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Abstract 

REEF FISH POPULATION GENOMICS AND HYBRIDIZATION USING 

RADSEQ: A CASE STUDY WITH DASCYLLUS TRIMACULATUS 

 

Eva M. Salas De la Fuente 

The ecological and evolutionary dynamics of populations vary at different 

spatial and temporal scales. This is especially evident in the case of reef fishes, 

with bi-partite life cycles where the adult stage is benthic and sedentary, while its 

larval stage is capable of traveling long distances in the plankton. Understanding 

the genetics of populations at different evolutionary and ecological scales can help 

reveal metapopulation dynamics and speciation in the sea. Here I investigate 

population genomic patterns of the reef fish Dascyllus trimaculatus within a 

biogeographic province (the Red Sea and Arabian Peninsula), within an ocean 

basin (the Indian Ocean, that includes two biogeographic provinces), and at the 

intersection of biogeographic regional boundaries (at Cocos-Keeling Islands and 

Christmas Island, where Indian and Pacific Ocean marine faunas overlap). The 

goal is to understand the past and contemporary patterns of dispersal, and explore 

how relevant small and large-scale processes are to population subdivision and 

speciation. I used Restriction Site Associated DNA (RAD) markers to generate 

SNPs to study population genetic structure. In Chapter 1, I found strong genetic 

differentiation within the Red Sea. The region of Aqaba and the Northern Red Sea 

are different from the Central Red Sea and there is a genetic break between the 

Central Red Sea and the Farasan Islands. I also found differences between the Red 

Sea and the Arabian Peninsula populations. Most of the genetic structure was 
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found in the loci outliers, suggesting that divergent selection may be acting on the 

species and allowing it to adapt to different environmental conditions. In Chapter 

2, I found genetic differentiation of D. trimaculatus populations between the 

Nortwestern Indian Ocean biogeographic province (Red Sea and Arabian 

Peninsula) and the Western Indian Ocean province (Indian Ocean islands and the 

African coastline), supported by analysis with neutral loci and outliers. The 

differences between provinces may be attributed to the complex history of the Red 

Sea and Arabian Peninsula, the lack of suitable habitat on the coasts of Oman and 

Somalia, strong upwellings and the changing environmental conditions found in 

the Red Sea and Arabian Peninsula. The Indian Ocean D. trimaculatus has strong 

genetic differences with the Pacific Ocean populations. In Chapter 3, I studied D. 

trimaculatus populations of Pacific and Indian Ocean genetic clades in islands 

where the two groups overlap. I found cryptic hybridization between the Indian 

Ocean and Pacific Ocean D. trimaculatus genetic clades in the marine suture zone 

of Cocos-Keeling Islands and Christmas Island. I also found that there are 

consistent differences between the Pacific and Indian Ocean clades in the color of 

the rear of the dorsal fin. Future work will separate the Pacific and Indian Ocean 

D. trimaculatus into two species. This body of work shows the powerful approach 

of SNP markers to detect cryptic patterns of population structure, which remain 

difficult to discover using traditional genetic markers. 
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Introduction 

	
  
Coral reefs are highly diverse and complex ecosystems, which provide 

shelter to thousands of species, and food and economic revenue for humans. Reefs 

can be patchily distributed or continuous, forming extensive barriers comprised of 

lagoons, crests and walls, or alternatively small and fragmented fringing reefs or 

coral patches. To add to the spatial complexity, these are widely distributed along 

the tropics, from highly continuous continental shelves to isolated oceanic islands.  

 

One of the most important drivers of evolution of coral reef-associated 

species is the degree of connectivity between reef–associated populations. The 

majority of marine organisms reproduce by releasing thousands of gametes, which 

turn into tiny larvae floating in the open ocean. Imagine the life of larvae: where 

do the currents carry them? And how do larvae connect all these reef-associated 

populations? How does population connectivity via larval dispersal influence the 

patterns and rate of evolution, including speciation, of coral reef species? Most 

importantly, how do the different spatial scales of dispersal and population 

connectivity found in coral reefs affect the ecology and evolution of its 

inhabitants?  

 

The importance of spatial scale in ecology and evolution is widely 

recognized. Our interpretations of biological processes can dramatically change 

depending on the scale at which the pattern is described. In population genetics, 

processes that influence gene flow may only be identifiable at certain scales. 
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Patterns of gene flow reveal the footprint of larval dispersal through thousands or 

millions of years, and also recent dispersal events.   

 

The genome of any organism can be thought of as a record of millions of 

years of history. Genes with faster rates of evolution manifest recent history; 

while genes that evolve slowly reflect older processes (Wang 2010). The field of 

phylogeography has developed powerful coalescent analysis to detect deep and 

shallow branching events. When the branches are shallow, landscape and 

population genetics become most informative (Wang 2010). The latter field is 

especially good at detecting contemporary patterns of dispersal, if appropriate 

genetic markers are used (Wang 2010). 

 

Recent studies have shown how phylogeographic analysis and landscape 

genetics can be an excellent complement to each other (Braaker & Heckel 2009; 

Pease et al. 2009; Wang 2010). A combined approach can help disentangle the 

force of contemporary versus historical events on a species (Zellmer & Knowles 

2009). Mathematical models of species’ range shifts often require the integration 

of phenomena that occur at multiple scales (Levin 1992), because minor 

differences in the local dynamics of individuals could result in radically different 

patterns at larger scales (Chave 2013). These models are necessary to understand 

the consequences of climate change, habitat loss and the design of protected areas 

(Levin 1992), but could not be accomplished without information about the 

processes acting across multiple spatial scales. Future work could also identify 

predictable relationships between these processes to inform these models. 



	
  

	
   3	
  

My thesis is about the molecular ecology of a coral reef fish at different spatial 

scales. I am applying genomics to evolutionary and ecological questions, 

concerning the dispersal of marine larvae, the connectivity of populations between 

coral reefs, and evolutionary barriers to gene flow. My model species is the three-

spot damselfish, Dascyllus trimaculatus. I use RADSeq to generate thousands of 

SNP markers to elucidate patterns of gene flow among populations. 

 

Study species: Dascyllus trimaculatus 

 

My study species is the three-spotted dascyllus, Dascyllus trimaculatus 

(Pomacentridae). It is a widespread, territorial damselfish that can live from zero 

to 55 meters deep, inside and outside of reef lagoons (Bernardi et al. 2001). D. 

trimaculatus is a demersal spawner. Males prepare and guard nests where females 

lay eggs (McCafferty et al. 2002). After 3-4 days the larvae hatch (Bernardi et al. 

2001; Garnaud 1957). Its pelagic larval duration (PLD) is about 22-26 days 

(Wellington & Victor 1989). D. trimaculatus recruits settle into anemones and 

spend a few months as juveniles before migrating to the reef. Although settlers 

have been observed in habitats other than anemones, this is uncommon (Leray et 

al. 2010). Eventually, juveniles leave the dependency with anemones, but as 

adults they tend to stay nearby. D. trimaculatus feeds on plankton and forms large 

feeding groups over the reefs. Post-settlement mortality is high, but the juveniles 

that survive in the anemones have greater survivorship in the transition from the 

anemone to coral reefs (Bernardi, comm. pers.). D. trimaculatus was chosen 

because it is small, easy to collect and study, much genetic work has been done on 
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it, it has a short PLD, and it has a widespread distribution, encompassing the Red 

Sea, Indian Ocean and extends to the Central Pacific Islands. 

 

This species belongs to a complex divided into five major mitochondrial 

clades: 1) the Marquesas endemic D. strasburgi, 2) the Hawaiian D. albisella with 

cryptic divergence, 3) the French Polynesian D. trimaculatus, 4) the Pacific rim 

clade comprising two introgressed groups: D. trimaculatus and D. auripinnis, and 

5) the Indian Ocean D. trimaculatus (Bernardi et al. 2003; Bernardi et al. 2001; 

Bernardi et al. 2002; Leray et al. 2010; McCafferty et al. 2002). Earlier studies 

described a well-mixed Indian Ocean group, based on mitochondrial control 

region and microsatellite data (Bernardi et al. 2002; Leray et al. 2010). The Indian 

Ocean population was also reported as the D. trimaculatus basal group and 

exhibited the highest genetic diversity (Leray et al. 2010). 

 

Study system: the Indian Ocean 

 

The Indian Ocean is located between Africa, Asia and Australia. It is a 

~8,000km wide basin that extends from East Africa to Western Australia, and 

contains about 3,000 islands with mountains and hills and coral islands and atolls. 

The Indian Ocean is one of the warmest bodies of seawater. Its weather is 

influenced by monsoons and seasonal cyclones. The prevailing currents flow 

clockwise in the northern hemisphere with reversals during the winter, and flow 

and counterclockwise in the southern hemisphere (Allen & Steene 1987).  
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The three chapters of this dissertation provide insight into the underlying 

processes that shape and maintain the marine biodiversity of coral reef fishes 

within the Arabian Peninsula and the Indo-Pacific Ocean. Chapter one is about 

population connectivity of Dascyllus trimaculatus in the Red Sea and Arabian 

Peninsula. The first chapter’s goal is to investigate the population connectivity of 

these two regions, and the fine scale patterns of genetic structure within the Red 

Sea. Specifically I am interested in evaluating the effect of a potential dispersal 

barrier at 20 degrees N of latitude within the Red Sea. In this chapter I discovered 

that this species shares the same genetic breaks as other species found in the 

region. Interestingly, it only shows these patterns in outlier loci that are candidates 

for divergent selection.  

 

In Chapter two, I explore population genomics of Dascyllus trimaculatus 

at a larger scale within the Indian Ocean. The objective is to assess population 

structure in Indian Ocean D. trimaculatus and to consider the relative contribution 

of neutral and adaptive processes in partitioning diversity in this geographic 

region. I hypothesize that Indian Ocean D. trimaculatus are not a single panmictic 

population, and that increased resolution will reveal genetic differentiation across 

the region. In this chapter I find genetic divergence between Arabian Peninsula 

and Western Indian Ocean populations, in both neutral and outlier loci, but the 

pattern is clear-cut in the outlier loci. Certain portions of the genome reveal that 

coral reef fishes, despite their capacity of long distance dispersal, show a strong 

signal of local retention or alternatively, local adaptation.  
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In Chapter three, I zoom out to a region that is the crossroad between 

Indian and Pacific Ocean fauna. This chapter is about the genomic structure of 

Dascyllus trimaculatus in a marine suture zone, where hybrids of many reef fishes 

have been found. Data from chapter three shows that the Pacific and Indian Ocean 

clades of Dascyllus trimaculatus hybridize at Cocos-Keeling Islands and 

Christmas Island, and that the dynamics of hybridization are different in each 

island, leading to different evolutionary outcomes.  

 

This dissertation will help advance the science needed for conservation in 

the Indian Ocean, the Arabian Peninsula and highlight the importance of Cocos-

Keeling Islands and Christmas Island as regions of evolutionary importance. I had 

the opportunity to study reefs very difficult to access. I also had the chance to 

meet many collaborators doing research in the Red Sea and Indian Ocean. I am 

working with several scientists from the region and I want to make these data 

available to help identify key conservation units in the Indian Ocean, as well as to 

help build management plans in Saudi Arabia.  
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CHAPTER 1 

CONNECTIVITY OF DASCYLLUS TRIMACULATUS IN THE ARABIAN 

PENINSULA AND THE RED SEA 

 

ABSTRACT 

	
  
The study of connectivity between populations is key for the design of 

Marine Protected Areas (MPAs), and it is important to include multiple species to 

account for the variability of life histories. Here, I contribute with a population 

genomic study of the three-spot dascyllus (Dascyllus trimaculatus), a common 

and widespread reef fish throughout the Indo-Pacific. The aim of my study was to 

determine the patterns of genetic structure in the Red Sea and Arabian Peninsula 

and to test if this study species shows a genetic break within the Red Sea 

associated with environmental changes found south of 20°N. I sampled 

populations within the Red Sea along the coast of Saudi Arabia, and outside of the 

Red Sea in the Arabian Peninsula, and carried out analysis using SNPs generated 

by RADSeq, using neutral and outlier loci. Neutral loci revealed low but 

significant genetic structure between the Red Sea and Arabian Peninsula, and low 

genetic structure within the Red Sea populations. Analysis of loci outliers under 

divergent selection show strong genetic differences between the Red Sea and 

Arabian Peninsula, in particular there is a strong difference between Socotra and 

the rest of populations. Within the Red Sea, outliers revealed a strong genetic 

break at 20°N, coarsely concordant with the previously identified genetic break 

but not exactly in the same location previously found for low-dispersal species. 

The patterns of genetic differentiation found in the outliers may be due to 
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adaptation to the steep environmental gradient in the Red Sea, and future studies 

should investigate what mechanisms and what genes are involved in these 

changes. 

