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Abstract Genetic variation was examined in two complex cases of Indo-Pacific pygmy angelfishes (genus
Centropyge; Pomacanthidae). The lemonpeel pygmyGnitgfisgima (Cuvier and Valenciennes) has a
geographically disjunct Indian vs. Pacific distribution and the individuals from these two regions differ by
their colour patterns. Previous researdd.dlavissirhas shown mitochondrial introgression from two

related species, eibli in the eastern Indian OcearCanlolikiin the Pacific Ocean. Using fi&SrDNA

and theCOL gene as phylogeographic markers, we found no mitochondrial haplotypes in common between
Indian-Ocealt. flavissima andeibliconfirming partial genetic isolation, albeit reAésd. we found

substantial genetic differences between Indian and @attéigssirpapulationsat the nuclegETS-2intron

locus. The Indian-Ocean form ©f flavissimthus geographically isolated by > 2000 km distance from its
Pacific-Ocean counterpart is described as a new species)yge cocegemeigCentropyge COCGFEMES.

differs in appearance frdn flavissinrahaving a conspicuous blue iris and a fainter, bluish eye ring. We also
found that the yellow pygmy angel@stineraldfifoods and Schultz consists of two genetically distinct

entities, one distributed widely in the northern tropical Indo-West Pacific, the other one distributed in the
southern Pacific Ocean. The name originally given to the blackfin pygmy &eyeliglyge woodhetedi

is here resurrected to designate the latter.

Keywordsdo-:HV W 3 Bdfourdpatterns; molecular taxonpmigochondrial introgression



Introduction

Molecular genetics offers the tools and concepts to address the problem of cryptic species (Knowlton 2000)
and increasingly provides evidence to new species discoveries in fishes (e.g., Borsa et al. 2010, 2013a,b, 2014;
Baldwin et al. 2011; Liu et al. 2013; Puckridge et al. 2013; Delrieu-Trottin et al. 2014; Durand and Borsa
2015) Examples of geminate coral reef fish species between the Indian Ocean and the Pacific Ocean have
been reported (Randall 1999; Woodland 1990, 1999; Craig et al. 2011; Borsa et al. 2014; Woodland and
Anderson 2014). Genetic differentiation and subsequent speciation are thought to have been caused by the
Indo-Pacific barrier, which extends from the Sunda Shelf to the Sahul Shelf (Rocha et al. 2007). During
glacial periods, connectivity between reef fish populations from either ocean was hampered: coral reef habitat
suitable to adults was restricted due to lower sea-level and cool upwelling caused by increasstdland mass
conditions suitabke larval life were affected by lower salinity and higher turbidity caused by the discharge of
large rivers (Fleminger 1986). These geminate or sister Indian-Pacific fish species are morphologically similar
but generally differ subtly by their colour patterns (e.g. Craig et al. 2011; Borsa et al. 2014; Woodland and
Anderson 2014). Colour patterns in vertebrates are presumed to be subject to intense sexual selection hence
are likely to play an essential role in speciation (Endler et al. 2005). Following initial divergence in allopatry,
reproductive isolation may have been reinforced (Butlin et al. 2012) despite secondary gene flow after the
populations initially separated by the Indo-Pacific barrier have once again expanded and overlapped.
However, geographic segregation of color morphs may not necessarily be accompanikd by paralle
phylogeographic divergence as inferred from the available genetic markers (Schultz et al. 2007, and references
therein).

Pygmy angelfishes (ge@entropy§emacanthidae) are generally colourful reef fishes. Species in this
genus are mostly distinguished by their colour patterns, as meristics and morphometrics usually fail to provide
diagnoses (Py2903). While in some cases among Pomacanthidae, sister species distinguished by colour
patterns have proven genetically distinct (Randall and Rocha 2009; Shen et al. 2012), in other cases
mitochondrial haplotypes of different species within a species cachptesltbw genetic segregation
(Bowen et al. 2006; Rocha et al. 2007) and remarkably distinct colour morphs within another species
possessed the same mitochondrial haplotypes (Schultz et al. 2007).

