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ABSTRACT

LIFESTYLE TRANSITIONS AND RATES OF ANIMAL MOLECULAR
EVOLUTION

Jeremy Ryan deWaard Advisor:
University of Guelph, 2004 Professor P. D. N. Hebert

This thesis investigates how lifestyle transitions influence the rates of molecular
evolution in animals. This is accomplished by employing a phylogenetic comparative
method to contrast relative rates of molecular evolution with lifestyle transitions in a
diverse range of taxa. The resultg suggest that adopting a planktonic lifestyle is
associated with an enhanced rate of substitution, and that this rate acceleration is likely
caused by their increased exposure to ultraviolet radiation. This study also reveals that
parasitic lineages have an increased rate of sequence evolution relative to their free-
living allies, likely a consequence of a genetic arms race between parasite and host.
These results have broad implications for the application of molecular clocks, as well as
for understanding both diversification patterns, and the modulation of animal molecular

evolution.
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General introduction: molecular rate variation

The molecular clock and rate variation

The molecular clock hypothesis was first postulated in the 1960s when
Zuckerlandl and Pauling (1962, 1965) first observed an approximately constant rate of
amino acid substitution in hemoglobin and other proteins. This observed linear rate of
molecular evolution across species for a given protein was later explained by Kimura
and Ohta (1971), who suggested that most amino acid substitutions were neutral with
respect to fitness. Under this explanation, the rate of molecular evolution is governed by
the mutation rate and will be constant unless the neutral mutation rate changes.
Dickerson (1971) expanded on this explanation by proposing why proteins have
different substitution rates — proteins possess different proportions of neutral amino acid
sites. Hence, the rate of molecular evolution is determined by both the mutation rate and
by the proportion of sites not constrained by selection. These novel hypotheses
conflicted with two dominant views of the nature of evolution — that there was
significant variation in rates of evolution across species and time, and that most amino
acid changes would be positively selected or deleterious and selected against. The
implications of this surprising discovery were immediately recognized; proteins and
DNA sequence data can be employed to date evolutionary events, much like the use of
radioactive isotopes for dating geological events. Studies estimating times of divergence
between taxa soon proliferated (e.g. Dickerson 1971‘; Kimura and Ohta 1973), and have
continued to the present day (e.g. Bromham et al. 1998; Korber et al. 2000; Smith and

Peterson 2002; Mercer and Roth 2003).
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Unlike earlier studies estimating divergence times, recent authors generally
acknowledge the existence of substantial variation in substitution rates. By the mid
1980s, it became widely recognized (e.g. Wu and Li 1985; Britten 1986; Vawter and
Brown 1986; Li and Tanimura 1987; reviewed in Mindell and Thacker 1996; Li 1997,
Bromham and Penny 2003), that rates of molecular evolution vary widely across
taxonomic lineages. The disparities in rates of molecular evolution among taxa have
been linked to influences at the level of mutation and selection, as early molecular clock
work alluded to, which in turn, can be further broken down into several variables that
determine the molecular evolutionary rate of a given lineage.

Partitions of rate variation

To acknowledge the two major processes in evolution, mutation and selection, it
is convenient to divide the factors that influence variation in molecular rates among
taxonomic lineages at these two levels. These factors may produce rate variation in both
the overall substitution rate and in the rate of particular types of change (Mindell and
Thacker 1996). Influences on mutation rate include the efficiency of DNA repair,
tolerance to DNA damage, efficiency of DNA replication, frequency of DNA
replication, exposure to mutagens, and the extent of base composition or codon biases.
Influences at the level of selection include degeneracy of the genetic code, conservation
of secondary and tertiary structure, conservation of gene function, rate of diversification
and effective population size. These factors vary between species and over time,
providing a basis for lineage specific rate heterogeneity (Gillespie 1991; Bromham and

Penny 2003).
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Determinants of rate variation

A few factors have been correlated with rate variation in several taxonomic
groups and each has an established mechanistic basis. The interplay between these
factors may explain differences in molecular evolutionary rates between organisms. The
four most widely proposed variables include generation time, DNA repair and
replication efficiency, metabolic rate, and population size. Exposure to ultraviolet (UV)
radiation and to genetic arms races are two factors that are less widely considered, but
they also have a solid mechanistic basis.

The generation time hypothesis (Kohne 1970; Wu and Li 1985; Ohta 1993; Li et
al. 1996) proposes that organisms with short generation times will expertence an
increased evolutionary rate relative to those with longer generation times. This
conclusion supposes that an organism which copies its DNA more frequently per unit
time has a greater opportunity for replication errors to occur. This assumes that the
number of germ-line divisions is approximately constant in most organisms and that
most mutations are a result of replication errors. There is support for this hypothesisin a
number of vertebrate groups including birds (Mooers and Harvey 1994), mammals
(Bromham et al. 1996), and reptiles (Bromham 2002).

Variation in mutation rate can also be explained by differences in the enzymes
responsible for DNA replication and repair (Britten 1986). The disparity in the
efficiency can be attributed to the si_ze and biochemical properties of the repair and
replication machinery. Some organisms possess a complex and intricate system of

repair enzymes, such as those possessed by mammals, while others, such as RNA
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viruses, employ low fidelity polymerases and lack proofreading functions (Bromham
and Penny 2003). This repair machinery is likely shaped by selection, balancing the
high cost of replication and repair (Kunkel 1992) against the costs associated with
deletérious mutations. Support for this hypothesis has been gained from comparisons of
rodents and humans, because rodents possess a less efficient repair system (Hart and
Setlow 1974) and exhibit a faster substitution rate (Li et al. 1996).

The metabolic rate hypothesis (Martin and Palumbi 1993; Rand 1994) posits that
higher metabolic rates result in an increased level of oxygen radicals, which can enhance
mutation rates. This linkage is based on early studies that revealed that concentrations
of mutagenic free radicals are positively correlated with metabolic rates (Gross et al.
1969; Shigenaga et al. 1989). There is some empirical support for this hypothesis (e.g.
Martin et al. 1992; Martin and Palumbi 1993), but most studies are hampered by
analyses that fail to account for phylogenetic bias or multiple substitutions (Slowinski
and Arbogast 1999). Several recent studies that have critically tested this hypothesis
have failed to provide support for its operation (e.g. Mooers and Harvey 1994; Bromham
et al. 1996; Rowe and Honeycutt 2002).

- The population size hypothesis (Ohta 1972, 1992) predicts that organisms with
smaller effective population sizes will experience increased fixation rates of weakly
deleterious mutations, leading to an overall increase in substitution rates. This
hypothesis is supported by a wealth of studies where small effective populations can be
inferred, as for example, in asexuals (Moran 1996), endosymbionts (Woolfit and
Bromham 2003), eusocial insects (Schmitz and Moritz 1998) and island birds (Johnson

and Seger 1998).
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UV radiation has a direct mutagenic effect on genomic DNA, most notably
through the formation of photoproducts such as cyclobutane pyrimidine dimers
(Friedberg et al. 1995). The UV exposure hypothesis predicts an association between an
elevated rate of mutation in organisms with a greater exposure to solar radiation. This
has been demonstrated best in “‘UV-exposed’ lineages of fungi (Lutzoni and Pagel 1997),
but is also consistent with observations on several other groups of organisms (Smith et
al. 1992; Pawlowski et al. 1997; Kooistra and Medlin 1996; Hebert et al. 2002).

Another factor that may influence rates of molecular evolution is a genetic arms
race between host and parasite (Dowton and Austin 1995; Page et al. 1998). The
antagonistic relationship between parasite and host may produce both an acceleration of
adaptive evolution, resulting from the Red Queen process (Van Valen 1973), or direct
selection for an increased rate of mutation (Haraguchi and Sasaki 1996). Comparative
studies for parasites are limited, but an arms race may explain the increased substitution
rate in parasitic wasps (Dowton and Austin 1995), lice (Page et al. 1998) and in at least
one parasitic fly lineage (Castro et al. 2002).

Unfortunately, the comparative data necessary to thoroughly evaluate these
hypotheses over a broad range of taxa are lacking for all but a few well-studied groups
(i.e. vertebrates) (Bromham et al. 1996). As an alternative, it can be useful to look at
convergent patterns across diverse taxa that may impose similar qualities in these or in
other factors. For example, groups of organisms that share common biological
attributes, such as a parasitic or a planktonic lifestyle, may share a common exposure to
agents that would influence rates of evolution. For example, because of the fact that UV

light is transmitted through water and that their bodies are usually transparent, one could
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expect that planktonic organisms would be exposed to higher UV levels. To test
whether transitions to these lifestyles are associated with shifts in rates of molecular
evolution, it is necessary to use a proper phylogenetic comparative method.
Comparative method in molecular evolution

When testing for an association between species traits, it 1s imperative to
consider their phylogenetic affinities (Harvey and Pagel 1991). Species cannot be
treated as independent data points since a hierarchy is created by their phylogenetic
relationships and traits may vary according to the relatedness of species. A failure to
accommodate for this phylogenetic bias may lead to type I and II errors and provide
misleading results. However, this problem can be overcome by the method of
phylogenetically independent contrasts (Felsenstein 1985; Burt 1989; Harvey and Pagel
1991). This approach involves the selection of pairs of species or clades from a
phylogeny that do not overlap on the phylogeny and that differ in the trait(s) of interest.
These selected contrasts can then be used as single data points for statistical analysis to
test for association between the species traits.

For example, to apply the independent comparisons method to test for an
association between rates of molecular evolution and a transition in lifestyle, it is first
necessary to select contrasts from a phylogeny. This phylogeny may be published

previously (e.g. Mooers and Harvey 1994; Bromham 2002) or reconstructed with the
sequence data used to calculate molecular rates (e.g Nunn and Stanley 1998; Woolfit
and Bromham 2003). It is not required that the phylogeny is fully resolved before one
selects monophyletic pairs for comparison (see Bromham et al. 1996). At this point,

rates of molecular evolution must be measured and these are most commonly calculated
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with relative rate tests (Sarich and Wilson 1973). This test compares the sequences (or
multiple sequences) from each species or clade (ingroups) to a known outgroup,
resulting in the relative amount of divergence between the two ingroups. This relative
rate value is then paired with the corresponding lifestyle variable (e.g. parasitic or free-
living), providing a single data point for statistical analysis. Although simple in design,
this method has been demonstrated to be effective for comparing rate differences and
other variables between a priori-defined lineages (Mooers and Harvey 1994; Bromham
et al. 1996; Bromham 2002; Bromham and Cardillo 2003).

The present study

This thesis explores the effect of lifestyle transitions on the rates of molecular
evolution in animals. Firstly, the phylogeny of the branchiopod crustaceans is
reconstructed to elucidate the origin of a transition from the benthos to the plankton in
the Cladécera. Secondly, I analyze this comparison and others to test for a general
association between a planktonic lifestyle and enhanced substitution rate. Finally, I
perform a second comparative analysis, testiné for an association between transitions to
parasitism and increased rates of molecular evolution.

In Chapter 1, the phylogenetic relationships of the Branchiopoda are explored
through a comprehensive multi-gene analysis. I employ two approaches to taxon and
gene sampling, generate sequence data for three genes, incorporate previously published
sequence data, and use modern techniques of phylogeny reconstruction. The results
corroborate previously established afﬁﬁities, but suggest a unique arrangement of the

cladoceran orders, and identify areas that require further work.
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The lifestyle transition from a benthic to planktonic existence, and the
subsequent increase in UV exposure, is investigated for an association with rates of
molecular evolution in Chapter 2. This comparative analysis‘ examines eight
independent plankton-benthic contrasts, including the one determined in Chapter 1, to
test for an association. In addition, I compare the base composition for each lineage to
detect signatures of UV-induced mutagenesis.

Chapter 3 examines the transition to parasitism and its association with rates of
sequence evolution. A comparative analysis of Zi phylogenetically independent
contrasts is performed to test whether parasitic lineages have accelerated rates of
molecular evolution in comparison with their free-living relatives. Also, variation in
base composition and genome size is compared to further elucidate the factors affecting
rate variation.

Finally, the results of the thesis are briefly discussed in the General Discussion
with reference to their implications for the application of molecular clocks to calculate
divergence times, and for our understanding of both the patterns of diversification, and

the factors influencing the tempo of animal molecular evolution.
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CHAPTER 1

Probing the origins of the branchiopod crustaceans

10
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Abstract

The Branchiopoda are unrivalled in their variation in body forms, even within the
morphologically diverse crustaceans. To fully understand the origin and evolution of
these morphological reconfigurations, a robust phylogeny of the group is essential. To
infer the affinities among branchiopods, I employed two approaches to faxon and gene
sampling, presented new sequence data from 3 genes, incorporated previously published
sequence data from 3 additional genes, and utilized modern techniques of phylogeny
reconstruction. The results provided support for a number of longstanding hypotheses
for the relationships among the orders, such as the Cladoceramorpha and Gymnomera
concepts, as well as favouring a unique arrangement of the cladoceran orders. A few
affinities remain to be resolved, particularly at the base of the Phyllopoda and within the
Anomopoda, but the results suggest that increased gene sampling is recommended for

future investigations of branchiopod systematics.