	
  
 

INTRODUCTION 

 

Dispersal is an important feature in marine populations; it can influence 

the distribution and range of species (Bowler & Benton 2005), the dynamics and 

persistence of populations, and from an evolutionary perspective, determine the 

levels of gene flow and local adaptation (Dieckmann et al. 1999). Dispersal from 

the parental habitat is advantageous as it can reduce intraspecific competition and 

the likelihood of inbreeding, and facilitate range expansion and diminish local 

extinction risk (Pechenik 1999). However, it can also lead to high mortalities 

during the dispersal stage, with no guarantee of finding suitable habitat (Gadgil 

1971), and in the long term, may prevent adaptation to local conditions (Pechenik 

1999). Thus it is unclear whether or not selection would favor recruitment in close 

proximity to parents. 

 

Resolving dispersal abilities is an important task for understanding the 

ecology of populations, communities and ecosystems. It can help determine 

population boundaries or the existence of metapopulations (Weersing & Toonen 

2009). With this knowledge, ecologists can improve the accuracy of predictions 

about population distribution and dynamics. This is also a matter of interest for 

the conservation of fish stocks and the design of marine protected areas (Botsford 
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et al. 2009). Ideally, managers would like to identify source populations and 

protect them, so that they can replenish other populations. These important 

questions have formed part of the basis for the study of marine population 

connectivity. 

 

In the field of population genetics, traditional measurements, such as 

assessing changes in allele frequencies, have been useful for determining 

population boundaries, particularly when they are strong and usually at large 

spatial scales (Hellberg 2009). They also have been useful for looking at isolation 

by distance and dispersal kernels (Hellberg 2009). One of the biggest issues is that 

traditional population genetic approaches and traditional markers often cannot 

resolve population boundaries in marine organisms, due to their large effective 

population sizes (Benestan et al. 2015). In such large populations, a few migrants 

per generation can conceal population structure at contemporary scales. For 

example, Thalassoma lucansanum was found to have high self-recruitment using 

otolith chemistry data (Swearer et al. 1999), however, it was also found to lack 

genetic differentiation across the whole Caribbean sea, based on analysis with 

microsatellite data (Haney et al. 2007; Purcell et al. 2006). This means traditional 

genetic markers may be missing the effect of important contemporary processes. 

 

The best approaches to assess population connectivity are the use of 

parentage analysis and relatedness tests (Almany et al. 2007; Christie et al. 2010; 

Jones et al. 1999; Jones et al. 2005). Some of the limitations of these methods are 

that a large representation of the population needs to be sampled, limiting the 
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number of possible studies due to cost and intensive fieldwork (especially for 

parentage analysis). A possible solution is to explore the effect of more recent 

processes with the use of high-resolution genetic markers. The extraction of SNPs 

with RAD Sequencing has become a popular approach, where now it is possible 

to obtain thousands of loci and classify them as loci under selection and neutral 

loci. Therefore, scientists have access to higher resolution due to the large number 

of markers, and also with the possibility to study the contemporary role of 

selection and adaptation. 

 

Here, I contribute with a population genomic study of the three-spot 

dascyllus (Dascyllus trimaculatus), a common and widespread reef fish 

throughout the Indo-Pacific. The aim of this study is to determine the patterns of 

genetic structure in the Red Sea and Arabian Peninsula using a hierarchical 

approach. I first determine the patterns of genetic structure at a large scale 

including the whole study region, and then focus on the Red Sea. I analyze neutral 

and outlier loci to test if this study species shows a genetic break within the Red 

Sea associated with environmental changes found south of 20°N, and to test if 

there are genetic differences between the Red Sea and the Arabian Peninsula 

using RADSeq.  

	
  
 

MATERIALS AND METHODS 

 

Sample collections and data analysis 
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I obtained samples of Dascyllus trimaculatus during research expeditions 

between 2013 and 2015 (except Oman, in 2004). Individuals were collected using 

Hawaiian slings or hand nets. Immediately after collection, fin clips were placed 

in 95% ethanol and stored at -20° C in the laboratory. Samples were categorized 

into eight populations (Fig. 1.1), based on results of earlier connectivity studies on 

the Red Sea and Arabian Peninsula (Nanninga et al. 2014; Saenz‐Agudelo et al. 

2015).  

 

Library preparation 

 

Genomic DNA was extracted from preserved tissue samples. The 

NucleoSpin® 96 tissue kit (Macherey-Nagel) was used according to the 

manufacturer protocol. DNA concentration was measured in a SpectraMax® Plus 

384 Microplate Reader (Molecular Devices), using the Qubit HS dsDNA essay kit 

(Life Technologies), and each sample was standardized to 500 ng. Two libraries 

with 96 individuals each were prepared using the double-digest RADSeq protocol 

described by Peterson et al. (2012), with modifications. The protocol uses two 

barcoding steps, one in the ligation and another one in the PCR. Samples were 

digested for 3 hours at 37°C, using restriction enzymes SphI and MluCl (New 

England Biolabs). Digests were quantified with Qubit HS dsDNA essay kit (Life 

Technologies) and a Qubit 2.0 Fluorometer, and then cleaned with Dynabeads M-

270 Streptavidin (Life Technologies). A set of 16 unique barcodes was used 

during ligation. After ligation, the first sets of barcoded individuals were pooled 

and bead cleaned, to obtain six pools per library. Pools were size-selected for a 
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range of 400 bp using a 2% agarose gel that was ran for 45 minutes, and purified 

with the ZymocleanTM Gel DNA Recovery Kit (Zymo Research). Pools were 

barcoded using unique Illumina Indexes and amplified with 10 PCR cycles, using 

the high-fidelity Platinum Taq DNA polymerase (Thermo Fisher Scientific). The 

size selection of the pools was verified using a High Sensitivity Kit on a 2100 

Bioanalyzer (Agilent Technologies). Product concentration was measured before 

pooling into single libraries. A qPCR was used for quantification using a KAPA 

Library Quantification Kit with an Illumina Primer premix kit, run in an ABI 

7900HT fast real-time PCR system. Pools then were standardized and merged.  

Two libraries consisting of 6 uniquely barcoded pools each (96 individuals), were 

sequenced in two lanes on an Illumina Hi-Seq 2000, at KAUST Genomics Core 

facilities, which resulted in 292,778,914 single end reads altogether (101bp).  

 

Loci assembly 

 

Loci were assembled using STACKS v1.30 (Catchen et al. 2013; Catchen et 

al. 2011). Raw data were demultiplexed and filtered using the “process_rad_tags” 

script. Average quality scores were determined within a sliding window 15% the 

length of the sequence, and reads with scores below 90% probability of being 

correct were discarded. I discarded samples with less than 5,000 polymorphic loci. 

Barcodes were trimmed resulting in 96 bp sequences, and loci were assembled 

using the STACKS “de_novo_map.pl” pipeline, using a minimum of three identical 

reads to create a stack (m= 3), three mismatches allowed between loci within an 
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individual (M= 3), five mismatches when aligning reads (N= 5), and two 

mismatches when building the catalog (n= 2).  

 

I used the “populations” script to obtain desired subsets of loci. In order to 

do a hierarchical analysis of population genetic structure, I produced two datasets: 

1) a large-scale dataset that included all the sampled populations from the Red Sea 

and Arabian Peninsula, and 2) a small-scale dataset including only the Red Sea 

populations. I did that to obtain a powerful subset of loci to independently analyze 

population structure within the Red Sea, and to make sure the loci shared were 

polymorphic within the Red Sea (if I manually remove populations of the larger 

dataset instead of starting with a new filter designed for the Red Sea, some loci 

may be fixed for the Red Sea but polymorphic in the large scale dataset).  

 

The settings used in the large-scale dataset (Red Sea and Arabian 

Peninsula) were loci shared between all populations (p= 8), in at least 75% of 

individuals within a population (r= 0.75) and with coverage of 8x (m= 8). I used 

the first SNP of each sequence, and removed loci with minor allele frequencies 

lower than 5%. The filtering resulted in a total of 149 individuals with 2,977 loci 

and a data matrix 90% complete (see Fig.1.1 for samples per site).  

 

The settings used in the small-scale dataset (Red Sea) were loci shared 

between all populations (p= 5), in at least 75% of individuals within a population 

(r= 0.75) and with coverage of 8x (m= 8). I used the first SNP of each sequence, 

and removed loci with minor allele frequencies lower than 5%. The filtering 
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resulted in a total of 108 individuals with 3,816 loci and a data matrix 89% 

complete  

 

For all downstream analyses, I used the STRUCTURE output files produced 

by STACKS, which were converted to other file formats using PGDSPIDER 2.0 

(Lischer & Excoffier 2012). 

 

RADSeq data analysis 

 

For the small scale and the large-scale dataset, I did the following: I 

identified outlier loci using the modified FDIST approach (Excoffier et al. 2009) 

implemented in ARLEQUIN (Excoffier & Lischer 2010). Using these results I 

classified each locus into one of three categories: 1) divergent outlier loci that 

have FST values significantly higher than expected (p-value <0.01) 2) candidate 

loci under balancing selection that have FST values significantly lower than 

expected (p-value <0.01), and 3) neutral loci that include the remaining ones. 

Population genetic analyses were applied to all loci, neutral loci and divergent loci 

separately. Balancing loci were not used in data analysis. Hereafter, divergent 

outlier loci are referred to as “outliers”. 

 

To analyze hierarchical population structure, I applied an Analisis of 

Molecular Variance (AMOVA) with ARLEQUIN 3.5.1.2 (Excoffier & Lischer 

2010). Global and pairwise FST values were estimated with ARLEQUIN using 

10,000 permutations. Genetic assignment of individuals was calculated with 
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STRUCTURE (Pritchard et al. 2000) using correlated allele frequencies in an 

admixture model, one million Markov chain Monte Carlo (MCMC) repetitions 

and 100,000 burn-in runs. I ran 10 simulations for each K (from 1 to 9 for the 

large-scale dataset, from 1-6 for the small-scale dataset). The most likely number 

of clusters (K) was determined with the Evanno method (Evanno et al. 2005) 

using STRUCTURE HARVESTER (Earl & vonHoldt 2012). DISTRUCT (Rosenberg 

2004) was used to generate the graphical display of population structure using the 

output of CLUMPP (Jakobsson & Rosenberg 2007). A non-Bayesian clustering 

method was also applied, the discriminant analysis of principal components 

(DAPC) (Jombart et al. 2010), available in ADEGENET (Jombart 2008) for R (R 

Development Core Team 2015). This multivariate method does not rely on 

population genetics models and generates a graphical representation of population 

relationships. The method seeks to show differences between groups as best as 

possible while minimizing variation within populations (Jombart et al. 2010). The 

best number of principal components (PCs) was identified using the cross 

validation method (“xValDapc” function in ADEGENET). The “find.clusters 

algorithm” was also calculated, to investigate the putative number of genetic 

clusters in the data. 

 

RESULTS 

 

Analysis of loci outliers 
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In the large-scale dataset (Red Sea and Arabian Peninsula) I obtained a 

total of 2,977 loci. The analysis identified 68 outliers for positive selection, 43 

outliers for balancing selection, and the remaining loci (2,866) were classified as 

neutral. In the small-scale dataset (Red Sea) I obtained a total of 3,816 loci. The 

analysis identified 77 outlier loci under positive selection, 35 under balancing 

selection, and the remaining loci (3,704) were classified as neutral.  

 

Population genomics in the Red Sea and Arabian Peninsula (Large-scale 

dataset) 

 

In the large-scale dataset AMOVA, the groups defined were the Red Sea 

(AQA, NRS, CRS, SRS, FAR) and the Arabian Peninsula (DJI, SOC, OMA). 

AMOVA analysis only revealed significant differences between the Red Sea and 

Arabian Peninsula when analyzing all the loci (n=2977, Table 1.1) and the outliers 

(n=68, Table 1.1). Pairwise FST comparisons showed that Oman was significantly 

different from the other populations for neutral loci, all loci, and the outliers 

(Tables 1.2,1.3,1.4). Socotra was different in analysis with all loci and outliers 

(Tables 1.3,1.4). Northern Red Sea was different in neutral and all loci, but not 

outliers (Tables 1.2,1.3). Dijbouti was only different in the outlier pairwise FST 

comparisons (Table 1.4).  

 

Bayesian population clustering with STRUCTURE showed no differences 

(k=1) when using all loci or neutral loci (Fig. 1.2). In contrast, analysis with the 

outliers revealed strong genetic structure. The Evanno method supported the 
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presence of 2 genetic groups: Socotra and all the other populations (for k=2, 

∆K=7007). The Evanno method also supported 3 genetic groups: Socotra, Red 

Sea and a group of Djibouti and Oman (for k=3, ∆K=235). Upon visual inspection 

of the individual assignments for the two most likely answers, here I show the 

result with the three genetic groups (Fig. 1.2), because it is informative about the 

population structure, and in these type of situations when there is clear genetic 

structure is better not to strictly adhere to the Evanno method or other statistical 

methods to define the number of genetic clusters (Meirmans 2015).  

