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Abstract

Understanding genomic divergence can be a key to understanding population dynam-
ics. As global climate change continues it becomes especially important to understand
how and why populations form and dissipate, and how they may be better protected.
To this effect, the globally distributed sea urchin genus Tripneustes has been highlighted
as an ideal group for studying patterns of genomic divergence as the global distribution
is split into two physically separated species (T. ventricosus in the Atlantic and T. gratilla
the Pacific), and cryptic divergence in the absence of hard physical barriers has been sus-
pected within each ocean. Molecular signatures of population divergence can be affected
and skewed by a number of different biological realities. In the case of lower fitness of a
heterozygous individual (underdominance), the degree as well as network shape of the
connectivity between populations can determine wether rare alleles persist between pop-
ulations, muddying population divergence signals, or are driven to fixation at one end of
the population range while going extinct in the other, giving a signal of parapatric spe-
ciation. In order to address questions regarding the more nuanced molecular differences
and broader evolutionary trajectories within the genus Tripneustes a draft transcriptome
for the species T. gratilla was generated. In addition to showing an expansion in tumor

suppressor genes when compared to the genome enabled sea urchin Strongylocentrotus

iv



purpuratus, and sex-specific gene expression differences in Sex determining Region Y-
associated High Mobility Group box (SOX) genes, the transcriptome allowed for easy re-
covery of the full mitochondrial genome. Following isolation and sequence confirmation,
the mitochondrial genome of T. gratilla was next compared to all previously published
sea urchins mitochondrial genomes. A phylogenetic comparison validates the morpho-
logically proposed superfamily Odontophora, with an estimated genesis of the group
during the Eocene-Oligocene epoch transition. Estimates of selection via proportional
non-synonymous to synonymous site substitution ratios suggest that purifying selection

is the primary force acting on echinoid mitochondria.
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Chapter 1

Introduction

Representatives of the sea urchin genus Tripneustes can be encountered throughout shal-
low tropical (and even some temperate) waters. Despite its broad distribution the ac-
cepted taxonomy of the genus currently includes just three species: T. ventricosus in the
Atlantic, T. gratilla in the Indian Ocean & West Pacific, T. depressus in the East Pacific, as
well as a single sub-species T. gratilla elatensis in the Red Sea (Dafni 1983, Fell 1974). All of
these species and the sub-species have been defined by morphological characters. An es-
pecially useful aspect of these organisms’ biology in studying patterns of gene flow is that
mating is exclusively accomplished through synchronous broadcast spawning, where in-
dividuals regularly release a plume of gametes into the water column, so egg and sperm
encounters are effectively random. This nicely circumvents the potential problems of
sexual conflict impacting gene flow, which can dynamically effect patterns of divergence
(Gavrilet & Hayashi 2005, Kaneshiro 2006). These biological characteristics make these
sea urchins a near ideal approximation of a Wright-Fisher population, and therefore very
useful in assessing population models of genetic divergence (Charlesworth 2009). In 1954

Ernst Mayr published a paper broadening his taxonomic range of evolutionary inference



by examining the geographic speciation of tropical sea urchins, including the genus Trip-
neustes. His conclusion from studying the distribution of these animals was that just as in
the terrestrial domain geographic isolation was the primary, if not only, method of evo-
lutionary divergence for sexually reproducing animals (Mayr 1954). In 2005 Palumbi &
Lessios analyzed the same groups of sea urchins as Mayr using a phylogenetic approach
based on mitochondrial COI and nuclear bindin gene sequences. Their conclusions were
in line with Mayr’s evolutionary model of speciation, referred to as the "evolutionary an-
imation", which holds that more recently diverged species require strong vicariance (e.g.
physical barriers) to exist, while only older divergences can persist in sympatry. Further
analysis suggested that within the Pacific ocean there effectively exists only one contin-
uously connected population complex, with no discernible genetic variation between T.
gratilla and T. depressus (Lessios et al. 2003, Palumbi & Lessios 2005). It was concluded
that greater population subdivision is evident between the East and West Atlantic, among

T. ventricosus, than across the entire Pacific ocean.

If the enormous supposed meta-population that occupies the largest ocean body on the
planet (165.25 million km?2) maintains little to no genomic divergence, there must be some
remarkably strong drivers of stabilizing/purging selection at work across the Pacific.
However, if greater divergence across the genomes of sympatric Pacific populations is
identified, as the preliminary analysis suggests be the case, the genome regions with the
greatest level of divergence can provide insight into the mechanisms that are driving the
split, e.g. if greater divergence is seen in genes implicit in fertilization success than else-
where in the genome. As the sequencing of whole genomes is no longer prohibitively
costly, it is now possible to analyze differential genomic level divergence within one of

the groups Mayr originally used to define the dominance of allopatric speciation.
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Chapter 2 of this dissertation focuses on patterns of population connectivity from a net-
work perspective, defining a situation where a rare genetic variant under the condition
of lower heterozygote fitness (underdominance) can persist in highly structured popu-
lations. The effect of patterns of connectivity in a structured population are highlighted
and the implication for these patterns on various biological systems, such as broadcast

spawning marine invertebrates, is discussed.

Chapter 3 of this dissertation describes the usefulness and necessity for increased genome
level resources for marine invertebrate species of interest, culminating in the generation
of a draft transcriptome from multiple tissues of two adult Tripneustes gratilla, as well as a
cohort of larvae. Expression profiles of an adult male and female T. gratilla collected from
O’ahu, Hawai'i are explicitly compared, with specific focus on select expression differ-
ences in purported sex determination genes. Attention is also given to several potentially

toxic gene expression products.

Finally, Chapter 4 of this dissertation defines the evolutionary relationship between the
mitochondrial genome of T. gratilla and those of fourteen other echinoids across the Order
Camaradonta. Comparing rates of molecular evolution, through the use of calibration

points, a timeframe for the genesis of the Superfamily Odontophora is proposed.
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Chapter 2

Stability of Underdominant Genetic

Polymorphisms in Population Networks

2.1 Abstract

Heterozygote disadvantage is potentially a potent driver of population genetic divergence. Also
referred to as underdominance, this phenomena describes a situation where a genetic
heterozygote has a lower overall fitness than either homozygote. Attention so far has mostly
been given to underdominance within a single population and the maintenance of genetic
differences between two populations exchanging migrants. Here we explore the dynamics of an
underdominant system in a network of multiple discrete, yet interconnected, populations.
Stability of genetic differences in response to increases in migration in various topological
networks is assessed. The network topology can have a dominant and occasionally non-intuitive

influence on the genetic stability of the system.



2.2 Introduction

Variation in the fitness of genotypes resulting from combinations of two alleles (e.g., A- and
B-type alleles combined into AA-, AB-, or BB-genotypes resulting in w4, wap, and wpp fitnesses
respectively) result in different evolutionary dynamics. The case in which a heterozygote has a
lower fitness than either homozygote, wap < waa and wap < wpp, is termed underdominance or
heterozygote disadvantage. In this case there is an internal unstable equilibrium so that the
fixation or loss of an allele depends on its starting frequency. In a single population, stable
polymorphism is not possible. However, when certain conditions are met, populations that are
coupled by migration (the exchange of some fraction of alleles each generation) can resultin a
stable selection-migration equilibrium. This selection-migration equilibrium is associated with a
critical migration rate (m*); above this point the mixing between populations is sufficiently high
for the system to behave as a single population and all internal stability is lost (Altrock et al.

2010).

Underdominance can be thought of as an evolutionary bistable switch. From the perspective of
game-theory dynamics it can be interpreted as a coordination game (Traulsen et al. 2012). The
properties of underdominance in single and multiple populations have led to proposals of a role
of underdominance in producing barriers to gene flow during speciation (Faria & Navarro 2010,
Harewood et al. 2010) as well as proposals to utilize underdominace both to transform the
properties of wild populations in genetic pest management applications (Curtis 1968, Davis et al.
2001, Sinkins & Gould 2006, Reeves et al. 2014) and to engineer barriers to gene flow (transgene
mitigation) from genetically modified crops to unmodified relatives (Soboleva et al 2003, Reeves

& Reed 2014).

The properties of underdominance in a single population are well understood (Fisher 1922,

Haldane 1927, Wright 1931) and the two-population case has been studied in some detail (Karlin



et al 1972a, Karlin et al. 1972b, Lande 1985, Wilson & Turelli 1986, Spirito et al. 1991, Altrock et al.
2010, Altrock et al. 2011), with fewer analytic treatments of three or more populations (Karlin et
al. 1972a, Karlin et al. 1972b). Simulation-based studies have been conducted for populations
connected in a symmetrical one- and two-dimensional lattice (Schierup & Christiansen 1996,
Payne et al. 2007, Eppstein et al. 2009, Landguth et al. 2015) (see also (Kondrashov 2003, Hoelzer
et al. 2008, Barton & De Cara 2009) for extensions to multiple loci) and “wave” approximations
have been used to study the flow of underdominant alleles under conditions of isolation by
distance (Fisher 1937, May et al. 1975, Barton et al. 1991, Pidlek & Barton 1997, Soboleva et al.
2003, Barton, et al. 2011). However, despite this body of literature, underdominance remains
relatively neglected in population genetic research (Bengtsson & Bodmer 1976). Models in which
allele frequencies are distributed in continuous populations are easier to analyse, and are
appropriate approximations when selection is weak and the number of discrete demes are large
(Barton 1979). However, here we are interested in the cases where the number of demes are small
or selection is strong (as is the case in potential applications of underdominace) or demes are
connected in more complex topologies (e.g., assymetrical arrays). This is where the continuous
approximation breaks down and many of the effects we see in the context of small network
topology have been previously overlooked. Furthermore, a large focus of earlier theoretical work
with underdominance was on how new rare mutations resulting in underdominance might
become established in a population (Wright 1941, Bengtsson & Bodmer 1976, Hedrick 1981,
Walsh 1982, Hedrick & Levin 1984, Lande1984, Lande1985, Barton & Rouhani 1991, Spirito 1992).
However, here we are addressing the properties of how underdominant polymorphisms may
persist once established within a set of populations rather than how they were established in the

first place.

We explicitly focus on discrete populations that are connected by migration in a population

network. We have found that the topology of the network has a profound influence on the



stability of underdominant polymorphisms aspects of which have been otherwise overlooked.
This influence is not always intuitive a priori. These results have implications for the effects of
network topology on a dynamic system (see for review Strogatz 2001), particularly for
interactions related to the coordination game (such as the stag hunt Skyrms 2001), theories of
speciation, the maintenance of biological diversity, and applications of underdominance to both
protect wild populations from genetic modification or to genetically engineer the properties of

wild populations—depending on the goals of the application.

