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Dissertation Abstract 

Population Genomics of the three-spot damselfish  
(D. trimaculatus) species complex  

 
May B. Roberts 

 
        Damselfishes (Family: Pomacentridae) are a group of ecologically important, 

primarily coral reef fishes that include over 400 species. Damselfishes have been used 

as model organisms to study recruitment (anemonefishes), the effects of ocean 

acidification (spiny damselfish), population structure and speciation (Dascyllus). The 

genus Dascyllus includes a complex of relatively larger bodied species, the Dascyllus 

trimaculatus species complex. This complex is comprised of several species 

including D. trimaculatus itself. The three-spot damselfish, D. trimaculatus is a 

widespread, common, and well-studied coral reef fish species found across the 

tropical Indo-Pacific that has served as a model species for coral reef fish research. In 

this dissertation, we expand on what is known of population dynamics of the complex 

while providing valuable genomic resources to support future research into this model 

system.  

        In Chapter 1 of this dissertation, we explore populations at the margins of a 

species’ distribution which tend to be smaller, more isolated, and importantly, exist in 

habitats at the edge of the species’ physiological limit. These conditions make such 

populations particularly vulnerable to extirpation, especially amid accelerating 

environmental changes. We focus on population structure based on mitochondrial 

DNA markers and inferred dynamics of an understudied, potentially vulnerable, 
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population of an otherwise well studied and widespread coral reef fish. We present 

phylogeographic results using the most robust set of samples collected in the Ryukyu 

Archipelago and gain insight into edge population dynamics by comparing to another 

more well-studied edge population in French Polynesia. We found that despite its 

proximity to the Coral Triangle and position along the Kuroshio Current, the Ryukyu 

population of D. trimaculatus seems to be a relatively young and closed, suggesting 

that it may be more vulnerable to extinction than might be otherwise expected. 

        In Chapter 2 we present the first genome assembly of Dascyllus trimaculatus. 

This assembly contains 910 Mb, 90% of the bases are in 24 chromosome-scale 

scaffolds, and the BUSCO score of the assembly is 97.9%. Our findings confirm 

previous reports of a karyotype of 2n = 47 in D. trimaculatus in which one parent 

contributes 24 chromosomes and the other 23. We find evidence that this karyotype is 

the result of a heterozygous Robertsonian fusion. This assembly was a necessary 

resource for research in Chapter 3 and will be a valuable resource in the population 

genomics and conservation of Damselfishes, and continued studies of the karyotypic 

diversity in this clade. 

        In Chapter 3, we use low coverage whole genome sequencing to examine the 

population structure of its Pacific distribution, and again, focus on dynamics of the 

Ryukyu Archipelago in southern Japan. We find evidence of clear divergence 

between the Pacific and Indian Ocean populations as well as between the Pacific and 

the restricted edge population in the Society Islands at the eastern edge of its range. 

We see a clear signal of introgression of one species within the complex, D. 
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auripinnis described from the Line and Phoenix islands into D. trimaculatus that 

extends across to the west Pacific - further than previously reported. We also find that 

there is directional but restricted gene flow of Philippine genotypes into the Ryukyu 

Archipelago. While we have not yet identified specific isolation and speciation 

mechanisms, we propose some likely scenarios.  

        This dissertation builds upon previous research of this complex which had made 

it a model system in its own right and adds genomic resources to ensure that we 

continue to further our understanding of this important model system in this genomic 

age. There are now resources for endless directions and questions to follow regarding 

this species complex and evolutionary processes.  

        Understanding mechanisms of dispersal, the role of selection, and the 

capabilities of local adaptation in a species with relatively restricted gene flow are 

some of the exciting questions that this project has uncovered, thus placing Dascyllus 

trimaculatus as an ideal model species to address fundamental questions in the 

ecology and evolution of coral reef fishes. 
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Abstract 

Populations at the margins of a species’ distribution tend to be smaller, more 

isolated, and importantly, exist in habitats at the edge of the species’ physiological 

limit. These conditions make such populations particularly vulnerable to extirpation, 

especially amid accelerating environmental changes. In this study we focus on structure 

and inferred dynamics of an understudied, potentially vulnerable, populations of an 

otherwise well studied and widespread coral reef fish the three-spot damselfish 

(Dascyllus trimaculatus). We present phylogeographic results using the most robust set 

of samples collected in the Ryukyu Archipelago and gain insight into edge population 

dynamics by comparing to another more well-studied edge population in French 

Polynesia. We found that despite its proximity to the Coral Triangle and position along 

the Kuroshio Current, the Ryukyu population of D. trimaculatus seems to be a 

relatively young and closed, suggesting that it may be more vulnerable to extinction 

than might be otherwise expected. 

Introduction 

Understanding the mechanisms of adaptive evolution and their roles in species’ 

abilities to persist though changing selective pressures is an ever-increasing necessity 

in the face of rapidly changing environments. As wildlife and their habitats are 

progressively more affected by human influence through climate change, development, 

and exploitation, there is growing literature on the consequences of these pressures 

(Palumbi 2010; Graham et al. 2015; Dulvy, Sadovy, and Reynolds 2003; Doney et al. 
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2012; Poloczanska et al. 2013; Dulvy, Sadovy, and Reynolds 2003). Species must 

either shift their ranges to track favored conditions, adapt to new conditions, or often 

face extinction (Urban 2015; Dulvy, Sadovy, and Reynolds 2003; Parmesan and Yohe 

2003).  

Populations that are at the margins of a species’ distribution, peripheral 

populations, are often particularly vulnerable to extirpation and at the forefront of 

environmental changes. This makes them a natural system to study response to 

changing conditions. Such populations tend to be smaller, more isolated, and 

importantly, persist in habitats (at least temporarily) that are different than the “ideal” 

habitats and in fact often at the edge of the species’ physiological limit. Compared to 

species distribution centers, edge populations experience a different swath of natural 

selection pressures, a more pronounced effect of genetic drift and low gene flow or 

connection - processes which drive genetic differentiation. These edge populations 

have been flagged as potentially important sources of genetic diversity including the 

adaptive variation necessary for species resilience to changing conditions and 

boundaries (Allendorf et al., 2010; Roberts et al., 2002). They are also important 

locations for furthering our understanding of evolutionary processes because their 

persistence is often the result of local adaptation and natural selection. The peripheral 

system is also interesting when there is high potential for gene flow to counter-act the 

processes driving genetic differentiation and local adaptation. Marine systems are 

unique in that most species have high dispersal potential in an environment largely 
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unrestricted by physical boundaries, but with high variation in habitat availability and 

structure.  

Over the last decades, the three-spot damselfish (Dascyllus trimaculatus) 

species complex has been the subject of several studies aiming to understand its 

population structure across the Indo-Pacific, the mechanisms driving divergence, and 

the process of speciation. The complex includes six lineages with restricted geographic 

ranges, some without taxonomic recognition (see Fig 1). Dacsyllus trimaculatus sensu 

stricto itself has the broadest range, extending from the Red Sea, where it was first 

described (Ruppell, 182), across the tropical and subtropical Indo-Pacific. There is 

substantial evidence from phenotypic differences to mitochondrial and genomic data 

showing a deep divergence between D. trimaculatus in the Indian and Pacific Oceans 

with an active hybrid zone in the eastern Indian Ocean at Christmas Island, and a 

historical one further west in Cocos-Keeling (Bernardi et al., 2002; Leray et al., 2010; 

Salas et al., 2019). These clades are thought to have diverged allopatrically as a result 

of restricted gene flow between the two oceans at the Sunda Shelf during glacial 

maxima (Salas et al., 2020). 

At the other end of the distribution in the Central Pacific, where most of the 

research on this complex has focused, previous studies have identified a number of 

species and isolated populations along the eastern boundary (Bernardi et al., 2002, 

2003; Bernardi & Crane, 1999; Leray et al., 2010; Liggins et al., 2016; McCafferty et 

al., 2002; Ramon et al., 2008). In the subtropical Pacific islands of the Hawai’ian 

Archipelago and Johnston Atoll, Dascyllus albisella (Gill, 1862) is morphologically 
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distinguished by its pale coloration with black edged fins. Even within this relatively 

small distribution, both mitochondrial data (dloop and control region) and 

microsatellite data show population structure across its entire range (Leray et al., 2010; 

Ramon et al., 2008). To the southeast, D. strasburgi (Klausewitz, 1960) is an almost 

completely pale grey species with the most restricted range within the complex, found 

only in the Marquesas Islands. It seems to have been the first lineage of this complex 

to have diverged from the other species (McCafferty et al., 2002) despite its relative 

proximity to other regions within the complex’ range. Genetic investigation on 

Dascyllus auripinnis (Randall & Randall, 2001), which was described based on 

morphometric differences including xanthic coloration, found that its distribution 

encompasses the Line and Phoenix Islands with a broad hybrid zone extending to the 

southwest to Fiji (Bernardi et al., 2002; Leray et al., 2010). It has been suggested that 

D. auripinnis likely diverged peripatrically and is now backcrossing with D. 

trimaculatus in the Central Pacific across this hybrid zone (Leray et al., 2010).  

The far south-eastern edge population of D. trimaculatus in Mo’orea and 

around French Polynesia has been the site of much of the foundational research on the 

species and its evolutionary relationship with other species in the genus and with other 

D. trimaculatus populations (e.g. Bernardi et al., 2002; Bernardi & Crane, 1999; Leray 

et al., 2010; McCafferty et al., 2002). Based on mitochondrial and nuclear 

microsatellite data, French Polynesia too seems to host another peripheral diverged 

clade of the species complex (Bernardi et al., 2003; Leray et al., 2010). Here, one main 

clade includes only French Polynesian individuals, while in addition a small number of 
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individuals group with individuals collected in other regions of the Pacific in a sub-

clade previously designated “OC3” (Bernardi et al. 2003, Leray et al. 2010). 

