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ABSTRACT

Species interactions represent fundamental ecological processes that drive the organismal
evolution, but the genetic mechanism of predation traits at the interface of predator-prey
interactions is still unclear. In this dissertation, | employed ecological and molecular approaches
to determine patterns of evolution and expression of gene families involved in predator-prey

interactions and roles of gene duplication in these processes.

Predatory marine snails of the genus Conus use venoms, cocktails of conotoxins, to paralyze
prey, and conotoxins are encoded by many large gene families. Investigation of the evolution of
A-superfamily genes revealed a dynamic of frequent expansion and contraction of this gene
familiy. Extensive gene duplication facilitates rapid evolution of these genes, combinations of
which lead to dramatic differences in genomic compositions of this gene family among species.
Expression of this gene family is also highly variable among closely-related species. Patterns of
phylogenetic distribution of expressed genes differ among species, which implies that Conus
species differentially exploit their venome space. Intraspecific variation in allelic composition
and expression of conotoxin genes are associated with changes in dietary breath rather than shifts
to certain prey taxon. Patterns of geographic variation exhibited at conotoxin genes result from
difference in selective forces that likely stem from geographic difference in prey compositions,
because local diversity and geographic variation of conotoxin genes are positively correlated
with local diversity and geographic heterogeneity of prey utilization. Similarly, ontogenetic

variation of conotoxin gene expression is significantly positively correlated but out of phase with

Xii



shifts of dietary diversity, which implies that conotoxin gene regulation is evoked by shifts of
dietary breadth through development. Genes associated with species interactions undergo distinct

evolutionary pathways and play different roles in these interactions.

In summary, gene duplication facilitates the extensive turnover, rapid evolution and expression
divergence of gene families at the interface of predator-prey interactions. Evolution and
expression of genes involved in predation are adaptive to changes of prey, and conotoxin gene

evolution and expression are highly associated with dietary diversity.
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CHAPTER1 INTRODUCTION

Understanding the relationship between ecological adaptation and molecular evolution has long
been of great interest to biologists. Spatial and temporal variation in types and intensities of
selection drive phenotypic and genetic differentiation of organisms. Phenotypic variation, the
raw materials for selection and adaptation, is determined by differences in genotypes,
environments and norms of reaction (Scheiner 1993; West-Eberhard 2005). Modification of
genotypes originates from mutation and gene duplication, while norms of reaction determine
patterns of interaction between genotypes and environment (De Jong 1990). Variation in norms
of reaction under different environmental conditions results in phenotypic plasticity, changes of
phenotypes without modifications of protein-coding gene sequences (Thompson 1991; Scheiner
1993; Travis 1994). Phenotypic plasticity is usually achieved by gene regulation, a mechanism
that also plays an important role in adaptation (Scheiner 1993; Behera and Nanjundiah 2004). In
this dissertation, I uncover the molecular mechanisms of ecological adaptations, focusing on

modifications of gene sequences and transcriptional variation.

Biotic interaction serves as a primary driving force of ecological adaptation. Variation in
temporal and geographic states (population dynamics and species composition) of participants is
usually more frequent than environmental changes, generating strong selection pressure on the
counterparts and leading to different outcomes of the interaction (Brodie, Ridenhour, and Brodie

2002; Thompson and Cunningham 2002). Multi-directional adaptations in the context of species



interactions are termed ‘coevolution’, where reciprocal selection is exerted on both sides and
may lead to escalation of phenotypic changes at the interface (Yoshida et al. 2003; Thompson
2005b; Thompson 2005a). But interspecific interactions do not necessarily lead to coevolution or
even arms races of participants if traits at the interface are non-heritable, pleiotropic, or not
tightly coupled (Thompson 1986; Brodie, Ridenhour, and Brodie 2002; Thompson, Nuismer, and
Gomulkiewicz 2002; Yoshida, Hairston, and Ellner 2004; Thompson 2005a). To assess the
coupling status between participants, it is necessary to determine the evolution of traits at this

molecular interface in response to change of counterparts.

Biotoxins are efficient weaponry device employed for predation and defense. Organisms gain
toxicity via internal production of toxic chemicals or peptides, or acquire it through engulfing
other toxic organisms or symbiotic microorganisms (Tu 1988). Venom is a subset of the realm of
biotoxins and is strictly defined as toxic biosubstrates that are secreted and injected into targets.
Venomous animals range from one of the most basal phyla of invertebrates, Cnidaria, to the most
derived vertebrates and include many well-known animals such as snakes, spiders and scorpions.
Study of venom evolution enables us to better understand the impact of biotic interactions on

molecular evolution and adaptation of ecologically-relevant genes.

Conus as a study system

Predatory marine snails of the genus Conus contains more than 500 species widely distributed in
the Tropical Pacific, Indian and Atlantic ocean (R&ekel, Korn, and Kohn 1995; Duda and Kohn
2005). Conus species possess some unique ecological features in terms of their habitat,

distribution and dietary ecology. Multiple species tend to co-occur in the same location, as



illustrated by the coexistence of 36 species on reefs in northeast Papua New Guinea (Kohn 2001).
Conus tend to specialize more on prey species than on microhabitats: congeners with high
overlap in microhabitat utilization have different prey specializations (Kohn 1971; Kohn and
Nybakken 1975). Therefore, dietary specialization is essential in the ecological diversification of

Conus.

Conus produce venoms, cocktails of neurotoxins termed conotoxins, to capture prey. Venom is
synthesized in venom ducts and injected into targets through harpoon-like radular teeth (Bergh
1895; Shaw 1914; Kohn 1956; Olivera 2002). Conus show tremendous differences in venom
composition among and within species (Conticello et al. 2001; Olivera 2002; Jakubowski et al.
2005; Davis, Jones, and Lewis 2009; Rivera-Ortiz, Cano, and Mar 12011), and each species
secretes a unique mixture of possibly 100-200 peptides (Olivera 2002). Conotoxins are divided
into 11 pharmacological families (o, ¥, 9, €, v, , K, |, ®, p and ) based on their function and
cysteine frameworks. Each type of conotoxins is characterized by unique arrangements of
cysteines and three dimensional conformation of mature toxins (Olivera 2002). Different types of
conotoxins block different ion channels and neuronal receptors of the prey: for example, -
conotoxins are selective blocker of nicotinic acetylcholine receptors, 8- and p-conotoxins target
voltage-gated sodium channels but differ in the binding sites, and m-conotoxins block calcium
channels (Terlau and Olivera 2004; Ekberg, Craik, and Adams 2008; Kaas, Westermann, and
Craik 2010). Members of each pharmacological family also exhibit differences in their targets
and binding efficiency. For example, a-conotoxins differ in specificity and affinity of

combinations of nicotinic acetylcholine receptor subtypes (Terlau and Olivera 2004; Tsetlin,



Utkin, and Kasheverov 2009), and p-conotoxins produced by different species target different

sodium channel isoforms (Terlau and Olivera 2004; Wilson et al. 2011).

Conotoxins are encoded by many large gene families (A, D, I, J,L, M, O, P, S, T, V, Y
superfamilies), which are comprised of genes with conserved prepro, signal and 3’ un-translated
regions and highly variable toxin-coding regions (Kaas, Westermann, and Craik 2010). These
gene families expand through gene duplication and their members are among the fastest evolving
protein-coding genes of metazoans (Duda and Palumbi 1999). Expression of these genes is
highly plastic among species (Duda and Palumbi 2004; Duda and Remigio 2008), and
differential expression may have contributed to shifts of dietary niches of this genus. Conotoxin
genes are subject to strong positive selection (Duda and Palumbi 1999; Puillandre, Watkins, and

Olivera 2010), but the source of selection is unclear.

Prey is a plausible factor influencing evolutionary trajectories of conotoxin genes because
conotoxins are primarily utilized for predation. Though conotoxins are suggested to be used for
evasion of predators and interspecies communication (Olivera 2002), both scenarios are very
rarely observed or rigorously tested. Interspecific differentiation and geographic variation of
conotoxin genes are suggested to be related with dietary differences (Duda and Palumbi 2004;
Duda 2008; Duda et al. 2009; Duda and Lee 2009), but it is unclear the impact of dietary
specialization on evolution of venom genes and if members of conotoxin gene families exhibit

similar patterns of association with diet.



In this dissertation, | focused on the molecular evolution of conotoxin genes and their
associations with prey. I studied evolution of conotoxin genes from perspectives of sequence
divergence and gene regulation (the stage of transcriptional variation), and determined patterns
of variation among and within species. | raised four relevant questions and addressed them in the

following chapters.

Chapter 2. What are the evolutionary pattern of conotoxin genes among species and the
role of gene duplication in this process?

The origin of novel gene functions through gene duplication, mutation and natural selection
represents one of the mechanisms by which organisms diversify and one of the possible paths
leading to adaptation. Nonetheless, the extent, role and consequences of duplications in the
origins of ecological adaptations, especially in the context of species interactions, remain unclear.
To explore the evolution of a gene family that is likely linked to species associations, |
investigated the evolutionary history of the A-superfamily of conotoxin genes of predatory
marine cone snails (Conus species). Members of this gene family are expressed in the venoms of
Conus species and are presumably involved in predator-prey associations because of their utility
in prey capture. | recovered sequences of this gene family from genomic DNA of four closely
related species of Conus and reconstructed the evolutionary history of these genes. This study is
the first to directly recover conotoxin genes from Conus genomes to investigate the evolution of
conotoxin gene families. Results revealed a phenomenon of rapid and continuous gene turnover
that is coupled with heightened rates of evolution. This continuous duplication pattern has not
been observed previously and the rate of gene turnover is at least two times higher than estimates

from other multi-gene families. Conotoxin genes are among the most rapidly evolving protein-



coding genes in metazoans, a phenomenon that may be facilitated by extensive gene duplications
and have driven changes in conotoxin functions through neofunctionalization. Together these
mechanisms led to dramatically divergent arrangements of A-superfamily conotoxin genes
among closely related species of Conus. My findings suggest that extensive and continuous gene
duplication facilitates rapid evolution and drastic divergence in venom compositions among
species, processes that may be associated with evolutionary responses to predator-prey

interactions.

Chapter 3. Is conotoxin gene expression variable between species?

Regulation of gene expression plays an important role in development of phenotypic variation.
Venom composition varies dramatically among and within species of predatory gastropods of
genus Conus. In addition to genetic mechanisms associated with extensive gene family turnover
and rapid evolution, patterns of conotoxin gene expression may also induce hypervariablility in
inter- and intra-specific venom composition. To determine the impact of gene expression on
venom differentiation among species, | described expression patterns of A-superfamily
conotoxin genes of a set of four closely related Conus species by comparing venom duct gene
transcripts with genomic profiles of this gene superfamily. | also incorporated the community
phylogenetic approach to evaluate the phylogenetic organization of expressed genes. Less than
50% of A-superfamily genes are expressed in each species. These species co-express limited
number of orthologous genes that exhibit different expression levels. Expression strategies differ
among species: some species express phylogenetically closely-related genes (under-dispersion)
while others express more distantly-related genes (over-dispersion). Differences in phylogenetic

structure of gene expression among species and limited coexpression of orthologous loci show



that Conus species differentially exploit their venome space. Conotoxin gene expression also
appears to vary within species. The o (dn/ds) values of expressed genes are higher than those of
the unexpressed and ancestral genes, which imply that expression exposes genes to strong
positive selection and facilitates the rapid evolution and divergence of these genes. Most
inparalogs are not expressed simultaneously, suggesting that expression divergence among
redundant gene copies is rapidly established after gene duplication. As the first study that
directly compares transcriptomic and genomic compositions of conotoxin genes of four closely-
related Conus species, this study revealed the dramatic variation of conotoxin gene expression
and differential utilization of venome space among species that is potentially widely applicable
to other venomous organisms. | determined patterns of phylogenetic organization of conotoxin
gene expression that are applicable to other ecologically-relevant multi-gene families involved in

adaptation.

Chapter 4. Is geographic variation of allelic distribution of conotoxin genes related with
dietary differences?

Biotic interactions shape the evolutionary trajectories of species. Geographic heterogeneity in the
nature of these interactions creates a geographic mosaic of selection regimes that may result in
the differentiation of local populations of widespread species. In predator-prey interactions,
variation in traits associated with feeding ecology is correlated with variation in diets, but little is
known about the genetic processes linked to this association. Here | report that patterns of
geographic variation exhibited at conotoxin genes of Conus ebraeus are driven by geographic
heterogeneity in prey utilization. Conotoxin loci show contrasting patterns of diversity and are

subject to different modes and intensities of selection among local populations. These



populations also show distinct patterns of prey utilization. The diversity of conotoxin genes is
positively associated with prey diversity at each locality, but effects of local selective forces
operating at these genes may be episodic or overwhelmed by extensive gene flow in some cases.
This work illustrates that geographic mosaics of biotic interactions drive the evolution and local
adaptations of predators, processes that are widely applicable to other organisms. In addition,
genes associated with species interactions undergo distinct evolutionary pathways, implying

differences in their roles in these interactions.

Chapter 5. Are changes of expression of conotoxin genes and prey utilization intricately
linked during ontogeny?

Characters involved in predation exhibit phenotypic and developmental variation in response to
changes of prey, a mechanism that can be achieved by epigenetic variation. To assay how
regulation of genes involved in predation changes in response to shifts in diet through ontogeny,
| evaluated patterns of conotoxin gene expression and their association with dietary compositions
of vermivorous marine snail species, Conus ebraeus. Conus species utilize venom, a cocktail of
neurotoxins encoded by members of many gene families, to capture prey. | collected juveniles,
subadults and adults of C. ebraeus from Pago Bay, Guam, identified prey species from their
feces, and quantified expression levels of six conotoxin genes relative to expression levels of an
endogenous B-tubulin gene. Results revealed that diets of C. ebraeus change through
development and follow a trend from being more generalized to specialized to generalized.
Expression of conotoxin genes is highly variable among individuals, but variation in gene
expression is not directly related with prey taxon or sexual maturity. Average levels of

expression of these genes undergo a process of increase, decrease and then increase during



ontogeny, a pattern that is significantly positively correlated with but delayed relative to shifts of
dietary diversities. This implies that variation in conotoxin gene expression is facultatively
affected by changes in diet, and up-regulation of conotoxin genes is concordant with broader
dietary spectrum. Rather than strict canalization of gene expression in each developmental stage,
expression of genes at the interface of the predator-prey interaction is plastic with changes of

dietary diversity.
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CHAPTER 2 EXTENSIVE AND CONTINUOUS DUPLICATION FACILITATES
RAPID EVOLUTION AND DIVERSIFICATION OF GENE FAMILIES

This chapter is published as a research article titled “Extensive and Continuous Duplication
Facilitates Rapid Evolution and Diversification of Gene Families” in Molecular Biology and
Evolution (volume 29, pages 2019-2029, doi:10.1093/molbev/mss068), with the coauthor
Thomas F. Duda, Jr.

Introduction

Gene duplication plays a crucial role in organismal evolution (Ohno 1970) as it facilitates
increases in genetic and functional diversities (Hughes 1994; Zhang 2003), contributes to gene
dosage effects (Kondrashov et al. 2002; Gevers et al. 2004; Perry et al. 2007), and can instigate
reproductive isolation through the origin of Dobzhansky-Muller incompatibilities (Lynch and
Conery 2000). Several works have described mechanisms of gene duplication (Zhang 2003),
fates of duplicated genes (Lynch and Conery 2000; Conant and Wolfe 2008), and correlation of
duplicability with factors such as adaptability and functional constraints (Conant and Wolfe
2008). Models of gene family evolution present alternative viewpoints on the neutrality of
duplication and functional fates of gene duplicates (Innan and Kondrashov 2010). In particular,
gene duplication has been proposed to be adaptive when organisms are confronted with
ecological stress because it leads to either dosage benefits or neofunctionalization of duplicated
copies (Kondrashov et al. 2002). Gene duplication has been found in many genes that are
involved in ecological adaptation to abiotic changes, such as the Dca gene that is involved in
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adaptation to lower temperature in Drosophila (Arboleda-Bustos and Segarra 2011) and several
members of CspA gene family for cold shock in E. coli (Yamanaka, Fang, and Inouye 1998).
Gene duplication is also associated with many types of species interactions and plays an
important role in the generation of genetic diversity in the context of biotic changes, such as the
insect NSP-like gene family (Fischer et al. 2008) and P450s genes (Wen et al. 2006) that are
associated with adaptations to cope with the chemical defenses of plants, and major
histocompatibility complex (Burri et al. 2010) and immunoglobin (Guldner, Godelle and Galtier

2004) gene families that are involved in host-pathogen interactions.

The role of gene duplication in predator-prey interactions can be investigated in systems in
which the traits associated with the interactions can be characterized genetically. Many taxa,
including cnidarians, numerous arthropod species, conoidean gastropods, and various vertebrates,
use venoms to capture prey or defend against predators, and in most cases these venoms contain
peptide neurotoxins that directly target various ion channels and cell receptors (Daltry, Wuster,
and Thorpe 1996; Olivera 2002; Fry et al. 2003; Fry et al. 2006; Moran et al. 2008; Binford et al.
2009). Gene duplication and positive selection have been documented for genes expressed in
venoms of a variety of venomous taxa, including cone snails (Duda and Palumbi 1999a, 2004;
Conticello et al. 2001; Duda & Remigio 2008; Puillandre et al. 2010), spiders (Binford et al.
2009) and snakes (Fry et al. 2003; Juarez et al. 2008). Neurotoxic peptides in the venoms of
predatory marine snails Conus (i.e., conotoxins) are utilized primarily for prey capture (Kohn
1959; Olivera 2002), and thus the evolution of conotoxins is presumably driven by the evolution
of resistance in prey (i.e., represents a coevolutionary arms race) and/or shifts in prey utilization

patterns (Duda and Palumbi 1999a). Conotoxins are encoded by various gene families that
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contain some of the fastest evolving genes of metazoans (Duda and Palumbi 1999a). Previous
studies on allelic variants of conotoxin genes and dietary divergence among geographical
locations have shown strong associations between venom diversity and dietary specializations
(Duda et al. 2009; Duda and Lee 2009). Nonetheless, because most past studies of conotoxin
evolution have relied on analyses of expressed conotoxin genes (i.e., mMRNA sequences), little is
known about the frequencies and patterns of gene duplication and loss or the effects of these
phenomena on the evolution of conotoxin gene families. Our study effectively fills this gap
through examination of conotoxin gene sequences recovered from genomic DNA. Our genome-
based investigation of conotoxin gene family evolution represents a large advance from previous
studies that relied on venom transcripts because Conus species do not appear to express

orthologous gene copies (Duda and Remigio 2008).

We determined sequences of A-superfamily conotoxin genes of four closely related, worm-
eating Conus species: Conus lividus, Conus diadema, Conus quercinus and Conus
sanguinolentus. These genes encode a-conotoxin peptides that are selective inhibitors of
nicotinic acetylcholine receptors (Mclntosh, Santos, and Olivera 1999). The a-conotoxins are
distinguished from other conotoxin types by their particular cysteine backbone that occurs in the
pattern of ‘C1C2(X),C3(X),C4’, with various numbers of amino acids (denoted as (X),) between
the second and third (C2 and C3) and third and fourth (C3 and C4) cysteine residues (Santos et al.
2004). Miocene fossil records suggest that C. lividus and C. quercinus diverged about 11 million
years ago, and phylogenetic studies indicate that C. lividus, C. diadema and C. sanguinolentus
diverged more recently (Duda and Kohn 2005), a situation that enables us to evaluate the rate of

gene turnover across distinct time intervals. These four species are broadly distributed in the
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Indo-West Pacific (C. lividus, C. sanguinolentus and C. quercinus) or Eastern Pacific (C.
diadema) and exhibit distinct dietary characteristics (Kohn 1968; Nybakken 1978; Duda, Kohn,
and Palumbi 2001; Kohn 2001). Here we reconstructed the evolutionary history of A-
superfamily conotoxin genes from these species, estimated rates of gene duplication and gene
losses, evaluated the trajectories of rates of evolution after duplication and predicted the
functional fates of these genes. Based on past observations of high rates of evolution of
conotoxin genes (Duda and Palumbi 1999a) and strong differences in expression profiles of
conotoxins among closely related species (Duda and Palumbi 2004), we predict that rates of gene
turnover are highly elevated within Conus and that increases in gene copy number facilitate the
rapid evolution of conotoxin genes as well as the divergence of venom compositions among

species.

Materials and methods

1. Specimens and genomic DNA extraction

Specimens of Conus lividus collected in Hawaii, Conus diadema in Panama and Conus
sanguinolentus in American Samoa, Conus quercinus from Hawaii provided by J-P Bingham
(University of Hawaii) were deposited in the collections of the Mollusk Division of the
University of Michigan Museum of Zoology. Body tissues were preserved in 95% ethanol.
Venom ducts were preserved in RNAlater (Ambion, Inc.) and stored at -20€. We extracted
genomic DNA from the foot tissue of two individuals each of C. lividus and C. diadema, venom
ducts of two individuals of C. quercinus, and the foot tissue of one individual of C.
sanguinolentus using the E.Z.N.A™ Mollusc DNA kit (Omega Bio-Tek, Doraville, Georgia,
USA).
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2. Phylogenetic relationships of four Conus species and molecular clock analyses

We amplified mitochondrial COI sequences from genomic DNA of our samples with the
universal primers LCO1490 and HCO2198 (Folmer et al. 1994) and sequenced the PCR products
in both directions at the University of Michigan DNA Sequencing Core facilities. Sequences of a
calmodulin intron and a B-tubulin intron were amplified from genomic DNA of each individual
with exon priming-intron crossing primers for a 262 nt (nucleotide) region of the calmodulin
gene with primers described in Duda and Palumbi (1999b) and a 523 nt intron region of the 3-
tubulin gene (forward primer 5’CTGCGACTGTCTGCAAGGTATCG3’ and reverse primer
S’GAATGCGTCAGCTGGAAACCTGC3’). PCR products of calmodulin and tubulin introns
were ligated into TA cloning vectors which were then transformed into competent E. coli using
The Original TA Cloning Kit with Top 10 Competent Cells (Invitrogen). We screened colonies
for expected insert sizes with vector primers and sequenced those with appropriately sized inserts.
Chromatograms were examined in Sequencher version 4.8 (Gene Codes Corporation) and
sequences were manually aligned in Se-Al v2.0all (Rambaut 2002). We performed model
selection on COI sequences in jModelTest 0.1.1 (Guindon and Gascuel 2003) (number of
substitution schemes=11, including models with unequal base frequencies, invariable sites, rate
variation among sites and maximum-likelihood tree for likelihood calculations) and the best
models suggested by Akaike's Information Criterion (Akaike 1974) and Bayesian Information
Criterion (Schwarz 1978) were selected for phylogenetic analyses. We constructed phylogenetic
trees of mitochondrial COI sequences of our samples and two outgroup species (C. catus and C.
lorenzianus) (GenBank accession numbers AY588194 and AY588163) with Maximum-

likelihood approaches in PAUP 4.0 (Swofford 2002) (heuristic search with the Nearest Neighbor
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Interchange swapping on best trees only) and 1000 bootstrap replicates and with Bayesian
methods in MrBayes v3.1.2 (Huelsenbeck and Ronquist 2001) (10,000,000 generations, 4
Markov chains, 2 runs and 200 absolute burnin). We measured distances of intron sequences of
the calmodulin and tubulin loci among these four species using the Jukes-Cantor model (Jukes
and Cantor 1969) with uniform rates. Because of the existence of potential paralogs of tubulin
and calmodulin sequences in our target species, we utilized the minimum genetic distances of
these sequences among species for phylogenetic and molecular clock analyses as well as to

identify orthologous and paralogous conotoxin loci (see below).

To avoid the influence of outgroups on estimation of divergence time, we constructed the
phylogeny from analyses of mitochondrial COI sequences of our target species only and rooted
the tree with the COI sequence from C. quercinus. A Maximum-likelihood test of the molecular
clock hypothesis was performed in MEGA 5.05 (Tamura et al. 2011) using the best model for
COlI sequences. Bayesian estimations of divergence times of the four species under strict and
relaxed molecular clock model (uncorrelated lognormal) (Drummond et al. 2006) were
conducted in BEAST v1.6.1 (Drummond and Rambaut 2007) with MCMC analyses of
20,000,000 generations (log parameters every 1000 generations), using the divergence time of 11
million years between C. lividus and C. quercinus as the reference calibration. The XML input
files for BEAST analyses were created in software BEAUti v1.6.1 included in the BEAST
package (prior tyrca and the root height of four species set to lognormal distribution with mean
of In(11) and standard deviation of 0.01). Both COI sequences and concatenated COI and
calmodulin and tubulin intron sequences of these four species were used to build species tree

under strict and relaxed clock models (with partition of substitution models and evolution rates in
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separate gene regions of concatenated sequences), and to infer time of divergence of these
species. Output log files from BEAST were analyzed in Tracer v1.5 (Rambaut and Drummond
2007) to evaluate convergence and tree files were imported into TreeAnnotator v1.6.1 in the
BEAST package (first 1000 results were burnin, posterior probability limit set to 0.5, mean node
heights estimation) to build the maximum clade credibility tree and summarize the time

gstimations.

3. Recovery of A-superfamily genes from genomic DNA and phylogenetic analyses

To attempt to recover all A-superfamily genes from the genomes of these species, we designed
ten sets of primers based on alignments of expressed A-superfamily gene sequences of more than
100 Conus species (Table 2.1). The primers correspond to (i) a relatively conserved sequence
region downstream of a known intron position and upstream of the toxin coding region and (ii) a
highly conserved region of the 3’ untranslated region. We used these primers to amplify A-
superfamily genes from genomic DNA of each individual, cloned the amplification products,
screened the resultant colonies with M13 primers and sequenced suspected A-superfamily gene
inserts to recover as many unique conotoxin gene sequences as possible. We repeated the whole
procedure to recognize putative amplification or cloning-induced artefactual sequences (Duda
and Remigio 2008). Sequence diversity curves (Duda and Remigio 2008) were generated for
each round of amplification of each individual to evaluate whether enough inserts were

sequenced to potentially recover all A-superfamily genes from the genomes of these species.

