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Abstract The Pomacentrid fish Chrysiptera rex (Snyder
1909) is a small conspicuous member of Indo-Pacific coral
reefs. Despite having planktonic larvae, which would seem
to facilitate genetic and morphological homogeneity, it
possesses three distinct color variations, which are geographically restricted. To investigate the presence of possible incipient speciation, samples were taken from three
geographically distinct areas including the South China
Sea, the Philippines and Indonesia. Phylogenetic analysis
of these morphotypes resulted in congruence between color
and genetic data sets, with separation by color type. Each
of the color variants possessed a unique genetic signal at
two mitochondrial loci, but the color variants were
invariant across a nuclear gene. This study highlights the
importance of range wide sampling when characterizing a
species and argues that multiple lines of evidence should be
used when evaluating the taxonomic and conservation
status of coral reef organisms.
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Introduction
The delineation of species is of fundamental importance to
the identification and conservation of biodiversity (Vecchione and Collette 1996), and species are often used as a
common denominator in comparing and prioritizing conservation areas (Roberts et al. 2002; Allen 2007). However,
the question of what species are, and what characters
should be used to define species boundaries has vexed
biologists for generations (Avise and Wollenberg 1997;
Ghiselin 2002; Wiley 2002; Coyne and Orr 2004).
Many coral reef fish possess vibrant colors; it is not
surprising that coloration has often been used as a first
pass at species identification. This has proven problematic
for many coral reef groups that possess highly variable
color phases (e.g., Scaridae, Labridae), and there are
numerous examples where males and females of the same
species have each been assigned different specific names
(Herre 1935; Parenti and Randall 2000). However, for
species not known to have sex-associated color changes,
coloration has frequently been used to delineate species
boundaries (Ready et al. 2006; Puebla et al. 2007; Drew
et al. 2008).
Allopatrically distributed populations that possess
unique color morphs have been useful models for research
into the rate and processes underlying speciation. Small
isolated populations may experience rapid mutation eventually becoming nascent species via the combined effects
of founder speciation (Mayr 1947) reinforced by assortative mating (Domeier 1994) and selective pressures
(Noonan and Comeault 2009). Furthermore in some species, peripheral populations can experience evolutionary
trajectories independent from populations found within the
core of a species range (Barraclough and Volger 2000;
Drew and Barber 2009).
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Fig. 1 a Range of Chrysiptera
rex as outlined by dashed line.
b Sampling locations. Size of
circle is proportional to sample
size. Colors of circles refer to
colors of fish as indicated in
Fig. 2
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To determine whether color morphs correspond to distinct clades, we examined geographically isolated populations of the damselfish Chrysiptera rex (Pomacentridae,
Snyder 1909). This species is common throughout its
range, usually found in mild surge on semi-exposed reefs at
depths of about 2–5 m. It occurs solitarily or in small
groups of loosely scattered individuals (Fig. 1a). Their diet
consists primarily of current-borne zooplankton. Typical of
other Pomacentrids, it guards a nest of eggs in rocky crevices and after a pelagic larval duration of 15–20 days
(Bay et al. 2006) often recruits in large masses (Sale et al.
1984). There are no known sex biases in dispersal and the
fish is a benthic spawner. Chrysiptera rex is notable for the
extreme color variations expressed by several geographically distinct populations (Fig. 2).

Materials and methods
Samples were collected from Taiwan, Halmahera Indonesia, El Nido and Anilao, Philippines and the Ryukyu
Islands Japan—the type locality for this species (Fig. 1b).
Genomic DNA was extracted using either a PureGene
DNA isolation kit (Gentra Systems, Minneapolis, MN) or
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with Chelex (Walsh et al. 1991). We amplified the rapidly
evolving mitochondrial control region using the primers
CrA & CrE (Lee et al. 1995) and cytochrome b using the
primers CytB-5 and CytB-H (Quenouille et al. 2004).
Additionally, we amplified a segment of the nuclear RAG2
gene using the primers RAG2F1 and RAG2R2 (Westneat
and Alfaro 2005) to assess genetic diversity at an independent locus. Thermocycling parameters were as follows:
control region, denaturing at 94°C for 5 min followed by
40 cycles of denaturing at 94°C (30 s), annealing at 50°C
(30 s), extension 72°C (40 s) and a final extension at 72°C
for 3 min. For CytB, we used identical parameters to the
control region but used a touchdown reaction for annealing
where the annealing temperature was dropped 0.4°C per
cycle over 20 cycles, from an initial temp of 58°C to 45°C,
followed by 15 additional cycles at 45°C. For RAG2, we
followed the control region protocol except we used an
annealing temperature of 55°C.
PCR products were visualized following electrophoresis
on 1% agarose gel and enzymatically cleaned for
sequencing by digestion in 5 U of exonuclease and 0.5 U
of shrimp alkaline phosphatase for 30 min at 37°C followed by 15 min at 80°C. Direct sequencing of doublestranded PCR products was performed using Big Dye 3.1
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After determining that the HKY?G (control region) and
SYM?I?G (CytB) were the most appropriate models of
evolution using MrModeltest (Nylander 2004), phylogenetic analyses were conducted using MrBayes3.1.2 (Ronquist
and Hulsenbeck 2003) as implemented in Geneious Pro 4.4
The phylogeny was determined after running the analysis
for 2,000,000 generations. Stability of the analysis was
assessed using the program AWTY. Posterior probabilities
were generated after an initial burn in period of 500,000
generations.