 

The DAPC, a method that does not rely on population genetic models, 

showed similar results to those revealed by STRUCTURE (Fig. 1.3). All the 

populations formed one group in the neutral loci analysis, and the number of 

clusters determined by DAPC was one. With all the loci, the DAPC showed that 

Socotra is the most differentiated of all (Fig. 1.3), followed by Oman and 

Northern Red Sea, however such differences are not large because the number of 

clusters determined by DAPC was one. Outlier loci DAPC showed that Socotra is 

the most differentiated, followed by Oman and Djibouti (Fig. 1.3), and the 

analysis determined the presence of four genetic clusters. 

 

Population genomics within the Red Sea (Small-scale dataset) 

 

In the small-scale dataset AMOVA, the groups defined were the high-

latitude populations (AQA, NRS, CRS) and low-latitude ones (SRS, FAR). 

AMOVA analysis showed no significant differences between the high latitude and 
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low latitude Red Sea groups that I defined (Table 1.5).  This is true for all the 

analysis (all loci, neutral or positive). Pairwise FST comparisons for neutral and all 

loci showed that the Northern Red Sea is significantly different from Aqaba and 

Central Red Sea (Tables 1.6,1.7). All comparisons were significant with the 

outliers (n= 77), in this case Southern Red Sea and Farasan had the largest 

differences with all the other populations (Table 1.8).  

 

Bayesian population clustering with STRUCTURE showed no differences 

(k= 1) when using all loci or neutral loci (Fig. 1.2). Analysis with the outliers 

revealed the presence of 3 clusters, supported by the Evanno method (∆K=235): 

some individuals from Aqaba and Northern Red Sea are a distinct genetic group 

(Fig. 1.2). There is a central cluster formed by the majority of Northern Red Sea 

and Central Red Sea individuals, with some of the Southern Red Sea individuals. 

There is a southern cluster formed by the majority of Southern Red Sea 

individuals and Farasan (Fig. 1.2).  

 

The DAPC, a method that does not rely on population genetic models, 

showed similar results to those revealed by pairwise FST and STRUCTURE. DAPC 

with neutral and all loci showed that Aqaba is the most differentiated of all, 

followed by the Northern Red Sea (Fig. 1.3), however such differences are not 

large because only one cluster was determined by DAPC. Outlier loci mirror the 

results found with STRUCTURE, where there are three groups: Aqaba, the Northern 

Red Sea/ Central Red Sea and the Southern Red Sea/Farasan (Fig. 1.3). 

Furthermore, the analysis validated the presence of three genetic clusters. 
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TABLES 

 
 
Table 1.1. AMOVAs between the Red Sea and Arabian Peninsula 
 % Variation FCT p-value 
Neutral (2,866) -0.04 -0.0004 0.7321+-0.0046 
All (2,977) 10 0.0010 0.0372+-0.018 
Outliers (68) 5.93 0.0593 0.0172+-0.0013 
 
Table 1.2. Pairwise FST in the Arabian Peninsula populations, neutral loci 
(n=2,866) 
  AQA NRS CRS SRS FAR DJI SOC OMA 
AQA *** 

       NRS 0.0046 *** 
      CRS 0.0001 0.0024 *** 

     SRS -0.0010 0.0009 -0.0030 *** 
    FAR -0.0023 0.0007 -0.0020 -0.001 *** 

   DJI 0.0018 0.0032 -0.0013 -0.001 -0.001 *** 
  SOC 0.0005 0.0028 -0.0015 -0.002 0.000 0.0030 *** 

 OMA 0.0014 0.0052 0.0015 0.002 0.004 0.0029 0.0043 *** 
 
Table 1.3. Pairwise FST in the Arabian Peninsula populations, all loci (n=2,977) 

 
AQA NRS CRS SRS FAR DJI SOC OMA 

AQA *** 
       NRS 0.0057 *** 

      CRS 0.0007 0.0032 *** 
     SRS -0.0002 0.0017 -0.0019 *** 

    FAR -0.0010 0.0022 -0.0007 -0.0006 *** 
   DJI 0.0037 0.0059 0.0008 0.0007 0.0007 *** 

  SOC 0.0056 0.0092 0.0053 0.0039 0.0055 0.0092 *** 
 OMA 0.0041 0.0083 0.0044 0.0052 0.0066 0.0048 0.0099 *** 

 
 
Table 1.4. Pairwise FST in the Arabian Peninsula populations, outliers (n=68) 
  AQA NRS CRS SRS FAR DJI SOC OMA 
AQA *** 

       NRS 0.0409 *** 
      CRS 0.0255 0.0349 *** 

     SRS 0.0324 0.0358 0.0518 *** 
    FAR 0.0536 0.0641 0.0628 0.0341 *** 

   DJI 0.0870 0.1139 0.1040 0.0972 0.0814 *** 
  SOC 0.1735 0.2075 0.2360 0.1986 0.2122 0.2168 *** 

 OMA 0.1085 0.1285 0.1346 0.1322 0.1332 0.0981 0.1963 *** 
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Table 1.5. AMOVAs between the Red Sea regions. High latitude region: AQA, 
NRS, CRS. Low latitude region: SRS, FAR. 
 % Variation FCT p-value 
Neutral (3,704) -0.34 -0.0034 1.0000+-0000 
All (3,816) -0.22 -0.0022 1.0000+-0000 
Outliers (77) 5.67 0.0567 0.0955+-0000 
 
Table 1.6. Pairwise FST in the Red Sea populations, neutral loci (n=3,704) 
  AQA NRS CRS SRS FAR 
AQA *** 

    NRS 0.0042 *** 
   CRS 0.0003 0.0017 *** 

  SRS -0.0018 -0.0010 -0.0031 *** 
 FAR -0.0035 -0.0008 -0.0022 -0.0010 *** 

 
Table 1.7. Pairwise FST in the Red Sea populations, all loci (n=3,816) 
  AQA NRS CRS SRS FAR 
AQA *** 

    NRS 0.0051 *** 
   CRS 0.0016 0.0025 *** 

  SRS 0.0008 0.0006 -0.0018 *** 
 FAR -0.0005 0.0013 -0.0001 0.0002 *** 

 
Table 1.8. Pairwise FST in the Red Sea populations, outliers (n=77) 
  AQA NRS CRS SRS FAR 
AQA *** 

    NRS 0.0414 *** 
   CRS 0.0639 0.0419 *** 

  SRS 0.1148 0.0835 0.0701 *** 
 FAR 0.1330 0.1113 0.1069 0.0576 *** 
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FIGURES 

 
Figure 1.1. Sampling locations and sample sizes. AQA=Aqaba, NRS=Northern 
Red Sea, CRS=Central Red Sea, SRS=Southern Red Sea, FAR=Farasan islands, 
DJI=Djibouti, SOC=Socotra, OMA=Oman. The Red line indicates the 20°N of 
latitude where there is a change in productivity, as shown by Chlorophyll a 
concentrations in the surface (scale in mg/m3). There are also eddies and changes 
in salinity and sea surface temperature near this region. The large-scale dataset 
included all the populations. The small-scale dataset included AQA, NRS, CRS, 
SRS, FAR. 
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Figure 1.2. Hierarchical Bayesian posterior probability assignment of sampled 
Dascyllus trimaculatus, according to analysis with all loci, outlier loci and neutral 
loci. (a) Initial analysis using all individuals (n=149) recovered one genetic cluster 
if I used all loci or neutral loci, (b) but using outlier loci I recovered 3 genetic 
clusters (∆K=235). (c) Subsequent analysis within the Red Sea (n=108) recovered 
one genetic cluster if I used all loci or neutral loci, (d) but using outlier loci I 
recovered 3 clusters (∆K=979). (e) Altogether the outlier analysis shows up to 5 
genetic groups, and the map illustrates my hypothesis of the geographic patterns 
of genetic structure within the Arabian Peninsula. 
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Figure 1.3. Left: Arabian Peninsula DAPC of neutral loci (top), all loci (center) 
and outliers (bottom). Right: Red Sea DAPC of neutral loci (top), all loci (center) 
and outliers (bottom). 
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DISCUSSION 

 

I found hierarchical genetic structure consistent with expected barriers to 

connectivity in the region: 1) Within the Arabian Peninsula, I found that Socotra 

populations were highly differentiated, followed by a less differentiated 

population cluster outside of the Red Sea conformed by Djibouti and Oman. 2) 

Within the Red Sea, I found one genetic break near 20° N, and I also found 

genetic differentiation of Aqaba and Northern Red Sea with other populations; 

Nevertheless, the genetic structure is only detected in the set of outlier loci.  

 

Contrasting results between outliers and neutral loci have been found in 

other studies. For example, Gaither et al. (2015) in Acanthurus spp. surgeonfishes, 

and Bernardi et al. (2016) in the bluespotted cornetifish Fistularia commersonii. 

The authors did similar analysis and found no evidence of population structure 

with the neutral loci, but they found strong fixation concordant with meaningful 

patterns such as expected genetic breaks or genetic changes due to population 

invasions. In their case studies the genetic differences were attributed to selection. 

In this study, the patterns found could be attributed to selection in the outliers, and 

to incomplete allele sorting in the neutral loci. Dascyllus trimaculatus is a 

common and widespread species that lives from the Red Sea to French Polynesia. 

It forms a species complex of very closely related species that diverged from the 

Dascyllus reticulatus complex very recently during the Pleistocene, about 3.9 mya 

(Bernardi & Crane 1999; McCafferty et al. 2002). Its highest genetic diversity is 

reached in the Indian Ocean (Leray et al. 2010). It reproduces year-round, up to 
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three times per month, and the egg clutches are estimated at 20,000-25,000 

(Randall & Allen 1977). Its pelagic larval duration in the Red Sea ranges from 20-

27 days (Robitzch et al. 2016). Thus, due to its life history characteristics, its 

recent divergence and high effective population sizes, it is not surprising to find 

low genetic divergence in neutral markers.  

 

Are the patterns found in the outliers of special significance to the species, 

or is the most important result the low genetic structure that is indicated by the 

neutral markers? Are these patterns reflected only in outliers because the 

environmental gradients affect the fitness of the species? These are many of the 

questions that remain to be answered. Here, I focus the discussion on a 

comparison with findings of Red Sea connectivity with other species, the 

discrepancies between studies, and the potential mechanisms explaining the 

patterns. 

 

The genetic breaks found in the outlier loci between the Arabian Peninsula 

and the Red Sea are consistent with biogeographic patterns in the region. In terms 

of coral reef-associated fishes, there are significant differences between the Red 

Sea, Gulf of Aden, and Arabian Gulf for families such as Chaetodontidae, 

Pomacanthidae, Pomacentridae, Acanthuridae, Scaridae, Labridae, Lethrinidae 

and Lutjanidae (Khalaf & Kochzius 2002). Differences in connectivity and 

community composition between the Red Sea and the Arabian Peninsula have 

been attributed to two barriers: the shallow and narrow opening of the Red Sea at 

the Strait of Bab el Mandab, which allows little exchange between them 
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(Klausewitz 1989; Roberts et al. 1992), and the lack of reef development and 

environmental conditions along the southern coast of Somalia and Oman. During 

the summer, the Somali Current brings upwelling to southern Oman and Somalia 

(Kemp 1998), a region with limited abundance of coral reef. My data supports the 

idea that there is isolation between the Red Sea and the Arabian Peninsula 

populations, and that Socotra is a highly differentiated location. It is likely that 

populations in Socotra are more related to the rest of the Western Indian Ocean, as 

there are strong genetic differences between populations in the Red Sea/Arabian 

Peninsula and outside (Salas et al., in prep.). In addition, Socotra is considered a 

marine suture zone, located at the boundaries the Red Sea/Arabian Peninsula and 

the Western Indian Ocean province (DiBattista et al. 2015). The genetic cluster 

found in Socotra has some individuals that assign to the Arabian Peninsula (Fig 

1.2), suggesting that both Western Indian Ocean and Arabian Peninsula faunas 

meet in this interesting region. 