We examined the genetic structure of two P@eifitopyge species, the lemonpeel pygmy &hgelfish
flavissim{@uvier and Valencienn&831)and the herald or yellow pygmy angdlfidteral@chultz and
Woods1953(Schultz et al. 1958). flavissima is one of the popular angsifigthe ornamental fish trading
market. It is characterized by blue eye ring and blue-margined gill operculum, spine and fins. Its geographic
distribution ranges across the western and central Pacific and in the Cocos (Keeling) and Christmas Islands in
the northeastern Indian Ocean (Hobbs et al. 2013; Fig. 1). Individuals of the latter population are similar in
colour patterns to Pacific-Ocdanflavissirbat they have a distinctive blue iris and a fainter bluish eye ring
(Fig. 2A, B)lt has been emphasized that the population in the northeastern Indian Ocean is isolated by more
than 200m from the Pacific Ocean populations (Hobbs et al. 2013; Hobbs and Allen 2014). Based on
distinct colour patterns and geographic isolation, Allen et al. (1998) hypothesized that the Indian-Ocean and
the Pacific-Ocean populations of lemonpeel pygmy angelfish represent separate species. This differs from the
view promoted by DiBattista et al. (2012) who reported that the IndianaOtiagissinsggenetically
indistinct from the distinctly coloured blacktail angélfigiblKlausewitz1963while noting that some
Pacific-Oceag. flavissirpapulations are genetically indistinct from the pearlscale a@Ggeffalikii
(Bleeker, 1853), the sister-speci€s eibl{Fig. 3DiBattista et al. 201d)he Indian-Ocean form hybridizes
with C. eibli while the Pacific Ocean form similarly hybridiz&S. withliki{(DiBattista et al. 2012hree
hypotheses may explain the paraphy®y fiavissirhaplotypes witle. eiblandC. vrolikiin the phylogeny
of DiBattista et al. (2012) (Fig. 3): (1) incomplete lineage sorting among recently diverged species, (2)
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introgression, or (3) different color morphs within a single species (Gaither et Bhe28é)of the

mitochondrial lineages in tBeflavissimpecies complex (3%62MYR; Gaither et al. 2014) tends to exclude
hypothesis (1), whereas the observati@n fdivissiiaC. eiblandC. flavissimaC. vrolikinybrids

(DiBattista et al. 2012; Hobbs and Allen 2014) supports hypothesis (2). However, few haplotypes are shared
between Indian-Ocedh flavissirmadC. eibl{DiBattista et al. 2012: their figu#eand 5a), indicating

partial reproductive isolation. A third lineage in the species complex chaacfiviesinfram Moorea in

the geographically remote Society archipelago (EignBppyge vrdiging absent from the Society

archipelago (Randall 20@b¢ distincC. flavissiriaeage sampled in Moorea is thought to be a relict of the
original lineage (DiBattista et al. 2012; Gaither et al. 2014).

The taxonomy of the Indo-Pacific yellow pygmy angElfiséraltias also been subject to dispute The
distinctly coloure@. woodheHditer, 1998 was described recently, but was quickly synonymigad with
heraldiRandall and Carlson 2000; Eschmeyer. ZH#tyopyge heraldi is distributed in the western and central
Pacific Ocean whife. woodheadder its current definition occurs in the southern half of the tropical
western Pacific Ocean (Fig. 1 B) (Froese and PaulyC20i&)pyge woodtasadiblack blotch of variable
size at the rear end of the dorsal fin, abséhtheraldFig. 2C, D). Whether this colour variant deserves
species status remains unclear. In the absence of apparent meristic or morphometric diffé€ences with
heraldthe observation of aquarium-k€piwwoodheagecimens losing their black pigmentation on the dorsal
fin has been interpreted as a confirmation that the differences in colour patterns were merely phenotypic
(Randall and Carlson 2000). However, R.H. Kuiter (pers. comm., December 2013) pointed out that the
reverse phenomenon, i.e., full-yellow individuals acquiring a black blotch, has not yet been®@bserved in
heraldrom the northern Pacific Oced\so, substantial nucleotide divergence @&®1docus between
typicalC. heraldiom the Philippines and Sri Lanka, andvihedheddim of C. heraldbllected from Fiji
and Tonga has been reported and viewed as supporting the resurr€ctiomooheasia valid species
(Steinke et al. 2009).

The present study focuses on the genetic relationskpfafissima from the Indian and Pacific
Oceans. It also compares wWeodheddim to the typical form of. heraldusing a range of samples from
all over the distribution of the two forms. The results, together with colour pattern differences and
considerations on distribution patterns lead us to challenge the current taxonomy.dfabstbiraadC.
heraldi

Materials and methods
Sampling

Specimens of the lemonpeel pygmy angelfish (Fig. 2A, B) were obtained from the Cocos (Keelikg) Islands (
= 6), New Caledoni&(= 7), VanuatuN = 5), Fiji \ = 5), Kiribati N = 5) and French Polynesia, including
the Australes, Gambier and Marquesas archipelago®s £ta@) (Table 1). In addition, three presu@®ed
flavissimaC. vrolikinybrids were collected, one from New Caledonia and two from Vanuatu (Table 1). The
specimens from Cocos, Vanuatu, Fiji and Kiribati were purchased from a trusted commercial importer of
aquarium fish in Taiwan. Specimens from New Caledonia and French Polynesia were collected by rotenone
poisoning. We also obtained specimeiix eiblfrom Bali N = 3) andC. vrolikifrom Cebull = 5), from
aquarium fish traders.