11
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Introduction

In contrast to other arthropod lineages, which show limited bauplan diversity, the
crustaceans show striking variation in body form. However, among the eight commonly
recognized crustacean classes, the class Branchiopoda shows exceptional diversity,
especially given the fact that it includes just 800 described species. In contrast to the
relatively static body plans of the other classes, these crustaceans display marked
variation in their body segmentation patterns, and in the morphology, number, and
function of their limbs. While this provides a unique opportunity to investigate the
exploration of phenotypic space, our understanding of the origin and evoluﬁon of these
morphological reconfigurations is inhibited by our lack of a robust phylogeny for the
group.

A great deal of effort has been expended to define affinities between the & orders
and 24 families of e;;ant branchiopods (reviewed in Spears and Abele 2000; Martin and
Davis 2001). Past studies have included examinations of fossil taxa (e.g. Walossek
1993, 1995), investigations of the embryology, ontogeny, and morphology of key
species (e.g. Olesen et al. 1997, 2003), and phylogenetic analyses of morphological (e.g.
Olesen 1998, 2000; Negrea et al. 1999) and molecular characters (Hanner and Fugate
1997; Schwenk et al. 1998; Taylor et al. 1999; Spears and Abele 2000; Richter et al.
2001; Braband et al. 2002; Swain and Taylor 2003). In addition, a few recent studies
have established the utility of several complex genetic characters, including IRNA
structural characters (Swain and Taylor 2003), the distribution patterns of introns

(Braband et al. 2002) and rRNA expansion regions (Crease and Taylor 1998). These

12
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studies, a diverse assemblage in themselves, have failed to achieve the holy grail: a
consensus on branchiopod relationships.

Although the phylogeny of the branchiopods has been redrawn on numerous
occasions, many details remain incomplete (Fig. 1). The class is generally divided into 8
extant orders: the Anostraca (fairy shrimps); the Notostraca (tadpole shrimps); the
Laevicaudata and Spinicaudata (collectively known as clam shrimps and previously
classified together as the Conchostraca); and the final four orders (Anomopoda,
Ctenopoda, Haplopoda, and Onychopoda) which collectively comprise the Cladocera
(water fleas). The affinities between these orders remain unclear, although the
placement of Anostraca as sister group to the remaining branchiopods (Phyllopoda) is
well supported (Negrea et al. 1999; Olesen 1998; Spears and Abele 2000), as is the
monophyly of the Cladocera (Taylor et al. 1999; Spears and Abele 2000; Braband et al.
2002). Furthermore, Cyclestheria hislopi, formerly placed within the Spinicaudata, is
unquestionably the sister clade to the Cladocera (= Cladoceromorpha) (e.g. Crease and
Taylor 1998; Ax 1999; Spears and Abele 2000). Within the Cladocera, several studies
have corroborated the monophyly of the predatory water fleas (Haplopoda +
Onychopoda = Gymnomera) (Richter et al. 2001; Swain and Taylor 2003), but their
relationship to the Anomopoda and Ctenopoda, as well as the affinities of varied
cladoceran families, remains under debate.

This study, which expands on previous molecular studies, seeks to obtain a well-
supported phylogeny for the branchiopod orders ‘and families, particularly within the
speciose Cladocera. I follow two strategies of data collection, provide new sequence

data for three genes, incorporate previously published sequence data, and employ
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modern techniques of tree reconstruction. These investigations are used to corroborate
previous relationships, to introduce novel ones, and to identify areas of ambiguity that

require further study.

Materials and Methods
Taxonomic sample & gene selection

This study employed two approaches to data collection. The first, a ‘more taxa’
approach (e.g. Pollock et al. 2002), involved the collection of sequence data from a
broad diversity of branchiopods for three gene fragments. The second approach, a
‘more genes’ approach (e.g. Rosenberg and Kumar 2001), added sequence data for three
additional genes for a subset of the original taxa.

In the ‘more taxa’ (MT) approach, I examined 56 taxa that included
representatives from 22 of the 24 recognized branchiopod families (Martin and Davis
2001, Table 1). In addition to maximizing taxonomic breadth, an effort was made to
include multiple species of key genera (e.g. Lynceus) and speciose taxa (e.g.
Chydoridae). Specimens were collected from numerous locations in North America,
South America, Europe, and Australia. The complete collection and locality details are
available from the Cladoceran website (http://www.cladocera.uoguelph.ca).

The malacostracan Anaspides tasmaniae was employed as the outgroup in the
analysis of these data. While prior studies have strongly supported the monophyly of the
Branchiopoda (e.g. Sanders 1963, Wingstrand 1978, Walossek 1993, Spears and Abele
2000), their relation to other Crustacea remains uncertain (reviewed in Martin and Davis

2001, and references therein). Anaspides tasmaniae certainly lies outside the
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branchiopods, but it may not be their closest relative. However, my preliminary
analyses indicated that a) when multiple outgroups were included, malacostracans were
the sister taxa to a monophyletic branchiopod clade and b) that topology was unaffected
by the choice of single or multiple outgroups from other crustacean classes (trees not -
shown).

The MT approach involved the analysis of sequences from two mitochondrial
genes; cytochrome c oxidase subunit 1 (COl) and the large subunit 16§ rRNA (16S), and
a nuclear gene; the small subunit 188 rRNA (18S). These three genes were chosen
because of their wide use in past studies of arthropod phylogenetics (e.g. Giribet et al.
2001), including studies of branchiopod relationships (Remigio and Hebert 2000; Spears
and Abele 2000; Cristescu and Hebert 2002; Sacherova and Hebert 2003). Furthermore,
these three loci provide phylogenetic signal over varying time scales, aiding the
resolution of both shéllow and deep nodes. 135 sequences were generated for this
dataset, referred to as the ‘MT’ dataset.

In the “more genes’ (MG) approach, I gathered additional sequence information for
a subset of 17 taxa, representing all 8 orders of branchiopods. These genes included the
mitochondrial small subunit 128 rRNA (125), the nuclear large subunit 285 rRNA (28S),
and the nuclear protein-coding gene elongation factor 1 alpha (EF-1a). These gene
regions have proven informative in the studies from which the sequences were extracted
(Hanner and Fugate 1997; Taylor et al. 1999; Braband et al. 2002; Cristescu and Hebert
2002; Swain and Taylor 2003; Sacherova and Hebert 2003). Due to the lack of a
suitable outgroup species represented by all 6 genes, I rooted all trees with the

anostracan Artemia franciscana. 1term this the ‘MG’ dataset.
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Molecular techniques and sequence alignments

Genomic DNA was extracted from whole animals using 25-50 pL aliquots of
proteinase K extraction buffer and the method described in Palumbi (1996). The primer
pairs LCO1490/HCO2198 (Folmer et al., 1994) and 16Sar/16Sbr (Palumbi, 1996) were
used to PCR amplify a 680 base pair (bp) fragment of COI and a 570 bp fragment of
168, respectively. An approximately 1995 bp fragment of 18S was amplified with the
primers 9F (5°-TGG GGA TCA TTG CAG TTC CCA ATC-3’; T. Crease, pers. comm.)
and 2004R (Crease and Colbourne, 1998) with about 800 bp near the 5’ terminus
targeted for sequencing. The 50ul PCR reactions contained 0.5-2.0 ul (out of 25-50 pL)
of DNA template, 5.0 pl 10x PCR buffer (Boehringer-Mannheim), 0.2 pM of each
primer, 2.2 mM MgCl,, 0.2 mM of each dNTP, and 1 unit of Tag DNA polymerase. The
PCR conditions for COI and 16S consisted of 1.5 min at 94'C, followed by 35 cycles of
45 s at 93°C, 1 min at 50°C, and 1 min at 72°C, followed by one cycle of 5 min at 72°C.
The PCR conditions for 18S consisted of 1 cycle at 94 C, 35 cycles of 30 s at 93°C, 30 s
at 50°C, and 3 min at 72°C, followed by one cycle of 5 min at 72'C. PCR products were
excised from agarose gels and purified using the Qiaex II gel extraction kit (Qiagen Inc.)
and sequenced using an ABI 377 automated sequencer and ABI prism BigDye
terminator 3 sequencing kit (Applied Biosystems). Gene products were sequenced in
both directions or twice in the same direction whenever ambiguous sites were
encountered. Some sequences used in my analysis were obtained from previously
published studies (Table 1).

DNA sequences were initially aligned in Sequence Navigator (Applied

Biosystems). The alignments for the ribosomal genes required adjustments with

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



reference to proposed secondary structure models (De Rijk et al. 2000, Van de Peer et al.
2000; Crease and Colbourne, 1998; Taylor, Finston aﬁd Hebert, 1998). Sites within the
ribosomal genes that were not easily aligned were excluded from subsequent analyses.
The sequence alignments are available from the Cladoceran website
(http://www.cladocera.uoguelph.ca).
Phylogenetic analysis

In order to reconstruct the phylogenetic relationships of the ingroup taxa, I
concatenated the nucleotide sequence alignments for the three and six genes included in
the MT and MG datasets respectively. Tree-building was performed by maximum
likelihood (ML), Bayesian inference (BI) and maximum parsimony (MP). These three
techniques were used because concordance among different analytical approaches
strengthens support for the tree (Cunningham 1997) and because there are varied
opinions on how to best reconstruct phylogenies (Crandall et al. 2000). The best-fit
model of sequence evolution was selected by analyzing distance-based topologies with
hierarchical likelihood ratio tests using ModelTest 3.06 (Posada and Crandall 1998)
following the procedure outlined by Huelsenbeck and Crandall (1997). The ML analysis
was performed in PAUP* v4.0b10 (Swofford 2001) using the model and parameters
estimated in ModelTest and the heuristic search option (10 replicates, 1 tree held per
replicate, sequences added at random, branch swapping by nearest neighbour
interchanges, starting tree obtained by neighbour-joining).

The BI analysis was computed in the program MrBayes 2.01 and 3.0b4
(Huelsenbeck and Ronquist 2001). Again, the model and parameters estimated by

ModelTest were used for the analysis. Three indépendent runs, each consisting of four
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Markov chains, were run for 1 050 000 generations, with the first 50 000 generations
discarded as the burn-in. Each run was inspected to ensure that likelihood stationarity
was reached during burn-in, and that parameters and posterior probabilities were
consistent between runs. MP trees were estimated with PAUP* using the unweighted
heuristic search option (1000 replicates, 100 trees held per replicate, sequences added at
random, and tree bisection-reconnection branch swapping) on the parsimony-
informative sites.

I performed a goodness-of-fit (X*) test, as implemented in PAUP*, to test for
stationarity in base composition. I evaluated the strength of the phylogenetic signal in
the dataset by calculating the g; skewness statistic (Hillis and Huelsenbeck 1992) and
performing a relative apparent synapomorphy analysis (RASA) (Lyons-Weiler et al.
1996). To assess confidence in the phylogenies, I performed nonparametric
bootstrapping (100 pseudoreplicates for ML, 1000 for MP). Finally, incongruence
length difference (ILD) tests (Farris et al. 1994) were employed to determine the
congruence of phylogenetic signal from the different genes. These tests had no bearing
on my decision to combine the genes for a total evidence approach (Kluge 1989), but

instead, to investigate the nature of the phylogenetic signal (Remsen and DeSalle 1998).

Results
More taxa approach

The final alignment for the MT dataset was 1546 bp in length (689 variable
sites), comprised of 639, 353, and 554 bp long fragments of COL, 168, and 18S,

respectively. The hierarchical likelihood ratio tests indicated that the best-fit model for
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subsequent analysis was the general time reversible model with invariable sites and
gamma shape parameter (GTR + I + G) with the following parameters selected: unequal
base frequencies: A = 0.34, C‘= 0.14, G=0.13, T=0.39; six substitution categories:
A—C=0.46; A>G=4.85A-T=0.72,C-G=1.05,C-»T=5.97, G->T =1.00;
proportion of invariant sites = 0.48; and gamma distribution shape parameter = 0.40.

The Bayesian and maximum likelihood analyses produced nearly the same
topology (Fig. 2). The node support, assessed with posterior probabilities, was generally
high (> 80) for nodes at the family level and above. The parsimony analysis resulted in
26 equally parsimonious trees with a length of 6536 steps (consistency index = 0.18;
retention index = 0.40). In contrast to the Bl and ML tree, the parsimony analysis failed
to recover several nodes (bootstrap percentages < 50) such as the Cladocera and
Anomopoda (Fig. 3).
More genes approach

The length of the final alignment for the MG dataset, including the 1546 bp from
the MT dataset, was 4096 bp (1543 variable sites). The sequence data, taken from
GenBank and previous studies (Table 1), consisted of 1300 bp of 288S, 250 bp of 128,
and 1000 bp of EF-1a. The best-fit model selected for this dataset was also the GTR +1
+'G model, with the following parametérs: unequal base frequencies: A =0.25,C=
0.23, G=0.26, T = 0.26; six substitution categories: A—C =1.09; A—~G =473, A>T
=422, C—>G =142, C->T =945, G—T = 1.00; proportion of invariant sites = 0.45;
and gamma distribution shape parameter = 0.69.