Within the Red Sea, I found three genetic clusters; a group located in 

Aqaba with some spread in the Northern Red Sea, another group including most 

of the Northern Red Sea, the Central Red Sea and some individuals from the 

Southern Red Sea, and a third group including some individuals from the 

Southern Red Sea and Farasan Islands (Fig. 1.2). This last delineation is a genetic 

break near 20° N. Differences of fish and coral community structure have been 

attributed to changes in habitat and an abrupt increase in turbidity south of 20° N 

(Roberts et al. 1992; Sheppard & Sheppard 1991). The reefs sit in a shallow 

platform and the waters are generally warmer and with higher productivity, as 
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revealed by chlorophyll a concentrations (Fig. 1.1). This environmental change 

affects the pelagic larval duration (PLD) of the three species of Dascyllus found in 

the Red Sea, where for all species, PLDs follow a latitudinal gradient; PLDs are 

larger in Aqaba and shorter in the Farasan islands. These differences are 

correlated with latitude, chlorophyll a concentrations and sea surface temperature 

(Robitzch et al. 2016). As suggested by Robitzch et al. (2016) Dascyllus 

trimaculatus larvae may have higher food availability and higher metabolism in 

this region, causing them to settle from the plankton faster. Adults may have more 

food and higher metabolism as well, adults feed on plankton: copepods and have 

been found in their stomach contents (Randall & Allen 1977). Therefore the 

environmental conditions in the Red Sea could be creating different adaptive 

regimes all the way from Aqaba to the Farasan. Other studies have found genetic 

breaks associated with environmental variables (Giles et al. 2015; Nanninga et al. 

2014). It is interesting to note that the southern genetic break detected in this 

study is not in the same location as that found in these other studies. The break 

they detected is south of 20° N, located at the Farasan Islands, while mine starts 

north of the Farasan Islands, near Al-lith. The southern genetic break was 

identified for the endemic clownfish Amphiprion bicintus and for the sessile 

sponge, Stylissa carteri.  

Steep environmental gradients, dispersal barriers and patchy habitat 

distribution can generate phylogeographic breaks in the ocean. Not all species will 

show genetic breaks. For example, within the Red Sea, connectivity studies found 

no evidence of a genetic break in the coral, Pocillopora verrucosa (Robitzch et al. 
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2015). Of species for which genetic breaks have been detected, they are not 

always in the exact same location. Genetic breaks often align with recognized 

biogeographic barriers in each region only on a coarse spatial scale (Pelc et al. 

2009). Conditions that generate genetic breaks can change over long time scales 

as barriers shift, but the original signal of historical separation is more likely to 

persist in species with low levels of gene flow (Hellberg et al. 2002). In contrast, 

the historical signal may be erased or may shift in species with high levels of gene 

flow (Bertness et al. 2001), and dispersal by ocean currents can relocate the 

positions of genetic breaks (Endler 1977; Pringle & Wares 2007). Due to all these 

reasons, there may be discrepancies between species with different life histories 

(Pelc et al. 2009). Clownfishes and sponges have lower dispersal distances than 

D. trimaculatus and this may account for the lack of detection of this break in 

neutral loci, and the different location of the genetic break of the outliers of D. 

trimaculatus when compared with other species.  

 

In conclusion, I found hierarchical genetic structure in populations of 

Dascyllus trimaculatus in the Red Sea and Arabian Peninsula that are reflected in 

the loci outliers but absent from neutral markers. The Arabian Peninsula and Red 

Sea may be divergent and relatively isolated due to environmental conditions near 

the mouth of the Red Sea and upwelling and lack of reef habitat between Somalia 

and Oman. Within the Red Sea, I found coarse concordance with previously 

identified genetic breaks but not exactly in the same locations as found for shorter 

dispersal species. The patterns of genetic differentiation found in the outliers may 

be due to adaptation to the steep environmental gradient in the Red Sea, and 
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future studies should investigate what mechanisms and what genes are involved in 

these changes. 
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CHAPTER 2 

 
GENOMICS REVEALS REGIONAL POPULATION STRUCTURE OF A 

CORAL REEF FISH 
 

ABSTRACT 

 

Population genetic tools are commonly used to infer connectivity between 

distant populations. Here, I investigate the population genomic structure of the 

reef fish Dascyllus trimaculatus in the Red Sea, Arabian Sea and Western Indian 

Ocean, using SNPs generated with RADseq. Neutral loci revealed a signature of 

gene flow between distant populations, with only subtle and weakly supported 

genetic differentiation between the Northwestern (Red Sea and Arabian Sea) and 

Western Indian Ocean provinces. Outlier loci reveal a similar pattern but with a 

much stronger distinction between provinces that was detected across multiple 

genetic analysis. In this case, outlier loci clearly resolve the genetic division 

between provinces and prove to be useful in the detection of subtle genetic 

structure. While I could not clearly identify the mechanism (isolation, adaption, or 

both) driving these patterns the data are important to the conservation and 

management of reef organisms in the region as they indicate that population level 

divergences are largely concordant with provincial distinctions based on species 

composition. This dataset also highlights the utility of outlier loci in studies of 

population connectivity, where large effective population sizes can blur the 

signals of genetic structure, as is common in a diversity of taxa residing on coral 

reefs.  
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INTRODUCTION 

 

Gene flow between geographically disconnected populations is a 

fundamental process driving the evolution, distribution, and maintenance of 

species diversity (Bowler & Benton 2005; Kinlan & Gaines 2003).  Coral reef 

fishes generally disperse during a pelagic larval stage (Leis 1991), potentially 

traveling hundreds of kilometers away from their natal reef (Victor 1991). 

Understanding how populations are connected by dispersal is vital to conservation 

efforts, however, it is logically unfeasible to tag and recapture microscopic larvae, 

or to carry out the extensive sampling needed for parentage studies over large 

spatial scales (>1,000 km). Instead, population genetics is commonly used to 

investigate connectivity patterns between distant populations (Lowe & Allendorf 

2010).  

Marine taxa tend to have large effective population sizes (Ward et al. 

1994) with only a few migrants per generation sufficient to counter genetic 

divergence (Palumbi 2003). While low genetic differentiation may have important 

evolutionary consequences, it may have less of an effect on population 

demographics that is important to fisheries management and the design of marine 

protected areas (Benestan et al. 2015; Palumbi 2003). Traditional connectivity 

studies employed a targeted locus approach (e.g., mitochondrial DNA, 

microsatellites, a few introns), and often showed weak genetic structure and 

limited resolution (Waples et al. 2008). However, with the advent of high 

throughput sequencing scientists can sample larger numbers of loci which offers 

increased resolution to detect low levels of genetic structure (Rocha 2013) and in 
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some cases identify regions of the genome under selection that may be linked to 

local adaptation (Gaither et al. 2015). 

Here I investigated the population genomics of a coral reef fish in the Red 

Sea, Arabian Sea and Western Indian Ocean. As per Kulbicki et al., (2013), this 

region is divided into the Northwestern Indian Ocean Province (NWIOP) and the 

Western Indian Ocean Province (WIOP) (Fig 2.1). Whereas most studies in the 

region have focused on comparisons between the Indian and Pacific Oceans 

(Gaither & Rocha 2013; Ridgway & Sampayo 2007), studies on population 

connectivity within the Indian Ocean are just starting to flourish e.g. (Ahti et al. 

2016; DiBattista et al. 2013; Fernandez‐Silva et al. 2015; Visram et al. 2010)  

 

My study species, the three-spot dascyllus, Dascyllus trimaculatus, is an 

abundant coral reef fish found throughout the Indo-Pacific (Bernardi et al. 2001). 

It has a pelagic larval stage that lasts an average of 26 days (Wellington & Victor 

1989). Juveniles live mostly on anemones while adults tend to stay close to, but 

are not strictly associated with the anemones (Bernardi et al. 2001). Previous 

studies, based on the mitochondrial control region and microsatellites, showed a 

single well mixed and genetically diverse Indian Ocean population that was 

genetically distinct from populations in the Pacific Ocean (Bernardi et al. 2002; 

Leray et al. 2010). Here I used single nucleotide polymorphisms (SNPs) 

developed using restriction-site associated DNA sequencing (RADseq) to assess 

population structure in Indian Ocean D. trimaculatus and to consider the relative 

contribution of neutral and adaptive processes in partitioning diversity in this 



	
  

	
   41	
  

geographic region. I hypothesize that Indian Ocean D. trimaculatus are not a 

single panmictic population, and that increased resolution will reveal genetic 

differentiation across the region. 

 

 

MATERIALS AND METHODS 

	
  
Sample collection 

 

A total of 93 individuals from seven populations were collected with pole 

spears and hand nets by scuba divers, between 1998 and 2013 (Fig 2.1). 

Populations were grouped into either the NWIOP (Northern Red Sea: NRS, 

Djibouti: DJI and Oman: OMA) or the WIOP (Diego de Garcia in the Chagos 

Archipelago: DGA, Zanzibar: ZAN, Mayotte: MAY and Juan de Nova located in 

the Scattered Islands: JNO, Fig 2.1) according to Kulbicki et al., (2013). The NRS 

population consisted of 6 individuals from Eilat and 3 from Jeddah, Saudi Arabia. 

Some of the samples were part of earlier studies (Bernardi et al. 2002; Leray et al. 

2010), including individuals from Eilat, Oman, Mayotte, and Zanzibar.  

 

RADseq library preparation and sequencing 

 

Genomic DNA was extracted using the Qiagen DNeasy animal blood and 

tissue kit (Qiagen, Valencia, USA). The library was prepared using the double-

digest RADseq protocol (Peterson et al. 2012), with modifications (see 

supplementary materials) and sequenced on a single Illumina HiSeq 2000 lane, at 
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the UCLA Neuroscience Genomics Core facility. Raw data was de-multiplexed, 

quality filtered and trimmed to 95 bp, using the “process_rad_tags” script 

available in STACKS v1.09 (Catchen et al. 2013). Loci were assembled using the 

STACKS “de novo_map.pl” pipeline while the “populations” script was used to 

filter loci and create output files.  The quality control and filtering resulted in a 

total of 1,174 loci and a data matrix that was 84% complete (supplemental 

materials). I used PGDSPIDER 2.0 (Lischer & Excoffier 2012) to convert the 

resulting STRUCTURE files into other formats.  

 

Data analysis 

 

To identify outlier loci I used the modified FDIST approach (Excoffier et al. 

2009) implemented in ARLEQUIN (EXCOFFIER & LISCHER 2010). Using these 

results I classified each locus into one of three categories: 1) divergent outlier loci 

which have FST values significantly higher than expected (p-value <0.01) 2) loci 

under balancing selection which have FST values significantly lower than expected 

(p-value <0.01), and 3) neutral loci which include all other loci.  

 

To test for genetic structure I conducted hierarchical AMOVAs and 

calculated pairwise FST values (Weir & Cockerham 1984) using ARLEQUIN. 

Discriminant analyses of principal components (DAPC) (Jombart et al. 2010) 

were executed using ADEGENET (Jombart 2008) for R (R Development Core 

Team 2015). In addition, I ran the Bayesian clustering method implemented in 

STRUCTURE. For the latter, the most likely number of clusters (K) was determined 
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using the Evanno method (Evanno et al. 2005) of STRUCTURE HARVESTER (Earl & 

vonHoldt 2012). To test for Isolation by distance (IBD) I compared matrixes of 

FST/(1-FST) and minimum ocean distance with Mantel tests performed using 

GENEPOP (Raymond & Rousset 1995). For details see supplementary materials. 

 

RESULTS 

 

A total of 1,174 loci were obtained for 93 individuals. The FDIST method 

identified 25 outlier loci and 32 loci putatively under balancing selection. Based 

on these results I generated three datasets for analysis: 1) neutral loci (n=1,117); 

2) outlier loci (n=25); 3) all loci (n=1,174). Results of the dataset with all loci are 

shown in the supplementary materials. 

 

Based on the neutral loci I found high genetic connectivity and a weak 

differentiation between the two provinces. Global FST was low but significant 

(0.0057, p<0.0001), and 12 of the 21 pairwise FST comparisons were significant.  

In particular the population in Oman (OMA) stood out and was significantly 

different from all other populations (Table 2.1). The AMOVA showed a low but 

significant divergence between the NWIOP and the WIOP  (FCT =0.0041, 

p=0.0283). The DAPC analysis partitioned the data into only one cluster, and the 

analysis shows close relationships among all populations except OMA (Fig 2.1). 

STRUCTURE analysis indicated K=1 (Fig 2.1), which is in agreement with the 

DAPC results. Finally there was an indication of IBD but the relationship was not 

significant (Fig 2.1).  
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Analyzing the outliers (n=25) I found strong genetic differentiation 

between provinces. Global FST for the outlier loci was 0.3271 (p<0.0001), and all 

of the pairwise comparisons were significant except between ZAN and JNO 

(Table 2.1). An AMOVA supports the distinction between the NWIOP and WIOP 

provinces (FCT=0.2349, p=0.0342). The DAPC analysis identified 16 clusters and 

separation of the NWIOP and WIOP provinces (Fig 2.1). Analysis of the 

STRUCTURE results suggests the presence of two clusters (K=2) that closely match 

the DAPC results (Fig 2.1). Finally, outliers revealed significant IBD (Fig 2.1).  