New specimens of the yellow pygmy angelfish includedalfliom Taiwanl = 1), the Philippines
(N =3), Bali N = 2) and an undisclosed sampling site in Indomeésid ); C. heraldneraldi form) from the
Great Barrier ReeN(= 5) and the Gambier archipelablo= 2); andC. heral@ivoodhed#olim) from the
Great Barrier ReeN(= 5), VanuatuN = 6), and Fijifl= 2). All new yellow pygmy angelfish specimens
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were either obtained from trusted aquarium fish traders (Taiwan, Philippines, Indonesia, Great Barrier Reef,
Vanuatu, Fiji) or collected by rotenone poisoning during a dedicated barcoding campaign (Gambier
archipelagoYhe distribution ranges for the nominal form anavitedhedoiim of C. heraldpecies are
shown in Fig. 1.

A total of 106wild-caught Centropyge specimens was analysed for this study (Table 1). From these,
74 came from aquarium retailers; this includes 17 specimens from Sri Lanka, Vietham, Philippines and Tonga
barcoded by Steinke et al. (2009). The remdihde32) were collected during dedicated barcoding
campaigns.

Genetic analyses

A small piece of muscle tissue was excised from the dorsal part of the body and preserved in 95% ethanol
prior to DNA extraction. Genomic DNA was extracted using the DNA purification kit of Bioman (Taipei),
preserved infiEDTA EXIITHU DQG WKHQ TXDQW LptibHd3oyQekasé thaix Maktign W R Q
(PCR). Two mitochondrial gen&#6%andCOJ and an intron of a nuclear oncog&iest3 were used as
genetic markers. Polymerase chain reaction (PCR) followed protocols detailed in Shen Seglué?@t?)
were analyzed in an automated ABI Prism 377 sequencer (Applied Biosystems, Foster City, CA) at the Taiwan
Normal University Sequencing Facility (Taipei).

Nucleotide sequences, including those obtained in the present study and homologous sequences
retrieved fronthe GenBank nucleotide database (http://www.ncbi.nlm.nih.gov/) were aligned using
BIOEDIT (Hall 1999)Individual nucleotide sequences ofiB®&rDNA (N = 88 ingroup sequences), the
CO1lgenell = 101)and theETS-2intron (N = 63)(Table 1) were aligned 0867 bp647 bp and439 bp,
respectively. For tH&SrDNA fragment, the first nucleotide of the alignment started at the nucleotide site
homologous to nucleotide site H099 of thel6SrDNA of flame angelfis@. loriculf&enBank no.
NC_009872); for theOlfragment, the alignment started at homologous si2 abtheCOlgene in the
same species. The numbering of nucleotides BT 8intron fragment was the same as on the
homologous fragment €. noXreviously deposited in GenBank (JQ904576). Prior to phylogenetic analysis,
the matrix ofETS-2genotypes was transformed into a matrix of haplotypeZ6)using PHASK. 2.1
(Stephens et al. 2001) implemented indBA5.10 (Librado and Rozas 2009)

Data analysis

Phylogenetic trees were reconstructed using the maximum-likelihood (ML) and Neighbor-Joining (NJ)
algorithmsmplemented in EGA6 (Tamura et al. 201B). Kimura -2-parameter model with gamma-
distributed rate variation among sites (K2+G) was selected as the best model of nucleotide substitution
according to the Bayesian information criteri@Gfd) for each th&6SrDNA, the COlgeneandthe
ETS-2intron marker. All sequences obtained in this study were deposited in GenBank (see Table 1).
Homologous sequences of sixbar angélfisaxstriatus and yellowface andpafishicanthus xanthometopon
(GenBank nos. KJ542547, KJ542548, KJ551856-KJ551858, KJ624708, KJ624709, KJ624691-KJ624693) were
used as outgroups.

Hierarchical analysis of molecular variance (AMOVA: Excoffier et al. 1992)16:% €4@handETS2
sequence datasets for e@cHavissima addheralaias done under”rAEQUIN v. 3.5 (Excoffier and Lischer
2010) to examine the partitioning of the total variance among regional groups of samples. Two groups of
populations, Indian vs. Pacific, were considef@dfliavissibased on patterns of geographic distribution
(Fig. 1B). Two groups, northern Pacific vs. southern Pacific, were similarly conSidbezdldirig. 1C).

Data files were prepared under 3RAThe best substitution model according to the Bayesian information
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criterion was determined for each dataset vEtnB1 Significance of-statistics and associated variance
components was tested by 1000 random permutatRUE}AN).

Measurements on type specimens

Morphometric measurements and meristic counts were done on the type material of the Indian-Ocean form

of the lemonpeel pygmy angelfish, following Randall and Roch&St20@8yd length, body depth, caudal-

peduncle length, caudal-peduncle depth, pre-dorsal length, pre-anal length, pre-pelvic length, lengths of the

fin spines and rays, and caudal fin length were taken from X-ray images of the specimens, using the X-ray
imager (XL-100, Laiko Co., Tokyo) of the National Museum of Marine Biology and Aquarium in Pingtung

(Shen et al. 2012). The other measurements (Supplementary Weiéet&en directtyn the fish using

electronic calipers and were rounded to the nearest 0.1 mm. Dorsal-, anal- and caudal-fin spines and rays were
counted from X-ray images (Shen et al. 2012).