All sequences were manually aligned in SE-AL v2.0all (Rambaut 2002) based on examination

of nucleotides and translated amino acids among sequences (especially the conserved cysteine
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backbone). Sequences recovered in both rounds of experiments or from both individuals of the
same species were considered to represent non-artefactual sequences. We constructed a
neighbor-joining tree of all nucleotide sequences recovered with the K80 model (Kimura 1980)

in PAUP 4.0 (Swofford 2002) to confirm that no distinct clade included solely artefactual
sequences and all artefactual sequences were eliminated from the dataset for subsequent analyses.
We constructed gene trees using Maximum Likelihood methods and Bayesian methods as
described above. We used an A-superfamily gene sequence from C. catus (GenBank accession
number FJ868066) to root the tree, based on the previous studies on phylogenetic relationships

of Conus species (Duda and Kohn 2005) and the evolutionary trajectories of a-conopeptides

(Puillandre et al. 2010).

4. Determination of orthology and inference of duplication and loss

We identified sets of sequences that exhibited clustering patterns in the genealogy that resemble
the topology of the species tree. We measured synonymous divergence (ds) among conotoxin

loci with the modified Nei-Gojobori method with the Jukes-Cantor model (Nei and Kumar 2000).
Any pairs of sequences with ds not exceeding the minimum genetic distances determined from
introns of the calmodulin and tubulin loci among respective species were regarded as putative
orthologs, with the assumption that rates of synonymous divergence of the calmodulin and
tubulin loci are roughly equivalent to that of orthologous conotoxin sequences. We used
orthology and counts of alleles from each individual (i.e., no more than two alleles for one locus

in each individual) to determine the number of unique loci present in each species.
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We constructed a Bayesian consensus phylogeny with DNA sequences of single alleles
representing each unique locus (a ‘reduced’ gene tree) as described above. Reconciliation of the
species tree and reduced gene tree was performed in Notung 2.6 (Durand, Halldorsson, and
Vernot 2006; Vernot et al. 2007) to estimate all possible gene duplication and loss events and the
timings of these events. To avoid overestimation of turnover caused by poorly supported clades
(clades with posterior probabilities less than 0.9), we utilized Notung to produce resolved
alternative topologies and reported the minimum estimation of duplications and losses.
Pseudogenes were identified based on the presence of premature stop codons or nonsynonymous

substitutions in any of the four cysteine codons recovered from the four species.

To verify the inference of duplications/losses from the reconciliation analyses, we performed
Bayesian rates estimation of duplications and losses in PrIME-GSR 1.0 (Akerborg et al. 2009).
This approach reconstructs and reconciles gene trees simultaneously with prior knowledge of the
species tree, substitution model, molecular clock model of gene sequences and gene
duplication/loss process. We utilized the species topology and branch times of the relaxed
molecular clock analyses of concatenated sequences (Figure 2.1) and the K80+G model (equal
base frequencies, k=1.6721, 0=0.813), one of the best models selected for conotoxin gene
sequences. We set the relaxed clock model of gene sequences to independent identical lognormal
and the prior duplication/loss rates to 0.8, and performed MCMC analyses in two parallel chains
of 700,000 generations each (logging every 1000 generations). We analyzed the output file with
the PERL script ‘memc_analysis.pl” included in the PrIME program and exported results of
posterior probabilities and rates parameters. Convergence tests of two chains were performed

with geweke.diag and heidel.diag functions implemented in CODA package in R (Plummer et al.
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2006). Mean and ranges of the duplication rates and loss rates were summarized after removal of

results of the first 500,000 generations.

5. Simulations of sampling effects on inference of gene duplications

Limited by the unavailability of a complete Conus genome and our experimental approach, it is
possible that we failed to identify some A-superfamily genes even though sequence diversity
curves were saturated. It is unclear whether missing certain “essential” gene or gene
combinations would affect the pattern and estimation of gene duplications and thus limit our
evaluation of the effects of gene birth. To evaluate the impact of possible incomplete sampling
on our estimates of gene duplication, we conducted several simulations. First, we randomly
selected a set of genes from the gene pool of the four species, deleted these genes from the gene
tree in PAUP 4.0, reconciled the pruned gene tree with the species tree with Notung and
estimated the overall duplication events and duplications after separation of C. diadema. The
whole process was automated in PERL. We repeated the trial for 100 random combinations of
excluded sequences (removal of single gene is exhaustive and we evaluated effects of every
unique gene removal trial). In addition to random removal from genes of four species, we also

conducted trials in which a proportion of genes were randomly removed from each species.

6. Estimation of rates of evolution of contoxin gene paralogs and orthologs

We tested a strict molecular clock hypothesis for conotoxin genes with the same approach as
described above using the reduced Bayesian consensus tree and HKY (Hasegawa, Kishino, and
Yano 1985) +1+G model. We calculated ds of the prepro and toxin-coding regions and dy of

toxin coding regions of paralogous loci of each species using the modified Nei-Gojobori method
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with Jukes-Cantor correction (Nei and Kumar 2000) in MEGA 4 (Tamura et al. 2007). Based on
the assumption that the rate of synonymous substitution is constant, we estimated the
synonymous substitution rate to be 0.004 per million years. Then we calculated the time of
separation of each pair of paralogs by dividing the pairwise ds with 0.004, and estimated the rate
of evolution by dividing pairwise dy values with corresponding estimates of time of divergence.
Because the genus Conus dates back to 55 million years ago (Kohn 1990), we calculated mean
rates of evolution of each species by averaging rates of the pairs with ds<0.2 (representing 50
million years). We calculated dy and ds of identified orthologous loci and estimated the rates of
nonsynonymous substitution of orthologous loci of C. diadema and C. lividus by dividing dy by
two times 1.6 million years (divergence time estimated from molecular clock analyses as

described above).

7. Ancestral sequence reconstruction and tests of positive selection

Ancestral sequences of each node were reconstructed with the likelihood-based empirical
Baysian approach implemented in the Baseml package of PAML 4.3 (Yang 2007) with our
Bayesian consensus genealogy, aligned conotoxin gene sequences and the model utilized to build
the genealogy (HKY+I+G; no clock). We tested positive selection with the maximum likelihood
method of the Codeml package of PAML 4.3 (Yang 2007). We used the Bayesian consensus
gene topology and the alignment of suspected non-artefactual conotoxin sequences; we excluded
pseudogenes and one short toxin sequence of the a4/3 type. Models of dy/ds=1 and dn/ds
estimated were tested on the toxin-coding region where signatures of positive selection were
detected previously for conotoxin genes (Duda and Palumbi 1999a; Puillandre et al. 2010) using

the model of one rate across the whole tree and all sites (model=0 and NSsites=0).

23



Results

1. Species tree and dates of separation

We obtained mitochondrial COI sequences and sequences of a calmodulin and tubulin intron
from C. lividus, C. diadema, C. quercinus and C. sanguinolentus (GenBank accession numbers
in Table 2.2). The best substitution model is the HKY+I model (base frequencies A=0.2232,
C=0.1643, G=0.2231, T=0.3894, ti/tv=33.9489, proportion of invariate sites=0.7110).
Maximum-likelihood analysis of these COI sequences with the same model yielded the same
topology for the four ingroup species as the Bayesian consensus phylogeny (ingroup topology
shown in Figure 2.1). The minimum pairwise distances of sequences of the calmodulin and
tubulin intron among these species with Jukes-Cantor model (Jukes and Cantor 1969) (Table 2.3)
only differ at the 2" or the 3" decimal place from other models. As anticipated from analyses of
the COI sequences, sequences of the calmodulin and tubulin introns of C. quercinus are most
diverged from sequences of the other three species, but calmodulin sequences provided no
resolution for the latter species (Table 2.3). Test of a strict molecular clock hypothesis of COI
sequences through comparisons of maximum-likelihood scores of trees with and without
molecular constraints accepted the null hypothesis of one evolution rate across the whole tree
(InL=-1237.56 with clock vs InL=-1236.60 without clock; Likelihood Ratio Test yielded P-
value<0.38, df=2). We selected the HKY model for calmodulin intron sequences and the HKY +I
model for COI and tubulin intron sequences to fulfill the requirements of the BEAST software
(Drummond and Rambaut 2007) used for molecular clock analyses. Analyses based on COI
sequences only and concatenated COI-tubulin-calmodulin sequences with strict and relaxed
clock models yielded relatively consistent time estimations (Table 2.4) and the same species
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topology as in Fig. 1. Uncorrelated lognormal clock estimation based on concatenated sequences
revealed that C. sanguinolentus and C. lividus separated 0.3 million years ago and C. diadema

diverged approximately 1.6 million years ago (Figure 2.1 and Table 2.4).

2. Conotoxin gene tree

We sequenced 938, 434, 411 and 303 cloned products from two individuals each of C. lividus, C.
diadema and C. quercinus and one individual of C. sanguinolentus. After evaluation and
elimination of putative polymerase, cloning and sequencing errors from results of both rounds of
experiments, we identified 51 unique putative A-superfamily conotoxin sequences from C.
lividus, 20 from C. diadema, 18 from C. quercinus and 19 from C. sanguinolentus (Table 2.5;
GenBank accession numbers JF723384-JF723491). The neighbor-joining tree that included all
sequences contained no clades comprised exclusively of potential artefactual sequences.
Saturation of sequence diversity curves implied that sequencing of additional products was
unlikely to uncover additional unique sequences. Based on determinations of orthology and
counts of alleles at each locus in each individual, we determined that these sequences represented
32 A-superfamily loci from C. lividus, 18 from C. diadema, 18 from C. sanguinolentus, and 12
from C. quercinus (Table 2.5), including several polymorphic loci. Both maximum-likelihood
and Bayesian methods with the HKY+1+G model produced identical topologies of these
sequences. Because the presence of allelic variants can lead to overestimation of duplication
events, we selected sequences representing single alleles of each locus to build the ‘reduced’

gene tree. The Bayesian consensus phylogeny is illustrated in Figure 2.2.

3. Duplication and loss
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Based on examination of predicted amino acid sequences, a total of 13 sequences of eight loci
from three Conus species appeared to represent pseudogenized gene copies, and these putative
pseudogenes are of three distinct types: premature stop codon (type I) and destruction of cysteine
backbone at different cysteine positions (type Il and 111) (Table 2.6, Figure 2.2). Additional gene
losses may not be observable or identifiable because we may not have been able to sample them
with the approach used. Reconciliation of the non-binary gene tree (Figure 2.2) with the binary
species tree (Figure 2.1) yielded 44 duplications and 39 gene losses. Reconciliation with
alternative consideration revealed a minimum of 38 duplications and 29 gene losses (including
eight putative pseudogene sequences) (Figure 2.1). Gene duplications have occurred relatively
continuously throughout the evolutionary history of these four species (Figures 2.1 and 2.2).
Since the divergence of C. lividus, C. diadema and C. sanguinolentus, A-superfamily conotoxin
genes underwent 13 rounds of duplication, and one locus exhibited up to four rounds of
duplication within this time frame (Figures 2.1 and 2.2). The time estimates of all the branches in
the species tree (Figures 2.1) sum to 23.9 million years, so the overall duplication rate of this
gene family averaged over all four species is 1.13 duplications per million years. In the recent
1.6 million years, the rate of gene birth is 3.71 duplications per million years. Average
duplication rates are heterogeneous among species: 26.7 duplications per million years for C.
lividus, 1.25 for C. diadema, 0 for C. sanguinolentus and 0.18 for C. quercinus. Similarly the
frequencies of inferred gene losses are different among these species: 7 losses in C. lividus and 9
in C. sanguinolentus within 0.3 million years, 8 in C. diadema within 1.6 million years and 4 in

C. quercinus within 11 million years (Figures 2.1).
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To verify the estimates of parameters in Notung reconciliation, we performed the Bayesian
analyses of the rates of gene gain and losses in PrIME-GSR. Tests of convergence of MCMC
analyses of 700,000 generations with 450,000 burnin indicated that both chains of analyses
converged. The mean birth rates of each chain are 0.081 and 0.078 per gene per million years
with variance of 1.69e™ and 1.75e™, and ranges are 0.049 to 0.123 and 0.051 to 0.113
respectively. The average death rates are 0.0037 and 0.0049 losses per gene per million years for

two chains with ranges of 0 to 0.024 and 0 to 0.023 and variances of 1.55¢™ and 1.43¢™.

4. Evolution rate and positive selection

A test of a strict molecular clock with maximum-likelihood method and HKY +1+G model
rejected the null hypothesis of equal evolution rates across the ‘reduced’ conotoxin genealogy
illustrated in Figure 2.2 (InL=-836.312 with clock vs InL=-728.571 without clock, df=79, P-
value<le-14, length of sequences=81bp, 3" codon position was included). Average rates of
nonsynonymous substitution of A-superfamily genes are high but heterogeneous among these
species: 2.7% per million years for C. lividus, 1.8% per million years for C. sanguinolentus, 1.3%
per million years for C. diadema and 0.9% per million years for C. quercinus. These rates are
similar to those reported previously for O-superfamily conotoxin genes (Duda and Palumbi
1999a). The estimated nonsynonymous substitution rates immediately after duplication exhibited
a maximum rate of substitutions of 22.9% per million years, and decreased dramatically with
greater values of ds (representing divergence time of paralogs) in quasi-exponential L-shape
relationships (Figure 2.3). Normalization of nonsynonymous substitution rates with logio
transformation and linear regression of the transformed data against ds showed that the

decreasing patterns were significant in each species (Figure 2.4). In addition, several orthologous
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loci among C. lividus, C. diadema and C. sanguinolentus were identical in sequence after
separation of species while their respective paralogs differed substantially (Figure 2.5 and Table
2.7). We detected very strong positive selection within the toxin-coding regions of functional

conotoxin genes (dn/ds=1.75) (Table 2.8).

5. Function and ancestral sequences reconstruction

Genes recovered from our study encode four types of a-conotoxins: a4/4, a4/7, a4/6 and 04/3.
The a4/7 type is the most common conopeptide and genes for this peptide occurred in all four
species, while only two loci represent a4/4 conotoxins. The 04/6 and a4/3 types are rarely found
in worm-eating species (Puillandre, Watkins, and Olivera 2010) and were exclusively recovered
from the genome of C. lividus (Figure 2.2). Ancestral sequence reconstruction based on the
genealogy in Figure 2.5 and all the aligned conotoxin sequences showed that the nodes ancestral
to the gene of a4/3 type might have been pseudogenes (Figure 2.5 and Table 2.9), a possible

intermediate stage from the a4/7 to the a4/3 type.

Discussion

We recovered conotoxin genes from genomic DNA of four closely related vermivorous Conus
species, reconstructed the evolutionary history of these genes, and estimated numbers of
duplication and loss, rates of gene birth and nonsynonymous substitution rates among paralogs
and orthologs of this gene family. This represents the first thorough study of conotoxin genes
recovered exclusively from genomic DNA of Conus species. Our results revealed a remarkable
pattern of quite extensive gene turnover, rapid evolution and diversification of these genes within
relatively recent evolutionary time.
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1. Turnover of A-superfamily genes

A-superfamily conotoxin genes appear to evolve in a “birth-and-death” pattern, a model of gene
family evolution presented by Nei and Hughes (1992), but they do so in an extreme manner.
Immediately after gene duplication mutation, redundant gene copies go through a phase of
fixation in the population (Innan and Kondrashov 2010). The duplication and fixation phases
cannot be considered separately in our case, so duplication of A-superfamily genes here is
regarded as the product of both duplication mutation and fixation of gene duplicates. Gene
duplication appears to have occurred relatively continuously throughout the evolutionary history
of these four species, but with asymmetrical bursts of duplications among lineages (Figures 2.2
and 2.4). The average gene duplication rate estimated with the Bayesian method is about 0.08 per
gene per million years. If we assume that the size of the A-superfamily in the common ancestor
of the four species analyzed was approximately 20 genes (mean of the numbers of unique loci of
the four extant species), the average overall duplication rate estimated from reconciliation
analyses is roughly 0.06 duplications per gene per million years, which is essentially similar to
the Bayesian estimation of duplication rate. This rate of gene duplication is about three times
greater than the highest average rates estimated from several eukaryotic genomes (average 0.01
per gene per million years and range of 0.002 to 0.02 in Lynch and Conery 2000; 0.028 per gene
per million years in yeast, 0.0014 in Drosophila and 0.024 in C. elegans in Gu et al. 2002), and
at least two times greater than the highest rates determined for multi-gene families such as
olfactory receptor (Nei, Niimura, and Nozawa 2008), vomeronasal receptor (Grus and Zhang
2004), spider venom (Binford et al. 2009), RNase gene families (Zhang, Dyer, and Rosenberg

2000) and pancrustacean eye development and phototransduction genes (Rivera et al. 2010).
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Since the divergence of C. lividus, C. diadema and C. sanguinolentus 1.6 million years ago, the
gene duplication rate of 3.71 duplications per million years, or roughly 0.19 per gene per million
years, is at least two times as high as the overall rate of this gene family, signifying an
acceleration of gene birth, most of which is contributed by C. lividus and the common ancestor
of C. lividus and C. sanguinolentus. The overall rate of gene duplication may be as high as the
rate estimated from the recent 1.6 million years, but is difficult to prove because such extensive

gene turnover may have eliminated traces of ancestral gene duplications.

Incomplete sampling of paralogous genes in the gene family may lead to incorrect placements of
duplication events on the species tree (Ness, Graham, and Barrett 2011) and either over- or
under-estimation of numbers of gene duplication events. It is possible that our approach and our
conservative evaluation of non-artefactual toxin sequences failed to recover certain member(s) of
the gene family or that recent gene duplicates are too similar to be recognized as such. We
simulated scenarios of incomplete sampling of conotoxin loci by treating our current dataset as
reference and randomly removing up to 10% of loci. Results implied that the pattern of extensive
gene gain revealed from our study was not affected by potential incomplete sampling.
Simulations of both proportional removal of sequences of each species and random removal of
sequences of all four species combined showed that failure to recover additional genes would
have lead to an underestimation of the overall number of duplication events (Figure 2.6A), but
did not affect fine scale measurements of duplication events during short time intervals (Figure
2.6B). The variance of estimates slightly increased with more genes removed, but no outlier was

detected that would have significantly altered the magnitude of gene turnover (Figure 2.6).
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The overall rates of gene duplication estimated through Bayesian and reconciliation approaches
were remarkably very similar, but rates of gene loss differed considerably. Results from the
reconciliation analysis implied that the A-superfamily has maintained its size over time, while
results from the Bayesian approach suggested that the gene family has undergone constant
expansion. Reconciliation of the gene trees and species tree (topology only) utilizes maximum
parsimony and its optimization weighs heavily on minimization of gene duplications (Chen,
Durand, and Farach-Colton 2000; Vernot et al. 2007). On the other hand the Bayesian approach
models gene gain and loss based on a species tree with known branch lengths (Akerborg et al.
2009). The rates of gene loss are modeled as being constant through time which is incompatible
with neofunctionalization of gene duplicates or selection (Eulenstein, Huzurbazar, and Liberles
2010) and which may not be applicable to the A-superfamily. The discrepancies in estimates of
gene loss from these two approaches may also be induced by lack of resolution near the root of

the gene tree (Figure 2.2), which may impact the estimation of these rates.

Even though we were unable to evaluate the duplication and fixation phases separately, the rate
of duplication mutation alone (i.e., not including rates of duplicate fixation) of these conotoxin
genes is likely to be much higher than our estimate of gene duplication (which includes the rate
of duplicate fixation) because some duplicated genes may not have been fixed after duplication
and because some duplicates may not have diverged in sequence and so are unrecognizable in
the genomes of these species. Nothing is known about the mechanism of conotoxin gene
duplication, but based on the presence of highly conserved regions of the toxin prepropeptide as
well as intron(s) and untranslated regions of conotoxin genes, the process of gene duplication is

more likely to be due to unequal crossing-over than retroposition (Zhang 2003). Locations of
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these genes may also affect the rate of gene duplication, and we predict that these genes, and
members of other conotoxin gene families that are evolving rapidly, are predominantly clustered
within regions of the genome that are prone to extremely high rates of unequal crossing-over, as

IS suspected for other gene-rich gene families (Zhang 2003).

2. Evolution of A-superfamily genes

The rates of evolution of the A-superfamily conotoxin genes are comparable with those observed
for O-superfamily conotoxin genes (Duda and Palumbi 1999a). Results from the strict molecular
clock test indicated that the genes analyzed exhibit heterogeneous rates of evolution, and the
average nonsynonymous substitution rates differed slightly among species. The semi-L shape
pattern of the nonsynonymous substitution rates of paralogs against their divergence time (Figure
2.3) and the significant negative slope and intercept of the regression (Figure 2.4) imply that
rates of evolution decrease significantly immediately after duplication and then gradually
stabilize at a plateau. The nonsynonymous substitution rate immediately after duplication
exhibited a maximum rate of substitution of 22.9% per million years, suggesting that duplication
facilitates the rapid evolution of these genes. The evolution of recent gene duplicates may be
asymmetrical such that heightened rates of evolution occur only within copies that are relaxed

from selection.

Based on the strong signals of positive selection, we posit that duplicated gene copies have
undergone neofunctionalization. Because all recovered sequences exhibit similarity to a variety
of sequences of A-superfamily gene transcripts (i.e., they cluster amongst the breadth of A-

superfamily conotoxin sequences recovered from venom duct mRNAS that are reported in
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GenBank), we presume that these sequences represent A-superfamily conotoxin genes and that
they do not represent genes with other functions (e.g., descendants of the ancestral genes from
which conotoxin genes were coopted). In addition, we are unaware of any studies that have
indicated that A-superfamily-like genes are expressed or have alternative functions outside of the
venom delivery system of Conus. Furthermore, mutagenesis studies of conotoxins have shown
that modification of single amino acids of the mature toxin alters the peptide’s functional
specificity and binding efficiency (Dutertre et al. 2007; Whiteaker et al. 2007; Ellison M 2008;
Halai et al. 2009). Hence nonsynonymous substitutions within the toxin-coding region of
redundant genes copies likely affect the functions of the expressed products, possibly in terms of
their utility in prey capture. Gene duplication and the subsequent evolution of the duplicates
appear to have increased the functional diversity of conotoxins, and may have led to functional
shifts of some genes. a-conotoxin peptides comprise several distinct types (a3/5, a4/3, a4/4, a4/6
and 04/7) that are distinguished by the number of amino acids that occur between the second and
third and third and fourth cysteine residues; each type targets certain subsets of muscle/neuronal
receptors (Mclntosh, Santos, and Olivera 1999; Tsetlin, Utkin, and Kasheverov 2009). Inferred
from the genealogy (Figure 2.2), new functional a4/6 and 04/3 types emerged by duplication and
divergence from the common 04/7 type (Figure 2.7). The a4/6 and 04/3 types were only
recovered from C. lividus, a pattern that implies that these functional types emerged from fairly
recent duplications (< 0.3 million years). In addition to insertions/deletions within the duplicates,
the genealogy and ancestral sequence reconstruction (Figure 2.5 and Table 2.9) suggest that the
shift from the a4/7 type to a4/3 type may have resulted from ‘disulfide-bond reshuffling’, a
phenomenon proposed by Zhang (2007) and observed in RNase A genes of primates

(hypothetical process illustrated in Figure 2.8).
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3. Model of conotoxin gene family evolution

Redundant gene copies produced by gene duplication mutation can either be neutral and fixed by
genetic drift (Ohno 1970) or beneficial and fixed by selection (Francino 2005; Kondrashov and
Kondrashov 2006; Bergthorsson, Andersson and Roth 2007). We are unable to assess which
mechanism is associated with the fixation of conotoxin gene duplicates. We also not aware if
increases in toxin dosage improve predation efficiency or if amplification of secondary functions
of these genes is beneficial to cope with ecological shifts and varying stress. Based on the high
rates of gene turnover and the rapid evolution of conotoxin genes we observed, we posit that
extensive gene duplication events create redundant gene copies for rare though beneficial
mutations to occur and hence dramatically increase the frequency at which gene duplicates
become fixed and new adaptive genotypes arise. Strong positive selection leading to
neofunctionalization of duplicate genes may dramatically enhance the rapid fixation of
advantageous genotypes and contribute to the rapid evolution of conotoxin genes. Neutral or
disadvantageous copies may be pseudogenized or lost from the genome in the fate-determination
stage. This scenario is similar to predictions of the adaptive radiation model of gene family
evolution: rapid bursts of duplication, strong selection on paralogs, and eventual
pseudogenization of some gene copies (Francino 2005), even though the neutrality of duplication

is debatable.

4. Venom evolution
Rates of duplication of A-superfamily conotoxins are asymmetrical among species, even

between populations of C. lividus and C. sanguinolentus that appear to have shared a recent
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common ancestor about 0.3 million years ago. High rates of turnover and the rapid evolution of
A-superfamily conotoxin genes cause large divergence in the composition of this gene family
among closely related Conus species. Out of the six ancestral orthologous genes of the four
species examined, two genes were pseudogenized in C. quercinus, while the others were not
observed and so were possibly lost from its genome. Meanwhile, numerous putative species-
specific duplications occurred in C. quercinus (Figure 2.2). Gene duplication events after
separation of C. diadema and species-specific duplications in C. diadema and C. lividus also
contributed to divergence of the composition of the A-superfamily of these two species (Figure
2.2). Such large differences in composition among species may also be induced by differential
gene losses as the numbers of gene losses differ among species (Figure 2.2). Without information
about the structure and distribution of these genes in the genome, we cannot completely rule out
the possibility of ancient duplication and lineage-specific losses, a pattern found in many genes
such as tuf genes in eubacteria (Lathe and Bork 2001) and globin genes in mammals (Opazo,
Hoffmann, and Storz 2008). But the simultaneous gain and loss patterns should be more probable
because the size of A-superfamily in C. lividus is much larger than in its close relatives and the

ages (ds) of paralogs are relatively continuous (Figure 2.4).