All three tree-building approaches used on the MG dataset produced an identical

topology (Fig 4). There was a single most parsimonious tree that is 4950 steps in length
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(consistency index = 0.48; retention index = 0.35) with only two nodes not recovered
with bootstrap support > 50 (Spinicaudata + Cladoceromorpha and Chydoridae +
Daphniidae). In general, all three trees had modest to strong node support.
Comparison of approaches

The two approaches to taxon sampling had a significant impact on the specific
hypotheses supported by the results, as well as the strength of these nodes (Table 2). To
a lesser extent, and mostly Iimitedrto the MT dataset, the tree building approach also
impacted the outcome (Table 2). In general, the MT dataset provided good resolution of
relationships at the family level and below, but only moderate or poor resolution of
deeper divergences. The MG dataset on the other hand, provided good resolution of
interordinal divergences, particularly within the Cladoceromorpha. However, there was
disagreement between the two approaches on several important nodes, for example, the
position/monophyly of Cladocera and Gymnomera (Table 2).

It is likely that several factors contribute to the discrepancies in topology
obtained with the two datasets. The MG dataset is roughly twice as large as the MT
dataset, both in variable and parsimony informative characters (Table 3). My
calculation of the g; skewness statistics, and the RASA test statistics (Table 3) indicate
that there is significant phylogenetic signal in the two datasets, likely ruling this out as a
factor in their incongruence. In contrast, chi-square tests (Table 4) provide evidence for
heterogenous nucleotide composition across the taxa in the MG dataset, which appears
to derive from the two protein-coding genes. In addition, the partition homogeneity tests
indicated heterogengeity of phylogenetic signal from the various genes. I detected

significant heterogeneity (p < 0.01) in all comparisons performed: all 3 genes (MT
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dataset), all six genes (MG dataset), mitochondrial genes only, nuclear genes only,

protein-coding genes only, and ribosomal genes only.

Discussion
Branchiopod interordinal affinities

This study provides support for a number of longstanding hypotheses concerning
higher level branchiopod relationships. The monophyletic status of Anostraca,
Notostraca, Laevicaudata, and Spinicaudata (excluding Cyclestheria) are supported in all
analyses and using both datasets, consistent with recent studies (e.g. Braband et al.,
2002; Spears and Abele, 2000). The Cladocera is also found to be monophyletic with
the MG dataset and in the maximum parsimony analysis of the MT dataset. Conversely,
the clam shrimp Cyclestheria groups among the Cladocera in the maximum likelihood
and Bayesian trees constructed from the MT dataset, rendering the latter paraphyletic.
The low node support of this placement, and the deep divergences in the MT trees in
general, cause us to favour cladoceran monophyly and instead interpret this as support
for the Cladoceromorpha concept (Ax, 1999). All other trees support a Cyclestheria +
Cladocera sister group relationship, which now seemé uncontroversial (e.g. Crease and
Taylor, 1998; Spears and Abele, 2000; Swain and Taylor, 2003).

As in Braband et al. (2002) and Spears et al. (2000), I am unable to determine the
exact relationships among the large branchiopod orders. The MG dataset suggests that
the Laevicaudata may be the sister clade to the remaining groups of the Phyllopoda,
whereas maximum parsimony analysis of the MT dataset places it as the sister group to
the Notostraca. Both of these hypotheses are congruent with the analysis of Braband et

al. (2002). Also consistent with Braband et al. (2002), as well as Spears and Abele
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(2000), 1s the close affinity between Spinicaudata and Cladovceromorpha suggested by
analysis of the MG dataset. This suggestion challenges the traditional “Conchostraca”
taxon (Negrea et al., 1999; Schram, 1986; Walossek, 1993), but requires further
confirmation.

Relationships within the Cladocera

My analysis also provides support for previous hypotheses concerning
relationships within the Cladocera. Inferences employing both of the datasets and all
three tree-building approaches support the monophyly of the orders Onychopoda,
Ctenopoda, and Anomopoda. The MG analysis further supports two other hypotheses;
the Calyptomera, comprised of the Ctenopoda and the Anomopoda (Negrea et al., 1999;
Spears and Abele, 2000), and the Gymnomera (e.g. Richter et al., 2001; Swain and
Taylor, 2003). In addition, the sister grouping of Calyptomera and Gymnomera is very
well-supported, providing a new hypothesis of cladoceran relationships.

The taxon sampling within the Anomopoda in my MT dataset allows inferences
about the affinities within this large order. Firstly, it would appear that the Moinidae, -
recently demoted to subfamily status within the Daphniidae (Fryer, 1995; Olesen, 1998),
actually warrant their traditional family status, since they appear most closely related to
the Bosminidae (ML and BI), and perhaps some macrothricid lineages (MP). Secondly,
the two speciose families, Chydoridae and Macrothricidae, are paraphyletic under all
methods, suggesting that a revision of these two families is needed before anomopod

affinities can be clarified.
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Strategies of taxon and gene sdmpling

How best to approach data collection for phylogenetic estimation remains a
contentious issue and incomplete taxon sampling is often cited as a major source of error
in phylogenetic studies (reviewed in Graybeal, 1998; Poe, 1998; Pollock et al., 2002;
Rosenberg and Kumar, 2001). Increasing taxon sampling (e.g. Pollock et al., 2002) or
increasing sequence length (e.g. Rosenberg and Kumar, 2001) are two opposing
strategies, each possessing merit and empirical support. In the present study, I naturally
do not have the ‘true phylogeny’ with which to determine with certainty the superior
strategy, but I can evaluate them with three metrics that are possessed: node support,
congruence across phylogenetic techniques, and ability to reconstruct generally accepted
and well-supported relationships. For addressing phylogenetic affinities above the
family level, it is apparent that the ‘more genes’ approach provides stronger support on
the nodes shared in both datasets, shows greater congruence across tree-building
methods (evident by the inference of the same topology with all three techniques), and
displays a better ability to reconstruct well-supported relationships (e.g. Cladocera and
Gymnomera). Previous work suggests that for any given phylogenetic problem, there is
a threshold amount of sequence data below which an increase in taxonomic sampling
does not improve, or may even decrease, phylogenetic accuracy (Cummings et al., 1995;
Mindell et al., 1997). Following this suggestion, it is unclear if the threshold was
reached in the present study with 6 genes, but it is almost certain that it was not reached
with 3 genes. For this reason, future work will likely benefit most from increased
sequence sampling for the currently used exemplar taxa, as opposed to more extensive

taxon sampling.
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Conclusions
In summary, I have provided the most comprehensive molecular study of

branchiopod relationships to date, both in terms of taxonomic representation and the
amount and diversity of sequence data. My study highlights the importance of sampling
strategies for future investigations of branchiopod systematics, as well as phylogenetic
analyses in general. A few details of the branchiopod phylogeny remain incomplete,
particularly near the root of the Phyllopoda and among families within the Anomopoda,
but the lineage relationships have been clarified. In the near future, we may attain a
complete and robust phylogeny, finally providing the vantage point needed to interpret

- the striking morphological reconfigurations of the branchiopods that hampered the

creation of a phylogeny in the first place.
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Table 3. Sequence statistics for the more taxa (MT) and more genes (MG) datasets.
Variable and parsimony informative characters and results of the g1 skewness test and
RASA test for each dataset is given.

Dataset Taxa bp  Variable Informative g} P trAsA p
sites sites statistic
MT dataset 56 1546 686 588 -0.52 <0.01 159  <0.001
MG dataset 17 4096 1543 1087 -0.94 <0.01 12.8  <0.001
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Anostraca prememnees - Gy ClOStherTia
_ Notostraca ] _ Anomopoda ]
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Cladocera
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—E Gymnomera
e CycClestheria Onychopoda
Cladocero- o
e Cladocera morpha

Fig. 1. Currently accepted phylogeny of the class Branchiopoda. (A) Relationships of
the ‘large branchiopod’ orders and the Cladocera. (B) Relationships among the
cladoceran orders. Affinities that have not been reliably resolved are drawn as
polyphyletic.
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Simocephalus vetulus Cladocera
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Acantholeberis curvirostris
Eurycercus glacialis
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Alonella exigua
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Fig. 2. Phylogenetic relationships of the Branchiopoda as determined by maximum
likelihood analysis (-InL = 35100.7) of the combined COI, 16S and 18S (‘more taxa’)
dataset for 56 taxa. The Bayesian inference tree was of identical topology except for
two nodes that were left unresolved and are marked by asterisks (*). The tree was
rooted with the outgroup Anaspides tasmaniae. Branch lengths are proportional to
reconstructed distances. Posterior probabilities are given for the nodes at the family
level or above.
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Fig. 3. Phylogenetic relationships of the Branchiopoda as determined by maximum
parsimony of the combined COI, 16S and 18S (“more taxa’) dataset for 56 taxa. The
majority rule consensus cladogram of the 26 equally parsimonious trees (length = 6536)
is shown. The tree was rooted with the outgroup Anaspides tasmaniae. MP bootstrap
percentages are given for the resolved nodes with values > 50.
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Fig. 4. Phylogenetic relationships of the Branchiopoda as determined by Bayesian
inference of the combined COI, 168, 188, 28S, 128, and EF-1a (‘more genes’) dataset
for 17 taxa. Topologies of the maximum likelihood tree (-InL = 29471.7) and the single
most parsimonious tree (length = 4950) were identical. The tree was rooted with the
anostracan Artemia franciscana. Branch lengths are proportional to reconstructed
distances. Branch support values are given for all nodes and are given as BI posterior
probabilities / ML bootstrap probabilities / MP bootstrap probabilities. A dash (-)
indicates a MP bootstrap probability of < 50.
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CHAPTER 2

UV exposure, the planktonic lifestyle, and accelerated rates of
molecular evolution
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Abstract

Increased exposure to ultraviolet (UV) radiation may cause tremendous damage
to aquatic organisms. The most severe biological effect that UV radiation imposes on
biological systems is damage to genomic DNA, and previous studies have linked this
UV-induced mutagenesis to increased rates of molecular evolution. I tested for an
aséociation between UV exposure and rates of molecular evolution by investigating
several planktonic animal groups under the assumption that pelagic organisrhs should
have an elevated exposure to solar radiation in comparison to their benthic relatives. The
results provided clear evidence that pelagic organisms in a diverse range of lineages
have an increased rate of nucleotide substitution relative to their benthic allies.
Furthermore, the results suggested that the increased mutagenesis may be linked to the

formation of UV-induced photoproducts.
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Introduction

Recent concerns over ozone depletion and the subsequent increase in UV
radiation exposure have generated a flux of research examining the effects of UV
radiation on the biosphere (e.g. Tevini 1993; Biggs and Joyner 1994). Ultraviolet-B
(UV-B) radiation (280-315 nm), the most energetic and biologically destructive solar
radiation (Molina and Molina 1986), has been shown to have adverse consequences fora
wide range of organisms (e.g. Witkin 1976, Bernstein 1981, Hatnes and Kunz 1981,
Friedberg et al. 1995). In the world’s oceans and inland water bodies, UV-B radiation
often penetrates deeply, potentially causing biological damage to depths below 30m
(Smith and Baker 1979; Calkins and Thordardottir 1980; Karentz et al. 1991; Smith et
al. 1992; Calkins 1982). Studies have demonstrated that elevated UV-B levels have a
detrimental effect on both primary producers (e.g. diatoms) (reviewed in Weiler and
Penhale 1994) and heterotrophs (ichthyoplankton and krill) (Malloy et al. 1997),
confirming suggestions that changes in UV-B exposure may perturb ecosystems as a
whole (Karentz 1991; Roberts 1989).

UV-B radiation affects cellular systems in numerous ways, including the
induction of photoreactions in proteins, lipids, membranes, and nucleic acids (Sauerb’iér
1976; Kantor and Hull 1979; Harm 1980; Tevini 1993). This may have severe
repercussions for the organism, impeding cellular processes such as replication,
transcription, cell division, transport, and photosynthesis (Strid et al. 1994; Lesser 1996;
Hoetjmakers 2001). The most severe long-term biological effect that UV-B radiation
imposes on biological systems is damage to genomic DNA. DNA exposed to UV-B

photons results in a variety of damaging photoproducts, including cross-links and strand
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breaks, and the most significant in terms of prevalence and injury, the formation of |
cyclobutane pyrimidine dimers (CPDs) (Friedberg et al. 1995). CPDs and other DNA
lesions may be repaired or tolerated (reviewed in Friedberg et al. 1995; Hoeijmakers
2001; Friedberg 2003), or prevented in advance by a variety of behavioural,
physiological or chemical mechanisms (reviewed in Epel 2003), but such processes
impose costs and may decrease fitness. Furthermore, prevention and repair is not
without error; mutations persist, providing new genetic diversity.