Each set of studies focusing on these regions has added additional samples and 

methods, continually uncovering more structure and a better understanding of the 

evolutionary processes that have resulted in the modern-day D. trimaculatus complex. 

In this study, we shift our focus north-westward to the Ryukyu Archipelago, one of the 

northern-most coral reef systems and the range-limit to most Western Pacific coral reef 

species. One of the characteristics that make this regions interesting, is that despite its 

peripheral position in the sub-tropical latitudes of southern Japan, is that its location 

north of the Coral Triangle and its broad latitudinal span across temperature and 

environmental gradients not only helps to facilitate its rank as one of the most diverse 

marine regions but as a top-ranked center of endemism (Roberts et al., 2002). A key 

oceanographic feature driving the persistence of this unique system is the Kuroshio 

Current. This powerful current is formed when the west-bound Northern Equatorial 

Current (NEC) meets the Philippines and deflects northward becoming the Kuroshio. 

This current provides the Ryukyus, along with the rest of the East China Sea and the 

Pacific coast of southern Japan with warm tropical waters and propagules from the 

region known as center of tropical marine biodiversity (Carpenter & Springer, 2005). 

As it travels northward weaving through the Ryukyu Archipelago, the subsequent 

steady decline in sea surface temperature, light penetration, and aragonite saturation 

prevents the formation of hermatypic corals and coral reef habitat at the southern end 

of the main islands of Japan (Kleypas et al., 1999).  
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This current and archipelago provide a system to test the hypothesis that genetic 

structure can occur despite the existence of a strong mechanisms for gene flow, and 

allow us to examine whether D. trimaculatus is in fact less panmictic across its range 

than currently believed. From the Ryukyu region there is already research on 

scleractinian corals (Nakajima et al., 2010), zoantharians (Albinsky et al., 2018), 

crown-of-thorns sea stars (Yasuda et al., 2009), and fishes (Ackiss et al., 2018; Clark 

et al., 2021), with mixed results. For insight into how edge populations may be formed 

and their phylogeographic patterns within an otherwise widespread species, we 

compare this population to the French Polynesian population at the southern edge of 

the distribution. Previous genetic studies on D. trimaculatus biogeography used 

between 1-10 samples from the Ryukyus. In this study, we use the mitochondrial 

control region from 61 individuals sampled across the Ryukyu Archipelago along with 

689 samples from across the D. trimaculatus complex range to evaluate the population 

structure of this unique edge population.  

Materials and Methods 

Tissue collection 

Fin and/or gill tissue for the 52 individuals of D. trimaculatus was collected using pole 

spears or hand nets while scuba or free diving and preserved in 95% ethanol. Three 

sampling regions were chosen from across much of the extent of the Ryukyu 

Archipelago: Amami-Oshima (28.27°N,129.36°E), Okinawa (26.34°N,127.81°), and 
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Iriomote (24.33°N,123.82°E). Sampling was conducted at several sites around each 

island (Table 1). Other samples in this study are described in Supplementary Table 1. 

Sampling protocols were approved by Institutional Animal Care and Use Committee 

(IACUC) at the University of California Santa Cruz. 

DNA extraction, amplification, and sequencing: 

Total genomic DNA from the additional Ryukyu Archipelago samples was extracted 

using the Qiagen DNeasy Blood and Tissue kit. The mitochondrial control region 

(also called dloop) was amplified using forward primer CR-A (5’T TCC ACC TCT 

AAC TCC CAA AGC TAG 3’ (Lee et al., 1995)) and a D. trimaculatus specific 

reverse primer DTPL (5’TTT GTT ACA GCA AAT TAT TTAT3’ (Bernardi et al., 

2002)). Polymerase chain reactions (PCR) were performed in 20µl reactions which 

consisted of 1µl DNA, 1µl of forward and 1 µl reverse primer (10p), 1µl MgCl, 2µl 

Coral Red Buffer dye and 4 µl of autoclaved MilliQ water. The PCR amplification 

profile began with denaturation at 94°C for 45 s, annealing at 50°C for 45 s, extension 

at 72°C for 1 min, and repeated for 35 cycles. DNA was cleaned using STAR 

following manufacturers protocol and sanger sequenced (FASMAC, Kanagawa 

Japan). Sequences were aligned and edited using Geneious (version 10.2.6).  

Analysis 

Phylogenetic relationships were evaluated using aligned sequences for 

Dascyllus trimaculatus and a single D. reticulatus sequence as an outgroup following 
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Leray et al. (2010). Tree reconstructions were made using PAUP (v4.0) (Swofford), 

with distance parameters (Kimura 2) used to reconstruct Neighbor-Joining trees (Nei). 

Metrics of population structure (Fixation indexes, Fst) were estimated using Genodive 

(v.3.0.6) (Meirmans) after creating a genepop input file using PGD Spider (Excoffier), 

and DNAsp (v. 6.0) (Rozas and Rozas) using the PAUP nexus files as input files. 

To determine whether the population distribution pattern was the same for all 

groups represented in clade V, the proportion of Ryukyu samples that were in each 

clade were calculated. Those proportions were set to be the expected values for each of 

the other groups of samples (Philippines, Indonesia, Fiji+Wallis), and a chi-square test 

was performed.  

Results 

Phylogenetic results: 

The mtDNA data partitioned the Dascyllus trimaculatus complex into five 

major clades that corresponded to D. albisella in Hawaii, D. strasburgi in Marquesas, 

D. trimaculatus in the Indian Ocean, D. trimaculatus in the Pacific, and D. trimaculatus 

in French Polynesia (Figure 2). Samples from a single locality tended to group within 

one major clade, except for French Polynesian samples that clustered into two main 

clades. One clade was comprised only of French Polynesian individuals, while the other 

clade included both French Polynesian samples, as well as other Pacific individuals in 

Pacific sub-clade I (previously OC3 clade (Bernardi et al., 2003; Leray et al., 2010)). 
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The Pacific clade was itself divided into seven of these subclades (I-VII) (Figure 3). 

Data showed that of the 61 Ryukyu (Japan) samples 54 belonged to subclade V, three 

were in subclade II and four in the previously mentioned subclade I with French 

Polynesian samples. This is a significantly uneven distribution (88% of individuals 

belong to subclade V; chi-square, p value=5.9x10-55) and a pattern that is significantly 

different from the distribution of individuals that belong to other populations that are 

present in these clades (Fiji+Wallis Island: n=20, chi square test, p value=1x10-27; 

Philippines: n=13, chi square test, p value=9.6x10-12; Indonesia: n=9, chi square test, p 

value=8.3x10-16) 

Genetic diversity and gene flow 

Within the Japanese population, the average pairwise nucleotide difference (Pi) 

was 0.0158 (1.58%) or 3.608 nucleotides (k). In the French Polynesian population, the 

average pairwise nucleotide difference and the average pairwise number of differing 

nucleotides were Pi=0.0286 and k=9.76, respectively, and when analyzed again without 

the individuals in clade I, Pi=0.02451 and k=8.359. 

Gene flow and estimated migration rates between Japanese samples and the rest 

of the Pacific Rim was low (Fst=0.05685; Nm=8.29). The other edge population, 

French Polynesia, showed even more limited gene flow with the Pacific Rim 

(Fst=0.6976, Nm=0.22). 

Discussion 
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Genetic and genomic markers have been used to better understand the 

phylogeography of the three-spot damselfish revealing important insights into the 

evolutionary relationships and mechanisms of speciation within the Dascyllus 

complex. Most of these studies have focused on the eastern portion of the species 

distribution in the central Pacific (Bernardi et al., 2001, 2003; Bernardi & Crane, 1999; 

Leray et al., 2010; Liggins et al., 2016; Ramon et al., 2008), as well as in the Indian 

Ocean and on Indo-Pacific relationships (Salas et al., 2020, 2019).  

Data presented here are consistent with previously published results, where 

Dascyllus albisella in Hawaii and D. strasburgi in the Marquesas Islands each formed 

monophyletic assemblages, thus matching currently accepted taxonomic rankings 

(Bernardi et al., 2001, 2003; Leray et al., 2010). Figure 2. Individuals identified as D. 

trimaculatus group in very distinct clades, for example Indian Ocean, Pacific Ocean 

and French Polynesian samples cluster in different groups, indicating that taxonomic 

revision will be needed for these putative taxa once additional nuclear markers are used 

to confirm results based on mitochondrial markers. 

Here, we present phylogeographic results using the most robust set of Dascyllus 

trimaculatus samples collected in the Ryukyu Archipelago to bring focus to this north-

west distribution edge. We compare with and gain insight from another more well-

studied edge population in French Polynesia. 



 
 
 

12 

The Pacific Rim clade itself shows interesting divisions and is composed of at least 

seven distinct clades (I-VII, Figure 2, 3). Most individuals collected in the Ryukyu 

Archipelago group in subclade V with only few individuals each in subclades I and II. 

Gene flow (Fst=0.57) and migration rate (Nm=8.29) indicated that despite its proximity 

to the Coral Triangle and position along the Kuroshio Current, the Ryukyu population 

can be characterized as its own, fairly closed population. Phylogenetic analyses showed 

that the Ryukyu population also has individuals which may have arrived from 

elsewhere in the Pacific and conversely the Ryukyu dominant clade is also found in 

other regions such as in Indonesia, the Philippines, and as far away as Fiji and Wallis 

Island. Subclade V is also distinct among the Pacific Rim subclades in the shallow 

depth of its basal branch, potentially suggesting both a recent colonization of the region 

(lack of lineage sorting), and the immigration of ancient polymorphisms (basal 

branches). Indeed, non-Japanese clade V individuals tended to cluster in the more basal 

branches of the clade, which may point to the ancestral source of the original colonizing 

population. Nevertheless, it is apparent that there is gene flow into the Ryukyu 

populations as shown by the individuals from clade I and II found in the archipelago. 

