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Abstract

The genus Polymixia is the only survivor of a Late Cretaceous marine fish radiation and is
often said to be the most primitive living acanthomorph (i.e., Polymixia possesses the great-
est number of primitive character states for Acanthomorpha). Recent studies, including this
one, place Polymixia as the sister to all other Paracanthopterygii. Despite its importance,
most species of Polymixia are extremely difficult to discriminate on the basis of morphology.
As a result, the number of valid species is uncertain. Moreover, there has never been a phy-
logenetic analysis of the genus. Thus, a molecular phylogenetic study was needed to clarify
species boundaries and to resolve relationships within the genus. Tissue or DNA samples
backed by museum vouchers were obtained for most species, with additional samples from
new geographic areas representing specimens with distinctively different meristics and
uncertain identifications. Seven loci (five nuclear and two mitochondrial) were sequenced,
from which Bayesian and maximum-likelihood trees were generated. Results reveal nine
species-level clades, of which five represent previously known species (Polymixia berndti,
P. japonica, P. longispina, P. lowei, and P. nobilis). Surprisingly, results also reveal four pre-
viously unknown species-level clades, one close to P. lowei, one close to P. nobilis, and two
new species clades related to P. japonica. The species clades are distinguished by their
phylogenetic histories, sequence differences, geographic distributions, and morphologies.
The clade containing P. berndtiis recovered as the sister to all other species of Polymixia.
Its genetic variability suggests that it might contain two or more species and it is referred to
here as a “species complex”. Polymixia nobilis, the type species, was previously thought to
be restricted to the Atlantic, but is now shown to be widespread in the Pacific and possibly in
the Indian Ocean. Specimens from waters off Australia identified as P. busakhini actually
belong to P. nobilis. In contrast, P. japonica is confirmed only in the area near Japan and the
East China Sea; other more distant records are misidentifications. Wide (antipodal) geo-
graphic distributions are seen in several clades, including P. nobilis, the P. berndti species
complex, and the P. japonica species group. The new phylogeny helps explain the evolution
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of some morphological characters previously used to distinguish groups of species, particu-
larly dorsal-fin soft-ray count, shape of rows of scale ctenii, and number of pyloric caeca.

Introduction

Members of the genus Polymixia, order Polymixiiformes, are known as the beardfishes for a
prominent pair of hyoid barbels under the chin (Fig 1). Polymixia is the only surviving genus
of a Late Cretaceous (Cenomanian; 100 million years ago) radiation [1, 2], and is thus consid-
ered a ‘living fossil’ or ‘relic.” Polymixia has long been viewed as the key to understanding the
origin and early radiation of acanthomorphs, or spiny-rayed teleosts, which today make up
half of all living fish species and one quarter of all vertebrates. Patterson [3] wrote, “If there is
an acanthomorph equivalent of the living monotremes amongst mammals, it is Polymixia”.

The higher-level classification of Polymixia has had a long and complicated history. Cur-
rently, the genus is usually placed in the order Polymixiiformes within the Paracanthopterygii,
a group that also includes Percopsiformes, Zeiformes, Stylephoriformes, and Gadiformes [6].
However, for many years, Polymixia was thought to belong among the Beryciformes [7-12].
More recently, based on morphology, the paracanthopterygian affinities of Polymixia have
been recognized, with placement either as sister to or as the basal (earliest branching) lineage
within paracanthopterygians [2, 6, 13, 14]. Other morphological studies have placed it as sister
to all other acanthomorphs [15-17], or as sister to acanthomorphs except lampriforms [1, 18—
21], Molecular phylogenies have also provided disparate results, placing Polymixia as sister to
the paracanthopterygians [22-24], sister to zeiforms plus acanthopterygians [25], sister to
acanthopterygians [26], or sister to percopsiforms with both being either the basal acantho-
morph clade [27] or the sister to non-percopsiform paracanthopterygians [28-32]. Most
recently, Hughes et al. [33] also supported the first of the above molecular topologies when
they recovered Polymixia as a paracanthopterygian, sister to all other members of that group,
in agreement with Grande et al. [23] and the classification in Nelson et al. [6].

Skeletal characters common to all species of Polymixia that have influenced its proposed
phylogenetic position [2, 23, 34] include the presence of antorbital and orbitosphenoid bones
in the skull. The supraoccipital has a large crest thickened centrally and forms a long wedge
separating the frontals for about 2/3 of their length. Polymixia exhibits a forward extension of
the supratemporal fossa, subocular shelves on all infraorbitals, and a basisphenoid with
descending process that fails to reach the parasphenoid. The hyomandibula has two condyles
and the endopterygoid bears teeth. There are two supramacxillae, but the posterior one lacks a
process overlapping the anterior one. The premaxilla has both ascending and articular pro-
cesses. A ‘beryciform foramen’ is present in the anterior ceratohyal [19].

The postcranial skeleton is also unusual. Polymixia is known for having three sets of inter-
muscular bones [35]; a bone interpreted by Patterson & Johnson as the first epineural, for
example, is uniquely enlarged and displaced ventrolaterally into the horizontal septum [19].
There are three widely spaced predorsal bones; haemal and neural spines with paddle-shaped
ends are distinctive. There is a reduction of branchiostegal rays to seven pairs; however, the
first three pairs are uniquely modified to form the skeletal support for the hyoid barbels. The
subthoracic pelvic fins have 7-8 rays but lack spines. The first radial of the anal fin is distinc-
tively enlarged. A full spine on preural centrum 2 (PU2) is present, and three epurals and six
autogenous hypurals are found in all species (pers. obs. TG) [10, 14, 23, 34].
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Fig 1. “Polymixia nobilis” as figured by Giinther in 1887 [4]. In that paper, Giinther placed his own [5] P. japonica
Giinther, 1877, in synonymy of P. nobilis. This drawing was based on a specimen collected off Inosima, Japan, the type
area for P. japonica, and thus might represent P. japonica instead of P. nobilis. This public-domain illustration was
accessed at https://commons.wikimedia.org/wiki/File:Polymixia_nobilis1.jpg and reversed left-right.

https://doi.org/10.1371/journal.pone.0212954.9001

Earlier studies of morphology have frequently used anatomical features of Polymixia in
comparative studies at higher taxonomic levels but have paid little attention to the relation-
ships of and differences among its species. A notable exception was Kotlyar’s work on species
diversity [12, 36], but even his studies were based mostly on external features and he did not
attempt to understand the phylogenetic relationships among species. An underlying assump-
tion in those works appears to have been that P. nobilis was not present in the Pacific, leading
to naming of multiple new species, despite other authors having identified P. nobilis in the
western Indian Ocean off Mozambique [37] and in the Coral Sea off Eastern Australia [38].
Our own review of the evidence revealed that many of the nominal species of Polymixia are so
similar that morphological characters do not distinguish them reliably and are also too few for
phylogenetic reconstruction.

Molecular systematists have often used samples of Polymixia in broad-scale phylogenetic
analyses, but they have typically used very few samples from one or two species and have usu-
ally assumed that their samples were correctly identified. That assumption is examined criti-
cally in the present study.

The species of Polymixia

Fourteen nominal species of Polymixia have been named; they are distributed in moderately
deep waters in warmer regions of the Atlantic, Pacific, and Indian oceans and adjacent seas
(about 45°N to 45°S). They are found at depths of about 100-700 m, over or near distal conti-
nental shelves, continental slopes, oceanic islands, and submarine seamounts. Of the 14 nomi-
nal species, 10 have usually been recognized as valid in recent works [6, 12].