This link between increased UV-B radiation and mutagenesis has led to the
hypothesis that ultraviolet radiation may contribute to the heterogeneity in molecular
evolutionary rates between taxonomic lineages. For example, molecular studies on
foraminiferans (Pawlowski et al. 1997) and diatoms (Kooistra and Medlin 1996) have
revealed accelerated rates of evolution in planktonic taxa compared to their benthic
relatives. Sea urchins (Smith et al. 1992) and branchiopod crustaceans (Hebert et al.
2002) also display accelerated substitution rates that are consistent with a ‘UV exposure
hypothesis’. Lutzoni and Pagel (1997) not only demonstrated that “UV-exposed’
lineages _o'f fungi have an increased molecular rate, but also that they have a higher
proportion of nucleotide substitutions at AA and TT sites, signatures of the formation of
CPDs. Beyond these few and unrelated groups, little work has been dedicated to
investigating the apparent association befween UV-B radiation and molecular rates of
evolution. |

The present study tests the hypothesis that increased UV-B radiation exposure is
associated with a higher rate of molecular evolution. I test this hypothesis by examining

several planktonic animal groups under the assumption that pelagic organisms should
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have an elevated exposure to solar radiation in comparison to their benthic counterparts.
The results of my comparative approach strongly support the hypothesis, and I find
some preliminary evidence that the increased mutagenesis may be linked to CPD

formation.

Materials and Methods
Taxonomic sample and independent comparisons

I selected the largest possible number of phylogenetically independent
comparisons (Felsenstein 1985; Harvey and Pagel 1991) to test for an association
between molecular rate of evolution and a planktonic lifestyle in the animal kingdom.
Each comparison involved two groups of taxa to be compared and a third ‘outgroup’
taxon that was closely related to this monophyletic pair. This comparative approach
involves the selection of comparisons that do not overlép in evolutionary history,
allowing each comparison to contribute one data point for statistical analysis. This
approach eliminates the type I and type II errors that can occur when phylogenetic bias
is ignored (Harvey and Pagel 1991). I maximized the relatedness between the two
clades being compared, and between this pair and the outgroup, to increase the power
and resolution of the analyses (Muse and Weir 1992; Moran 1996). To choose the
independent comparisons for this study, I used well-supported phylogenies to select
conservative monophyletic pairs (see Bromham et al. 1996; Bromham 2002).

I selected independent contrasts that were composed of a planktonic clade, a
benthic sister clade and a closely-related outgroup. Some planktonic groups were not

included in this study due to the lack of consensus on their phylogenetic placement.
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Examples of planktonic taxa not analyzed include the arrow worms (Chaetognatha),
copepods (Crustacea: Copepoda) and bristleworms (Annelida: Polychaeta). In total,
eight independent comparisons of a planktonic versus benthic clade were identified
(Table 1) spanning 4 phyla and 5 classes.
Sequence data

For both the planktonic and benthic clades within each independent comparison,
I obtained sequence data from one or two genes, and sequences for between one and
four species for each gene. I attempted to maximize the amount of sequence data being
compared, but were often limited by either the availability of specimens or sequences.
Each comparison was composed of an equal number of planktonic and benthic taxa to
prevent an inaccurate measurement of substitution rate that can be caused by a node
density effect (see Bromham et al. 2002). Furthermore, I attempted to both maximize
taxonomic breadth for each clade and to use the same taxa for both genes when possible.

I selected one mitochondrial and one nucléar gene for my analysis: the
mitochondrial protein-coding gene cytochrome oxidase subunit 1 (COI) and the nuclear
small subunit ribosomal RNA gene (18S). The sequence data for the two genes were
obtained from Genbank or determined by the following procedure. Genomic DNA was
extracted using 50 pl of proteinase K extraction buffer according to the protocol of
Schwenk et al. (1998) or using the GenElute™ Genomic DNA Miniprep Kit (Sigma)
following the manufacturer’s instructions (ﬁnai product suspended in 30 pl of water).
For amplification of the two genes, I used the primer pairs LCO1490/HCO2198 (Folmer
et al. 1994) for an approximately 680 base pair (bp) fragment of COI and 1F/5R (Giribet

et al. 1996) for ~950 bp of 18S. The 50 ul PCR reactions contained 0.5-2.0 ul of DNA
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template, 4.5 pl 10X PCR buffer, 0.5 pl (10 uM) of each primer, 2.5 pl (50mM) MgCl,,
0.25 pl (0.2 mM) dNTPs, and 0.2 pl Tag DNA polymerase. The PCR conditions for COI
consisted of 3 min at 94°C, followed by 35 cycles of 30 s at 94'C, 30 s at 40-50'C, and 1
min at 72", followed by a final step of 5 min at 72°C. The PCR conditions for 18S
consisted of an initial step at 95 °C for 5 min, 35 cycles of 45 s at 94 'C, 30 s at 40-50 C,
and 1 min at 72°C, followed by a final step of 5 min at 72 "C. PCR products were
sequenced directly or were purified using the Qiaex II gel extraction kit (Qiagen Inc.)
following the manufacturer’s instructions. Products were sequenced using an ABI 377
automated sequencer and ABI prism BigDye terminator 3 and 3.1 sequencing kits
(Applied Biosystems).

The sequence data for each comparison were aligned separately for each gene.
Sequences for the protein-coding gene COI were easily aligned by eye, guided by the
translated amino acids; this was performed in the program Bioedit (Version 5.0.9) (Hall
1999). The ribosomal 18S gene was initially aligned using ClustalX (Version 1.81)
(Thompson et al. 1997), and then manually adjusted in BioEdit. To eliminate
ambiguous positions in the 18S alignments, I used Gblocks (Version 0.91b) (Castresana
2000) with program defaults.

Relative rates analysis .

For each comparison, I estimated the rate of nucleotide substitution for the
planktonic group and the benthic group. This was performed by employing relative rate
tests (RRTs) (Sarich and Wilson 1973) on each alignment. RRTs have been shown to
perform relatively poorly at diagnosing rate constancy within a phylogeny, or significant

departures from it, (Bromham et al. 2000), but they are a straightforward and effective
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method for comparing rate differences between a priori-defined lineages (Mooers and
Harvey 1994; Bromham et al. 1996; Bromham 2002; Bromham and Cardillo 2003).
RRTs were corﬁputed with PHYLTEST (Kumar 1996) which calculates the two-cluster
RRT of Takezaki, Rzhetsky, and Nei (1995), providing an estimate for the rate of each
of the two groups in substitutions per site since their divergence. I selected the Kimura
2-parameter (K2P) (Kimura 1980) distance metric for all analyses. In addition, I
calculated the substitution rates while accounting for among-site rate heterogéneity since
failing to do so may lead to misleading results (Slowinski and Arbogast 1999) The
gamma parameter was calculated for each alignment using DAMBE (Version 4.2.8)
(Xia and Xie 2001) and then entered as the value for the K2P + gamma option in
PHYLTEST.
Nucleotide and dinucleotide frequency analysis

As in Lutzoni and Pagel (1997) and Hebert et al. (2002), I explored the base
composition of nucleotides and dinucleotides for evidence of CPDs induced by UV-B
radiation. I computed the proportion of thymine residues and thymine dimers within the
planktonic clade versus the benthic/sedentary clade using DAMBE (Xia and Xie 2001).
Tests of association

I performed one-sided sign tests and one-sided Wilcoxon signed ranks tests using
SYSTAT (Version 8.0) (SPSS Inc.) to test for associations of a planktonic lifestyle with
molecular rate and nucleotide and dinucleotide frequencies. For all tests, I used a

significance level of a = 0.05.
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Results

A significant association between a planktonic lifestyle and an accelerated rate of
molecular evolution was observed for both the COI and iSS genes. For COJ, all eight of
the relative rate calculations revealed acceleration in the planktonic lineage (Table 2).
Repeating the RRTs with K2P + gamma distances to account for among site rate
heterogeneity produced nearly identical results (data not shown). Comparisons for the
18S gene were slightly less significant with 5 of 6 comparisons showing accelerated
rates in the planktonic clade (Table 2), regardless of the distance measure used.

If CPD formation contributed to the higher substitution rate in planktonic
lineages, one would expect a higher incidence of both thymine bases and thymine
dimers since the predominant mutations arising from CPD formation are C—T and
CC—TT events (Brash et al. 1991; Zieglér et al. 1993). There was no overwhelming
trend in the comparisons, but all of the contrasts favour the hypothesis (Table 3). In
particular, five of six 18S comparisons display a higher content of thymine residues in
the planktonic clades and four of five display a higher thymine dimer concentration.
Although not conclusive, these results suggest that CPD formation has contributed to the

rate acceleration seen in the planktonic lineages.

Discussion
Rate acceleration and UV radiation

The present study provides the first comprehensive test of the hypothesis that
increaéed UV-B radiation exposure is associated with a higher rate of molecular
evolution. My results provide clear evidence that pelagic organisms in a diverse range

of lineages have an elevated rate of nucleotide substitution in comparison to their
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benthic relatives. This acceleration was observed in both mitochondrial and nuclear
DNA, as well as in a protein-coding and a ribosomal gene. The general evidence for an
increased substitution rate, across both genomes and varied gene types, is expected by an
UV-induced increase in mutation rate. Furthermore, the association was even observed
in the freshwater comparison (Branchiopoda), where one might expect the effects of
UV-radiation to be attenuated by dissolved organic compounds (Xenopoulos and
Schindler 2001).

The present study reinforces prior results suggesting that UV-B radiation is a
contributing factor to the enhanced substitution rate apparent in some lineages. The
biased nucleotide and dinucleotide compositions in the pelagic groups may be the
signatures of cyclobutane pyrimidine excision and thus, provide supporting evidence of
UV-induced mutagenesis (Brash et al. 1991; Ziegler et al. 1993). Although my results
are dependent on the phylogenetic relationships implied by the cofnparisons, the
association is consistent with previous studies (Smith et al. 1992; Hebert et al. 2002)
including those investigating even more divergent groups (foraminiferans, Pawlowski et
al. 1997; diatoms, Kooistra and Medlin 1996). The generality of this association
between a planktonic lifestyle and an accelerated rate of molecular evolution is so broad
that is very unlikely to be artifactual.

Alternative reasons for rate acceleration in plankton

The acceleration of molecular substitution rate in plankton might also reflect the
higher metabolic rate of plankton compared to benthic taxa. Increased metabolic rate
leads to an increased generation of oxygen radicals, known to damage DNA, providing a

mechanistic basis by which a higher metabolism can accelerate rates of molecular
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evolution (Martin and Palumbi 1993; Rand 1994). Unfortunately, there are no
comparative data on the relative metabolic rate in planktonic versus benthic animals.
However, I might infer that it is higher in most planktonic groups, since metabolic rate is
negatively correlated with depth of occurrence in marine organisms (reviewed in
Childress 1995). But, regardless of whether or not this inference is correct, there is very
limited empirical support for the metabolic rate hypothesis. The few studies that have
revealed a positive correlation between metabolic rate and substitution rate (e.g. Martin
and Palumbi 1993; Bleiweiss 1998) have been questioned for their failure to account for
phylogenetic bias or multiple substitutions (Slowinski and Arbogast 1999; Bromham
2002), and, in at least one case, reanalyzing the data appropriately resulted in no
association (Slowinski and Arbogast 1999). Furthermore, studies that have adequately
accounted for phylogenetic nonindependence and multiple substitutions have
demonstrated that no correlation exists, at least for birds (Mooers and Harvey 1994),
rodents (Rowe and Honeycutt 2002), and other mammals (Bromham et al. 1996).
Therefore, currently available data do not support increased metabolic rate as a plausible
cause for the observed rate acceleration in plankton.

In addition, the open water environment might select for certain other
characteristics in its pelagic inhabitants, which could, in turn, influence rates of
molecular evolution. In contrast to the benthos, the pelagic environment is dominated
by abiotic-biotic interactions and stochastic environmental conditions (Rigby and
Milsom 2000). This has fostered the long-term coexistence of species due to an
unusually low amount of inter- and intra-specific competition (Ghilarov 1984; Rigby

 and Milsom 2000). Additionally, pelagic organisms, particularly those with long-lived
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planktonic larvae, generally have greater dispersal capabilities and larger geographic
ranges. But these characteﬁstics should in theory decrease the rate of molecular
evolution in these lineages. It is benthic taxa, with greater competition and smaller and
sub-divided populations that should tend to form genetically isolated populations with
increased localized selection, potentially leading to accelerated rates of evolution (Ohta
1976; DeSalle and Templeton 1988). For this reason, and with a lack of support for the
metabolic rate hypothesis, exposure to UV-B radiation remains the best explanation for
the observed rate acceleration in planktonic organisms.
Future directions

To advance this work and further test the hypothesis that UV-exposed organisms
have an elevated rate of molecular elevation, two lines of future work would be useful.
First of all, an expansion of both taxa and sequence data would be valuable. Once the
phylogenetic affinities of numerous planktonic lineages within the Metazoa are resolved
(e.g. chaetognaths, copepods, polychaetes), it will be possible to increase the number of
comparisons. In addition, comparisons could be added from outside the Metazoa,
including the reanalysis of groups that have previously been investigated (Pawlowski et
al. 1997; Kooistra and Medlin 1996). The analysis of additional genes (e.g.
mitochondrial ribosomal and/or nuclear protein-coding genes) would also be valuable,
providing a further evaluation of the extent of the UV-induced mutagenesis. Secondly,
it would be worthwhile to concentrate on one or more of the rate accelerated planktonic
groups identified in this study and increase the taxonomic sampling of both benthic and
planktonic taxa. A comparison of th¢ patterning of interspecific and intraspecific

genetic diversity would enable a more precise indication of the extent of rate variation.