Sources of selection and the correlation of gene duplication and diversification of conotoxin
genes with ecological adaptations in this study remain unknown. The evolution and diversity of
conotoxin genes have been suggested to correlate with prey specializations in various studies of
Conus species at both interspecific and population levels (Duda and Palumbi 2004; Duda and
Lee 2009; Duda et al. 2009). Our target species prey on diverse sets of marine worms and exhibit

different geographical distributions (Kohn 1968; Nybakken 1978; Kohn 2001). Hence it is
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possible that the differences in patterns of evolution of A-superfamily among species are
correlated with prey diversities or prey availability in different geographical boundaries. This
hypothesis could be verified with future studies of functional assays of conotoxins on different

types of prey and direct tests of patterns of conotoxin gene family evolution and dietary shifts.

Conclusion

Our study revealed that A-superfamily conotoxin genes of Conus species possess heightened
rates of gene turnover coupled with enhanced rates of evolution. The extensive gene turnover
appears to have facilitated vast diversification of the composition of the A-superfamily among
species and presumably enabled functional shifts of peptides expressed in the venoms of these
species, a condition that may be compelled by dietary shifts or the origins of resistance in prey.
Increases in gene copy number likely create additional targets of opportunity for beneficial
mutations, enhance the efficacy of positive selection, and may eventually lead to the origin of
novel gene functions. In this sense, continuous radiation of gene families facilitates the
diversification and rapid evolution of genes that are associated with predator-prey interactions.
Such extensive turnover of conotoxin genes affects the ability to reconstruct the long-term
evolutionary patterns of these genes and so it is critical to examine the evolutionary histories and

relationships of these genes over short time intervals.
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Figure 2.1. The species tree of four Conus species and estimated times of divergence from
relaxed molecular clock analyses of concatenated sequences of a region of the
mitochondrial COI gene, a tubulin intron and a calmodulin intron.

The grey bars at each node represent 95% HPD (highest posterior density) of the time of
separation. The scale bar at the bottom represents the estimated time of divergence in units of
million years (MY). Estimated numbers of gene duplication (before the forward slash) and gene
loss (after the forward slash) events are indicated on each branch of the linearized species tree.
Color-coding scheme of species names: purple for C. lividus, green for C. sanguinolentus, blue
for C. diadema and red for C. quercinus.
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Figure 2.2. Bayesian consensus phylogeny of DNA sequences of single alleles of each
putative unique A-superfamily conotoxin locus recovered from four Conus species.

Lengths of sequences after removal of gaps are 81 nucleotides. Numbers on internal branches
indicate Bayesian posterior probabilities. Color-coding scheme: at tips of the genealogy, loci of
C. lividus are identified as purple dots, C. diadema as blue dots, C. quercinus as red dots and C.
sanguinolentus as green dots (consistent color labels as in Figure 2.1); sequences of the a4/4 type
are shaded in green, 04/6 in yellow and 04/3 in pink; pseudogenes are labeled according to types
(type I, 1l or 111; Table 2.6) and shaded in light blue; inferred duplication events are indicated
with red stars.
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Figure 2.3. Plot of estimated pairwise rates of nonsynonymous substitution (y-axis) against
the pairwise synonymous divergence (x-axis) of paralogous A-superfamily conotoxin loci of
four Conus species.

Purple dots represent paralogs from C. lividus, green dots from C. sanguinolentus, blue dots from
C. diadema and red dots from C. quercinus.
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Figure 2.4. Plots of logarithmic transformation of estimated rates of nonsynonymous

substitution (y-axis) against the pairwise synonymous divergence (x-axis) of paralogs of
each species.

The fitted trend lines of linear regression are shown in each plot with equations and R? values
labeled. All intercepts and negative slopes are significant (P-value<0.001).
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Figure 2.5. Bayesian consensus phylogeny of all A-superfamily sequences recovered from
the genome of the four Conus species with the HKY+1+G model.

The numbers on the internal branches are Bayesian posterior probabilities. At the tips of the
genealogy, sequences from C. lividus are labeled as ‘livi’ in purple, sequences from C. diadema
as ‘diad’ in blue, sequences from C. quercinus as ‘quer’ in red and sequences from C.
sanguinolentus as ‘sang’ in green. A sequence from C. catus was used to root the tree and is
labeled as ‘catus’. Clades are numbered and labeled with bars to serve as examples in the
estimation of rates of evolution (Table 2.5). Clades shaded in light blue represent type Il
pseudogenes. Sequence livi_51 shaded in yellow encodes 04/3 conopeptide. Two nodes labeled
as circled A and B serve as examples in ancestral sequences reconstruction (Table 2.7).
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Figure 2.6. Duplications and gene losses inferred from simulated randomly reduced gene
pools of four species.

The x-axis is the number of genes removed from the original dataset.

(A) All duplications. Error bars represent standard deviations.

(B) Box plot of possible duplications in the recent one million years. Proportional removal of
genes from each species yielded similar results.
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Figure 2.7. Scenario of evolution of a-conotoxin subtypes inferred from ancestral sequence
reconstructions.

a4/4 and 04/7 types are ancestral; the a4/7 type underwent several rounds of duplication and new
copies evolved into a4/6 and 04/3 subtypes. Asterisks indicate putative duplication events.
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Figure 2.8. Hypothetical scenario of transition from a4/7 to a4/3 conotoxin types.

One sequence each of a4/7, intermediate type and a4/3 are illustrated in the figure as example
sequences, and respective predicted amino acid sequences are shaded in light green. Cysteine
(Cys) codons TGT and TGC and the Cys amino acids in the translated peptide are colored in
blue. Codons that are altered are shaded in yellow. The disulfide bonds are illustrated as black
and red curves above the predicted amino acid sequences connecting the cysteines. One amino
acid replacement occurs in the fourth Cys in the backbone of the a4/7 toxin gene that prevents
formation of the disulfide bond (the red curve). This change results in the ancestral sequences of
pseudogene type 111 found in C. lividus and C. sanguinolentus (Figure 2.2; Table 2.4). Finally,
the fourth codon downstream of the third Cys codon changes into a new Cys codon which
restores the lost disulfide bond (in red) and produces the new a4/3 type.

TGCTGTTCTACTCCTCCCTGTGCCCTCCTCTATATGGAGATGTGT

//_"T_\\
a4//  CCSTPPCALLYMEMC Replacement of C4,

reduction of one
disulfide bond

TGCTGTTCTACTCCTCCCTGTGCCCTCCTCTATATGGAGATGTAT

Pseudo 7\
117 CCSTPPCALLYMEMY Recreation of C4
and disulfide bond

TGCTGTTCTACTCCTCCCTGTGCCCTCCTCTGTTAGGAGATGTAT

7 N\ O~
a4/3 CCSTPPCALLC*EMY
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Table 2.1. List of 10 sets of primers that were used to amplify A-superfamily conotoxin
genes from the genome of the four closely-related Conus species.

Primers | Primer sequence (5’ to 3’) Primer location | Primers designed are based on
Prepro, .
Apref3 | TCGTGCATCTGATGGCAGGAATG | downstreamto | UMErous species, about 100
. sequences
intron(s)
Prepro, . . .
Apref3a | TCGTGCATCTGATGGCAGGAATA | downstreamto | & 1vidus, C. musicus, C. regius,
. C. sponsalis; 7 sequences
intron(s)
Prepro, C. sponsalis, C. consors, C.
Apref3b | TCGTGCATCTGATGGCAGGGATG | downstream to | striatus, C. purpurascens, C.
intron(s) catus; 7 sequences
Prepro, C. diadema, C. regius, C.
Apref3c | TCGTGCATCTGATGGCAGGAGTG | downstream to | imperialis, C. tulipa, C.
intron(s) purpurascens; 5 sequences
Prepro, C. quercinus, C. omaria, C
Apref3d | TCGTGCATCTGATGGCAGGAAAG | downstream to . T T
. textile; 4 sequences
intron(s)
Prepro, C. aulicus, C. betulinus; 3
Apref3e | TCGTGCATCTGATGGCAGGAAGG | downstream to sequences
intron(s)
Prepro, . .
Apref3f | TCGTGCATCTGATGGCAGGTATG | downstreamto | & 9/st0ns, C. virgo; 3 sequences
intron(s)
Prepro, ..
Apref3g | TCGTGCATCTGATGGCAGGAACG | downstream to | O /V/dus; 1 sequences
intron(s)
Prepro, .
Apref3h | TCGTGCATCTGATGGCAGGAATC | downstreamto | O PEfU/inus; 2 sequences
intron(s)
Prepro, C. regius; 2 sequences
Apref3i | TCGTGCATCTGATGGCAGGAAGA | downstream to ’
intron(s)
Prepro, .
Apref3j | TCGTGCATCTGATGGCAGGAATT | downstreamto | & P€tulinus; 1 sequences
intron(s)
3 UTR, pair with Many species, all A-superfamily
CTXAR1 | GTCGTGGTTCAGAGGGTCCTGG all the primers ’

above

genes
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Table 2.2. GenBank accession numbers for mitochondrial COI sequences, sequences of a
tubulin intron and a calmodulin intron of C. lividus, C. sanguinolentus, C. diadema and C.

quercinus.
) Accession Numbers
Species __ _
COl Tubulin intron Calmodulin intron

C. lividus JN831243 JN831248 JN831253
C. sanguinolentus JN831244 JN831247 JN831251
C. diadema JN831245 JN831249 JN831252
C. quercinus JN831246 JN831250 JN831254
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Table 2.3. Jukes-Cantor distances with uniform rates among sites calculated among the
intron sequences of a tubulin locus and a calmodulin locus between pairs of Conus species.
Length of the intron sequences of the tubulin locus is 468 base pairs (bp) and of the calmodulin
locus is 210 bp after removal of gaps. The minimum of the pairwise distances are presented in
the table.

Species pairs Tubulin locus Calmodulin locus
C. lividus — C. sanguinolentus 0.011 0
C. diadema — C. lividus 0.024 0
C. diadema — C. sanguinolentus 0.022 0
C. quercinus — C. lividus 0.044 0.049
C. quercinus — C. sanguinolentus 0.053 0.049
C. quercinus — C. diadema 0.053 0.049
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Table 2.4. Time estimations of the most common ancestors from strict and relaxed clock
models of COI sequences and concatenated COI-calmodulin-tubulin intron sequences of

four Conus species.
The mean and 95% high probability density (HPD) of time estimations are inferred from results

with 1000 burnin (first 1,000,000 generations). MY million years.

tmrca of C. |iVidUS, C. ..
sanguinolentus and C. tmrca OF C. II'V'dUS and C.
Sequences Clock Model diadema (MY) sanguinolentus (MY)
Mean 95% HPD Mean 95% HPD
ol Strict 1.6823 0.4701-2.9689 0.1118 0.0015-0.3018
Relaxed 1.5896 0.2702-3.6378 0.0894 0.0001-0.4059
Relaxed 1.6191 0.0498-3.5977 0.2954 0.0024-1.0091
concatenated Strict 14957 | 0.1984-2.8548 | 02878 | 0.0296-0.6458
sequences
(with Relaxed COI and
partition) strict calmodulin- 0.7052 0.0017-2.9332 0.2430 0.0002-1.1529
tubulin introns
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Table 2.5. Number of colonies sequenced, number of unique sequences (including errors),
non-artefactual sequences and putative loci recovered from the genome of each species.

C. lividus C.diadema C. quercinus C. sanguinolentus

Colonies sequenced (error) 938 434 411 303
Unique sequences 142 76 64 51
Non-artefactual sequences 51 20 18 19
Putative loci 32 18 12 18
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Table 2.6. Types of pseudogenes and their predicted amino acid sequences.

Those of the first type contained a premature stop codon upstream of the toxin-coding region.
The second and the third types exhibited a non-synonymous substitution in the first or fourth
cysteine residue respectively that likely lead to incomplete or improper folding of the mature
toxin peptide. Cysteines are highlighted in bold, toxin-coding regions are underlined; * (stop
codons) and amino acid replacements that lead to pseudogenization or dysfunction of a-
conotoxins are highlighted in red.

Type Species Predicted Amino Acid Sequences Examples
I C. quercinus AADSKAAD*IAQTVRDPCCSNPSCAQTHPEICRTLM
I C. quercinus AANNKATDLMARTVRGFCSDPSCRFRNPELCDWRR*
i C. lividus, AANDKTSAWTTRTVRQSCCATPSCARLYEKVYGRRY*
C. sanguinolentus
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Table 2.7. Estimates of ds, dy and rates of nonsynonymous substitution of orthologous loci
(including co-orthologs).

ds and dy values were calculated by the Nei-Gojobori method with Jukes-Cantor correction (Nei
and Kumar 2000). Rates of nonsynonymous substitution were calculated by dividing dy with two
times the divergence time. Clade labels are consistent with labels in Figure 2.5.

: Toxin-coding region
Clade Sequence pairs Toxin ds Lenath
Type ?Qg) dn rate (per MY)

| diad-1 vs livi-1 ad/4 0 51 0.056 1.75%
I diad-7 vs livi-13 ad/7 0 51 0 0%
i diad-8 vs livi-16 ad/7 0 51 0 0%
\ diad-16 vs livi-32 ad/7 0 57 0 0%
VI diad-17 vs livi-33 ad/7 0 57 0 0%
VII diad-18 vs livi-37 ad/7 0 60 0 0%
v diad-11 vs livi-20 ad/7 0 51 0 0%
v diad-11 vs livi-21 ad/7 0.037 51 0.029 0.91%
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Table 2.8. Results of test of postive selection based on analyses with the Codeml package of
PAML 4.3 on toxin-coding regions of putative functional conotoxin genes.
** indicates P-value <0.01.

Models o Log likelihood
o =1 1 -1180.6
o estimated 1.75** -1177.3
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Table 2.9. Reconstructed DNA sequences and respective amino acid sequences of the
ancestral nodes A and B illustrated in Figure 2.5.
Cysteines in the predicted amino acid sequences are highlighted in bold. After removal of gaps

from the sequence alignment in the reconstruction process there were only four codons between

the 3" and 4™ Cys in all the extant sequences utilized for reconstruction (except livi_51), but in

reality there should be three more codons for a4/7 toxins. The 4th Cys (codon) is predicted to be

intact in the ancestral sequence of node A but destroyed in node B. The (codon) position where

the 4™ Cys is supposed to be in the sequence of node B is underlined in both DNA and predicted

amino acid sequences.

Node Reconstructed DNA Sequences Predicted Amino Acid
Label Sequences
CCGCAGCCAACGACAAAGCGTCTGCC
A | TCATGCTGTTCTACTCCTCCCTGTGCC ééé?f@SASCCSTPPCAML
ATGCTTTATTGTGGCACGCTGATGC
CCGCAGCCAACGACAAAGCGTCTGCC
B | TCATGCTGTGCTACTCCTTCCTGTGCC éég.?mSASCCATPSCAML
ATGCTTTATTATGGCACACTGATGC Y
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CHAPTER 3 DIFFERENTIAL EXPLORATION OF VENOME SPACE: PLASTICITY
OF EXPRESSION OF VENOM GENES

This chapter will be submitted for publication with the coauthor Thomas F. Duda, Jr.

Introduction

Gene regulation shapes inter- and intra-specific variation in phenotypes and affects organismal
response to changes of environmental conditions (Lockhart and Winzeler 2000). Vast phenotypic
and behavioral differences among species that possess highly similar genomic sequences
attribute to gene regulation (King and Wilson 1975; Enard et al. 2002; Ranz et al. 2003;
Khaitovich et al. 2005; Somel et al. 2008). Variation in gene expression facilitates individuality
of organisms and phenotypic difference of individuals with identical genotypes (Raser and
O'Shea 2005). Differences in patterns of gene expression can be viewed as differential
exploitation of ‘gene space’, genomic regions containing protein-coding genes (Jackson, Hass
Jacobus, and Pagel 2004). Messenger RNA transcripts associated with this gene space reflect the
functional and adaptive roles of their protein products because mMRNA synthesis, the first step of
protein production, represents organismal responses to environmental perturbations in real-time

(Lockhart and Winzeler 2000).

Retention and functionalization of gene duplicates are affected by variation in gene expression
(Ohno 1970; Qian et al. 2010). Duplication promotes expression divergence of genes in the
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genome (Li, Yang, and Gu 2005). Divergence in expression of paralogous genes is positively
correlated with ages of genes (Gu et al. 2002), and is likely affected by changes of cis- and trans-
regulatory elements (Zhang, Gu, and Gu 2004; Li, Yuan, and Zhang 2010; Dong, Yuan, and
Zhang 2011). Closely-related paralogs show equivalent or less resemblance in patterns of
expression than distantly-related genes (Oakley et al. 2005), and divergence in gene expression

can be rapidly established among young duplicates (Gu et al. 2002).

Expression divergence of members of multigene families leads to interspecific differential
expression (Tomanek and Somero 2002; Gu et al. 2004; Kawaura, Mochida, and Ogihara 2005;
Jovelin et al. 2007). Nonetheless there is a deficit in statistical methods that can be used to assess
phylogenetic structures of gene expression in each species. Here we employ community
phylogenetic approaches to statistically evaluate phylogenetic patterns of expression among
species, assuming divergence in expression is associated with phylogenetic disparity of genes in
each species. Webb et al. (2002) proposed three types of phylogenetic community organization:
phylogenetically over-dispersed communities that include a nonrandom set of distantly related
species, phylogenetically under-dispersed communities that include a nonrandom set(s) of
closely related species, and a default state in which the community is comprised of a
phylogenetically random set of species. Here we use these three states to describe mechanisms of
gene expression employed in each species. By viewing the genomic composition of the gene
family as analogous to the species pool and the expressed genes as analogous to a sampling
community, we can evaluate patterns of phylogenetic organizations of expressed members of the

gene family in each species.
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As predicted by Lluisma (2012), venomous organisms may utilize different strategies in
expression of venom genes. The venome refers to proteomic compositions of venoms that are
recruited from sets of genes encoding many protein families (Fry 2005). The recruiting process

to final venome involves regulation of these toxin-related genes. We use the term ‘venome space’
to describe the combination of toxin-coding genes in the genome of each species. High

variability in venom composition can stem from differences in gene expression (i.e., the

differential exploitation of the venome space).

Predatory marine snails of the genus Conus utilize venoms that include a variety of peptide
neurotoxins (conotoxins or conopeptides) to subdue prey, and conotoxins target diverse sets of
ion channels and neuronal receptors (Kaas et al. 2012). Venom composition varies dramatically
among and within Conus species (Olivera 2002; Jakubowski et al. 2005; Davis, Jones, and Lewis
2009; Rivera-Ortiz, Cano, and Mar 122011), which, in part, derives from the dynamics of
conotoxin gene family evolution through extensive gene turnover, mutation and rapid evolution
(Duda and Palumbi 1999; Chang and Duda 2012). Previous studies revealed the important role
of differential expression in interspecific divergence of venoms based on qualitative and
quantitative analyses of conotoxin gene transcripts (Duda and Palumbi 2000; Conticello et al.
2001; Duda and Palumbi 2004; Duda and Remigio 2008; Hu et al. 2012). Diversity and levels of
expression of genes from each conotoxin superfamily differ among (Conticello et al. 2001) and
within species (Hu et al. 2012). Species tend to avoid coexpression of orthologous loci such that
closely-related species possess dramatically different gene transcripts in their venom duct cDNA
(Duda and Remigio 2008), and differential expression may contribute to shifts in diet (Duda and

Palumbi 2004).
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Nonetheless, without knowledge of the genomic composition of venome space, it is difficult to
differentiate transcriptional variation of single genes from lineage-specific gene duplication/loss,
especially with the extensive turnover of conotoxin gene families (Chang and Duda 2012).
Description of genomic profiles of the A-superfamily of four closely-related species C. lividus, C.
sanguinolentus, C. diadema and C. quercinus by Chang and Duda (2012) (Chapter 2) provides a
great opportunity to examine patterns of expression of members of this gene family in these
species. A-superfamily genes encode a-conotoxins that are selective blockers of nicotinic
acetylcholine receptors; a-conotoxins are characterized by their signature cysteine backbone of
“CC(X)mC(X)nC” (Santos et al. 2004). A-superfamily genes possess a highly conserved prepro
(a precursor region encoding a part of the prepropeptide that are cleaved from the mature toxin in
the post-translation stage) and 3’ untranslated regions (Santos et al. 2004; Puillandre, Watkins,
and Olivera 2010), which allow us to retrieve members of this superfamily from venom duct

transcripts with primers that can be designed within conserved regions.

Here we tested the hypotheses that conotoxin genes are differentially expressed among closely-
related Conus species and that these species differentially exploit their venome space. We also
evaluated if conotoxin gene expression varies within species, and examined the selectivity of
expressed genes and the role of expression in evolution of gene families. We obtained expression
profiles of A-superfamily from venom duct transcripts of four Conus species, compared the
results with genomic compositions of this gene family in each species, statistically evaluated
phylogenetic structures of expressed genes, and assayed patterns of expression and neutrality of

gene duplicates.
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Materials and methods

1. Specimens

We obtained specimens of Conus lividus (from Hawaii), Conus diadema (from Panama) and
Conus sanguinolentus (from American Samoa) from the Mollusk Division collections at the
University of Michigan Museum of Zoology. Specimens of Conus quercinus (from Hawaii) were
provided by Jon-Paul Bingham (University of Hawaii). Venom ducts of these specimens were

preserved in RNAlater (Ambion, Inc.) and stored at -20<€.

2. Recovery of A-superfamily genes from venom duct transcripts

We extracted mRNA from venom ducts of two individuals each of C. lividus, C. diadema and C.
quercinus and one individual of C. sanguinolentus, and prepared cDNA following the protocol
described in Duda and Palumbi (1999). In an attempt to recover all A-superfamily gene
sequences from the venom duct transcriptome, we used a set of ‘universal’ primers for A-
superfamily gene sequences (forward primer: 5’ ATGGGCATGCGGATGATGTTCAC 3’;
reverse primer: 5> GTCGTGGTTCAGAGGGTCCTGG 3°) that anneal to the highly conserved
prepro and 3’ untranslated regions. We amplified gene sequences from venom duct cDNA of
each individual, cloned PCR products, screened and sequenced expected inserts following the
approach described in Chang and Duda (2012). We repeated this whole experimental procedure
for each individual to help identify non-artefactual sequences (described in the next section). We
generated sequence diversity curves (Duda and Remigio 2008) for each individual in each round
of amplification to determine if enough inserts were sequenced to recover as many A-
superfamily conotoxin gene transcripts as possible from venom duct cDNA.
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3. Determination of transcribed loci

We examined sequence chromatograms in Sequencher v4.8 (Gene Codes Corporation), and
manually aligned sequences in SE-AL 2.0 (Rambaut 2002) based on similarities of nucleotide
and translated amino acid sequences especially the cysteine backbone of a-conotoxins as
described by Chang and Duda (2012). We determined non-artefactual sequences by comparing
sequences recovered from two rounds of PCR from venom duct cDNA with genomic profiles of
this gene family in each species (Chang and Duda 2012; GenBank Accession Numbers
JF723384-JF723491), and designated sequences recovered from both rounds of experiments or
from both venom duct cDNA and genomic DNA of each species as expressed non-artefactual
sequences. We constructed a neighbor-joining tree of all sequences (including artefactual
sequences) with the K80 (Kimura 1980) model in PAUP 4.0 (Swofford 2002) to ensure that each
major clade contains at least one non-artefactual sequence. We allocated artefactual sequences to
respective groups (putative expressed alleles) represented by at least one non-artefactual

sequence based on their genetic similarities and clustering patterns in the neighbor-joining tree.

4. Phylogenetic analyses of expressed genes

We performed model selection in jModelTest v0.1.1 (Posada 2008) with non-artefactual gene
sequences recovered from venom duct cDNA of four species. We constructed a Bayesian
consensus phylogeny of non-artefactual genes with MrBayes v3.1.2 (Huelsenbeck and Ronquist
2001) (10,000,000 generations, 4 Markov chains, 2 runs and 25% burnin) using the best model
HKY (Hasegawa, Kishino, and Yano 1985)+I and one A-superfamily gene sequence from C.

catus to root the tree (GenBank accession number FJ868066).
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5. Test of differential expression patterns among species

We developed a statistical approach based on community phylogenetic methodologies (Webb et
al. 2002; Emerson and Gillespie 2008; Webb, Ackerly, and Kembel 2008) to determine
phylogenetic distributions of gene expression in the venome space of each species. This
approach takes into account phylogenetic signals of genomic profiles, accepts qualitative input of
lists of expressed genes, and evaluates the pattern of distribution of expressed genes in the
genealogy of genomic components of each species. Three possible results are over-dispersion,
under-dispersion, or random distribution of expressed genes (no structure, the default state).
Similar to tests of community assemblies, we treated genes in the genome of each species as ‘the
species pool’ and expressed genes as ‘the composition of species of a single community’. We
used indices such as Mean Phylogenetic Distance (the average distance of pairwise comparisons
of samples; MPD), Mean Nearest Phylogenetic Taxon Distance (the average distance of the most
closely related samples ;MNTD), Net Relatedness Index (the standardized MPD differences
between the null model and sampling community; NRI) and Nearest Taxon Index (the
standardized MNTD differences between null and observed communities; NTI) (Webb et al.
2002) to evaluate the over- and under-dispersion of expression of these genes. Observed MPD
and MNTD smaller than random as well as positive NRI and NT1 values suggests under-
dispersion of gene expression, while observed MPD and MNTD larger than random and negative
NRI and NTI values suggests over-dispersion. No significant difference between observed and
random MPD and MNTD as well as NRI and NTI not significantly different from zero implies

lack of structure of gene expression.