2.3 Methods and Results

We are considering simple graphs in the sense of graph theory to represent the population
network: each pair of nodes can be connected by at most a single undirected edge. A graph

G = (., &), is constructed from a set of nodes, .4 (also referred to a vetexes), and a set of edges,
&, that connect pairs of nodes. For convenience V = |.4'| and E = |&'|, we chose V (for vertex) to
represent the number of nodes to avoid future conflict with N symbolizing finite population size
in population genetics. A node corresponds to a population made up of a large number of
random-mating (well mixed) individuals (a Wright-Fisher population, (Fisher 1922, Wright 1931)
with independent Hardy-Weinberg allelic associations, (Hardy 1908)) and the edges represent
corridors of restricted migration between the populations. We are also only considering
undirected graphs: in the present context this represents equal bidirectional migration between
the population nodes. Furthermore, we are only considering connected graphs (each node can
ultimately be visited from every other node) and unlabeled graphs so that isomorphic graphs are

considered equivalent.

The network graph G is represented by a symmetric V' x V adjacency matrix <7



a1 M2 413 ... ALy
a1 a2 d23 ... Qv
o = az1 432 433 ... dy
ayvil avp aysz ... ayy

The presence of an edge between two nodes is represented by a one and the absence of an edge is

a zero. The connectivity of a node is

Ci = E Eli,]'

jen

Each generation, g, the allele frequency, p of each population node, i, is updated with the fraction

of immigrants from n adjacent populations, j, at a migration rate of m.

N
pig = (1 —cim)pig1+ ) maipje 1
i

Note that this equation will not be appropriate if the fraction of alleles introduced into a
population exceeded unity. See the discussion of the star topologies illustrated in Figure 2.1 and

the Supplemental Methods for discussion of an alternative approach.

The frequencies, adjusted for migration, are then paired into genotypes and undergo the effects
of selection. The remaining allelic transmission sum is normalized by the total transmission of all

alleles to the next generation to render an allele frequency from zero to one.

piz,g + wpig(1—pig)
plz,g + Zain,g(l - Pi,g) + (1 - Pi,g)z

/
pi,g =

9.



Note that here for simplicity we set the relative fitness of the homozygotes to one,

waa = wpp = 1 and the heterozygote fitness is represented by wap = w.

2.3.1 Analytic Results

Underdominance in a single population has one central unstable equilibrium and two trivial
stable equilibria at p = 0 and p = 1. When one considers multiplying the three fixed points of a
single population into multiple dimensions it can be seen that, if migration rates are sufficiently
small, nine equilibria (3 x 3) exist in the two-population system. Again, there is a central unstable
equilibrium, the two trivial stable equilibria, and two additional internal stable equilibria. The
remaining four fixed points are unstable saddle points that separate the basins of attraction (see
Figure 3 of Altrock et al. 2010). However, as the migration rates increase the internal stable points
merge with the neighboring saddle points and become unstable themselves (Karlin & McGregor
1972, Altrock et al. 2010). In three populations there are a maximum of 27 (3 x 3 x 3) fixed points.
The three types found in a single population, six internal stable equilibria, and 18 saddle points.
The general pattern is that in V populations there are a maximum of 3" equilibria if migration
rates are sufficiently low. There will always be one central unstable equilibrium (a trajectory
starting near this point can end up in any of the basins of attraction) and two trivial fixation or
loss points. A V-dimensional hypercube represents the state space of joint allele frequencies of a
V-population system. This hypercube has 2" vertexes (corners). It can be seen that the internal
stable points, if they exist, are near these corners when the corners represent a mix of zero and
one allele frequencies. There are exactly two corners, the trivial global fixation and loss points,
that do not contain a mix of unequal coordinate frequencies. Thus, there are 2V — 2 possible
internal stable points that represent alternative configurations of a migration-selection
equilibrium polymorphism. Finally there are up to 3V — 2V — 3 saddle points that separate 2"

possible (but never less than two) domains of attraction.

-10 -



We have a system of equations, p; o that describe the dynamics of allele frequency change within
each population and these dynamics are coupled by migration. It is useful to think of the
difference in frequency each generation, é,,; = p; i p;,gfl‘ We can set §,,y; = 0 to solve for fixed
points in the state space. However, the system needs to be simplified in order to be tractable. For
example if we only look along the p; = p» axis in the two-population case we get three solutions,

p=0,p=1and

Puicy = WAA — WAB
e waa+ wpp — 2WAp
in the general case and
N 1—w 1
Piies =5 2w ~ 2

in the simplified (equal homozygote fitness) case. The first two points are the trivial loss of
polymorphism. The third is identical to the internal unstable equilibrium point in a single

population (Altrock et al. 2010).

In fact this unstable equilibrium point is always found along the p; = p, = - - - = py axis. Note
that the migration rate, m, is not a part of the solution. The position of this point in the state space
is independent of migration rates. Since it falls along the axis where the allele frequencies of all
populations are equal, migration between populations, and in fact the population network

topology itself, has no effect.

While the position of this internal point remains fixed regardless of the number of interacting
populations in the network, there is a multiple population effect on the rate of change away from

this point. Solving for the eigenvalues, A;, of a Jacobian matrix, JJ, of partial derivatives of the

system along the p; = p, = - - - = py axis shows that the rate of change follows the pattern
2V
Al’p:% T1ltw

Thus, as the number of interconnected populations increase the magnitude of flow away from

-11 -



the internal point increases. This rate is a function of both the heterozyote fitness (w) and the
number of interlinked populations. At w = 0, or lethality of the heterozygous condition, the rate

of change is equal to the number of connected populations.

We are also interested in the internal stable equilibria that allow differences in allele frequencies
among populations to be maintained. In the two-population special symmetric case this can be
solved from J along the p; = 1 — p, axis and yields

1—w+2m*(2m* - 3)
(1—2m*)2

Ay =

me|, o= 31 (3—\/%)

(see Appendix A of Altrock et al. 2010, for more detail). Unfortunately, with three or more
populations, even with highly symmetrical configurations, we have not found a single axis or
plane through the state space that captures these internal stable points. Therefore, we have used

numerical methods to characterize the critical points.

2.3.2 Numerical Simulations

Sets of populations were initialized with approximately half (depending on if there were an even
or odd number of populations) of the nodes in the network at allele frequencies near zero and
half near a frequency of one. The allele frequencies were offset by a small random amount from
zero or one to avoid being symmetrically balanced on unstable trajectories. Migration rates were
slowly incremented at each step and the system was allowed to proceed to near equilibrium,
when the difference in allele frequencies between generations was less than 1071%, before the next

step. The process was repeated until the point where a collapse in differences of allele
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FIGURE 2.1: The stability of some simple network configurations. For each
number of nodes and network topology (linear in blue, cyclic in red, star-
like in yellow, and fully interconnected in green) the critical migration rate
allowing polymorphic underdominant polymorphism to persist at w = 1/2
is plotted. Examples of each type of network at V' = 5 are plotted as graphs
in the legend to the right. The shading of the nodes represents the allele fre-
quency between zero and one of each population near the critical migration
rate value.
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frequencies between all populations was detected. This point was then reported as the critical

migration rate of the network.

Example Topologies

The stability of a range of basic network topologies were investigated, shown in Figure 2.1. In
general, in these examples, the diameter of the network is predictive of migration-selection
stability. Linear configurations had the highest stability, cyclic configurations approximately
reduced the both the diameter and stability in half. Fully interconnected populations had both

the smallest diameter and lowest stability.

Another pattern that became apparent is an even-odd alternation in stability. Except for starlike
networks, an odd number of nodes results in a relatively lower stability than an even number of

nodes.

Starlike networks showed an interesting pattern. They were approximately of the same stability
as cyclic networks; however, the even-odd alternation was inverted—odd V graphs showed
enhanced stability, showing that the even-odd pattern is not absolute. At this heterozygote
titness (w = 1/2) starlike networks with greater than eight nodes could not be evaluated. At

V > 9 before the critical migration rate is reached the total amount of immigration into the

central population exceeds 100%.

Fully interconnected networks had the lowest stability and by far the greatest number of edges.
Unlike the other networks the fully-interconnected systems declined at higher V. However, the
number of edges grew much faster than the number of nodes. Note that the even-odd alternation

in relative stability is still apparent, even in these graphs.

The effects of a range of topologies for six nodes and five edges was also explored, shown in

Figure 2.2. All of these networks have identical treeness, ¢ = 1 (sensu Xie & Levinson 2007). In

-14 -



general the stability is correlated with the diameter of the network. However, the clear exception
is the “double-Y” topology, which has the highest stability of all. This has inspired an alternative
measure of the treeness of a network that we will refer to as “dendricity” to avoid conflicting

with prior definitions of treeness in the literature.
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FIGURE 2.2: The stability of all possible simple connected networks made
of six populations with five corridors of migration. Here the critical migra-
tion rate was evaluated at a relative heterozygote fitness of w = 3/4. The
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the allele frequencies of the nodes.
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Random Graphs

In order to evaluate general correlations between migration-selection stability and network
summary statistics we generated 100,000 random connected graphs of up to 20 nodes in size and
evaluated their stability. The results are summarized in Supplementary Table 1. We found that
the most stable network configurations contained nodes with at most three edges (see the next
section below) so, in order to avoid the problem of the rate of immigration more than replacing a
local population we set a maximum migration rate of m = 1/3 and reported this as m* for the
subset of highly stable network topologies—only 0.64% of the random networks reached this

point of m = 1/3—these highly stable networks are explored in the next section.

The following parameters were estimated from these networks: Variance, which refers to the
variance in connectivity (c; the number of edges incident with node i) of all the nodes in the

network. Efficiency refers to the shortest path lengths between nodes in the network according to

1

T

1
(Pefficiency = V(V — 1) Ey l,])

where d(i, j) is the minimum path length between nodes i and j. The diameter of the graph is the
maximum d(i, j) € G. Dendricity is the fraction of nodes incident with three edges where at least
one edge is a “bridge” edge (removing bridge edges results in an unconnected graph) out of the
total number of internal nodes. Evenness is simply a binary variable of zero or one to indicate if
an odd or even number of nodes are present in the graph. Finally, terminalness indicates the

fraction of nodes in the graph that are terminal (or leaf) nodes.

Each of the summary statistics we addressed were significant predictors of network stability;
however, because of correlations between these measures caution must be used to interpret the
results. For example, contrary to intuition the number of nodes was negatively correlated with

stability. This is because the number of possible edges, which generally lower stability, increases

-17 -



dramatically with the number of nodes. When the number of edges is controlled the number of
nodes becomes strongly positively correlated. Simply the number of nodes per edge (V/E) is a
powerful predictor of stability. In general diameter is a strong predictor of stability, particularly if
the number of nodes are held constant (compare to Figure 2.2). Dendricity and terminalness also
performed well as general predictors of stability. Evenness continues to be a predictor of stability,
specifically even ordered networks have a greater stability than odd ordered ones, but the
predictive power is weak compared to other measures. Variance and efficiency are a bit more
difficult to understand. Increased variance in the number of edges per node is associated with
lower stability, while intuitively one might expect the opposite. When this is measured as
variance divided by the total number of edges the correlation almost disappears and in fact
becomes slightly positive—as expected—unless the number of nodes are held constant. Efficiency
also varies in a non-intuitive way. It is positively correlated unless either the number of nodes or
the number of edges are held constant where it becomes strongly negatively correlated; however,

if both are constant efficiency becomes slightly positively correlated again.

