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Abstract - Evolutionists often use phylogeny to examine independent evolutionary events
in search of generality. Therefore, groups of organisms rich in such independent
character transitions are particularly valuable for the study of evolution. With respect to
eyes, vision, and light-related characters, one such group is Ostracoda (Crustacea). Here I
present phylogenies of ostracods derived from DNA sequence data and morphological
characters. These inferred relationships largely agree with previous assessments of
ostracod phylogeny, with the exception of paraphyletic Philomedidae. Based on methods
of character reconstruction using these inferred relationships, different groups of
ostracods probably evolved both bioluminescence and extreme sexual dimorphism
(females lack eyes, males have large eyes) multiple times. Furthermore, myodocopid
ostracods may have evolved compound eyes independently of other arthropods. For these
and other reasons, I propose the Ostracoda are an exceptionally important group for

studying the evolution of vision and light-related characters.

Introduction:

The history of life is singular: The proverbial tape of evolution has only played
once, challenging evolutionists to find generality in the absence of replication (Gould,
1989). One way to meet this challenge and find generality in evolution is by studying
similar - though independent - evolutionary changes. Do the same morphological
changes accompany independent transitions to similar niches? Do the same
developmental or genetic changes underlie similar yet independent morphological
changes? These types of questions are at the root of our understanding of evolutionary
processes and rely first on determining what is an independent evolutionary event.

A common way evolutionary biologists determine what is an independent event is
through the use of phylogeny. Put simply, if two sister taxa share a characteristic, then
we probably guess that their common ancestor also had that characteristic. In contrast,

unrelated taxa that share a character may have arrived at that state independently. One



way to determine which taxa arrived at a character state by common ancestry and which
got there independently is termed “ancestral state reconstruction” or “character mapping”.
These methods use the phylogenetic relationships among a group of taxa coupled with
data on their character states to estimate the evolutionary history of that character.

Perhaps the most familiar way to perform character mapping is by using the
parsimony criterion (Swofford & Maddison, 1987). Different ancestral state
reconstructions require different numbers of changes depending on the phylogenetic
history of the group. Parsimony simply asserts that the history with the smallest number
of changes represents our best guess at the true evolutionary history. Another approach is
to use maximum likelihood (ML) (Harvey & Pagel, 1991; Pagel, 1994). Here again,
alternative possible histories are compared, but ML differs from parsimony by employing
a specific statistical model (that can be altered) and by the ability to consider the amount
of time separating taxa (as opposed to only the relationships among them). For
discussion on the implications of the differences between these methods, see Schluter
(1997), Cunningham et al., (1998), and Pagel (1999).

Here I make use of methods of character mapping and show that independent
transitions have occurred in three different light and vision-related characters within the
Ostracoda, especially the Myodocopa. These observations show the Ostracoda to be an

especially valuable group for the study of vision and light related characters.

Methods

The goals of this study are to use phylogenetic information to examine the
evolution of four traits related to light and vision in ostracod crustaceans: lateral eyes,
median eyes, bioluminescence, and lateral eye sexual dimorphism. Each trait was
mapped on to a phylogeny to estimate the evolutionary histories of the characters. The
first three traits, (lateral and median eyes and bioluminescence) were mapped on to a

phylogeny derived exclusively from molecular data. The fourth character, eye



dimorphism, was mapped onto a phylogeny containing both molecular and morphological
data because of the difficulty obtaining material for molecular work from deep sea or rare

species necessary for the analysis.

Molecular phylogeny

Taxa, DNA Extraction, PCR, and Sequencing: Taxa and collection information

for the species used in this study are detailed in Table 1. I used two different protocols
for DNA extraction. For the smaller animals, I used a variation of the GeneReleaser kit
(BioVentures, Inc.) developed especially for small metazoans (Schizas et al., 1997). For
larger animals, I used the G-Nome kit (Bio 101). Since the entire body was usually used
in DNA extraction, I examined the animals for known parasites before extraction and I
performed a negative control with every PCR reaction. Despite my precautions taken to
avoid contamination, the highly sensitive method of PCR resulted in amplification of
contaminant DNA in two cases, and these data were excluded from analysis. These two
contaminant sequences were analyzed in Oakley & Cunningham (2002) and I present in
this paper a full reanalysis excluding the contaminated sequences.