The recent nature of the Japanese population may be the signature of a more dynamic 

edge population at the margins of coral reefs ecosystems. 

Although the Ryukyus are home to prominent coral reef habitats, their location in 

the subtropics at ~24-31N° latitude means that there is relatively large seasonal 

fluctuation in ocean temperature (16.4°C-33.3°C) than in lower latitude regions 
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(25.8°C-30.4°C) (Iguchi & Hongo, 2018; Kleypas et al., 1999). This high 

environmental variation makes for a physiologically more stressful place for organisms 

with restricted mobility to live in. Over longer timescales, the coral reefs of the 

Ryukyus may rely on the delivery of warm equatorial water (and propagules) by the 

Kuroshio Current, the strength and path of which is determined by seasonal factors 

such as wind, typhoons, and temperatures, decadal phenomena that may accentuate the 

seasonal factors and more long-term factors such as glaciation periods, which change 

sea levels and therefore flow paths, thus also influencing all the previously listed above 

factors (Chen, 2013). It does seem plausible that such fluctuations result in occasional 

die offs of entire guilds of the most susceptible fishes that are restricted to shallow 

waters, as has been seen in zooxanthellate scleractinian corals in both abnormally cold 

winters (e.g.(Suzuki et al., 2013) and warm summers (Masucci et al., 2019; Omori, 

2011) in the region. If this is the case, re-colonization of this edge population is likely 

to be frequent and when observed, recent. 

South across the equator and at the eastern edge of the D. trimaculatus distribution 

in French Polynesia, we can see a mirror image of the Ryukyu population distribution 

(Fig 3). It is composed of a main clade (French Polynesian clade) with additional 

individuals from another deep branched Pacific Rim subclade I. Like the Ryukyu 

population, D. trimaculatus in French Polynesia has very little connection with other 

populations with an estimated 0.22 migrants per generation and Fst=0.6976. Its basal 
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branch is far more pronounced, however, and unlike the Ryukyus, we interpret this as 

a deep and old divergence of this relatively closed population.  

French Polynesia also differs from the Ryukyus in other significant ways. These 

islands sit in lower tropical latitudes (17.5° S as opposed to the Ryukyus at 31°N) and 

experience a much more stable environment with seasonal sea surface temperature 

ranges that vary by less than 5°C compared to almost 17°C ranges in the Ryukyus 

(Kleypas et al., 1999). Unlike the Kuroshio’s effect on the Ryukyus, Leray et al (2010) 

suggested that the currents in the French Polynesia region have had an isolating effect 

on D. trimaculatus.  

The comparison between our current results of the Ryukyus population and the 

more well understood French Polynesian population offer an interesting perspective on 

processes that may be at play in each region. While they are both clearly isolated 

populations, we are likely looking at different stages of diverging populations. French 

Polynesia is far more well defined, with clades on deep branches, a fact which is further 

supported by microsatellite data (Leray et al., 2010). Our current study is the only 

research to date which has looked specifically at D. trimaculatus in southern Japan, and 

our mtDNA data suggest a comparatively much younger population perhaps in the 

early stages of coalescence. The differences in the respective environments also raises 

the question of whether the Ryukyus, as a marginal environment, experience “regular” 

local extirpations and colonization events, explaining the short basal branch of clade V 



 
 
 

15 

and supporting the general scientific view that edge populations are often far more 

vulnerable to extinction events. 
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Ch1 - Tables and Figures 

Table 1. All Dascyllus trimaculatus samples collected in the Ryukyu Archipelago used 
in this study are listed here with location, sample ID and corresponding sample ID 
listed in Supplementary Figure. 
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Table 1. 

 

  

sample ID mtDNA ID site coordinates
DTR_AMA-071701 AMA-96 Arira 28.444819, 129.527271
DTR_AMA-071702 AMA-97 Arira 28.444819, 129.527271
DTR_AMA-071703 AMA-98 Shirahama 28.196805, 129.271029
DTR_AMA-071704 AMA-99 Shirahama 28.196805, 129.271029
DTR_AMA-071705 AMA-100 Sesui 28.134974, 129.330211
DTR_AMA-071706 AMA-101 Sesui 28.134974, 129.330211
DTR_AMA-071709 AMA-104 Sesui 28.134974, 129.330211
DTR_AMA-071710 AMA-105 Sesui 28.134974, 129.330211
DTR_AMA-071711 AMA-106 Sesui 28.134974, 129.330211
DTR_AMA-071712 AMA-107 Sesui 28.134974, 129.330211
DTR_AMA-071713 AMA-108 Sesui 28.134974, 129.330211
DTR_AMA-071714 AMA-109 Sesui 28.134974, 129.330211
DTR_AMA-071715 AMA-110 Sesui 28.134974, 129.330211
DTR_AMA-071716 AMA-111 Sesui 28.134974, 129.330211
DTR_AMA-071717 AMA-112 Sesui 28.134974, 129.330211
DTR_AMA-071718 AMA-113 Sesui 28.134974, 129.330211
DTR_AMA-071719 AMA-114 Sesui 28.134974, 129.330211
DTR_AMA-071720 AMA-115 Shidokan 28.328324, 129.300228
DTR_OHED_071701 OHED-134 Hedo Port 26.854556, 128.246460
DTR_OHED_071702 OHED-135 Hedo Port 26.854556, 128.246460
DTR_OHED_071702b OHED-135b Hedo Port 26.854556, 128.246460
DTR_OHED_071703 OHED-136 Hedo Port 26.854556, 128.246460
DTR_OHED_071704 OHED-137 Hedo Port 26.854556, 128.246460
DTR_OHED_071705 OHED-138 Hedo Port 26.854556, 128.246460
DTR_OHED_071706 OHED-139 Hedo Port 26.854556, 128.246460
DTR_OHED_071707 OHED-140 Hedo Port 26.854556, 128.246460
DTR_OHED_071708 OHED-189 Hedo Port 26.854556, 128.246460
DTR_OHED_071709 OHED-190 Hedo Port 26.854556, 128.246460
DTR_OHED_071710 OHED-191 Hedo Port 26.854556, 128.246460
DTR_OHED_071711 OHED-192 Hedo Port 26.854556, 128.246460
DTR_OHED_071712 OHED-193 Hedo Port 26.854556, 128.246460
DTR_OHED_071715 OHED-196 Hedo Port 26.854556, 128.246460
DTR_OHED_071716 OHED-197 Hedo Port 26.854556, 128.246460
DTR_OHED_071717 OHED-198 Hedo Port 26.854556, 128.246460
DTR_OHED_071718 OHED-199 Hedo Port 26.854556, 128.246460
DTR_OMIA_071702 OMIA-201 Miyagi-jima 26.364559, 127.997884
DTR_OMIA_071703 OMIA-202 Miyagi-jima 26.364559, 127.997884
DTR_OOUR_071701 OOUR-203 Oura Bay 26.536729, 128.079806
DTR_OOUR_071702 OOUR-204 Oura Bay 26.536729, 128.079806
DTR_OZPA_071702 ZPA-206 Zanpa 26.441628, 127.712330
DTR_OZPA_071703 ZPA-207 Zanpa 26.441628, 127.712330
DTR_OZPA_071704 ZPA-208 Zanpa 26.441628, 127.712330
DTR_OZPA_071705 ZPA-209 Zanpa 26.441628, 127.712330

OKI1 Okinawa
OKI2 Okinawa
OKI3 Okinawa
OKI5 Okinawa
OKI6 Okinawa
OKI8 Okinawa
OKI7 Okinawa
AKA1 Aka-jima (Okinawa)
AKA2 Aka-jima (Okinawa)

DTR_IRI__071701 IRI-117 Sotobanari 24.361374, 123.706348
DTR_IRI__071702 IRI-118 near Hoshizuna and Maruma 24.434927, 123.790206
DTR_IRI__071703 IRI-119 reef off Hatoma 24.452296,123.815298
DTR_IRI__071704 IRI-120 reef off Hatoma 24.452296,123.815298
DTR_IRI__071705 IRI-121 reef off Hatoma 24.452296,123.815298
DTR_IRI__071707 IRI-123 reef off Hatoma 24.453646, 123.810382
DTR_IRI__071708 IRI-124 reef off Hatoma 24.453646, 123.810382
DTR_IRI__071709 IRI-125 reef off Hatoma 24.453646, 123.810382
DTR_IRI__071712 IRI-128 Maruma Beach 24.424088,123.802420

Amami-Oshima 
(n=18)

Iriomote-jima 
(n=9)

Okinawa               
(n=34)
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Figure 1. Map of distributions of the Dascyllus trimaculatus species complex with 
illustrated example of a specimen from each distinct group along the top. Background 
color of each fish match color of distribution shown in map. Red square shows location 
of the Ryukyu archipelago.  
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Figure 1.  