All of the species are phenotypically very similar in body shape, color patterns, and most mer-
istics (S1 Table); for example, common to all species are 29 (rarely 28) total vertebrae, five (rarely
six) dorsal-fin spines, four anal-fin spines, and 7 (rarely 6) pelvic rays. The many similarities and
the often-overlapping morphometric and meristic ranges [12] have made identifications and
comparisons difficult. Except for P. lowei and P. japonica, the species are described solely on the
basis of external morphology, meristics, counts of pyloric caeca, and geographic distributions.
Some features of the skeletal morphology of P. lowei have been described [10, 14, 34], as have
some skeletal features of P. japonica [39]. One or the other of these two species has also been
used to represent the genus in many comparative and phylogenetic morphological studies (refer-
ences above) as well as in numerous molecular phylogenetic studies [23, 26, 27, 40].
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Fig 2. Global distribution of species of Polymixia. Type localities of species are indicated by symbols with an enclosed letter “I”. Polymixia sp. types 1 and 2 were
considered by investigators to be unusual and not assigned to species. DNA sample localities for this study are indicated by symbols with bold outlines; see S2 Table for
sample details. Global base map as modified by F. Bennet, in the public domain, accessed at https://commons.wikimedia.org/wiki/File:BlankMap-FlatWorld6.svg.

https://doi.org/10.1371/journal.pone.0212954.9002

Earlier researchers also had difficulty distinguishing among species. Giinther [4, 5] placed
P. japonica, which he himself had named a decade earlier, in synonymy of P. nobilis; he was
followed in this by some [41, 42], but not by later authors. Lachner [43] recognized P. lowei
and P. nobilis as distinct but placed P. berndti in synonymy of P. japonica, whereas Yamane &
Okamura [44] gave evidence that P. berndti is a valid species.

Because species of Polymixia appear so similar in most respects and their meristic and mor-
phometric traits often overlap (S1 Table), researchers have given more weight than usual to
geographic distribution patterns when identifying individuals or naming new species. It
appears, for example, that P. nobilis was not seriously considered by some workers during
identification of specimens from the Pacific Ocean. Distributions of the 10 species considered
valid prior to our study are summarized below (by date of original description) and plotted in
Fig 2. Each of the four nominal species considered to be a junior synonym is mentioned within
the paragraph about its senior synonym.

Polymixia nobilis. Lowe, 1836, the type species of the genus, was based [45] on a specimen
from Madeira in the Eastern North Atlantic. It has also been reported from, among other
places, the northeastern Gulf of Mexico, off Virginia USA and from the Azores, Canary
Islands, Bermuda, Cuba, the Bahamas, the Virgin Islands, and from the central South Atlantic
near St. Helena [12, 46-48]. Nemobrama webbii Valenciennes, 1837, from the Canary Islands
[49] and Dinemus venustus Poey, 1860, from off Cuba [50] are considered junior synonyms of
P. nobilis [12].
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Polymixia lowei. Giunther, 1859, from the Western North Atlantic, was named [46] for a
specimen from off Havana, Cuba. It has been reported from off southeastern Canada and east-
ern USA as well as from Bermuda, the northeastern Gulf of Mexico, and the southeastern
Caribbean off Guiana [47]. Polymixia nobilis virginica Nichols & Firth, 1936, originally named
[51] as a subspecies of P. nobilis, was placed in synonymy of P. lowei by Lachner [43].

Polymixia japonica. Giinther, 1877, was based [5] on a specimen from off Inosima,
Japan, and has since been reported from the East China Sea, New Caledonia, the Chesterfield
Islands, the Hawaiian submarine seamount chain, and with some doubt as “P. cf. japonica”
from off New Zealand [52]. Gunther [4] placed P. japonica in synonymy of P. nobilis, but this
was not followed by most authors [12, 43].

Polymixia berndti. Gilbert, 1905, was based [53] on a specimen from the Honolulu Fish
Market, Oahu Island, Hawaii. The species has also been reported from waters off Mozambique
and South Africa, off both Eastern and Western Australia, and from near Taiwan [12].

Polymixia fusca. Kotthaus, 1970, was named [54] for specimens from the northwestern
part of the Indian Ocean near Somalia. It has also been reported off Yemen and off the south-
ern tip of India and Sri Lanka [12].

Polymixia yuri. Kotlyar, 1982, and P. salagomeziensis Kotlyar, 1991, are both [55, 56]
based on specimens from restricted eastern South Pacific areas west of Chile. Polymixia yuri is
from the Naska submarine mountain ridge, and P. salagomeziensis is from the Sala y Gomes
submarine ridge closer to Chile.

Polymixia longispina. Deng, Xiong & Zhan, 1983, was based [57] on specimens from the
East China Sea; it has also been reported from near Taiwan and from waters off northwestern
Australia. Polymixia kawadae Okamura & Ema, 1985, named [58] for specimens from off
southern Japan, is now considered [12, 59] a junior synonym of P. longispina.

Polymixia busakhini. Kotlyar, 1992, was named [60] for a specimen from a submarine
ridge 800 km south of Madagascar, with paratypes from waters off Eastern Australia. Poly-
mixia specimens from both regions had earlier been reported as P. nobilis [37, 38]. The species
has also been recorded from near Mozambique [12] and with doubt as “P. cf. busakhini” from
submarine ridges north of New Zealand [52].

Polymixia sazonovi. Kotlyar, 1992, was based [12] on specimens taken near the Kyushu-
Palau ridge in the western North Pacific, south of Japan.

Specimens of most nominal species of Polymixia are rare in collections and relatively little
is known about their biology. Some (e.g., P. nobilis, P. lowei, P. berndti) appear to be suffi-
ciently abundant that they are not likely to be endangered. However, P. nobilis is the only spe-
cies listed by the IUCN Red List where its status is given as “Least Concern” [48]. For other
species, there is a lack of information. Several of the nominal species are known only by type
specimens from a single locality, while for others a precise locality is unknown because type or
other museum specimens have been obtained in local fish markets, e.g., in Japan-P. kawadae
[58], Hawaiian Islands—P. berndti [53], and Madeira-P. nobilis [9].

Concerning life history of the various species, not much is known [12]. For example,
Moore [47] stated that some individuals had been observed swimming near the bottom with
barbels in contact with the sediment. Kotlyar [61] reported that P. berndti in the Indian Ocean
grew slowly and fed on crustaceans, small fishes, and squid. Woods & Sonoda [9] mentioned
that P. lowei was found in stomach contents of the flounder Paralichthys dentatus, and Heem-
stra et al. [62] reported that P. berndti was included as a prey item of the coelacanth, Latimeria
chalumnae. Evidently there is still much to learn about the biology and life history of members
of this genus.

Because of the difficulty in identifying species of Polymixia based on morphology, a differ-
ent approach to understanding the species composition within the genus was needed.
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Moreover, no previous study using any source of data has attempted a phylogenetic analysis of
the species of Polymixia. Earlier work [12, 36] aligned particular species based on similarities
in individual characters. The present study assesses both the species composition and the phy-
logenetic interrelationships of Polymixia using a novel molecular data set in which almost all
of the nuclear loci are sequenced for the first time. With a revised species composition and a
new phylogeny, we are able to re-evaluate the significance of the earlier proposed morphologi-
cal characters. We are also able to correct a number of misidentifications including some
based on DNA barcodes, and to reassess and propose revised geographic ranges for many spe-
cies. Results of this study should help our understanding of which species are at greatest risk of
extinction, give a firmer basis for future studies of comparative biology and morphology
within the genus, and provide a more accurate interpretation of evolutionary changes among
closely related groups of acanthomorphs.

Materials and methods
Taxon sampling

Tissue samples and DNA extractions were obtained from either museum or researcher collec-
tions, nearly all backed by voucher specimens. We amassed 47 samples of Polymixia (S2 Table)
identified to seven of the 10 beardfish species currently considered valid (genetic samples for
P. fusca, P. salagomeziensis, and P. yuri were not available) and five problematic samples iden-
tified only to genus. Samples collectively had a cosmopolitan marine distribution except for
the polar seas (Fig 2). Samples for eighteen outgroups (S2 Table) represented the percopsi-
forms (n = 3), gadiforms (n = 2), stylephoriform (n = 1), zeiforms (n = 3), aulopiforms (n = 1),
myctophiforms (n = 1), lampriforms (n = 2), trachichthyiforms (n = 1), holocentriforms

(n = 1), beryciforms (n = 1), and percomorphs (n = 2).