Results
Hierarchical analysis of molecular variance

The components of molecular variance according to the hierarchical level of grouping are summarized in
Table 2. Here, we are interested in the percentage of genetic variation that can be assigned to differences
EHWZHHQ JURXSV RI SRSXODWLRQV GHILQHG JHRJUDSKLFDOO\ )LV
1969) on the exact probabilities of #ae values allowed the rejection of the null hypothesis Q; no

genetic differentiation between groups) in both C. flafissith@43) an€C. heral@ < 0.001). The—cr

values in both casescf = 0.438-0.484 i@. flavissimagr = 0.752-0. 900 i€. heraldtorresponded to

high levels of genetic differentiation indicative of separate species (see Fauvelot and Borsa 2011; Borsa et al.
2012; and Borsa et al. 2016 for comparisons of estimates of genetic differentiation across sharefish species
where values > 0.400 are observed between species in species complexes, not among populations within a
species

Mitochondrial phylogeny of four yellow Indo-Pacific Censppyge

In both 16SDNA andCO1lgene phylogenies (Figs. 4A, €B¥lavissimatochondrial haplotypes from
Rapa and the Gambier archipelago formed a subclade sister to all thdlattiesimbhis subclade also
included haplotypes from Moorea as seen fro@@id¢ree (Fig. 4B). Within the m&nflavissimab
clade, the Marquesas haplotypes represented a distinct lineage. Haplotypes of the Cocos (Keeling) Islands
form of the lemonpeel pygmy angelfish belonged to a subclade distinct fro@. Faeifisinfgigs. 4A,
4B) Haplotypes of the Cocos form were closeGt &iblalthough distinct from the latter, as visible from
the CO1phylogeny (Fig. 4B) and from analysis of the concatenated sequence dataset (Supplementary
material, Figs. S2 and;&3)vrolikihaplotypes were shared with those of western-PacificQdtasissima,
i.e., those sampled in New Caledonia, Vanuatu, Fiji, and.Kiribati

Haplotypes of thevoodhedaolim of C. heraldiustered with all other southern-Pacific O€edreraldi
as a subclade sister to northern-Pacific Ocean and Indian®ObeealdFigs. 4A, 4B; Supplementary
maerial, Figs. S2 and S3).

Nuclear phylogeny



The Cocos (Keeling) Islands and the Pacific forms of lemonpeel pygmy angelfish mostly differed by a single
G/C transversion along the 438 bp-long fragment dE T8 2intron. Eight out of 1ZETS-2haplotypes
sampled from Cocos possessed C (4/12 with G) at nucleotide site 180 of the fragment @hile all 23
flavissimadividuals sampled from the Pacific Ocean were homozygous for nucleotide G. The presence of C
at nucleotide site no. 180 was systematically associated with T at sites nos. 219 and 225 whil&88 at site no.
was mostly associated with C at sites nos. 219 and 225, thus defining two major alleles in lemonpeel pygmy
angelfish, hereafter coir@@T andGCC One individual from the Cocos population of the lemonpeel
pygmy angelfish was heterozygous for the possibly recor@lii@ailele and another individual was
heterozygous for the possibly recombi@ai@allele. Allel€TT was dominant in frequencyttie Cocos
population and absent from PadfidlavissiraadC. eiblsamples. Two allel&CC andsTC were
recorded irC. vrolikiiln the nuclear phylogeny (Fig. 4C), haplotypes sampled in the Cocos form of
lemonpeel pygmy angelfish generally clustered separately from the other Q\ditdoigpisaThe latter
were shared or mixed with eiblandC. vrolikihaplotypes and with 2/12 haplotypes fthetlCocos
lemonpeel pygmy angelfish. In the NJ tree (not shown) all Cocos lemonpeel haplotypes clustered as a single
lineage.

All ETS-2intron haplotypes of theoodhe#olim of C. heraldiustered together with all other
southern-Pacific C. heraddparately from northern-PacdficheraldFig. 4C). Northern-Pacific C. heraldi
intron haplotypes were characterized by T at nucleotide Sleand. C at site no. 187, whereawtmalheadi
form and southern-Pacifi: heralgiossessl A andT, respectively, at these sites

Morphology

For the sake of formal taxonomic description, morphological measurements for four lemonpeel pygmy
angelfish individuals from the Cocos (Keeling) Islands, including the holotype and the three paratypes, are
presented in Supplementary Tabld B4 only salient feature that distinguished Indian-Qcdlavissima

from its Pacific counterpart was the colour of the iris (Fig. 2), as noted previously (e.g. DiBattista et al 2012:
their figure 2).