Standard ‘universal’ primers for the entire 18S (using 18SEF and 18SR3’ primers)
and partial 28S genes (using the v and x, dd and ff, ee and mm primer pairs) were used
for polymerase chain reaction (PCR) amplification (Hillis & Dixon, 1991).
Amplification products were purified using Wizard Columns (Promega, Madison, WI)
and sequenced directly. Sequencing was performed using Big Dye terminators (Perkin

Elmer) and an ABI 3700 automated sequencer according to manufacturer’s instructions.

Phylogenetic trees based on Maximum Likelihood Analysis: Sequence Alignment was

performed with clustalx using default parameters (Higgins et al., 1992) and I did not
exclude any portions of the molecular alignment. I used best-fit maximum likelihood

(ML) to generate phylogenetic trees from combined 18S and 28S sequence data. I used



likelihood ratio tests to choose the best-fit model for the data (Goldman, 1993;
Huelsenbeck & Rannala, 1997; Huelsenbeck & Bull, 1996; Oakley & Phillips, 1999)
implemented with the Modeltest computer program (Posada & Crandall, 1998). I then
used PAUP* to determine the most likely tree assuming the preferred model of sequence
evolution and used bootstrapping to gauge reliability of different phylogenetic

hypotheses. The molecular tree was rooted using a copepod as an outgroup.

Combined Molecular/Morphological phylogeny

Some necessary taxa were not available for molecular phylogenetic analysis. I
therefore constructed a data set consisting of both molecular and morphological
characters to test the hypothesis of multiple origins of sexual dimorphism in
myodocopids. Molecular characters for those taxa not available for molecular study were
scored as missing data. The forty-nine morphological characters were taken from Horsley
(1990) and thirty-three species were analyzed in this study (Table 2; Appendix 1). I
scored morphological characters for the myodocopids not scored by Horsley (1990) from
original species descriptions. Some taxa were scored as missing data for all
morphological characters because they are undescribed species or original species
descriptions were unavailable or incomplete. All morphological characters were treated
as unordered and were also combined with molecular data for a parsimony analysis using
Paup* (Swofford, 1997). For analyses containing morphological data, the root of the
myodocopid clade was placed between the cylidroleberids/cypridinid clade and the

rutidermatid/sarsiellids/philomedid clade as suggested by molecular analysis.

Algorithmic reconstruction of ancestral states
I used the computer program MacClade to infer ancestral states using parsimony
(Maddison & Maddison, 1992). For maximum likelihood (ML) reconstruction of

ancestral states, [ used the computer program DISCRETE (Pagel, 1994) as implemented



by Schluter et al. (1997). Briefly, ML ancestor reconstruction assumes a time-reversible
Markov model of character evolution. For a two-state character, up to two parameters are
used in the model: rate of gain and rate of loss. A one-parameter model sets rate of gain
equal to rate of loss. Likelihood ratio tests can be used to decide between a one and two-
parameter model (Mooers & Schluter, 1999). After deciding on the appropriate model,
different evolutionary histories for a character can be compared. For example, pie graphs
are often used to illustrate the relative support for one state versus the other at a ancestral
nodes.

Maximum likelihood estimation of ancestral states utilizes the branch lengths
separating species as a proxy for time. For the exclusively molecular data set, relative
branch lengths were estimated from the molecular data itself by assuming the best-fit
likelihood model and a molecular clock. For the character analysis using the combined
data set, I did not use maximum likelihood because of the methodological difficulty of
estimating branch lengths with large amounts of missing data (molecular data) for some
species. Therefore, for the analysis of extreme sexual dimorphism of lateral eyes, I only
used maximum parsimony to reconstruct the history of the character.

I also determined the likelihood surface for the lateral eye character. This is a plot
of the likelihood scores for many different combinations of rate parameters (Fig. 1A).
Determining the 95% confidence interval of the loss parameter allows an additional test
of whether lateral eyes were actually lost multiple times instead of being gained

independently (Oakley & Cunningham, 2002).

Results
Molecular phylogenetic analysis of 19 species yielded a very well supported
phylogeny (Figure 1A). Myodocopid monophyly is strongly supported with a 100%

bootstrap value. Myodocopid monophyly is not suprising, but some other well-supported



relationships are somewhat unexpected. First is paraphyly of ostracoda. In our analysis,
the fish louse Argulus (Branchiura) is nested within the Ostracoda, similar to the analysis
by Spears & Abele (1997). Another rather unexpected result is the paraphyly of the
Philomedidae. In this analysis, a rutidermatid is the sister group to Euphilomedes (a
philomedid) and a sarsiellid is the sister group to Harbansus paucichelatus (another
philomedid). These results, while strongly supported in the current analysis, would be
improved by denser taxon sampling.