Laboratory methods

Genomic DNA was extracted from muscle tissues using the DNeasy Blood and Tissue Kit
(Qiagen). Two mitochondrial fragments—12§ [63, 64]; 16S [65, 66]—and five single-copy
nuclear DNA loci—glyt, myh6, plagl2, ptr, sh3px3 [67]—were amplified using primers and
PCR regimes in recent studies [23, 67-69]. The nuclear DNA loci were amplified using nested
primers in which product from the first PCR served as template in a subsequent PCR with
internal primers relative to the original amplicon [67]. Amplicons were sequenced using
Sanger sequencing methods by the DNA Analysis Facility on Science Hill at Yale University,
New Haven, CT.

Sequence assembly and alignment

Sequences were compiled into contigs, edited, and aligned initially using Geneious v.11.1.4 (Bio-
matters Ltd.). Nuclear DNA loci were aligned by amino acid after translation. When indels were
present (glyt, myhe, plagl2) the alignment was adjusted by eye. Our 128 amplicons included a
small portion of the 3’ end of 12S, tRNA-Val, and the 5’ end of 16S. The 168 portion was the
majority of the amplicon, and we elected to use only this portion. Our 16S amplicons were com-
posed entirely of 16S and covered a region toward its 3’ end. The two 16S fragments were not con-
tiguous [70]. Both fragments were aligned using an online version of MAFFT v7 [71, 72].

Partitioning

PartitionFinder v2.1.1 [73] inferred the optimal partitioning scheme from a greedy search
algorithm [74] using both AICc and BIC criteria implemented by PhyML [75]. In cases where
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the partition was identified by “invariant and gamma” substitution rates (“I+G”), the rates
model in analyses was reduced to “gamma” (“G”).

Matrix characteristics

The sole tissue originally identified as P. sazonovi failed to amplify or sequence for every locus,
leaving a matrix with 64 OTU’s, 46 of which had been identified previously to 6 nominal spe-
cies of Polymixia or to Polymixia sp. The five nuclear DNA loci totaled 3790 base pairs (glyt—
864 bp, myh6-780, plagi2-740, ptr—-679, sh3px3-727), the alignment of which did not vary
across analyses. The nuclear DNA matrix was 95% complete with missing sequences from
plagl2 (6 missing) and ptr (8 missing) loci; outgroups accounted for five of the 14 missing
sequences (all ptr). For the two mitochondrial DNA loci (i.e., both 16S fragments; 1193 bp),
the matrix was 96% complete, with only five sequences missing, two of the five being in out-
group taxa. GenBank Accession numbers for submitted sequences and those used for out-
groups are listed in S2 Table.

The mitochondrial DNA (16S) alignments determined by E-INS-i (1200 bp), Q-INS-i
(1237 bp), and Auto (1193 bp) strategies in MAFFT varied slightly by length and location of
indels. The mitochondrial DNA alignment used for our Bayesian and maximum-likelihood
analyses is the one determined by the “Auto” option in MAFFT, and when combined with
nuclear DNA loci, we refer to it as the ‘Auto-matrix’ (S1 File).

Three and four partitions were identified using BIC and AICc, respectively. In BIC, first
and second-position codons of nuclear DNA loci were modeled by K81UF+1+G, third-posi-
tion codons by TVM+G, and 16S fragments by GTR+I+G. AICc identified first and second-
position codons modeled by GTR+I+G; third-position codons of glyt and myh6 by TVM+G;
third-position codons of plagi2, ptr, and sh3px3 by GTR+G; and 16S fragments by GTR+I+G.

All Bayesian analyses converged as indicated by mean standard deviations of split frequen-
cies (< 0.01), PSRF values of 1.0, and “nruns” of 2. A relative burn-in of 25% was sufficient
and applied to all Bayesian analyses.

Phylogenetic analyses

Analyses were performed using Bayesian inference and two different maximum-likelihood
algorithms. The effects on tree topologies of (1) Bayesian versus ML algorithms on the same
matrix, (2) AICc versus BIC-based partition schemes on the same matrix, and (3) different
mitochondrial DNA alignments were explored.

Bayesian analyses used MrBayes v3.2.6 [76] conducted for 25,000,000 iterations with a sam-
pling frequency of 500 for 2 runs and 4 chains using a Metropolis-coupled MCMC [77]. To
minimize the possibility that runs would be trapped in local minima, the mean exponential
prior on branch lengths was decreased to 0.01 [78, 79]. Variations of the GTR rate matrix (e.g.
TVM) were converted to the “GTR” model. Bayesian analyses were evaluated for convergence
by the mean standard deviation of split frequencies and Potential Scale Reduction Factors
(PSRF) of MrBayes. A 25% relative burn-in was confirmed by viewing log likelihood values in
Tracer v1.6.1 [80]. Nodal support was estimated using posterior probabilities on a calculated
consensus tree, which was viewed with FigTree v1.4.3 [81]. Maximum-likelihood (ML) analy-
ses using Garli v2.0 [82, 83] employed two runs of 100 search replicates with stepwise addition.
Nodal support was estimated using a nonparametric bootstrap from 1000 pseudoreplicates.
Maximum- likelihood analyses using RAXML v8.2.12 [84] were performed for 100 searches
beginning with a random tree and a GTRGAMMA model of nucleotide substitution for each
partition. Nodal support was estimated from 1000 bootstrap replicates and mapped onto the
best-known ML tree from the 100 searches.
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Assessment of species boundaries

Distinct, monophyletic groups identified in the phylogenetic analyses represent possible spe-
cies according to the Phylogenetic Species Concept [85]. We evaluated evidence that each of
these clades represents a distinct and diagnosable evolutionary species by examining phyloge-
netic relationships, genetic distinctness, geographic distributions, and meristic and morpho-
logical evidence for characteristic features.

Phylogenetic evidence was assessed by comparing the monophyly and relationships of the
possible species clades in trees generated by different partition models, alignments, and phylo-
genetic algorithms.

Genetic distinctness was assessed through sequence differences within and among species
clades based on the multi-locus alignment in this study, and by comparison with clusters of
“barcode” sequences using the Neighbor-Joining identification tree from BOLD Systems [86]
for the genus Polymixia. The BOLD results are independent of ours because our matrix did
not include sequence from the mitochondrial DNA COI gene. BOLD results are primarily use-
ful for assigning specimens to putative species or making preliminary identifications. The pub-
lic database contained data for only a subset of the relevant species clades or clusters; we
therefore compared our results with the identification tree that used the entire BOLD database,
including both public and private or restricted records. For some records, geographic locality
and voucher identifications were private and unavailable to us; for many other BOLD records
there was published voucher information, and for still others we could recognize which
voucher specimens were the tissue sources (details for key examples are presented below in
Results). BOLD results also provided additional records that were used to help revise geo-
graphic distributions, after correcting for mis-identified samples.

Morphological evidence was assessed by examining characters previously considered
important by Kotlyar [12] for distinguishing species of Polymixia. Kotlyar’s data were also
compared to new observations using alcohol-preserved and cleared-and-stained specimens
(see Appendix) as well as data generously provided by J. Pogonoski of the Australian National
Fish Collection, CSIRO. Some of the more important characters were mapped onto our result-
ing phylogeny to examine character-state changes on certain lineages.

Results
Phylogenetic results

The Bayesian analysis and both of the maximum-likelihood analyses produced almost identical
trees, with Polymixia as the basal (earliest-branching) clade within the Paracanthopterygii, as
seen in the outgroup relationships of Fig 3.

