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The blue green damselfishes were described as a complex of two species (Chromis viridis and

Chromis atripectoralis), mainly based on the colouration of the pectoral fin base. In this study,

the authors analysed the mitochondrial control region of 88 blue green damselfishes from

Indonesia, the Philippines, Red Sea and the Great Barrier Reef. The phylogenetic analysis

revealed four major monophyletic clades. Two clades included specimens of C. atripectoralis

from the Great Barrier Reef and individuals of C. viridis from the Red Sea, respectively. The

remaining individuals of C. viridis from Indonesia and the Philippines were grouped into two

clades without phylogeographic structure. The obtained results (1) verified that C. viridis and

C. atripectoralis are distinct species and (2) revealed three deep evolutionary lineages of C. viridis

in the Indo-Malay Archipelago and the Red Sea. # 2008 The Authors

Journal compilation # 2008 The Fisheries Society of the British Isles
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INTRODUCTION

Many reef fishes belong to complexes of closely related species. These species
complexes are identified based on morphology and/or genetic differences. For
example, genetic differences of the red lionfish Pterois volitans (L.) and the devil
firefish Pterois miles (Bennett 1828) are concordant with the minor differences
in their morphology and colour pattern (Kochzius et al., 2003). However,
genetic differentiation in butterflyfishes (McMillan & Palumbi, 1995) and dam-
selfishes (Bernardi et al., 2002) were not concordant to the differences in their
colour pattern that define species bounderies.
A molecular phylogeny of pomacentrids based on the mitochondrial ATPase8,

ATPase6 and cytochrome b genes supported the view that the blue green chro-
mis Chromis viridis (Cuvier) and the black-axil chromis Chromis atripectoralis
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(Welander and Schultz) are sibling species (Quenouille et al., 2004). However, the
boundaries of these two species could not be verified because only single specimens
of each species were analysed.
In the current taxonomic literature, the two species are distinguished by

a black pectoral fin axil (base of pectoral fin), which is only present in C. atri-
pectoralis (Allen, 1991, 2000; Smith & Heemstra, 1991; Lieske & Myers, 1994;
Randall et al., 1997). However, the description of C. atripectoralis draws atten-
tion to a black area at the pectoral fin base, whereas C. viridis is pigmented
with black dots forming a dusky area at the upper pectoral fin base (Welander
& Schultz, 1951). This colouration pattern is virtually identical. In addition, the
number of pectoral rays of these two species is overlapping. Therefore, it is
very difficult to distinguish these two sibling species.
Chromis viridis usually occurs in schools, which may include >100 individu-

als without being mixed with other colonial species. These schools are associ-
ated with large heads of Acropora corals that provide shelter from predators
and nocturnal retreat (Fishelson et al., 1974; Allen & Randall, 1980). Chromis
viridis occurs abundantly in the Red Sea and from the east African coasts to
French Polynesia, New Caledonia in the South Pacific, as well as Ryukyu in
the north Pacific (Lieske & Myers, 1994). Chromis atripectoralis occurs almost
in the same region as C. viridis but not in the Red Sea (Lieske & Myers, 1994).
In this study, the mitochondrial control region was used as a molecular

marker to (1) evaluate the species boundaries of the damselfishes C. viridis
and C. atripectoralis and (2) investigate if additional deep evolutionary lineages
can be found within C. viridis from the Red Sea and Indo-Malay Archipelago.

MATERIALS AND METHODS

Fin clips of C. viridis were collected in the Red Sea (December 2003), Indonesia
(Barru, May 2004) and the Philippines (Cebu, February 2006) (Fig. 1). Additional
sequences of C. atripectoralis were obtained from GenBank (DQ212240–DQ212281).