The phylogenetic position of two ostracods changed after removing two
contaminated sequences analyzed by Oakley & Cunningham (2002). In the present
analysis, Conchoecia sp. is sister to Polycope sp. Taxonomically, Conchoecia and
Polycope are both genera in the Halocyprida group and so these new results concur with
taxonomy and a previous morphological analysis (Kornicker, 1976). Second, the punciid
Manawa staceyi grouped not with the Myodocopa as in Oakley & Cunningham (2002),
rather with the Branchiuran Argulusin a clade also containing the only Podocopa in the
current analysis. Clearly, a denser sampling of Podocopa, including especially
Platycopida is required to identify further the taxonomic position of Manawa.

Maximum parsimony (MP) analysis of morphological data resulted in 4600
equally parsimonious trees. Figure 1B shows a majority rule consensus of these trees.
The MP trees differ mainly with respect to relationships among species of Eusarsiella.
Clearly, more data are required to resolve relationships within this genus, which also
currently lacks molecular data for all except one species. The exclusively morphological
tree differs from those including molecular data by identifying Doloria as the sister-group
to other myodocopids, a result inconsistent with taxonomy. The current morphological
analysis also differs from the molecular analysis in the relationships among Eusarsiella,
Harbansus, Rutiderma, and Euphilomedes.

A combined analysis of molecular and morphological characters was used for

analyzing the sexual dimorphism character (Fig. 3B). A very large number of equally



most parsimonious trees made the search time prohibitively long. To rectify this, I
initially included only three Eusarsiella sp. in the combined analysis and later grafted the
Eusarsiella clade estimated from the exclusively morphological analysis. This procedure
should yield the same final results since molecular data were lacking for most Eusarsiella
sp. The tree based on combined data is dominated by the molecular characters and does
not differ from the tree based only on molecular data, except in number of taxa included.
Reconstruction of ancestral states

For the characters analyzed by maximum likelihood, two-rate models did not fit
the data significantly better than one-rate models. The likelihood of observing the
distribution of lateral eyes in terminal taxa assuming a two-rate model was -5.13,
assuming a one-rate model was -5.55. Two times the difference in those likelihood
values is 0.84 (p=0.359; chi-distribution, 1 degree of freedom). For the median eye
character, the two-parameter likelihood is —6.098 and the one-parameter likelihood is —
6.102 for a likelihood difference of 0.009 (p=0.92). For the bioluminescence character,
the two-parameter likelihood is —7.11 and the one-parameter likelihood is —7.52 for a
likelihood difference of 0.819 (p=0.365). In each case, adding a parameter does not
significantly increase the likelihood, so a one-parameter model is favored (Mooers &
Schluter, 1999).

Character mapping results for lateral and median eyes using the current phylogeny
(Fig.2) were not qualitatively different from the results reported by Oakley &
Cunningham (2002). The analyses showed strong statistical support for the independent
origin of compound eyes in myodocopids; nodes ancestral to myodocopida showed
significant statistical support for lack of compound eyes over presence of compound eyes.
Similarly, multiple nodes ancestral to Argulus also significantly favored absence of
compound eyes over presence of compound eyes. This result also supports an
independent origin of compound eyes in Branchiuran fish lice, a hypothesis suggested by

Fryer (1996). There was also strong support for two independent origins of



bioluminescence in ostracods (Fig. 3A). Maximum likelihood showed significant support
for a lack of bioluminescence at every ancestral node. Finally, ancestral state
reconstruction supports three origins of extreme eye dimorphism in myodocopids (Fig.
3B). Maximum parsimony character mapping resulted in a single most parsimonious

reconstruction.

Discussion

The Ostracoda are a valuable group for the study of light and vision related
characters. Here I used ancestral state reconstruction to investigate the evolutionary
history of four such characters within the group. First, I reanalyzed previous data from
Oakley & Cunningham (2002), while excluding two sequences now known to represent
contamination. This reanalysis is still consistent with the conclusions of an independent
origin of compound eyes in myodocopid ostracods and homology of median eyes in
ostracods and outgroups. I also present strong phylogenetic evidence that both
bioluminescence and extreme dimorphism of eyes evolved independently multiple times
within the Myodocopa. Furthermore, ostracods inhabit almost every conceivable aquatic
niche from marine to freshwater to deep seas and caves to moist terrestrial habitats. As
such, species have almost certainly colonized different light-environments independently.
I propose that these independent events can be used in the search for generality in
evolution. Ostracods provide a “natural laboratory” because independent evolutionary
transitions provide a situation analogous to experimental replicates in the study of visual

evolution.