Within Polymixia, our results resolve five distinct groups of species (Figs 4-6): three species
(P. japonica, Polymixia sp. cf. P. japonica, and Polymixia sp. nov.) in the P. japonica species
group, two species (P. nobilis and Polymixia cf. P. nobilis) in the P. nobilis species group, P.
longispina as its own group, two species (P. lowei and Polymixia cf. P. lowei) in the P. lowei
group, and at least one in the P. berndti “species complex”. All analyses place the P. berndti
complex as sister to all other species, and among the other species, the P. lowei species group is
sister to the remaining species.

The Bayesian (Figs 3 and 4) and Garli ML (Fig 5) topologies agree in all important details,
while the RAXML topology (Fig 6) has a minor rearrangement in the outgroups (Myripristis
sister to Rondeletia versus these genera as sequential branches) and a minor ingroup rear-
rangement in the location of P. longispina (weakly related to the P. japonica group in RAXML
versus weakly related to the P. nobilis group in Bayesian and in Garli ML).
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Fig 3. Bayesian phylogeny of Polymixiiformes and outgroups. The tree is based on analysis of the combined
molecular matrix using MrBayes [76] with the BIC partition scheme of Partition Finder [73] and Auto alignment of
mitochondrial DNA loci in MAFFT [72]. Sequence sources and sample numbers are given in S2 Table.

https://doi.org/10.1371/journal.pone.0212954.9003

All three analyses identified nine distinct clades, which we recognize as different species
(five with available names and four apparently unnamed); the nine clades have identical mem-
berships in the different analyses and, except as mentioned for RAXML, identical relationships
to their closest relatives. Changing the partition schemes (e.g., using AICc) had no bearing on
outgroup or ingroup relationships. Outgroup relationships and memberships of the nine
ingroup clades were well supported as estimated by Bayesian posterior probabilities (Figs 3
and 4). Some detailed relationships among samples within each ingroup clade had lower poste-
rior probabilities, but this is expected for samples that are very similar genetically. These pat-
terns were seen also in the ML results, with the most important of the bootstrap values in the
Garli tree at 90-100% (Fig 5) and only slightly lower values in the RAXML tree (Fig 6).

Different alignment algorithms (E-INS-i, Q-INS-i, Auto) for the two 168 loci, when ana-
lyzed together with nuclear DNA loci in MrBayes, yielded nearly identical results for E-INS-i
and Auto and only minor differences in topology (e.g., relationship of Rondeletia to Myripris-
tis) in the tree based on the Q-INS-i alignment.
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Fig 4. Bayesian phylogeny of the genus Polymixia. The analysis used MrBayes [76] with the BIC partition scheme of Partition Finder [73] and Auto alignment of
mitochondrial DNA loci in MAFFT [72]. For outgroup relationships see Fig 3. The nine species clades are indicated by colored rectangles. Ingroup samples are
shown with their original identifications, sample numbers, and approximate geographic locations. Sequence sources and sample numbers are given in S2 Table.

https://doi.org/10.1371/journal.pone.0212954.9004

With one exception, clades contain samples that differ from one another by no more than
10 sites over the 4983 positions in the alignment (Fig 7). The P. berndti clade is the exception
as it contains samples differing by between 1 and 21 bases out of 4983, a range about twice that
within other species clades. We suggest that this clade represents a species complex in which
there is unrecognized species diversity.

As expected, samples belonging to closely related species clades in the phylogeny (Figs 4-6)
have fewer sequence differences than those between more distantly related clades (Fig 7).
Examples include sequence differences between the single sample of Polymixia cf. P. nobilis
and samples of P. nobilis itself (20-24), samples of Polymixia cf. P. japonica and P. japonica
itself (26-29) and between Polymixia sp. nov. and P. japonica itself (20-33).

Among individual specimens, differences vary from 0 to 108 nucleotide differences over
the 4983 bp in our alignment. Average differences between all pairs of species clades vary from
20 to 94 (Fig 7), a range in percentage terms of 0.40% to 1.89%. The loci in our phylogenetic
analyses are thus far more conservative than the 648 bp of sequence from the 5" end of the COI
mitochondrial gene used in BOLD [86], for which differences among species clusters within
Polymixia vary from about 2% to about 15% (S1 Fig).

Comparison of the species clades in our analyses with the clusters generated by the NJ
(Neighbor Joining) tree in the species identification function of BOLD shows that most of the
clusters we identified using multiple loci can also be detected in the BOLD i.d. tree (S1 Fig),
provided that all BOLD records of the genus Polymixia are included, both those with public
and those with private data. However, the BOLD data also include many conflicts of species
identifications, potentially leading to erroneous conclusions about the identity of some BOLD
clusters, and a cluster “tree” that differs in topology from our phylogenetic trees. The correct
identities of the BOLD clusters are discussed below.

Results specific to each species group and its contained species clade(s) are presented in the
following sections:

Polymixia berndti species complex. Polymixia berndti was named for a specimen from
off Honolulu [53]. Specialists usually have been able to identify specimens of P. berndti based
on morphological characters, as judged by specimens consistently assigned to the clade in our
results; however, an exception is one sample originally from off Amami Island in the southern
Japanese Archipelago, originally identified as P. berndti but re-identified herein as Polymixia
sp. cf. P. nobilis (see below). Lack of genetic material from the Hawaiian Islands type area
means that there remains a small amount of doubt that the DNA-based clade recovered here is
conspecific with P. berndlti.

Samples of Polymixia berndti form a clade that is the most basal (i.e., earliest branching,
and sister to all other species) clade within Polymixia. This clade is also the most distinct genet-
ically in the genus, with sequence differences ranging from a low of 70-99 versus P. lowei to a
high of 89-103 versus P. nobilis (Fig 7). These samples are from the western Indian Ocean off
Mozambique, the eastern Indian Ocean off Western Australia, the southwestern Pacific (Coral
Sea) off Eastern Australia, and the Western Pacific (East China Sea) off Taiwan (Fig 2). Includ-
ing the type area for this species in the Hawaiian Islands, the geographic distribution is nearly
antipodal.

Genetic variation within this clade is about twice that in other species-level clades (1-21
nucleotide differences within the clade versus 0-10 within others). This and the long branches
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Fig 5. Maximum-likelihood phylogeny of the genus Polymixia using Garli. This analysis used Garli v2.0 [83] with the BIC partition scheme of
Partition Finder [73] and Auto alignment of mitochondrial DNA loci in MAFFT [72]. The nine species clades are indicated by colored
rectangles. Ingroup samples are shown with their original identifications, sample numbers, and approximate geographic locations. Sequence
sources and sample numbers are given in S2 Table.

https://doi.org/10.1371/journal.pone.0212954.9005

leading to some samples or pairs of samples suggest that future study with more specimens is
needed to clarify whether P. berndti should be divided into more than one species.

Polymixia japonica species group. This species group is a clade containing three species,
Polymixia japonica, Polymixia sp. cf. P. japonica, and Polymixia sp. nov.

Polymixia japonica itself is represented in our study only from the Western Pacific off
Japan, China, and Taiwan. All other reports that we have seen and for which there are genetic
data (from Australia, the East China Sea, the Hawaiian seamount chain, and the Caribbean)
are misidentifications of specimens of P. berndti, P. longispina, P. nobilis, and P. sp. cf. P. lowei,
respectively (Figs 4-6). These include two samples from Hancock Seamount in the NW part of
the Hawaiian submarine seamount chain; the original two samples proved to have identical
sequences and have since been confirmed to be from a single fish specimen, which we can now
re-identify as a specimen of P. nobilis. A single specimen from the Caribbean identified as P.
japonica is here re-identified as Polymixia sp. cf. P. lowei. One sample from Taiwan identified
as P. japonica is here re-identified as P. berndti. In the BOLD i.d. tree, one additional sample
labeled P. japonica should be re-identified as P. longispina.

