxa
5196 (3): 331-354.

LOURENGCODE SOUSAF., MOREY G.A.M. &MALTAJ.C.O.(2018). The development of Neoechinorhynchus
buttnerae (Eoacanthocephala: Neoechinorhynchidae) in its intermediate host Cypridopsis vidua in
Brazil. Acta Parasitologica 63 (2): 354-359. https://doi.org/10.1515/ap-2018-0040

MARTENS, K. 1985. Tanganyikacypridopsis gen.n. (Crustacea, Ostracoda) from Lake Tanganyika.
Zoologica Scripta 14: 221-230. https://doi.org/10.1111/j.1463-6409.1985.tb00192.x

MARTENS K. (1998). Sex and ostracods: a new synthesis. /n: MARTENS K. (ed.) Sex and Parthenogenesis —
Evolutionary Ecology of Reproductive Modes in Non-Marine Ostracods: 295-321. Backhuys Publisher,
Leiden.

MARTENS K. & HORNE D.J. (2000). Ostracoda and the four pillars of evolutionary wisdom. In:
HORNE D.J. & MARTENS K. (eds) Proceedings of the XIII"" International Symposium on Ostracoda.
Hydrobiologia 419: vii—xi. https://doi.org/10.1007/978-94-017-1508-9

MARTENS K. & SAVATENALINTON S. (2011). A subjective checklist of the Recent, free-living, non-
marine Ostracoda (Crustacea). Zootaxa 2855: 1-79. https://doi.org/10.11646/zootaxa.2855.1.1

MEIRMANS S. (2009). The evolution of the problem of sex. /n: SCHON 1., MARTENS K. & VAN DuK P.
(eds) Lost Sex: 21-46. Springer Science+Business Media B.V.
https://doi.org/10.1007/978-90-481-2770-2 2

MEISCH C. (2000). Freshwater Ostracoda of Western Europe and Central Europe. /n: SCHWOERBEL
J.& ZWIcK P. (eds) Siisswasserfauna von Mitteleuropa 8/3: 1-522. Spektrum Akademischer Verlag,
Heidelberg.

MEISCH C., SMITH R. & MARTENS K. (2019). A subjective global checklist of the extant non-marine
Ostracoda (Crustacea). European Journal of Taxonomy 492: 1-135. https://doi.org/10.5852/¢jt.2019.492

PALACIOS-FEST M. & DETTMAN D.L. (2001). Temperature controls monthly variation in Ostracode
valve Mg/ca: Cypridopsis vidua from a small lake in Sonora, Mexico. Geochemica et Cosmochimica

Acta 65 (15): 2499-2507. https://doi.org/10.1016/s0016-7037(01)00602-0

RAJABIM., LAVRENTOVICH O. & SHRIBAK M. (2022). Instantaneous mapping of liquid crystal orientation
using polychromatic polarizing microscope. Liquid Crystals 2022: 1-10.
https://doi.org/10.1080/02678292.2022.2142883

Roca J.R. & DANIELOPOL D.L. (1991). Exploration of interstitial habitats by the phytophilous ostracod
Cypridopsis vidua (O.F. Miiller): experimental evidence. Annales de Limnologie 27 (3): 243-252.
https://doi.org/10.1051/1imn/1991018

RocaA J.R., BALTANAS A. & UIBLEIN F. (1993). Adaptive responses on Cypridopsis vidua (Crustacea:
Ostracoda) to food and shelter offered by a macrophyte (Chara fragilis). Hydrobiologia 262: 127-131.
https://doi.org/10.1007/bf00007513

32


https://doi.org/10.11646/zootaxa.5100.3.1
https://doi.org/10.1006/qres.2002.2375
https://doi.org/10.1515/ap-2018-0040
https://doi.org/10.1111/j.1463-6409.1985.tb00192.x
https://doi.org/10.1007/978-94-017-1508-9
https://doi.org/10.11646/zootaxa.2855.1.1
https://doi.org/10.1007/978-90-481-2770-2_2
https://doi.org/10.5852/ejt.2019.492
https://doi.org/10.1016/s0016-7037(01)00602-0
https://doi.org/10.1080/02678292.2022.2142883
https://doi.org/10.1051/limn/1991018
https://doi.org/10.1007/bf00007513

MARTENS K. et al., Cypridopsis vidua is not an obligate parthenogen

ROME D.R. (1962). Ostracodes. Exploration Hydrobiologique du Lac Tanganika (1946—1947), Résultats
Scientifiques 3 (8): 1-304.