 

Figure 2. Neighbor joining-tree using all Ryukyu, Indian Ocean, Pacific Rim, 
Marquesas samples, a random subset of French Polynesian and Hawai’ian samples and 



 
 
 

23 

one D. reticulatus sample for the out group. Branch colors correspond to major clades 
of the Dascyllus trimaculatus species complex labelled in outer circle. Roman numerals 
(I-VI) number each of the clades within the Pacific Rim clade. Colors around the edge 
of the tree correspond to the location from which that sample was collected described 
in the figure legend.  
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Figure 2
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Figure 3. Neighbor joining-tree using all Ryukyu, Indian Ocean, Pacific Rim, 
Marquesas samples, a random subset of French Polynesian and Hawai’ian samples and 
one D. reticulatus sample for the out group. Branch colors correspond to major clades 
of the Dascyllus trimaculatus species complex labelled in outer circle. Roman numerals 
(I-VI) number each of the clades within the Pacific Rim clade. Colors around the edge 
of the tree correspond to the location from which that sample was collected described 
in the figure legend. This tree highlights samples from the Ryukyus and French 
Polynesian samples only. It is otherwise identical to Figure 2 of this paper.  
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Figure 3. 
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Supplementary Figure 1. Neighbor joining-tree using all 689 samples of Dascyllus 
trimaculatus and one D. reticulatus sample for the out group. Branch colors correspond 
to colors used in previous figures identifying major clades of the Dascyllus 
trimaculatus species complex. 
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Figure S1. 
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Abstract 

Damselfishes (Family: Pomacentridae) are a group of ecologically important, 

primarily coral reef fishes that include over 400 species. Damselfishes have 

been used as model organisms to study recruitment (anemonefishes), the 

effects of ocean acidification (spiny damselfish), population structure and 

speciation (Dascyllus).  The genus Dascyllus includes a group of small bodied 

species, and a complex of relatively larger bodied species, the Dascyllus 

trimaculatus species complex that comprises several species including D. 

trimaculatus itself. The three-spot damselfish, D. trimaculatus is a widespread 

and common coral reef fish species found across the tropical Indo-Pacific.  

Here we present the first genome assembly of this species. This assembly 

contains 910 Mb, 90% of the bases are in 24 chromosome-scale scaffolds, and 

the BUSCO score of the assembly is 97.9%. Our findings confirm previous 

reports of a karyotype of 2n = 47 in D. trimaculatus in which one parent 

contributes 24 chromosomes and the other 23. We find evidence that this 

karyotype is the result of a heterozygous Robertsonian fusion. We also find 

that the D. trimaculatus chromosomes are each homologous with single 

chromosomes of the closely related clownfish species, Amphiprion percula. 

This assembly will be a valuable resource in the population genomics and 
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conservation of Damselfishes, and continued studies of the karyotypic 

diversity in this clade.  
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Introduction 

Damselfishes (Pomacentridae) are a group of small-bodied species 

found across all coral reef regions and most temperate marine systems where 

they are often the most visibly abundant fishes on the reef (1–4). This family 

includes more than 400 species that, despite their small size (max 30cm), play 

important ecological roles (2,5). Within this large family, the genus Dascyllus 

comprises eleven species, four of which, make up the Dascyllus trimaculatus 

species complex. This species complex includes three described species with 

restricted geographic ranges, D. albisella in the Hawaiian Islands, D. strasburgi 

in the Marquesas Islands, and D. auripinnis in the Line Islands. In contrast, D. 

trimaculatus has the broadest range, extending from the Red Sea, where it was 

first described (Ruppell, 1829), across the tropical and subtropical Indo-

Pacific (Figure 1).  

Three-spot damselfish is an abundant and common species, that 

exhibit a typical bipartite life history, with a site attached adult phase, where 

mate pairs lay, fertilize, and care for demersal eggs, followed by a pelagic 

larval phase. Larvae hatch after ~6 days and feed in the water column on 

zooplankton where their pelagic larval duration (PLD) lasts 23-30 days until 

they recruit back to the reef (6,7). Larvae settle primarily into anemones for 

protection often sharing this shelter with different species of the popular 
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anemonefish (in Hawai’i, where anemonefishes and anemones are absent, D. 

albisella recruits to branching coral). As subadults, they leave the anemone 

and live nearby in small to large groups.  

There has also been considerable effort in understanding the 

chromosomes architecture and variation of Dascyllus and other damselfishes. 

Chromosome number varies between species of Dascyllus as well as within 

species (8–10) giving insight into chromosomal drivers of evolution (11–13) 

and how this variation is manifested ecologically (11,14). As we shift into the 

age of genomic natural history where genomic tools offer vastly more detail 

and statistical power, a reference genome will aid in further refining our 

understanding of wildlife biology (15). There are currently 14 Pomacentrid 

reference genomes, five of which are publicly available through the National 

Center for Biotechnology Information (NCBI; 

https://www.ncbi.nlm.nih.gov/) (A. ocellaris, (16), Acanthochromis 

polyacanthus, (17); Amphiprion percula, (18); Amphiprion ocellaris (19); 

Acanthochromis polyacanthus, Lehmann in review),  and another nine from a 

single study (Marcionetti et al. 2019). Of these, only one is of species other 

than genus Amphiprion and only three of those listed above (A. ocellaris, A. 

percula, A. polyacanthus) are chromosome-scale genomes. Of the Pomacentrid 

chromosome-scale genomes all had 2n=48, with genome sizes ranging 

https://www.ncbi.nlm.nih.gov/
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between 863Mb-956Mb. The two published genomes, A. ocellaris, (Ryu et al. 

2022) and A. percula were highly complete with published BUSCO values of 

97.01% and 97.2% respectively. Chromosome-scale genomes provide a more 

complete sequence and locations of genes and allow for research into how 

chromosome architecture influences ecology, population dynamics, and 

adaptive evolution. Here, we present the first genome assembly within the 

genus Dascyllus and add to the short, but growing list of Pomacentrid 

chromosome-scale genomes.  

 

Materials and Methods 

Biological Materials:  

The D. trimaculatus individual used for this genome assembly was 

ordered from an online pet fish supplier (liveaquaria.com), sourced from the 

West Pacific Rim population (20). It was euthanized following an approved 

IACUC protocol animal use. Liver, muscle, gill, and brain tissue were 

harvested from the right side of the individual and each placed in separate, 

pre-weighed Covaris cryogenic vials, flash frozen in liquid nitrogen, and 

stored at -80°C until further processing. The remaining intact left-side of the 

specimen is stored in -80°C at University of California Santa Cruz. 
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Nucleic acid library preparation and sequencing:  

Whole-genome shotgun library preparation: 

DNA was extracted from 13 mg of muscle tissue using a DNeasy Blood 

and Tissue kit (Qiagen), quantified using Qubit dsDNA HS Assay kit 

(Thermo Fisher Scientific) and Qubit 4.0 Fluorometer, then assayed with 1.0% 

agarose gel electrophoresis to determine molecular weight. DNA was sheared 

for 26 cycles of shearing (15s on, 30s chilling) using a Bioruptor sonicator 

(Diagenode), then size selected using SPRI beads (Beckman) to select for 

fragments between 200 bp to 500 bp.  

 The NEBNext UltraII DNA Library Prep Kit for Illumina (New 

England Bio Labs) was used according to manufacturer’s protocol except that 

KAPA Hot Mix Ready Start Master Mix (Roche Diagnostics) was used for 

library amplification instead of NEB Q5 Master Mix. Paired-end sequencing 

was done at the University of California Davis Genome Center on a 

HiSeq4000 sequencer on a 2x150PE cycle.  

 

Chicago library preparation  

 High molecular weight (HMW) DNA was isolated from the Dascyllus 

trimaculatus individual by lysing gill tissue in low-EDTA TE buffer (21), then 

purifying with a chloroform, phenol:chloroform, chloroform, ethanol 
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precipitation protocol (22). The quality of the HMW DNA was assayed with 

1.0% agarose gel electrophoresis. This DNA was used in the preparation of 

the Chicago, Hi-C, and for Oxford Nanopore Technologies sequencing 

libraries.  

From this DNA, three Chicago libraries were prepared using a 

published method (23), each using a different restriction enzyme: one with 

DpnII cutting at GATC sites, one with MluCI cutting at AATT sites, and one 

with FatI cutting at CATG sites. These libraries were sequenced on a 2x150PE 

cycle at Fulgent Genetics on a HiSeq400 sequencer.  

 

Hi-C library preparation 

 Two Hi-C libraries were generated from approximately 100 ng of LN2-

flash-frozen muscle. The libraries were constructed using a published 

protocol (24). One library was constructed using the enzyme DpnII, and the 

other library was constructed with the enzyme MluCI.  

 

Oxford Nanopore library (ONT): 

 Next, 1500 ng of the HMW DNA prepared for Chicago libraries was 

also used to prepare two ONT WGS libraries with the SQK-LSK109 modified 

protocol "versionGDE_9063_v109_revT_14Aug2019". The DNA repair steps at 
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20qC and 65qC were carried out for 20 minutes each, instead of 5 minutes 

each. We ran each of the resulting libraries on two separate MinION flow 

cells (FLO-MIN106), each for 72 hours.  Raw fast5 files from the two MinION 

runs were basecalled using Guppy(25) v3.3.  

 A summary of sequencing information for the various libraries can be 

found in Supplementary Table 1. 

 

Genome Assembly:  

All programs and versions used for the assembly are listed in Table 1.  

Sequencing adapters were removed from the Illumina whole-genome 

shotgun (WGS) reads with Trimmomatic (26) v0.39 with parameters: 

‘ILLUMINACLIP: all_seqs.fa:2:30:10:8:TRUE SLIDINGWINDOW:4:20 

MINLEN:50’. We used jellyfish (26) v2.2.10 to make a k-21 k-mer count vs 

abundance histogram and used the histogram with Genome Scope (27) v2.0 

to estimate D. trimaculatus genome size, heterozygosity, and repeat content. 

MaSuRCA (28–30) was used to assemble a first version of the genome using 

both the ONT and WGS reads.  

We followed the Arima-HiC mapping pipeline 

(https://github.com/ArimaGenomics/mapping_pipeline/blob/master/Ari

ma_Mapping_UserGuide_A160156_v02.pdf) to prepare the data for 
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scaffolding. The pipeline aligns the sequencing data from each the Hi-C and 

Chicago dataset against the assembly from MaSuRCA, it then filters ligation 

adapters and removes PCR duplicates from the resulting alignments. These 

alignments were then processed with samtools (31,32) v1.13 and converted 

into BED files with bedtools (33) v2.30.  