 

DISCUSSION 

 

Using the increased resolution of 1,174 SNPs I detected significant 

population structure between Northwestern and Western Indian Ocean D. 

trimaculatus, showing that they are not a single panmictic population. The neutral 

loci indicated little population structure across the Indian Ocean, with weak 

genetic differentiation between the provinces. However, using the outlier loci I 

detected a substantially stronger signal between provinces that was consistent 

across analyses. These results indicate that the degree of gene flow (i.e., the 

transfer of alleles from one population to another) is variable across the genome, 

and may be affected by different processes and/or operate at different scales.  

 

Due to the high dispersal potential and large effective population sizes of 

most marine fishes, population connectivity can be maintained over large spatial 
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scales and only a few successful colonizing events are needed to greatly reduce 

genetic differentiation (Kinlan & Gaines 2003; Palumbi 2003). D. trimaculatus 

has an average pelagic larval duration (PLD) of 26 days (Wellington & Victor 

1989), which could be sufficient to maintain low genetic differentiation with 

infrequent long distance or stepping stone dispersal. These few colonizers may be 

important to populations on evolutionary time scales, but are not necessarily 

sufficient to allow population persistence at ecological timescales (Cowen & 

Sponaugle 2009). The neutral dataset show signals of restricted gene flow 

indicating isolation between provinces, but the signature is hard to detect due to 

episodic dispersal across provinces. Among the outlier loci the signal is much 

stronger. Therefore, a signature of isolation is detected in the neutral loci and the 

outlier results could be driven by a number of mechanisms including isolation, 

selection or both.   

 

Habitat discontinuities, deep-water upwellings, and the direction of 

prevailing currents (Fig 2.1), could be responsible for contemporary isolation 

between the Northwestern and the Western Indian Ocean (Fig 2.1). Seasonal 

upwellings bring cold and nutrient-rich waters to southern Oman and the 

Somalian Coast, creating large areas unsuitable for the development of coral reef 

habitat (Kemp 1998), while currents and complex topography may divert larvae 

and prevent dispersal between provinces (Fig 2.1). If the divergences revealed 

here in the outlier loci are due to isolation and not adaptation, then these loci 

should be subject to the effects of drift and show similar patterns to the neutral 

loci. In fact the outlier dataset does show similar but stronger signals compared to 
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the neutral loci. AMOVAs based on the neutral and outlier loci demonstrate weak 

but significant structure between provinces while IBD was found in both the 

neutral and outlier datasets (albeit not significant in the neutral loci).  

 

Genetic isolation can also have an historical layer to it. The Northwestern 

Indian Ocean is on the periphery of the Indo-Pacific biogeographic region 

(DiBattista et al. 2013). During Pleistocene glacial cycles the Red Sea and Persian 

Gulf were subject to periods of extreme isolation when the sea level dropped as 

much as 130 m below current sea level (DiBattista et al. 2016a).  In some cases 

isolation lead to speciation in peripheral populations, while in others it only led to 

population differentiation, as seen here in D. trimaculatus. After the last glacial 

maxima 26.5 to 19 ka (Clark et al. 2009) most populations began to expand as 

habitat opened up. When a subset of individuals at the frontier of a population 

expansion move into new territory, their particular alleles increase in frequency, 

like a wave of genetic drift happening at the expanding population front. Such 

phenomenon is called “allele surfing” (Excoffier & Ray 2008).  Unlike most other 

demographic effects, surfing generally does not affect all loci, so it can impact 

neutral allele frequencies in ways that mimic the patterns of directional selection 

(Excoffier & Ray 2008; Kirk & Freeland 2011) and could be responsible for the 

results that are more evident in outlier loci.  

 

The Northwestern Indian Ocean is one of the most variable and 

environmentally extreme regions in the tropical oceans (DiBattista et al. 2016a), 

in contrast with the more stable WIOP ; such differences could be selecting for 
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different traits in D. trimaculatus and other species across provinces. During the 

summer months, the waters between Iran and the Arabian Peninsula become the 

world’s hottest sea, while in the winter they become one of the coldest 

environments for coral reef growth (Riegl & Purkis 2012). The Red Sea 

experiences large spatio-temporal fluctuations in physical conditions, and a 

unique north-south environmental gradient in salinity, temperature and primary 

productivity (DiBattista et al. 2016a). Reefs in both the Red Sea and Oman are 

known to have high variability in environmental factors such as temperature and 

salinity (Cavalcante et al. 2016; DiBattista et al. 2016b; Thoppil & Hogan 2009). 

Adaptation to these highly variable environments is thought to drive the high rates 

of endemism in the region (DiBattista et al. 2016a) and may affect successful 

establishment of larvae from non-native populations. There is a possibility that the 

loci outliers are under selection and reflecting adaptive divergence, however I 

could not identify responsible genes nor exclude the possibility of false positives 

(Table 2.S2). 

 

The concordance in patterns between the neutral loci and outliers suggest 

that the main mechanism is isolation. While it is difficult to distinguish between 

divergence driven by selection versus divergence driven by isolation, it is 

important to note that these processes are not mutually exclusive and in fact could 

be acting in concert on populations found around the region with its complex 

geologic history and heterogeneous environment. It is possible that physical 

barriers between the provinces are semipermeable, allowing for restricted 

dispersal, and environmental contrasts between provinces reinforce those barriers 
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through selection.  Historical isolation could also have a role promoting 

adaptation. Even though it has only been shown in asexual microbial strains, 

population expansions after isolation can promote adaptation if colonizing 

individuals carry beneficial mutations (Gralka et al. 2016). In my view, all these 

processes can be happening in the study region and the specific roles of selection 

and isolation will only be disentangled with the use of experiments.  

 

 This study highlights the power of RADSeq loci to reveal cryptic patterns 

of genetic structure, but the mechanisms driving these patterns are still difficult to 

resolve. Isolation of the provinces is definitively happening and perhaps in 

conjunction with adaptive processes. Large effective population sizes in marine 

taxa have always made it difficult to interpret genetic structure, but outlier loci 

can help delineate a signal. These results confirm that the Indian Ocean Dascyllus 

trimaculatus are not a single panmictic population but instead there are 

distinctions between the Northwestern and Western Indian Ocean populations. 

Despite the lack of a clear mechanism, data like these are important to the 

conservation and management of reef organisms in the region (Funk et al. 2012). 

These results indicate that the Red Sea and Arabian stocks should be managed 

separately from the greater Western Indian Ocean stock, and the role of adaptive 

vs. neutral variation must be examined further. 
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TABLES 

Table 2.1. FST values between WIO populations, for neutral loci (below asterisks) 
and outlier divergent loci (above asterisks). Significant values (p<0.05) are 
bolded.  

  NRS DJI OMA DGA ZAN MAY JNO 
NRS *** 0.1522 0.1919 0.2944 0.3139 0.3030 0.3080 
DJI 0.0055 *** 0.1825 0.2889 0.3292 0.3516 0.3533 
OMA 0.0046 0.0075 *** 0.3469 0.3399 0.3768 0.3420 
DGA 0.0056 0.0088 0.0157 *** 0.0738 0.0714 0.1309 
ZAN 0.0030 0.0016 0.0060 -0.0016 *** 0.0870 0.0273 
MAY -0.0033 0.0050 0.0063 0.0006 -0.0022 *** 0.0821 
JNO 0.0008 0.0067 0.0039 0.0018 -0.0010 -0.0038 *** 
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FIGURES 

 

Figure 2.1. Panel 1: Populations and sample sizes (inside circles). NRS: Northern 
Red Sea; DJI: Djibouti; OMA: Oman; DGA: Diego de García, Chagos; ZAN: 
Zanzibar; MAY: Mayotte; JDN: Juan de Nova, Scattered Islands. Summer 
upwelling and currents are shown; dashed lines indicate winter reversals. Currents 
(C.): NEM: NE Monsoon C., SC: Somali C., EACC: East African Coastal C., 
MC: Mozambique C., SEC: South Equatorial C. Panel 2: DAPC for neutral loci 
n= 1,117, and outlier divergent loci n=25. Panel 3: STRUCTURE plot with most 
likely k for neutral (k=1) and outliers (k=2). Panel 4: Isolation by distance (IBD) 
in neutral markers, mantel test p=0.1990, r2=0.0756, and outliers, p=0.016, 
r2=0.4801. D. trimaculatus picture by Tane Synclair-Taylor.  
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CHAPTER 2, SUPPLEMENTARY MATERIALS 
 
 
SUPPLEMENTARY MATERIALS AND METHODS 

 
Genomic DNA was extracted using the Qiagen DNeasy animal blood and 

tissue kit (Qiagen, Valencia, USA). Library was prepared using the double-digest 

RADseq protocol (Peterson et al. 2012). I used SphI and MluCl restriction 

enzymes (New England Biolabs). Pools consisted of 16 barcoded individuals. Size 

selection of 376-450 bp was carried out using a 2% agarose Pippin Prep® cassette 

(Sage Science). Unique Illumina Indexes were added to each pool, and the 

libraries were amplified using a Real-Time PCR library amplification kit (Kapa 

Biosystems). The concentration of each pool was quantified using a High 

Sensitivity Kit on a 2100 Bioanalyzer (Agilent Technologies), and then 

standardized and merged into a single pool. The library was sequenced on a single 

Illumina HiSeq 2000 lane, at the UCLA Neuroscience Genomics Core facility. I 

obtained 140 million raw reads (100 bp single end). Raw data was de-multiplexed, 

trimmed to 95 bp and reads with Phred scores below 10 were discarded, using the 

“process_rad_tags” script available in STACKS v1.09 (Catchen et al. 2013; 

Catchen et al. 2011). Sequencing resulted in 127.7 million quality filtered reads. 

Individuals with less than 25,000 retained reads were discarded.  

 

Loci were assembled using the STACKS de novo_map.pl pipeline. I chose a 

minimum of three identical reads to create a stack (m=3), three mismatches 

allowed between loci within an individual (M=3), five mismatches when aligning 

reads (N=5), and two mismatches when building the catalog (n=2). Assembly in 
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STACKS resulted in a total of 535,904 loci. I used the “populations” script to filter 

loci and create output files, making sure that loci were shared between the seven 

populations (p=7), in at least 65% of individuals within a group (r=0.65) and with 

coverage of 8x (m=8). I used only the first SNP of each sequence, and removed 

loci with minor allele frequencies lower than 1.5% (i.e., at least two individuals 

must have the unique allele). The filtering resulted in a total of 1,174 loci, and a 

data matrix 84% complete. For all downstream analyses, I used the STRUCTURE 

output file produced by STACKS which was converted to other file formats using 

PGDSPIDER 2.0 (Lischer & Excoffier 2012).  

 

Data analysis 

 

First I identified outlier loci across all populations using the modified 

FDIST approach (Beaumont & Nichols 1996; Excoffier et al. 2009) implemented 

in ARLEQUIN (EXCOFFIER & LISCHER 2010). The method simulates a distribution 

of FST vs. expected heterozygosity based on an island model of migration. Outlier 

loci were those with significantly higher or lower FST than expected by the model 

(p-value < 0.01). I ran 50,000 simulations with 100 demes per group, with 

minimum and maximum expected heterozygosities of 0 and 0.5.  

 

Using these results, I classified each locus into three categories: 1) 

divergent, with FST significantly higher than expected 2) balancing, with FST 

significantly lower and 3) neutral, all the other loci. After classifying loci, I 

created three datasets, and applied population genetic analysis to each one 
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separately: 1) neutral loci, n=1,117, 2) outlier loci (only the divergent ones, n=25). 

3) All loci together n=1,174 (1,117 neutral, 25 divergent and 32 balancing).  

 

AMOVAs were performed in ARLEQUIN with 10,000 permutations to test 

for genetic structure between the NWIOP and WIOP provinces. Pairwise FST 

values (Weir & Cockerham 1984) were calculated between all populations, using 

10,000 permutations in ARLEQUIN. A discriminant analysis of principal 

components (DAPC) (Jombart et al. 2010) was executed using ADEGENET 

(Jombart 2008) for R (R Development Core Team 2015). The DAPC plot 

represents the individuals as dots and the groups (populations) as inertia ellipses. 