When exploring model selection to find the minimal adequate model to predict m* via adjusted
12, and Mallows’ C, as implemented in the R package “leaps” all ten summary statistics were
retained using all four methods (R Development Core Team 2008, Lumley 2009). Using all of the

predictors in the full linear model explains the majority, 7> = 0.72, of the variation in m*.

Evolving Networks

In order to more fully explore the upper edge of highly stable networks for a given V we wrote a
program that would make random changes to the network and evolve higher stability
configurations. Starting from a fully interconnected network with as close to half of the nodes
near an allele frequency of zero or one as possible, edges were randomly selected to be removed

or added with the constraint that the new network remain connected. Most frequently a single
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edge was altered but with reducing frequency two or more edges could be changed
simultaneously to allow larger jumps in topology and movement away from locally stable

configurations. When a network is altered its m;,,,, value is determined. If the new critical value

*

turrent, the new network is adopted for the next

is higher than the value of the current network m
step. If the new critical value is lower than the current network, the new network is adopted with
a probability equal to the ratio of the new and current critical migration values (11}, / 1},,,ront)-
This also allows the network evolution to explore regions off of local maxima. Up to V = 5 the
most stable network configuration was a linear topology. From V' > 6 networks with greater
stability than the linear configuration were found and are illustrated in Figure 2.3. Note that the
number of possible connected networks increases dramatically with larger V. The most stable

networks found in Figure 2.3 are not expected to result from an exhaustive search, particularly for

V > 10. They are however meant to illustrate some general properties of highly stable networks.

2.3.3 Software Availability

All simulations for both random and evolving networks were written in Python 2.7.10. The code

is freely available on GitHub: https://github.com/akijarl/NetworkEvolve

2.4 Discussion

One result that is beginning to emerge from the study of evolutionary dynamics on graphs is that
the resulting properties can be sensitive to the network topology, but often in a non-intuitive way,
(e.g. Hindersin & Traulsen 2014, Hindersin & Traulsen 2015). There are some general factors that
influence, or are predictive, of the stability of underdominant polymorphisms in a population

network. In smaller networks the influence of diameter and evenness are apparent. The larger
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FIGURE 2.3: A plot of the stability of highly evolved networks (w = 0.95).
For comparison the stability of corresponding linear structures is also plot-
ted (linear, blue). The most stable network found for each V is given (at the
end of 10,000 steps of random changes with a Metropolis-Hastings-like chain
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replicate runs), even to the left and odd to the right near each correspond-
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the diameter of the network the effectively lower the migration rate is between the edges of the
system, because alleles have to be exchanged via intermediate nodes; it is well understood that a
lower migration rate enhances migration-selection stability (Altrock et al. 2010). In contrast the
more edges there are in a system the higher the effective migration rate across the network,

which results in lower stability.

The role of the even-odd number of nodes is more subtle. In a system of coupled populations
having an allele frequency near p = 1/2 is inherently unstable with underdominant fitness
effects. An odd ordered network that is anchored at high and low frequencies near its edges
pushes the central population near p = 1/2, which destabilizes the entire system. Of course there
are exceptions to this rule such as the star network topology (star networks also have other
unusual properties such as acting as amplifiers of selection Frean et al. 2013, Adlam et al. 2015,
Hindersin & Traulsen 2015), and the importance of evenness declines with larger networks. This
pattern may also change if there are three or more alleles that are underdominant with respect to
each other. Interestingly, this effect seems to have been completely overlooked in previous work

using either numerical techniques or wave approximations to study underdominant-like effects.

The networks that were evolved to higher stability illustrate the effects of having two “anchor”
nodes at each end of a central linear network “trunk.” The anchors are made up of variations on
a theme of a node with three edges with at least one of these edges being a bridge edge.
Intuitively, the flow of one allele along two paths into a population can overcome the flow of the
alternative allele along a single path, thereby enhancing the stability of the anchored edges of the
system (cf. the discussion of “stem” structures, reservoirs, and the movement of clusters of
mutants within “superstar” networks in Jamieson-Lane & Hauert 2015). In contrast a strictly
linear network allows adjacent populations to collapse one by one without any local restrictions
in gene flow. Additionally the internal linear trunk has a large diameter further restricting gene

flow according to the discussion of the effects of diameter above.
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As the number of demes in one- or two-dimensions becomes large the natural limit of continuous
population structure is approached (Barton 1979). Patterns found in small networks, such as the
even-odd stability pattern, become minimized and the dynamics are consistent with continuous
approximations. Studies of underdominance in continuous populations have found that
polymorphisms can persist when “hybrid zones” are trapped by natural barriers such as regions
of lower population density or restrictions in gene flow (Barton 1979, Barton & Turelli 2011).
There are also parallels in ecological models, e.g. “invasion pinning” in Keitt et al 2001. This is
consistent with the highly stable double-anchored tree networks. The central trunk acts as a local
restriction to gene flow and pins the cline in allele frequency from invading across the structure

(Barton 1979).

2.4.1 Implications
Natural Systems

This work was originally motivated by biological systems. It is interesting to ask, based on these
results, where we might expect to see underdominant polymorphism being maintained in wild
populations. Population network configurations exist in which even subtle levels of
underdominance can maintain stable geographic differences between populations with
substantial rates of migration. Chromosomal rearrangements that lead to strong
underdominance can occur at relatively high rates and are rapidly established between closely
related species (White 1978, Jacobs 1981). Subtle underdominant interactions may be more
widespread than previously appreciated and may have played a large role in shaping gene
regulatory networks (Stewart et al. 2013). Note also that weak effects among loci can essentially
self organize to become coupled and that this effect may extend to a broader class of

underdominant-like effects such as the well known Dobzhansky-Muller incompatabilites (Barton
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& De Cara 2009, Landguth et al. 2015). We have found that bifurcating tree-shaped (dendritic)
networks have very high stability. Key natural occurrences of dendritic habitats include
freshwater drainage systems, as well as oceanic and terrestrial ridge systems. Indeed, a role of
underdominance in shaping patterns of population divergence across connected habitats has
been implicated, either directly or indirectly, in freshwater fish species (Fernandes-Matioli &
Almeida-Toledo 2001, Alves et al. 2003, Nolte et al. 2009), salamanders (Fitzpatrick et al. 2009,
Feist 2013), frogs (Bush et al. 1977) (see also Wilson et al. 1974), semiaquatic marsh rats
(Nachman & Myers 1989), and Telmatogeton flies in Hawai‘i, which rely on freshwater streams for
breeding environments (Newman 1977) (in the case of Dipterans we are ignoring chromosomal
inversions which do not result in underdominance in this group (Coyne et al. 1991, Coyne et al.
1993). In fact, alpine valleys around streams also follow a connected treelike branching pattern
and there are examples of extensive underdominance in small mammals found in valleys in
mountainous regions (Pialek et al. 2001, Basset et al. 2006, Britton-Davidian et al. 2000). To the
extent that persisting underdominant and underdominant-like fitness effects may promote
speciation (rates of karyotype evolution and speciation are correlated, see Levin & Wilson 1976,
Bush et al. 1977) it should be noted that freshwater streams contain 40% of all fish species yet are
only 1% of the available fish habitat and that a higher rate of speciation is indeed inferred for

freshwater versus marine systems (Bloom et al. 2013).

However, there are also examples of the maintenance of underdominant polymorphisms that are
not found in species associated with limnological structures. For example, the island of Sulawesi
itself has an unusual branching shape and a large number of terrestrial mammal species with a
90% or greater rate of endemism excluding bats (Groves 2001). Other factors that are associated
with underdominant stability are the diameter of the network and having an even order of
nodes. The Hawaiian islands essentially form a linear network of four major island groups

(Ni‘thau & Kaua'i—O’ahu—Maui Nui—Hawai‘i) and are known for their high species diversity
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and rates of speciation with examples in birds (Lerner et al 2011), spiders (Gillespie 2004), insects
(Magnacca & Price 2015), and plants (Helenurm & Ganders 1985, Givnish et al. 2009). For
example, the Hawaiian Drosophila crassifemur complex has maintained chromosomal
rearrangements between the islands that are predicted to result in underdominance (Yoon et al
1975). Perhaps the network topology of the Hawaiian archipelago (in addition to the diversity of
micro-climates, environments, and ongoing inter-island colonizations) has contributed to the

high rates of diversification found on these islands.

In contrast, areas where we might expect to see less maintenance of genetic diversity that can
contribute to boundaries to gene flow are in highly interconnected networks with low diameters
such as, perhaps, marine broadcast spawners with long larval survival times that are associated
with the shallow waters around islands (i.e., the network nodes). Examples of a lack of speciation
in such groups, distributed over areas as large as half of the Earth’s circumference, exist (Palumbi

1992, Lessios et al 2003).

Another type of network is one that is distributed over time rather than space. Underdominant
interactions have been inferred in the American bellflower Campanula americana (Galloway &
Etterson 2005). This species is unusual in that individuals can either be annual or biennial
depending on the time of seed germination. Given that the majority of seeds are expected to
germinate within a single year (Galloway 2001), even-year biennials may form a somewhat
distinct population from odd-year biennials with gene flow occurring by the subset of annual
plants—forming an even ordered network. Finally, a tantalizing combination exists in the pink
salmon, Oncorhynchus gorbuscha, of the North Pacific. This species is both biennial and returns to
native freshwater streams to spawn. Indeed, artificial crosses between even and odd year
individuals (of the same species) have revealed extensive genetic differences with hybrid

disgenesis (Gharrett & Smoker 1991, Limborg et al. 2014).
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Applications

Various “transgene mitigation” methods have been proposed to prevent the transfer of genetic
modifications from genetically engineered crops to traditional varieties or wild relatives (Lee &
Natesan 2006, Daniell 2002, Hills et al. 2007, Kwit et al. 2011) including the use of
underdominant constructs (Reeves & Reed 2014, Soboleva et al. 2003). In a species with limited
pollen dispersal, it may be tempting to plant a buffer crop area between a GMO crop with
underdominant transgene mitigation and an adjacent unmodified population. However, these
results suggest that, over multiple generations, this configuration may actually destabilize the
system and promote the spread or loss of the genetic modification. In a simplistic scenario a
single flanking buffer population results in an odd number of populations, breaking the evenness
rule of stability (unless the populations are arranged in essentially a V = 5 star pattern, Figure
2.1). Depending on local conditions, it may be preferable to plant two distinct yet adjacent buffer
crops or none at all. Of particular note are genetically modified and wild species that exist in
freshwater systems, such as rice (Lu & Yang 2009) and fish (Devlin et al. 2006). Our predictions
suggest that underdominant containment may in general have enhanced stability in these
situations. However, this can work both ways. Genetic modifications may be amiable to
underdominant mitigation strategies to prevent establishment in the wild; yet, difficult to

remove from freshwater systems if established.