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Furthermore, it would allow reconstruction of the evolution of each nucleotide and
dinucleotide site (as in Lutzbni and Pagel 1997), enabling verification that substitutions
are occurring more rapidly at dipyrimidine sites, and that substitutions that eliminate
dipyrimidine sites are favoured. Carefully designed studies following these suggestions

will further elucidate the cause and generality of this association.
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Table 1. Phylogenetically independent comparisons used in this study.

Taxonomic group Comparison Groundplan Phylogeny
biology /biology reference(s)

Cnidaria Hydromedusae Marine/planktonic Bridge et al. 1995
Anthozoa Marine/sedentary  Collins 2002
Diptera (COTY/ Outgroup
Ctenophora (18S)

Opisthobranchia ~ Thecosomata/ Marine/planktonic Dayrat et al. 2001
Gymnosomata
Aplysiidae Marine/benthic
Architectibranchia (COIL)/ Outgroup
Cephalaspidea (18S)

Branchiopoda Daphniidae FW/planktonic Chapter 1
Chydoridae/ FW/benthic Taylor et al. 1999
Macrothricidae
Cyclestheriidae Outgroup

Amphipoda Hyperiidea Marine/planktonic  Berge et al. 2003

: Gammaridea Marine/benthic

Caprellidea Outgroup

Dendrobranchiata Sergestoidea Marine/planktonic  Schram 2001
Penaeoidea Marine/benthic
Astacidea Outgroup

Eucarida Euphausiacea Marine/planktonic  Schram 2001
Decapoda Marine/benthic
Cumacea Cutgroup

Ostracoda Myodocopa Marine/planktonic  Cohen et al 1998
Podocopa Marine & Martin & Davis 2001

FW/benthic

Cirripedia Outgroup

Urochordata Appendicularia Marine/planktonic Wada 1998
Ascidiacea Marine/sedentary  Stach & Turbeville
Cephalochordata Outgroup - 2002
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Table 2. Relative rate calculations for 8 independent comparisons using nucleotide data.
The ratios of the planktonic branch length to the benthic branch length (AR) were
calculated for the genes COI and 18S. Results of the one-tailed sign tests and Wilcoxon
signed-ranks tests of the null hypothesis for each gene are given, where the null
hypothesis states that increases in molecular rate are equally likely to be associated with
a planktonic or benthic lifestyle. '

# Taxonomic group ARcor ARjss

1  Cnidaria 1.16 1.04

2 Opisthobranchia 1.94 2.07

3 Branchiopoda 1.02 1.36

4  Amphipoda 1.46 -

5  Dendrobranchiata 1.52 -

6 Eucarida 1.23 0.92

7  Ostracoda 1.83 1.10

8 Urochordata 1.46 1.85

Supportive comparisons 8of8 50f6

Sign test p=0.004 p=0.110

Wilcoxon test p =0.006 p=0.038
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Table 3. Nucleotide and dinucleotide frequency data for the COI and 18S comparisons.
Thymine content (T) and thymine dinucleotide content (TT) was determined for the
planktonic and benthic clade of each comparison for both genes. Results of the one-
tailed sign test and Wilcoxon signed-ranks test of the null hypothesis are given, where
the null hypothesis states that biases in T or TT content are equally likely to be
associated with a planktonic or benthic lifestyle.

Taxonomic group Contrast COl 18S
T 1T T TT
1- Cnidaria Hydromedusae 0362  0.133 0.274  0.086
Anthozoa 0.381 0.163 0.271 0.086
2- Opisthobranchia ~ Thecosomata/Gymnosomata 0.395  0.156 0.257  0.071
Aplysiidae 0411  0.179 0.250  0.068
3- Branchiopoda Daphniidae 0342  0.149 0.228  0.056
Chydoridae/Macrothricidae 0.338  0.134 0.232  0.058
4- Amphipoda Hyperiidea 0433  0.204
Gammaridea 0.351 0.137
5- Dendrobranchiata  Sergestoidea 0.380  0.150
Penaeoidea 0.353  0.137
6- Eucarida Euphausiacea’ 0.358  0.137 0.244 0.071
Decapoda 0.337  0.130 0.241 0.069
7- Ostracoda Myodocopa 0344 0.134 0.252 0.070
Podocopa 0.338 0.131 0.243 0.065
8- Urochordata Appendicularia 0.607  0.150 0.270  0.089
Ascidiacea 0427  0.200 0.246  0.077
Supportive comparisons = 60f8 S50f8 50f6 4of5
Sign test one-sided: p = ' 0.144  0.364 0.110  0.188
Wilcoxon one-sided: p = 0.062 0.5 0.058 0.04
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CHAPTER 3

Fallout from an arms race: Accelerated and miniaturized genomes in
metazoan parasites
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Abstract

The transition to a symbiotic habit has been linked to accelerated rates of
molecular evolution in numerous taxonomic lineages. This association has been shown
for mutualistic symbionts, but it is unclear if it also exists for antagonistic symbionts, or
parasites. Itested whether parasitic lineages have an increased rate of molecular
evolution in comparison with their free-living relatives by performing a comprehensive
comparative analysis of 21 phylogenetically independent contrasts. The results clearly
demonstrated a generalized genomic acceleration due to the transition to a parasitic
lifestyle, for both mitochondrial and nucléar DNA, and in both protein-coding and
ribosomal genes. By exploring the patterns of sequence evolution, with reference to
previous work, I inferred that the enhanced substitution rate is most likely a consequence
of a genetic arms race between host and parasite. In addition to accelerated sequence
evolution, this study provided evidence that parasites are experiencing other genome-

wide changes, such as a reduction in DNA content.
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Introduction

It has long been recognized, and is now generally accepted, that rates of
molecular evolution vary widely across taxonomic lineages (e.g. Britten 1986; Vawter
and Brown 1986; Li and Tanimura 1987; reviewed in Mindell and Thacker 1996, Li
1997). It is also well established that a variety of organismal characteristics —
ecological, physiological, and genomic — are correlated with incidents of rate variation.
Hence, an understanding of the interplay between several variables is required to explain
the differences in rates of molecular evolution among lineages. The most significant and
general traits identified, each with a sound mechanistic basis, are generation time (Wu
and Li 1985, Li et al. 1996), population size (Ohta 1972), DNA repair efficiency (Britten
1986), and metabolic rate (Martin and Palumbi 1993; Rand 1994). Unfortunately, the
comparative dat;l necessary to determine the relative contributions of these variables to
rate heterogeneity in species lineages is sparse for most taxonomic groups (e.g.
invertebrates) (Bromham et al. 1996).

Deeper insights into the factors modulating rates of evolution can be gained by
systematic comparisons betweén allied lineages differing in key biological attributes.
One such pattern is the transition to a symbiotic existence. The adoption of this lifestyle
has occurred repeatedly and has been linked to elevated rates of substitution in symbiotic
organisms relative to their free-living counterparts. Most past work has concentrated on
mutualistic symbionts, ‘largely bacteria. Numerous proteobacterial mutualists (e.g.
Buchnera) (Moran 1996; Itoh et al. 2002; Woolfit and Bromham 2003), other
eubacterial endosymbionts (Woolfit and Bromham 2003), and a protist mitochondrion

(TItoh et al. 2002) all clearly exhibit accelerated molecular rates. Moreover, this
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association also seems to hold in eukaryotes, where basidiomycete (Lutzoni and Pagel
1997) and ascomycete fungi (Woolfit and Bromham 2003) and aphid ‘inquilines’ (Miller
and Crespi 2003) provide further examples of increased substitution rates when
mutualists are contrasted with their free-living sister groups. The proposed reasons for
this association include Muller’s ratchet (Moran 1996), the fixation of slightly
deleterious mutations in smaller effective populations (Lambert and Moran 1998;
Woolfit and Bromham 2003; Miller and Crespi 2003), and/or an enhanced mutation rate
(Itoh et al. 2002).

There is also evidence to suggest that antagonistic symbionts (i.e. pathogens and
parasites) show accelerated rates of molecular evolution. Parasitic bacteria Wolbachia
(Moran 1996), parasitic plants (Nickrent and Starr 1994), lice (Hafner et al. 1994; Page
et al. 1998; Johnson et al. 2003; Yoshizawa and Johnson 2003), parasitic wasps (Dowton
and Austin 1995; Castro et al. 2002) and at least one parasitic fly lineage (Castro et al.
2002) display elevated rates of substitution. Once again, Muller’s ratchet (Moran 1996)
and slightly deleterious mutation theory have been proposed as an explanation for the
rate acceleration (Dowton and Austin 1995; Page et al. 1998; Castro et al. 2002).
However, this trend could also be explained by a “genetic arms race” (Dowton and
Austin 1995; Page et al. 1998). The intimate and conflicting relationship between
parasite and host may engender an acceleration of adaptive evolution, resulting from
either the Red Queen process (Van Valen 1973), or through selection for an increased
rate of mutation (Haraguchi and Sasaki 1996). Since these mechanisms are not mutually
exclusive, they may jointly contribute to the likelihood of a general link between

molecular rate acceleration and parasitic lifestyles.
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The present study tests the generality of the association between accelerated rates
of molecular evolution and a parasitic lifestyle by exploring multiple independent
transitions to parasitism in the Metazoa. I perform a comparative analysis using
phylogenetically independent contrasts of parasitic taxa versus free-living sister taxa. In
addition, I explore other correlates of the transition to a parasitic lifestyle, including base
composition bias and genome size variation. Previous work has identified a higher A+T
content in the nuclear and/or mitochondrial genomes of numerous parasites, including
endosymbiotic microorganisms (Rocha and Danchin 2002; Woolfit and Bromham
2003), hymenopterans (Dowton and Austin 1995), and nematodes (Hugall et al. 1997).
Similarly, complete genome sequencing projects have revealed that genome reduction is
apparent in many bacterial pathogens and endosymbionts (Moran 2002; Wernegreen
2002), the only known parasitic archacon (Waters et al. 2003), and in parasitic
microsporidians (e.g. Katinka et al. 2001). Testing these hypotheses may provide
insight into the factors affecting rate variation across lineages, the evolution of

mutualistic lifestyles, and evolution of the gehome in general.

Materials & Methods
Taxonomic sample

The taxonomic sample was designed to enable a comparative analysis by the
phylogenetically independent contrasts method (Felsenstein 1985; Harvey and Pagel
1991). This procedure selects a maximum number of independent comparisons such
that no lineage is represented more than once, allowing each comparison to contribute

one data point for statistical analysis. This method entails selecting two groups of taxa
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to be compared, and a third ‘outgroup’ taxon that is more distantly related. To maximize
the power and resolution of the analyses, the two clades being compared should be
closely related to each other, as well as to the outgroup (Muse and Weir 1992; Moran
1996). To choose the independent comparisons for this study, I used published
phylogenies and selected conservative and monophyletic pairs (see Bromham et al.

1996; Bromham 2002).

I selected independent contrasts that comprised a parasitic clade, a free-living
sister clade and a free-living outgroup. I defined a parasite as an organism that both
spends a segment of its lifecyle in or on its host (Poulin and Morand 2000), and
decreases the fitness of its host. Itreat a clade as parasitic if the majority of its
constituents are parasitic. I was unable to incorporate certain parasitic groups into
phylogenetically independent comparisons for two reasons. Firstly, there exists little
consensus on the phylogenetic placement of several parasitic taxa (Zrzavy 2001). Taxa
not included for this reason include the twisted-wing parasites (Strepsiptera),
myzostomids (Myzostomida), tongue worms (Pentastomida), and the numerous parasitic
lineages within the ticks and mites (Acari). Secondly, other taxa that have a well
supported position in the metazoan tree lack a free-living sister clade for comparison.
Examples of this case include horsehair worms (Nematomorpha), and fleas
(Siphonaptera), sister taxa to the nematodes (Nematoda) and flies (Diptera),
respectively. Nematoda and Diptera each contain several parasitic lineages, a majority

of which are included in my analyses, precluding their use as sister taxa.
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Sequence data

For each independent comparison, I obtained sequence data from between one
and four genes, and for each gene, I employed between one and four sequences for both
the pafasitic and free-living clades. In all instances, I attempted to maximize the amount
of sequence data compared, but were limited by the availability of specimens and
sequences in online databases. Each comparison was composed of an equal number of
parasitic and free-living taxa to prevent overestimation of the molecular rate in lineages
with higher representation, which is linked to the node density effect (see Bromham et
al. 2002). In addition to this, I attempted to maximize taxonomic breadth for each clade
and to use the same taxa for multiple genes when possible.