FIG. 1. Map of the Indo-West Pacific, showing the collection sites of Chromis viridis (cv) in the Red Sea

and Indo-Malay Archipelago and of Chromis atripectoralis (ca) in the Great Barrier Reef (GBR)

(Bay et al., 2006). The number of the obtained sequences is indicated below the name of the region.
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Total DNA was extracted from fin clips using Chelex� as described by Söller et al.
(2000). A fragment of the mitochondrial control region was amplified by polymerase
chain reaction (PCR), using the universal primer CR-A and the specific primer
XAN-DL-R (Fauvelot et al., 2003). PCR conditions were as follows: 95° C for 5 min,
followed by 35 cycles of 94° C for 45 s, 50° C for 45 s and 72° C for 60 s, finished
by a final extension at 72° C for 5 min. The reaction mix contained 10 mM Tris–
HCl (pH 9), 50 mM KCl, 5�5 mM MgCl2, 0�2 mM each dNTP, 0�2 mM each primer,
2 U Taq polymerase, 2 ml of the DNA template and a double distilled water to 50 ml
total reaction volume. Amplified PCR products were purified with the QIAquick PCR
purification kit (Qiagen, Hilden, Germany).

Both strands were sequenced with the same primers used for PCR, the DyeDeoxy
Terminator chemistry (PE Biosystems, Foster City, CA, U.S.A.) and an ABI automated
sequencer. Sequences were edited with the programme SEQUENCE NAVIGATOR
(version 1.0.1; Applied Biosystem), while a multiple alignment of all sequences was done
with the programme CLUSTALW (Thompson et al., 1994) as implemented in BIOEDIT
(version 7.0.4.1; Hall, 1999).

The phylogenetic analysis was carried out using the programme PAUP* (version
4.0b10; Swofford, 1998). The programme MODELTEST (version 3.7; Posada & Crandall,
1998) was used to determine the best-fit model of DNA evolution. Gaps in the sequences
were deleted for the neighbour-joining (NJ) and the maximum likelihood (ML) methods,
while for the maximum parsimony (MP) method gaps were treated as a fifth base. Sta-
tistical confidence in nodes was evaluated based on 10 000, 1000 and 100 non-parametric
bootstrap replicates in NJ, MP (10 000 trees were kept at each replicate) and ML anal-
yses, respectively (Felsenstein, 1985). Only the haplotypes of C. atripectoralis sequences
(33 haplotypes of 42 sequences) were used in the analyses. Five sequences of Chromis
nitada (Whitley 1928) obtained from the GenBank (DQ250522–DQ250526) were used
as outgroup. Alternative ML topologies with and without enforcing a molecular clock
were compared using a Shimodaira–Hasegawa test (Shimodaira & Hasegawa, 1999).

A haplotype network was constructed using the median-joining network method as
implemented in NETWORK (version 4.2.0.1; www.fluxus-engineering.com; Bandelt
et al., 1999). This method begins by combining the minimum spanning trees within
a single network (minimum spanning network) using an analogous algorithm to that
proposed by Excoffier & Smouse (1994). Then, median vectors (which represent missing
intermediates haplotypes) are added to the network using the parsimony criterion.

RESULTS

All individuals from the Red Sea, Philippines (Cebu) and Indonesia (Barru)
had unique haplotypes. The alignment of C. viridis, C. atripectoralis and C. nitada
had a length of 353 bp, including eight gaps.
The best-fit evolutionary model was the Hasegawa–Kishino–Yano model

with a transition/transversion ratio of 3�55, gamma distribution shape parameter
of 0�58, proportion of invariable sites of 0�35 and the following base frequen-
cies: A ¼ 0�36, C ¼ 0�23, G ¼ 0�15 and T ¼ 0�26. These parameters were used
for the NJ and ML analyses. The three methods (NJ, MP and ML) showed
similar trees. Figure 2(a) shows an ML tree with the bootstrap values of the
three methods. The phylogenetic analyses revealed four well-supported clades,
and no subclades were observed within any of them. Clade 1 contains most of
the individuals from the Philippines and seven individuals from Indonesia,
whereas all of C. viridis individuals from the Red Sea clustered in clade 2.
Clade 3 contains most of the Indonesian individuals and three individuals from
the Philippines. All of the C. atripectoralis individuals from the Great Barrier
Reef clustered in clade 4. ML topologies with and without enforcing a molecular
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clock were significantly different based on Shimodaira–Hasegawa test (�lnL ¼
2323�57; P < 0�0001; Shimodaira & Hasegawa, 1999), rejecting the molecular
clock. This indicates variation in the substitution rates among lineages for
the molecular marker used (Huelsenbeck & Rannala, 1997). Therefore, the
authors could not calculate the time of divergence between clades.
The haplotype network supported the phylogentic tree by clustering the same

haplotypes into four distinct clades [Fig. 2(b)]. The clades 3 and 4 are separated
by the highest number of nucleotide substitutions (61), and the clades 1 and 2
are separated by the lowest number of nucleotide substitutions. Nucleotide
substitutions between haplotypes within each clade are relatively low, not
exceeding 11 nucleotide substitutions.