ROSSETTI G. & MARTENS K. (1996). Redescription and morphological variability of Darwinula
stevensoni (Brady & Robertson, 1870) (Crustacea, Ostracoda). Bulletin van het Koninklijk Belgisch
Instituut voor Natuurwetenschappen, Biologie 66: 73-92.

SARS G.0.(1910). Zoological results of the Third Tanganyika expedition (1904—-1905). Report on
Ostracoda. Proceedings of the Zoological Society of London 48: 732—760.
https://doi.org/10.1111/j.1096-3642.1910.tb01914.x

SCHON .., BUTLIN R.K., GRIFFITHS H.I. & MARTENS K. (1998). Slow evolution in an ancient asexual
ostracod. Proceedings of the Royal Society, London B 265: 235-242.
https://doi.org/10.1098/rspb.1998.0287

SCHON 1., KAMIYA T., VAN DEN BERGHE T., VAN DEN BROECKE L. & MARTENS K. (2018). Novel
Cardinium strains from non-marine ostracod (Crustacea) hosts from natural populations. Molecular
Phylogenetics and Evolution 130 (2019): 406—415. https://doi.org/10.1016/j.ympev.2018.09.008

SCHON 1. & MARTENS K. (2020). Are Cardinium infections causing asexuality in non-marine ostracods?
Hydrobiologia 847 (7): 1651-1661. https://doi.org/10.1007/s10750-019-04110-2

SHRIBAK M. (2014). Polychromatic Polarization State Generator and its Application for Real-time
Birefringence Imaging, US Patent 9625369

SHRIBAK M. (2015). Polychromatic polarization microscope: bringing colors to a colorless world.
Scientific Reports 5: 17340. https://doi.org/10.1038/srep17340

SMITH A.J. & DELORME L.D. (2010) Ostracoda. Chapter 19. In: THORP J. & COVICH A. (eds) Ecology
and Classification of North American Freshwater Invertebrates: 725-771. Elsevier Inc.

SMITH A.J. & HORNE D.J. (2016). Class Ostracoda. /n: Thorp and Covich's Freshwater Invertebrates,
4™ Edition, Volume V: Keys to the Nearctic Fauna: 477-514. Academic Press. London.

SYMONOVA R., VRBOVA 1., LAMATSCH D.K., PAAR J., MATZKE-KARASZ R., SCHMIT O., MARTENS K. &
MULLER S. (2018). Karyotype variability and inter-population genomic differences in freshwater
ostracods (Crustacea) showing geographical parthenogenesis. Genes 9 (3): 150.
https://doi.org/10.3390/genes9030150

TAYLOR L.C. & HOWARD K.W.F. (1993). The distribution of Cypridopsis okeechobei in the Duffins
Creek—Rouge River drainage basins (Ontario, Canada) and its potential as an indicator of human
disturbance. /n: MCKENZIE K.G. & JONES P.J. (eds) Ostracoda in the Earth and Life Sciences: 481-492.
A.A. Balkema, Rotterdam.

UIBLEIN F., ROCA J.R. & DANIELOPOL D.L. (1994). Experimental observations on the behaviour of the
ostracode Cypridopsis vidua. Verhandlungen des Internationalen Vereins fiir Limnologie 25: 2418-2420.

Manuscript received: 21 August 2022
Manuscript accepted: 16 January 2023
Published on: 19 January 2023
Branch editor: Stuart Halse

33


https://doi.org/10.1111/j.1096-3642.1910.tb01914.x
https://doi.org/10.1098/rspb.1998.0287
https://doi.org/10.1016/j.ympev.2018.09.008
https://doi.org/10.1007/s10750-019-04110-2
https://doi.org/10.1038/srep17340
https://doi.org/10.3390/genes9030150

Belg. J. Zool. 153: 15-34 (2023)

Figure S1 — Roadside pool on Gardiner Rd, Woods Hole, Ma (USA). A. Full of algal masses in 2019.
B. After mechanical cleaning in 2019. C-D. Ecological changes in the pond in 2022.
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