Discussion

Species in the. Avissinepecies compleX( A D YC.\éMllaRdD, vrolikjiare represented by deep

mitochondrial lineages that characterize geographic region rather than species designation as based on colour
patterns. It has been proposed that ancient mitochondrial divergences between species within this complex
have been erased by subsequent introgression (DiBattista et al. 2012; Gaither et al. 2014). In the present study.
the phylogenetic analyses based on both mitochondrial and nuclear genes showed that the Indian-Ocean

form of the lemonpeel pygmy angelfish is genetically different not only from its cohtibapasinfram

thewestern and central Pacific, but also from the sym(pasiioli and fro@. vrolikiiThis difference in

haplotype composition indicates that despite inferred past introgression between the Cocos form of the
lemonpeel pygmy angelfish @neibligene flow between the two species has since been low or even,

perhaps, absent. Species are separately evolving segments of the global genealogical network of living
organisms (de Queiroz 2007; Barberousse and Samadi 2010). To hypothesize the existence of distinct species
researchers practicdlbve access to empirical lines of evidence which include reproductive isolation from

other species, the possession of fixed character state differences, and monophyly (de Queiroz 2007).
Hampered gene flow in a situation of sympatry implies some degree of reproductive isolation (Mayr 1942)
anexpected property of separate species. Reproductive isolation, separation of mitochondrial haplotypes, and
partial separation of nuclear haplotypes thus provide evidence that the Cocos form of the lemonpeel pygmy
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angelfish is an entity genetically independent from the sy@paitni@ he occurrence df. cocosensis sp.

nov. XC. eiblhybrids at Cocos (Keeling) Islands (Hobbs and Allen 2014) does not contradict our conclusion.
When confronted with an apparent deficit of shared haplotypes between the two species (DiBattista et al.
2012) this observation actually indicates that hybrids have lower survival or fertility than individuals from the
parental species. Also, under the hypothesis of a single species, one would expect to observe a gamut of
hybrid colour morphs against only a small proportion of pure morphs, something that has not yet been
reported (DiBattista et al. 2012; Hobbs and Allen 2014).

Thelndian-Ocean form of the lemonpeel pygmy angelfish has a unique blue iris that i€Cabsent in
flavissinand it has a much less pronounced blue eye ring thanGhdliaefssiniehe blue iris is also
characteristic of the local lemonpeel pygmy angelfish population from Christmas Island (Allen and Erdmann
2012; Froese and Pauly 20C8)our differences are maintained despite gene flow bétvweemoseasid
C. eibli in the Indian Ocean, as they are between C. flnviésimalikiin the Pacific Ocean. The loci
involved in colour differentiation are impermeable to gene flow, revealing a reproductivatdeasta
partial one? which is the biological signature of separate species. Hereghe/earsgpicuousis colour as
the character that diagnoses the geographically and genetically partly-isolated Indian-Ocean lemonpeel pygmy
angelfish as a separate species. The evolutionary mechanisms that have led to the colour differences between
the Indian and Pacific forms of the lemonpeel pygmy angelfish may include genetic drift, enhanced by the
presumably small effective population size of the Indian-Ocean form, and sexual selection. Sexual selection
may also be invoked to explain the dominance of the pure parental morphs over hybrids. Further research is
warranted, to test these hypotheses.

Six nominal species are currently considered synon@mitaefssiniaschmeyer 2014). These are
Holacanthus cya@Gaigher, 186(. luteoluSuvier and Valenciennes, 188Imonophthalidasr, 1867H.
oculariBeters, 18681. sphynkeVis, 1864 anid. uniocellat@srodin, 1932. The type localities of the
foregoing species are in the Pacific Ocean, ékcepilariZ KL FK LV [Sli6sPaétthat designates
both the tropical Indian and Pacific Oceans. Howdvecularis V. G H V F gabhEd¢i6 uDIV QI j&dBsv ~
Auge ein blauer schwarz eingefasster Ring und auf dem hinteren Rande des Operculums eine senkrechte, hell
engefasste Binfleeters 1868 K XV WKH GHVFUL SWH. &cQafRdlour&atternsd ks Wil \¢f-

Pacific C. flavissjigaving the Indian-Ocean form of the lemonpeel pygmy angelfish still undescribed, hence
clearing the way for its description as a new species (International Commission on Zoological Nomenclature
1999)

Centropyge heraldi under its current definition is distributed throughout the central and western Pacific
while the blackfin owoodhedolim solely occurs in southern tropical western and central Pacific. The two
formsco-occur in the north-western part of the Coral Sea (Debelius et alnZp3)nd in the Society
Islands (Randall and Carlson 2000) but not in Samoa where the blackfin form is the sole present (Randall and
Carlson 2000). The present study indicates that Calsrallyi consists of two genetically distinct
antitropical populations while no genetic character allowed the distinctionamdihediolim from
sympatric, southern-PacificheraldReciprocal monophyly characterized the southern-Pacific vs. northern-
Hemisphere populationshdrefore the southern-Pacific and the northern-Hemisphere populati@ns of
heraldihould be considered as separate evolutionary units. &Epatlbeaghich is available, should be
resurrected for the southern-Pacific population.