The only samples in our analyses that truly represent P. japonica (Figs 4-6) are all from
waters off Japan. A corresponding cluster of only three samples in the BOLD i.d. tree (S1 Fig)
can be recognized by also having closest similarities to two other clusters (P. sp. cf. P. japonica
and Polymixia sp. nov. as identified herein). Two of the three BOLD samples of P. japonica
have locality indications from the East China Sea off China and Taiwan, while the third has no
public locality information. The distribution of confirmed P. japonica is thus greatly reduced
from its previously assumed geographic range.

Polymixia sp. cf. P. japonica is represented by two samples, one from off Eastern Australia
and one from off Western Australia. They are distinct from the P. japonica clade but are most
closely related to that species (Figs 4-6). The two samples have nucleotide differences at 14-24
sites (average 18.2) when compared with the eight samples of P. japonica. Despite being from
different oceans (SW Pacific/Coral Sea and E Indian Ocean), the two are genetically very simi-
lar, differing from each other only at four sites out of 4983. A comparable cluster, potentially
the same two individuals, is seen in the BOLD i.d. tree for Polymixia (S1 Fig).

Polymixia sp. nov. is represented by three samples from Bermuda originally identified as P.
lowei (Figs 4-6). However, the three samples belong neither to P. lowei nor to the only other
species, P. nobilis, previously identified from that area [47, 48, 87]. We have located and exam-
ined voucher specimens for two of the three genetic samples of the new species (BAMZ lot
1997-159-006) and we have also examined preserved specimens of the other two species of
Polymixia from Bermuda. We can thus confirm that P. lowei (e.g., BAMZ 1984-047-006, 1989-
047-003) and P. nobilis (ANSP 124292) both also occur in Bermuda waters, though from dif-
ferent precise localities, as previously reported [87]. The Bermuda clade of Polymixia sp. nov.
is sister to (P. japonica + P. sp. cf. P. japonica). The new Bermuda clade is genetically distinct
from samples of P. japonica (20-33 nucleotide differences) and from P. sp. cf. P. japonica (26—
29 differences). It represents a new, previously unsuspected species; because its existence was
not recognized morphologically, it is a true cryptic species. A formal description of this new
species is in preparation.

Although the geographic range of P. japonica has been reduced greatly by our results, the
species of the P. japonica species group taken together are found on opposite sides of the globe:
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Fig 6. Maximum-likelihood phylogeny of the genus Polymixia using RAXML. This analysis used RAXML v8.2.12 [84] with the BIC
partition scheme of Partition Finder [73] and Auto alignment of mitochondrial DNA loci in MAFFT [72]. The nine species clades are
indicated by colored rectangles. Ingroup samples are shown with their original identifications, sample numbers, and approximate

geographic locations. Sequence sources and sample numbers are given in S2 Table.
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Fig 7. Sequence differences among and within species clades of Polymixia. The sequence difference between each pair of species is the total number of sites with
different nucleotides based on our alignment of 4983 sites (S1 File); comparisons are given as observed range with mean in parentheses. Colors indicate mean number of
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Polymixia longispina. The type locality of P. longispina is in the East China Sea [57]. Two
samples previously identified as P. longispina, both from the eastern Indian Ocean NW of Aus-
tralia, form a distinct clade that is not closely related to any other species of Polymixia. The
two specimens differ from each other at only four out of 4983 nucleotide sites. A comparable
cluster in the BOLD i.d. tree includes two additional samples, but their locality data are not
public.

In Bayesian and Garli ML analyses, P. longispina is weakly grouped with the P. nobilis spe-
cies group (Figs 4 and 5), but in the RAXML analysis it groups weakly with the P. japonica spe-
cies group (Fig 6). It is about equally and markedly distinct (44-68 differences) in our data
from all species of Polymixia except P. berndti, from which it is most distinct (89-101 differ-
ences). BOLD i.d. cluster results (SI Fig) suggest a slightly greater sequence similarity for the
COI barcode sequence to the P. lowei species group than to either the P. japonica species
group or the P. nobilis group. Although this species is rare and difficult to place in the phylog-
eny, it is not the most difficult to identify from specimens because of its distinctively enlarged
anal-fin spine and is treated here as a separate ‘species group’ of one species.

Polymixia lowei species group. Polymixia lowei and Polymixia sp. cf. P. lowei are sister
species composed of specimens formerly identified as P. lowei. The circumscribed P. lowei and
its unnamed sister species represent a sibling species pair. In our Bayesian results (Fig 4) and
in our maximum-likelihood results (Figs 5 and 6), P. lowei and its sibling species are the sister
group to all Polymixia except the P. berndti “species complex”.

Polymixia lowei has been reported from its type area near Havana, Cuba [46], as well as
from the Western Atlantic, the Gulf of Mexico, the Caribbean [47], and the South Atlantic (Fig
2), but our study was able to confirm its presence only in the Western Atlantic, Bermuda, and
the northeastern Gulf of Mexico. We found evidence that samples from farther south in the
western Caribbean are in a separate sibling species (see below). The comparable cluster to P.
lowei in the BOLD i.d. cluster tree suggests that the species also occurs off southeastern Can-
ada, Eastern Mexico, and Belize (S1 Fig).

The range of nucleotide differences among samples within P. lowei is 0-10 out of 4983. Dif-
terences from other clades are highest versus P. berndti (70-99), lowest versus its sibling spe-
cies (13-20), and have a range of 42-83 versus other species.

Polymixia sp. cf. P. lowei, the newly indicated sibling species to P. lowei, is represented by
samples from Caribbean waters off Panama, but some of the samples in the corresponding
cluster of the BOLD i.d. tree (S1 Fig) have labels indicating waters off U.S.A. Unfortunately,
the data to support those other locations are not public. The sibling species are phylogeneti-
cally distinct (reciprocally monophyletic) and there are no known genetic intermediates. Simi-
lar distinctiveness is seen in the BOLD i.d. tree for COI (S1 Fig).

Samples of this previously unrecognized species cluster differ among themselves by only
1-5 site differences in our data. Our results also show that one specimen originally identified
as P. japonica belongs to P. sp. cf. P. lowei. Similarly, the corresponding cluster in the BOLD i.
d. tree contains one sample that had been identified as P. nobilis. The genetic evidence thus
highlights this clade as meriting further study and formally named species status.

Polymixia nobilis species group. This species group contains the type species of the
genus, Polymixia nobilis, and its likely junior synonym P. busakhini, along with a different and
possibly new species here termed Polymixia sp. cf. P. nobilis.

Polymixia nobilis is recognized here by specimens from the type locality of Madeira in the
eastern North Atlantic. A single sample from the MNHN (Paris) thought to be of P. nobilis but
without locality data is here confirmed as being correctly identified. Surprisingly, the P. nobilis
clade also includes the single specimen (originally two samples but with identical sequence)

PLOS ONE | https://doi.org/10.1371/journal.pone.0212954 March 1,2019 16/30


https://doi.org/10.1371/journal.pone.0212954

@ PLOS | ON E Phylogeny, species composition, and geographic distributions in the fish genus Polymixia

from the submarine Hancock Seamount in the mid-western North Pacific; this specimen had
originally been identified as P. japonica (see above).

Polymixia busakhini was the original identification of two specimens from off Eastern Aus-
tralia. They are resolved herein within the P. nobilis clade and are both remarkably similar
genetically to those of P. nobilis from its type locality of Madeira in the NE Atlantic (only 4-5
sequence differences; Fig 7). The two samples of P. busakhini must therefore be identified as P.
nobilis. Our results thus suggest that P. busakhini is a junior synonym of P. nobilis. Unfortu-
nately, no genetic sample of Polymixia was available from the area of the type locality of P.
busakhini, a submarine ridge 800 km S of Madagascar [60]. However, Kotlyar also based his
description on paratype material from off Eastern Australia, very close to where the vouchers
for our two samples identified as P. busakhini were collected. We note also that morphological
characters of P. busakhini based on the type material in its original description [60] are
extremely similar to those of P. nobilis except for a lower count of pyloric caeca in the former
and possibly a subtle difference in shape of the preopercular margin (see below for details).