Compound and Median Eye Evolution
Parker (1995) and Fryer (1996) first suggested the possibility that myodocopid
ostracods evolved compound eyes independently of all other arthropods. This hypothesis

was tested explicitly using molecular phylogeny and character mapping techniques



(Oakley & Cunningham, 2002). Unfortunately, two of the DNA sequences previously
analyzed by us - the Conchoecia sp. 18S and 28Svx fragments - were recently discovered
to represent contamination and not ostracod sequences. Here I performed reanalysis of
the data excluding the contaminated sequences and including a new Conchoecia sp. from
near California. Although the topology differs after excluding the contaminated
sequences, the character evolution results are qualitatively the same. Notably there is
phylogenetic support for homology of median eyes in ostracods and outgroups; each node
favors presence over absence of median eyes, though not significantly. Oakley &
Cunningham (2002) also discussed several morphological features consistent with the
same conclusion. The current analyses also still support the independent origin of lateral
compound eyes in myodocopid ostracods and Branchiuran fish lice like Argulus. Even
when assuming a significantly high rate of lateral eye loss based on the likelihood surface
of Fig. 1A, several ancestral nodes show more support for lack of eyes than presence of
eyes (Table 3). Oakley & Cunningham (2002) also discussed unique morphological

features of myodocopid lateral eyes also consistent with an independent origin.

Bioluminescence

Ancestral state reconstruction using a phylogeny based on rDNA sequences
indicates that bioluminescence evolved twice within Myodocopa, a result consistent with
other information. Bioluminescence occurs within two distantly related myodocopine
families: Cypridinidae and Halocyprididae, leading to two alternative explanations.
Either bioluminescence evolved independently in each family or was present in their
common ancestor and subsequently lost in multiple lineages. Both parsimony and
maximum likelihood methods of character mapping strongly favor the “two origins”
hypothesis. The strong phylogenetic support based on rDNA sequences is consistent with

previously published biochemical information.
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Although both are types of imidazolopyrazines, different biochemical substrates
(luciferins) produce light in the two families of luminescent ostracods (Campbell &
Herring, 1990). The substrate used by cypridinids such as Vargula hilgendorfii is termed
vargulin. Halocyprids such as Conchoecia sp. use coelenterazine, a common
bioluminescent substrate used by several groups of organisms (Campbell & Herring,
1990; Tsuji et al., 1995). The use of different substrates by each luminescent family has
led previous authors to suggest that bioluminescence evolved twice within ostracods
(Campbell & Herring, 1990). Coupled with the phylogenetic evidence presented here,
there is very strong evidence for two origins of luminescence in ostracods.

Unambiguously identifying independent events - such as the dual origin of
luminescence in ostracods - is an important and often difficult step in learning about
evolution. Once such events are identified, we can investigate them further in search of
similarities shared by independent evolutionary events. Such similarities can often reveal
generalities of evolution.

Likely, generalities can be inferred by examining molecular evolution of
luciferases, the proteins that catalyze the luminescence reaction. Below, I discuss a
possible hypothesis about luciferase evolution, recognizing that much of the discussion is
speculative in detail and should be further tested. Perhaps luciferase genes, which are
named for their activity rather than for membership in a single gene family, are rather
opportunistically derived from different gene families. In the case of cypridinid
ostracods, Abe et al. (1996) hypothesized that luciferase may be derived from digestive
enzymes. Cypridinids secrete luciferin and luciferase from the upper lip, an organ above
the mouth that also likely secretes digestive enzymes during feeding. Perhaps one of the
digestive enzymes was co-opted to catalyze the luminescence reaction.

Indeed I have found circumstantial evidence that supports the co-option
hypothesis of Abe (1996). Vargula luciferase contains conserved protein domains also

found in digestive enzymes. The nucleotide sequence of Vargula hilgendorfii luciferase
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has been determined (Thompson et al., 1989) and I used its inferred amino acid sequence
to perform a BLASTp similarity search (Altschul et al., 1997) against all genes in the
GenBank database. I found that Vargula luciferase contains two von Willebrand factor
(VWF) type D domains (Fig. 4). VWF type D is a conserved protein sequence domain
found in several types of proteins, including mucins, which are secreted digestive
enzymes (Perez-Vilar & Hill, 1999). Quite possibly, Vargula luciferase is co-opted from
a secreted mucin or similar gene containing VWF type-D domains. Though logical, the
link between Vargula luciferase and digestive enzymes is not absolutely confirmed by
noting a similarity with VWF type-D domains because these domains also appear in other
types of genes such as blood clotting factors and vitellogenen genes (Baker, 1988; Hall et
al., 1999). An interesting experiment would be to screen for other genes expressed in the
upper lip of Vargula or even non-luminescent relatives that contain VWF type-D
domains. Perhaps the specific evolutionary precursor of Vargula luciferase could be
discovered in this manner.