Using underdominance to stably yet reversibly genetically modify a wild population is one goal
within the field of genetic pest management. The potential implications of these results depend
on the amount of modified individuals that could be released into the wild. If the numbers are
sufficiently high to transform an entire region then highly interconnected populations would be
ideal to ensure full transformation. However, as is much more likely, if the number of individuals
that can be released is much smaller than the total wild population, transformation might best be

achieved in a stepwise strategy utilizing linear or treelike population configurations. In the case
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of Hawai‘i, limiting the effects of avian malaria by modifying non-native Culex mosquitoes has
been proposed as a method to prevent further extinctions of native Hawaiian forest birds (Clarke
2002). Linear island archipelagos and their river valleys (Culex are more common at lower
elevations, see van Ripper III et al. 1986) may be ideal cases to both transform local populations

yet prevent genetic modifications from becoming established outside of the intended area.

2.4.2 Future Directions

It will come as no surprise to an evolutionary biologist that systems with greater genetic isolation
(such as freshwater streams versus marine environments) will lead to increased genetic
divergence and rates of speciation; however, the implication we are focusing on here is the
influence of the population network topology. We are suggesting that, for the same degree of
migration rate isolation, alternative network topologies might be compared to inferred rates of
speciation and/or enhanced genetic diversity that leads to hybrid dysgenesis. A consideration of
the geological history is also appropriate to incorporate effects such as stream capture and the
merging of islands on biological diversity. A proper meta-analysis or experimental evolution of
this network topology effect is beyond the scope of the current manuscript but would be useful

projects to further explore these effects.
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Chapter 3

Gene expression across tissues, sex, and life

stages in the sea urchin Tripneustes gratilla

3.1 Abstract

The pan-tropical sea urchin Tripneustes gratilla is an ecologically and economically important
shallow water algal grazer. The aquaculture of T. gratilla has spurred growing interest in the
population biology of the species, and by extension the generation of more molecular resources.
To this purpose, de novo transcriptomes of T. gratilla were generated for two adults, a male and a
female, as well as for a cohort of approximately 1,000 plutei larvae. Gene expression profiles of
three adult tissue samples were quantified and compared. These samples were of gonadal tissue,
the neural ring, and pooled tube feet and pedicellariae. Levels of shared and different gene
expression between sexes, as well as across functional categories of interest, including the
immune system, toxins, genes involved in fertilization, and sensory genes are highlighted.
Differences in expression of Sex determining Region Y-related High Mobility Group box groups
and general isoform expression between the sexes is observed. Additionally an expansion of the

tumor suppressor DMBT1 was observed in T. gratilla when compared to the annotated genome of
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the sea urchin Strongylocentrotus purpuratus. The draft transcriptome of T. gratilla is presented

here in order to facilitate more genomic level analysis of de-novo sea urchin systems.

3.2 Introduction

The Phylum Echinodermata occupies a unique place on the evolutionary tree of life. Together the
Echinodermata and Hemichordates, or acorn worms, form the clade Ambulacraria, which are the
most closely related invertebrate taxa to the Chordates (Metschnikoff 1881, Furlong & Holland
2002, Satoh et al. 2014). Sea urchins (Class Echinoidea) have served as a model organism in
developmental biology for over 150 years, owing to their frequent and voluminous broadcast
spawning behavior and the ease with which gametes are collected and observed for in vitro
fertilization (McClay 2011). The importance of sea urchins to the field of developmental biology
resulted in an official call by Davidson & Cameron (2002) to sequence a complete sea urchin
genome. In 2006 the full genome of the East Pacific urchin Strongylocentrotus purpuratus
(Stimpson 1857) was published, and the annotated genome made freely available online (Sea
Urchin Genome Sequencing Consortium 2006, Cameron et al. 2009). This development inspired
significant and ongoing molecular work on members of the Strongylocentrotidae family (Kober
& Bernardi 2013, Oliver et al. 2010, Walters et al. 2008), and more recently, a handful of
transcriptomes and representative genomes for Echinoderms beyond the Strongylocentrotidae
have been published (Dilly et al. 2015, Israel et al. 2016). While there is routine use of sea urchins
as laboratory organisms and a growing body of molecular data available, many aspects of sea
urchin biology still remain unknown. For example, while there have been hypotheses generated
about the sex determination of sea urchins, it has yet to be concluded whether sea urchins
operate under genetic sex determination or even possess distinct sex chromosomes (Eno et al.

2009; Bachtrog et al. 2014). Many species of sea urchin are also highly commercially valued in the
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food industry. Notably Tripneustes gratilla (Linnaeus 1758), commonly known as the collector
urchin, and the Pacific congeneric of the Caribbean "sea egg" T. ventricosus (Lamark 1816).
Tripneustes gratilla has one of the most expansive ranges of all shallow water echinoids,
occurring everywhere from the Hawaiian islands in the central Pacific, to the shores of South
Africa (Mayr 1954, but see Bronstein et al. 2017). As an ecosystem engineer, T. gratilla greatly
affects the shallow water community composition during rapid population expansions and mass
die-offs that frequently occur subsequent to rapid expansions (Valentine & Edgar 2010). As such,
T. gratilla is currently the object of a large-scale aquaculture and outplanting effort by the state of
Hawai?i as a biocontrol agent against invasive algae such as Acanthophoraspicifera, Gracilaria
salicornia, Eucheuma denticulatum and Kappaphycus clade B (Westbrook et al. 2014). A member
of the family Toxopneustidae (Troschel 1872), a sister family to the Strongylocentrotidae,
(Laruson 2017), T. gratilla is a confamilial of the highly venomous sea urchin, Toxopneustes pileolus
(Lamark 1816). The increased collection and cultivation of T. gratilla has spawned increased
interest in understanding the population structure of this broadly distributed urchin (Cyrus et al.
2014, Westbrook et al. 2015). This paper presents comparative descriptions of annotated draft
transcriptomes from a male and female adult as well as a cohort of larval T. gratilla to determine
how gene expression differs in both somatic and gonadal tissues between the sexes, and how
gene expression profiles vary at different life stages (planktotrophic larvae versus benthic adults).
A focus is placed on key similarities in presence or absence of expressed genes between these
broadly split life stages. As suggested by Tu et al. 2012, the combination of larval developmental
stage and adult tissue transcriptome can be integral for a more accurate context of genome level
sequences. We present this draft transcriptome in response to the need for more large scale

molecular resources for this ecologically and economically important sea urchin.
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3.3 Materials & Methods

3.3.1 Collection and Extraction

Whole RNA was extracted using a Qiagen RNeasy extraction kit from two adult T. gratilla,
collected from near-shore waters of southwest O’ahu, Hawai‘i (approximately 21°21"13"N,
158°7’54"W). Three distinct tissues were individually sampled and indexed from each adult:
gonadal tissue was sampled from each of the five gonadal lobes; neural tissue was sampled from
the neural ring; tube feet and pedicellariae were sampled from several places across the animals’
external surface. Whole RNA was similarly extracted from approximately 1,000 plutei-stage T.
gratilla larvae, acquired from the Anuenue Fisheries Research Center on Sand Island, O’ahu,
Hawai’i (Hawaii Department of Land and Natural Resources). The larval cohort consisted of
mixed progeny from five adult females and five adult males. These parental T. gratilla were

mature (>65mm in diameter) individuals wild caught off the coast of western O’ahu, Hawai'i.

3.3.2 Sequencing

Extracted RNA was sent to the Hawai’i Institute of Marine Biology Genetics Core for cDNA
library construction and sequencing. Extracts were treated with Epicentre Rnase-free Dnase I; 1
uL of Dnase I was added per 20uL of sample, then incubated at 37°C for 30 min. Samples were
then cleaned using the Qiagen RNeasy Minelute Cleanup Kit. Quality was assessed on an
Agilent 2100 Bioanalyzer. Poly-A tail isolation and cDNA synthesis were performed with the
[Nlumina TruSeq Stranded mRNA Sample Preparation Kit (Protocol Part # 15031047 Rev. E) with
no fragmentation time to allow for larger RNA fragments. cDNAs were sequenced on two lanes
of an Illumina MiSeq with single strand chemistry for 300 cycles, using a V2 reagent kit.

Sequence files for each sample are available on the NCBI SRA database (Female Gonad:
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SRR6844874, Female Neural: SRR6844873, Female Tubefeet: SRR6844872, Male Gonad:
SRR6844871, Male Neural: SRR6844877, Male Tubefeet: SRR6844876, Larvae: SRR6844875).

3.3.3 Sequence Assembly, Annotation, and Analysis

All sequence reads were filtered and trimmed using Trimmomatic (Bolger et al. 2014): matches to
TruSeq3 index adapters were purged, leading and trailing bases falling under a Phred33 quality
score of 3 were trimmed, a sliding window trim was performed with a window size of four bases
and an average window quality score threshold of 15, and a minimum read threshold of 36 was
set. Cleaned reads from each sample were then assembled individually with Trinity (Haas et al.
2013). In order to avoid an excess of falsely identified isoform variants resultant assembly was
clustered at a 99% identity threshold with CD-HIT (Fu et al. 2012, Li & Godzik 2006). Assembly
quality was partly assessed via recovery of conserved metazoan single copy orthologs, as defined
through the software BUSCO (Simdo et al. 2015). Reciprocal best matches to the annotated
genomes of S. purpuratus (Spur4.2) and Lytechinus variegatus (Lvar2.2), acquired from
www.echinobase.org, were performed with a local tBLASTx alignment with an e-value cut off of
le-10. Additional annotation was performed by mapping the assembly, as well as the longest
open reading frames from Transdecoder (Haas et al. 2013), to the SwissProt (Bairoch & Apweiler
2000) and Pfam (Finn et al. 2016) databases. The resulting hits were assembled into a database
with Trinnotate (https:/ /trinotate.github.io/), with Gene Ontology (GO) categories assigned to
said hits. Transcript quantification, in terms of Transcripts Per kilobase Million (TPM), was
accomplished with RSEM (Li & Dewey 2011). Manhattan distance values, summary statistics,

and visualization was generated in R (R Core Team 2017).
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3.4 Results

In total, 14,903,815 raw sequence 300bp reads were generated. Trinity assembly of sequence data
clustered at 99% identity from all seven samples resulted in 172,841 transcripts, with 157,610
flagged as unigenes. The final assembly had an average contig length of 721.09, an N50 of 917,
and a GC content of 37.04%. Assembly quality was partly assessed via the recovery of 86.6% of
highly conserved metazoan single copy orthologs. For comparison, the full S. purpuratus genome
recovered 90.3% of the same dataset of metazoan orthologs. Only 10,027 unigenes had proposed
Trinity identified splice variants, or isoforms. Some 11,689 unigenes were annotated via
reciprocal best matches to S. purpuratus, while an additional 3,519 unigenes were annotated via
matches to L. variegatus for a total of 15,208 annotated unigenes. Of the remaining 142,402
unannotated unigenes, 6,452 matches to the SwissProt and Pfam databases for a total of 21,660
annotated transcripts. This corresponds to just over 70% (21,660/29,948) of the total number of

annotated genes of the S. purpuratus genome.