The four loci chosen were the mitochondrial protein-coding gene cytochrome
oxidase subunit 1 (COI), the mitochondrial ribosomal gene 16S, the nuclear protein-
coding gene elongation factor I alpha (EF-1a), and the nuclear ribosomal gene 18S.
Sequences for the four genes were largely obtained from Génbank or from ongoing
sequencing projects (see below). However, additional sequences were determined by
the following procedure. Genomic DNA was extracted using 50 pl of proteinase K
extraction buffer aécording to the protocol of Schwenk et al. (1998) or using the
GenElute™ Genomic DNA Miniprep Kit (Sigma) following the manufacturer’s
instructions (final product suspended in 30 pl of water). The primer pairs for
amplification of the three loci were as follows: LCO1490/HCO2198 (Folmer et al. 1994)
for a 680 base pair (bp) fragment of COI; 16Sar/16Sbr (Palumbi er al. 1991) vfor a 570
bp fragment of 16S; and the primers 1F and 5R (Giribet et al. 1996) for approximately

950 bp of 18S. The 50ul PCR reactions contained 0.5-2.0 pul of DNA template, 4.5 pl
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10x PCR buffer, 0.5 ul (10 pM) of each primer, 2.5 ul (50mM) MgCl,, 0.25 ul (0.2 mM)
dNTPs, and 0.2 ul Taq DNA polymerase. The PCR conditions for COI and 16S
consisted of 1.5 min at 94°C, followed by 35 cycles of 45 s at 93°C, 1 min at 50°C, and 1
min at 72°, followed by one cycle of 5 min at 72°C. The PCR conditions for 18S
consisted of 1 cycle at 94 °C, 35 cycles of 30 s at 93 °C, 30 s at 50°C, and 3 min at 72 °C,
followed by one cycle of 5 min at 72 °C. PCR products were excised from agarose gels
and purified using the Qiaex II gel extraction kit (Qiagén Inc.), or were sequenced
directly subsequent to amplification. Products were sequenced using an ABI 377
automated sequencer and ABI prism BigDye terminator 3 and 3.1 sequencing kits
(Applied Biosystems).

Additional COI sequence data were obtained from ongoing nematode complete
genome sequencing projects (see Parkinson et al. 2003). Contigs, or clusters of contigs,
primarily derived from expressed sequence tags (ESTs) were queried for the COI gene.
For Caenorhabditis briggsae, 1 blasted the COI sequence of C. elegans against the C.
briggsae genomic DNA database on WormBase (http://www.wormbase.org). Two large
contigs with significantly close identity to the C. elegans complete genome were
selected and the COI gene (identical in the two contigs) was removed. I obtained the
COI gene for 3 further species by querying two databases for clusters putatively
identified as COIL: Ancylostoma caninum from NemaGene (http://www.nematode.net)
and Haemonchus contortus and Pristionchus pacificus from NemBase
(http://www.nematodes.org). In all instances, the sequences were taken from highly
redundant contigs or clusters which should remove the possibility they contain any

sequencing errors which are inherent in the generation of ESTs (Parkinson et al. 2003).
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The sequences for each sister taxon comparison, and for each gene, were aligned
separately. COI and EF-1a sequences were aligned by eye in Bioedit (Version 5.0.9)
(Hall 1999), whereas 16S and 18S were aligned using ClustalX (Version 1.81)
(Thompson et al. 1997) and manually adjusted, when necessary, in BioEdit. Gblocks
(Version 0.91b) (Castresana 2000) was then used to eliminate ambiguous positions in
the ribosomal alignments.

Relative rates analysis

For each comparison, I estimated the rate of nucleotide substitution in the
parasitic and free-living clades. This was performed by employing relative rate tests
(RRTs) (Sarich and Wilson 1973) on each alignment. RRTs perform relatively poorly at
diagnosing rate constancy within a phylogeny, as well as significant departures from it
(Bromham et al. 2000), but they provide a straightforward and effective method for
comparisons of rate differences between a priori-defined lineages (Mooers and Harvey
1994; Bromham et al. 1996; Bromham 2002; Bromham and Cardillo 2003). RRTs were
computed with PHYLTEST (Kumar 1996) which calculates the two-cluster RRT of
Takezaki et al. (1995), providing an estimate for the rate in each of the two groups in
substitutions per site since their divergence from a common ancestor. I selected the
Kimura 2-parameter (K2P) (Kimura 1980) distance metric for all analyses. In addition, 1
followed the advice of Slowinski and Arbogast (1999) and calculated the relative rates
while accounting for among-site rate heterogeneity. This was accomplished by first
calculating the gamma parameter for each alignment using DAMBE (Version 4.2.8)
(Xia and Xie 2001) and then selecting the K2P + gamma option in PHYLTEST. For the

two protein-coding genes COI and EF-1a, I also performed RRTs on the translated
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amino acids and nonsynonymous sites. I performed the amino acid RRTs in
PHYLTEST using a Poisson correction for multiple hits and computed the dn (number
of non synonymous substitutions per non synonymous site) RRTs in RRTree (Robinson-
Rechavi and Huchon 2000) following the method of Robinson et al. (1998).
Base composition

To explore the rate variation in more detail, and to determine whether metazoan
parasites share the biased A+T content of other symbionts (Moran 1996; Rocha and
Danchin 2002; Woolfit and Bromham 2003), I compared the base composition in each
glade. I tabulated the A+T content and A only content for all four genes using the
program DAMBE.
Genome size variation

I also tested whether metazoan parasites possess smaller genome sizes than their
free-living relatives since a trend towards genome reduction is evident iﬁ endosymbiotic,
pathogenic, and parasitic microbes (e.g Moran 1996; Wefnegreen 1996; Katinka et al.
2001; Waters et al. 2003). 1used the Animal Genome Size Database (Gregory 2001) to
collate data for haploid genome sizes (i.e. C-value), measured in picograms/cell, for 10
independent comparisons. In cases where more than one measurement existed for a
species, I calculated the species average before calculating the clade mean.
Tests of association

I performed one-sided sign tests and one-sided Wilcoxon signed ranks tests using
SYSTAT (Version 8.0) (SPSS Inc.) to test for associations of a parasitic lifestyle with
molecular divergence rate, base composition, and genome size. For the molecular rate

and genome size comparisons, I compared the ratios of branch lengths and C-values,
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respectively. For the base composition comparisons, I compared the difference in A+T

and A only contents. For all tests, I used a significance level of a = 0.05.

Results

A total of 21 phylogenetically independent comparisons spanning 6 metazoan
phyla were identified (Table 1). For the nucleotide sequence data, a significant
association between parasitic lifestyle and rate of molecular evolution was revealed for
three of the four genes (COI, 16S and 18S) (Table 2). The comparisons for the EF-1a
gene were not significant, although 4 of 5 showed accelerated rates in the parasitic
lineage. Repeating the relative rate tests while accounting for among site rate
heterogeneity produced near identical results (data not shown). The results were similar
for the relative rate tests using amino acid and nonsynonymous sequence data for the
two protein-coding genes, COI and EF-la. For the COI gene, 13 of 14 amino acid
comparisens and 13 of 13 dy comparisons displayed an increased substitution rate in the
parasitic lineage. The EF-1a gene again did not show a significant association, but 3 of
5 and 4 of 5 comparisons, for amino acid and dy data, respectively, showed a rate
acceleration following a transition to a parasitic lifestyle.

The comparisons of base compositions in parasitic and free-living clades were
inconclusive (Table 4). There was no association between A+T bias and a parasitic
lifestyle, in contrast to the pattern seen in mutualistic symbionts (e.g. Rocha and
Danchin 2002; Woolfit and Bromham 2003). If my analysis failed to detect a
difference, possibly due to the low power of the tests or the narrow range of base

composition values, there might actually be a G+C bias, since a majority of the
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comparisons for three of the four genes possessed a higher G+C content in the parasitic
clade relative to the free-living clade. There was also no association of adenine content
and a parasitic existence, which has been observed in parasitic wasps (Dowton and
Austin 1997) and might be expected if oxidative damage is responsible for the enhanced
substitution rate in parasites (Wagner et al. 1992; Martin 1995).

Ten comparisons to test the association between small genome size and a
parasitic lifestyle were identified (Table 5). Eight of the ten comparisons showed a
reduced genome size in the pa;_rasitic lineage relative to the free-living lineage (one-tailed
Wilcoxon signed-rank test, Z = 1.58; p =0.055). The two comparisons that did not
reveal the association (Copepoda: Siphonostomatoida vs. Harpacticoida and Isopoda:

Cymothoidae vs. Sphaeromatidae) were based on the smallest number of measurements.

Discussion
Parasitism and rate acceleration

The present study convincingly demonstrates an association between accelerated
rates of molecular evolution and a parasitic lifestyle. My analysis of 21 phylogenetically
independent comparisons over a broad range of metazoan taxa revealed a significantly
increased rate of sequence evolution in parasitic lineages relative to their free-living
counterparts. This increased substitution rate was observed for both mitochondrial and
nuclear DNA, and in both protein-coding and ribosomal genes. This study is not the
first to demonstrate an acceleration of rates in metazoan parasites, but it is the first to
show a generalized genomic acceleration correlated with the transition to a parasitic

lifestyle.
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The accelerated rates of molecular evolution in parasites could be due to
Muller’s ratchet, deleterious mutation accumulation in small populations, relaxed
selective constraints, or to a genetic arms race. The results of my study, when coupled
with earlier work, allow éxclusion of the former three possibilities in favour of the latter.

Muller’s ratchet (Muller 1964; Maynard Smith 1978) predicts elevated rates of
molecular evolution in asexual lineages and has been proposed as the cause of rate
acceleration in several proteobacterial endosymbionts such as Buchnera (Moran 1996).
However, Muller’s ratchet can be excluded as a contributing factor in the present study
since the bulk of my parasitic lineages were sexual. Furthermore, there is no convincing
evidence that transitions to asexuality always result in a higher substitution rate.
Normark et al. (2003) suggest a number of situations that may actually lead to a decrease
in substitution rate, and there are two previous examples of ancient asexuals that do not
possess a higher rate of molecular evolution than related sexual lineages — the bdelloid
rotifers (Mark Welch and Meselson 2001) and darWinulid ostracods (Schon and Martens
1998).

Increased rates of molecular evolution can be due to the increased rates of
fixation of weakly deleterious mutations in small populations. This mechanism has been
linked to the transition to a symbiotic existence, both in mutualists (Lambert and Moran
1998; Woolfit and Bromham 2003; Miller and Crespi 2003) and parasites (Dowton and
Austin 1995; Page et al. 1998; Castro et al. 2002). Depending on their transmission
dynamics and the intimacy of their relationship with the host, symbionts may experience
frequent bottlenecks and strong population subdivision, leading to small effective

population sizes. While there is compelling evidence for this mechanism in
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endosymbionts (Lambert and Moran 1998; Woolfit and Bromham 2003), I find little
evidence to suggest its importance in metazoan parasites. Firstly, there are no
comparative data on the relative effective population sizes in parasites Versué free-living
animals. However, I might infer that no general association exists due to the diversity of
host-parasite relationships and the variation in parasite reliance on host resources.
Furthermore, it takes little gene flow to disrupt demic structure (Wright 1951), and
ectoparasitic lineages rarely have mechanisms that foster strong imbreeding. Secondly,
organisms with small effective population sizes typically exhibit high A+T bias, a
reflection of drift outweighing translational selection (e.g. Clark et al. 1999; Woolfit and
Bromham 2003). Yet my analysis revealed no evidence of A+T bias in parasitic
lineages; if anything, they favoured the metabolically more expensive guanine and
cytosine (Rocha and Danchin 2002).

Increased rateé of sequence evolution could also be explained by a relaxation of
selection in parasites versus their free-living allies. However, this would imply that the
environments encountered by parasites are more stable than those encountered by free-
living taxa. Given the relative hostility of certain aspects of the parasite’s environment
(e.g. host immune response) this is unlikely. If relaxation of selection occurs at all, it
would probably be gene-specific following a lifestyle transition (Moran 1996).
Secondly, relaxed selection should lead to increased A+T ratios as a consequence of
weaker selection (Gojobori et al. 1982; Hu and Thilly 1994; Lutzoni and Pagel 1997).
Yet there was no evidence of A+T bias in the parasitic taxa in comparison to their free-
living relatives. These two observations suggest that relaxation of selection is unlikely

to be a significant contributing factor to the rate acceleration in parasites.
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A final cause for an association between accelerated rates and parasitism is a
genetic arms race between host and parasite (Dowton and Austin 1995; Page et al.