The MaSuRCA assembly was scaffolded with SALSA (34) v2.3 with 

ligation junction parameter -e AATT,GATC,CATG. Iteration number was set 

to 10 (-i 10) and we allowed for Hi-C/Chicago data to also correct assembly 

errors (-m yes). 

We aligned the trimmed Illumina WGS reads to the scaffolded output 

of SALSA with bwa mem (35) v0.7.17-r1188 and used that alignment to polish 

the assembly with Pilon (36) v1.23. We repeated the alignment and polishing 

steps once. The error-corrected assembly was then screened for possible 

contaminants, using Blobtools2 (37) v3.1.0. Any contigs assigned to phyla 

other than Chordata were removed. However, any sequences categorized as 

‘No hits’ were kept. The assembly was then manually curated by mapping 

the DpnII and MluCI Hi-C reads to the genome assembly with chromap (38) 

v0.2.2 with a quality filter of 0 and converted to a .hic file with Juicebox 

Assembly Tools (JBAT) (39) v2.14.00. Artisanal tools commit 9a79889 

(https://bitbucket.org/bredeson/artisanal) was used to generate a JBAT 
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assembly file. We used the Juicebox GUI (40) v1.11.08 to manually curate the 

assembly with the .hic and .assembly files. Modifications made to the 

assembly included ordering and orienting scaffolds into chromosome-scale 

scaffolds, removing duplicated regions, and making manual assembly breaks 

to place misassembled contig pieces onto the correct scaffold. Artisanal was 

used to generate an updated genome assembly FASTA file. Scaffolds not 

placed on chromosomes were sorted by the strongest Hi-C connection to 

chromosome-scale scaffolds with genome assembly tools commit b0cda60 

(https://github.com/conchoecia/genome_assembly_pipelines. D-Genies 

(41), accessed April 30th 2022, was used to align the manually-curated 

assembly to the chromosome-scale assembly of the closely related Amphiprion 

percula genome assembly (18). The evidence from this analysis was used to 

assign chromosome numbers to the D. trimaculatus scaffolds based on 

homology with A. percula chromosomes. 

 

Genome quality assessment: 

Benchmarking Universal Single-Copy Orthologs (BUSCO) (42,43) 

v5.2.2 was used to evaluate genome completeness by comparing number of 

orthologous genes found in the assembly to the 3,640 genes in the 

actinopterygii_odb10 database. Assembly statistics (assembly-stats; 
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https://github.com/sanger-pathogens/assembly-stats) were generated to 

track N50, L50, contigs, gaps, and lengths at each step. We used merqury (44) 

v1.3, to calculate the genome completeness and error rates.  

 

 

Results 

Sequencing 

We sequenced four library types: a whole-genome shotgun library 

which resulted in 314.6Mb paired-end 150bp reads, representing 103x 

coverage, and 3.52M (4.84Gb) and 8.57M (19.77Gb) ONT reads from the two 

runs on the minION flowcells, representing 22x ONT coverage for the initial 

hybrid assembly. The five proximity ligation libraries used for scaffolding, 

two Hi-C (restriction enzymes DpnII and Mlucl), and three Chicago libraries 

(restriction enzymes DpnII, MlucI, and FatI) yielded ~108M, ~152M, ~65M, 

~74M, ~67M, reads respectively for a total proximity ligation coverage of 

154x. In total, across all data types, we had a final coverage of 280x (See 

Supplementary Table 1 for sequencing details).  

 

Heterozygosity and repetitive sequence estimation 

https://github.com/sanger-pathogens/assembly-stats
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GenomeScope estimated the genome size to be 809 Mb, with 84% 

unique and 16% repetitive sequences, and 1.02% heterozygosity 

(Supplementary Figure 1). 

 

Genome Assembly 

Genome quality metrics for each step of the assembly are listed in 

Table 2. The initial de novo assembly by MaSuRCA with ONT and Illumina 

shotgun data had a total length of 919,275,268bp in 3,501 contigs with an N50 

of 1,108Kb. Scaffolding with the HiC and Chicago libraries dropped the 

number of contigs to 2,467 and increased N50 to 16,013Kb. After two rounds 

of polishing with trimmed Illumina shotgun reads gaps decreased from 1,097 

to 1,088. Blobtools2 showed that of the 2,467 contigs, none matched other taxa 

in NCBI databases of bacteria, invertebrates, mammals, phages, plants and 

fungi, or environmental samples. Four hundred seventy-eight contigs did not 

match any databases (‘no-hits’) and were left in the genome.  

The manual curation of the genome assembly yielded 24 scaffolds 

consistent with chromosome-scale scaffolds (Figure 2). A dotplot comparison 

(Figure 3) with the Amphiprion percula (18) genome revealed that each of the 

D. trimaculatus chromosome-scale scaffolds had a one-to-one corresponding 
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homologous, albeit rearranged, chromosome in the Amphiprion percula 

genome.  

The final assembly (GenBank accession: JAMOIN000000000) has a 

length of 910.7Mb, 90% of which was on chromosome-scale scaffolds and 

BUSCO score of 97.9%. Merqury calculated 86.19% completeness, QV of 44.6, 

and an estimated error rate 0.0000346, or a single nucleotide error every 28.9 

Kb. 

 

 

Discussion 

The biology, evolution and biogeography of the three-spot damselfish 

is relatively well-studied using genetic (10,45–51) and genomic tools (52,53) 

and, as we shift further into the age of WGS data and tools, a reference 

genome is an invaluable resource. Here we present the chromosome-scale 

genome assembly of a three-spot damselfish, Dascyllus trimaculatus, collected 

from the Indonesian/Philippine population (20). It is the first within the 

genus Dascyllus of the widely studied, and large Pomacentridae family. This 

high-quality de novo assembly of a non-model coral reef fish is a valuable 

reference for furthering studies of evolutionary, ecological, and conservation 

studies for the species and for coral reef fish in general.  
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We report sequences for 24 chromosomes of the D. trimaculatus 

genome with total length and repetitive content (Figure 2A, Supplementary 

Figure 1) that is expected for this species (10,54,55). Interestingly, our Hi-C 

data also show that chromosomes three and four have strong connections at 

half the depth of other intra-chromosomal connections (Figure 2B). This 

pattern can be explained by a hemizygous state wherein one parental gamete 

contributed a Robertsonian-fusion of chromosomes three and four, and the 

other parental gamete contributed chromosomes three and four as separate 

chromosomes making the individual sequenced here, a 2n=47 individual. 

This finding is consistent with previous studies that report both 2n=47 and 

2n=48 for Dascyllus trimaculatus (8,9,54). Chromosome numbers vary both 

within and among species of Dascyllus. One report on several Dascyllus 

species collected in the Philippines and the Ryukyu Archipelago of southern 

Japan demonstrated polymorphic karyotypes in all but one of the species 

(Ojima and Kashiwagi, 1981). Dascyllus aruanus had the most karyotypic 

variation - between 2n = 27-33 chromosomes, D. reticulatus 2n = 34-37, D. 

trimaculatus 2n = 47-48, and D. melanurus with 2n = 48.  

In addition to confirming variation in chromosome number, the dot 

plot comparison between this genome and of the closest relative with an 

available chromosome-scale assembly, Amphiprion percula (18), revealed 
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several rearrangements in every chromosome between corresponding 

chromosomes (Figure 3). The Pomacentrid subfamilies Chrominae and 

Amphiprionini are estimated to have diverged over 50 million years ago 

(mya) (56). The estimated number of rearrangements within chromosomes 

ranged from 2+ in chromosome 7 of D. trimaculatus which was the most like 

its counterpart in A. percula to over 35 in chromosome 24 (Figure 3).  This 

pattern of rearrangements has not been characterized between chromosome-

scale genome assemblies of Pomacentridae. The role of variation in 

chromosome number has been the subject of several cytogenic studies which 

have found that chromosome diversity inversely related to mobility of the 

fish and that chromosome rearrangements can serve to either promote or 

prevent recombination events (11,12,14,57). Interestingly, chromosome 3 in 

the genome presented in this paper is one of the most rearranged while also 

being one of the chromosomes involved in the Robertsonian fusion 

mentioned above. This assembly will be a useful starting point to study how 

this type of genome structure varies at a meta-population scale, and how this 

influences recombination and adaptation.  

This assembly represents the first chromosome-level genome of the 

genus Dascyllus as well as the first non-Amphiprion chromosome-scale 

genome published in the Pomacentridae family. Damselfishes are excellent 
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model species due to their relatively small size, ease to manage in the wild 

and lab, and those interested in this group will benefit from this addition to 

the available genomic resources. Dascyllus trimaculatus itself, is has had a 

dynamic evolutionary trajectory across the Indo-Pacific, evident in species 

complex that is continuing to reveal its complexity and provide insight into 

evolutionary mechanisms. In addition to providing a high-quality reference 

genome to further our understanding of genomic architecture, this assembly 

will serve to leverage information stored across the genome to better 

understand the population dynamics, phylogeny, biogeography, 

demographics, of Dascyllus trimaculatus, as well as gain insight into historical, 

current, and future response to changes in climate.  

 

Data Availability 

The assembly and genomic sequencing reads generated for this study have all 
been deposited in the NCBI GenBank database under BioProject ID 
PRJNA828170. Accession numbers for the genome and data are listed in 
Supplementary Table 1 on page 70. 
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Ch2 - Figures and Tables  
 
Figure 1. Dascyllus trimaculatus and species complex global distribution.  