Ellipse centers are at the gravity center of each population’s cloud of points. The 

plot uses the best number of principal components (PCs) identified with the cross 

validation method (“xValDapc” function). The “find.clusters algorithm” was also 

calculated, to determine the number of clusters in the data. In addition, I ran the 

Bayesian clustering method implemented in STRUCTURE with correlated allele 

frequencies in an admixture model, one million MCMC and 100,000 burnin 

chains. The most likely number of clusters (K) was determined with the Evanno 

method (Evanno et al. 2005) using STRUCTURE HARVESTER (Earl & vonHoldt 

2012). DISTRUCT (Rosenberg 2004) was used for the graphics in Fig. 2.1. To test 

for IBD I compared matrixes of FST/(1-FST) and minimum ocean distance, 

estimated by plugging the coordinates and measuring the closest ocean distances 

with GOOGLE EARTH 7.1.2 (Google Inc., Mountain View, CA, USA). Mantel tests 

were performed with GENEPOP (Raymond & Rousset 1995).  
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SUPPLEMENTARY RESULTS 

 

Global Fst for all the loci was 0.0127 (p<0.0001). Pairwise FST 

comparisons indicated significant differences between all populations except 

Zanzibar with Mayotte or Juan de Nova, and Mayotte with Juan de Nova. An 

AMOVA showed a very low but significant divergence between the NWIOP (Red 

Sea, Djibouti and Oman) and the WIOP (Chagos, Zanzibar, Mayotte, Juan de 

Nova) (FCT =0.0099, p=0.0225).   
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SUPPLEMENTARY TABLES 

 
Table 2.S1. Pairwise Fst, all loci n=1,174 

  NRS DJI OMA DGA ZAN MAY JNO 
NRS ****       
DJI 0.0071 ****      
OMA 0.0074 0.0095 ****     
DGA 0.0124 0.0141 0.0231 ****    
ZAN 0.0107 0.0084 0.0131 -0.0013 ****   
MAY 0.0042 0.0120 0.0153 0.0010 -0.001 ****  
JNO 0.0079 0.0136 0.0109 0.0028 -0.002 -0.0031 **** 

 
Table 2.S2. Outlier loci with significant alignments and e-value below 1e-04 in 
nucleotide BLAST (Search updated Aug 13, 2016).  
Loci Description Query 

cover 
E-
value 

Identity 

24280 Cyprinus carpio genome assembly common 
carp genome, scaffold 000000138, GenBank: 
LN590755.1 

63% 5e-05 82% 

6844 PREDICTED: Stegastes partitus vacuolar 
protein sorting-associated protein 45-like 
(LOC103376270), mRNA 

98% 1e-17 84% 

63017 Epinephelus coioides x Epinephelus lanceolatus 
voucher ECEL001 microsatellite ECELXB002 
sequence, GenBank: JQ732809.1 

83% 2e-09 80% 

7990 Dicentrarchus labrax chromosome sequence 
corresponding to linkage group 1, top part, 
complete sequence, GenBank: FQ310506.3 

54% 6e-04 87% 

31414 Cyprinus carpio genome assembly common 
carp genome, scaffold: LG32, chromosome: 32, 
GenBank: LN590696.1 

93% 5e-05 74% 

 
Table 2.S3. AMOVA combinations in neutral and divergent outlier loci 
Dataset Groups defined FCT Variation 

explained by the 
groups 

Probability 

Neutral  
(n=1,117) 

NWIOP and WIOP 
provinces 

0.0041 0.41%  p=0.0283 

Red Sea + Djibouti 
vs. Oman+WIOP 

0.0005 0.05% 
 

p=0.4780 

Red Sea + Oman 
vs. Djibouti+WIOP 

0.0035 0.35%  p=0.0879 

Divergent 
outliers 
(n=25) 

NWIOP and WIOP 
provinces 

0.2349 23 % p=0.0342 

Red Sea + Djibouti 
vs. Oman+WIOP 

0.1054 10.54% 
 

p=0.1417 

Red Sea + Oman 
vs. Djibouti+WIOP 

0.1649 16.49% P=0.1095 
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SUPPLEMENTARY FIGURES 

 

 
Figure 2.S1. Structure plot, k=1 according to structure harvester.  
 
 

 
Figure 2.S2. DAPC for all loci, only one cluster was supported. 
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Figure 2.S3. Isolation by distance, r2=0.3006. Mantel test p=0.0310  
 
 
 

 
Figure 2.S4. Distribution of average chlorophyll a (left) and sea surface 
temperature (right) over the study region between 2010 and 2014. 
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CHAPTER 3 

GENOMICS AND SUBTLE COLOR REVEAL CRYPTIC 

HYBRIDIZATION IN A CORAL REEF FISH 

 

ABSTRACT 

 

Cocos (Keeling) and Christmas Islands sit at the border of the Indian and 

Pacific Ocean bioregions. They represent a secondary contact zone for multiple 

marine species and populations that were isolated during Pleistocene glaciations. 

They are also considered a marine suture zone, where closely related species from 

separate biogeographic regions overlap and interbreed. To date, 15 cases of 

hybridization between coral reef fishes have been documented in this region, 

making it an interesting area for speciation studies. In this project, Restriction Site 

Associated DNA sequencing (RADSeq), indicates hybridization between highly 

differentiated Pacific and Indian Ocean genetic clades of the three-spot dascyllus, 

Dascyllus trimaculatus. Since there are only subtle differences in color between 

Indian and Pacific populations, hybridization in this pair had remained undetected. 

These analyses reveal that the pattern within the suture zone is not homogeneous: 

Cocos Islands have a genetically stable population that underwent hybridization in 

the past, whereas hybridization is ongoing at Christmas Island. This project 

exemplifies how genomic techniques are unraveling more cases of hybridization 

in marine suture zones, while showing that patterns of introgression can be quite 

different at relatively small spatial scales.  This research is important for 
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understanding how hybridization contributes to evolutionary novelty of Indo-

Pacific coral reefs.  

 

INTRODUCTION 

 

Hybridization, or the interbreeding between species or subpopulations, can 

have different evolutionary outcomes (Hewitt 1988), providing insight on the 

dynamics of gene flow and speciation. Hybridization is common in areas of 

secondary contact where allopatric species meet (Hewitt 1988). Some hybrid 

zones are located in biogeographic boundaries, in these regions multiple species 

pairs encounter each other and can hybridize. These are called “suture zones”, and 

include all the individual hybrid zones of interbreeding pairs of taxa (Remington 

1968). Hybrid zones are windows on evolution and natural laboratories for 

investigating the different evolutionary outcomes. 

Hybridization has a variety of impacts on the process of speciation. It may 

slow or reverse differentiation by allowing gene flow and recombination (Abbott 

et al. 2013). With sufficient gene flow, it may remove adaptive gene variants or 

cause reverse speciation or introgressive extinction (Rudman & Schluter 2016). If 

hybrids have lower fitness, then it can become an evolutionary dead-end (Barton 

2001). In other cases, hybrids may have higher fitness than their parents (hybrid 

vigor). Hybridization it may inject new genetic variation and it may accelerate 

speciation via adaptive introgression (Barton 2001). Overall, it may have multiple 

effects depending on the level of divergence between species (or subpopulations) 

and population dynamics (abundance, spatial distribution, among others). 
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There are a few known marine suture zones. Recently it was discovered 

that Socotra Archipelago is a suture zone for reef fishes, this island sits in the 

intersection of three biogeographic provinces in the Indian Ocean (DiBattista et 

al. 2015). However the most studied marine suture zone is located in Cocos 

(Keeling) and Christmas islands (Eastern Indian Ocean). During the glaciations 

the sea level dropped 130 meters and Sunda Shelf got exposed several times(Ludt 

& Rocha 2015), causing isolation and speciation. Allopatric species now come 

into contact near these islands. To date, 15 cases of hybridization between species 

pairs have been confirmed, involving 27 species across eight families (Hobbs & 

Allen 2014). Hybridization is more prevalent in the Chaetodontids, followed by 

Acanthurids and Pomacanthids (Hobbs & Allen 2014). There is an apparent bias 

between locations, 14 of the 15 hybrid crosses have been identified at Christmas 

Island, compared to eight present at Cocos (Hobbs & Allen 2014). This bias has 

been attributed to sampling efforts. 

 

 Here I report a new case of hybridization in Cocos (Keeling) and 

Christmas, involving populations of a Pomacentrid reef fish, Dascyllus 

trimaculatus. This species belongs to a complex that recently diverged from 

Dascyllus reticulatus (another species complex) in the Pleistocene, around 3.9 

million years ago (McCafferty et al. 2002). D. trimaculatus complex has been 

divided into five  mitochondrial clades: 1) the Marquesas endemic D. strasburgi, 

2) the Hawaiian D. albisella, 3) the French Polynesian D. trimaculatus, 4) the 

Pacific rim comprising two introgressed groups: D. trimaculatus and D. 

auripinnis, and 5) the Indian Ocean D. trimaculatus (Bernardi et al. 2003; 
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Bernardi et al. 2001; Bernardi et al. 2002; Leray et al. 2010; McCafferty et al. 

2002). Mitochondrial studies put the origin of Dascyllus trimaculatus in the 

Indian Ocean and allopatric speciation explains the different clades, perhaps 

combined with some parapatric speciation in the range edges eastward.  

 

 Here I use a combination of RADSeq data, mitochondrial DNA and field 

observations to describe the hybridization dynamics of Dascyllus trimaculatus 

clades from the Indian and Pacific oceans. I also describe consistent phenotypic 

differences that I found among the clades. Furthermore I describe the spatial 

genetic footprints of this interaction in Cocos and Christmas, where I find ancient 

and current hybridization. I show that there are subtle differences in coloration 

between pure Pacific and Indian Ocean D. trimaculatus and I used those 

differences to look at the distribution and abundance of the two clades in the 

marine suture zone.  

 

METHODS 

 

Sampling 

 

 The samples consisted of a selection of genotype classes previously 

identified from mitochondrial, microsatellite and SNP data. There are strong 

genetic differences between the Indian and Pacific Dascyllus trimaculatus clades, 

so I selected three populations from each of the pure clades (Indian Ocean and 

Pacific Ocean) to compare with the hybrid zone individuals (Cocos Keeling and 
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Christmas) (Fig. 3.1). The “Arabian Peninsula (APE)” population contains 21 

individuals from Thuwal, two from Farasan (Saudi Arabia) and three from 

Socotra (Yemen). The “Indonesia (IND)” population contains three individuals 

from Manado and four from Komodo. Pooling within these sites didn’t affect the 

results, preliminary FST analysis didn’t show significant genetic differences 

between these samples prior to pooling. 

 

Fish colour morphs and visual surveys 

 

I observed that there were color differences between the two clades, the 

Indian Ocean Dascyllus trimaculatus has a black rear end of the dorsal fin, 

whereas the Pacific Ocean one has a transparent/white rear end (Fig. 3.2). I also 

noticed that in Cocos and Christmas there were intermediate individuals with the 

rear half black and half transparent (or other mixture proportions) (Fig. 3.3). I 

explored if there were consistent differences in color between Pacific and Indian 

Ocean populations, using some of the authors’ personal field observations, 

colleagues’ observations and geo-referenced images from Flickr.   

 

The abundance of D. trimaculatus at Christmas and Cocos (Keeling) 

Islands was estimated using standard underwater visual census methods. Three 

replicate 50 x 5 m belt transects were conducted at each of two depths (5 and 20 

m) across eight sites at Christmas Island, and at seven sites at the Cocos (Keeling) 

Islands. Individuals were categorised into three phenotypes based on: a) black rear 
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end of the dorsal fin, b) clear rear end of the dorsal fin, c) intermediate forms 

where about half of the rear was black and the other was transparent. 

 

RADSeq library preparation, sequencing and assembly 

 

Genomic DNA was extracted using the Qiagen DNeasy animal blood and 

tissue kit (Qiagen, Valencia, USA). DNA concentration was first measured in a 

fluorometer with the Qubit HS dsDNA essay kit (Life Technologies), and each 

sample was standardized to 500 ng. The library was prepared using the double-

digest RADSeq protocol described by Peterson et al. (2012). Samples were 

digested for 3 hours at 37°C, using restriction enzymes SphI and MluCl (New 

England Biolabs). Digests were quantified with Qubit HS dsDNA essay kit (Life 

Technologies) and a Qubit 2.0 Fluorometer, and then cleaned with Dynabeads M-

270 Streptavidin (Life Technologies). Ligation was performed with P2 universal 

adaptors. Additionally, sets of 16 individuals were barcoded with unique P1 

adaptors. After ligation, each group of 16 individuals was pooled and bead 

cleaned. Pools were size-selected for a range of 400 bp using a 2% agarose gel 

that was ran for 45 minutes, and purified with the Zymoclean Gel DNA Recovery 

Kit. Unique Illumina Indexes were added to each pool, and the libraries were 

amplified with 10 PCR cycles, using the high fidelity Platinum Taq DNA 

polymerase (Thermo Fisher Scientific). The concentration of each pool was 

quantified using a High Sensitivity Kit on a 2100 Bioanalyzer (Agilent 

Technologies), and then standardized and merged into a single pool for 

sequencing.  Samples were sequenced in two lanes of an Illumina Hi-Seq 2000, at 
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KAUST Genomics Core facilities, which resulted in 251,425,358 and 

270,346,963 single end raw reads (100bp).  