1998). Because parasite and host are in endless conflict, an antagonistic coevolution
should result from species continuously engaging in adaptation and counteradaptation
(Ehrlich and Raven 1964; Van Valen 1973). This coevolutionary race may produce an
elevated rate of molecular evolution in two ways.

Firstly, parasites should experience selective regimes with an increased strength
of positive selection in comparison to those of their free-living cousins, increasing the
rate of fixation of mutations. Prior studies have demonstrated positive selection in genes
involved in host-parasite interaction (e.g surface proteins) (Endo et al. 1996; Haydon et
al. 2001; Urwin et al. 2002; Jiggins et al. 2002), as well as increased positive selection in
parasitic symbionts relative to mutualists (Jiggins et al. 2002). While genes involved in
evading host immune responses are obvious targets for selection, other genes in parasitic
lineages may also be under particularly intense selection. For example, hosts commonly
shower parasites with reactive compounds such as oxygen radicals and nitric oxide
(Nappi et al. 1995, 2000). Some of these reactive species damage parasite cell
membranes, proteins, and nucleic acids (Nappi et al. 2000), but nitric oxide competes
with oxygen for binding sites of cytochrome oxidase, the terminal enzyme in the
electron transport chain. As such, it can have a potent inhibitory effect on cellular
respiration (Brunori 2001). The COI gene used in this study may well be under strong
positive selection. Aside from genes exposed to selection, mutations in neutral genes
may’be fixed due to their linkage with genes under selection. Large genomic regions,

and certainly entire mitochondrial genomes, may be driven to fixation due to selective
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sweeps motivated by selection on a single gene. This may be of significant importance
considering the mounting evidence to suggest an intimate relationship between
mitochondrial and nuclear genomes (Rand 2001; Sackton et al. 2003; Hebert et al.
2003). Therefore, my results of a generalized genomic acceleration in parasites,
particularly at amino acid and non synonymous sites, are consistent with an arms race-
related increase of positive selection.

A genetic arms race might also cause rate acceleration by elevating the mutation
rate, which may work in tandem with positive selection. Theoretical work has suggested
that antagonistic coevolution should select for an increase in the mutation rate in both
host and parasite (Nee 1989; Haraguchi and Sasaki 1996). This response might be
accomplished in various ways, including the fixation of mutations ‘that compromise the
efficacy of the DNA repair and replication machinery, or the loss of genes encoding
them (Koonin et al 1996). In both instances, these alterations would make the
machinery more error-prone (Bromham and Penny 2003). This mechanism is supported
by studies of vertebrate immune systems that actually raise their mutation rate in
response to parasite attack (e.g. Sale et al. 2001) and parasitic bacteria that display
accelerated substitution rates in the absence of DNA repair genes (Koonin et al. 1996).
Furthermore, a ‘mutator’ allele that enhances mutation rate can be selected for in
laboratory strains of E. coli (Chao and Cox 1983), and the frequency of these ‘mutator’
clones is high in natural isolates of pathogenic bacteria (LeClerc et al. 1996), suggesting
that mutation rate can be shaped by selection (Bromham and Penny 2003). This
mechanism of selection for mutator genes is consistent with the generalized genomic

acceleration that I observed in parasitic lineages. To thbroughly test this, it will be
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necessary to compare the synonymous (dg) substitutions in parasitic versus free-living
taxa. Unfortunately, I was unable to compute the dg in almost all comparisons due to
saturation, a common problem in such studies (e.g. Itoh et al. 2002). Despite this, my
results clearly exclude alternative hypotheses and favour a genetic arms race as the
likely cause of the observed association between accelerated sequence evolution and a
parasitic lifestyle.
Parasitism and genome reduction

The present study also provides the first comprehensive test of an association
between genome reduction and a parasitic lifestyle. My results demonstrate a trend
towards smaller genome size in parasitic lineages, a pattern seen previously in microbial
mutualists and parasites (reviewed in Moran 2002; Wernegreen 2002). Two factors
likely underpin genome shrinkage following a tfansition to parasitiém. Firstly,
simplification is a common theme in parasites, evident by varying degrees of reduced
morphological organization, and may apply to genomic organization as well. Parasites
are reliant on their hosts for resources, also to varying degrees, and may reduce their
gene repertoire to a minimal set able to simply complete core processes such as growth
and replication (Koonin et al. 1996; Moran 2002). Genes that are unused become
inactivated by fixed mutations, and inactivated genes can subsequently be excised from
the genome through deletional bias (Mira et al. 2001). This process, whereby mutation
is biased towards deletion instead of insertion, may remove genes that are not effectively
maintained by selection, as well as non-coding portions of the genome. Selection in
favour of smaller genomes may be the second mechanism contributing to genome

reduction. Genome shrinkage may be advantageous, most notably, to facilitate a faster
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replication rate, which potentially leads to shorter generation times and more rapid
development. Although genome size is undoubtedly modulated by a variety of factors
(Gregory and Hebert 1999; Gregory 2001b), a ‘race for replication’ may have been of
particular importance in the evolution of parasite genomes. Division rate may have been
under intense selection, which in turn, may have been mediated by host-parasite genetic
arms races.

Interestingly, there is anecdotal evidence to suggest that genome shrinkage may
be occurring to the mitochondrial genome as well. Plasmodium, a blood parasite and the
causative agent of malaria, has the smallest known mtDNA (6 kbp) and the least number
of genes (5) (Feagin 1994; Burger et al. 2003b). Also, the ten smallest full
mitochondrial genomes sequenced from metazoans (375 in total) are possessed by
parasitic taxa (GenBank release 138). This pattern suggests an adaptive decrease in

“mitochondrial genome size has also occurred, since selection for smaller size has been
demonstrated to be important in the evolution of animal mtDNA (see Rand 1993). Itis
certain that an investigation of both nuclear and mitochondrial genome sizes in parasitic
taxa would be an intriguing avenue for future research.

Parasitism and other distinctive genetic features

Parasites may well experience other genome-wide changes in addition to
accelerated sequence evolution and reduction in DNA content. Studies exploring the
organization of mtDNA over a broad spectrum of organisms point towards, at least
superficially, a pattern of peculiar features in parasitic lineages (Burger et al. 2003b).
For example, Dicyema, a mesozoan endoparasite of cephalopods (Watanabe et al. 1999),

trypanosomes, protozoan parasites of various plants and animals, (Lukes at el. 2002),
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and Amoebidium parasiticum, an ectosymbiont of freshwater arthropods, but member of
the mostly parasitic Ichthyosporea (Burger et al. 2003a), all possess multipartite
mitochondrial genomes consisting of two or more distinct DNA molecules. This pattern
extends into metazoan parasites, as the parasitic nematode Globodera is unique among
metazoans in having a multipartite mtDNA structure (Armstrong et al. 2000). Gene
rearrangements also appear to be occurring more readily in parasites. Dowton and
Campbell (2001) noted that parasitic lineages appear at first glance to be more prone to
mtDNA rearrangement events (e.g. Black and Roehrdanz 1998; Campbell and Barker
1998, 1999; Le at el. 2000; Shao et al. 2001). Since nucleotide substitution rates are
correlated with mitochondrial gene rearrangement rates (Shao et al. 2003), this might
provide the mechanism for their cause. Increased substitution rates may cause more
errors in replication through mutations at initiation and termination sites, or by
producing more double strand breaks, facilitating an increase in gene rearrangements
(Boore 2000; Lavrov et al. 2002; Shao et al. 2003). Although unusual mtDNA features
(and gene rearrangements) are not limited to parasitic taxa (Burger et al. 2003b), their
high occurrence does warrant further study, particularly in light Qf other genomic

changes identified in the present study.
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Table 1. Phylogenetically independent comparisons of parasitic and free-living taxa
used in the relative rate analysis. References used for the selection of comparisons are

listed.
Phylum # Taxonomic group Comparison Biology*  Reference(s)
Cnidaria 1 Cnidaria Narcomedusae EC/EN Collins 2002
Rhopalonematidae FL
Limnomedusae oG
Nematoda 2 Nematoda clade 1 Trichocephalida EN Blaxter et al. 1998
Mononchida FL Dorris et al. 1999
Rhabditoidea oG
3 Nematoda clade 2 Triplonchida EN Blaxter et al. 1998
Enoplida FL Dorris et al. 1999
Rhabditoidea OG ‘
4 Nematoda clade 4a  Strongyloididae EN Blaxter et al. 1998
Panagrolaimidae FL Dorris et al. 1999
Rhabditoidea oG
5 Nematoda clade 4b  Tylenchida EN Blaxter et al. 1998
Cephaloboidea FL Dorris et al. 1999
Rhabditoidea oG
6 Nematoda clade 5 Strongylida EN Blaxter et al. 1998
Rhabditoidea FL Dorris et al. 1999
Diptera (COI)/ Enoplida oG
(16S)/ Cephaloboidea (18S)
Syndermata 7 Syndermata Acanthocephala EN Garey et al. 1998
Rotifera FL Herlyn et al. 2003
Platyhelminthes 0G
Arthropoda 8 Cirripedia Rhizocephala EN Martin & Davis 2001
Thoracica FL
Copepoda oG
9 Maxillopoda Branchiura EC Brusca & Brusca 1990
Ostracoda FL Spears & Abele 1997
Copepoda oG
10 Copepoda Siphonostomatoida/ EC Huys & Boxshall 1991
Poecilostomatoida
Harpacticoida FL
Calanoida oG
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Phylum # Taxonomic group Comparison Biology*  Reference(s)
11 Isopoda Bopyridae/ Cymothoidae EC/EN  Brusca & Wilson 1991
Sphaeromatidae FL Dreyer & Wagele 2001
Gammaridae oG
12 Diptera 1 Oestroidea EN McAlpine 1989
Muscoidea FL Wiegmann et al. 1993
Ephydroidea oG
13  Diptera 2 Nycteribiidae EC McAlpine 1989
Glossinidae FL Wiegmann et al. 1993
Drosophilidae oG
14  Diptera 3 Pipunculidae EN McAlpine 1989
Syrphidae FL Wiegmann et al. 1993
Drosophilidae oG
15 Diptera4 Conopoidea EC/EN  McAlpine 1989
Tephritoidea FL Wiegmann et al. 1993
Ephydroidea oG
16  Diptera 5 Bombyliidae EC McAlpine 1989
Therevidae FL Wiegmann et al. 1993
Drosophilidae OG
17  Hymenoptera Apocrita EN Ronquist et al. 1999
Tenthrediniodea FL Dowton & Austin 2001
Diptera oG
18  Psocodea Phthiraptera EC Yoshizawa & Johnson
Psocoptera FL 2003
Hemiptera oG
19  Platyhelminthes Neodermata EN Littlewood et al. 1999
Turbellaria FL Lockyer et al. 2003
Polychaeta oG
Annelida 20  Annelida Euhirudinea EC Martin 2001
Lumbricidae/Enchytracidae FL Siddall et al. 2001
Polychaeta oG
Mollusca 21 Bivalvia Unionoida EN Adamkewicz et al.
Trigonioida FL 1997
Veneroida oG Hoeh et al. 1998

* EC: ectoparasitic; EN: endoparasitic; FL: free-living; OG: outgroup
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Table 2. Relative rate calculations for 21 independent comparisons using nucleotide
data. The ratios of the parasitic branch length to the free-living branch length (AR) were
calculated for the four genes COI, 16S, EF-1a, and 18S. Results of the one-tailed sign
tests and Wilcoxon signed-ranks tests of the null hypothesis for each gene are given,
where the null hypothesis states that increases in molecular rate are equally likely to be
associated with a parasitic or free-living lifestyle.

# Taxonomic group ARC()I AR16S AREF-la AR1gs

1 Cnidaria 5.12

2 Nematoda clade 1 1.45

3 Nematoda clade 2 1.10

4 Nematoda clade 4a 1.12

5 Nematoda clade 4b 0.70

6 Nematoda clade 5 1.02 0.60 0.76

7  Syndermata 1.33 0.79 2.16

8 Cirripedia 1.81 1.41 1.12

9 Maxillopoda 1.22 0.75

10 Copepoda 1.02 1.57 0.69

11 Isopoda 1.12 1.02 1.75

12 Diptera 1 1.19 1.39 1.58 1.49

13 Diptera 2 0.91 2.11

14 Diptera3 1.32 5.17

15 Diptera 4 1.02

16 Diptera s ' 0.83 1.18 0.72 1.33

17 Hymenoptera 1.21 1.08

18 Psocodea 1.74 1.94 1.09 1.44

19 Platyhelminthes 2.33 1.08 1.08 1.76

20 Annelida 2.04 1.40 1.40 2.02

21 Bivalvia 1.26 1.04

Supportive comparisons 130f 14 11 of 14 4 of 5 14 0f 18

Sign test v p =0.001 p=0.029 p=0.188 p=10.016

Wilcoxon test p =0.002 p=0.037 p=0.112 p = 0.008
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Table 3. Relative rate calculations for 14 independent comparisons using amino acid
and codon sequence data. The ratios of the parasitic branch length to the free-living
branch length were calculated for amino acid substitutions (AR44) and nonsynonymous
substitutions (AdN) on the two protein-coding genes COI and EF-1a. Results of the one-
tailed sign tests and Wilcoxon signed-ranks tests of the null hypothesis for each gene are
given, where the null hypothesis states that increases in molecular rate are equally likely
to be associated with a parasitic or free-living lifestyle.