Taxonomy
Centropyge cocpsensipeciddtp://zoobank.org/4B6BB6D8-9B7D-4128-B7FD-FSAA1D04693E

Previous referebensopyge flavigaiiaa et al. 1998; Allen et al. 2003; Allen and Erdmann 2012;
DiBattista et al. 2012; Gaither et al. 2014; Hobbs and Allen 2014)
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Voucher§he type material @&. cocoseapisnov. was deposited at the National Museum of Marine
Biology and Aquarium (NMMB) in Pingtung, Taiwan and at the United States National Museum (USNM) in
Washington DC, USA under nos. NMMB-P19870 (paratype), NMMB-P19875-1 (paratype), NMMB-P19875-
2 (holotype) and USNM 410766 (paratype) additional vouchers were deposited at NMMB (Talgli 1).
the foregoing specimens were collected from the Cocos (Keeling) Islands.

Descriptidvieristic counts and morphological measurements on holotype and paratypes are presented in
Supplementary Table. $the morphological description and 16& COlandETS2nucleotide sequences
of the holotype are also provided in Supplementary Material.

Comparison with closely relatékspapgge cocepensigs closely related to the group of pygmy
angelfishes which includeseibli, C. flavissamdC. vrolikiiThe four species cluster as a single clade in the
multiple-locus phylogeny of the group (Gaither et al. 2014)C Baibosespisov. an€. flavissirpassess
a blue eye ring, but the eye ring is paler, narrower and fainter in the former.

DiagnosiSolour of live specimens lemonpeel yellow with blue margined gill operculum, spine and fins;
conspicuous blue iris (iris is golden yell®v ftavissijnand faint blue eye ring surrounding the eye (Fig.
2A); colour in alcohol uniformly yellowish with dark eye and dark posterior dorsal-, anal- and caudal-fin
marginsC. cocosespiov. can be separated flOnflavissiaad the two other species of @hdlavissima
species complex by nucleotide quasi-synapormorphie€@tltbeus. These include G at both nucleotide
sites 247 and 366 of the gene.

DistributiotrKnown from the Cocos (Keeling) Islands (present study) and from the nearby Christmas
Island in the East Indian Ocean (Allen et al. 1998; DiBattista et al. 2012; Hobbs 204Allen

Etymologypithet cocoseissike latin derivation of Cocos, from Cocos (Keeling) Islands, the type
locality of the new specif@s.vernacular nameg propose that the new species be called Cocos pygm
angelfish.

Remarkin their original description &. flavissimd/-+ ROD FOaQpNe K H I WRXWKH GUDZLQJ R
specimen from Ulea, Cuvier and Valenciennes ( 1831) did not mention the blue eye-ring and other blue
ornaments. It is likely that the blue colour of the specimen had faded after death. The type locality (Ulea) is in
the Central Pacific, hence there is no ambiguity that the two authors referred to the Pacific form of
flavissima

Centropyge woodhgtati 1998, resurrected species

Previous refereeesopyge woodKeddr 1998; Seeto and Balwin 2020heraldnon Woods and
Schultz, 1953Randall 1997, 2005; Laboute and Grandperrin 2000; Randall and Carlson 2000; Allen et al.
2003; Steinke et al. 2009).

Re-descriptidantropyge woodsdade re-described from nucleotide sequenced B6thNA, CO1
gene an@&TS-2intron. Based on the individual sequences listed in T@bledqgdhepdssesses (C, T) at
nucleotide site positions nos. (1378, 1479) d6®®NA; (A, G, A, G, C,C,C,G, T,A, G, G,C, T) at
nucleotide site positionss. 47,168, 255, 342, 444, 453, 495, 540, 621 630, 645, 678, 687, 68Q.of the
gene; and (A, T) at nucleotide site positions nos. (90, 187k @6tR&agment. The foregoing molecular
characters distinguish it fr@@nheraldinder its present new definition (see next sub-section).

DistributionWestern and central South Pacific Ocean, from the Great Barrier Reef to the Gambier
archipelago (Table 1; Fig. 1C).