 

Loci were assembled using STACKS v1.09 (Catchen et al. 2013; Catchen et 

al. 2011). Raw data was demultiplexed and filtered using the “process_rad_tags” 

script. Average quality scores were determined within a sliding window 15% the 

length of the sequence, and reads with any score below 90% of being correct were 

discarded. Sequences were trimmed to 95bp and loci were assembled using the 

STACKS “de_novo_map.pl” pipeline, using a minimum of three identical reads to 

create a stack (m=3), three mismatches allowed between loci within an individual 

(M=3), five mismatches when aligning reads (N=5), and two mismatches when 

building the catalog (n=2). I used the “populations” script to obtain loci shared 

between the eight populations (p=7), in at least 65% of individuals within a 

population (r=0.65) and with coverage of 8x (m=8). I used only the first SNP of 

each sequence, and removed loci with minor allele frequencies lower than 5%. 

The filtering resulted in a total of 128 individuals with 2,818 loci and a data 

matrix 83% complete (see Fig. 3.1 for samples per site). For all downstream 

analyses, I used the STRUCTURE output file produced by STACKS which was 

converted to other file formats using PGDSPIDER 2.0 (Lischer & Excoffier 2012). 

 

RADSeq data analysis 

 

To quantify the extent of genetic differentiation, pairwise FST values were 

estimated between Cocos-Keeling, Christmas and the Pacific/Indian Ocean clades 
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using ARLEQUIN 3.5.1.2 (EXCOFFIER & LISCHER 2010), using 10,000 permutations. 

Genetic assignment of individuals was calculated with STRUCTURE (Pritchard et 

al. 2000) using correlated allele frequencies in an admixture model, one million 

Markov chain Monte Carlo (MCMC) repetitions and 100,000 burn-in runs. I ran 

10 simulations for each K (from 1 to 9). The most likely number of clusters (K) 

was determined with the Evanno method (Evanno et al. 2005) using STRUCTURE 

HARVESTER (Earl & vonHoldt 2012). DISTRUCT (Rosenberg 2004) was used to 

generate the graphical display of population structure. To further investigate 

population structure, I ran a discriminant analysis of principal components 

(DAPC) (Jombart et al. 2010). This multivariate method seeks to show 

differences between groups as best as possible while minimizing variation within 

populations. It does not rely on any particular population genetics model, uses the 

information of all the loci, and generates a graphical representation of the 

relatedness between the populations (Jombart et al. 2010). The analysis was 

executed using ADEGENET (Jombart 2008) for R (R Development Core Team 

2015), using the best number of principal components (PCs) identified with the 

cross validation method (“xValDapc” function). The “find.clusters algorithm” was 

also calculated, to investigate the number of genetic groupings in the data.  

 

Mitocondrial DNA sequencing 

 

A 495 base pair fragment of the mitochondrial control region (D-loop) was 

amplified in 121 individuals using CR-A and CR-E primers (Lee et al. 1995) (See 

Fig 3.1. for sample size per site).  PCR reactions (10 µl) were performed using 5µl 
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of multiplex PCR mix (Qiagen), 0.5 µl of CRA 10µM, 0.5 µl of CRE 10µM, 3 µl 

of water, 1 µl of DNA (30-100ng/µl). Touchdown PCR reactions were set up as 

follows: 15 min. at 95°C, followed by 20 cycles of 30s at 95°C, 60 s at 58°C, 90s 

at 72°C. During these cycles the temperature was decreased -0.4°C every minute. 

This was followed by 15 cycles of 30s at 95°C, 60s at 50°C, 90s at 72°C; and a 

final extension of 72°C for 10 min. DNA was purified using exonuclease I and 

FastAPTM thermosensitive alkaline fosfatase (ExoFAP; USB, Cleveland, OH, 

USA), running it for 60 min at 37°C, followed by 15 min at 85°C. DNA was 

sequenced in the forward and reverse direction using fluorescent-labeled dye 

(BigDye 3.1, Applied Biosystems Inc., Foster City, CA, USA) using an ABI 

3730xl analyzer. Sequences were aligned and trimmed in Geneious 6.06 

(Drummond et al. 2013) and final edits were performed by eye.  

 

Mitocondrial DNA data analysis 

 

To generate the haplotype networks and the neighbor joining tree, I 

determined the best model of sequence evolution in JMODELTEST2 (Darriba et al. 

2012). Since the model which identified by the Bayesian information criterion 

was not available in ARLEQUIN, I selected the second most similar which was the 

Kimura 2P.  I also analyzed the haplotype and nucleotide diversity using 

ARLEQUIN. To assign each individual haplotype from the hybrid zone to the 

Indian and Pacific clades, I constructed a neighbor joining tree using PAUP 

(Swofford 2003). Also, a minimum spanning haplotype network was constructed 

using the software POPART (Leigh & Bryant 2015).  Typically, reef fish 
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hybridization studies identify hybrids by their intermediate phenotype, and then 

try to determine how they assign to the parental mitochondrial clades. I didn’t 

have phenotype information for all of them, and the intermediate phenotype is 

difficult to detect so I determined which of the Cocos and Christmas individuals 

were hybrids and which ones were “pure” based on the SNP genotype found by 

STRUCTURE, and complemented that information with any available phenotype 

data. This information allowed me to compare the mitochondrial assignment with 

the SNP data assignment and the color morph when possible. 

 

RESULTS 

	
  
Fish colour morph and visual survey results  

 

I was able to identify that the Indian and Pacific Ocean adult Dascyllus 

trimaculatus clades have consistent phenotypic differences. The Indian Ocean 

clade consistently has a dark rear end of the dorsal fin, while the Pacific Ocean 

one has a clear (or white) rear (Fig. 3.2). To date, all the observed individuals and 

documented pictures were consistent with this pattern. The observations came 

from the Red Sea (Saudi Arabia, Egypt, Jordan), from the Indian Ocean (Oman, 

Somaliland, Kenya, Madagascar, Chagos, Maldives); from the Pacific Ocean: 

Okinawa, American Samoa, Taiwan (Dongsha atoll, Green Island), Micronesia 

(Ulithi, Yap, Pohnpei, Kosrae), Fiji, Guam, Phillipines, Malaysia, Sulawesi (over 

150 observations), Bali, Thailand, Vanuatu, South Wales, Australia and French 

Polynesia. To date, I have only found both morphs in Christmas, Cocos-Keeling 
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and Bali, Indonesia. In Cocos and Christmas, I identified individuals with 

intermediate morphotypes: the rear edge of the dorsal fin in some cases was only 

partially transparent/white. 

 

Underwater surveys of D. trimaculatus at Christmas Island revealed that 

the clear fin individuals were the most common phenotype and their density 

(0.961 per 250m2 +/- 0.29 SE) was approximately double that of black fin 

individuals (0.451 per 250m2 +/- 0.15 SE). In contrast, at the Cocos Islands the 

black fin individuals (0.381 per 250m2 +/- 0.14 SE) were the most common 

phenotype of D. trimaculatus and the clear fin individuals were rare (0 per 

250m2). Individuals with half clear/black were rare at both Christmas (0.098 per 

250m2 +/- 0.066 SE) and Cocos Islands (0 per 250m2). Although clear fin 

individuals, or half clear/black individuals were not observed in transects at the 

Cocos Islands, they were occasionally seen outside of transects.  

 

RADSeq results 

 

According to FST comparisons, there is strong genetic differentiation 

between the Pacific and Indian Ocean clades, and between the Pacific and Cocos 

(Table 3.1). All comparisons were significant, but Pacific vs. Christmas, and 

Indian vs. Cocos had the least differentiation of all comparisons (Table 3.1). 

STRUCTURE results and the Evanno method showed that the most likely number of 

clusters is two (k=2) (Fig 3.4). In Christmas, the sampled population was 
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composed of pure Pacific, pure Indian and admixed genotypes. The analysis 

identified F1 hybrids and backcrosses. In Cocos I found a different genetic 

composition. All the individuals were backcrosses with > 80% of their genotype 

composition assigning to the Indian Ocean. I didn’t find pure Pacific, pure Indian 

or F1 hybrid genotypes. The DAPC analysis (Fig. 3.5) strongly supports the 

findings of the STRUCTURE assignment. The Pacific and Indian Ocean clades are 

separated. Individuals from Christmas have a range of genotypes, most of them 

matching the character of the Pacific ones, a lesser proportion matching the Indian 

genotypes, and in the middle are individuals of Christmas with intermediate 

genotypes. On the other hand, the analysis suggests that individuals from Cocos-

Keeling are more closely related to the Indian pure populations, and some of them 

match intermediate Christmas genotypes, but overall the population stands out as 

its own.  

 

Mitochondrial DNA results 

 

The haplotype and nucleotide diversity are shown in Table 3.2. Neighbor 

joining tree results showed that Cocos haplotypes only group with the Indian 

Ocean mitochondrial clade, whereas Christmas haplotypes fell into both Indian 

and Pacific clades, with 7 and 15 individuals respectively. The haplotype network 

(Fig. 3.6) shows the distribution of Christmas haplotypes in relation to their SNP 

genotypes and color morphs. The Cocos individuals with mitochondrial data were 

classified either as unknown SNP genotype or backcrossed. All of the sampled 

Cocos individuals had a black rear end of the dorsal fin, suggesting that they had 
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an Indian Ocean phenotype. Christmas individuals were classified into pure 

Pacific, pure Indian, F1, backcrossed SNP genotypes, and one individual with 

pure Pacific SNP genotype but discordant coloration. Unfortunately I didn’t have 

phenotype information for all the Christmas individuals that were genotyped, but I 

had pictures of four individuals: the F1 SNP genotype had intermediate 

phenotype: half of its rear fin was transparent. A backcross with a dominant 

Indian SNP genotype had an Indian phenotype. A backcross with a dominant 

Pacific SNP genotype had a Pacific phenotype. However, another backcross with 

a dominant Pacific SNP genotype had an Indian phenotype (with a black rear of 

the dorsal fin), its coloration was discordant with its genotype.  

 

The haplotype network results shows there are clear differences between 

the Pacific and Indian clades, all the individuals collected from Pacific locations 

grouped together, and all the individuals collected from Indian locations grouped 

together. The individuals from the hybrid zone had a different pattern: All the 

Cocos individuals assigned to the Indian clade, but the Christmas assigned to 

either clade. At Christmas, the pure Indian SNP genotypes fell into either Pacific 

or Indian mitochondrial clades. This is interesting because in locations outside of 

the hybrid zone, there is concordance between the mitochondrial and SNP 

genotypes: the SNP and mitochondrial genotypes always assign to the same clade, 

either Indian or Pacific. The pure pacific SNP genotypes from Christmas fell into 

the pacific mitochondrial clade, even the individual with discordant coloration 

(rear of dorsal fin was black but its SNP genotype was almost pure pacific). The 

hybrid F1 fell also into the Pacific clade. The Pacific backcrosses fell into either 
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Pacific or Indian clade, and the Indian backcross fell into the Pacific clade. These 

results suggest that there is ongoing hybridization and introgression in Christmas, 

and that there is bidirectional maternal contribution, because backcrosses are 

found on both mitochondrial clades. It also suggests that individuals are so deeply 

backcrossed in Christmas, that pure genotypes do not assign to their expected 

mitochondrial clades or their expected coloration, as they do outside of the hybrid 

zone. 

 

 
DISCUSSION 

 

Cryptic hybridization 

 

This is the first report of Dascyllus trimaculatus clades hybridizing at 

Cocos and Christmas.  The two clades have strong genetic differentiation and will 

be soon described as separate species (Salas, in prep.). Leray et al. (2010) 

predicted that hybridization of D. trimaculatus would be found in these islands, 

and the result is not unexpected. However, these hybrids are cryptic. Most of the 

hybridization cases described before at Cocos and Christmas used color as the 

main character to identify hybrids and then tested the hybridization hypothesis 

with genetics (Hobbs & Allen 2014). If I had only used genetic data from the 

mitochondrial DNA, hybridization would have remained undetected. There are 

subtle differences in color between pure Pacific and pure Indian morphs, but it is 

difficult to detect intermediate (hybrid) morphs. So this study stresses the 
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importance of SNPs in detecting cryptic hybridization. SNPs may also be useful 

to identify backcrosses of more conspicuous hybrid fish (like Chaetodon and 

Centropyge) and understand the relationship of hybrids and color, which as I 

show, may not be directly related. There may be more species pairs that hybridize 

at Cocos and Christmas but that are cryptic (Hobbs & Allen 2014). There are a 

number of species that have breaks between the Pacific and Indian Ocean (Gaither 

& Rocha 2013), many of those may be hybridizing as well.  

 

This is the nature of this hybridization case study: It seems to be 

influenced by the unequal densities of parents, maternal contribution is 

bidirectional, there is bi-directional introgression, and the parents do not seem to 

have assortative mating, but more ecological observations need to be done to 

confirm that. Color data is scarce, but my preliminary data of color and genetics 

suggest that at some point the color of the backcrosses is not indicative of its 

genetic profile.  