#  Taxonomic group AR cor AdNcor ARAA EF.12 AdNgr.14

6 Nematoda clade 5 0.92 1.03

7  Syndermata 2.36 1.41

8  Cirripedia 3.27 1.92

9  Maxillopoda 1.83 1.32

10 Copepoda 1.19 1.00

11 Isopoda 1.18 1.16

12 Diptera 1 1.53 1.22 0.92 1.18

14 Diptera 3 1.78 1.45

16 Diptera 5 2.00 2.20 0.67 0.74

17 Hymenoptera 1.71 1.46

18 Psocodea 2.19 1.58 16.72 1.26

19 Platyhelminthes 2.97 1.72 1.22 1.05

20 Annelida 2.90 2.52 1.66 1.16

21 Bivalvia 2.23 1.06

Supportive comparisons 130f 14 13 0f 13 3of5 4of5

Sign test p =0.001 p <0.0005 p=0.5 p=0.19

Wilcoxon test p=0.0005 p=0.0005 p=0.17 p=0.25
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Table 5. Genome size variation for 10 phylogenetically independent comparisons.
Genome size data was collated from the Animal Genome Size Database (Gregory
2001a). Results of the one-tailed sign test and Wilcoxon signed-ranks test of the null
hypothesis are given, where the null hypothesis states that increases in genome size are
equally likely to be associated with a parasitic or free-living lifestyle.

Biology Comparison # of species Mean C-value  Ratio
Parasitic Order Tylenchida 4 0.050 0.25
Free-living Order Rhabditida 2 0.20

Parasitic Family Steinernematidae 1 0.23 0.88
Free-living Family Panagrolaimidae 3 0.26

Parasitic Family Heterorhabditidae 1 0.039 0.24
Free-living Family Rhabditidae 9 0.16

Parasitic Order Rhizocephala 1 0.67 0.47
Free-living Order Thoracica 7 1.42

Parasitic Order Siphonostomatoida 1 0.58 2.32
Free-living Order Harpacticoida 1 0.25

Parasitic =~ Family Cymothoidae 1 8.82 1.84
Free-living Family Sphaeromatidae 2 4.80

Parasitic Superfamily Oestroidea 3 0.68 0.8
Free-living Superfamily Muscoidea 3 0.85

Parasitic Family Braconidae 2 0.16 0.8
Free-living Family Apidae® 2 0.20

Parasitic Class Trematoda 4 1.1 0.52
Free-living Class Turbellaria 57 2.13

Parasitic Class Hirudinea 7 0.39 0.50
Free-living Family Lumbricidae 15 0.78

Supportive comparisons 8of 10
Sign test p=0.055
Wilcoxon test p =0.055

? secondarily free-living (see Dowton & Austin 2001)
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General discussion and conclusions
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General discussion and conclusions
Summary of results

My work has explored how lifestyle transitions influence the rates of molecular
evolution in animals. Insights were gained by employing a phylogenetic comparative
method to contrast relative rates of molecular divergence in groups of animals with
lifestyle transitions in a diverse range of taxa. The results suggest that adopting either a
planktonic or a parasitic lifestyle leads to an enhanced rate of molecular evolution.
These results have broad implications for the application of molecular clocks, as well as
for understanding both diversification patterns, and the factors that influence the tempo
of animal molecular evolution.

My study of the phylogenetic relationships of the branchiopod crustaceans bbased
on molecular data has provided the most resolved branchiopod phylogeny to date. The
results support a number of longstanding hypotheses about affinities among orders, as
well as relationships within the speciose Cladocera. A few affinities remain uncertain,
but strategies have been proposed for their resolution. Furthermbre, the study provided a
phylogenetically independent planktonic-benthic comparison for analysis in Chapter 2.

My work also involved a comparative analysis examining the association
between transitions from a benthic to planktonic lifestyle, and rates of molecular
evolution. This study tested the hypothesis that increased exposure to UV-B radiation,
coincident with planktonic lifestyles, leads to higher rates of molecular evolution. The
results strongly supported this hypothesis by demonstrating that rates of nucleotide

substitution have been consistently elevated in pelagic organisms relative to their benthic
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allies and that increased mutagenesis is linked to the formation of UV-induced
photoproducts.

Finally, my work has involved a comparative analysis of the association between
transitions to parasitism and increased rates of sequence evolution. My studies revealed
that parasitic lineages have accelerated rates of molecular evolution in comparison with
their free-living relatives, a pattern that likely arises as a consequénce of a genetic arms
race between host and parasite. In addition to an accelerated rate of sequence evolution,
this study provided evidence that parasites are experiencing other genome-wide changes,
such as a reduction in DNA content.

The application of molecular clocks

The molecular clock concept has revolutionized the field of evolutionary biology
by providing an invaluable tool for probing the timing of diversification events. If the
rate of evolution is approximately constant between two taxa, the extent of genetic
divergence between them can be used to estimate a timeframe for their separation from a
common ancestor. Since it is now widely accepted that the molecular clock is often
compromised due to selection and constraints on mutation (see Introduction), current
studies should account for these deviations when eStimating divergence dates. This is
usually accomplished by either assuming a ‘local molecular clock’, which assumes that
closely related taxa share a similar rate of molecular evolution, or by performing tests to
detect departures from rate constancy and to remove rate-variable taxa (e.g. Takezaki et
al. 1995; reviewed in Bromham et al. 2000). The present study has demonstrated that
lineages that have undergone lifestyle transitions often experience accelerated rates of

molecular evolution, suggesting that even local clocks must be applied cautiously.
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Although the transitions examined in this study were deep (tens to hundreds of millions
of years), more recent lifestyle transitions m’ay also be linked to variable substitution
rates, implying that closely related taxa could exhibit heterogeneous rates. Furthermore,
the tests most commonly employed to diagnose rate heterogeneity have low‘ power and
perform poorly, particularly for short sequence lengths (< 1 kb), such as those typically
used for inferring phylogenies (Bromham et al. 2000). These findings have important
implications for the accuracy of past and current estimates of divergence dates, because
the inclusion of rate accelerated taxa will lead to consistent overestimates. It is critical
that future work accounts fér rate heterogeneity, particularly when the taxonomic sample
includes organisms with varying lifestyles (e.g. parasitic and free-living).
Adaptive zones and diversification

Simpson (1953) suggested that rapid rates of diversification often follow the
adoption of a new lifestyle i.e. the transition into a new “adaptive zone”. This
proliferation may be due to pre-adaptations to newly available niches, or to the evolution
of ‘key innovations’ to exploit newly available resources (Futuyma 1986). These
transitions occur rarely since they require substantial evolutionary change, but often
result in adaptive radiations when they do (Mitter et al. 1988; Schluter 2000; Miller and
Crespi 2003). The adoption of a planktonic or a parasitic lifestyle would certainly
qualify as a transition to an adaptive zone, but it is unclear if they have been
éccompanied by rapid diversification. While there is evidence of radiations in both
planktonic (Rigby and Molsom 2000) and parasitic lineages (Poulin and Morand 2000),
comparative analyses have yet to be performed to determine if these two groups are

more diverse than their benthic and free-living relatives, respectively. However, a
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number of studies have demonstrated a positive association between accelerated rates of
molecular evolution and diversification (Mindell et al. 1990; Barraclough and
Savolainen 2001; Webster et al. 2003). Genetic change is necessary for speciation
(Harrsion 1991; Coyne 1992) and these studies would suggest that rates of speciation are
accelerated by elevated rates of sequence evolution, most likely by increasing the rate at
which populations diverge and reproductive isolation evolves (Barraclough and
Savolainen 2001). Hence, planktonic and parasitic lineages, which have elevated rates
of molecular evolution, may also be more taxonomically diverse than their non-
planktonic and non-parasitic relatives. This inference has yet to be corroborated with a
comparative test for an association between diversification and transitions to planktonic
or parasitic lifestyles.
Factors influencing animal molecular evolution

Studies of molecular rate variation often consider four common factors known to
influence the tempo of animal molecular evolution: generation time, DNA repair and
replication efficiency, metabolic rate, and population size (see Introduction). Although it
is possible that these factors have played a role in determining the rate of molecular
evolution among the organisms examined in this study, the results suggest that other
factors have played a larger role. Firstly, the acceleration of planktonic lineages in
comparison with their benthic relatives is best explained by the ‘UV-exposure’
hypothesis. This is consistent with several past studies (Smith et al. 1992; Lutzoni and
Pagel 1997; Pawlowski et al. 1997; Kooistra and Medlin 1996; Hebert et al. 2002) and
may be a potentially important mechanism among other taxa (e.g. plants). Secondly, the

enhanced substitution rate evident in parasitic lineages is likely a consequence of a
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genetic arms race. Again, this is consistent with previous work (Dowton and Austin
1995; Page et al. 1998) and may have played an important role in the diversification of
the 60+ lineages of parasitic metazoans (Poulin and Morand 2000) and other
antagonistic symbionts (e.g. pathogens; parasitic plants). While these two factors will
obviously only have an influence in restricted lineages, they nonetheless illuminate the
need to consider alternatives in addition to the four common determinants of molecular
evolution. Moreover, in light of the numerous studies that have failed to support these
four hypotheses over a broad range of varied taxa, the current view of rates of molecular
evolution may be biased because comparative data is only available for these four
factors. Expanding our comparative data to consider the impacts of additional biological
and environmental factors will undoubtedly expand our understanding of the modulation

of molecular evolution.
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Appendix 1. Taxonomic sample and sources of sequence data for Chapter 2.

Taxonomic group Species Description Genbank Accession Nos.
COI 18S

1- Cnidaria

Hydromedusae Carybdea Marine/pelagic - -
Porpita AF358086
Physalia physalis * AF358065
Haliclystus - -
Cyanea * -
Aurelia AY319474  AY039208
Eugymnanthea japonica - -

Anthozoa Acropora Marine/sedentary NC_003522 -
Metridium NC_000933  AF052889
Sarcophyton AF064823 -
Xenia - AF052931
Pocillopora AY139813 -
Anemonia - X53498
Outgroup: Beroe Marine/planktonic - AF293696

2~ Opisthobranchia

Thecosomata Limacina Marine/planktonic * -
Creseis chierchae * -
Creseis acicula * -

Gymnosomata Clione * *

Aplysiidae Aplysia Marine/benthic AF343432 AJ224918
Dolabella auricularia AF156148 -
Notarchus indicus AF156151 -
Stylocheilus longicauda AF156156 -
Qutgroup: Pupa/ AB028237 AF249221
Haminoea

3- Branchiopoda

Daphniidae Scapholeberis FW/planktonic * *
Ceriodaphnia * *
Daphnia *

Chydoridae/ Chydorus FW/benthic *

Macrothricidae Eurycercus *
Ilyocryptus *

Outgroup: Cyclestheria
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Taxonomic group

Species

Description

Genbank Accession Nos.

COI

185

4- Amphipoda
Hyperiidea

Gammaridea

5- Bucarida
Sergestoidea

Penaeocidea

6- Peracarida
Euphausiacea

Decapoda

7- Ostracoda
Myodocopa

Podocopa

Themisto gaudichaudii
Themisto libellula
Hyperia galba
Hyperiella

Weyprechtia
Rhachotropis aculeata
Gammarus lacustrus
Diporeia hoyi

Outgroup: Aeginina

Lucifer
Penaeus
Outgroup:Homarus

americanus

Euphausia
Thysanoessa
Nyctiphanes australis

Jaxea nocturna
Lithodes aequispinus
Homarus americanus
Outgroup: Cumacea
Fuconchoecia
Skogsbergia

Melavargula japonica

Cypridopsis

Marine/planktonic

Marine/benthic

Marine/planktonic

Marine/benthic

Marine/pelagic

Marine/planktonic

FW/benthic

Mytilocypris ambiguosa

Eurycypris pubera

Cyprinotus incongruens

Outgroup:
Chaemosipho/Balanus

* % % %

*

AY271853
*

&

NC_ 002184

*

AF436030
AF425308
*

AF520450

AY141010
AY141011

AF436006
AF439385

722519

AF363296
AF363297
AF363300

AF363307

*®
®

AF201663
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Taxonomic group Species Description Genbank Accession Nos.

COI 188
8- Urochordata
Appendicularia Oikopleura dioica Marine/planktonic ~ AY116609  AB013014
Qikopleura sp. - ABO13015
Ascidiacea Ciona intestinalis Marine/sedentary ~ NC_004447  AB013017
Halocynthia roretzi - - ABO013016
Outgroup: NC_000834 M97571

Branchiostoma

* denotes sequences generated in the present study
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