Between all annotated genes over 56% were observed exclusively in the adult tissues, and only
2% (422 genes) were uniquely observed in the larval transcriptome (Figure 3.1A). 86.8% of all
annotated genes were observed in both individuals, with 6.9% of annotated genes being unique
to the female, and 6.3% being unique to the male (Figure 3.1B). 58% of all annotated genes were
found to be co-occurring across the three adult tissues (gonad, neural, and tube
feet/pedicellariae). The largest number of tissue-specific expression was seen in the gonads
(7.7%), while the fewest uniquely expressed genes were identified in the tube feet/pedicellariae

(1.3%, Figure 3.1C).

Across broadly identified functional categories, after excluding ribosomal genes as well as genes
with unknown annotations, by far the greatest number of annotated genes were identified as

being involved in metabolism (1,038). The 20 most highly represented functional gene categories
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are highlighted in Figure 3.1D.
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FIGURE 3.1: Annotated genes across samples. A. Genes identified across

adult tissues versus larval sample. B. Genes identified across all tissues in

a female versus in a male. C. Genes identified across different tissues. D.

Number of identified genes expressed across functional categories identified

via annotation to Strongylocentrotus purpuratus, Lytechinus variegatus, as

well as Pfam and Swissprot datasets. Only the top 20 largest categories are
displayed
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3.4.1 Fertilization and Sex differences

A Manhattan distance calculation of expression profiles between adult tissues clusters each adult
separately, with the neural and tube feet/pedicellariae tissues clustering more closely to each
other than to the gonadal tissue. However when isoforms are clustered so that only unigene
expression information is considered, the variation between individual gonad expression profiles

is reduced such that the male and female gonad samples cluster together (3.2).

Ninety genes were identified as being involved in fertilization, with 42 of those expressed in both
the adult samples as well as the larvae. Two genes, acid-sensing ion channel-like (AsicL) and
sodium channel (NaC) were only observed in the larvae. The dual oxidase homolog Udx1, which
has an important role in the fast-block to polyspermy (Wong et al. 2004), was one of the four
most highly expressed fertilization genes across all samples, except for in the male gonad.
Comparing male and female samples across all tissues recovered 1,335 genes that were
exclusively found in the male and not the female, and 1,467 genes were only seen in the female
and not the male. The only sex determination associated protein recovered in one sex was Wnt-4,
which was found in the male and the larvae. Eleven Sex determining Region Y related High
Mobility Group box (Sox) gene fragments were recovered. These represented the SoxB1, SoxB2,
SoxC, SoxD, SoxE, SoxF, and SoxH groups; these groups were seen across all adult tissues, while

SoxD was the only group not recovered from the larvae (Figure 3.3).

3.4.2 Immune system

Immune system genes were identified via known annotated functional category (Hibino et al.
2006) or GO categorization. Comparing only the most highly expressed immune genes,
Ubiquitin-40S ribosomal protein S27a (RPS27A) fusion protein was the most highly expressed in

all female tissue samples, the larvae sample, as well as the male neural and tube
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= =

1500000
J

1000000
|

0 500000
|
n

Male Gonad
Male Neural
Male Tubefeet
Male Neural
Male Tubefeet
Male Gonad

Female Gonad
Female Neural
Female Tubefeet
Female Neural
Female Tubefeet
Female Gonad

FIGURE 3.2: Dendrogram of Manhattan distances observed between expres-

sion profiles in adult tissues. On the left including all isoforms identified in

each sample, and on the right considering only the expression of unigenes

(clustered isoforms). The placement of Female Gonad and Male Gonad pro-

files as a distinct unit when considering only the unigene expression suggest

that splice variation underlies the differences in male and female gonadal ex-
pression

feet/pedicellariae samples. In the male gonad sample, however, a Scavenger Receptor Cysteine
Rich (SRCR) gene (Srcr197) was the most highly expressed immune gene observed. SRCR
domains were seen expressed in all samples, with 33 unique SRCR genes identified in total. Two
genes involved in the clotting response, Amassin (Hillier & Vacquier 2003), and a Kringle domain
containing gene (PIgL2), were observed to be two of most highly expressed genes in the neural
tissue of both the female and male samples. Additionally, Plgl.2 was observed to be present at
elevated levels in the tubefeet/pedicellariae from both adult samples. In total, nine sea urchin
TLR genes were identified, along with six Tlr-like genes. TIr003 was identified through the
SwissProt database, but failed as a reciprocal best match to that of either the S. purpuratus or L.

variegatus genomes.

Twenty-nine NACHT domain and leucine-rich repeat (NLR) proteins were identified. Overall 15
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elements annotated to the immunoglobulin superfamily (IgSF) and 12 genes connected to V(D)]
recombination were identified, as well as 18 tumor necrosis factor (TNF) functional category
genes. Two RAS domains and two Fat-like cadherin-related tumor suppressor homologs were
also identified. An unexpected finding was the identification of 69 Deleted in Malignant Brain
Tumor 1 (DMBT1) unigenes. The majority of expressed DMBT1 genes were observed only in the

adult tissues, but eight were also identified in the larvae. Results are summarized in Table 3.1.

TABLE 3.1: Identified unigenes from select functional gene classes implicated in immune
system response

Gene class Number of unigenes identified
Deleted in malignant brain tumors 1 (DMBT1) 69
Scavenger receptor cysteine-rich repeat (SRCR) 33
NACHT domain and leucine-rich repeat (NLR) 29
Tumor necrosis factor (TNF) 18
Toll-like receptor (TLR) 15
Immunoglobin superfamily (IgSF) 15

3.4.3 Toxins

Six gene fragments annotated as putative toxins were identified through the Swissprot/Pfam
database. Venom Protein 302 was identified in all adult tissues, absent in the larvae, but
expressed most highly in the tube feet and pedicellariae samples of both adults. Snake venom
metalloprotease inhibitor 02A10 was identified in the male gonad and Venom serine protease
Bi-VSP was found in all adult tissues except for the male gonad. C-type lectin lectoxin-Enh5 was
found in all female tissues, the larvae, and the male neural tissue. Fourteen transcripts with
Phospholipase A2 (PLA2) activity that were most highly represented in the
tubefeet/pedicellariae were identifed. Fragments annotated as Stonustoxin alpha subunit and

Verrucotoxin beta subunit, both toxic proteins characterized from Stonefish (genus Synanceia),
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were expressed in the female tube feet/pedicellariae sample (Table 3.2). Alpha-latrotoxin-Lhela

was also found in the female tube feet/pedicellariae. This fragment contained ankyrin repeats

typically seen in Alpha-latrotoxin-Lhel, but was missing the N-terminal domain associated with

the neurotoxin from the western black widow spider Latrodectus hesperus Chamberlin & Ivie,

1934.
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FIGURE 3.3: Barplot of Transcripts Per kilobase Million levels of Sex deter-

mining Region Y-related High Mobility Group box (SRY-HMG or SOX) group

expression across the different samples. Elevated SoxH expression was ob-

served in the Male Gonad compared to the remaining samples, while higher

levels of SoxB1, SoxB2, and SoxC were observed in the female and the larvae.
F = Female, M=Male, G=Gonad, N=Neural, T=Tubefeet/Pedicellariae
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3.4.4 Sensory

Only four of the eight prototypical sea urchin opsin genes (Raible et al. 2006, D" Aniello et al.
2015, Lowe et al. 2017) were recovered: opsin 2, opsin 5, opsin 3.2, and opsin 4-like-1. All opsins
were only found expressed in adult tissues. The most highly expressed sensory protein identified
in the larvae was mechanosensory protein 2, which was also the most highly expressed sensory
protein in the male and female tube feet/pedicellariae as well as the male neural tissue. Six
distinct Sensory GPCR Rhodopsins and a FAD binding blue light photoreceptor sequence were

recovered from adult as well as larval sequences.

TABLE 3.2: Venom/Toxin associated gene fragments identified. Venom Pro-
tein 302 was the only transcript observed at its highest expression in the tube
feet/pedicellaria of both individuals. All values reported in Transcripts Per

kilobase Million
Transcripts Annotation F.Gonad F Neural F Tubefeet Larvae M.Gonad M. Neural M. Tubefeet
TR37298_c0_gl Venom protein 302 0.67 5.2 15.27 0 0 7.54 10
TR47326_c0_g2 Stonustoxin subunit alpha 0 0 18.3 0 2.07 0 0
TR47326_c0_g3 Stonustoxin subunit alpha 0.52 0 6.61 0 0 0 0
TR47326_c1_gl Verrucotoxin subunit beta 0 0 10.92 0 0 0 0
TR9549_c0_gl1  Alpha-latrotoxin-Lhela 0 0 7.02 0 0 0 0
TR80588_c0_gl Venom serine protease Bi-VSP 6.68 4.68 4.22 0 0 10.93 55
TR48480_c0_gl C-type lectin lectoxin-Enh5 2.32 0.9 0.81 2.21 0 2.81 0
TR8624_c1_g2 Snake venom metalloprotease 0 0 0 0 31.3 0 0

inhibitor 02A10

3.5 Discussion

Some 21,660 unigenes identified from a larval cohort, as well as three tissues of an adult male and
female, are presented here from Tripneustes gratilla. This represents over 70% (21,660/29,948) of
the total number of annotated genes of the S. purpuratus genome, and includes 86.6% of highly
conserved metazoan single copy orthologs (Siméao et al. 2015). This represents a significant

portion of the T. gratilla transcriptome.

- 46 -



Since the sex determination mechanism of sea urchins remains unclear, expression profile
differences between three individually extracted tissue samples from a male and female
Tripneustes gratilla provides some insight into potentially contributing molecular factors. The
distinct gene expression profiles of the male and female gonads suggested by the Manhattan
distance on clustered unigenes, disappears when measuring differences in expression profiles
considering isoforms (Figure 3.2). While differences were observed between isoform expression
profiles in male and female tissues, no isoforms were found to exclusively occur in one sex. This
suggests that similar genes are expressed in both the male and female gonads, and levels of
expression of splice variants are primarily contributing to the functional distinction of testis and
ovary. While the major sex determination protein SoxA (Sex determining Region Y) is absent in
the presented T. gratilla dataset, as well as the S. purpuratus and L. variegatus transcriptomes
(Cameron et al. 2009), seven of the remaining eight Sox gene groups are represented in this
dataset (SoxB1, SoxB2, SoxC, SoxD, SoxE, SoxF, and SoxH). Somewhat curiously, the expression
patterns of Sox gene groups in the larvae much more closely resembled that of the female than
that of the male tissues (Figure 3.3). Out of all Sox gene expressions, SoxH was found to be most
highly expressed in the male compared to the female, with 48.87 TPM observed in the male
gonad, compared to 1.06 TPM in the female gonad. A homolog to the human Sox30, SoxH has
been suggested to be involved in the differentiation of male germ cells (Osaki et al.1999). Wnt-4,
generally understood in mammals to be involved in the suppression of masculinization in early
development (Chassot et al. 2012), was recovered in the larvae as well as in adult male neural
tissue. It was however not found to in the adult female. It is therefore possible the functional

distinction of Wnt-4 may have the opposite effect, promotion of masculinization, in sea urchins.