Results

Fig. 2 a Underwater photograph of Chrysiptera rex, *45 mm SL,
Ishigaki Island, Ryukyu Islands (T. Uchida photo). b Underwater
photograph of Chrysiptera rex, *50 mm SL, Layang Layang Atoll
(Sabah, Malaysia), South China Sea (G. Allen photo). c Underwater
photograph of Chrysiptera rex, *45 mm SL, Halmahera, Indonesia
(G. Allen photo)

terminator chemistry (Applied Biosystems). Sequencing
products were cleaned via 75% isopropanol precipitation
and visualized on an ABI 3730 DNA Analyzer (Applied
Biosystems). Forward and reverse sequences for each
region were reconciled and compiled in Geneious Pro 4.4
with subsequent alignment by eye. All sequences have
been deposited in Genbank (Ascension numbers
GU562349-GU562387).

We recovered a 433-bp fragment of the control region for
21 samples, including 1 from Japan, 7 from Taiwan, 3 from
Halmahera and 10 from the Philippines. Similarly, we
obtained an 859-bp fragment of the cytochrome b locus for
17 samples (1 Japan, 6 Taiwan, 4 Halmahera and 6 from
the Philippines). The phylogeny of the control region
resulted in three well-supported clades (.65 and 1.0
Bayesian Posterior Probability, Fig. 3a) which was similar
to the gene tree we recovered from the cytochrome b
segment (1.0 Bayesian Posterior Probability for all clades,
Fig. 3b) The nuclear RAG2 fragment, contained no phylogenetically informative characters.
Coral reef organisms utilize color for multiple purposes
including mimicry (Cheney and Marshall 2009), sexual
selection (Gray and McKinnon 2007), intraspecific communication (DeMartini and Donaldson 1996) and camouflage (Marshall 2000). Therefore, coloration is subject to a
variety of potentially conflicting selectional constraints
(DeMartini and Donaldson 1996) and congruence between
morphological and genetic data sets is not always to be
expected. For example, recent studies have shown that
broadly distributed marine species can possess a surprisingly high degree of genetic variation even when there is
considerable conservation in morphology and meristics
(Barber et al. 2006; Mathews 2006; Crandall et al. 2008;
DeBoer et al. 2008; Hyde et al. 2008). Alternatively, there
have been several instances where the morphological or
color variations in fishes are not reflected in neutral genes
(McMillan et al. 1999; Rocha et al. 2007). For example, in
Hypoplectrus spp. groupers (Serranidae), 11 putative species, currently defined largely by color variations, have not
been separated using mitochondrial markers (McCartney
et al. 2003; Ramon et al. 2003; Garcia-Machado et al.
2004; Puebla et al. 2007; Barreto and McCartney 2008, but
see Puebla et al. 2008). Similarly, in the pomacanthid
Centropyge loriculus, there were no diagnosable genetic
differences between three geographically restricted color
morphs (Schultz et al. 2006).
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Fig. 3 Phylogenetic reconstructions with Bayesian analysis of mtDNA control region (left) and cytochrome b data (right). Nodal support is
presented from posterior probability from 2,000,000 generations. Bar color represents color of individual samples as indicated in Fig. 2

In this study, we have found that color and geography
are congruent with genetic structuring in the coral reef fish
C. rex. Thus, while we acknowledge small sample sizes,
our data show that for this species, color is a consistent
surrogate for genetic similarity. The mtDNA loci predictably both present the same topology, where the clade
containing all of the samples from the East China Sea is
sister to the clade containing all the samples from
Halmahera and the Philippines. We were not able to make
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any hypotheses based on the nDNA locus, which had no
phylogenetically informative characters.
Interestingly, each of these color variations is associated
within specific enclosed seas in the western Pacific. The
geologic history of the region is highly volatile with both
large scale plate migrations (Hall 2002) and episodic changes in eustatic sea-level change (Voris 2000), which could
have provided ample opportunities for both vicariance and
dispersal. Specifically, during Pleistocene low sea-level
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periods, the Sulu, Celebes and Molukka seas were isolated
from other water bodies (Carpenter and Springer 2005),
providing a possible mechanism for the recent divergence
between the Halmahera and Philippine populations.
The taxonomic status of these populations clearly warrants further investigation. Each of the populations has a
diagnosable color variation as well as autapomorphic
substitutions at two mitochondrial gene regions. Because
taxonomic revisions carry with them a host of legal, social
and philosophical implications, we argue for a pluralistic
approach toward taxonomy including genetic, morphological and meristic evidence (Ghiselin 2002; Paquin and
Hedin 2004; Meirl and Mace 2007). Given the degree of
differences, both in coloration and genes, the populations
from Halmahera and the Philippines represent independent
evolutionary units and possibly new species.
Previous studies have demonstrated that seemingly
broadly distributed populations of fish are in actuality complexes of more geographically restricted, and genetically
distinct populations (Drew et al. 2008; Drew and Barber
2009). Regardless of the ultimate taxonomic rank ascribed to
the Halmahera and Philippines populations, the data indicate
limited connectivity among all three populations and suggest
that they are evolutionarily and ecologically independent
lineages. Additionally, our study highlights the importance
of making range wide collections to fully document the
diversity encompassed by a species (Wallace 1863). Given
the variability, we have seen in our limited sampling, a more
thorough investigation throughout the range (Fig. 1a) may
identify additional color morphs.
Chrysiptera rex live in some of the most threatened
coral reefs in the world and opportunities to observe them
in unperturbed systems are rapidly disappearing (Allen
2007). Effective scaling of conservation measures relies on
both accurate delineation of population connectivity and
identification of concordant patterns of endemism (Rocha
et al. 2007; Almany et al. 2009). To successfully quantify
connectivity and endemism, we must first accurately
describe the evolutionary history of the species in question.
The identification of three genetically differentiated populations indicates a lack of broad scale connectivity across
the range of this species, and that conservation measures
should be more finely focused on regional or even more
localized scales.
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