The three-spot damselfish (Pacific morph) is shown on the right of the map 

adapted from Leray et al. (2009) and Salas et al. (2020). The map shows in 

blues the broad distribution of D. trimaculatus. Differences in blues reflect 

results of Salas et al. (2020) which showed Indian Ocean differentiation from 

Pacific populations as well as a sub population in Cocos Keeling and a 

hybridization zone in Christmas Island. Similarly, the darker blue patch in 

the Central Pacific shows another divergent population of D. trimaculatus 

identified in Leray et al (2009). The other colors show the distributions of the 

other species within the D. trimaculatus complex: green for D. albisella, yellow 

for D. auripinnis, and red for D. strasburgi.   
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Figure 1. 
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Figure 2. Genome statistics and chromosome map. 

Panel A: The outer circumference of the main plot represents the full length 

of the 910,763,285 bp chromosome-scale assembly of Dascyllus trimaculatus. 

The outer ring of blues depicts GC (dark blue) and AT (light blue) content 

along the assembly which is summarized in the lower left. The second ring is 

demarcated by percentage of the total contigs of the genome. Orange and 

pale-orange arcs show the N50 and N90 record lengths (34,909,338 and 

22,085,708 bp), respectively overlying the dark grey, which arranges scaffolds 

in order by size starting from the largest scaffold (41,400,476 bp and ~4% 

genome, shown in red). The pale grey spiral shows the cumulative scaffold 

count on a log scale with white scale lines showing successive orders of 

magnitude. A summary of BUSCO statistics for complete (97.9%), fragmented 

(0.7%), duplicated (1.7%), and missing (1.5%), orthologous genes in the 

actinopterygii_odb10 set is shown in the top right. Panel B: A Hi-C contact 

map made with the MluCI and the DpnII libraries showing 24 chromosome 

clusters and the unscaffolded contigs. In the green square, chromosomes 3 

and 4 show strong interchromosomal connections at roughly half coverage 

indicating Robertsonian fusion in one set of chromosomes contributed a 

parent with 2n=47 while the other parent contributed 2n=48.  
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Figure 2.  
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Figure 3.  Dascyllus trimaculatus mapped against chromosome-level 

genome of Amphiprion percula (Pomacentridae) 

The main panel shows a dot-plot of the assemblies of Dascyllus trimaculatus 

(presented in this manuscript) and the genome of the anemone fish 

Amphiprion percula (Lehmann, 2019). The remaining un-scaffolded contigs are 

shown in the last column. The right three panels show a close-up dot plot of 

the color-coded boxes in the main panel of chromosome 3, chromosome 7, 

and chromosome 24. Chromosome 3, one of the chromosomes involved in 

Robertsonian fusions within the species, shows many rearrangements as well 

as regions of repeat sequences near one end. Chromosome 7 seems to be one 

of the most architecturally conserved chromosomes between Dascyllus and 

Amphiprion, whereas Chromosome 24 shows and examples of a highly 

rearranged chromosome. 
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Figure 3.  
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Figure S1. GenomeScope results from paired-end 150bp whole genome 

sequences of Dascyllus trimaculatus. 
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Table 1.  
List of programs and program versions in order of use for the genome 
assembly of the three-spot damselfish, Dascyllus trimaculatus 
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Table 1. 
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Table 2.  
A comparison of genome metrics between Dascyllus trimaculatus assembly 
stages.  
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Table 2. 
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Table S1.  
Sequencing information of data used to assemble the genome of the three-
spot damselfish, Dascyllus trimaculatus, Bioproject: PRJNA828170 Biosample: 
SAMN27642109; Genome accession: JAMOIN000000000 for isolate 
Kuro_0920G 
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Table S1. 
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Abstract 

The three-spot damselfish, (Dascyllus trimaculatus) is a small, common, and 

widespread coral reef fish that is well studied both at the ecological and at the 

molecular level in large part due to its membership in a species complex that spans 

the Indo Pacific. In this study, low coverage whole genome sequencing is used to 

examine the population structure of its Pacific distribution, and at a more fine-scale, 

along the Ryukyu Archipelago in southern Japan. We find evidence of clear 

divergence between the Pacific and Indian Ocean populations as well as between the 

Pacific and the restricted edge population in the Society Islands at the eastern edge of 

its range. We see a clear signal of introgression of D. auripinnis described from the 

Line and Phoenix islands into D. trimaculatus that extends across to the west Pacific - 

further than previously reported. We also find that there is directional but restricted 

gene flow of Philippine genotypes into the Ryukyu Archipelago. While we have not 

yet identified specific isolation and speciation mechanisms, we propose some likely 

scenarios. Finally, this study adds further information, genomic resources, and 

questions to pursue for this model species and system. 
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Introduction 

Indo-Pacific coral reef fishes offer a system to explore fundamental concepts of 

both theoretical and applied population genomics. Indeed, coral reef fishes have been 

used to study evolution, phylogenetics, phylogeography, speciation, behavior, and 

population dynamics. They are also the primary source of proteins for millions of 

people, primarily in developing countries, which underscores the crucial role that 

population genomics may play in conservation and management of essential 

resources. In the past, a number of model species have been used to tackle such 

questions, and the presence of widely distributed species has been shown to provide a 

perfect setup.  

The three-spot damselfish, Dascyllus trimaculatus, has been studied extensively 

both at the ecological and at the molecular level. This relatively small damselfish 

(family Pomacentridae) recruits and lives in anemones as a juvenile, but unlike 

anemonefishes, leaves the protection of the anemones when it reaches a size large 

enough to avoid predation. As an adult, it lives a demersal life, usually in the vicinity 

of the anemones, feeding on plankton. Adults reproduce several times a year by 

spawning on rocks where males will guard eggs for several days.  After hatching, 

larvae have a pelagic phase before they recruit back to a reef into an anemone 

(pelagic larval duration, PLD, lasts approximately 23-30 days)(Wellington and Victor 

1989). These life history characteristics translate as populations that are genetically 

structured, as has been shown in previous studies (Giacomo Bernardi, Holbrook, and 

Schmitt 2001; Leray et al. 2010; Salas et al. 2020; McCafferty et al. 2002). In fact, D. 
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trimaculatus belongs to a species complex that is geographically widespread. 

Dascyllus trimaculatus is found across the Indo Pacific, from the Red Sea to French 

Polynesia in the South and Japan in the North of the Pacific Ocean. Yet, within this 

vast distribution, closely related species, with much smaller distributions, have been 

described. Two species are restricted to remote island groups – the Marquesas (D. 

strasburgi) and the Hawaiian Archipelago and Johnston Atoll (D. albisella,).  

Dascyllus auripinnis, is another species within the complex that has been described 

from the Line Islands and adjacent atolls. In addition to these described species, 

population genetic studies based on mitochondrial markers and nuclear 

microsatellites have shown strong population structure in D. trimaculatus, where a 

very strong genetic barrier is found between Indian Ocean and Pacific populations, 

and again within the Pacific Ocean, separating French Polynesian individuals as its 

own group. A recent study (Chapter 1) based on more than 600 individuals found that 

the Society Islands of French Polynesia and the Ryukyu Archipelago, two marginal 

populations, generally separated out from the greater Pacific cluster into their own 

clades (though some from each location did fall into other clades (Chapter 1). These 

findings raised the question of the origin, nature, and role of edge populations as these 

two are found at the extreme southern and northern edges of the distribution of the 

species, respectively. Each offer a unique example of what edge populations look like 

and the conditions under which they persist.  

The goal of this study was to use a more powerful approach, low coverage whole 

genome sequencing, to first confirm the presence of multiple species in the D. 
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trimaculatus species complex, second: to identify gene flow boundaries within the 

Pacific Ocean, and finally, to determine the status of edge populations and their 

genetic relationships with the center of distribution of the species. 

 

Methods 

Tissue collection and Sampling locations 

This study includes 9-14 individuals for each of 12 locations across the species 

complex range including three locations in the Ryukyu Archipelago. This includes the 

Ryukyu Archipelago (Amami-Oshima, Okinawa, Iriomote), Philippines (Verde Island 

Passage), Micronesia (Falalop, Ulithi), Fiji (Tavenui), Baker Atoll, Kingman Reef, 

French Polynesia (Mo’orea), Marquesas, Hawai’ian Islands (Hawai’i) and the Indian 

Ocean outgroup Oman (Umm al Ghanam, Musandam) (see Table 1 for more details). 

Fin and/or gill tissue for the 129 individuals D. trimaculatus was collected using pole 

spears or hand nets while scuba or free diving and preserved in 95% ethanol. 

Sampling protocols were approved by Institutional Animal Care and Use Committee 

(IACUC) at University of California Santa Cruz.  

 

Whole-genome library preparation and sequencing: 

Total genomic DNA was extracted by first lysing all tissue by digesting overnight in 

lysis buffer, 20% SDS, and proteinase K, before purifying using a chloroform and 

ethanol precipitation protocol, treated with RNase and eluted in purified water (See 

Supplemental Protocol 1). DNA was then size selected using beads to remove 
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fragments less than 1000bp. Whole genome libraries were prepared following a Tn5 

transposase protocol where DNA was tagmented and indexed (some made by the 

Corbett-Detig Lab UCSC and the rest by Nextera UDI) byt the Tn5 transposase and 

PCR amplified (additional detail in Supplemental Protocol 2). The final libraries were 

bead cleaned aimed to remove fragments greater than 700bp. These were then 

checked by measuring DNA concentration using Qubit and a representative few were 

run on a Bioanalyzer to check fragment distribution. Libraries were based on 

concentration and 150bp were paired-end sequenced on 4 partial lanes of a NovaSeq 

(NovaGene, Sacramento, CA). 