These speculations of luciferase evolution in cypridinids set the stage for
discovering evolutionary generality. However, this requires finding similarities between
the independently derived characters in the two bioluminescent families. Unfortunately,
the luciferase (or photoprotein) gene for halocyprids has not yet been determined. We do
know that glands on the shell, not the upper lip produce halocyprid luminescence (Angel,
1993), so the source of this gene is unlikely to be digestive enzymes. If a hypothesis of
opportunistic co-option discussed above is general and holds in halocyprids, then one
might hypothesize a link between genes associated with the glands of the ostracods’
calcium carbonate shell (the specific site of bioluminescence) and their photoproteins.
An organism with a luciferin similar to that of halocyprids suggests a potential role for a
gene encoding a protein that interacts with calcium. Aequora has a photoprotein that
binds calcium during the luciferase reaction. Perhaps proteins expressed in the shell

glands of halocyprids were prime candidates for catalyzing such a reaction because they
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already interacted with calcium. Only by finding the halocyprid luciferase gene can we
test these hypotheses, a goal that seems a worthy and interesting pursuit in light of what is

already known about ostracod luminescence.

Extreme sexual dimorphism of eyes

The fourth character analyzed in this study is extreme sexual dimorphism of eyes.
In three different genera - Euphilomedes, Eusarsiella, and Harbansus -males have lateral
eyes and females lack them altogether. In Euphilomedes, the dimorphism is particularly
pronounced; male eyes have facets in numbers among the largest of any ostracod (E.
morini has 33 facets, for example). Using parsimony to trace the evolution of extreme
dimorphism strongly suggests three independent origins of the character (Fig. 3B).

In addition to the three instances of extreme sexual dimorphism of lateral eyes in
ostracods, at least three other classes of more moderate eye dimorphism also exist. First,
some species contain males with multi-facetted lateral eyes and females with unfacetted
lateral eyes. However, some uncertainty does exist in two cypridinid species with regard
to this first class of moderate dimorphism. Males and females of Doloria levinsoni may
actually be two different species, as Kornicker (1975) suggested in his original species
description. The adult male of another potentially dimorphic cypridinid, Vargula
seikiguchii, is unknown. In addition to the two rare species with uncertain status,
members of the genera Euphilomedes and Philomedes certainly contain males with
compound lateral eyes and females with unfacetted lateral eyes (Kornicker, 1992;
Kornicker & Harrison-Nelson, 1997). Presumably, the reduced female eyes are a
transitional stage between presence and complete absence of female eyes in Philomedes
and Euphilomedes, a hypothesis that could be tested with phylogenetic analyses of
multiple species in these groups.

A second class of moderate eye dimorphism is differences in number of facets

between the sexes. Kornicker (1992) summarized ommatidia number from many
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myodocopid species and found instances of dimorphism in numerous species from each
of the four families examined. The report of these differences are likely based on
observations of at most a few individuals from each species and should therefore be
investigated more thoroughly. Nevertheless, the data strongly suggest that sexual
dimorphism of eyes is quite common in myodocopids. The third class of dimorphism
involves the size of eyes with equal numbers of ommatidia, which has been explicitly
reported in a few species (e.g. Cohen & Morin, 1993; Parker, 1998). Eye size
dimorphism may be common as well, but also needs to be investigated explicitly in more
species.

The reasons for the prevalence of eye dimorphism in myodocopids remain
unknown, but suggest avenues for possible research. An area of interest that is in line
with one of the main themes of this paper is an investigation of the genetic mechanisms
for eye loss in each of the independent losses of female eyes. Similarity in the underlying
genetic mechanisms of these independent transitions could suggest generalities about the
loss of traits or about the origin of sexual dimorphism during evolution. For example, are
the same genes altered in each case? If so, do the same mutations or class of mutation

cause the loss of eyes in females?