69



To build separate genealogies for each species, we pruned the phylogeny of conotoxin genes
recovered from genomic DNA of the four species (obtained from (Chang and Duda 2012)) with
maximum-likelihood and HKY+G model in PAUP 4.0 (Swofford 2002). We imported the
pruned genealogy of A-superfamily genes for each species into Phylocom 4.2 (Webb, Ackerly,
and Kembel 2008) and a list of genes expressed in the venom duct of that species, and evaluated
the phylogenetic structure of expressed genes with the Comstruct command. P-values are
percentages of MPD and MNTD values obtained from 10,000 generations of random drawings

of samples from the genomic profile that are smaller than observed values.

6. Differential expression among and within species

We quantified absolute levels of expression of each allele in each individual with counts of
sequenced colonies containing inserts of that expressed allele and its respective artefactual
sequences, and quantified levels of expression of each locus by combining counts of all alleles of
that locus. We tested independence of levels of conotoxin gene expression between two
individuals of the same species of C. lividus, C. diadema and C. quercinus by Fisher’s Exact
Tests with fisher.test function in R v2.15.0 (R Development Core Team 2012). P-values were

estimated by Monte Carlo simulations of 1,000,000 generations.

To standardize levels of expression among species and to eliminate bias of sample sizes, we
estimated relative expression of a locus by dividing counts of each locus expressed by each
individual with total counts of colonies of that individual. Similarly, we calculated relative
expression of each locus of each species by dividing total counts of that locus with total counts

of colonies sequenced for that species.
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7. Estimation of o (dn/ds) of expressed genes

We used a maximum-likelihood approach and the branch-site model implemented in the Codeml
package of PAML 4.3 (Yang 2007) to test the neutrality of expressed conotoxin genes. We used
this approach to determine if  (dn/ds ratio) values of branches leading to currently expressed
genes are significantly different from o of the remainder branches in the A-superfamily
genealogy. Three types of pseudogenes have been found in the genomic DNA of these species,
and functionality of type 111 pseudogenes is still unclear (Chang and Duda 2012). We excluded
type I and Il pseudogenes and a short sequence (livi_51, a a4/3 type conotoxin) from analyses to
incorporate more information of toxin-coding regions. We examined toxin-coding regions for
two sets of genes (with or without type 111 pseudogenes) and phylogenies pruned with the
approach described above. We set one o rate across the whole tree as the null model and
proposed three alternative models. The first model assumes that branches leading to expressed
genes exhibit a different o value from that of branches leading to unexpressed and ancestral gene
sequences (w, for terminal branches of expressed loci, w; for the rest of the branches). The
second alternative model assumes the opposite (o, for the terminal branches of unexpressed
genes, m; for the rest of the branches). The third model assumes that branches leading to
expressed, unexpressed and ancestral genes respectively exhibit different o values (o, for
ancestral branches, o, for terminal branches of unexpressed genes, w3 for terminal branches of
expressed genes). We also used a full model permitting variable o values for each branch in the
genealogy. P-values were estimated with likelihood-ratio tests of the null model with alternative

models.
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8. Expression divergence of gene duplicates

We investigated the relationships between expression divergence of conotoxin genes and time of
divergence and rates of evolution of these genes. Divergence time between paralogous genes is
represented by the number of synonymous substitutions per synonymous site (ds) between pairs
of paralogs, while rates of evolution are approximated with o (dx/ds) (d: the number of non-
synonymous substitutions per non-synonymous site). We estimated pairwise ds (based on prepro
and toxin-coding regions) and dy values (based on toxin-coding regions) of A-superfamily genes
in the genome of each Conus species in MEGA v5.05 using the Nei-Gojobori method with
Jukes-Cantor correction (Nei and Gojobori 1986). For gene pairs with ds=0, we arbitrarily
converted these zero-value ds estimate to 0.004 for estimation of o because the synonymous
substitution rate is estimated to be 0.004 per million years (Chang and Duda 2012). Previous
studies designated expression divergence of gene duplicates in yeast as fold-changes of
expression levels in microarray analyses (Gu et al. 2002; Oakley et al. 2005), but this approach is
not applicable to our dataset which was obtained from enriching and sequencing of genes from
cDNA libraries. Instead we divided patterns of expression divergence of pairs of paralogous
conotoxin genes into three categories: category 1 includes cases where both paralogs are
unexpressed, category 2 includes cases where only one gene is expressed and the other is not,
and category 3 includes cases where both genes are expressed. We compared ds and o values
among three categories and tested if the mean between/among categories are identical with t-

tests and ANOVA in R v2.15.0. All scripts used in this study are available upon request.

Results

1. Percentages of expression
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Conotoxin genes of all four species are partially expressed in venom ducts. We sequenced 487,
167, 135 and 112 colonies from two individuals each of C. lividus, C. diadema, C. quercinus and
one individual of C. sanguinolentus (Table 3.1). After identification and elimination of
artefactual sequences, we determined 18, 3, 4 and 5 putative alleles for each species. All the
putative alleles recovered from venom duct cDNA were retrieved from the genomic DNA of
each species previously (Chang and Duda 2012). Comparison of these alleles with putative A-
superfamily loci identified from genomic DNA of these species (Chang and Duda 2012)
determined these expressed alleles as representatives of 13 loci in C. lividus, three in C. diadema,
three in C. quercinus and five in C. sanguinolentus. In comparison with sizes of the A-
superfamily of each species (32 genes in C. lividus, 18 in C. diadema, 12 in C. quercinus and 18
in C. sanguinolentus), 40.6% of genes in C. lividus, 16.7% in C. diadema, 25.0% in C. quercinus

and 27.8% in C. sanguinolentus are expressed in venom ducts (Table 3.1).

2. Diversity of expressed genes

Out of a total of 24 loci expressed in four Conus species, 22 appear functional because translated
amino acid sequences of these genes represent putatively potent a-conotoxins. Among the three
types of pseudogenes found in the genomes of these species by Chang and Duda (2012), only
two loci (with three unique alleles) of type Il1 pseudogenes with a nonsynonymous substitution
in the fourth cysteine codon position of the cysteine backbone are expressed exclusively in C.
lividus (Figure 3.1), while other pseudogene types do not show evidence of expression. A-
superfamily genes in these species encode four types of a-conopeptides (a4/4, a4/7, a4/6 and
a4/3; Chang and Duda 2012), among which genes of the a4/7 type dominate both genomic and

transcriptomic compositions of the venome space (Figure 3.1). One of the three loci of the a4/6
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type and the only locus of the a4/3 type that is exclusively found in C. lividus are expressed. An
orthologous locus of the a4/4 type characterized from genomes of C. diadema, C. quercinus and
C. lividus is present in expression profiles of C. diadema and C. quercinus but not C. lividus

(Figure 3.1).

3. Interspecific differential expression

Species exhibit limited coexpression of orthologous conotoxin genes. Interspecific divergence of
conotoxin gene transcripts in venom duct cDNA libraries can be represented by numbers of
orthologous loci coexpressed by more than one species (Duda and Remigio 2008). Limited
numbers of orthologous loci are coexpressed among Conus species examined here, and no
orthologous genes are expressed simultaneously by more than two species (Table 3.2). C. lividus
does not coexpress any orthologous gene with C. diadema or C. quercinus, while C. diadema
only expressed one orthologus locus concurrently with C. sanguinolentus (diad_10 and sang_8)
or C. quercinus (diad_1 and quer_1) (Figure 3.1; Table 3.2). Only two orthologous genes are
present in venom duct transcripts of the sister species C. lividus and C. sanguinolentus (livi_2
and sang_1; livi_10, livi_11 and sang 3; Figure 3.1; Table 3.2), even though these two species
diverged less than 0.3 million years ago and may actually represent genetically differentiated
populations of C. sanguinolentus (Chang and Duda 2012; Duda et al. 2012). Sequences of these
orthologs are identical (i.e., sequence livi_2 is the same as sang_1 and livi_10 is the same as
sang_3), suggesting recent divergence of these species. Moreover, the only four orthologous
genes coexpressed between species exhibit heterogeneity in levels of expression in each species

(Figure 3.2A).
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Estimation of phylogenetic indices of expression revealed contradicting patterns of conotoxin
gene expression among species. MPD values smaller than random, positive NRI values, MNTD
values smaller than random and positive NTI detected for C. lividus and C. sanguinolentus
(Table 3.3) are signals of phylogenetic under-dispersion of expressed genes in these species. C.
sanguinolentus exhibits a stronger pattern than C. lividus because of the significance of its
MNTD value (Table 3.3). On the other hand, genes expressed by C. diadema and C. quercinus
are phylogenetically overdispersed, as demonstrated by larger MPD and MNTD values than
random and negative NRI and NTI (Table 3.3). But significance is only reached for MPD and

MNTD values of genes expressed in C. diadema (Table 3.3).

4. Intraspecific variation in expression

Diversity and levels of expression differ significantly between individuals of C. lividus and C.
quercinus but not in C. diadema. Out of a total of 13 loci expressed in C. lividus, one individual
expressed only seven loci while the other transcribed eight (Figure 3.2C). The only two genes
expressed by both individuals (livi_10 and livi_45) exhibit different levels of expression between
individuals, and this pattern is also observed for the two loci expressed by both individuals of C.
quercinus (Figure 3.2C). Fisher’s exact tests revealed significant difference in expression
between individuals of C. lividus and C. quercinus (P-values for each species are less than
0.0001). Nonetheless, individuals of C. diadema exhibited no substantial difference in either
diversity or levels of expression of conotoxin genes (Figure 3.2C; Fisher’s exact test P-

value=0.217).

5.  (dn/ds) values of contemporarily expressed genes
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Currently expressed genes exhibit a higher o value than unexpressed and ancestral genes. For
both gene sets examined, the first alternative model with two o rates (o2 for expressed terminal
branches and w1 for the rest of branches in the genealogy) is significantly better than the null
model with only one ® value across the whole phylogeny, and ®2 is much larger than w1 (Table
3.4). Assigning three variables of o to the genealogy (w1 for ancestral branches, w, for terminal
branches of unexpressed genes, w3 for terminal branches of expressed genes) showed no
significant improvement in likelihood scores, but expressed genes still maintain a larger o value
(Table 3.4). Moreover, when expressed terminal branches are forced to share the same  as the
ancestral branches, the o value of expressed genes is still larger than that of the temporally non-
expressed terminal branches, though no significant improvement of the model is detected (Table
3.4). These results consistently revealed heightened o values of branches leading to expressed
genes, which still holds when we examined this pattern for genes in individual species (Table

3.5).

6. Expression divergence of conotoxin genes related with time and rates of evolution

Three categories of expression divergence (i.e. both genes are unexpressed, only one gene is
expressed, and both are expressed) of pairwise comparisons of members of A-superfamily in
each Conus species did not exhibit prominent differences in ds and dn/ds (except for changes of
ds values in C. lividus). Average ds and dn/ds values are almost identical among three categories
for C. diadema, C. sanguinolentus and C. quercinus, and ANOVA analyses did not reveal any
significance of difference. We combined pairs of genes of categories 1 and 3 (both genes are
either unexpressed or expressed simultaneously) into a group of ‘no expression divergence’, and

viewed category 2 (only one gene is expressed) as a group of ‘expression divergence’; t-tests
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revealed no significant difference in ds and dn/ds between groups. For C. lividus, ANOVA
analyses and t- show no difference in average dn/ds values among categories or between groups.
But average ds values for categories 2 and 3 are significantly smaller than category 1 (ANOVA
results: estimated difference of mean ds between category 1 and 2 is -0.051, P-value<0.0001;
estimated difference of mean ds between category 1 and 3 is -0.095, P-value<0.0001); results of
t-tests between the two groups of expression defined here are not significant (P-value=0.0796).
Similarly, average dn/ds value for category 2 is significantly higher than category 1 (ANOVA:

estimated difference between categories 2 and 1 is 2.554, P-value=0.03).

No concordant patterns of expression were detected between paralogous genes from lineage-
specific duplications (defined as inparalogs by Koonin (2005)): most inparalogs are either non-
expressed or expressed at different levels. Four genes recovered from venom duct transcripts of
C. lividus (livi_24 and livi_26; livi_46 and livi_47) and two genes from C. sanguinolentus
(sang_3 and sang_4) represent three sets of inparalogs that are expressed simultaneously (Figure
3.1), while no inparalogs were detected in venom duct cDNA of C. diadema and C. quercinus.
Moreover, relative expression levels differ vastly between inparalogs that are expressed

contemporaneously (Figure 3.2B).

Discussion

We investigated patterns of inter- and intra-specific variation in expression of A-superfamily
conotoxin genes in venom ducts of four closely-related Conus species, and explored strategies of
gene expression in each species. Results revealed a remarkable pattern of partial and differential
expression of conotoxin genes, and expressed genes are either clustered phylogenetically in
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certain species or more dispersed in other species. Our study demonstrates that plasticity of gene
expression, combined with modification of toxin-coding gene sequences, has led to tremendous

differences in venom composition among and within species.

1. Partial and differential expression of conotoxin genes among species

A-superfamily genes in the genome are partially expressed at low rates (less than 50%), implying
that more than a half of conotoxin genomic composition does not contribute to the production of
mature conotoxins. This phenomenon, in part, can be related to the functional fates of these
genes. For example, as is observed for type | and Il pseudogenes, genes that are unexpressed
may be pseudogenized or in the process of pseudogenization, but this scenario is unlikely to be
applicable to all genes because the majority of unexpressed genes appear to encode functional a-
conotoxins. Alternatively, conotoxin genes may perform different roles during ontogeny such
that some genes are up-regulated or exclusively expressed in the juvenile/subadult stage while
others are highly expressed only in adults (see Chapter 5), and here we only captured expressed

genes from adults.

Conotoxin genes are differentially regulated among species. There is little to no overlap in
expressed genes among species, even between sister species that diverged very recently. Limited
coexpression of orthologous genes among species has also been inferred for other Conus species
(Duda and Palumbi 1999; Duda and Remigio 2008), implying that differential expression of
conotoxin genes among species is a prevalent mechanism in generating venom diversity in

Conus.
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Conus species employ different strategies in exploiting their venome space. We developed an
approach modified from community phyogenetic methods to examine the pattern of conotoxin
gene expression in each species, a procedure that incorporates the phylogenetic relationships of
gene members and complete information of genomic and transcriptomic profiles of these genes.
Results revealed that C. sanguinolentus and C. lividus preferably express phylogenetically under-
dispersed genes, while C. diadema and C. quercinus tend to more fully explore their venome
space (i.e., exhibit over-dispersion) (Table 3.3). Phylogenetic distances of conotoxin genes
possibly represent functional divergence of mature toxins if functional difference is positively
correlated with genetic distances. From the gene duplication perspective, under-dispersion of
gene expression suggests that genes originating from recent duplications are more likely
expressed than paralogs that are distantly related. In this sense, the two sister species, C. lividus
and C. sanguinolentus, tend to express genes emerged from relatively recent duplications and
synthesize functionally similar conotoxins. Especially for C. lividus, many expressed genes
belong to those clades that are composed of genes from multiple rounds of recent or lineage-
specific duplications (Figure 3.1). Nonetheless, genes expressed by C. diadema and C. quercinus
appear to have originated from more ancestral duplications and encode mature toxins serving
different functions. Different patterns of conotoxin gene expression among species may also be
affected by the number of genes expressed in each species. Conotoxin gene expression in C.
quercinus and C. diadema are overdispersed and the absolute numbers of expressed genes are
coincidently less than those of C. lividus and C. sanguinolentus, while the opposite pattern was
observed for the latter two species (Table 3.1). These patterns are possibly explained by

fundamental requirements of functional diversity of venom in each species: it is more important
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for genes to be functionally diverse if only a few genes are expressed, while a large number of

expressed genes allow more opportunities of fine-tuning subfunctions.

Interspecific differentiation of expression is driven by drift and/or selection (Whitehead and
Crawford 2006), but the significantly non-random structures of gene expression in individual
species (Table 3.3) and lack of coexpression of orthologous genes between species (Figure 3.2A)
suggest that variation in conotoxin gene expression is unlikely accounted for solely by drift.
Because conotoxin genes are known to be subject to strong positive selection (Duda and Palumbi
1999; Puillandre, Watkins, and Olivera 2010; Chang and Duda 2012), we posit that regulation of
conotoxin genes is also affected by positive selection. Selection pressure likely stems from
difference in dietary compositions among species, because conotoxins are primarily utilized for
predation. Previous studies have demonstrated that allelic variation of conotoxin genes is
positively correlated with dietary diversity (Duda et al. 2009) (also see Chapter 4), and suggested
that extensity of gene turnover is possibly associated with dietary spectrum of each species
(Chang and Duda 2012). C. lividus and C. sanguinolentus possess broader diets than the other
two species (Chang and Duda 2012), which is possibly related to differences in numbers of
expressed genes in venom ducts of these species. Interspecific divergence in prey types

potentially shapes the development of expression strategies of each species.

Expressed genes are exposed to strong positive selection. Currently expressed genes possess a
significantly larger o than that of the unexpressed and ancestral genes, and this pattern still holds
(both are larger than one) when we forced ancestral genes to share the same o value as expressed

genes (Table 3.4 and 3.5). This indicates that expression plays an important role in evolution of
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conotoxin genes by differentially regulating exposure of genes to selection. The lower rates of ®
for unexpressed genes imply that these genes are unexpressed permanently. Otherwise, selection
may be highly variable through time (e.g. in the ontogenetic process) such that genes are

switched off temporarily are subject to different levels/types of selection.

2. Intraspecific variation in conotoxin gene expression

Individuals of the same species also exhibit variation in conotoxin gene expression, which,
combined with allelic divergence, could have led to the hypervariability of venom compositions
within species (Jakubowski et al. 2005; Davis, Jones, and Lewis 2009; Rivera-Ortiz, Cano, and
Mar 12011). Individuals of C. lividus and C. quercinus show significant differences in levels of
expression of A-superfamily genes. Though such a pattern is not detected for C. diadema, more
individuals need to be examined to rule out the possibility of differential expression within this
species. Intraspecific variation in conotoxin gene expression may be temporal and affected by
ecological factors such as variation in dietary specialization (a pattern of interaction that is
confirmed in Chapter 5). Moreover, the inherent stochasticity of gene expression (Raser and
O'Shea 2005) could affect venom composition among individuals even if they possess the same
sets of genes. Gene duplication can also drive intra-specific variation in gene expression if gene

copy numbers differ among individuals.

3. Expression divergence of paralogous genes
Because no significant differences in ds or o (dn/ds) were detected among categories of
expression in three of the four Conus species, expression divergence of conotoxin genes did not

show any association with divergence time or rates of evolution of these genes. As an exception,
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the average ds value of C. lividus is significantly smaller for genes that are differentially
expressed than unexpressed genes. This implies that paralogous genes that are differentially
expressed are relatively younger than pairs of paralogs that are expressed or unexpressed
simultaneously. Expression divergence is also associated with heighted rates of evolution of
these genes: average o values of differentially expressed genes are significantly larger than those

of unexpressed genes.

Previous studies present contradicting results concerning the association between expression
divergence and sequence difference of coding regions (time): positive correlations were detected
in model organisms such as yeast (Gu et al. 2002; Zhang, Gu, and Gu 2004) and human (Makova
and Li 2003), but not in Arabidopsis thaliana (Haberer et al. 2004). Our results demonstrate that
relationships between expression divergence and divergence time indeed differ among organisms,
but revealed an opposite pattern of association for C. lividus, which is likely affected by the
extensive duplication of this gene family in this species. Gene duplication heightens probabilities
of expression divergence of paralogous genes (Li, Yang, and Gu 2005), but expression
divergence and sequence distances are only coupled within a short timeframe after duplication
(Gu et al. 2002; Makova and Li 2003; Oakley et al. 2005). Here we found that inparalogs (C.
lividus, C. sanguinolentus and C. diadema who are very young species) are either not
coexpressed, or coexpressed at different levels (Figure 3.1and 3.2B). Expression divergence is
established for inparalogs and recent paralogs, supporting the notion proposed by Gu et al. (2002)
that expression divergence can be rapidly fixed in recent gene duplicates. Differential expression
contributes to the eventual retention of gene duplicates because unexpressed (or lowly expressed)

redundant gene copies cannot be eliminated by purifying selection and, combined with positive
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selection, potentially facilitates rapid evolution and neofunctionalization of these genes.
Admittedly, our approach did not incorporate information of expression levels, and the arbitrary
division of genes into categories of expression divergence may deteriorate the real pattern of

evolution of conotoxin gene expression.

4. Implication for future studies of venom genes and other gene families

The high plasticity observed in expression of conotoxin genes among and within species elicits
many implications for studies of venom evolution. First, examination of venom genes in the
genome provides a more complete and accurate picture of the evolutionary history of these genes.
Inferring evolutionary patterns based on information extracted from venom duct cDNA may
severely underestimate the extensity of gene turnover. Second, venom genes that are not
expressed should not be deemed as non-functional or negligible, because these genes may be
temporally down-regulated, or differentially expressed among individuals. Admittedly, our
investigation of expression of conotoxin genes via the approach of enrichment, cloning and
sequencing of venom duct cDNA library is not high-throughput enough to completely identify
all expressed genes especially the ones that are lowly expressed. The enrichment step with PCR
amplification can further exaggerate differences in inferred levels of expression between highly
and lowly expressed genes. Intraspecific variation in expression potentially impedes the unbiased
examination of interspecific variation, if variation in expression is more extensive within species

than among species.

Gene duplication accelerates expression divergence between species compared to single genes

(Gu et al. 2004), a mechanism that involves both small-scale duplication and whole genome
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duplication (Guan, Dunham, and Troyanskaya 2007; Ha, Kim, and Chen 2009). Genes and gene
duplicates that are differentially regulated between species are affected by ecological adaptation
(Gu et al. 2004; Whitehead and Crawford 2006), and conotoxin gene families are exemplar
because of their essential roles in predator-prey interactions. Other ecologically-relevant gene
families may exhibit expression divergence between species that are similar to the pattern
determined for members of A-superfamily, and more studies are needed to examine this

phenomenon at the scale of whole gene families.

Conclusion

We demonstrated partial and differential expression of venom genes among and within species,
and confirmed the hypothesis that species differentially explore their venome space by
preferential expression of phylogenetically similar or distant-related genes. Expressed genes are
subject to strong positive selection pressure, and expression divergence of duplicate genes is
established at an early stage. Extensive gene duplication and selection facilitate variation in gene
expression and rapid evolution, combinations of which lead to interspecific divergence of venom
composition. The inter-specific difference in expression of conotoxin gene families observed
here are applicable to other multigene families, especially ones that are related to ecological
adaptation. Our approach of determination of phylogenetic structure of expression can be widely

utilized for investigation of patterns of gene family expression between species.
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Figure 3.1. Phylogenies of A-superfamily conotoxin genes retrieved from genomic DNA and
venom duct cDNA of four Conus species.

Bayesian consensus phylogeny of putative allele sequences of all genes in the genomic DNA of
four species (termed ‘genome phylogeny’) was constructed with complete deletion and the
HKY+I+G model (left). Bayesian consensus phylogeny of putative allele sequences expressed in
venom ducts of four species (termed ‘expression phylogeny’) was constructed with complete
deletion and the HKY+I model (right). Posterior probabilities are labeled at each node.
Sequences that are expressed are shaded in yellow in both trees, and putative duplication events
are labeled with red asterisks in the genome phylogeny.
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Figure 3.2. Relative expression levels of coexpressed orthologs between species, inparalogs
and individuals with species.

Names of loci recovered from C. lividus start with L, C. diadema with D, C. quercinus with Q
and C. sanguinolentus with S and the numbers after the letters correspond to the numbers in the
sequence labels in Figure 3.1.

(A) Relative expression of orthologous conotoxin loci coexpressed by two Conus species. Dark
and light grey bars represent orthologous loci expressed by both species.

(B) Relative expression levels of coexpressed inparalogs that are generated by lineage-specific
gene duplications. Dark and light grey bars represent the paralogous genes expressed within each
species.

(C) Variation in expression of conotoxin genes between two individuals of single species of C.
lividus, C. diadema and C. quercinus. The two individuals are represented by dark grey and
white bars.
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Table 3.1. Expressed A-superfamily conotoxin recovery information.

Numbers of colonies screened and sequenced, putative A-superfamily gene sequences, unique
sequences, non-artefactual alleles and loci recovered from venom duct transcripts of Conus
species.

C. lividus C.diadema C. quercinus C. sanguinolentus

Colonies sequenced 487 167 135 112
A-superfamily sequences 459 156 107 100
Unique sequences 66 26 17 26
Alleles 18 3 4 5
Loci 13 3 3 5
Percentage (species) 40.62 16.70 25.00 27.78
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Table 3.2. Numbers of orthologous coexpressed loci among species (below diagonal) and
their proportions in the venom duct expression profiles of each species (above diagonal).
The number before the forward slash in each cell is the percentage (%) of coexpressed loci in the
species of the row label of the cell, and the number after the slash is the percentage in the species
of the respective column label.

C. lividus C. diadema C. quercinus | C. sanguinolentus
C. lividus - 0/0 0/0 15.4/40.0
C. diadema 0 - 33.3/33.3 33.3/20.0
C. quercinus 0 1 - 0/0
C. sanguinolentus 2 1 0 -
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Table 3.3. Community phylogenetic indices as evaluations of phylogenetic stucture of

expressed genes.