The small relative number of uniquely larval expressed genes could be a result of the expression
profile of several adult tissues being compared to a single developmental stage larvae;

alternatively it could possible be an effect of sequencing effort: while there was effectively equal
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sequencing effort in this study for the larval and the adult tissue sequencing (one illumina MiSeq
lane each), a comparison to S. purpuratus datasets with seven fold greater sequencing effort for
the larvae (2 lanes for adult, 14 for larvae, Pespeni et al. 2013a, Pespeni et al. 2013b) showed
virtually no uniquely adult expressed genes, and over 32% of annotated genes being observed

only in the larvae (supplementary figure 1).

This annotated draft transcriptome of T. gratilla captured some key immune system genes.
Interestingly, only 15 sea urchin TLR and TLR-like genes were identified across all samples. This
is a low number compared to the 222 TLR genes identified in S. purpuratus (Sea Urchin Genome
Sequencing Consortium 2006), and more in line with the 10 genes observed in Homo sapiens
Linnaeus, 1758 or the 28 S. purpuratus TLR transcripts recovered by Tu et al. 2012. Similarly, 33
unique SRCR domains identified in total, across all samples, which is a greater number of SRCR
genes than the 16 genes in H. sapiens, but still unlikely to represent the full suite of SRCR
diversity, as 218 SRCR genes have been identified in S. purpuratus (Sea Urchin Genome
Sequencing Consortium 2006). However, an expansion was observed in a protein member of the
SRCR superfamily: deleted in malignant brain tumor 1 (DMBT1), which was represented by 69
unigenes. Only 1 DMBT1 and 11 DMBT1-like genes have been identified in the S. purpuratus
genome. DMBT1 are known to be involved in regulating both the immune system and tumor
cells (via apoptosis or immune response to tumor cells). Tumor suppressing proteins such as
Tumor Necrosis Factor (TNF) and Rassf5 were also observed in all adult tissues as well the
larvae. This enhanced diversification of immune and tumor suppressing genes may be involved
in the suppression of transmissible cancer cells in a marine environment (Metzger et al. 2016).
Furthermore, this could suggest alternative immune response strategies between S. pupuratus
and T. gratilla: amplification of TLR genes (but see also Tu et al. 2012) versus DMBT1 duplication.
Additionally, the role of immune system genes in sea urchin tissue regeneration is worthy of

future study (Ramirez-Gémez et al. 2008).
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A number of potentially toxic proteins were identified in this dataset. Being a member of family
Toxopneustidae, T. gratilla is closely related to the most venomous sea urchin Toxopneustes
pileolus. Venom isolated from the globiferous pedicellaria of T. gratilla has been shown to be lethal
to mice and rabbit subjects, with respiratory distress and terminal tonic convulsions reported
prior to death (Alender 1963). Tripneustes gratilla is not considered hazardous to humans,
however irritation of the skin after handling adult individuals has been observed by the authors.
Also highly expressed in the tubefeet and pedicellariae were fourteen PLA2 activity genes. PLA2
share structural similarity with the T. pileolus Contractin A venom (Hatakeyama et al. 2015).
Venom Protein 302, an insulin-like growth factor binding protein, originally identified in the
venom gland of the Chinese Swimming Scorpion (Lychas mucronatus (Fabricus 1798) was
observed in all tissue samples, aside from the male gonad and the larvae. It is the only annotated
toxin to be present at its highest expression value in the tube feet/pedicellariae of both adult

individuals.

Verrucotoxin is a dimeric lethal toxin identified in the Stonefish Synanceia verrucosa (Garnier et al.
1995). Verrucotoxin subunit B annotated fragments were observed exclusively expressed in the
tube feet/pedicellaria; however only in the female adult. Two transcript variants of another
Stonefish toxin, Stonustoxin subunit B (Poh et al. 1992), were also observed in the female adult’s
tube feet/pedicellariae. While Stonustoxin has previously been considered a novel marine toxin
(Ghadessy et al. 1996), more recent analysis suggests that it may in fact have more broad
functional ancestry, and as is true for many toxins need not necessarily have a toxic function
across broader taxonomic identification (Ellisdon et al. 2015). The expression location of these
supposed toxins in the tube feet/pedicellariae could suggest the underlying function of toxic
defense against predation, the globiferous pedicellaria of T. gratilla are defensive structures (see
review in Coppard et al. 2012) and are potentially pursuit-deterrents to predatory fish

(Sheppard-Brennand, et al. 2017). Future efforts will be needed to fully isolate and confirm the
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effects of these potential toxins.

Lastly it should be mentioned that a large number of reverse transcriptase genes (242) were
identified in the dataset (Figure 3.1D). Sea Urchin Retroviral-Like (SURL, Mag family of
Ty3/Gypsy retrotransposons) mRNA recovered suggesting that this TE is still quite active in T.

gratilla. (Springer et al.1991, Gonzales and Lessios 1999)

The contribution of this T. gratilla transcriptome, with 21,660 identified unigene sequences, will
allow for further research into comparative genetic characterization of echinoids, as well as
molecular diversity and population structure of this broadly distributed, economically, and

environmentally important species.

3.6 Data repository

All raw sequence reads are to be deposited to the NCBI SRA database
(https:/ /www.ncbi.nlm.nih.gov/sra/SRP135810).
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Chapter 4

Rates and relations of mitochondrial genome
evolution across the Echinoidea, with special

focus on the superfamily Odontophora

4.1 Abstract

In order to better characterize the placement of genus Tripneustes, as a representative of the
Toxopneustidae family within the broader sea urchin mitochondrial (MT) phylogeny, the
complete MT genome of Tripneustes gratilla was generated and compared with all published
echinoid MT genomes currently available on NCBI GenBank. The MT genome phylogeny
supports the existence of the superfamily Odontophora (consisting of the families
Strongylocentrotidae, Echinometridae, and Toxopneustidae). A relaxed molecular-clock time
calibration suggests a split between the three key Odontophore MT lineages occurred during the
late Eocene/Oligocene. Major global oceanographic changes have been inferred during this time
frame, potentially driving species diversification through environmental selection pressures. To
test for signatures of selection acting on the mitochondria, the historical rate of gene evolution of

individual MT genes was assessed through a branch-site comparison of non-synonymous to
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synonymous substitution ratios (w). Models of positive selection and neutral evolution, as
compared via a likelihood ratio test, show no evidence of strong historical positive selection on
mitochondrial genes at the genesis of the Odontophora. However, while pairwise w comparison
revealed signatures of strong negative selection, relatively elevated w values were observed

within the Strongylocentrotus genus.

4.2 Introduction

There are presently over 1,000 described species of sea urchins that collectively make up the class
Echinoidea, the sea urchins, within the Phylum Echinodermata (Appeltans et al. 2012). Arising
early on in the fossil record (Ordovician) as a distinct class, and lending themselves well to
fossilization, echinoids have long been a hallmark of systematic research (Agassiz and Clark
1907-1917, Clark 1912, Fell 1974, Kroh and Smith 2010, Littlewood and Smith 1995, Smith 1988,
Smith and Savill 2001). Following the publication of Theodore Mortensen’s detailed alpha
taxonomy of echinoids between 1928 and 1951, sea urchins became a tractable system to
investigate questions of evolution and speciation (Mayr 1954, Mortensen 1928-1954, Palumbi and
Lessios 2005). Within the Echinoidea resides the ominously named Toxopneustidae family,
whose members include the highly venomous "flower urchin," Toxopneustes pileolus (Nakagawa
et al. 1996), the much-studied Caribbean "green sea urchin," Lytechinus variegatus (Watts et al.
2013), and the Indo-Pacific "collector urchin," Tripneustes gratilla (Lawrence and Agatsuma 2013),
along with eight other recognized species (Appeltans et al. 2012). Though these species are
well-recognized and studied, their familial phylogeny is not as well established. Previous
attempts at placement of the Toxopneustidae family within the greater sea urchin phylogenetic
tree using morphology has suggested that the Toxopneustidae, Echinometridae, and the

Strongylocentrotidae together form the superfamily Odontophora (Kroh and Smith 2010). The
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complete MT genome of T. gratilla, reported here, represents the last genome needed in order to
compare all MT family lineages within the proposed Odontophora superfamily. Markers derived
from MT genomes have long served as the molecular standard for species delineation, and
population connectivity, as well as deeper evolutionary relationships (Avise et al. 1987, Ballard
and Whitlock 2004). Part of the appeal of the MT marker has been not only its ease of recovery
during DNA extraction owing to the high copy numbers of MT genetic material per cell, but also
the lack of recombination and a general assumption of freedom from strong positive selection
(Grey 1989). However, a growing number of studies have suggested natural selection on MT
genes may not be as rare as previously assumed (Ballard and Whitlock 2004, Bazin et al. 2006,
Doi et al. 1999, Stojkovi¢ et al. 2016). Genetic variation of MT genes may be driven by thermal
adaptation in ectothermic poikilotherms, such as sea urchins, as the thermal stability of
transcribed proteins is critically important to function (Guderley and St-Pierre 2002, Hazel 1999).
Indeed, periods of great oceanographic change, including significant global ocean cooling, have
been linked to species divergence as a result of climate driven selection pressures (Prothero and
Berggren 1992). Beyond thermal adaptation, cytonuclear incompatibility can also serve as a
selection force on MT genes, which rely on nuclear molecular machinery. Cytonuclear
incompatibility may arise through population divergence, as nuclear and MT genes evolve
within a population, and can serve as a mechanism to restrict gene flow during secondary
contact between populations (Burton and Barreto 2012). One approach to detect molecular
signatures of selection across lineages is to quantify the proportion of nucleotide substitutions
occurring at non-synonymous codon sites compared to the proportion of synonymous
substitutions, accounting for the degree of degeneracy at each codon site. This ratio of
non-synonymous to synonymous substitutions (dN/dS or w) can serve as a highly conservative
estimate of selection when comparing lineages. An assumption is made that the majority of
synonymous substitutions are selectively neutral, while the occurrence of non-synonymous

substitutions are presumably selection driven. Values of w close to 1 suggest neutrality, values

-59 -



much less than 1 suggest the action of purifying selection in removing amino acid substitutions,
and values much greater than 1 pointing to positive selection on amino acid change (Nielsen and
Yang 2003, Kryazhimskiy and Plotkin 2008). Extending this approach to inferred historical
sequences of shared ancestors allows for an estimation of past instances of selection-driven
divergence. This study does just that by estimating w values for each branch of a phylogenetic
tree generated from complete MT genomes of 14 taxa across the Echinoidea, including 10 from
the Odontophora. Two branch-site tests of positive selection, a "strict" and "relaxed" variety, were
performed on the branch giving rise to the Odontophora, in order to assess the influence of

climate shifts driving lineage divergence through positive natural selection.