The phylogenetic patterns of characters related to light and vision indicate that
ostracods may be considered a ‘natural laboratory’ for understanding eye evolution.
However, much work remains to be done. First, the phylogenetic information sketched
here should be expanded to include more species. In addition, examining the characters
themselves in a search for generality in evolution, as hinted at here, should be a fruitful

source of evolutionary information.
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Figure Legends
Figure 1 — Phylogenetic analyses of ostracod crustaceans. A. Maximum likelihood

phylogeny based on rDNA sequences (18S and partial 28S) using the best-fit
model. Best-fit model was Tamura-Nei with equal nucleotide frequencies,
gamma distributed rate heterogeneity and invariant sites. Maximum likelihood
parameter estimates were 2.88 for A<->G and 3.72 for C<->T, with a gamma
shape parameter of 0.53 and 16% invariant sites. Nodes containing black circles
were supported by 100% bootstrap values in 1000 maximum parsimony
replicates. Nodes containing black squares were supported by >90% bootstrap
values. B. Consensus of all most parsimonious (MP) trees using only
morphological characters. Numbers represent percentage of MP trees that contain
a particular node. Morphological characters are from Horsley (1990) and are
described in Appendix 1 and Table 2. Nodes containing black circles were
present in 100% of all MP trees. Nodes containing black squares were present in
>90% of all MP trees.

Figure 2 — Maximum likelihood analysis of eye characters. A. Presence (black) and
absence (white) of lateral eyes mapped on molecular phylogeny with relative
branch lengths estimated assuming a molecular clock. Pie charts represent
relative support for one state versus the other state at a node. Arrows point to two
potential independent origins of lateral eyes. The inset presents the likelihood
surface for lateral eye evolution, the likelihood of different combinations of rate
parameters (darker shades represent higher likelihood values). The 95%
confidence interval is also plotted and is the contour line with white behind it. B.

Presence (grey) and absence (white) of median eyes mapped on molecular
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phylogeny with relative branch lengths estimated assuming a molecular clock. Pie
charts represent relative support for one state versus the other state at a node.

Figure 3 — Ancestral state analysis of two characters. A. Presence (black) and absence
(white) of bioluminescence mapped on molecular phylogeny with relative branch
lengths estimated assuming a molecular clock. Pie charts represent relative
support for one state versus the other state at a node. Arrows point to two
potential independent origins of bioluminescence. B. Presence (grey) branches
and absence (white) branches of radical eye dimorphism (females lack lateral
eyes) mapped on to a consensus of a combined molecular phylogeny and
morphological phylogeny. Character state history was reconstructed with
maximum parsimony because of a lack of relative branch lengths.

Figure 4 — A pBlast search indicates similarity of portions of the Vargula hilgendorfii
luciferase gene and Von Willebrand Factor (VWF) type-D domain. The luciferase
has two such domains. Below is an alignment of consensus amino acids from
VWF-type D with the first similar Vargula domain. Many amino acids are

identical.
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Table 1. Collection information and GenBank accession numbers

GenBank Accession Numbers

Species Collection Locality Collecting 18S 28S ddff  28S eemm 28S vx
Method
Argulus FL Purchased from Gulf Coast Specimen Not applicable M27187* AF363322 AF363327 AF363344
Azygocypridina lowryi Off Wollongong, NSW, Australia Baited Trap AF363298  AF363316 AF363337 AF363346
Bairdocopina Leigh Marine Lab, Leigh, NZ Sorting sediment AF363304  AF363323 AF363342 AF363354
Playcope NZ Leigh Marine Lab, Leigh, NZ Sorting sediment AF363310  AF363320 AF363341 AF363353
Conchoecia CA Off Bermuda Plankton Net AF3632961 AF363325 AF363328 AF3633521
Conchoecia BD Off California Bycatch Pending Pending  Pending  Pending
Cypridopsis sp Purchased from Carolina Biological Not applicable  AF363307  AF363321 AF363334 AF363355
Euphilomedes JP Tatado-hama, Japan Sorting sediment AF363302  AF363314 AF363335 AF363345
E. sordida Hojo-sambashi, Tateyama, Chiba, Japan Sorting sediment AF363299  AF363315 AF363330 AF363349
E. carcharodonta Discovery Bay Lab, Jamaica Hand net L81941* Nodata  Nodata  No data
Eusarsiella BZ Glover's Reef Research Station, BELIZE Sorting sediment AF363305  AF363312 AF363338 AF363343
Harbansus paucichelatus Glover's Reef Research Station, BELIZE Sorting sediment AF363303  AF363311 AF363329 AF363356
Manawa staceyi Leigh Marine Lab, Leigh, NZ Sorting sediment AF363295  AF363326 ** AF363351
Melavargula japonica Tatado-hama, Japan Sorting sediment AF363300  AF363318 AF363333 AF363358
Parasterope pollex Long Key, Florida, USA Light trap AF363309  ** AF363339 AF363348
Rutiderma apex Pillar Point, Half Moon Bay, California  Sorting sediment AF363308  AF363313 AF363336 AF363360
Skogshergia lerneri Glover’s Reef Research Station, BELIZE Baited Trap AF363297  AF363319 AF363331 AF363347
TetraleberisLI Lizard Island Research Station, Australia Sorting sediment AF363294  ** ** AF363359
Tigriopus californicus Scripps Oceanographic Institution J. Flowers AF363306  AF363324 AF363340 AF363350
Vargula hilgendorfii Hojo-sambashi, Tateyama, Chiba, Japan Baited Trap AF363301  AF363317 AF363332 AF363357