The mean phylogenetic distance (MPD), the net relatedness index (NRI), the mean nearest
phylogenetic taxon index (MNTD) and the nearest taxon index (NTI) were estimated for each
species. 10,000 generations of simulations of random sampling of the phylogenetic tree of each
species were performed and P-values were determined by percentages of the random samples

smaller or larger than observation.

MPD MNTD

Species MPD NRI MNTD NTI
random random

C. lividus 0.597 P=040 0.599 0.058  0.193 P03 0.213 0.431

C.sanguinolentus ~ 0.503 P=°%% 0,612 1.678  0.186 "9 0.415 2.231

C. diadema 0.850 P=0:016 0.572 -2.281  0.758 70021 0.487 -1.902

C. quercinus 0.506 =% 0352  -1.361  0.410 P01 0.289 -1.168
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Table 3.4. Models used to test if presently expressed genes exhibit heightened o (dn/ds)
values than the rest of the genes, and results of the tests.
Gene list describes the two sets of genes used in these tests (with or without type 111
pseudogenes). Ln(L) stands for log-likelihood of each model. P-values were estimated by

Likelihood Ratio Tests. Definitions of @ variables in each model are described in the methods

section.
Gene List Model o} Ln(L) P-value
Null: One rate o=1.731 -1140.559 -
Alternative: Two rates ®1=1.503, w,=7.953 -1138.528 0.044
No type I, i
Alternative: Two rates
Il pseudo, ®1=1.836, ®2=1.582 -1139.822 0.225
o reversed
livi_51
Alternative: Three rates ®1=2.406, ®2=1.765,
-1138.408 0.116
®3=7.967
Null: One rate o= 1.645 -1091.238 -
N Alternative: Two rates o1= 1.418, w,=7.813 -1089.095 0.038
0
Alternative: Two rates
pseudo, »1=1.642 , ®2=1.653 -1091.238 1.000
o reversed
livi 51
Alternative: Three rates »l1=1.332, ®2=1.651,
-1088.990 0.106

®3=7.824
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Table 3.5. Results of maximum-likelihood estimations of ® values for A-superfamily genes

in each Conus species.

Gene sets with and without type 111 pseudogenes were both used for C. lividus and C.
sanguinolentus. The null model was one ® rate across the whole phylogeny while the alternative
model is one o for extantly expressed genes while another one for non-expressed genes. P-
values were determined by Likelihood Ratio Tests of log-likelihoods of null and alternative
models with one degree of freedom.

Gene Set Model o} Ln(L) P-value
) Null: One rate o= 0.679 -572.480
C. diadema ] 0.073
Alternative: Two rates ®1=0.624, m,=999 -570.874
C. lividus, no Null: One rate o=1.429 -730.687 0.008
livi 51 Alternative: Two rates 1= 1.181, w,= 999 -727.245 '
C. lividus, no Null: One rate o=1.285 -682.324 0.008
livi_51, no pseudo  Alternative: Two rates 1= 1.069, w,= 999 -678.802 '
C. quercinus, no Null: One rate o=1.379 -300.619 0.428
pseudo Alternative: Two rates ;= 1.790, .= 0.939 -300.305 '
) Null: One rate o= 1.082 -685.390
C. sanguinolentus ) 0.041
Alternative: Two rates o= 0.981, m,=999 -683.310
C. sanguinolentus, Null: One rate ®=0.970 -642.142 0.032
no pseudo Alternative: Two rates 1= 0.862, w=999 -639.839 '
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CHAPTER 4 GEOGRAPHIC HETEROGENEITY IN BIOTIC INTERACTIONS
DRIVES THE EVOLUTION OF PREDATORY GENES

This chapter will be submitted for publication with coauthors Amy O. Olenzek and Thomas F.
Duda, Jr.

Introduction

Biotic interactions shape the evolutionary trajectories of species (Van Valen 1973; Paterson et al.
2010). Selection from geographic heterogeneity in the composition and strength of species
interactions drives divergence of traits at the interface of these interactions (Thompson 2005).
Such patterns of divergence may reflect coevolutionary responses, as suggested for defenses of
fruit flies to parasitoid wasps (Kraaijeveld and Godfray 1999) and resistance of garter snakes to
toxic newts (Brodie, Ridenhour, and Brodie 2002). Variation in feeding traits, as illustrated by
beaks of Darwin’s finches (Schluter and Grant 1984), gill rakers of alewives (Palkovacs and Post
2008) and sticklebacks (Gross and Anderson 1984), radular teeth and drilling behaviors of
marine snails (Andrade and Solferini 2006; Sanford and Worth 2010), and venoms of snakes
(Daltry, Wuster, and Thorpe 1996; Mackessy et al. 2006; Gibbs et al. 2011), are associated with
characteristics of feeding resources. Such associations may be genetically based (Smith 1993;
Palkovacs and Post 2008; Sanford and Worth 2010), but few studies have examined the genetic

determinants due to limited knowledge of genes responsible (Thompson 2005).
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Conotoxin peptides of Conus are expressed by members of many gene superfamilies (A, D, 1, J,
L, M, O, P, S, T,V,Y)and target ion channels and neuronal receptors (Kaas, Westermann, and
Craik 2010). Conotoxin genes exhibit remarkably rapid rates of evolution and are subject to
extensive gene turnover and selection (Chang and Duda 2012). The wealth of knowledge of
venoms and ecology of Conus enables us to directly target genes that operate at the molecular
interface of predator-prey interactions. Conus ebraeus, a vermivorous species that is widely
distributed in the Indo-West Pacific (IWP), shows no evidence of population structure in this
region based on analyses of mitochondrial gene COI sequences (all pairwise ®sr values are less
than 0.05 and non-significant) (Duda and Lessios 2009; Duda et al. 2012). Nonetheless,
significant differences in allelic frequencies among populations at a single conotoxin locus imply
that this gene has been affected by selection (Duda et al. 2009). Is this pattern of variation
apparent at other conotoxin loci? Do conotoxin genes differ in their patterns of variation,
suggesting different roles for their products in species interactions? Most importantly, are
patterns of variation in venom composition driven by geographic heterogeneity in prey
utilization? We posit that geographic differences in prey utilization drive the evolution of

conotoxins and the diversity of conotoxin genes is positively associated with prey diversity.

Materials and Methods

1. Specimens and fecal samples
Specimens of Conus ebraeus were collected from Guam in 2008, Hawaii in 2009 and American
Samoa in 2009. Specimens were deposited in the Mollusk Division collections at the University

of Michigan Museum of Zoology. Body tissues were preserved in 95% ethanol and venom ducts
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were preserved in RNAlater (Ambion, Inc.) and stored at -20 or -80<€. Fecal samples were

collected and preserved following the approach of Duda et al. (2009).

2. cDNA preparation and characterization of members of each gene family

We extracted mRNA from venom ducts of 31 individuals of C. ebraeus from Hawaii, 39
individuals from Guam and 15 individuals from American Samoa. We synthesized cDNA
following the procedure described by Duda and Palumbi (1999). We utilized general primers
designed in conserved regions of A (one set of primers that should theoretically amplify all
components of this gene family), | (one set of primers), M (two sets of primers MPr1 and MPr2
for divergent classes of genes from this superfamily) and O-superfamilies (one set of primers for
divergent classes of genes from this superfamily that putatively encode 6-conotoxins) (Table 4.1)
to amplify members of these gene families from venom duct transcripts of one to five individuals
at each location. We ligated PCR products into vectors and transformed these into competent
cells using The Original TA Cloning Kit with Top 10 Competent Cells (Invitrogen). We
screened colonies and sequenced amplification products of expected target sizes at the University
of Michigan DNA Sequencing Core. We examined sequence chromatograms in Sequencher
version 4.8 (Gene Codes Corporation) and manually aligned sequences with Se-Al v2.0all
(Rambaut 2002) based on similarity of nucleotide and predicted amino acid sequences and
consistency in the structure of the cysteine backbone of each superfamily. We constructed
maximum-likelihood phylogenies of sequences (including suspected artefactual sequences
representing polymerase or cloning errors) belonging to each conotoxin gene family with MEGA
5.05 (Tamura et al. 2011), using the best model selected by jModelTest 0.1.1 (Posada 2008),

complete deletion of gaps (12-34 nucleotides out of a total sequence length of 180-278
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nucleotides) in the alignments, NNI (Nearest-Neighbor Interchange) branch-swapping approach
and bootstrap analyses of 100 replicates. Putative loci were determined from the major clades,
based on phylogenetic relationships of all recovered sequences and the criterion that the average

within-clade distances are much smaller than distances among clades.

3. Individual genotyping

We designed locus-specific primers for each putative locus that exhibited allelic variation and
genotyped individuals from all three locations through amplifications with locus-specific primers
(Table 4.2) and direct sequencing of products. We determined genotypes of each individual at
each locus by examining resultant chromatograms. Allelic sequences were identified from
sequences recovered earlier via cloning or from chromatograms of putative homozygous
individuals that contained no double peaks. Sequences of new alleles that were not recovered
through cloning or from homozygotes were determined by subtracting peaks of known alleles
from chromatograms with double peaks. For certain alleles that could not be distinguished in
these manners (i.e., identity of alleles contributing to double peaks in chromatograms could not
be confirmed), we designed additional allele-specific primers and utilized the same genotyping

approach described above to identify them (Table 4.3).

Data for locus E1 include individuals at Hawaii and Guam previously reported by Duda et al.
(2009), individuals at all three locations collected for this study, and additional individuals
collected at American Samoa in 2000 with the same approach as described by Duda et al. (2009).
These data were pooled together because no temporal shifts of allelic compositions were

detected at locus E1.
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4. Population analyses of single locus

We aligned alleles of each locus with Sequencher (version 4.8) using the contig assembly tool
and assembly parameters set to 95%. Allelic divergence and patterns of variation among
locations were examined and visualized in the form of statistical parsimony networks with TCS
1.21 (Clement, Posada, and Crandall 2000). The 3’ untranslated regions (including the stop
codon) of sequences of each locus were removed for population analyses. We calculated
molecular diversity and gene diversity indices with Arlequin version 3.1 (Excoffier, Laval, and
Schneider 2005) using the best substitution model (i.e., the Tamura-Nei model (Tamura and Nei
1993)) selected for each locus as determined with jModelTest 0.1.1 (Posada 2008). The first
polymorphic site of the common alleles of locus ED4 was not sequenced from rare alleles due to
the location where one of the locus specific primers was designed. To take into account the first
polymorphic site that differentiates alleles ED5 and ED40, we included all sites with less than 50%
missing information for population analyses of locus ED4. We set the missing level to 0.05 for
the other four loci to exclude sites that contain more than 5% missing information among
sequences. To verify the validity of our assumption that we were characterizing alleles of single
loci, we performed exact tests of Hardy-Weinberg equilibrium with allelic compositions of each
locus in each population by 100,000 Markov chain steps in Arlequin version 3.1(Excoffier, Laval,
and Schneider 2005); significance cutoff was determined after correction for multiple tests
(Lessios 1992). Population divergence was examined in Arlequin version 3.1 with pairwise F-
statistics. Significance of results was evaluated by 10,100 random permutations from the pooled
dataset of all three populations. We performed hierarchical AMOVA (Excoffier, Smouse, and

Quattro 1992) for each locus with all three possible hierarchical groupings (Table 4.6) and
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compared levels of genetic variance among groups and within groups across the three options.
We tested for the neutrality of each locus at each location by estimating Tajima’s D (Tajima
1989) and Fu's Fs (Fu 1997) values in Arlequin version 3.1; significance were determined by the
percentage of values estimated from 10,000 simulations that are less than or equal to the
observed values. Fu and Li’s D* and F* (Fu and Li 1993) were computed in DNASP v5
(Librado and Rozas 2009) with complete deletion of gaps in the aligned gene sequences;

significance was evaluated with empirical distributions.

5. Multi-locus population data analyses

We utilized 30 individuals from Hawaii, 29 from Guam and 14 from American Samoa that were
genotyped at four loci (ED4, ED6, ED20 and EA4) for multivariate data analyses. Information
from locus E1 was not utilized because the individuals that were genotyped for this locus are not
the same as those genotyped for the other loci. Tests of linkage disequilibrium were performed
on each pair of the four loci in each population with GENEPOP (Raymond and Rousset 1995;
Rousset 2008); significance was determined with likelihood ratio tests. Genotypic data of the
four loci (including missing data) from each individual were pooled for clustering analyses with
Structure 2.3.3 (Hubisz et al. 2009). We utilized an admixture model and correlated allelic
frequencies model with default priors. We ran the MCMC analyses for 100,000 steps for K=2, 3
and 4 (K= number of clusters), removed the first 10,000 results as burnin and examined
convergence of Fst values and o. We compared estimated (log probability of the data,
In(Prob(data))) across analyses of different K to determine the most likely clustering pattern of

individuals based on these loci.
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6. Identification of prey and estimation of dietary diversity

We identified prey species from fecal samples of C. ebraeus individuals with the DNA
barcoding approach as described by Duda et al. (Duda et al. 2009). We aligned 16S gene
sequences recovered from fecal samples and polychaete sequences downloaded from GenBank
(accession numbers labeled in the names of sequences in Figure 4.9) and performed model
selection and phylogenetic analyses of these sequences. We constructed a maximum-likelihood
phylogeny with the NNI branch-swapping approach and the best model selected by jModelTest
v0.1.1 with complete deletion of missing data in MEGA 5.05 (Tamura et al. 2011). Because the
putative prey species were members of two taxonomic groups within Polychaeta (order Eunicida
and family Nereididae of order Phyllodocida), we separated these 16S gene sequences into two
datasets composed exclusively of sequences of putative Eunicida species and Nereididae species.
Bayesian consensus phylogenies were constructed in MrBayes v3.1.2 (Huelsenbeck and
Ronquist 2001) with these sequences (5,000,000 generations, two runs, four chains and 25%
burnin) and the best models selected for each dataset in jModelTest v0.1.1. Prey species were
determined based on the clustering patterns of fecal sequences with sequences of polychaetes

from GenBank.

We used Shannon-Wiener’s index (Shannon 1948) (H’) and mean genetic distances to quantify
dietary diversity at each location. We estimated proportional similarity indices (PS, (Whittaker
1952), Pianka’s overlap indices (Pianka 1974), and a measure of phylogenetic disparity of prey
items Dsr that is analogous to measures of @sr) to quantify the extent of geographic
differentiation in diet. Mean genetic distances were estimated with the K80 model (Kimura 1980)

in MEGADS.05 and Dst values were estimated by F-statistics in Arlequin version 3.1 with the
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Tamura-Nei distance model. We evaluated significance of PS, and Pianka’s overlap index values
through a Monte Carlo simulation approach that randomizes prey items recovered for paired
samples based on pooled frequencies of prey from these samples and calculates PS, and Pianka’s
overlap index values for the random samples. The analysis compares observed PS, and Pianka’s
overlap index values to the distribution of these values calculated from 10,000 simulated datasets
constructed using the same sample sizes as the original data sets and assuming a null hypothesis
that the samples are not independent. P-values were determined from the number of values that

are less than or equal to the values observed for the original data.

7. Test of association between variation of venom genes and dietary heterogeneity

To test whether the gradient of diversity of conotoxin genes among locations can be explained by
dietary variables, we employed canonical correspondence analysis (CCA) (Ter Braak 1986).
CCA is a multivariate statistical tool for exploration of correlative patterns of a set of variables
(Ter Braak 1986) (i.e., inter-population diversities of conotoxin genes and prey in this study). We
constructed two contingency tables with five conotoxin genes as column variables, three
locations as row variables and the gene/nucleotide diversities as inputs of each cell; we built
another contingency table with three locations as row variables and Shannon-Wiener’s indices
(H’) and mean genetic distances of prey items as column variables. Canonical correspondence
analyses of diversities of conotoxin genes with diversities of local prey items were performed
with the cca function in the package vegan (Oksanen et al. 2006) in R v2.15.0 (R Development
Core Team 2012). We estimated proportions of the total eigenvalues explained by each

dimension and constructed biplots.
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Every CCA ordination/biplot contains four axes, with two showing relative gradients of
dependent variables (i.e. gene/nucleotide diversities of conotoxin genes) and the other two
showing percentages of variation explained by the independent/explanatory variables (i.e. H#” and
genetic distance of prey items). The relative positions and distances among populations represent
their similarities in the gradient of dependent variables (diversities of conotoxin genes). Vectors
of the two explanatory variables (/" and genetic distance of prey items) point to their higher
values; angles of the vectors convey the relative correlations between the dietary variables; and
lengths of vectors represent the proportion of covariance of diversities of conotoxin genes
explained by dietary variables. If vectors of two dietary variables point to the incremental
gradient of diversities of conotoxin genes among the populations, gene/nucleotide diversities of

conotoxin genes are positively correlated with the dietary diversities.

As a control, we estimated the nucleotide diversity of mitochondrial COI gene sequences of
populations of C. ebraeus at Guam, American Samoa and Hawaii presented by Duda and Lessios
(Duda and Lessios 2009) with the Tamura-Nei model with Arlequin version 3.1. We also
obtained estimates of haplotype diversities of the COI gene from Duda and Lessios (Duda and
Lessios 2009). We estimated coefficients of simple linear regressions of haplotype and
nucleotide diversity of the COI gene with /'’ and genetic distances of diets at each location in R
v2.15.0; we compared these values with values of the same coefficients estimated for the five

conotoxin genes.

Canonical correspondence analyses were also performed with a contingency table of pairwise

@sr values of five conotoxin genes among locations (American Samoa-Guam, American Samoa-
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Hawaii and Guam-Hawaii) as dependent variables and a contingency table of pairwise PS; and
Dst of prey compositions among locations as independent/explanatory variables. Negative @sr
values were converted to zero. The interpretation of the CCA ordination/biplot is described
previously. Vectors of pairwise PS; and Dst point to their higher values; and lengths of vectors
represent the proportion of covariance of pairwise @st explained by these two dietary variables.
If the dietary vector points to the incremental gradient of pairwise @st among locations, pairwise
divergence of conotoxin genes is positively related with prey differentiation. To support the CCA
results, correlation coefficients of pairwise @sr values of the highly polymorphic conotoxin
genes and pairwise PS;, Pianka’s overlap index and Dsr of prey species among locations were
computed with Pearson (parametric) (Rodgers and Nicewander 1988), Spearman (Spearman
1910) and Kendall (Kendall 1948) methods (non-parametric) in R v2.15.0. Correlation
coefficients of conotoxin loci ED20, EA4 and the mitochondrial COI gene were not estimated,
because their ®@sr values are essentially zero for every pairwise comparison. R scripts for the

statistical analyses used in this study are available upon request.

Results and Discussion

1. Geographic variation of conotoxin genes and modes of selection

To identify conotoxin genes expressed by C. ebraeus, we investigated the diversity of multiple
conotoxin superfamilies in venom duct cDNA of a few individuals collected at Hawaii, Guam
and American Samoa. We recovered 30 unique sequences (GenBank Accession numbers
JX177103 - JX177132) out of 144 colonies sequenced representing three putative A-superfamily

loci, 45 sequences (which potentially encode encode 6 -conotoxins, GenBank accession numbers

JX177236 - JX177277) out of 146 colonies sequenced representing four O-superfamily loci, 22
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unique sequences (GenBank accession numbers JX177133 - JX177161) out of 131 colonies
sequenced representing two I-superfamily loci, and 74 sequences (GenBank accession numbers
JX177162 - JX177235) out of 223 colonies sequenced representing at least seven M-superfamily

loci (Figure 4.1).

Among all putative conotoxin loci identified, we successfully determined genotypes of
individuals from Guam, American Samoa and Hawaii at five conotoxin loci: four O-superfamily
loci (ED4, ED6, ED20 and E1) and one A-superfamily locus (EA4) (Table 4.4, Figure 4.1;
GenBank accession numbers FJ804530-FJ804536, FJ834437 and JX177278- JX177299).
Genotypes of certain loci in some individuals could not be obtained with our amplification
approach, a result that we interpret to have resulted from lack of expression of these genes in
some individuals (e.g., see (Duda and Lee 2009)). In addition, chromatograms of all individuals
were interpreted to contain at most two unigque sequences (i.e., no more than two alleles were
detected from single individuals). These loci show no evidence of deviation from Hardy-

Weinberg equilibrium or linkage disequilibrium.

Loci ED4, ED6 and E1 (‘highly polymorphic loci’) in general exhibited much higher levels of
nucleotide and gene diversity than loci ED20 and EA4 (‘conservative loci’) (Table 4.4). Locus
ED4 includes nine alleles in which four alleles (40, 5, 4 and 9) were identical to individual
sequences obtained through cloning, while the other five alleles (al, a2, a4, a5 and a6) were
inferred from chromatograms. Substitutions at the upstream seven sites are associated with seven
amino acid replacements in the putative mature toxins (Figure 4.2). Alleles 5 and 40 may encode

the same mature conotoxin because the only site that differentiates the two alleles represents an
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amino acid replacement at the putative toxin cleavage site. Locus ED6 possesses seven putative
alleles. All nine segregating sites reside in the toxin coding region; substitutions at these sites
lead to six amino acid changes in the mature conotoxins (Figure 4.2). Nine putative alleles for
locus E1 possess 13 polymorphic sites upstream of the stop codon that give rise to 10 amino acid
replacements (nine in the mature toxin region) (Figure 4.2). Locus ED20 contains only three
alleles: 20, Al and A2, among which only allele 20 was identified previously through cloning.
Substitutions of the two segregating sites of this locus are nonsynonymous and result in two
amino acid replacements in the mature toxin (Figure 4.2). Allele A2 is a putative null allele
based on the presence of a premature stop codon at the fourth Cys codon position in the toxin

coding region.

Analyses of the five conotoxin genes revealed significant geographic differentiation and strongly
contrasting patterns of variation among loci and locations (Table 4.4 and 4.5; Figure 4.3). Three
highly polymorphic loci possessed fewer alleles and lower gene and nucleotide diversities at
Hawaii, while levels of diversity at Guam and American Samoa were equivalent (Table 4.4).
Allelic frequencies of the highly polymorphic loci also differ among locations (Figure 4.3A-C).
Based on pairwise @st values, the population at Hawaii is genetically differentiated at these loci,
while the other populations show no divergence from each other (Table 4.5). Results from
hierarchical Analysis of Molecular Variance (AMOVA) (Excoffier, Smouse, and Quattro 1992)
support this interpretation (Table 4.6); the pattern is also robust when genes are analyzed jointly

(Figure 4.3F).

109



The distinct allelic composition and frequencies of the highly polymorphic loci at Hawaii result
from selection rather than recent population expansion because these loci show contrasting
patterns of variation as revealed from neutrality tests (Table 4.4). Moreover, alleles of each locus
exhibit an overwhelming prevalence of nonsynonymous substitutions in the toxin coding region
(Figure 4.2). Modes of selection also differ considerably among locations and loci: purifying
selection is most prevalent at Hawaii (except locus E1) while diversifying selection occurs

predominantly at other locations (Table 4.4).

Alternatively, the low levels of diversity and absence of structure at the conservative loci (Table
4.4 and 4.5), however, may reflect the historical demography of these populations, selective
sweeps and/or recent gene duplication events that gave rise to these loci. Nonetheless, the lack of
variation of the conservative loci contrasts with the high levels of diversity at COI (Duda and
Lessios 2009) and thus is unlikely to have resulted solely from demographic processes. Locus
ED20 may have experienced a recent selective sweep based on the consistently negative values

estimated from neutrality tests, but EA4 appears to be neutral (Table 4.4).

2. Geographic variation of dietary specialization

Populations of C. ebraeus exhibit substantial differences in dietary specializations and an
overwhelming degree of geographic heterogeneity in their interactions with prey (Table 4.5 and
4.7; GenBank accession numbers JX177300-JX177352, FJ804537-FJ804572 and FJ907334-
FJ907342). Our phylogenetic approach revealed a total of 11 putative prey species from the
annelid Order Eunicida and Family Nereididae (Order Phyllodocida) (Figure 4.4). Putative

Palola species (Order Eunicida) were determined based on the individual clades in the species
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tree and classifications proposed by Schulze (2006) (Figure 4.4). Other sequences that have not
been reported from identified polychaetes were arbitrarily treated as species based on their
clustering patterns in the phylogeny and were assigned new names (e.g. Palola AX1, AX2, AX3)
(Figure 4.4). The majority of prey items represent Palola species and very few are Nereids
(Figure 4.4; Table 4.7). The population at Hawaii possesses the most distinct diet with the lowest
diversity and most uneven composition of prey species (Table 4.5 and 4.7). Diets at Guam and
American Samoa show similar levels of diversity but a very limited overlap in prey species
utilized (Table 4.5 and 4.7). This pattern may result from a heterogeneous distribution of prey
species on spatial and/or temporal scales, geographic variation in feeding preferences of C.
ebraeus, and/or other factors (e.g. competition) that limit access to particular prey in certain

locations.

3. Association between geographic variation of conotoxin genes and dietary specialization
Patterns of variation of conotoxin genes are highly influenced by prey heterogeneity. As revealed
by canonical correspondence analyses (CCA) (Ter Braak 1986) and regression, diversity of
conotoxin genes is positively correlated with dietary diversity at each location (Figure 4.5A-B), a
pattern that contrasts with the lack of association between dietary diversity and variation at COI
(Table 4.8). Populations at American Samoa and Guam are completely isolated from the
population at Hawaii by the first dimension (CCAL1) which represents more than 75% of the total
variance (Figure 4.5A-B). Such a pattern of isolation is mostly contributed by differences in prey
diversities among populations, because of the consistency in the increasing trends of dietary
variables and diversities of conotoxin genes (Figure 4.5A-B). Similarly, the geographic variation

of conotoxin genes, especially between Hawaii and the other two populations, is highly affected

111



by prey divergence among populations. The directions and lengths of vectors of dietary variables
in the CCA ordination (Figure 4.5C) reveal that geographic divergence of conotoxin genes (®sr)
is positively associated with prey heterogeneity (Dst) and inversely related with prey similarities

(PS)), results that are supported by regression (Table 4.9).