  

Hybrids at Christmas 

 

The fish surveys and genetic data support that hybridization is ongoing at 

Christmas. SNP data demonstrates the presence of both parent clades, F1 and a 

mixture of backcrosses in the Bayesian population assignment. Independent 

analysis (DAPC), add support to these results by showing the composition of the 

Christmas population, with individuals more closely related to parental 

populations and also the presence of intermediate ones. Mitochondrial data and 
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fish surveys add support to the observation of ongoing hybridization, since both 

Pacific and Indian haplotypes are found, and fish surveys indicate the presence of 

Pacific, Indian and intermediate color morphs. I also observed fish of both Pacific 

and Indian Ocean phenotypes mating in Christmas (Fig 3.2).  

 

At Christmas, pure Pacific Ocean fish are more common than pure Indian 

Ocean fish. This may be due to its closer geographic location to the Pacific and 

the direction of prevailing currents coming from the Pacific. Christmas island 

closest location is Java, Indonesia, at approximately 350 km (James & McAllan 

2014). I know that individuals sampled in Komodo Indonesia are from the Pacific 

clade (this study), and I also know that parts of western Australia (Ningaloo) are 

from the Pacific clade (personal unpublished data).  I also know that there are 

both morphs in Bali, Indonesia (this study). Indian ocean larvae may be arriving 

occasionally at Christmas via stepping stone dispersal from Indian Ocean 

locations like Chagos, Sri Lanka, Myanmar or Northern Indonesia (i.e. Sumatra). 

It’s possible that the break of the clades is consistent with the marine’s Wallace 

line (Barber et al. 2000), and the break sits around Java or Bali. The prevailing 

currents allow larvae from both Pacific and Indian Oceans to arrive to Christmas. 

The South Java Current (SJC) crosses the coast of Sumatra and diverges to the 

West near Java, bringing water from the Indian Ocean. The South Equatorial 

Current (SEC) and the Indonesian Through Flow (ITF) come from the East 

bringing water from the Pacific Ocean (Yang et al. 2015).  
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Hybridization of Dascyllus trimaculatus at Christmas may be neutral or 

evolutionary advantageous, but it does not seem detrimental. I observed increased 

Dascyllus trimaculatus gene diversity. The Pacific mitochondrial clade of pure 

Pacific Dascyllus trimaculatus populations is characterized by lower genetic 

diversity than the Indian Ocean one (Leray et al. 2010). However in Christmas, 

individuals with Pacific haplotypes have higher diversity than pure Pacific 

populations. So it seems that the hybridization with Indian Ocean Dascyllus 

trimaculatus is increasing genetic diversity of Pacific haplotypes at Christmas. 

Considering the population as a whole, their nucleotide diversity is larger than 

anywhere else (Table 3.2). The populations at Christmas due to the ongoing 

hybridization may have an evolutionary advantage by having a larger diversity 

pool than other places and genetic material could be available for evolutionary 

innovation.  

 

Hybrids at Cocos 

 

The nuclear and mitochondrial data results are consistent with the idea that 

hybridization happened in the past but is no longer ongoing or is largely 

infrequent at Cocos. There may not be frequent arrival of pure Pacific larvae. 

Neither is a normal pure Indian Ocean population. All the individuals that were 

sampled were backcrosses with ~80% of their genotype of the Indian Ocean, 

showing introgression of Pacific Ocean genotype in their genomes. All the 

individuals genotyped would have been classified as pure Indian Ocean morphs, if 



	
  

	
   83	
  

I didn’t had the SNP data. So again, here I stress the importance of using SNPs to 

uncover cryptic introgression of the genome.  

 

Cocos (Keeling) is more isolated than Christmas, and also farther away 

from the Pacific Ocean. It is located ~900 km from Christmas and more than 

1,000 km from Indonesia or any other land (Hobbs et al. 2014). The fish surveys 

indicate that pure pacific morphs and intermediate forms are rare, none was 

observed on the surveys, but clear fin individuals have been found outside of 

surveys.  Cocos may be receiving occasional vagrants from the Pacific Ocean, 

perhaps not enough to maintain a genomic signature of ongoing hybridization. Its 

populations may or may not be isolated from the Indian Ocean. The SNP data 

indicates no presence of pure Indian Ocean individuals so I tend to favor the idea 

that Cocos is really isolated from both Pacific and Indian Ocean populations.  

 

I observed decreasing Dascyllus trimaculatus gene diversity at Cocos 

(Table 3.2), relative to the Indian Ocean clade. There is no evidence of a general 

bottleneck; its diversity is larger relative to the Pacific Ocean clade. It may be the 

product of hybridizing with the less diverse Pacific clade, or it may be lower than 

the rest of the Indian Ocean due to its geographic isolation. The populations at 

Cocos may have an evolutionary disadvantage by having a lower diversity pool 

than other places and less genetic material could be available for evolutionary 

innovation.  
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Geographic mosaic of hybridization 

 

One of the most striking results of this study is that in a hybrid zone there 

can be heterogeneous patterns of hybridization that depend on the geographic 

mosaic of dispersal and gene flow of pure populations. Cocos and Christmas are 

only separated by 900 km and the genetic distinction is really striking.  There are 

very large genetic differences within populations of a single species and also 

between hybrid populations at a rather small scale. These patterns have very 

important ecological and evolutionary implications. The differences are led by 

population dynamics, such as relative abundances of pure types, genetic 

characteristics of these pure types and dynamics of population connectivity.  The 

genetic structure of Cocos fish has changed to a point that it has become a 

divergent population. In the future it may become more divergent or alternatively 

the pacific fingerprint may eventually disappear. The introgression may have 

changed its evolutionary outcome injecting novel genotypes with unknown fitness 

consequences. This could be a mechanism for parapatric speciation in its very 

early stages.  

 

Hobbs (2014) has studied hybridization of many species in Cocos and 

Christmas, and he reports an apparent bias of hybrids between locations, 

Christmas has 14 hybrid crosses, Cocos has 8 hybrid crosses only. The authors 

attributed that bias to sampling intensity. However it may be due to the isolation 

of Christmas and may be causing different evolutionary outcomes in those species 



	
  

	
   85	
  

and many others at these two geographic locations, possibly changing the 

evolutionary trajectory of a whole community. 
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TABLES 

	
  
Table 3.1. Dascyllus trimaculatus pairwise FST (2,818 SNP loci). All comparisons 
were significant 

 Indian Cocos Christmas Pacific 
Indian ***    
Cocos 0.0241 ***   
Christmas 0.1284 0.0815 ***  
Pacific 0.2526 0.1827 0.0330 *** 
 

Table 3.2. D. trimaculatus haplotype and nucleotide diversity. Hybrid zone 
individuals were separated according to their haplotypes (Pacific or Indian).  

 Indian Haplotype 
 

Pacific Haplotype 

Haplotype 
diversity 

Nucleotide 
diversity, PI 

Haplotype 
diversity 

Nucleotide 
diversity, PI 

Indian pure 
populations 

1 
(31) 

2.2% 
(31) 

- - 

 
Pacific pure 
populations 

 

 
- 

 
- 

 
0.99 
(34) 

 
1.0% 
(34) 

Cocos 
population 

 

0.99 
(34) 

1.5% 
(34) 

- - 

Christmas 
population 

1 
(7) 

2.1% 
(7) 

1 
(15) 

1.9% 
(15) 

Christmas 
(pooled, n=22) Haplotype diversity: 1+/-0.0137, Nucleotide diversity 3.9%+/-2% 
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FIGURES 

	
  
	
  

 

Figure 3.1. Sampling locations and sample sizes. Indian Ocean populations: APE: 
Arabian Peninsula; EUR: Europa, Scattered Islands; DGA: Diego Garcia, Chagos 
Archipelago; Hybrid zone populations: CKE: Cocos-Keeling; CHR: Christmas; 
Pacific populations: IND: Indonesia; PHI: Philippines; OKI: Okinawa.   
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Figure 3.2. Indian and Pacific Ocean Dascyllus trimaculatus. The morphs are 
recognized by the coloration of the rear end of the dorsal fin. The left picture was 
taken in the Maldives (photo by Tane Synclair-Taylor), and the right picture was 
taken in the Philippines (photo by Luiz A. Rocha). The white coloration in the 
body is variable; it changes to darker depending on the behavioral display of the 
fish and it can happen in both the Indian and Pacific Ocean clades. 
 

 

 

Figure 3.3. (a) Christmas is one of the few places where Pacific and Indian 
morphs overlap and interbreed. (b) I have identified fish with various ranges of 
intermediate coloration on the rear of the dorsal fin, but the intermediate 
coloration is very subtle. 
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Figure 3.4. Bayesian cluster analysis performed by STRUCTURE based in 2,818 
SNP loci. The most likely number of clusters (k) was two (Delta K=14,566), 
based on the Evanno method. 
 

 

Figure 3.5. Discriminant Analysis of Principal Components (DAPC) based on 
2,818 SNP loci, showing the relationships of Christmas (CHR, grey) and Cocos-
Keeling (CKE, black) Dascyllus trimaculatus with pure Pacific (OKI, IND, PHI, 
light blue) and Indian Ocean (APE, EUR, DGA, dark blue) populations.  
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Figure 3.6. Haplotype network (minimum spanning network), using 495 bp of the 
mitochondrial D-loop. Circles represent haplotypes, with its size proportional to 
the haplotype frequency. Connecting lines and each bar represent single mutation 
steps. Cocos-Keeling and Christmas individuals were classified based on the SNP 
genotypes into: F1 hybrids, backcrosses, pure Pacific or Indian Ocean genotype. 
Individuals without SNP data were classified as “unknown”.  There was one 
individual collected at Christmas Island with an almost pure Pacific SNP 
genotype, but the color of the rear of the dorsal fin was black, the typical color of 
the Indian Ocean phenotype. This individual was called here “Pure Pacific, 
discordant color”. 
 
 

 

    

    COCOS-KEELING:
    Unknown SNP genotype
    Backcross ~80% Indian SNP

    CHRISTMAS:
    Unknown SNP genotype
    Pure Indian SNP genotype
    Backcross ~80% Indian SNP
    F1 SNP genotype
    Backcross ~80% Pacific SNP
    Pure Pacific SNP genotype
    Pure Pacific, discordant color

    

10 samples

INDIAN OCEAN (APE, EUR, DGA)
PACIFIC OCEAN (IND, PHI, OKI)

1 sample
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General conclusions 

 

The goal of my dissertation was to study population genomics of 

Dascyllus trimaculatus in the Indian Ocean at different spatial scales, using RAD 

markers. Assessing the genetic structure on common and widespread marine 

species has always been challenging, due to their large effective population sizes 

and low genetic structure. I studied the patterns of genetic differentiation of this 

damselfish in the Indian Ocean and in an area of secondary contact between 

Indian and Pacific Ocean faunas. I chose to work in the Indian Ocean because 

when I started the dissertation there were few studies on population genetics of 

marine species within that region. It is a challenging place to work at, because 

there is limited access to many locations, due to war and piracy.  

 

According to previous research with mitochondrial markers, D. 

trimaculatus in the Indian Ocean had low genetic structure and high genetic 

diversity. By using thousands of SNP markers, I was able to show that D. 

trimaculatus populations are not panmictic within the Indian Ocean. However, the 

patterns are cryptic. By using RADSeq, I was able to uncover patterns of genetic 

structure that would have remained hidden otherwise. I used a novel approach 

with outlier loci to uncover patterns concordant with phylogeographic breaks 

present in other marine species, but absent in neutral markers in D. trimaculatus.  

 

As I was doing my research, other population genetic studies within the 

region were conducted and my studies contributed to the common patterns 
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identified among many species. One of those is the strong genetic break found in 

the southern Red Sea. A steep environmental gradient in salinity, temperature and 

productivity is reflected in a genetic break found in many species, including D. 

trimaculatus (Chapter 1). The fact that it was found in the loci outliers suggests 

that divergent selection may be acting on the species and allowing it to adapt to 

different environmental conditions. I also found genetic differences between the 

Red Sea and the Arabian Peninsula (Chapter 1), and between the Arabian 

Peninsula and the Western Indian Ocean (Chapter 2). These differences may be 

attributed to the complex history of the Red Sea and Arabian Peninsula, the lack 

of suitable habitat on the coasts of Oman and Somalia, strong upwellings and the 

changing environmental conditions found in the Red Sea and Arabian Peninsula. 

 

The Indian Ocean D. trimaculatus has strong genetic differences with the 

Pacific Ocean populations. In Chapter 3, I demonstrated that the SNP markers can 

also be useful to discover cryptic hybridization. I found that Dascyllus 

trimaculatus Pacific and Indian Ocean genetic clades meet in Cocos-Keeling 

Islands and Christmas Island and interbreed. There is hybridization and 

backcrossing that was only discovered after using thousands of SNP markers. I 

also found that there are consistent differences between the Pacific and Indian 

Ocean clades in the color of the rear of the dorsal fin. Future work will separate D. 

trimaculatus into two species.
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