4.3 Materials & Methods

Whole RNA was extracted from two adult T. gratilla, as well as from approximately 1,000
plutei-stage T. gratilla larvae, using a Qiagen RNeasy extraction kit. All specimens were acquired
from O’ahu, Hawai‘i. Poly A-tail hybridization and cDNA generation was accomplished with an
[Nlumina TruSeq kit and sequencing was performed on an Illumina MiSeq (300 cycle, single end)
at the Hawaii Institute of Marine Biology (HIMB) Core Genetics facility, O’ahu, Hawai‘i. Raw
reads were filtered for adapter sequences using BBDuk in the BBMap package (Bushnell 2015)
and assembled in Trinity (v.3.1.1, Grabherr et al. 2011). MT gene sequences were identified via
annotation to the MT genome of the Strongylocentrotid Hemicentrotus pulcherrimus in Geneious
(v.6). A draft MT genome for T. gratilla was generated by annotating the concatenated MT gene
sequences at a 90% identity threshold to 12 echinoid MT genomes. All 13 coding DNA sequences
(CDS), 22 tRNA, and 2 rRNA sequences were thus identified on the draft MT genome. Using the
draft MT genome, 40 pairs of novel primers were designed using the Owczarzy et al. (2004) salt

correction formula, and thermodynamic parameters from SantaLucia (1998), as implemented in
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Primer3plus (http:/ /www.primer3plus.com, Untergasser et al. 2012). A combination of regular
and long-range primers (used with NEB Long Range Taq 2x) were designed to generate
overlapping products across the whole T. gratilla MT genome. An annealing temperature of 58°C
was used for all thermocycler runs. DNA from a third adult T. gratilla, collected from Western
O’ahu, Hawai‘i, was amplified using the novel primers in PCR, and resultant products were
sequenced via Sanger sequencing on a 3730 ABI DNA Analyzer at the Advanced Studies in
Genomics, Proteomics, and Bioinformatics (ASGPB), O’ahu, Hawai'i. Overlap of resultant
amplicons allowed for the inclusion of intergenic sequences and clarification of a few low quality
areas from the draft MT genome to give a complete and high confidence MT genome sequence.
The T. gratilla MT genome is available on NCBI GenBank (Accession number: KY268294). In
total, 12 complete MT genomes of echinoids were acquired from NCBI Genbank. This included
Arbacia lixula (NC001770, De Giorgi 1996), Paracentrotus lividus (NC001572, Cantatore 1989),
Loxechinus albus (NC024177, Jung and Lee 2015), Sterechinus neumayeri (NC020771, Dilly et al.
2015), Heliocidaris crassispina (NC023774, Jung et al. 2016), Hemicentrotus pulcherrimus (NC023771,
Jung et al. 2014), Mesocentrotus franciscanus (NC024177, Gaitan-Espitia 2016), Mesocentrotus nudus
(NC020771, Jung et al. 2013), Pseudocentrotus depressus (NC023773), Strongylocentrotus purpuratus
(NC001453, Jacobs et al. 1988, Qureshi and Jacobs 1993, Valverde et al. 1994), S. droebachiensis
(NC009940), S. pallidus (NC009941), and S. intermedius (NC023772). Initially the MT genome of
Temnopleurus hardwickii (NC026200, Fu et al. 2014), from the family Temnopleuridae, was
included in the analysis. However, due to ambiguous phylogenetic signals across the T.
hardwickii MT genome and a polytomous assignment of the species, it was dropped from the final
analysis. Full MT genome alignments were performed with MAUVE as implemented in
Geneious v.6 (Darling et al. 2010). Sequence length comparisons of the 15 MT genes were also
performed in Geneious v.6. The two non-coding 12s-rRNA and 16s-rTRNA sequences were
aligned in T-COFFEE using the ribosomal folding algorithm implemented in the RCoffee mode

(Notredame et al. 2000, Wilm et al. 2008). Comparative alignments of the rRNA sequences were
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executed with the Muscle (Edgar 2004) and ClustalW (Thompson et al. 1994) algorithms, as
implemented in Geneious v.6, under default settings. The 13 coding DNA sequences (CDS) were
aligned using the amino acid alignment algorithm in Geneious v.6, using the echinoderm MT
codon table. Best fit nucleotide substitution models for the initial phylogenetic analysis for each
of the 15 gene alignments were determined with J]Modeltest 2.1.7 (Darriba et al. 2012). From the
15 gene alignment dataset, a phylogenetic tree was generated with MrBayes 3.2.3, which was run
for 5,000,000 steps; with a 1,250,000 step burn-in (Huelsenbeck et al. 2001, Ronquist and
Huelsenbeck 2003), with A. lixula designated as an out group in order to root the tree. To confirm
the robustness of the topology, a phylogenetic tree was also generated from the same data using
RAXML v.8, which was run for 50,000 steps, with non-parametric bootstrapping enabled
(Stamatakis 2014). For the time calibration and gene evolution analysis a second Bayesian
majority consensus tree was generated, under identical parameters as the prior tree, but
including only the 13 CDS, not the 125 and 16S sequences. This CDS tree was generated to
prevent confounding of codon substitution rate assessments with non-coding gene sequences.
Divergence calibration using the CDS majority consensus tree under a Birth-Death speciation
process was performed in BEAST v1.8.7 (Drummond et al. 2012), with eight calibration points
set. One log-normally distributed fossil calibration point was set at the split of the Odontopohora
from the Parechinidae (represented by Loxechinus albus and Paracentrotus lividus) and Echinidae
(Sterechinus neumayeri), with an initial value of 42.5mya (y=5, offset=40, c=1, Smith 1988, Lee
2003). All remaining node calibrations were normally distributed, and centered on splitting times
derived from previous work on echinoid MT sequence evolution: Sterechinus neumayeri from the
Parechinidae (4=29.5, =4, Lee et al. 2004); Loxechinus albus from Paracentrotus lividus (y=25.5,
=3, Lee et al. 2004); root node of the Strongylocentrotidae (1=15.5, 0=2, Lee 2003); Hemicentrotus
pulcherrimus from Strongylocentrotus (1=8.6, c=1, Lee 2003); root node of Mesocentrotus (11=6.9,
0=1.5, Lee 2003); root node of Strongylocentrotus (4=5.6, c=1, Lee 2003); and S. droebachiensis from

S. pallidus (u=2.6, c=1, Lee 2003). Partitioning schemes for models of molecular evolution for the
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fossil calibration run were determined with PartitionFinder v1.1.1 (Lanfear et al. 2012). Marginal
likelihood estimations using path sampling and stepping stone sampling were used for
molecular clock models ranging from a strict to relaxed model and resulted in the selection of the
relaxed log-normal clock for the analysis (Baele et al. 2012). Calibrations were run for 100,000,000
generations and repeated 5 times, before being combined with logcombiner (Drummond et al.
2012). Proper Markov chain mixing was confirmed for both MrBayes and BEAST runs with
Tracer 1.6 (Rambaut et al. 2014). The resulting tree was visualized using the R packages phytools
(Revell 2012), PHYLOCH (Heibl 2008), strap (Bell and Lloyd 2014), and CODA (Plummer et al.
2006). A free rate model estimating the ratio of non-synonymous to synonymous substitutions
(w) independently across every branch of the CDS tree was estimated with the codeml package
within PAML (Yang 2007, Zhang et al. 2005), and pairwise w were estimated with the Nei and
Gojobori (1986) method. Three branch-site models of w variation along the Odontophore branch
of the MT genome tree were then compared. The echinoderm specific MT codon table was
specified for all calculations. Model MA fixes w at 1 for every branch except for the specified
branch leading to the Odontophora, where w is assumed to be greater than 1. This model serves
as the alternative to the two following null models. Model M1a similarly fixes w at 1 for every
branch except for the Odontophora branch, where w is assumed to be ranging from 0 to 1; and
MAnull fixes w at 1 for every branch in the tree. Both MAnull and M1a were compared via a
Likelihood Ratio Test (LRT) to model MA. Comparing MA to MAnull is the "strict" branch-site
test for positive selection, as significance requires w > 1 at some subset of codon sites along the
Odontophore branch. The LRT of MA to M1a is the "relaxed" test of positive selection, as
significance requires only that a subset of codon sites along the branch of interest display an
elevated w when compared to the same sites along the background branches, and can thus
identify instances of relaxation of selective constraints as well as positive selection. Significance
of two times the difference in likelihood (2A¢) was estimated on a 50:50 mix of point mass 0 and

distribution, with critical values of 2.71 for 5% and 5.41 for 1% significance levels (Self and Liang
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1987, Zhang et al. 2005).

4.4 Results

The Tripneustes gratilla MT genome is 15,725 bp long, with a GC% of 40.3. This is just above the
average MT genome length of 15,700.4 bp (s.d. 23.6) and mean GC% of 40.2. The largest MT
genome so far reported is that of P. depressus (15,729 bp), while the smallest is that of M.
franciscanus (15,649 bp). MT genome alignments in Mauve showed no gene re-arrangements in
any taxa. Comparative gene length summaries across the MT genomes revealed roughly four
categories of nucleotide length variation across the 14 species. In order to compare length
variance across genes of different length, the coefficient of variation was found by normalizing
the standard deviation for each gene by the gene length. Category A (genes COX2, COX3, ND3,
and ND4L) had no deviation in length across all sampled taxa; Cat. B (COX1, ND1, ND2, and
ND4) averaged a coefficient of variation (CV) of 7.5x10~%; Cat. C (16S, ATP6, ATP8, and CYTB)
had an average CV of 4.8x1073; while Cat. D (12S, ND5, and ND6) had a value of 9.7x1073. There
was no significant correlation between gene length and CV (Pearson’s r = 0.12). The categories
did not strictly reflect the number of codon inserts or deletions across the samples. Values are

summarized in Table 4.1.