The positive association of local allelic and nucleotide diversities of conotoxin genes and prey
diversity shows that increased diversity of certain venom components is beneficial for capturing
diverse sets of prey. The positive association of conotoxin gene and prey diversity for C. ebraeus
is also exhibited by another Conus species. Conus miliaris underwent ecological release at Easter
Island and consumes more diverse prey at this location than elsewhere in the IWP (Kohn 1978).
Gene and nucleotide diversities of two conotoxin genes (MIL2 and MIL3) at Easter Island are
higher than those at Guam and American Samoa, despite similar levels of diversity at COI (as
calculated from data of Duda and Lee (2009); Table 4.10). This phenomenon is likely to be
demonstrated by other venomous taxa as well. For example, snakes employ different
envenomation strategies towards different prey (Hayes et al. 2002) and prey species differ in
their responses to venoms of different snake (Barlow et al. 2009; Gibbs and Mackessy 2009) and
spider (Binford 2001) species. Enhanced variation at particular venom genes may enable
predators to better accommodate the temporal and spatial variation of prey, explore new

ecological niches and reduce intraspecific competition.

Selection from geographic heterogeneity in predator-prey interactions facilitates divergence of
conotoxin genes among populations, a pattern that is most evident for the population at Hawaii .

Conotoxin genes at Hawaii possess unique allelic compositions, are subject to distinct selection
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forces, and are driven by complete divergence in prey utilization (Figure 4.3 and 4.5; Table 4.4,
4.5 amd 4.7). Though Daltry et al. (1996) detected this relationship among populations of a
Malayan pitviper species, debates arose over the universal applicability of this pattern and the
existence of confounding factors (Sasa 1999). For C. ebraeus, the positive association between
geographic differentiation of conotoxin genes and divergence in prey utilization (Figure 4.5C;
Table 4.9), however, is not a universal phenomenon. Local populations of C. ebraeus at
American Samoa and Guam show considerable differences in prey utilization but exhibit no
differentiation at the highly polymorphic loci (Table 4.5 and 4.7; Figure 4.3). We propose that
this resulted from more intense selection regimes at Hawaii than at other locations, possibly as a
consequence of episodic limited availabilities of resources at this locality, a phenomenon that
accounts for selection on beak morphologies of Galapagos finches (Grant and Grant 2002).
Alternatively, gene flow counteracted the impacts of selection more effectively at American
Samoa and Guam than at Hawaii because of lower levels of gene flow associated with the
Hawaii population (that are not apparent from examination of COI sequences). Similar to the
peripheral speciation mechanism presented by Mayr (1963), local selection pressures generate
more prominent effects at the edges of the distribution of Conus species because gene flow
involving these locations is lower than in the center of its distribution (Duda et al. 2012). Results
from analyses of patterns of variation of C. miliaris, in which the most isolated and peripheral
population at Easter Island exhibits the highest levels of differentiation at conotoxin genes and

COI (Duda and Lee 2009), also supports this notion.

The contrasting patterns of variation illustrated by different conotoxin loci imply that the

functional roles of these genes’ products and/or the evolution of prey defense systems differ.
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This phenomenon was also detected in venoms of pitviper species (Daltry, Wuster, and Thorpe
1996; Creer et al. 2003). Hence, some venom genes may track divergent targets and undergo
adaptive divergence, while others track conserved targets and do not. These results illustrate that
study of evolutionary patterns of multiple loci and populations is essential for understanding the

origins of ecological adaptations at the interface of predator-prey interactions.
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Figure 4.1. Gene trees of unique conotoxin gene sequences recovered from venom duct
cDNA of C. ebraeus individuals at three locations constructed using maximum-likelihood
and mid-point rooting.

Major clades labeled with grey bars are of putative single loci and numbers on internal branches
are bootstrap values of major clades (except for I-superfamily).

(A) Gene tree of 30 A-superfamily sequences recovered from two individuals at American
Samoa, three at Guam and two at Hawaii, constructed with the Tajima 3-parameter (Tamura
1992) +G model. Sequences within clades differed at between one and five nucleotides (nt) (out
of a total of 169-185 nt); sequences among clades differed at between 23 and 39 nt (out of a total
of 160 nt).

(B) Gene tree of 45 unique O-superfamily sequences obtained from two individuals at American
Samoa, five at Guam and two at Hawaii, constructed with the Tamura-Nei (Tamura and Nei
1993) +1 model. Sequences within clades differed at between one and ten nt (out of a total of
266-278 nt); sequences among clades differed at between 21 and 61 nt (out of a total of 266 nt).

(C) Gene tree of 22 unique I-superfamily sequences from two individuals at American Samoa,
five at Guam and one at Hawaii, constructed with the HKY model. Sequences within clade EI2
differed at between one and 23 nt (out of a total of 229 nt); sequences between the two clades
differed at between 43 and 64 nt (out of a total of 226 nt).

(D) Gene tree of 67 M-superfamily sequences from three individuals at American Samoa, six at
Guam and two at Hawaii (amplified with the primer set MPr2 (Table 4.1)) constructed with the
Tamura-Nei+G model. These sequences fell into more than six major clades. Sequences within
clades (except clade ‘M1°) differed at between one and nine nt out of 217-233 nt while
sequences among the six clades differed at between 29 and 59 nt out of 214 nt. Sequences of
clade ‘M1’ differ at maximum of 20 nt, indicating the possibility that these sequences represent
two loci. Out of the 37 colonies sequenced from two individuals at American Samoa, one at
Guam and two at Hawaii, we only recovered seven sequences with the primer set MPrl (Table
4.1; GenBank accession numbers JX177162 - JX177168). These sequences differed at a
maximum of two nt (out of a total of 233 nt) and represent one putative locus.
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sequence data for all individuals at the first polymorphic site. The nucleotide composition of the

among alleles are highlighted in grey. *: stop codon. Because one of the locus-specific primers
first three segregating sites are not known for allele 6a because the allele-specific primer for

of locus ED4 could only be designed in the region where this site occurs, we do not have
locus ED6 (Table 4.3) occurred in this region and allele 6a is inferred from the sequence

The cysteine backbone of each predicted peptide is highlighted in bold; amino acid replacements
chromatogram obtained with this primer set.

Figure 4.2. Alignment of predicted amino acid sequences of alleles of four conotoxin loci of

C. ebraeus.
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Figure 4.3. Haplotype networks of alleles of single conotoxin loci of C. ebraeus at American
Samoa, Guam and Hawaii and multi-locus structure analyses.

(A-E) Haplotype networks of locus (A) ED4, (B) EDG, (C) E1, (D) ED20 and (E) EA4.
Haplotypes are illustrated as circles; blue: American Samoa, red: Guam and green: Hawaii.
Hypothetical haplotypes are shown as small white circles. Pie diagrams indicate allelic
frequencies of haplotypes at each location; areas of circles are proportional to the overall
frequencies of each allele combined from all three locations.

(F) Bar plots of results of clustering analyses of four loci (ED4, ED6, ED20 and EA4) with K=2
and K=3 (K: number of clusters). Hypothetical clusters are illustrated with different colors in
each plot. AS: American Samoa. Samples pooled from all three locations are more likely divided
into two clusters (K=2, log probability of the data In(Prob(data)) =-332.3; K=3, In(Prob(data)) =-
352.4; K=4, In(Prob(data)) =-367.7), with the population at Hawaii completely isolated from
Guam and American Samoa samples. Further separation of clusters (K>2) only divides samples
from Guam and American Samoa irrespective of source.

l-American
Samoa

B=Guam
- =Hawaii
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Figure 4.4. Bayesian consensus phylogenies constructed from sequences of a region of the
mitochondrial 16S gene recovered from fecal samples here and downloaded from
GenBank.

Posterior probabilities are labeled at nodes of major clades. Sequences obtained from C. ebraeus
fecal samples (GenBank accession numbers JX177300-JX177352, FJ804537-FJ804572 and
FJ907334-FJ907342) are highlighted in bold. Names of fecal sequences include the location and
the number of identical samples from each location if identical sequences were obtained from
more than one individual. GenBank accession numbers of downloaded sequences are included in
the names of sequences. Classification of putative prey species are labeled in blue next to the
clades. Am Sam: American Samoa.

(A) Phylogeny of sequences of Eunicida species constructed with the HKY+I+G model, rooted
with the outgroup Armandia bilobata.

(B) Phylogeny of sequences of Nereididae species constructed with the GTR+G model, rooted
with the outgroup Ctenodrilus serratus.
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Figure 4.5. Ordination/biplots of canonical correspondence analyses of diversities and
geographic divergence of conotoxin genes with heterogeneities of prey items.

These analyses depict and evaluate the contribution of dietary variables to the patterns of
variation of conotoxin genes among populations of C. ebraeus. Arrows/vectors represent
independent dietary variables and are drawn from the centroid of the dispersion of populations.
The dependent variables (conotoxin genes at three locations) are labeled with their names and
positions indicating their relationships. Dashed lines are horizontal and vertical lines crossing the
centroid. The bottom and bottom-left axes represent the 1% (CCA1) and 2™ dimensions (CCA2);
the top and top-right axes demonstrate percentages of covariance explained by independent
variables. AS: American Samoa.

(A-B) (A) Gene diversities and (B) nucleotide diversities of five conotoxin genes with diversities
of prey items (H’ and genetic distance) at the three locations. Populations are largely
discriminated by CCAL. CCAL in (A) explains 87.9% of the total variance, while CCAL in (B)
explains 77.5%. The vectors of dietary variables point to the same direction as the incremental
trend of diversities of conotoxin genes (i.e. American Samoa and Guam > Hawaii), showing that
diversities of conotoxin genes and diets are positively related.

(C) Pairwise @t values of conotoxin genes with PS; and Dst values of prey items among
locations. CCA1 explains 99.8% of total constrained eigenvalues while CCA2 explains only
0.2%. Pairwise comparisons of populations are almost completely discriminated at CCA1. ASG:
comparison of American Samoa and Guam, GH: Guam and Hawaii, and ASH: American Samoa
and Hawaii. Data from locus EA4 were not included because ®st values are zero after data
conversion and are not informative in analyses of gradients.
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Table 4.1. General primers for each conotoxin superfamily.

3’UTR: 3’ untranslated region.

sgsgl?f?r)r(liirlly Toxin type Eggg; Primer sequences
_ Prepro | 5>’ATGGGCATGCGGATGATGTTCAC 3’
A a-conotoxin
3'UTR | 5> GTCGTGGTTCAGAGGGTCCTGG 3’
O _ Prepro | 5>CATCACCAAGATGAAACTGACGTG 3’
o-conotoxin 3'UTR |5’ GCGCCAATCAAAGATCAAGCC 3’
M (primer Prepro 5 CATGATGTCTAAACTGGGAGT 3’
set MPr1) _ 3UTR | 5> GCAAATCTGAAGGAGACTGCAATC 3’
M (primer OO 6 |5 GTTGAAAATGGGAGTGGTGCT 3
set MPr2) 3UTR | 5> ATGATATCAACAAACGCTGTCGTTG 3’
Prepro | 5> ATGATGTTTCGATTGACGTCAGTCAG 3’
! ) 3'UTR |5 ACGTCAGGCTTGAGTTATCTGCC 3’

123




Table 4.2. Locus-specific primers used to genotype each locus.

Loci | Location Primer Sequences (5’ to 3°)
Forward | GTAAAACGACGGCCAGTATTGCACCAGAAAAGATGCGTACAG
=b4 Reverse | CAGGAAACAGCTATGACCGCGCCAATCAAAGATCAAGCC
Forward | GTAAAACGACGGCCAGTAATTGCACCAGAAAAGATGCRTAAAC
=D6 Reverse | CAGGAAACAGCTATGACCGCGCCAATCAAAGATCAAGCC
Forward | GTAAAACGACGGCCAGTTAAATTGCACGAGAAATCATGCATTAG
=b20 Reverse | CAGGAAACAGCTATGACCGCGCCAATCAAAGATCAAGCC
EA Forward | GTAAAACGACGGCCAGTGATCGCTCTGATCGCCACACGC

Reverse

CAGGAAACAGCTATGACCTGGAGTAGCAGCGTCTTCAACG
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Table 4.3. Allelic-specific primers to verify and differentiate alleles.

Locus | Location Primer Sequences Purpose
Forward 5’GTAAAACGACGGCCAGTCATCAG _ _
CAAGATGAAACTGACS’ differentiate aII(_elg 40 from
ED4 allele 5, verified by
Reverse 5’CAGGAAACAGCTATGACCCGATG sequencing
GACACGAACCACCCGTC3’
5’GTAAAACGACGGCCAGTGCACCA _ _ ]
Forward GAAAGCATGCGTAAACAG3’ Differentiate 7_+39 aI_Ie_Ie pairs
EDG6 and 6+38 pairs, verified by
5’CAGGAAACAGCTATGACCGCGCC sequencin
Reverse , q g
AATCAAAGATCAAGCC3
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Table 4.4. Sample sizes, numbers of total and unique alleles, gene/haplotype diversities,
nucleotide diversities and their standard errors (SE), and Tajima’s D values of the five
conotoxin loci at three locations.
American Samoa is abbreviated ‘AS’. Tajima’s D values were estimated for each locus and
population with the infinite-allele model and P-values were evaluated by estimation of
percentage of values in 10,100 simulations that are smaller than observed values. D values that
are significant based on 0.05 significance levels are labeled with asterisks and highlighted in
bold (* represents P<0.05, ** represents P<0.01, *** represents P<0.001). Results of other
neutrality tests exhibited consistent patterns as Tajima’s D.

Sample | Alleles | Gene Diversity Nucleotide
Locus | Location size (unique) (SE) Diversity (SE) | Tajima’s D

AS 10 6 (0) 0.632 (0.113) 0.017 (0.010) 0.466

ED4 | Guam 24 8 (3) 0.714 (0.041) | 0.028 (0.017) 2.205%
Hawaii 28 4 (0) 0.201 (0.070) 0.005 (0.004) -1.649*

AS 13 5(0) 0.785 (0.041) 0.053 (0.030) 1.805*

ED6 | Guam 24 6 (1) 0.638 (0.064) | 0.041 (0.024) 1.108

Hawaii 30 3(1) 0.242 (0.070) | 0.011 (0.009) -0.187

AS 21 7 (1) 0.678 (0.064) | 0.025 (0.014) 0.837

E1l Guam 29 6 (0) 0.682 (0.041) | 0.023 (0.013) 0.842
Hawaii 48 4(2) 0.620 (0.031) | 0.022 (0.012) 3.216%**

AS 11 2 (1) 0.091 (0.081) | 0.001 (0.002) -1.162

ED20 | Guam 25 2 (0) 0.040 (0.038) | 0.001 (0.002) -1.103*
Hawaii 20 2 (0) 0.050 (0.047) | 0.001 (0.002) -1.124*

AS 14 2 (0) 0.198 (0.092) | 0.004 (0.004) -0.477

EA4 | Guam 36 2 (0) 0.178 (0.056) | 0.003 (0.004) -0.225

Hawaii 15 2 (0) 0.186 (0.088) | 0.004 (0.004) -0.537
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Table 4.5. Pairwise @t values and dietary overlap indices among populations of C.

ebraeus.

Summary statistics of dietary overlap include proportional similarities indices (PS;) (Whittaker
1952), estimates of the phylogenetic disparity of prey species among samples (Dsr values that
are analogous to @st), numbers of prey species shared among samples and total numbers of prey
species identified in combined samples of each comparison. Values with associated P-values less
than 0.05 are labeled with asterisks (* represents P-value <0.001) and highlighted in bold. AS:

American Samoa.

&gt values of conotoxin genes

Dietary overlap

Comparison Shared

EDA4 EDG6 El ED20 EA4 PS, Dst species

(total)

AS-Guam -0.009 0.008 -0.008 0.012 -0.025 | 0.182* 0.198* 1 (10)
Hawaii-AS 0.270* 0.427* 0.177* 0.007 -0.035 | 0.000* 0.505* 0 (10)
Hawaii-Guam | 0.226* 0.349* 0.167* -0.022 -0.024 | 0.000* 0.245* 0 (8)

127



Table 4.6. Results of hierarchical Analysis of Molecular Variance (AMOVA) for the highly
polymorphic loci (ED4, ED6 and E1) with the Tamura-Nei model.

Three types of grouping were tested for each locus: H, (G, A) represents grouping of Guam with
American Samoa; G, (H, A) represents grouping of Hawaii and American Samoa; A, (H, G)
represents grouping of Hawaii and Guam. Percentage of variation among groups, percentage of
variation among populations within groups, Fsc, Fst and Fcr were estimated and presented for
each grouping scheme. Significance of Fsc, Fst and Fcr values was evaluated by 10,100 random
permutations. The negative percentage of covariance among groups may result from the linear
restriction of the model and large variations within groups. Results showed that levels of
variance among groups for the H, (G, A) grouping is much larger than levels of variance among
populations within groups, Fcr is large, and the P-value is the smallest among the three
groupings.

Variation
V:rrr:ggon arr(l)or;g Variation
Locus | Grouping 9 pop: within Fec Ee. Ee
groups within ops (%)
(%0) groups bop
(%)
H,(GA) | 2020 0.34 79.46 | 0.004™° [0.2057° | 0.202"%
ED4 | G, (HA) | -L75 18.58 83.17 | 0.183"° |0.168™" [ -0.017">%
A, (HG) | -13.45 24.34 89.11 0.215° [0.109™° | -0.134""
H, (GA) | 30.98 1.83 67.19 0.037" | 0.33™° | 0.317°*
ED6 | G,(H,A) | -20.90 44.68 76.22 03777 | 024™° | -0.21"
A (HG) | -7.29 32.54 74.75 030" | 0.257° | -0.07" ¢
H,(GA) | 1753 -0.65 8312 | -0.017% | 0177 | 0.18"°%
El | G(HA) | -701 18.81 88.20 0.18™° | 0.12™" | -0.07""
A (HG) | -5.82 17.32 88.50 0.16° | 0.12"° | -0.06"
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Table 4.7. Putative prey species, numbers of each species and total number of prey items of
each higher taxonomic level at the three locations.

The summary statistics of local prey diversity are Shannon-Wiener’s indices (H’) (Shannon 1948)
and mean genetic distances. American Samoa is abbreviated ‘AS’. Palola species A1-A9 were
described previously by Schultz (2006) (also see Figure 4.9).

Prey Guam AS Hawaii
Eunicida (total) (37) (18) (33)
Palola spp. (total) (36) (11) (33)
Palola AX1 10 -- --
Palola AX2 -- -- 2
Palola AX3 1 -- --
Palola Al -- -- 31
Palola A3 18 -- --
Palola A6 -- 2 --
Palola A9 7 9 --
Other spp. (total) (1) (7) 0)
Eunicida 1 1 -- --
Eunicida 2 -- 2 --
Eunicida 3 -- 4 --
Eunicida 4 -- 1 --
Nereididae (total) (7) 1) 1)
Nereididae 1 7 -- --
Nereididae 2 -- -- 1
Nereididae 3 -- 1 --
Total prey items 44 19 34
H’ 1.46 1.47 0.35
Mean genetic distance 0.15 0.22 0.04
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Table 4.8. Coefficients of the slope of the fitted line in simple regression analyses of the
haplotype and nucleotide diversities of five conotoxin genes and the COI gene with the
diversities of prey (H’ and genetic distance).

Haplotype diversities of the mitochondrial COI gene for populations at Hawaii, Guam and
American Samoa are nearly equivalent (0.963 at Hawaii, 0.978 at Guam, 0.947 at American
Samoa; retrieved from Duda and Lessios (2009)). The Guam population exhibits slightly higher
nucleotide diversity (0.009 at Guam, 0.006 at American Samoa and Hawaii; estimated with
Tamura-Nei model from the COI gene sequences reported in Duda and Lessios (2009)). Linear
regressions of measures of diversity at COI with dietary diversity (4’ and genetic distance)
showed lack of correlation between the mitochondrial marker and prey. Diversities of conotoxin
loci ED20 and EA4 do not show correlations with diets, but positive relationships were detected
at loci ED4, ED6 and EL1.

Locus _Hap_lotype Haplotype d_iversity _Nucl_eotide Nucleotiqle d_iversity
diversity vs H’ | vs genetic distance | diversity vs H* | vs genetic distance
ED4 0.423 2.597 0.016 0.079
ED6 0.422 3.069 0.032 0.237
El 0.054 0.344 0.001 0.016
ED20 0.014 0.199 0 0
EA4 0.002 0.054 0 -0.001
COl -0.001 -0.069 0.001 0.002
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Table 4.9. Pearson , Spearman and Kendall correlation coefficients of the pairwise @sr
matrices of each of the three highly polymorphic conotoxin genes with the pairwise

divergence indices of prey (PS, and Dsr).

Coefficients of @st with Pianka’s overlap index are identical to those with PS;.

Locus PSi Dst
Pearson | Spearman Kendall Pearson | Spearman Kendall
ED4 -0.999 -0.866 -0.817 0.727 1.000 1.000
ED6 -0.985 -0.866 -0.817 0.746 1.000 1.000
El -0.999 -0.866 -0.817 0.655 1.000 1.000
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Table 4.10. Haplotype/gene diversity and nucleotide diversity of two O-superfamily
conotoxin genes MIL2 and MIL3 and the mitochondrial COI gene of C. miliaris populations
at Easter Island (abbreviated as EI), Guam and American Samoa (abbreviated ‘AS’).
Standard deviations of indices are presented in parentheses. Distances among haplotypes are
calculated with respective models used in Duda and Lee (2009): K80 (Kimura 1980) model for
locus MIL2, Jukes-Cantor (Jukes and Cantor 1969) model for locus MIL3, and Tamura-Nei

model for the COI gene.

Gene/Haplotype Diversity

Nucleotide Diversity

Locus (Standard Deviation) (Standard Deviation)
El Guam AS El Guam AS
MIL2 0.635 0.271 0.381 0.015 0.010 0.014
(0.043) (0.084) (0.094) (0.009) (0.007) (0.009)
MIL3 0.747 0.594 0.631 0.021 0.017 0.017
(0.036) (0.070) (0.064) (0.001) (0.002) (0.001)
COl 0.961 1.000 0.979 0.008 0.010 0.010
(0.014) (0.017) (0.016) (0.004) (0.005) (0.005)
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CHAPTERS5 ONTOGENETIC PLASTICITY OF FEEDING TRAITS ASSOCIATED
WITH DIETARY BREADTH

This chapter will be submitted for publication with the coauthor Thomas F. Duda, Jr.

Introduction

Phenotypic variation depends upon genotypes, environmental conditions and norms of reactions
(West-Eberhard 2005). Developmental plasticity, variation of phenotypes in response to
ecological changes through development without alteration of coding sequences (Piersma and
Drent 2003), derives in part from epigenetic variation (Scheiner 1993). Plasticity of gene
expression, combined with natural selection, facilitates ultimate fixation of a specific norm of
reaction, a process of ecological adaptation termed canalization (Scheiner 1993; Valena and
Moczek 2012). Studies of plasticity and canalization of gene expression during ontogeny allow
us to assay the role of gene regulation in ecological adaptation and to determine the relationship

between gene regulation and changes of ecological variables.

Ecological characteristics of organisms such as habitat use, prey utilization and mate choice are
typically modified during development. Numerous metazoans exhibit transformation of traits
associated with feeding in response to dietary transitions among discrete life history stages.

Examples include the bite force of slider turtles (Herrel and O' Reilly 2006), cranial
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musculoskeletal system of water snakes (Vincent et al. 2007), mandible sizes of damselfishes
(Frederich, Adriaens, and Vandewalle 2008), gill rakes of alewifes (MacNeill and Brandt 1990)
and radula morphology of marine snails (Nybakken 1990; Kawamura, Roberts, and Yamashita
2001) that are associated with dietary changes during development. Several species of snakes
and jellyfish exhibit ontogenetic shifts in venom composition (Andrade and Abe 1999;
MacKessy, Williams, and Ashon 2003; Kintner, Seymour, and Edwards 2005; Mackessy et al.
2006; Alape-Giron et al. 2008; Antunes et al. 2010; Zelanis et al. 2010), and these shifts appear
to be associated with changes in diets during development. For example, MacKessy et al. (2003)
detected an association between changes in venom composition and diets of Pacific rattlesnakes
that show a time lag (shift in venom composition that follows dietary changes), hinting a causal
relationship between these two factors. Nonetheless, these findings are based on proteomic
analyses and functional assays of venom, while plasticity of venom gene expression is unknown.
As an exception, Zelanis et al. (2012) detected differences in diversity of venom genes in venom
gland transcripts of newborn and adult snakes by cloning and sequencing venom duct cDNA

libraries, but causes of such a differentiation in expression are unclear.

Here we report the evaluation of the association between ontogenetic shifts of venom gene
expression and prey utilization of predatory marine snails Conus. Life histories of many Conus
species include discrete stages as planktotrophic larvae, juveniles, subadults and adults (Kohn
and Perron 1994). Larvae feed on phytoplankton, nanoplankton and detritus, while most Conus
species hunt polychaetes after settlement (Kohn and Perron 1994). Dietary composition changes

substantially with increase of body sizes in some species (Kohn and Nybakken 1975), and
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Leviten (1976) suggests that diets of vermivorous Conus species generally shift from being
trophic specialists as juveniles to generalists as subadults to specialists as adults.