The cluster that corresponds to P. nobilis in the BOLD i.d. tree (S1 Fig) does not contain
any samples identified as P. nobilis. However, it does contain samples identified as P. busakhini
or as P. japonica from Australia, China, and Taiwan. Also included are the same two samples
(from a single specimen) discussed above from Hancock Seamount. All of these samples are
re-identified here as P. nobilis. Four additional samples from New Zealand were originally
labeled in BOLD as Polymixia sp. Those four also can now be identified as P. nobilis, which
had not been identified previously from New Zealand, although it seems likely that the speci-
mens identified as “Polymixia cf. busakhini” by Roberts [52] are also P. nobilis and perhaps
correspond to some of the BOLD samples from that area.

Sequence diversity within P. nobilis is remarkably small considering the great geographic
distances involved: just 0-5 differences among samples from Madeira in the eastern North
Atlantic and those from the southwest Pacific in our data. Sequence differences are large versus
samples of other species: 58—-84 versus most species and 89-103 versus P. berndti, but 20-24
versus the single sample here termed Polymixia sp. cf. P. nobilis, discussed below.

Polymixia nobilis is now shown to have an antipodal distribution, being known from
Madeira in the eastern North Atlantic and near its antipode between Australia and New Zea-
land. If P. busakhini from its type area south of Madagascar is confirmed as a junior synonym,
P. nobilis will be shown to have a near worldwide marine distribution at tropical and subtropi-
cal latitudes.

Polymixia sp. cf. P. nobilis is represented by a single specimen originally identified as P.
berndti from off Amami Island in the southern Japanese Archipelago. It is recovered as the sis-
ter group of P. nobilis in all of our analyses. Unfortunately, a sample originally identified as P.
sazonovi from off the nearby island of Okinawa yielded no useful sequence. For the Amami
Island specimen, sequence differences are 84-92 versus P. berndti, 47-58 versus most species,
and 20-24 versus P. nobilis. There is no comparable cluster in the BOLD i.d. tree. This single
sample is not part of P. nobilis because samples of the latter differ among themselves at only
0-5 sites, even when collected from different oceans. The branches leading to this sample and
to P. nobilis are long and support values for the separation of the two are strong (Figs 4-6).

At present it is not entirely clear whether this specimen represents a new species or possibly
one of the species previously named but not available to us as genetic samples. Among those
are several from more distant locations (P. fusca from the Arabian Gulf region, P. salagome-
ziensis and P. yuri from SE Pacific seamounts west of Chile; Fig 2). However, the closest geo-
graphically is P. sazonovi, which was named from specimens collected over a submarine ridge
about 650 km SE of Amami Island. Morphological features of P. sazonovi as described by
Kotlyar [12] are mostly strikingly similar to those of P. nobilis. Thus P. sazonovi should be
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considered either as a possible identification for our sample of Polymixia sp. cf. P. nobilis, i.e., a
distinct species but not a new one, or as a junior synonym of P. nobilis itself, in which case
Polymixia cf. P. nobilis would most likely represent a new species.

The Bayesian phylogeny of Fig 4 is shown with corrected species identifications as S2 Fig.
Identifications and geographic distributions that are changed by our results are shown in Fig 8
for comparison with Fig 2 (above).

Meristic and morphological comparisons

Species of Polymixia are extremely difficult to distinguish on the basis of meristic and morpho-
logical characters. Morphological differences among species are few, subtle, and often variable.
Most meristic characters are either identical among species or overlap to such a degree that
divisions among species become arbitrary (S1 Table).

Kotlyar [12] grouped the species of Polymixia on the basis of certain characters that he
thought most significant (Fig 9). According to him, Polymixia nobilis, P. busakhini, P. salago-
meziensis, and P. sazonovi share a high dorsal-fin-ray count (34-38). P. berndti, P. longispina,
and P. lowei have low dorsal-fin-ray counts (26-32), whereas P. japonica and P. fusca have
intermediate counts (30-34). A pyloric caeca count of over 100 was used to group P. nobilis, P.
yuri, and P. sazonovi, as compared with 65 or fewer in other species of Polymixia. In addition,
Kotlyar [12] recognized two distinct scale types. Polymixia nobilis, P. busakhini, P. japonica, P.
salagomeziensis, P. sazonovi, and P. yuri have scales with the ctenii arranged in 3-8 wedge
shaped rows (apex directed anteriorly) depending on the species. However, he stated that in P.
berndti, P. fusca, P. longispina, and P. lowei the ctenii are arranged in a straight, vertical, mar-
ginal band often of one or two rows. Based on scales figured by Kotthaus [54] we would place
P. fusca in the “wedge-shaped” category rather than the “vertical” category (Fig 9).

As per Kotlyar [36], the outer edge of the preopercle in most species of Polymixia is
rounded, often with a notch or indentation along the posterior margin. Kotlyar [12], however,
stated that P. nobilis differs from all other species in that the preopercle extends posteroven-
trally to a sharp point. We agree partly with Kotlyar’s assessment, but found that in our speci-
mens of P. nobilis, the preopercle shape is variable and changes with growth (Fig 10B and
10C). In larger specimens the lower margin is not so sharply pointed but, unlike that of other
species, it is more angular and projects slightly farther posteriorly (Fig 10C). The adult condi-
tion seen in P. nobilis was also seen in our single specimen of P. yuri. We could not check the
condition in P. sazonovi. We also found that the indentation along the lower posterior edge of
the vertical limb that is characteristic of most other polymixiids only occurs in specimens over
about 80 mm SL (Fig 10A). However, such an indentation was not seen in either the smaller or
the larger specimens of P. nobilis that we examined (Fig 10B and 10C).

Kotlyar [12] also examined the length of the pectoral fin relative to the pelvic fin in species
of Polymixia. He stated that the pectoral fin in P. nobilis and P. yuri extends to a point above
the middle of the pelvic fin, that in P. sazonovi extends to a point above three-fourths the
length of the pelvic fins, and the pectoral fin in P. busakhini, P. japonica, and P. salagomezensis
extends to a point above the posterior tip of the pelvic fin. We agree that in P. japonica the pec-
toral fins are at least as long as the posterior tip of the pelvics, but we have also found this con-
dition in examined specimens of P. berndti, P. lowei, P. nobilis, and P. yuri. We conclude that
this character is not reliable for species discrimination.