Suggested vernaculakeapieg the vernacular name coined previousty feoodhedi Kbkackfin
pygmy angelfighKuiter 1998) could be misleading. This fish is qatatiaralia Tahiti (Froese and Pauly
2012) We suggest this name be used to distinguigbodheadder its present, new definition, from the
yellow pygmy angelfisb, heraldi



Centropyge hedidids and Schult¥953

Re-descript@antropyge haraldire re-described from nucleotide sequenced 68HNA, CO1
gene an@&TS-2intron. Based on the sample of individual sequences listed in Tahkrdlgiossesses (T,
C) at nucleotide site positions nos. (1378, 1479) d8$HeNA; (C, A, G, A T, T, T,A/A/C,A/A, T) &
nucleotide site positions nos. (147, 168, 255, 342, 444, 453, 495, 540, 621 630, 645, 678, 6&0O&90) of the
gene; and (T, C) at nucleotide site positions nos. (90, 187 68iBEagment. The foregoing molecular
characters distinguish it fr@&nwoodheantider its present new definition.

Distributiomn the Indian Ocear§;. herald known from Sri Lanka (Steinke et al. 2009) and Bali
(present study) whereas in the Pacific Ocean it has a wide distribution, from the Indo-Malay archipelago to
the Marshall Islands (Table 1; Fig. 1C).

Notice

The present article in portable document (.pdf) format is a published work in the sense of the International
Code of Zoological Nomenclature (International Commission on Zoological Nomenclature 2012) or Code
and hence the new names contained herein are effectively published under the Code. This published work
and the nomenclatural acts it contains have been registered in ZooBank (http://zoobank.org/), the online
registration system for the International Commission on Zoological Nomenclature. The ZooBank life science
identifier (LSID) for this publication is 4B6BB6D8-9BAR8B7FD-F8BAA1D04693E. The online version

of this work is archived and available froniMaene Biodiveraitgd Hal-IRD repository

(http://www.hal.ird.fr/) websites.
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Table 1 Specimens of pygmy angelfisi@&n{ropysiep.) of theC. flavissinaadC. heraldipecies complexes analyzed for nucleotide sequence
variation at thd6S CO1, andETS-2loci, with sampling details, specimen numbers, and GenBank accession B@hDeBarcode of Life
Databasehftp://www.barcodinglife.com/ MNHN OXVpXP QDWLRQDO G -KNMWB: Rlatidridl QU3sANK of iMariodBio®ylahd/
Aquarium, Pingtung§)SNM: United States National Museum, WashingtorND€ample size

Species, Sampling date N Individual no. Voucher Photo  Locus
Sampling location graph 16S COo1 ETS2
C. cocosespisov.
CocogKeeling)s.  Aug. 2010 1 104 NMMB-P19870 (paratype) - KJ551861 KJ534314 KJ624654
Cocos (Keeling) Is. Oct. 2011 1 173 NMMB-P19878l (paratype) Fig.2A  KJ551862 KJ534315 KJ624655
Cocos (Keeling) Is. Oct. 2011 1 174 NMMB-P1987%8 (holotype) - KJ551863 KJ534316 KJ624656
Cocos (Keeling) Is. Oct. 2011 1 318 USNM 410766 (paratype) - KJ643461 KJ534317 KJ624659
Cocos (Keeling) Is. Feb. 2012 1 359 NMMB-P20395 - KJ551865 KJ534318 KJ624658
Cocos (Keeling) Is. Dec. 2013 1 P4 NMMB-P20399 - KJ551864 KJ534319 KJ624657
C. eibli
Vietnam Oct. 2006 2 - HLC-15215;15216 BOLD - FJ582956@;J582959 -
Bali Jun. 2010 1 48 NMMB-P19743 - KJ551867 KJ534321 -
Bali Sep. 2010 1 113 NMMB-P19745 - KJ551866 KJ534320 KJ624660
Bali Dec. 2013 1 P17 NMMB-P20397 - KJ551868 KJ534322 KJ624661
C. flavissima
New Caledonia Dec. 2010 7 4551 MNHN IC-20101332 to- BOLD - KJ542555J542561 KJ624695KJ624697
1334
Vanuatu May 2010 5 7377 NMMB-P198648l to-5 - KJ551870, KJ551873 KJ534323%J534327 KJ62466XKJ624665
KJ551876
Fiji Dec. 2013 1 P5 NMMB-P20403L Fig.2B  KJ551878 KJ534351 KJ624688
Fiji Dec. 2013 4 P6,P11P13 NMMB-P20402 to-5 - KJ551880, KJ551882 KJ53435XJ534354 KJ62468%KJ624690
KJ551886, KJ551888
1IXNX-DORID Sep2005 1 - HLC-10882 BOLD - FJ582964 -
Rapa, Australes Is. Nov. 2002 6 18,2024 - - KJ643441, KJ643443 KJ624645KJ624650 KJI62470XKJI624705
KJ643447
Moorea, Society Is. Mar. 2006 4 556,55758, MNHN 2008720, 200220, BOLD - JQ431558Q431559 -
559 2008219, 200819
Moorea, Society Is. Fev. 2009 1 941 FLMOO 446 BOLD - KJ967941 -
Line Is., Kiribati Jan. 2014 5 P19P23 NMMB-P204041 to-5 - KJ551881, KJ551884 KJ534328J534332 KJ62466681624669
KJ551885, KJ551887
KJ551889
Gambier Sep:Oct. 2010 2 F1,F2 GAM-039, GAM786 - KJ643457,KJ643458 KJ624651, KJ624652 KJ624706
Marquesas Islands Oct. 2011 7 2831,3837 - - KJ64345KJ643456 KJ62464KJI624644 KJI6246981624701
C. flavissimaC. vroliki#
New Caledonia Dec. 2010 1 NC MNHN 1C-20101535 - KM453706 KM453711 KM453716
Vanuatu Dec. 2009 1 54 NMMB-P20394 - KM453707 KM453712 KM453718
Vanuatu Jul. 2012 1 336 NMMB-P19867 - KM453708 KM453713 KM453717
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C. heraldi
Sri Lanka
Taiwan
Philippines