Some Conus species exhibit changes in characters associated with predation through
development. Conus use radular teeth, hollow needles with barbs, to penetrate the epidermis of
prey and inject venom (Nybakken 1990). Changes in radular tooth morphology from juvenile to
adult stages are likely coupled with changes in prey specialization (Nybakken 1988; Nybakken
and Perron 1988; Nybakken 1990). In addition to using harpoon-like radular teeth in their
feeding apparatus, cone snails synthesize and utilize venom, cocktails of neurotoxins termed
conotoxins, to paralyze prey (Olivera 2002). Venom composition varies within species
(Jakubowski et al. 2005; Davis, Jones, and Lewis 2009; Rivera-Ortiz, Cano, and Mar 12011), but
little is known about the molecular mechanism responsible for this variation and its association
with trophic resource utilization. Conotoxins are expressed by members of many large gene
families (A, D, I, J, L, M, O, P, S, T, V and Y) (Kaas, Westermann, and Craik 2010). These
genes undergo extensive gene duplication and rapid evolution (Duda and Palumbi 1999; Chang
and Duda 2012), and their expression is highly plastic (Duda and Palumbi 2004; Duda and
Remigio 2008) (also see Chapter 3). Allelic variation of conotoxin genes among populations is
positively associated with local diversities and geographic differentiation of diets (Duda 2008;

Duda et al. 2009) (also see Chapter 4).

We chose a vermivorous species Conus ebraeus as the research body, because this species is
widely and abundantly distributed in the Indo-West Pacific and dietary and venom composition
of this species have been investigated by several studies. For example, a population from the

Eastern Indian Ocean handles different prey species among size classes: Nereis jacksoni (10-
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25mm shell length), Perinereis singaporiensis (22-28mm shell length), Palola siciliensis
(>31mm) (Kohn and Nybakken 1975). Leviten (1976) discovered a decrease in prey diversity of
C. ebraeus with increase in body size (shell lengths larger than 11mm). Individuals at Okinawa
with shell lengths smaller than 13 mm specialize on members of polychaete family Syllidae,
while larger ones feed on families Eunicidae, Nereididae and Capitellidae polychaetes (Duda,
Kohn, and Matheny 2009). In addition to knowledge of dietary shifts of this species, we have
alignments of conotoxin gene sequences of several single loci from previous population genetic
(Duda et al. 2009) (Chapter 4) and evolutionary studies (Duda and Palumbi 1999), all of which

facilitate the experimental design of this study.

We specifically addressed the following questions: does conotoxin gene expression vary through
development? Which genes are up-regulated or uniquely expressed in each ontogenetic stage? Is
dietary composition of individuals at Guam also distinct among developmental stages? Are
ontogenetic changes in conotoxin gene expression and diets intricately linked? If so, how are
they related? To answer these questions, we sampled C. ebraeus individuals at Guam, examined
the population structure of these individuals, identified prey species, quantified levels of
expression of conotoxin genes of individuals representing different developmental stages, and

determined the relationship between ontogenetic shifts of conotoxin gene expression and diets.

Materials and Methods

1. Specimens
We collected specimens of Conus ebraeus at Pago Bay, Guam in May 2010. We measured sizes
of individuals (shell lengths, widths and heights) immediately after field collection. As described
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by Duda et al. (2009), we placed individuals into separate cups with sea water, collected feces
after their defecation, and preserved fecal samples in 95% ethanol. We determined sex and
maturity of each specimen based on the presence of a penis. We preserved venom ducts in

RNAlater (Ambion, Inc.) and stored them in the -20<€ freezer.

2. ldentification of prey items

We identified prey species from fecal samples with a DNA barcoding approach described by
Duda et al. (2009). We aligned sequences of the mitochondrial 16S rDNA gene retrieved from
fecal samples in Se-Al 2.0 (Rambaut 2002) with sequences of putative polychaete species
recovered from previous studies of annelid phylogeny and dietary studies of C. ebraeus (Schulze
2006; Duda et al. 2009; Chang and Duda 2012) (GenBank accession numbers listed in Figure
5.1). We classified these sequences into three groups (Eunicida, Nereididae, Syllidae) based on
their phylogenetic similaries. We performed model selection in jModelTest v0.1.1 (Posada 2008)
with alignments of 16S gene sequences from each group, and built Bayesian consensus
phylogenies for each group with best models (10,000,000 generations, two runs, four chains, 25%
burnin). We determined prey species based on phylogenetic relationships of fecal gene

sequences with sequences of known or pre-defined polychaete species in phylogenies.

3. Analyses of shifts in diet

Shell lengths have been used as an approximation of ages of cone snails (Kohn and Nybakken
1975; Leviten 1976; Duda, Kohn, and Matheny 2009). To visualize the age differences of C.
ebraeus individuals subduing specific types of prey, we constructed boxplots of shell lengths of

individuals consuming different prey species and categories of higher taxonomic levels. We
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performed one-way Analysis of Variance (ANOVA) of shell lengths of individuals among
groups (of prey species or categories of higher taxonomic levels) with function Im in R v2.15.0
(R Development Core Team 2012) to determine if individuals of different sizes/developmental

stages show differences in diet.

To evaluate patterns of transition in dietary composition among individuals of different sizes, we
built a heatmap based on percentages of each prey species handled by individuals of a specific
shell length with the heatmap.2 function in the gplots package (Warnes 2012) in R v2.15.0. We
chose Shannon-Weiner index (/) (Shannon 1948), Simpson’s index (S) (Simpson 1949) and
average genetic distances (GD) to quantify levels of prey diversity. To calculate GD, we
estimated pairwise genetic distances of 16S gene sequences of prey species with the Tamura-Nei
(Tamura and Nei 1993) +G model and complete deletion in Mega 5.05 (Tamura et al. 2011), and
then computed the average genetic distances. To monitor the transitional pattern of dietary
diversity through ontogeny, we performed sliding-window analyses of H’, S and GD of dietary
compositions within window sizes of 2, 3, 4, 5 and 10 mm in shell lengths. These analyses were

done in R v2.15.0 with function diversity in package vegan (Oksanen et al. 2012).

We also used F-statistics to evaluate the genetic differentiation of dietary compositions among
groups of individuals, treating each group (e.g. individuals with shell lengths between 10-15mm,
11-16mm, etc.) as a single population. We constructed populations with the sliding window
approach (5mm range of shell lengths for each window), and estimated pairwise @st values (Dst
or the phylogenetic disparity of prey items among samples) of 16S gene sequences of prey items

among populations in Arlequin 3.1 (Excoffier, Laval, and Schneider 2005) with the Tamura-Nei
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distance model. P-values were estimated from Monte Carlo simulations of 10,100 replicates. We
built a heatmap of absolute Dst values along the gradient of shell lengths with the approach

described earlier.

Based on changes of slopes of each point in the plot of results from sliding window analyses (of
5mm in shell lengths) of dietary diversities (/’, S and GD) and the significance of genetic
differences (Dst), we defined ranges of shell lengths of small, medium and large groups based on
patterns of shifts in dietary diversity. We tested if the three groups show differences in dietary
compositions by Fisher’s exact tests (Fisher 1954) with fisher.test function in R, and P-values

were determined with 100,000 generations of simulation for each test.

4. Quantification of conotoxin gene expression

We extracted messenger RNA from venom ducts of 60 C. ebraeus individuals (shell lengths
ranging from 7mm to 26 mm) and prepared cDNA following the approach described previously
(Duda and Palumbi 1999). We selected six conotoxin genes from pools of putative single genes
identified from population studies of this species in Indo-West Pacific (Duda et al. 2009) (also
see Chapter 4): locus E1 (O-superfamily locus that putatively encodes w-conotoxin), locus EAL
and EA4 (A-superfamily loci that putatively encode a-conotoxin), locus ED4, ED8 and ED20
(O-superfamily loci that putatively encode §-conotoxin). Expression of these genes are putatively
ontogenetically related because these gene sequences are differentially recovered from cDNA
samples of individuals of different sizes in initial screenings of these cDNA. Contamination of
genomic DNA in the cDNA of these individuals can inflate levels of expression of conotoxin

genes measured by Real-time gPCR. To avoid the impact of ‘genomic carryover’ on
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quantification of expression levels, we designed sets of primers that span an intron position of
these genes. The target gene region spanning the intron is too long to be amplified from the
genomic DNA with our approach, and gene transcripts in venom duct cDNA are preferably
amplified in the Real-time PCR. We designed locus-specific reverse primers annealing to the
toxin-coding region downstream to the intron(s) (Table 5.1), and paired them with general
forward primers that anneal to the conservative prepro region upstream to the intron(s) and are
specific to members of a conotoxin superfamily (Table 5.1). We tested specificity of these sets of

primers for individuals with known genotypes.

We used Real-time gPCR with SYBR Green chemistry to quantify levels of expression of
conotoxin genes. To ensure the same amount of venom duct gene transcripts to be used across
rounds of Real-time qPCR for all genes so that expression levels quantified in each PCR run are

comparable, we added Tris buffer to each sample to a total volume of 175 u L, and aliquoted

equal volume of cDNA samples for each run of qPCR. We chose a B-tubulin gene as the
endogenous control and estimated abundance of its gene transcript in venom duct cDNA of
individuals with Real-time gPCR and primers specific for this locus (forward primer
5’ACAGCAGCTACTTTGTTGAATGGATS3’ and reverse primer
5’CAGTGTACCAATGGAGGAAAGCC3’). We performed all Real-time gPCR runs in an ABI
Prism 7500 machine at the Molecular Biology Core Laboratory at University of Michigan
School of Dentistry. To reduce noise and avoid potential errors, in each run we prepared three
identical PCR samples for each individual and used average results of the three samples as the
estimated C+ value of that individual. The PCR procedure involves ten minutes of initial

denaturing at 95 and 40 cycles of amplification (denaturing: 95<€ for 15 seconds; annealing:

144



54<€ for 30 seconds; elongation: 72<€ for 35 seconds where fluorescent signals were collected).
We added a dissociation stage (95<€ for 15 seconds, 60<€ for one minute, and 95<€ for 15
seconds for each sample) at the end of each run to evaluate the specificity of amplification. The
dissociation stage measures temperatures at which amplified products renature, and can be used
to detect presence of non-specific PCR products if multiple temperatures of renaturation are

detected.

We quantified abundance of conotoxin gene transcripts in the venom duct cDNA of C. ebraeus
individuals with Real-time gPCR using locus-specific reverse primers and general forward
primers (Table 5.1). Each round of gPCR was performed on three replicated samples of each
individual, and cycles were the same as that of the B-tubulin locus except that the annealing
temperature for locus E1 and ED4 was 60<€. To ensure the similarity in efficiencies of primers
of conotoxin genes with primers of the B-tubulin gene, we made 1/5 and 1/25 dilutions of cDNA
samples of up to 12 individuals and compared efficiencies of these primers with the approach
described by Schmittgen and Livak (2008). We used the comparative Ct method (Schmittgen
and Livak 2008) to estimate levels of expression of these conotoxin genes relative to the
endogenous B-tubulin gene with the assumption that levels of expression of the endogenous gene
are invariable among individuals. The Ct value of any sample labeled as ‘undertermined’ in each
gPCR was converted to 40 (Ct of 40 means no amplified products was detected). We estimated
AC+ values of each conotoxin gene relative to the endogenous gene by subtracting average C+
values of conotoxin genes among three replicates of each individual with that of the B-tubulin
gene, and calculated relative levels of expression of conotoxin genes with the formula

2~ACt (Schmittgen and Livak 2008).
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5. Assessment of population structure

We determined patterns of ontogenetic shifts of dietary specialization and conotoxin gene
expression by investigating patterns of variation of these variables among C. ebraeus individuals
of different sizes/ages. But this approach assumes that our samples represent the local population
at Guam. To test if the 60 individuals of C. ebraeus sampled here are cohorts self-recruited
locally instead of migrants from other regions of Indo-West Pacific, we tested if specimens of
different size classes exhibited any structure of difference at conotoxin locus E1. Hawaiian
population exhibits significant difference in allelic variation from other populations in the Indo-
West Pacific at locus E1 (Duda et al. 2009)(also see Chapter 4), and investigation of structure of
individuals at this locus allows us to find out if certain cohorts of individuals sampled here
migrated from Hawaii. We genotyped locus E1 for these individuals by PCR amplification with
E1 primers described in (Duda et al. 2009) (primer TOX1:
S’CATCGTCAAGATGAAACTGACGTG3’, and primer TOX2:
5S’CACAGGTATGGATGACTCAGG3’) and Sanger sequencing at University of Michigan
Sequencing Core facility. We estimated pairwise @st values at locus E1 in Arlequin 3.1 with the
Tamura-Nei distance model among groups of individuals classified by size (traditional
classification of size classes for Conus based on shell lengths: <10mm small, 10-20mm medium
and >20mm large) and adults (>20mm in shell lengths) at American Samoa, Guam and Hawaii
retrieved from previous studies (Chapter 4). We also estimated pairwise @st values among
individuals of each sliding-window (window size of 5mm in shell lengths). We determined

significance of results by 10,100 repeats of random permutations.
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6. Analyses of patterns of conotoxin gene expression

To normalize the data of conotoxin gene expression for statistical analyses, we used -ACy as an
approximation to the log transformation of levels of expression of conotoxin genes relative to the
B-tubulin gene (log (272€T)). We constructed a heatmap with C. ebraeus individuals as row
variables, conotoxin loci as column variables and absolute and scaled values of -AC+ as input,
and plotted dendograms for row and column variables with the same approach described
previously. This heatmap presents a visualization of the dataset with patterns of color changes
and enables us to identify samples of low quality. We determined individual samples that
grouped separately from others in the column dendogram and exhibited no amplification for -
tubulin gene or conotoxin genes as cDNA samples of low quality (because of failed
amplification from these samples in several Real-time PCR runs). We measured Euclidean
distances of relative levels of expression of conotoxin genes among samples with the function
daisy in package ‘cluster’ (Maechler et al. 2012) in R v2.15.0, and performed hierarchical
clustering analyses with single linkage, complete linkage, average linkage and Wald’s method
(Struyf, Hubert, and Rousseeuw 1997) with the function agnes in the package cluster to identify
potential hierarchical structures of conotoxin gene expression. We selected the best model
(Wald’s method) based on differences in agglomerative coefficients (a measure of quality of
clustering) (Rousseeuw 1986) among models. We examined the frequency distribution of shell
lengths of individuals within each cluster/group to identify differences between/among clusters.
We also used a non-hierarchical clustering approach PAM (Partitioning Around Medoids)
(Struyf, Hubert, and Rousseeuw 1997) with the function pam in package cluster to evaluate the

consistency of the structure.
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To identify the intrinsic trend of relative levels of expression of conotoxin genes through
development, we employed a moving average approach (or sliding window analyses of different
window sizes) that calculates average -ACy values of each conotoxin gene among individuals of
a specific size range (e.g. range of 5mm in shell lengths). To evaluate the impact of variation in
sample sizes on patterns of expression, we constructed reduced datasets by randomly drawing
two samples from all individuals with the same shell length and pooling them together. We
repeated this drawing for 100 times and plotted moving averages (window size of 5mm in shell

lengths) of these simulated datasets with the same approach described here.

7. Analyses of the association of shifts of diets and venom

We determined the relationship between conotoxin gene regulation and dietary specialization,
using samples of individuals with known prey species (identified in the previous section). To
visualize patterns of conotoxin gene expression among different types of prey, we built boxplots
of -AC+ of each conotoxin gene of individuals with the same prey species and categories of
higher taxonomic levels. One-way ANOVAs were performed in R to test if expression levels

differ among groups (for example, groups classified based on prey species).

For visual examination of the possible association between venom and diets through ontogeny,
we built heatmaps of expression levels of the six conotoxin genes among individuals with known
diets using the function heatmap.2 as described earlier. We performed hierarchical clustering
analysis with the Wald’s method on this ‘reduced’ dataset (compared to the complete dataset of
60 C. ebraeus individuals) with function agnes (as described earlier) to determine the structure

and evaluate size and dietary differences among clusters. We tested if dietary composition differs
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between clusters with Fisher’s Exact Tests, and estimated P-values with Monte Carlo simulation

of 100,000 replicates.

To compare patterns of ontogenetic changes of conotoxin gene expression and dietary
composition, we centered and standardized results of sliding window analyses (5mm in shell
lengths) of -AC+ values of all conotoxin genes as well as dietary diversities (/’, S and GD), and
superimposed these series on a single plot. We treated results of sliding-window analyses of
expression levels of each conotoxin gene and variable of dietary diversity along the gradient of
shell lengths as independent time series. We tested if two time series of conotoxin gene
expression are positively correlated with a lead or lag of time series of dietary diversities (cross-
correlations) with the ccf function, and verified the significance of results with the linear

regression model (function Im) in R.

8. Relationships of diets and expression of conotoxin genes with sexual maturity

We identified the sex of C. ebraeus individuals based on the presence of a discernible penis, and
determined the shell length of the smallest individual with an identifiable penis as the stage of
sexual maturity. For individuals without a penis (putative females), we designated individuals
smaller than the cutoff shell length as immature juveniles and larger ones as mature females. We
compared dietary compositions and relative expression levels of the six conotoxin genes among
the three sex or maturity groups (immature juveniles, mature males and mature females) with
boxplots. We tested the similarity of dietary composition among groups with Fisher’s exact tests
(function fisher.test) and estimated P-values from 1,000 repeats of bootstrap analyses. We used

one-way ANOVA (function Im) and t-statistics (function t.test) to test the similarity of conotoxin
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gene expression among/between the sex/maturity groups. All R scripts used in this study are

available upon request.

Results

1. Identification of prey species

We collected 151 fecal samples containing remains of polychaetes from 243 C. ebraeus
individuals, among which 86 samples were identified via microscopic examination to be of
familily Nereididae, six of family Syllidae, one of family Terebellidae, 27 of the genus Palola,
22 samples of genera other than the genus Palola in order Eunicida. The rest of samples are
identifiable with this approach because of limited morphological remain in the fecal samples. We
successfully obtained 16S gene sequences from 77 fecal samples, among which 54 fecal samples
(of 54 individuals) represent annelids based on BLAST analyses of the 16S gene sequences,
while sequences of other samples were blasted to be human or bacteria contamination. Initial
phylogenetic investigation classified these prey species into two annelid orders: Eunicida and
Phyllodocida (families Nereididae and Syllidae). Based on phylogenetic similarities of these
sequences with sequences of known annelid species (Figure 5.1) and species defined in previous
studies of diets of Conus ebraeus (see dissertation chapter 4), we determined that these fecal
samples represent six Eunicida species (three species of genus Palola), three Nereididae species
and two Syllidae species (Figure 5.1). Two inferred species, Palola A3 and Palola A9, were
previously observed by Schulze (2006). Five inferred polychaete species, Palola AX1, Eunicida
1, Eunicida 2, Eunicida 3 and Nereididae 1, were found in studies of diets of C. ebraeus adults at
Guam and American Samoa (see Chapter 4). Nereididae 1 is most frequently preyed upon,
followed by Palola species (see sample sizes in Figure 5.2A). Three species have never been
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found in studies of diets of C. ebraeus: Syllidae 1, Syllidae 2, Nereididae 4 and Nereididae 5

(Figure 5.1), but were rarely targeted (Figure 5.2A).

2. Ontogenetic shifts of diet

Several of the prey species are consumed by a wide size range of C. ebraeus (Figure 5.2A).
These include the dominant prey types (Nereididae and Palola species). Nereididae species are
predominantly consumed by mid-size individuals (around 11-17 mm in shell lengths), while
Palola species are hunted mostly by adults (larger than 17mm) (Figure 5.2A). The rare prey
species Eunicida 1, 2 and 3 and Syllidae 1 and 2 are mostly consumed by small individuals
(smaller than 11mm in shell lengths) (Figure 5.2A). The heterogeneity of the size distribution of
individuals consuming each type of prey is still prominent when the pattern is examined at the
inferred generic level of prey (Figure 5.2B), but disappears when we evaluated the prey
categories at high prey taxonomic categories (Figure 5.2C). One-way ANOVA analyses
demonstrate that these prey species and higher taxonomic levels are targeted by C. ebraeus
individuals of significantly different shell lengths: P-value for groups divided by prey species
(Figure 5.2A) is 0.011; for groups divided by higher taxonomic levels (Figure 5.2B), P-value is
less than 0.0001. Even though this pattern of difference in size ranges of individuals feeding on
each type of prey is determined from the 54 individuals with known prey species, initial
determination of the 151 fecal samples to putative order/genus of annelids with the microscopic

examination approach yielded a consistent pattern (Figure 5.3) as shown in Figure 5.2B.

The diversity of prey items utilized differs among classes of individuals representing different

developmental stages. Sliding window analyses of several variables of dietary diversities within
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certain size ranges of C. ebraeus individuals revealed a pattern of an initial decrease followed by
an increase in dietary diversity (Figure 5.4). Small individuals (less than 11mm in shell lengths)
exhibit the broadest dietary spectrum, medium sized ones (11-17mm) specialize on Nereididae
species, and large ones (larger than 17mm) prey on both Nereididae and Palola species (Figure
5.4; Figure 5.5A). Medium individuals defined based on shifts in diets (shell lengths of 11-17mm)
exhibit significantly different diet in comparison to individuals of other size ranges, as illustrated
by sliding window analyses (window size of 5mm in shell lengths) of pairwise Dst values of the
16S gene sequences of fecal samples (Figure 5.5B) and Fisher’s exact tests of prey species

among the three size classes (Table 5.2). Even based on traditional classification of size classes
of Conus individuals (juvenile:<10mm, subadults: 10-20mm, adults: >20mm), we detected the

lowest dietary diversity for subadults.

3. Lack of population structure at locus E1

We successfully obtained genotypic information of locus E1 from venom duct cDNA of 49 C.
ebraeus individuals. These genotypes represent combinations of six alleles (Ela, E1b, E1bii, Elc,
Elg and E1h) that are identical to alleles described by Duda et al. (2009) (also see Chapter 4;
GenBank accession numbers FJ804530-FJ804532, FJ804535, FJ804536 and FJ834437).
Estimation of pairwise @st values does not reveal any structure at this locus among small
(<=10mm), medium (10-20mm) and large individuals (>20mm), with non-significant @sr values
close to zero (Table 5.3). Sliding window analyses (of 5mm shell lengths) did not reveal any
structure either (very small @t values non-significant from 0). Allelic composition of each size

class is significantly different from that of the Hawaiian population (Table 5.3). Allelic
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differences between individuals of different sizes and adults at American Samoa are close to

significance based on the 5% significance level, and @st values are fairly small (Table 5.3).

4. Ontogenetic shifts of conotoxin gene expression

Initial exploration of conotoxin gene expression levels with the heatmap approach revealed that
two individuals do not show any evidence of expression at the six conotoxin genes (C+ values
are undertermined in Real-time PCRs). Another sample did not show any evidence of expression
at the B-tubulin locus (Cr value is ‘undetermined’). These results imply that cDNA samples of
these individuals were of bad quality or that some of these specific reactions failed and so we

eliminated them from the subsequent analyses.

Individuals of different sizes examined exhibit large variation in expression at the six conotoxin
loci (Figure 5.6). Expression levels reach a maximum in individuals with shell lengths of 9-
13mm and then gradually decrease in larger ones. Hierarchical clustering analyses divided
individuals into two major groups (Figure 5.7A): a cluster (cluster 1) with individuals of a
relatively even size distribution (Figure 5.7B) and a cluster (cluster 2) composed exclusively of
individuals with extreme sizes (small and large) (Figure 5.7C). Classification of individuals with
the non-hierarchical PAM method also produced similar results, with large difference in size
distributions of individuals between two clusters (Figure 5.8). Members of cluster 2 identified by
both hierarchical and non-hierarchical approaches mostly exhibit higher levels of conotoxin gene
expression than those of cluster 1, a pattern that implies that average expression levels among

small and large individuals are higher than those of medium ones.

153



As revealed from results of clustering analyses, average expression levels of all conotoxin genes
(except locus EAL) undergo an initial decrease and then increase process through development
(Figure 5.9). Expression levels of these genes reaches are highest in small individuals and the
lowest in medium size individuals, and then begin to increase in adults (but do not reach the
same levels as in small individuals; Figure 5.9). This general pattern of variation in expression is
unlikely the consequence of variation in sample sizes of individuals of different shell lengths,
because simulations demonstrated the robustness of this trend of variation of expression,
especially the decrease among juveniles and subadults (Figure 5.10). Relative levels and patterns
of expression also differ among loci: these loci occupy different color spectrum in the heatmap
of absolute -AC+ values (Figure 5.6A), and the column dendogram separates loci EA1 and ED20
from the other loci (Figure 5.6). Average expression levels at locus EA1 decrease in medium
individuals, but does not show the same increasing pattern in adults as exhibited in the other

genes (Figure 5.9).

5. Ontogenetic shifts in conotoxin gene expression and diet

Conotoxin gene expression levels are not directly associated with diets. A total of 35 individuals
with diet data were used. Direct comparison of expression levels among groups of individuals
assembled based on identification of prey species with boxplots, heatmaps and one-way
ANOVA approaches did not reveal any significant differences or trends, except for locus ED20
(P-value= 0.006) (Figure 5.11 and 5.13). No significant differences in conotoxin gene expression
levels (including locus ED20) were detected among groups determined based on higher

taxonomic levels of their prey (Figure 5.12). The hierarchical clustering approach divided these

154



individuals into two major clusters that exhibit no significant difference in prey utilization (P-

value of the Fisher’s exact test is 0.270) (Figure 5.14).

Patterns of variation in conotoxin gene expression and dietary diversities through development
are in the shape of a semi-upward parabola (a trend of decrease and then increase) along the
gradient of shell lengths, but their timings of changes are not coincident (Figure 5.15). Dietary
changes in ontogeny lead changes in conotoxin gene expression by the amount of time
equivalent to the growth time of one or two mm in shell lengths (Figure 5.15). Such a pattern is
confirmed by the significantly positive correlation coefficients in cross-correlation analyses and
linear regression, analyses applied to determine if dietary diversity of individuals is correlated
with conotoxin gene expression levels of individuals one or two mm larger (Figure 5.16 and
5.17). Locus EAL is an exception. The down-regulation of this locus in medium individuals is
eminent, but expression levels remain minimal among mature adults (Figure 5.13 and 5.15B).
Though regulation of locus EA1 seems to lag changes in dietary diversity, we did not detect any

significantly positive correlations between these two series (Figure 5.16B).