DISCUSSION

Welander & Schultz (1951) discriminated C. atripectoralis from C. viridis on
the basis of two characters (1) the black axil of the pectoral fin; and (2) more
branched pectoral rays usually 17 or 18 in C. atripectoralis and 15 or 16 in
C. viridis. However, the number of pectoral rays in the two species is overlap-
ping as follows: 18–20 in C. atripectoralis and 17–19 in C. viridis (Randall

FIG. 2. (a) Molecular phylogenetic tree of the blue green damselfishes (Chromis viridis and Chromis

atripectoralis) from the Indo-Malay Archipelago and the Red Sea based on the mitochondrial

control region using the maximum likelihood (ML) method. Bootstrap values for neighbour joining

(10 000 replicates) and maximum parsimony (1000 replicates) are indicated above branches and

values for ML (100 replicates) are indicated below branches. X refers to the number of individuals

per corresponding location. (b) Median joining network for all sequences based on the mitochon-

drial control region using the programme NETWORK. Branch lengths are not corresponding to the

number of nucleotide substitutions. Number of substitutions between clades and the range within

clades are indicated.
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et al., 1997; Allen & Randall, 1980). Therefore, C. viridis is mainly discrimi-
nated by the black dots forming a dusky area only at the upper pectoral-fin
base. These elusive dots should be carefully examined on a larger number of
individuals to test if the different evolutionary lineages correspond to these
minor differences in morphology and colouration. Previous studies have
shown that colourations play an important role in the speciation of coral reef
fishes (McMillan et al., 1999; Bernardi et al., 2002; Rocha, 2004; Messmer
et al., 2005a, b). The molecular data of this study verified C. viridis and C.
atripectoralis as two species.
Clades 1, 2 and 3 could be considered as three deep evolutionary lineages of

C. viridis. The presence of Indonesian and Philippine individuals in two sepa-
rated clades (1 and 3) without phylogeographic structure might be due to
a diversification of C. viridis in separated ocean basins and subsequent mixing
in the Indo-Malay Archipelago. These evolutionary lineages may be explained
by the limited exchange among the more or less isolated ocean basins (Red Sea,
Indian Ocean and Pacific Ocean) during glacials, when the sea level was drop-
ped down to 120 m (McManus, 1985; Voris, 2000). A genetic break between
biota of the Indian and Pacific Ocean was also observed in lionfish (Kochzius
et al., 2003), butterflyfishes (McMillan & Palumbi, 1995) and starfishes (Williams,
2000), as well as in populations of estuarine fish (Chenoweth et al., 1998), star-
fish (Williams & Benzie, 1998) and stomatopod (Barber et al., 2000).
The clades in the phylogenetic tree could be assigned to these ocean basins:

clade 1 to the Indian Ocean, clade 2 to the Red Sea and clade 3 to the Pacific
Ocean. Because samples from the Indian Ocean are missing, it is difficult to
assign clade 1 and 3 to a certain ocean basin. However, clade 2 shows a clear
origin in the Red Sea and is closely related to clade 1 than clade 3. Therefore,
origination of clade 1 in the Indian Ocean and clade 3 in the Pacific Ocean was
hypothesized. A larger sample size and an additional collection sites in Indonesia,
the Philippines and the Indian Ocean are needed to describe the evolutionary
processes of blue-green chromis more detailed.

We would like to thank the German Academic Exchange Service (DAAD) for sup-
porting T.F., D. Blohm from University of Bremen for his support, M. Khalaf from the
Marine Science Station (Jordan) and J. Timm from the University of Bremen for their
help in obtaining samples.
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