 

Data-processing: 

Details and scripts used for data processing and all analysis can be found at: 

https://github.com/mayroberts/lcwgs-population-analysis/. Paired-end fastq.gz files 

were adapter and polyG tail trimmed, put through initial filtering based on default 

parameters for low quality reads and read length ( <30bp removed) using fastp 

v0.12.4  (Chen et al. 2018) and resulting pre and post qc reports visualized with 

multiqc v1.11  (Ewels et al. 2016). Reads were mapped to the D. trimaculatus 

genome (Roberts et al in review) that had been filtered of contigs <500 bp and 

resulting bam files were filtered to remove non-uniquely mapped reads and those with 

a low quality score (q 20) with bowtie2 v2.4.5 (Langmead and Salzberg 2012) and 

samtools v1.13(Danecek et al. 2021; Li et al. 2009). Final coverage per individual and 

total was calculated using a combination of samtools and a custom R script adapted 

https://github.com/mayroberts/lcwgs-population-analysis-minus-the-cursing
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from (https://github.com/therkildsen-lab/data-

processing/blob/master/lcwgs_data_processing.md). This was used to determine that 

minimum and maximum global single nucleotide polymorphism (SNP) depth filters 

would be set at 100 and 590 respectively.  

Global SNP calling was done with angsd v0.939(Korneliussen, Albrechtsen, 

and Nielsen 2014) with –minind 13 (set to 10% of total individuals), --minq 20 

(minimum base quality score), --minmaf 0.05 (minimum minor allele frequency), --

minmapq 20 (minimum mapping quality score), --mindp 100 and –maxdp 590 as 

stated before. The samtools genotype likelihood model (--gl 1) within angsd was 

chosen to calculate minor allele frequencies. Minor allele frequency estimations for 

populations were also calculated similarly except –minind 6(2/3 the minimum 

population size), --mindp 6 (same as –minind), and –maxdp 14 (minind x estimated 

average coverage (2.3)).  

 

Analysis: 

 To calculate pairwise weighted Fst, first angsd was used to estimate site allele 

frequency likelihood for each population or grouping (--doSaf 1). These pairwise 

comparison were between each sampling location as well as by major clades defined 

by the mtDNA phylogenetic tree in Chapter 1 (D. albisella, D. strasburgi, D. 

trimaculatus - Indian Ocean, D. trimaculatus Mo’orea, D. trimaculatus Pacific Rim 

and D. auripinnis). The 2D site frequency spectrum was estimated (angsd realSFS) 

and the weighted Fst average was calculated (realSFS fst stat). For details on 

https://github.com/therkildsen-lab/data-processing/blob/master/lcwgs_data_processing.md
https://github.com/therkildsen-lab/data-processing/blob/master/lcwgs_data_processing.md
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parameters and scripts used for how pair-wise Fsts were obtained for populations and 

by taxonomic and other groupings using angsd, see 

https://github.com/mayroberts/lcwgs-population-analysis-minus-the-

cursing/blob/main/Fst.md.   

 Global genotype likelihoods were used to estimate individual admixture 

proportions in the program NGSadmix for k 4-10 using the default parameters and -

seed 4 (Skotte, Korneliussen, and Albrechtsen 2013). R was then used to plot the 

resulting proportions. 

   

Results 

The 129 individuals in this study received on average 2.3x coverage. The 

mean depth per position across all individuals is 282.68 (sd=160.5406). A total of 

867,185,962 sites (95.22 % of the reference genome) were covered at least once. 

After filtering (--mindp 100 and –maxdp 590), a total of 866,405,756 sites were 

analyzed and 22,573,846 snps were retained and used in further analysis. 

All average weighted Fsts for population-wise comparisons are reported in 

Table 2a and Fsts calculated between major clades are reported in Table 2b. Fst 

generally increased with distance between groups. Lowest fsts were between the 

Ryukyu locations which ranged between 0.027-0.029. Gene flow was more limited 

among populations within regions in the West Pacific where Fsts ranged between 

0.027 (Okinawa/Amami-Oshima) and 0.058 (Ulithi/Philippines). Populations 

assigned to the recently described D. auripinnis, collected at Baker Island and 
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Kingman Atoll showed restricted gene flow with populations assigned to other 

species within the complex, but showed some gene flow with some adjacent 

populations such as Fiji and Ulithi, Fst=0.057 -0.073. Fst values were greater than 0.1 

for pairwise comparisons with the other western Pacific populations. Samples from 

Mo’orea (D. trimaculatus), Marquesas (D. strasburgi), Hawai’i (D. albisella), and 

Oman (D. trimaculatus. – Indian Ocean) all showed low gene flow (Fst=0.17 - 0.42) 

between themselves and all other locations.  

Table 2b shows a similar pattern where the major clades have little gene flow 

between them except for between the Pacific Rim and Baker Atoll and Kingman Reef 

(Fst= 0.005). Admixture analysis (Figure 2) showed that most locations (Oman, 

Marquesas, Hawai’i, Mo’orea, Baker Atoll, Kingman Reef, Philippines) had very 

little, to no signature of admixture with other groups. However, the Ryukyu 

populations, Ulithian, and Fijian populations showed varying levels of admixture, 

which showed some proportion of D. auripinnis at decreasing levels with distance 

from Baker Atoll and Kingman Reef. Figure 3 is a subset of Figure 2 showing a 

genetic cline along a gradient of four populations along the Kuroshio Current: 

Philippines, Iriomote, Amami-Oshima.  

 

Discussion 

While much genetic information has been gathered to understand the geographic 

distribution of genotypes in the Dascyllus trimaculatus species complex, this study, 

which harnesses the power of low coverage whole genome sequencing sheds new 
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light on the genetic architecture of this species complex. Here, we present the first 

Pacific-wide analysis of population structure of the D. trimaculatus complex.  

 

Species designations 

Current species designations within the D. trimaculatus complex are due for 

an update. From previous work using mitochondrial markers, microsatellites, 

RADseq and this study based on low coverage whole genome sequencing, the species 

D. trimaculatus, is likely composed of at least three separate species; the one 

originally described from the Indian Ocean (Rüppell, 1829), the main Pacific clade, 

and the more restricted population found in the Society Islands. Previous genetic 

studies which include samples from these regions show these clear divergences 

(Leray et al. 2010; Salas et al. 2020; Giacomo Bernardi, Holbrook, and Schmitt 2001; 

G. Bernardi and Crane 1999; G. Bernardi et al. 2002; McCafferty et al. 2002, Roberts 

et al in prep). In addition, this study also found low gene flow (Fst =0.19) between the 

Indian Ocean and the Pacific D. trimaculatus clade (Table 3) – which is consistent 

with previous studies: [Zanzibar-Japan Fst=0.23 (Giacomo Bernardi, Holbrook, and 

Schmitt 2001); Pacific-Indian Fst=0.25 (Salas et al. 2020)]. The admixture analysis 

(Figure 2) also shows clear distinction between samples from Oman (Indian Ocean) 

and all other samples from the Pacific Ocean. Salas et al (2020) showed that the 

boundary between the Indian Ocean and Pacific Ocean populations of D. trimaculatus 

occurs in the eastern Indian Ocean where a hybridization zone occurs around Cocos-

Keeling and Christmas Islands. This region between the Australian continent and the 
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Indo-Malay shelf is narrow and shallow and a known biogeographic boundary region 

for many marine sister species (Gaither and Rocha 2013). Morphological differences, 

including clear dorsal fin in the Pacific Ocean, and a dark dorsal fin in the Indian 

Ocean, also fully partition the two populations (Figure 1). 

The other clear genetic separation was at the opposite end of the current D. 

trimaculatus distribution. We found that samples from French Polynesia in Mo’orea 

exhibit less gene flow (Fst=0.22) with the Pacific D. trimaculatus clade than the 

Indian Ocean clade. The admixture plot supports previous findings using 

microsatellite data showing a clear isolation of all Mo’orea individuals (Leray et al. 

2010). Leray et al suggest that the relatively short PLD (23-30 days) potentially 

paired with differential survival of larvae restricts gene flow enough to explain the 

observed genetic divergence. In the tropical marine system, the highest rates of 

endemism are found in peripheral populations of the Indo-Malay-Philippines 

Archipelago and it is likely that this branch of D. trimaculatus constitutes another 

endemic species of the Society Islands (Bellwood and Wainwright 2002; Connolly, 

Bellwood, and Hughes 2003; Bowen et al. 2016; Briggs and Bowen 2012). It would 

join other peripheral endemic species in this complex found at other known endemic 

hotspots, D. strasburgi (Marquesas) and D. albisella (Hawai’ian archipelago), in this 

study.  

 

Pacific-wide population genomics 
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We find that, interestingly, not all peripheral populations of the D. 

trimaculatus complex included in this study are as divergent as the French Polynesian 

population. For example, D. auripinnis (Randall and Randall 2001) is the most 

recently described species of the group, characterized by varying levels of orange-

yellow to the belly and pelvic, anal, and caudal fins, and flecks of yellow along dorsal 

spine margins. Its published range includes the Line Islands (represented by Kingman 

Reef in this study), Phoenix Islands (represented by Baker Atoll in this study), and the 

Northern Cook Islands. Leray et al (2010) found genetic evidence of introgression to 

the south in Fiji. In this study, we find strong evidence for genetic separation (black 

genotyopes, Figure 3) but also evidence of introgression into the greater Pacific clade 

(Fst = 0.005). Signals of D. auripinnis are prominent in Fiji which support findings 

by Leray et al (2010) but also in Ulithi over 5000km to the west, and also present at 

low levels as far as the Western Pacific in southern Japan. The admixture analysis 

(Fig 2) also shows that admixture seems to be directional, likely with D. auripinnis in 

Baker and Kingman Reef acting as a source of genetic diversity into the Pacific clade 

while remaining largely impervious to immigration. The west bound Equatorial 

Currents in which the Phoenix and Line Islands is likely to play a role in both 

isolating the Phoenix and Line Islands from outside genetic influence while aiding in 

the export of propagules to the greater western Pacific.  