*Data from Spears (Spears & Abele, 1997)
** Could not obtain data because of technical difficulties
1 Discovered to be non-ostracod contamination



Table 2. Morhpological character matrix

Speci es

1 2 3 4
1234567890123456789012345678901234567890123456789

Actinoseta chelisparsa
Anbol eberi s anericana
Ast er opel | a kor ni ckerii

Ast er opel | a macl aughl i nae
Ast eropterygion oculirostris

Azygocyprina | owyi
Dol ori a | evi nsoni

Euphi | onedes car char odont a

Euphi | onedes JP
Euphi | onmedes sordi da

Eusarsiella africana
Eusarsi el l a beck
Eusarsiella child
Eusarsiella cornuta
Eusarsi el l a cresseyi
Eusarsiella disperalis
Eusarsiella el of son
Eusarsiella greyi
Eusarsiella ozotothrix
Eusarsi el l a panicul ata
Eusarsiella pilipolicus
Eusarsiella radiicosta
Eusarsiella sp
Eusarsi el l a spi nosa

Eusarsiell a texana

Har bansus dayi

Har bansus pauci chel at us
Mel avar gul a j aponi ca
Par ast er ope pol | ex

Par ast er ope hul i ngsi
Phi | omedes ferul anus
Phi | onedes zeta
Priontol eberis sal oman
Ruti derma apex
Skogsbergi a | erneri
Synast er ope seti sparsa
Tetral eberis LI

Var gul a hil gendorfi

AAA?7??? AAAE? AABCDBAABAAC? BBCAA? AC?? AC?? ACBABAGCAB
AAA??7?? AABE? AABCFCABBAAC? AACAA? AC?? AC?? ACBABAFCAB
AAC?A?? AAAE? AABCEBA?BAAC? CCC?A? AC??BC???CBAB?CCAB
AAC? A?? AAAE? AABCEBAABAAC? CCC?A? AC??BC???CBAB? CCAB
AAE?7??? AAAE? AABCDBAABAAC? ABCAA? AC?? AC?? ACBABAGCAB
AAA?? DCAAAAAAAADGDAAAAAC? ABAAA? AAA? ? AA? AAAAAAH? AA
AAA?? DCAAAAAAAABAAAAAAAC? ADAAA? AAA? ? AA? AAAAAAHCAA
AAA?? DCAAAAAAAABCEABAABA? ?? AA?? A? 2?2 A?? AAAABAHCBA
PPV ??°?°?7?7?27?7

AAC?BD? AADDCAB? BABBBAABBA??BCD? CAC? ?B? ABBAABBEEAA
AADD? A? AADDBAB? BBBB? AABBA??B?D? CAC??B? FBBAABBEEAA
ABC?A?? AADCBAB? BABB? AABBB??B?D? CAC? ?B? A?BAAB?EEAA
AAC?B?? AADDBAB? BABBBAABBA??B?D? CAC??B? EBBAABBEEAA
AAC?B?? AADDBAB? BABBBAABBC??BCD? CAC? ?B? CBBAABBEEAA
AADB?B? AADCBAB?BABB? AABBA??BDD? CAC??B?B?BAAB?EEAA
AADC?A?BADDBAB? BABB? AABBA??B?D? CAC??B?B?BAAB?EEAA
AADD? A?BADDBAB? BAAB? AABBA??B?D? CAC??B? A?BAAB?EEAA
AAC?B?? ABDDBAB? BABBBAABBC??BCD? CAC??B? C?BAAB?EEAA
AAC?B?BACDDBAB?BACB? AABA???B?D?CAC??B?A?BAAB?EEAA
AAC?B?BAADDCAB?BABB? AABBB??BDD? CAC? ?B?B?BAAB?EEAA
AADA??? AADCBAB? BACBBAABBD? ?BDD? CAC??B? CBBAABBEEAA