A black spot on the soft rays of the dorsal fin was described by Kotlyar [12] in P. sazonovi
and has been reported in other species as well. We were not able to confirm any differences
among species for this character in our preserved material, nor were we able to confirm differ-
ences that he reported between P. sazonovi and P. nobilis in eye diameter or length of the
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fourth anal-fin spine. In general, we have found the low numbers of individuals of many spe-

cies available for study, the loss of pigmentation during preservation and storage, and the
unknown effects of allometric growth to be problematic. For example, the distance between

Species as recognized by . Pyloric Arrangement of . . L Rakers on first |Posteroventral
Dorsal fin soft rays o Pectoral fin ending above pelvic fin "

Kotlyar (1993) caeca ctenii rows gill arch edge of preopercle

P. nobilis (n = 18) 34-38 108 wedge to middle of pelvic / to tip of or beyond* 10-13 angular

P. yuri (n =24) 34-37 90-135 wedge to middle of pelvic / to tip of or beyond* 12-13 angular*

P. sazonovi (n = 5) 35-36 101-104  wedge to near end of pelvic 11 rounded

P. busakhini (n =7) 33-36 40 wedge to tip of pelvic / to 2/3 or tip of pelvic* 11 angular*
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P. longispina (n = 16) 29-31 35-40 vertical to tip of pelvic* 13-14 rounded*

P. berndti (n = 55) 28-31 28 -48 vertical to tip of or beyond pelvic* 12-15 rounded*

P. lowei (n = 59) 26 - 32 27 -30 vertical to tip of or beyond pelvic* 14-22 rounded*

oo

Fig 9. Morphological and meristic characters considered important by Kotlyar. Data are from Kotlyar [12] except those indicated by "*" which are from this

study. "—" = data unavailable.

https://doi.org/10.1371/journal.pone.0212954.9009
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Fig 10. Comparison of preopercle shape in Polymixia. A, P. lowei (UF 44346, 82.4 mm SL) with shallow indentation
in lower posterior margin; B, small P. nobilis (FMNH 64695, 100 mm SL); C, large P. nobilis (78251, 255 mm SL), with
arrow indicating the more angular posteroventral corner seen in larger P. nobilis of this study.

https://doi.org/10.1371/journal.pone.0212954.9010

the tip of the barbels and the base of the pelvic fins used by Kotlyar [12] to identify species
might be a function of allometric growth; in small specimens the barbels often extend beyond
the base of the pelvic fins, but in large specimens of the same species they do not, ending short
of the pelvic fin base.

Based on our review of the morphological evidence, four characters (number of dorsal-fin
soft rays, morphology of rows of scale ctenii, number of pyloric caeca, and shape of lower mar-
gin of preopercle), originally proposed by Kotlyar [12], have been identified as being repeat-
able and possibly having phylogenetic signal. These four characters are plotted by hand on a
simplified molecular tree (Fig 11) to illustrate state changes among lineages. Additional taxa
not included in the molecular phylogeny are discussed in the text.

1. Number of dorsal-fin rays: 26-32 (0); 30-35 (1); 33-38 (2). Polymixia longispina, P. berndti
and P. lowei share the primitive condition as they have a low number of dorsal-fin rays.
Polymixia japonica and P. fusca have an intermediate number of rays, while P. nobilis, P.
yuri, P. sazonovi, P. salagomeziensis, and P. busakhini share a higher number of fin rays.

2. Morphology of scales anterior to and below the dorsal fin: ctenii arranged in vertical rows
(0); ctenii arranged in rows in the shape of a wedge (1). Ctenii arranged in vertical rows
were observed in P. lowei, P. berndti and reported in P. fusca and P. longispina. Ctenii
arranged in a wedge pattern (5-6 rows) were observed in P. nobilis, P. yuri, P. japonica, and
reported in P. sazonovi, P. salagomeziensis and P. busakhini.

3. Number of pyloric caeca: below 49 (0); 48-65 (1); 100 or more (2). Polymixia nobilis, P. yuri
and P. sazonovi exhibit an extraordinarily high number of pyloric caeca. This high number
of pyloric caeca was used to distinguish these three species from the others [12]. Polymixia
japonica has an intermediate number of caeca while all other species exhibit far fewer.

4. Posterior margin of preopercle: rounded, often with a shallow excavation posteriorly in
larger specimens (0), angular and never with an excavation (1). The condition is not
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Fig 11. Simplified phylogeny of Polymixia with characters mapped. The tree is based on the Bayesian result in Fig 4. Character codes at nodes are as
“character(state).” One possible optimization for character-state changes on the Polymixia longispina lineage is as reversals, indicated by *. These changes could
be explained more parsimoniously if P. longispina were sister to (P. japonica species group + P. nobilis species group), with P. longispina retaining the primitive

states.

https://doi.org/10.1371/journal.pone.0212954.9011

reported by Kotlyar [12, 56] for P. fusca or P. salagomeziensis and the illustrations of the

holotypes in the original descriptions [54, 56] are inconclusive.

With one possible exception, the identified morphological and meristic characters support
the relationships as recovered herein, with P. berndti and P. lowei retaining primitive character
states for several characters, and with the P. japonica and P. nobilis species groups being more
closely related to each other and sharing some derived morphological character states.

Polymixia longispina is an exception. The molecular results give strong support values for
including it in a clade with the P. japonica group and the P. nobilis group. However, support
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values are much weaker for placing P. longispina as more closely related to either the P. japon-
ica species group or to the P. nobilis species group. Perhaps future study will show that a third
option is correct—P. longispina sister to both the P. japonica and the P. nobilis species groups.
Polymixia longispina would then be seen as retaining primitive states for all four of the charac-
ters mentioned above, whereas the P. japonica species group and P. nobilis share the derived
state of ctenii in a wedge shape and either intermediate or derived states for dorsal-fin rays and
pyloric caeca (Fig 11).

Genetic samples were not available to us for P. fusca, P. salagomeziensis, P. sazonovi, or P.
yuri. However, a single specimen of P. yuri examined by us, together with Kotlyar’s [55]
description, reveals important characters including number of dorsal-fin rays, pyloric caeca,
wedge-shaped rows of ctenii, and angular preopercle margin that correspond closely to those
of P. nobilis. Polymixia sazonovi as described by Kotlyar [12] is also very similar to P. nobilis.

Specimens previously identified as P. busakhini also show morphological characters that
are similar to those of P. nobilis, and genetic samples from those specimens show that they
belong in fact to P. nobilis. Confirmation that P. nobilis occurs widely in the Pacific makes it
plausible that all of these nominal species except for P. fusca could also be junior synonyms of
P. nobilis.

Discussion

The present study is novel because it includes the first molecular phylogenetic study of the spe-
cies of Polymixia and also because it employs multiple, geographically documented and vouch-
ered samples for each species when available. This has allowed us to propose a new molecular
phylogeny, revise the species composition of Polymixia, correct specimen identifications,
improve knowledge of geographic distributions, check morphological characters against speci-
mens and, with a phylogeny in hand, to suggest evolutionary transformations for some key
characters.

Our results suggest that species richness, taxonomic identifications, and biogeography of
species of Polymixia are considerably different from the current model. The revised picture
changes identifications, confirms the validity of five species, refines geographic distributions of
these five species (compare Fig 2 with Fig 8), provides evidence for the junior synonymy of
one species (P. busakhini), and most notably, reveals the existence of up to four previously
unrecognized species. The latter four species clades have distinct, monophyletic histories and
include a cryptic species (Polymixia sp. nov. from Bermuda), a member of an unrecognized
sibling species pair (Polymixia sp. cf. P. lowei from off Panama), and two new closest relatives
of known species. Polymixia sp. cf. P. nobilis, from near Amami Island, was previously identi-
fied as a specimen of P. berndti but actually represents a new sister species to P. nobilis. Poly-
mixia sp. cf. P. japonica, from off Eastern and Western Australia, is sister to P. japonica. It is
not truly a cryptic species because Australian experts had recognized both specimens as being
unusual morphologically and had provisionally identified them to genus only, as Polymixia sp.

Still needed are genetic data for nominal species for which we were not able to obtain sam-
ples: P. fusca, P. salagomeziensis, P. sazonovi, and P. yuri. Whether they are valid and to which
species group they are related are important questions for future research. We were able to
examine a preserved specimen of P. yuri and found it to be very similar to P. nobilis. Further
study, including examination of type specimens and discovery of additional specimens, will
allow us to test whether P. yuri and perhaps P. salagomeziensis and P. sazonovi are also syno-
nyms of P. nobilis.

Several species of Polymixia have remarkably wide geographic distributions. Polymixia
nobilis occurs from Madeira in the eastern Atlantic to off Eastern Australia, two locations that
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are antipodes of each other, yet the individuals are extremely similar genetically. If P. busakhini
is confirmed as a junior synonym, P. nobilis will be shown to occur also in the western Indian
Ocean, giving it a pan-tropical distribution. The Polymixia berndti species complex likewise
occurs from the Hawaiian Islands to off Mozambique, very nearly antipodal distances apart,
although this species complex is genetically more variable than other single species. The Poly-
mixia japonica species group, while a clade and not a single species, is represented today from
Bermuda to off Western Australia, locations that are also mutually antipodal.