6. Relationship of dietary composition and venom expression with sexual maturity

The smallest individual among our samples that exhibits a discernible penis has a shell length of
12mm. We thus considered all individuals larger than this size as sexually mature adults, and
determined individuals larger than 12mm and without a penis as mature females. Individuals
smaller than 12mm in shell lengths were considered to be immature juveniles. Among 37
individuals with records of sexual identification (i.e. with or without a penis) and diet, we

determined 17 individuals as mature females, 5 as mature males and the rest as immature
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juveniles. Fisher’s exact tests revealed no significant differences in dietary compositions among
groups classified by sex and the stage of development (mature males vs mature females: P-
value=0.484; mature males vs juveniles: P-value=0.214; mature females vs juveniles: P-
value=0.524). A total of 57 individuals possess records of sex identification and conotoxin gene
expression levels, which include 24 mature females, 6 mature males and 27 immature juveniles
(Figure 5.18A). Levels of expression of conotoxin genes are highly variable within each group,
but do not differ among juveniles, mature males and females (Figure 5.18), a result that is

supported by non-significant results of t-tests or ANOVA after correction for multiple tests.

Discussion

As the first study to assay the association between conotoxin gene expression and dietary
specialization through development, we discovered an intriguing relationship between conotoxin
gene regulation and dietary shifts. Large variation in levels of expression among individuals of
each size class reveals a lack of canalization of conotoxin gene regulation within developmental
stages. Conotoxin gene expression appears to be related to changes in dietary breadth rather than
types of prey, and dietary shifts occur before shifts in levels of expression of these genes. Our
results demonstrate that regulation of conotoxin genes does in fact change during development,

and these changes may be affected by changes in resource utilization.

One explanation for variation in expression levels among different size classes of individuals is
that these size classes represent genetically distinct cohorts from different locations. Nonetheless,
C. ebraeus individuals sampled here appear to represent a local population rather than a mixture
of cohorts of local and immigrant individuals. Populations of C. ebraeus in the Indo-West Pacific
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appear to be panmictic based on analyses of sequences of a region of the mitochondrial COI gene
(Duda et al. 2012), but population at Hawaii shows significant differences in allelic composition
at locus E1 from other populations in Indo-West Pacfiic (Duda et al. 2009)(also see Chapter 4).
Though planktonic larvae of C. ebraeus can make long-distance dispersal (Kohn and Perron
1994), lack of structure at locus E1 among individuals of different sizes and adults at Hawaii
(and possibly American Samoa) implies that these individuals unlikely include migrants from
Hawaii or American Samoa (Table 5.3); instead, they are more likely to be recruited locally at

Guam.

1. Ontogenetic shifts of dietary specializations

C. ebraeus individuals at Guam undergo several dietary shifts through development: from
trophic generalists to specialists and then to generalists (Figure 5.4). This contrasts with the
general pattern of dietary shifts suggested by Levinten (1976). Contrary to his conclusion that
small individuals (<10mm in shell lengths) are trophic specialists, juveniles of C. ebraeus at
Guam possess the most broad dietary breadth that spans more than three families representing
two orders of annelids. The phenomenon that subadults specializing on one type of prey for a
limited time (growth time of about 5mm of shell lengths) contradicts the previous notion that
medium individuals are trophic generalists. Individuals larger than 17mm in shell length tend to
regain an increased dietary breadth but do not feed on polychaete species that are consumed by
small individuals (e.g. Syllidae and some Eunicid species). We were not able to evaluate the
dietary specialization of individuals larger than 30mm in shell lengths because of lack of samples

in this size range. But it is more likely for large adults to prey on multiple species of the genus
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Palola than to specialize on a specific species if the trend of increase of dietary breadth observed

in adults still holds as snails grow bigger (Figure 5.4 and 5.5).

The discrepancy of our results with previous observations may be affected by temporal variation
in prey availability and/or the different experimental approaches utilized. Compared to the
traditional approach of prey identification solely based on microscopic examination of gut
contents, the DNA barcoding approach used here improves accuracy of species identification and
provides additional phylogenetic information for the incomplete taxonomical records of annelids,
especially when the pattern of dietary shifts is only prominent at the species/genera level of prey
(Figure 5.2). Differences in strategies of resource utilization employed by individuals of different
sizes/ages can be triggered by both external factors such as intraspecific competition,
microhabitat differentiation among developmental stages, and variation in body volume of
different polychaete species. Intrinsic factors associated with feeding efficiency, such as
development of radular teeth and venom potency, can affect their ability to subdue certain types

of prey as well.

2. Ontogenetic changes of conotoxin gene expression

C. ebraeus individuals exhibit extensive variability in expression levels of six conotoxin genes
relative to the estimated expression level of the B-tubulin gene (Figure 5.6). The relative
expression levels of conotoxin genes among individuals differ at up to six orders of magnitude:
from about 1/1000 to 1000-fold relative to the B-tubulin gene (Figure 5.6). For each conotoxin
gene, variation in relative expression levels among individuals is on the magnitude of about 10*

to 3x10°. But standard deviations of Ct values of these genes among triplicate samples of the
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same individual can be as high as 6, which equates to about 64-fold (2°) variation in expression
levels within an individual. Thus it is possible that the 10* -10°> magnitudes of differences in

relative expression represent experimental noise, and the real fold-changes are not so extreme.

Sliding-window/moving average analyses smoothed out variation in expression levels of these
genes and revealed a prominent pattern of change in the regulation of these genes during
development. Conotoxin genes are more frequently up-regulated in small and large individuals
of C. ebraeus than in medium sized individuals (Figure 5.7 and 5.8). Small ones seem to possess
the most diverse expressed genes and the highest abundance of conotoxin gene transcripts.
Expression levels in mature adults are not comparable to those in small individuals, even though
five out of the six genes are upregulated in adults relative to the medium sized individuals

(Figure 5.6 and 5.9).

Though the six conotoxin genes are all up-regulated among juveniles and down-regulated by
subadults, loci ED20 and EAL are almost exclusively expressed at high levels by small
individuals. Among medium and large individuals, expression levels of locus ED20 relative to
the endogenous gene can be as low as 0.001, and locus EAL exhibits large decreases in levels of
expression. This suggests that these two genes are exclusively up-regulated during early stages of
development (Figure 5.6A). Admittedly there may be other conotoxin genes that are exclusively
expressed or up-regulated in every stage of development, because each Conus individual can
produce 100-200 different conotoxins (Olivera 2002) and we only investigated patterns of
expression of six genes. The vast variation of venom compositions within species of Conus

observed previously (Jakubowski et al. 2005; Davis, Jones, and Lewis 2009; Rivera-Ortiz, Cano,
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and Mar 12011) may stem from the temporal and intraspecific variation in conotoxin gene
expression, if abundance of mature toxins in the venom is positively correlated with abundance
of conotoxin gene transcripts rather than accumulation of gene products through time.

The inconsistency in patterns and relative levels of expression among the six conotoxin genes in
this study implies that these genes possess independent regulatory mechanisms (Figure 5.6 and
5.13). New conotoxin genes emerge from gene duplication (Duda and Palumbi 1999), but it is
unclear if paralogs are regulated in a consistent manner. Variation in expression of different
conotoxin genes within the same individual and patterns of ontogenetic shifts of expression of
these genes demonstrated that conotoxin genes are regulated differentially, even for members of

the same gene family.

3. Association between conotoxin gene expression and diets

Regulation of conotoxin gene expression does not appear to show a direct relationship with types
of prey that are consumed by individuals of different size classes. Conotoxin gene expression
levels are not significantly associated with specific prey categories, nor there is any linear
relationship between them (Figure 5.11 and 5.12). We did not detect any significant difference in
dietary composition or expression levels of six conotoxin genes among juveniles, mature females
and males, implying that neither sexual maturity nor gender (among adults) plays a role in

ontogenetic shifts of conotoxin gene expression and diet (Figure 5.8).

Average expression levels instead are significantly positively correlated with shifts in dietary
diversity, with changes in conotoxin gene expression levels lagging behind dietary changes

(Figure 5.16 and 5.17). Frank (1969) found that growth rates of C. miliaris exhibit a logarithmic
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relationship with shell lengths; during the first year of growth, shell length (up to 15mm) is a
linear approximation of growth rates. The lead of dietary shifts over changes of conotoxin
expression reported here (i.e. 1-2mm of shell lengths) represents about 25 to 50 days of growth
time if we assume growth rates of C. ebraeus and C. miliaris are identical. Nevertheless,
increases in shell sizes of Conus species can be abrupt, most likely related to recent feeding
bouts (personal communication by Alan Kohn). Thus the difference in timing of dietary shifts

and conotoxin gene regulation may be negligible.

It is unclear if such a correlation is a mere coincidence or signifies the plasticity of conotoxin
gene expression. The ontogenetic shift of conotoxing gene expression is affected by changes in
dietary breadth but does not respond immediately to these changes. The up-and-down regulation
of conotoxin genes may be facultatively evoked by prey, and this ‘adjusting with prior
experience’ strategy cannot be verified with our approach of quantifying expression and diets in
the same sample concurrently. Environmental-induced morphological variation often exhibits
some time delay relative to environmental changes (Palumbi 1984; Alstyne 1988; Padilla and
Adolph 1996; Starck 1999), and this phenotypic plasticity is only advantageous when the delay
is small (Padilla and Adolph 1996). The induced morphological variation may result from gene
expression (Landry et al. 2006; Lopez-Maury, Marguerat, and Bahler 2008; Richter, Haslbeck,
and Buchner 2010; Yampolsky, Glazko, and Fry 2012), and timings of gene regulation differ
among genes and organisms. For example, increase of expression of heat-shock protein genes in
yeasts that deter the heat shock occurs almost immediately after heat exposure, but regulation
other genes that are involved in adaptation lag behind (Richter, Haslbeck, and Buchner 2010). To

understand plasticity of conotoxin gene expression and its role in delay of phenotypic changes
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relative to dietary shifts, it is important to assay the regulatory mechanisms of conotoxin genes
and the signaling pathways used by venom duct cells, which are still unknown. However, we
cannot rule out the possibility that shifts of conotoxin gene expression through development

represent a systematic process rather than being plastic with dietary changes.

We postulate that high toxicity and diverse venom composition are beneficial to capture more
diverse prey by small individuals, while venoms are fine-tuned for more specialized diets among
mid-size and large individuals. This is very similar to the pattern of venom ontogeny observed in
snakes: higher toxicity of venoms of juveniles ensures immobility of prey, while venoms
produced by adult snakes are more associated with predigestive functions (Andrade and Abe
1999; Saldarriaga et al. 2003; Mackessy et al. 2006). We did not detect any strict canalization of
conotoxin gene expression in the developmental process. Seasonality in prey availability and
prey choice may affect regulation of these genes within each size group. For example, Gibbs et al.
(2011) performed proteomic analyses of venom milked from juvenile and adult rattlesnakes
feeding on different prey, and detected larger variation of venomous peptides among adults than
in juveniles. Though our study detected an opposite pattern of variation in conotoxin gene
expression, experimental manipulation of these snails may reveal more information about the

plasticity of gene expression.

4. Relationships between conotoxin diversification and prey utilization
Results from Chapters 4 and 5 revealed that conotoxin gene evolution and expression are highly
associated with dietary specialization. Geographic variation of conotoxin genes is driven by

heterogeneity in types and extensity of selection among locations, which likely stems from
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geographic differentiation of dietary compositions. Shifts in conotoxin gene expression through
development are likely evoked by changes of prey diversity. Genetic diversity and expression of
conotoxin genes are in a positive frequency-dependent relationship with prey species, i.e. higher
diversity of prey species instigates higher allelic/nucleotide diversities and up-regulation of
conotoxin genes. Here we propose a coevolutionary relationship (bidirectional adaptations)
between the functional specificity of conotoxins and the defense mechanism of prey species. For
example, genes encoding sodium channels, targets of p- and 6-conotoxins, vary among animal
groups (Zakon 2012). Invertebrates generally possess two sodium channel genes while in
vertebrates many copies of sodium channel genes emerge from duplications (Widmark et al.
2011; Zakon 2012), but sodium channel genes are fairly variable among invertebrate species
(unpublished data in Duda Lab). Moreover, evolution of sodium channels in garter snakes and
pufferfishes is adaptive to levels of tetrodotoxin (Geffeney et al. 2005; Venkatesh et al. 2005;
Jost et al. 2008). Therefore, it is highly possible that genes encoding ion channels and neuronal
receptors are highly variable among prey species and are evolving in response to changes of
venom diversity and toxicity in Conus. On the other hand, function of conotoxin genes is highly
sensitive to non-synonymous mutations: replacement of a single amino acid in the mature toxin
potentially affects the specificity and binding efficiency of conotoxins (Terlau and Olivera 2004;
Dutertre et al. 2007; Whiteaker et al. 2007). Driven by the increase of diversity of conotoxin
targets in the prey, Conus species refine their venom through extensive gene duplication, rapid
evolution and frequent regulation of gene expression to increase the efficacy of predation. The
possibility and patterns of coevolution between Conus species and their prey require further

ecological, functional, genetic and evolutionary studies of conotoxins and their targets.
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Figure 5.1. Bayesian consensus phylogenies of mitochondrial 16S gene sequences of fecal
samples of C. ebraeus and known polychaete species.

Bayesian posterior probabilities are labeled at nodes of major clades. Sequences downloaded
from GenBank are labeled with their respective accession numbers. Sequences obtained in this
study are highlighted in bold. Putative prey species are labeled in blue next to the sequence name.
(A) Phylogeny of species of Order Eunicida with GTR (Tavar&1986) +1+G model.

(B) phylogeny of species of Family Nereididae with GTR+G model.

(C) phylogeny of species of Family Syllidae with GTR+G model.
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Figure 5.2. Boxplots of ranges of shell lengths of C. ebraeus individuals consuming different
types of prey.

(A-C) Prey categories include annelid (A) species, (B) genera and (C) orders. Types of prey are
labeled on the X-axis. n: sample size.

(D) Size distribution of C. ebraeus: overall distribution of shell lengths of individuals with
known diet.

A Prey species

0
N -
; n=6 n=3
<. '
N
'%, n=1
% — n=2
o}
i n=33 n=1
= — '
® : n=1_
: 1
: E
= : ' n=2 n=1 n=1

T T T T T T T T T T T

A Y D Q A 2 > A
P a2 o® e LTS AR I
\%&é\d\é e‘e\é\é@ e(é\d\do ?9\0\3 pa\o\a ?a\o\a @)“\o\ @)(\\o\ (,,0(‘\0\ 6\!\\\& %‘5\\\60
W
B Higher taxonomic level (genus) C Prey order D Conus ebraeus
Q — & — < —
csf 1 s Q1 s &
) = g 2
S ' 9 o
- g i —] n_17 ;I
T E 2 2
&5 21 Ln=35 ' » 21 n=37 w8 n=54
= I -y °1 = ;
& 0d9° o & o
R . o\ W
& J RO ‘\\;\\06 e
e
o™

167



Figure 5.3. Boxplots of ranges of shell lengths of C. ebraeus individuals consuming different
types of prey that are identified with microscopic examination of fecal samples.

(A) Prey identified at the genus level with the approach of microscopic examination. Types of
prey are labeled on the X-axis. n: sample size.

(B) Size distribution of C. ebraeus: overall distribution of shell lengths of individuals with
known diets.
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Figure 5.4. Sliding window analyses of dietary diversity.

(A-F) (A-B) Shannon’s index, (C-D) Simpson’s index, (E-F) average genetic distance (GD) of
prey compositions. X-axis is average shell lengths of C. ebraeus individuals in the sliding-
window analyses. Gray dashed lines are the fitted curves of polynomial regression.
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Figure 5.5. Heatmaps of dietary ontogeny of C. ebraeus individuals.

(A) Heat map of frequencies of prey species consumed by C. ebraeus individuals of the same
size (shell lengths rounded to integers).

(B) Heat map of pairwise Dst values calculated with the Tamura-Nei model among size classes
of sliding-window analyses (window size=5). P-values are estimated with simulations of 10,100
replicates, and significant results (P-value<0.05) are labeled with asterisks in the cells.
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Figure 5.6. Heatmaps of relative expression levels of six conotoxin genes among individuals.
Row variables are individuals with different shell lengths, and column variables are six
conotoxin loci. The column dendogram is illustrated above the column labels.

(A-B) Heatmaps with inputs of each cell as (A) absolute -AC+ values between the specific
conotoxin locus and the B-tubulin locus and (B) centered and standardized -AC+ values (Z-score)
for each conotoxin locus.
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Figure 5.7. Hierarchical clusters of C. ebraeus individuals based on relative levels of
expression of the six conotoxin genes.

(A) Dendogram of clusters classified with Wald’s method. The two major clusters are labeled at
the top nodes.

(B) Size frequency distribution of individuals within the first cluster defined in (A).

(C) Size frequency distribution of individuals within the second cluster defined in (A).
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Figure 5.8. Clustering results with the PAM method.
-ACy of all six conotoxin genes were used for the analysis after removal of three outliers.

(A-B) Patterns of distribution of individuals in (A) two clusters and (B) three clusters. Each
cluster is represented by different symbols and circled by blue curves. The first two components
explained 74.03% of variability.

(C-D) Size frequency distributions of the two clusters defined in panel A: (C) cluster 1, (D)
cluster 2.

A PAM: two clusters B PAM: three clusters

Cluster 1 &
Cluster 2 o &

Component 2
0
1
D
>
%o
o
o
Component 2

Component 1 Component 1

C Histogram of Cluster 1 D Histogram of Cluster 2

© - — © —

Frequency
3

Frequency
?

5 10 15 20 25 5 10 15 2 2
Shell Length Shell Length

173



Figure 5.9. Moving averages of relative expression levels (-ACr) of the six conotoxin genes
among individuals of different shell lengths (window size=5mm in shell lengths).

(A-F) (A) Locus E1, (B) locus EAL, (C) locus EA4, (D) locus ED4, (E) locus EDS8, and (F) locus
ED20.
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Figure 5.10. Simulated moving averages (window size of 5mm shell lengths) of expression
levels (-ACv) of six conotoxin genes.

The simulation process involved randomly sampling two individuals of each shell size from
pools of individuals of the same shell length, pooling these samples of different sizes together as
a new dataset, and estimating moving averages for each locus through development. The whole
procedure was repeated for 100 times and all results for each locus were plotted in the same
figure with different colors among generations of simulation. (A) Locus E1. (B) Locus EAL. (C)
Locus EA4. (D) Locus EDA4. (E) Locus EDS. (F) Locus ED20.
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Figure 5.11. Boxplots of expression levels of C. ebraeus individuals feeding on different prey

species.

(A-F) Conotoxin loci examined are (A) locus E1, (B) locus EAL, (C) locus EA4, (D) locus ED4,
(E) locus ED8 and (F) locus ED20. Sample sizes of each category are labeled in (A).
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Figure 5.12. Boxplots of relative conotoxin gene expression levels among individuals
feeding on different prey types.

Other Eunicida spp.: all Eunicida species except Palola. Eunicida: all Eunicida species. Non-
Nereididae: prey species that are not of family Nereididae.

(A-F) Conotoxin loci examined are (A) locus E1, (B) locus EAL, (C) locus EA4, (D) locus ED4,

(E) locus EDS8 and (F) locus ED20. The sample sizes of each category are labeled next to the
average lines of boxplots in panel A and are the same for all panels.
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Figure 5.13. Heatmaps of conotoxin gene expression levels among C. ebraeus individuals
with known prey species.

The row variables are individuals and the column variables are conotoxin genes. The input of
each cell is (A) absolute and (B) scaled and centered -AC+ values between each conotoxin gene
and the B-tubulin locus. Row labels on the left are shell lengths (mm) of each individual; those
on the right are prey species. The column dendogram is illustrated above column labels.
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Figure 5.14. Hierarchical clusters of C. ebraeus individuals with known prey species based
on patterns of expression of six conotoxin genes.

(A) Dendogram of individuals with the Wald’s method. Shell lengths and prey species of each
individual are labeled at the tip of each branch. The two major clusters are labeled at basal nodes.

(B-C) Size frequency distribution of shell lengths of individuals in (B) cluster 1 and (C) cluster 2
as defined in (A).
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Figure 5.15. Patterns of ontogenetic shifts of levels of expression of conotoxin genes and
dietary diversities.

Average levels of expression of the six conotoxin genes and dietary diversities are calculated
with the sliding window approach (window size=5mm), centered and standardized. Dietary
variables include Shannon’s index (H’), Simpson’s index (S) and average genetic distances (GD).
(A-B) Plots of standardized dietary variables and relative levels of expression of (A) loci E1,
EA4, ED4 and EDS8 or (B) loci EA1 and ED20 against shell lengths.
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Figure 5.16. Cross-correlation of time series of conotoxin gene expression levels with
dietary diversities.

The time trajectory is represented by increase of shell lengths. Dietary variables include
Shannon’s index (H’), Simpson’s index (S) and average genetic distances of 16S gene sequences
of prey (GD). In each plot, Y-axis is the correlation coefficient of two series, X-axis is the lag in
shell lengths of dietary variables compared to conotoxin gene expression levels, and blue dashed
lines are 95% confidence intervals. Any vertical line exceeding the 95% confidence intervals
signifies a significant positive or negative correlation.

(A-F) Cross-correlations of dietary variables with relative levels of expression of (A) locus E1,
(B) locus EAL, (C) locus EA4, (D) locus ED4, (E) locus ED8 and (F) locus ED20.
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Figure 5.17. Linear regression of specific lag of expression levels of each conotoxin locus
with dietary variables (S, H’ and GD).
Equations and R? values of linear regression are labeled next to the fitted trend line. All slope

variables are significant based on 5% significance levels except locus ED20 against S in (E).

Both axes are centered and standardized.

(A-E) Linear regression of lag of (A) locus E1, (B) locus EA4, (C) locus ED4, (D) locus ED8
and (E) locus ED20 against dietary variables.
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Figure 5.18. Boxplots of conotoxin gene expression levels among groups of individuals
classified by sexual maturity.

Female and male: mature females and males. Juvenile: immature individuals (<12mm in shell
lengths).

(A) Size distributions of individuals among three groups. Sample sizes (n) are labeled next to
each group.

(B-G) Conotoxin gene expression levels among groups. Sample sizes of each group are the same
as in panel (A). (B) locus E1; (C) locus EAL; (D) locus EA4; (E) locus ED4; (F) locus EDS; (G)
locus ED20.
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Table 5.1. Primers for the six conotoxin genes and that were utilized in Real-time gPCR.
Putative conotoxin type encoded by each locus is labeled in parentheses of the ‘superfamily’
category. ‘Toxin’: toxin-coding region. The IUPAC nomenclature code (Johnson 2010) is used
in primer sequences.

Type Superfamily Locus Location Primer Sequence (5’ to 3°)
O
. El Prepro | CATCGTCAAGATGAAACTGACGTG
(o-conotoxin)
O
Forward | EDAEDS | ponio | CATCACCAAGATGAAACTGAC
primer | (3-conotoxin) ED20
A
. EAL, EA4 Prepro | ATGGGCATGCGGATGATGTTCAC
(a-conotoxin)
O .
. El Toxin | ATCACGAAAGGGAAATATCAGGCG
(o-conotoxin)
o ED4 Toxin CATTACATAAGCCATTGCAGCATCC
Reverse _ EDS Toxin | CAACTAGAGGCAGACGTGGAAAAG
primer | (3-conotoxin) :
ED20 Toxin | AGCTCAACTAGGCGCAGTTGAAAT
A EAl Toxin GGGTCCTGGAGCATCAGCCTTTA
(a-conotoxin) EA4 Toxin | TAKCAGCGTCTTCAACGACAATTC
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Table 5.2. Fisher’s exact tests of prey compositions between size classes of C. ebraeus
individuals.

Small: individuals with shell lengths less than 11mm. Medium: individuals with shell lengths
between 11mm and 17mm. Large: individuals with shell lengths larger than 17mm. P-values
were estimated by the Monte Carlo simulation of 100,000 replicates.

Null hypothesis Alternative hypothesis P-value
Small = Medium = Large Small # Medium # Large 0.001
Small = Medium Small # Medium 0.024
Medium = Large Medium # Large 0.004
Small = Large Small # Large 0.111
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Table 5.3. Pairwise @st values among C. ebraeus individuals of different size classes and

locations.

P-values were estimated by 10,100 repeats of permutations. Guam 2008: adult samples (>20mm
in shell lengths) collected at Guam in 2008. All data at Guam (2008), Hawaii and American
Samoa were obtained from Chapter 4. Small: shell lengths less than 20mm; medium: shell
lengths between10 to 20mm; large: shell lengths larger than 20mm. All individuals: all C.

ebraeus samples collected at Guam in 2010 in this study. Sample sizes (n) of each
group/population are listed in the row and column labels. Am Sam: American Samoa.

Medium Large Guam 2008 Hawaii Am Sam
(n=22) (n=13) (n=29) (n=48) (n=21)
(P-value) (P-value) (P-value) (P-value) (P-value)
Small -0.026 0.009 0.014 0.287 0.034
(n=14) (0.964) (0.276) (0.197) (0.000) (0.096)
Medium 0.005 0.023 0.280 0.042
(n=22) ) (0.320) (0.100) (0.000) (0.047)
Large 0.016 0.187 0.053
(n=13) ) ] (0.198) (0.000) (0.042)
All individuals 0.021 0.260 0.047
(n=49) ) ] (0.065) (0.000) (0.016)
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