AAC?B?AAADDBAB? BABBBAABBB??BCD? CAC??B? DBBAABBEEAA
ABC?A?? AADCBAB? BBBBBAABBB??BDD? CAC? ?B? CBBAABBEEAA
AAC??7?7? AAACAAAABCBABAABA? ?? AAC? AAB? ? AB? BAAABBDCBA

AAC???7? AAACAAAABCBABAABA? ?? AAC? AAB?? AB? BAAABBDCBA
e L L e L L e o P e e L L L L L R L L L P L L L L b D P DL

BAA???7?AACE? AB? BEBABBBBC? DCCABAAC? ?BC?? ACBABABCAB
BAA???7? AACE? AADBEBABBBBC? DCCABAAC??BC?? ACBBBABCAB
AAA???? AAACAAAABABBBAABBA?? AAC? AB? B? AC? BAAABBACBA
AAA??7?7? AAAAAAAABABB? AABBA? ? AAC? AB? A? AC?? AAAB? DCBA
BAA???7?AACE? AB? BEBABBBBC? DCCABBAC? ?BC?? ACBABABCAB
AAB??7?? AAACAEB? BCBBBAABBE?? ABD?BAB?? AB? BAAABAFCAA
AAA? 7?2?22 AAAAAAAAAAAAAAAAA??? AAA? AAA? ? AA? AAAAAAAAAA
BAA???? AACE? AACBEBA? BBBC? DCC?BBAC??BC???CBBB?CCAB
QPP ?2??°?°?7?7?27?7




Table 3 — Likelihood values for presence vs absence of lateral (compound) eyes at
ancestral nodes of ostracod phylogeny.

Rate of gain=rate of loss

Rate of loss fixed outside 95% CI (4.2)

Global Local Global Local

Node Present Absent Present Absent Present Absent Present Absent

ArgulusManawa -14.04 -11.14* -13.22  -11.14* -13.46  -12.89 -13.21 -12.88
ArgManPodocopa -14.75  -11.12* -13.42  -11.12* -13.53 -12.85 -13.21 -12.84
Ingroup -14.68 -11.12* -13.20 -11.12* -13.12  -13.15 -13.01 -13.10
Root -14.68 -11.12* -13.20 -11.12* -13.12  -13.15 -13.01 -13.10
Myodocopa -14.46  -11.13* -13.13  -11.12* -13.14  -13.13 -13.04 -13.09
Halocyprida -14.60 -11.12* -13.18 -11.12* -13.22  -13.05 -13.13 -13.03

Bold numbers indicate favored state

* Significantly favored state (In likelihood difference > 2)
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Appendix 1. Abbreviated Description of Morphological Characters. Detailed descriptions and figures are

presented in Horsley (1990).

Carapace Characters

1. Length to height ratio - A: <1.5:1; B:>1.5:1

2. Width (Dorsal view) - A: Bulbous (~3:1); B: Narrow (~6:1)

3. Ornamentation - A: Smooth; B: 2 parallel ridges; C: Single ridge; D: Central sculpturing; E:

Two posterodorsal ridges

4. When ornamentation has central sculpturing — A: A series of ridges radiates away from the point
of attachment of the adductor muscle; B: Three ridges exist, one is short and projects anteriorly
from center of the carapace, a second extends toward the posterior ventral margin, a third ridge is
longer with a prominent alar process and meets the posterior dorsal margin; C: Two ridges
extend from center of carapace; D: A single ridge extends from muscle scars to dorsal posterior
edge.

5. When ridges form a circular pattern — A: Uninterrupted ridge following perimeter of carapace
near margin; B: Thick ridge % the distance to center of carapace from margin; C: Concentric

ridge open to anterior, forming a horseshoe-like ridge
6. Projecting alar process(es) - A: Small from marsupium; B: Several; C: Tooth-
like; D: No projections

7. Ridge papillae - A: Finger-like; B: On inner ring; C: No papillae

8. Nodes - A: Absent; B: Present

9. Bristle Type - A: Pointed at tips; B: Flower-like; C: Thick and blunt

10. Rostrum/Incisur A: Variable; B: Medium to long, vertical; C: Medium to long, horizontal; D:
Absent in adult female

11. Caudal process - A: Small; B: Triangular; C: Rounded/Triangular; D: Triangular and as long as
wide; E: Absent

12. Orientation of caudal process - A: 0 degrees with long axis; B: near 45 degrees; C: about 70

degrees
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