Philippines
Philippines
Philippines
Bali

Indonesia
C. vrolikii
Cebu

Cebu
Cebu
Philippines

I1XNX-DORID
C. woodheadi

Great Barrier Reef

Great Barrier Reef

Great Barrier Reef

Great Barrier Reef

Vanuatu

Vanuatu

Vanuatu

Vanuat

Fijic
1XNX-DORED

Moorea, Society k.
Gambierd

Oct. 2006 1
Dec 2013 1
- 4
Jul. 2010 1
Aug. 2012 1
Aug. 2012 1
Feb. 2014 2
Apr. 2012 1
Feb. 2010 3
Dec.2013 2
Dec. 2009 1
SepDec. 2005 4
Sep. 2005 2
Feb. 2011 2
Dec. 2013 2
Dec. 2013 1
Dec 2013 5
Feb. 2011 2
Apr. 2011 2
Feb. 2013 1
Feb. 2014 1
May 2013 2
Sep. 2005 3
Mar. 2006 2

Sep:Oct. 2010 2

966

P3

968, 969, 972
973

116

156

324

HB1, HB2

408
Cebu3, 4,5

P15, P16
55

144,146
P1, P14
P7

P2, P&P10
P18

303, 304
151,152
1003

387
1001,1002

965, 967, 970 HLC-15119;12131;11027

560, 561
H1, H2

HLC-15168
NMMB-P20400

HLC-11144;11143;10794;

10793
NMMB-P19872
NMMB-P19876L
NMMB-P1987&2
NMMB-P207561,-2

NMMB-P20759
NMMB-P207541 to-3

NMMB-P20396, 20398
NMMB-P20758

HLC-11065;11638;11639;

11715
HLC-11078;11079

NMMB-P19873L,-2
NMMB-P204011,-3
NMMB-P204012
NMMB-P204021 to-5

NMMB-P198741, -2
NMMB-P198771,-2

NMMB-P19880
NMMB-P20760
NMMB-P198811,-2

MBI101259.4, MBIO974.4

GAM-085, GAM416

Fig.2D
BOLD

BOLD

BOLD

KJ551909

KJ551906
KJ551907
KJ551908

FJ582966
KJ534345

FJ582968, FJ582969,

FJ582972, FJ582973
KJ534343
KJ534344
KM434228

KM453709,KM45371( KM453714,

KJ551910

KJ551871, KJ551872
KJ551877
KJ551879, KJ551883
KJ551869

KJ551890, KJ551891
KJ551903, KJ551911
KJ551898

KJ551899, KJ551901
KJ551892. KJ551905

KJ551892, KJ551895
KJ551893, KJ551894
KJ551904
KM434225
KJ551896, KJ551897

KJ643459, KJ643460

KM453715
KM434227

KJ54255KJ542552

KJ542553, KJ542554
KJ542549
FJ583001FJ582998
FJ58299#J583002
FJ582996-3582999

KJ534333, KJ534334
KJ534335, KJ534337
KJ534336
KJ534338&J534342

KJ534347, KJ534348
KJ534345, KJ534346
KJ534349
KM434226
KJ534350
FJ582965, FJ582967,
FJ582970
JQ431560, JQ431561
KJ624653

KJ624682

KJ624679
KJ624680
KJ624681
KM453719,KM45372(

KM434230
KJ764882

KJ624694KJ764883
KJ764884

KJ624670, KJ624671
KJ624672, KJ624674
KJ624673
KJ624675J624678

KJ624685, KJ624686
KJ624683, KJ624684
KJ624687
KM434229
KJ764880, KJ764881

KJ624707

apresumed hybrids

b as originally defined (Schultz et al. 1953)lthyellowC. heraldidividuals sampled from the western and central South Pacific were eventually det€rwioedhehdsed on

molecular markers (present study)

cwoodheddim as originally defined (Kuiter 1998), i.e. possessing a black blotch at the rear end of the dorsal fin
d heraldi form, i.e., without black blotch on dorsal fin, determ@eda@slhertdm molecular mark