Individual gene trees for 16S, ATP8, COX1, COX3, ND2, and ND3 recovered a monophyletic
Odontophora superfamily. However both ATP6 and CYTB failed to place T. gratilla in close
association with Echinometridae & Strongylocentrodidae, while 125, COX2, ND1, ND4, NDA4L,
ND5, and ND6 did not recover a grouping of Strongylocentrodidae with either Echinometridae
or Toxopneustidae. The Bayesian consensus tree strongly supported the placement of Tripneustes
gratilla, representative of the Toxopneustidae family, as the closest MT sister clade to the

Strongylocentrotidae with a 100% posterior probability, as shown in Figure 4.1. Within the

-64 -



TABLE 4.1: Average length and the coefficient of variation of the 15
MT genes across 14 echinoid taxa

Gene Mean Length CV CV Category
ND4L 294 0 A
ND3 351 0 A
COX2 690 0 A
COX3 783 0 A
COX1 1,553.8 0.000516 B
ND2 1,058.8 0.000757 B
ND1 971.8 0.000825 B
ND4 1,389 0.000885 B
16S 1,539.3 0.004198 C
ATP8 165.2 0.004853 C
CYTB 1,144.5 0.004904 C
ATP6 691.1 0.005278 C
ND5 1,914 0.009077 D
125 893.2 0.009276 D
NDé6 493.1 0.010833 D

Strongylocentrotidae the Mesocentrotus and Pseudocentrotus genera formed a unique clade, with P.
depressus nesting within the Mesocentrotus, sister to M. franciscanus. H. pulcherrimus appeared as a
sister taxa to the Strongylocentrotus genus. The four Strongylocentrotus species formed a clade with
S. pallidus and S. droebachiensis as the most recent split, followed by S. purpuratus, and finally S.
intermedius. Outside the Strongylocentrotidae and Toxopneustidae clade, the representative of
the Echinometridae Heliocidaris crassispina branched off, completing the three family cluster
identified as the superfamily Odontophora by Kroh and Smith (2010). Splitting from the
Odontophora within the Camarodonta order are the families Echinidae (represented by S.
neumayeri) and Parechinidae (represented by P. lividus and L. albus). A. lixula, the outgroup,
displays the split between Order Arbacioida and the Camarodonta (Figure 4.1). A maximum
likelihood tree generated with RAXML yielded an identical topology, so only the Bayesian tree is

shown. The Bayesian concensus tree generated using only CDS (excluding 12S and 16S) also
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yielded an identical topology, and was used for w estimation. Free rate estimation of w for each
coding gene across all branches suggested no strong signal at any one point in the CDS tree. Any
elevated values of w were found to be caused by synonymous substitution site proportions of
zero, which inflated the effect of comparatively minute values of associated non-synonymous
substitution proportions. Although elevated non-symonymous (dN) substitution rates were
observed on the S. purpuratus branch, relative to all other branches within the
Strongylocentrotidae. A one tailed t-test, comparing the proportion of non-synonymous
substitutions averaged across all CDS (dN) of the S. purpuratus branch to the dN value averaged
across the remaining seven branches of Strongylocentrodiae was significant at the 5% threshold
with a Bonferroni correction (n=182, p:1.117x10_3). Pairwise w values were low across all genes,
suggesting purifying selection, with one notable exception. ATP8 gave an w value of 0.92 in the
pairwise comparison between P. lividus and A. lixula, and values of 1.44, 0.94, and 1.06 in the
pairwise comparisons between S. purpuratus and S. droebachiensis, S. intermedius, and S. pallidus,
respectively. Averaging across all gene pairwise comparisons, the highest relative w values were
consistently observed between S. purpuratus and its three congenerics. Average pairwise w are
summarized in Figure 4.2. Testing specifically the Odontophore branch, no CDS had significant
results of positive selection according to the "strict" branch-site test, with only three genes (ND1,
ND5, and COX1) exhibiting differences greater than zero. Of those three, only ND1 showed a

significant difference at the 5% level in the "relaxed" test for selection (Table 4.2).

4.5 Discussion

The placement of the Toxopneustidae family, represented here by the Tripneustes gratilla MT
genome, as a closer sister group to the Strongylocentrotidae than the Echinometrid Heliocidaris

crassispina contradicts the accepted species tree (Kroh and Smith 2010). It must be specified that
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TABLE 4.2: Results of the strict and relaxed branch-site tests of positive selection

ND1 ND5 COX1

Strict test

200 1.6998 1.0394 0.0157
p-value 0.0962 0.154  0.4501
Relaxed test

200 42609 1.0394 0.2097
p-value 0.0195 0.154 0.3235

this relationship is based solely on MT sequences and is thus an insight into the evolutionary
relationships of the Echinoid mitochondria, not a definitive depiction of the full evolutionary
history of these species. Incomplete lineage sorting between the mitochondrial genome and the
nuclear genome, or possibly lineage capture, could account for the contradictory signals of the
MT and species tree in the sequence of splitting events at the cladogenesis of the Odontophora.
The placement of Pseudocentrotus depressus as nested within the genus Mesocentrotus is consistent
with previous MT gene analysis of the Strongylocentrotidae (Kober and Bernardi 2013). While
comparing the individual gene phylogenies of the taxa considered here, it became clear that the
choice in alignment method of ribosomal RNA 12S and 16S sequences had a significant impact
on the phylogentic signal of these two markers. Alignments using the built-in algorithm of the
Geneious software, as well as ClustalW, and Muscle alignments of the rRNA markers yielded
trees for each marker that differed in topology from the CDS tree consensus. Yet when the rRNA
markers were aligned using the ribosomal alignment algorithm (rcoffee mode) in T-Coffee, which
uses ribosomal folding patterns as a cue, the 16S alignment resulted in an identical tree topology
with the CDS consensus tree. Regardless of alignment method, the shorter 125 rRNA alignment
was unable to resolve most relationships, showing primarily polytomies. 12S and 16S have been
commonly used in many phylogenetic studies, however the inability of either of these markers to

recover even a resemblance of the consensus tree when aligned with commonly used nucleotide
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FIGURE 4.1: Bayesian tree showing mitochondrial genome relationships

among the Echinoids. Posterior probabilities at all bifurcating nodes were

100%. Species are displayed to the right of the branch tips and color coded to

their representative families. Blue error bars represent the 95% CI of the node
height.

alignment algorithm could cast doubt on phylogenetic inferences derived solely from rRNA

markers aligned via traditional means.

In contrast to the Smith et al. (2006) estimation of divergence times within the Class Echinoidea,

which utilized fewer calibration points based on fossil dates of deep tree nodes, divergence
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FIGURE 4.2: A heatmap depicting w averaged across all 13 CDS, for each
pairwise comparison. Lower values are depicted as cooler colors (blue), and
higher values are presented as warmer colors (red). The largest values were
consistently observed within genus Strongylocentrotus, specifically when S.
purpuratus was compared to its congenerics S. pallidus and S. intermedius.

estimates in this study relied on multiple calibrations of mostly shallow nodes. The calibration of
the fully bifurcating tree indicates that the split between the three major Odontophores
(Toxopneustidae, Strongylocentrotidae, and Echinometridae) occurred within a chronological
range of the Eocene/Oligocene boundary. This period saw significant oceanographic changes

due to a number of factors, such as the opening of south sea passage ways, and increased ice
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sheet coverage in the Arctic and Antarctic. A marked increase in atmospheric oxygen
concentrations during this time contributed broadly to global cooling, with mean ocean surface
temperatures estimated to have dropped by 4.4°C (Liu et al. 2009). This period gave rise not only
to the Odontophora, but also to the splitting of the Parechinidae and Echinidae families; the
Echinidae containing a prominent cold water sea urchin, the Antarctic Sterechinus neumayeri.
While modern psychrospheric (deep cold ocean) fauna are traced back to this period of large
scale climate change (Prothero and Berggren 1992), and the divergence of toothed and baileen
whales appears to have been specifically driven by abiotic factors during this time (Steeman et al.
2009), no strong signature of selection was detected at the genesis of the Odontophora.
Consistent with previous analysis, whole MT genome alignments show no gene re-arrangements
across the Echinoidea (Lee et al. 2004). The absence of regular recombination, generally assumed
with mitochondria, can significantly inhibit the rates of fixation of advantageous mutants (Hill
and Robertson 1966). This could explain the lack of a strong positive selection driven signal.
However, this does not discount the hypothesis that ecological and climatic shifts may have
driven lineage diversification, but simply that MT genes were not predictably contributing.
Nuclear genes, especially those involved in environmental stress response, could better indicate a
pattern of abiotic selection pressure. Pespeni et al. (2013) showed that within S. purpuratus
nuclear genes underlying some 40 functional classes of proteins undergo a shift in allele
frequencies between populations reared at different levels of CO2 concentrations. As more
nuclear markers and representative genomes become available for members of the echinoidea, so
will a more definitive test of selection driven diversification. Mapping exclusively
non-synonymous (dN) proportions onto the CDS tree showed no single lineage with especially
increased non-synonymous substitution rates, save for one. The S. purpuratus branch across all
MT genes consistently showed comparatively elevated non-synonymous ratios, and the largest
pairwise values of w . As a model organism further study of the Strongylocentrotidae is

warranted in order to determine whether the MT of S. purpuratus is indeed uniquely divergent
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from its congenerics due to selection (Sea Urchin Genome Sequencing Consortium 2006).
However, consistent pairwise w values much below one in most all taxa comparisons suggests
that the major force affecting MT sequences is purifying, or negative, selection. The generation of
a complete MT genome of Tripneustes gratilla, the first for a member of Toxopneustidae, has
allowed for the confirmation of the existence of the Odontophora superfamily. This underscores
the fact that MT genomes can serve as a powerful analytical unit when estimating species
relationships, especially in systems that may otherwise lack publicly available nuclear sequences
for comparisons. It is the hope of the author that researchers generating NGS data will view the
isolation, proper annotation, and dissemination of captured MT genome sequences to be a

worthwhile endeavor.
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Chapter 5

Conclusion

The growing access to genomic resources from broad taxonomic sources will continue to define
much of biological research to come. While it is clear that the interplay of theoretical
expectations, practical implementation, and complex biological signals will continue to be
tackled by the field, the value of rationalizing biological conclusions from focused datasets, and
addressing focused questions with specific data, seems a worthy practice to which to endeavor.
Tripneustes gonads are harvested across their distribution, including historically and
contemporarily in Hawai‘i, for consumption as well as for the decorative aquarium trade
(Martins 2012). As a result of this harvesting steady stock declines have been reported for a
number of years for both T. gratilla and T. ventricosus and there have been recent attempts at stock
restoration efforts (Hughes et al. 1987, Scheibling & Mladenov 1987, Smith & Berkes 1991,
Junio-Mefiez et al. 2008). Furthermore the apparent recent success at transplanting T. gratilla
from across the Hawai‘ian islands to Kane’ohe bay in removing invasive algal cover has led to a
possible interest in the broader use of Tripneustes in invasive algae removal of threatened coral
reefs (Vasserot 1992, Birkeland 2006, Stimson & Conklin 2008). Effective conservation efforts are
uniquely dependent on correct phylogenetic assessment (Faith & Baker 2006). If stocks of
Tripneustes are to be properly managed and even transplanted for conservation work then an

accurate and up to date molecular resource is necessary to avoid unintentional dilution of
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biodiversity as well as potentially unbalancing heretofore unrealized population structures.
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