The Pacific clade, which, in our study is represented by individuals from the 

Philippines, Ryukyus, Ulithi, and Fiji, is characterized by four main genetic lineages 

based on admixture analysis of k=7. Fiji, seems to represent a sink population being 
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the only population to show elements of all four genetic clusters. Its main component 

is shared with D. auripinnis in black, along with a minor but uniform proportion of 

Mo’orea polymorphisms (green). Interestingly, despite being geographically more 

distant from the Philippines (pink) than Ulithi which is only roughly a quarter of the 

distance to the Philippines, most samples from Fiji show some proportion of 

admixture with the Philippine lineage. Only two Ulithian fish on the other hand, share 

any of the Philippine genomic signature and is otherwise relatively uniformly 

characterized by D. auripinnis and the Pacific teal lineage. 

In Chapter 1, the mitochondrial dloop from the Ryukyu archipelago largely 

clustered into a sub clade of the greater Pacific clade. Data based on low coverage 

whole genome sequencing in this study reveal several interesting characteristics. 

First, unlike the other peripheral populations we examined here, the Ryukyu 

population is not completely isolated (Table 2, Figure 2). Both gene flow estimations 

and admixture analysis show that there is clear exchange with the rest of the Pacific 

clade and to some extent D. auripinnis, as discussed earlier. Most of the Ryukyu 

population seems to be characterized primarily by a combination of two lineages: one 

clearly from the Philippines seen in pink in Figure 2 and the other depicted by the teal 

bars seen across the Ryukyus and also prominent in Ulithi Atoll located just south of 

the Marianas Islands. Interestingly, again, gene flow seems to be strongly directional 

between the Philippines and Ryukyu Archipelago. While again, it is difficult to fully 

identify specific mechanisms, one important factor is likely to be a strong current, the 

Kuroshio Current, that drives both warm tropical water and propagules from the 
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Philippines northward along the Ryukyu Archipelago. As discussed in Chapter 1, this 

system is one in which both high gene flow (aided by the Kuroshio Current) and 

selection (related to the latitudinal gradient of the subtropics) are likely opposing 

forces at play.  

Admixture results of Philippine and Japanese lineages show a distinct genetic 

cline. Philippine samples belong to a single genetic cluster (pink) except one 

individual, while 16% of Japanese samples belong to another single lineage (teal). 

The presence of a genetic cline suggests ongoing gene flow and intermixing of the 

two lineages within the Ryukyu archipelago. Interestingly, while the cline comprises 

individuals with all potential fractions of genetic clusters, individuals below 25% of 

either Philippine (pink) or Japan (teal) genetic components, are missing. This might 

be due to selection against such individuals, or sterility in their potential parents. 

Though more analysis is needed to tease apart the mechanism, there are several 

possible mechanisms by which this result might arise: 1) an old lineage in the 

Ryukyus followed by a Philippines range expansion and subsequent introgression 2) a 

continual input of Philippine propagules that are selected against leaving a Ryukyu 

adapted linages.  

 

Modes of speciation in the D. trimaculatus species complex  

Speciation modes have been described as a continuum between allopatric 

speciation, where populations diverge as a result of geographic separation, to 

sympatric speciation which occurs despite geographic overlap. Between those 
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extremes, parapatric and peripatric speciation may also occur where geographic 

isolation is incomplete. In the D trimaculatus complex, the edge populations of D. 

albisella in the Hawai’ian Islands, D. strasburgi in the Marquesas and the divergent 

populations of D. trimaculatus in the Society Islands and again in the Indian Ocean, 

likely represent examples of allopatric speciation where some combination of 

currents, distance, ecology, and biology have isolated these populations and favored 

their divergence. Dascyllus auripinnis, on the other hand, may represent a peripatric 

scenario of speciation where this restricted edge population divergence occurred 

during a temporary period(s) of isolation and is currently acting as a source of genetic 

diversity to the greater Pacific D. trimaculatus population. Finally, the edge 

population that is here represented by Japanese samples, is potentially an example of 

incipient speciation in the face of gene flow, where some individuals are already 

sorted (fully teal individuals), while others are still carrying evidence of gene flow. 

  

Conclusion 

In this study, using whole genome sequencing, we find clear and varied 

patterns of population structure in the Dascyllus trimaculatus species complex. We 

recommend additional taxonomic designations for the Pacifc D. trimaculatus as well 

as those in the Society Islands. Some taxonomic names might be available such as D. 

niger, described in 1847, and D. nuchalis, described in 1830, both from Indonesia, 

and both currently synonymized with D. trimaculatus. Our findings also make clear 

that there is much to be understood about even the basic population structure of this 
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species complex and the speciation mechanisms. For example, how far do the 

Philippine and Ryukyu genotypes extend? Is the cline of the Philippine lineage in 

Southern Japan a result of selection, incomplete lineage sorting, or perhaps another 

case of peripatry and subsequent lineage sorting? There are clearly many more to 

questions to be investigated to better understand how this species complex came to be 

what it is today, and what we may expect in the future.  
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Ch3 - Figures and Tables 

Figure 1. D. trimaculatus species complex distribution and sampling locations. The 
three-spot damselfish species complex with previously known distributions and 
sampling locations for the current study is shown on the map adapted from Leray et 
al. (2009) and Salas et al. (2020). Corresponding illustrations of typical 
morphs/species for the regions/species are pictured. The background color of the fish 
illustrations corresponds to its distribution in the same color. The Indian Ocean clade 
is shown in purple, the greater Pacific clade in blue, D. albisella in green, D. 
strasburgi in red, D. auripinnis in peach, and D. trimaculatus Society Islands 
population in yellow.  
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Figure 1. 
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Figure 2. Admixture plot of D. trimaculatus species complex. This admixture bar plot 
k=7 (angsd v 0.939 NGSadmix) shows estimated proportions of individual admixture 
using genotype likelihoods calculated for 132 individuals ordered by population 
(Oman,  n=11; Hawai’i, n=9; Marquesas,  n=14; Mo’orea, n=11; Philippines, n=10;  
Iriomote, n=10; Okinawa n=11; Amami-Oshima n=11; Ulithi n=11; Fiji n=11; 
Kingman Reef n=10; Baker Atoll n=10).  
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Figure 2.  
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Figure 3. Subset of k=7 admixture bar plot.  A subset of Figure 2 plot showing only 
Philippines and Ryukyu Archipelago individuals and ordered by proportion of 
Philippine admixture (pink).  
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Figure 3.  
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Table 1. Sample table with published species assignment, location of collection, and 
number of individuals in the D. trimaculatus species complex used in the study.  
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Table 1. 
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Table 2. Weighted pairwise Fst. Pairwise weighted Fst are reported between sites 
below the grey diagonal. The color spectrum represents levels of geneflow – darker 
greens represent higher gene flow to reds which represent low to lack of gene flow 
based on Fst values.  Population codes and published species designations are as 
follows: D. trimaculatus (AMA = Amami-Oshima, OKI=Okinawa, IRI-Iriomote, 
PHI=Philippines, FAL=Falalop, FIJ=Fiji), D. auripinnis (BAK=Baker Atoll, 
KIN=Kingman Reef), D. trimaculatus (MOO=Mo’orea), D. strasburgi 
(MRQ=Marquesas), D. albisella (HAW=Hawai’i), D. trimaculatus (OMA=Oman). 
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Table 2. 
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Table 3. Weighted pairwise Fst by species and major Pacific clades. Pairwise Fst are 
reported between populations grouped by species or major clades. Pairwise weighted 
Fst are reported between sites below the grey diagonal. The color spectrum represents 
levels of geneflow – greens represent higher gene flow, yellows intermediate, and 
reds represent low to lack of gene flow based on Fst values. Group codes are defined 
as follows: PAC is D. trimaculatus which includes AMA = Amami-Oshima, 
OKI=Okinawa, IRI-Iriomote, PHI=Philippines, FAL=Falalop, FIJ=Fiji; DAU is D. 
auripinnis which includes BAK=Baker Atoll, KIN=Kingman Reef; MOO is D. 
trimaculatus from the Mo’orea/ Society Islands clade, DST is D. strasburgi from 
Marquesas, DAL is D. albisella from Hawai’i; IND is D. trimaculatus from Oman in 
the Indian Ocean.  
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Table 3. 
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Supplementary Protocols 
SP1. DNA extraction protocol (2 pages) 
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SP2 – Tn5 whole genome library preparation protocol (3 pages) 
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Conclusion 
 

This dissertation builds upon previous research of this complex which had 

made it a model system in its own right and adds genomic resources to ensure that we 

continue to further our understanding of this important model system in this genomic 

age. There are now resources for endless directions and questions to follow regarding 

this species complex and evolutionary processes. For example, Chapter 1 makes clear 

that interesting and unique processes are occurring in unexamined corners of what is 

thought to be a well-mapped out species. What will other regions find? The 

chromosome-level genome presented in Chapter 2 highlights the question of the role 

that inter-chromosomal connections (prevalent in this genus) may play in speciation 

processes and perhaps even the formation of this complex. We can follow up on 

Chapter 3 findings of the cline of southern genotypes in the northern most reefs of the 

Pacific in the Ryukyu archipelago to delve into the mechanisms and intricacies of 

selection and local adaptation. 

Understanding mechanisms of dispersal, the role of selection, and the 

capabilities of local adaptation in a species with relatively restricted gene flow are 

some of the exciting questions that this project has uncovered, thus placing Dascyllus 

trimaculatus as an ideal model species to address fundamental questions in the 

ecology and evolution of coral reef fishes. 
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