It is challenging to explain such widespread distributions of species and species groups
when populations seemingly have patchy local distributions, many of them being recorded
only over distal continental shelves, continental slopes, the flanks of oceanic islands, or over
the flanks of submarine seamounts. One testable hypothesis might be that dispersal occurs pri-
marily during pelagic phases of early larval ontogenetic stages, about which little is known
[88]. With additional life history information, testing this hypothesis will be an important
topic for future research.

Nevertheless, this study demonstrates the importance of targeted or genus-level studies to
better understand biodiversity. Such revisionary studies, although difficult and time consum-
ing in terms of gathering taxonomically and geographically comprehensive tissues and speci-
mens, are essential for sorting out misidentifications, working out species boundaries, and
laying a foundation for higher level, broad-scale studies such as the acanthomorph tree of life
and the origins of acanthomorph novelties. As demonstrated in this study, preconceived ideas
of species boundaries of Polymixia had contributed to misidentifications perpetuated in multi-
ple studies. These include molecular phylogenetic studies [23, 26, 27] using a single specimen
of Polymixia from the Hancock Seamount in the northwestern Pacific, cited as P. japonica but
actually representing P. nobilis. The geographic range of P. nobilis was taken for granted as
restricted to the Atlantic Ocean [12, 36, 60]. New evidence from this study, however, suggests
that P. nobilis forms a continuous genetic population, not only in the Atlantic Ocean but also
in the Pacific Ocean, and that it occurs in regional sympatry with P. lowei and Polymixia sp.
nov. in the Western North Atlantic, as well as with P. berndti, P. japonica, and P. longispina in
the Western Pacific.

Polymixia is just one example of many genera for which the taxonomic composition was
unclear or species boundaries were assumed without thorough study. Recent molecular phylo-
genetic and morphological studies of fish genera, families, and orders, including this one [89-
94], have yielded surprises, including synonyms, misidentified specimens, cryptic and/or sib-
ling species, new genera, unexpected clade memberships, and morphological convergence,
thus demonstrating the critical need for such fundamental research.

Conclusion

Bayesian and maximum-likelihood analyses based on two large fragments of the 16S mito-
chondrial DNA gene and five nuclear DNA loci recovered nine species-level clades, five (Poly-
mixia berndti, P. japonica, P. longispina, P. lowei, and P. nobilis) with existing names and four
(Polymixia sp. cf. P. japonica, Polymixia sp. cf. P. lowei, Polymixia sp. cf. P. nobilis, and Poly-
mixia sp. nov.) likely representing new species.

One nominal species, Polymixia busakhini, is likely to be a junior synonym of P. nobilis.
Polymixia nobilis, the type species of the genus, is distributed not only in the Atlantic Ocean,
but also in the Western and southwestern Pacific, with genetic samples in our study from off
Eastern Australia and one specimen from Hancock (submarine) Seamount in the western
Hawaiian hot-spot chain. Adding evidence from BOLD, P. nobilis occurs also in the East
China Sea off China and Taiwan, as well as off New Zealand. A single sample from near

PLOS ONE | https://doi.org/10.1371/journal.pone.0212954 March 1,2019 23/30


https://doi.org/10.1371/journal.pone.0212954

@ PLOS | ON E Phylogeny, species composition, and geographic distributions in the fish genus Polymixia

Amami Island in the southern Japanese Archipelago is the sister group of P. nobilis in our
results. Originally identified as P. berndti, it represents a distinct species, but which species it is
remains in doubt.

Polymixia japonica is corroborated as valid but its confirmed distribution is restricted to
the areas of Japan, Taiwan, and the East China Sea. Samples from elsewhere identified as P.
japonica or P. cf. P. japonica are re-interpreted as belonging to various other species including
P. berndti (Taiwan), P. nobilis (Hancock Seamount, Taiwan, China), and P. sp. cf. P. lowei
(Caribbean).

Two clades also in the P. japonica species group both represent new species. One, Polymixia
sp. cf. P. japonica, consists of a single sample each from off Eastern and off Western Australia,
both formerly identified only to genus as Polymixia sp. The other, Polymixia sp. nov., is a clade
of several samples from waters off Bermuda and is sister to P. japonica plus Polymixia sp. cf. P.
japonica. The as-yet-unnamed Bermuda species, whose formal description is in progress, is a
true cryptic species that brings to three the number of species from that area.

Polymixia berndti is recovered as the most basal (earliest branching) lineage in Polymixia
and is also the most distinct as measured by sequence divergence. The large amount of
sequence variation among samples within this species complex further suggests that it might
in future be divided into more than one species. The P. berndti species complex ranges from
its type locality off the Hawaiian Islands to near Taiwan, off Eastern and Western Australia,
and to near Mozambique and South Africa.

Polymixia longispina is a relatively rare species with distinctive anal spine morphology orig-
inally described from the East China Sea. It has also been recognized off NW Australia. It is
not closely related to any of the other species groups and is treated herein as a distinct species
group.

Polymixia lowei is among the best known and most studied species of Polymixia, but our
analyses suggest that it should be divided into two sibling species. Polymixia lowei was based
on a type specimen collected near Cuba and our results include samples or specimens from the
northeastern Gulf of Mexico, along the Atlantic coast of the USA, and near Bermuda. Adding
records in the BOLD i.d. tree suggests that it can be found also off southeastern Canada,
Mexico and Belize. Its sibling species is Polymixia sp. cf. P. lowei, occurring in our samples
from off the Caribbean coast of Panama. BOLD data suggest that the sibling species might also
occur off the coast of USA, but data to support this extension are not yet public.

Further work is needed to examine Polymixia specimens and collect vouchered genetic
samples from the type areas of several nominal species. Those efforts together with the revised
identifications and geographic distributions presented here will be important in guiding efforts
to conserve the taxonomic, genetic, and morphological diversity of this important group of
primitive acanthomorph fishes.

Appendix

Material examined: the following specimens (alcohol preserved, cleared and stained, photos,
and/or radiographs) were examined for this study. Data from additional specimens (see S1
Table) were generously provided by J. Pogonoski (CSIRO, Tasmania, Australia).

Polymixia berndti: 22 spec., 73-340 mm SL: FMNH 120895 (voucher, alcohol), 120894
(voucher, alcohol), 95583 (alcohol), 120896 (alcohol); NMNH Fin 319433 (photo); USNM
389346 (alcohol, C&S).

Polymixia lowei: 67 spec., 65-175 mm SL: ANSP 144889 (alcohol), 105710 (alcohol); BAMZ
1984-047-006, 1989-047-003 (alcohol); KU 30367 (C&S skull only); MCZ 39415 (alcohol),
39186 (C&S), 39770 (alcohol), 45907 (C&S); UF 127145 (alcohol), 36330 (alcohol), 40083
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(alcohol), 40263 (alcohol), 44346 (alcohol, C&S), 127151 (C&S), 184751 (C&S); USNM 185284
(alcohol, C&S), 398653 (3 of 4, alcohol), 323212 (photo), 185401 (X-ray).

Polymixia japonica: 23 spec., 109-238 mm SL: ANSP 88844 (alcohol), ANSP 90603 (alco-
hol); FMNH 55422 (alcohol), FMNH 63858 (alcohol), FMNH 63859 (alcohol); FMNH 63860
(alcohol), FMNH 63861 (alcohol), FMNH 120897 (voucher, alcohol); USNM 398535 (voucher,
alcohol; this specimen was resolved in our phylogeny as P. berndti).

Polymixia nobilis: 12 spec., 104-300 mm SL: ANSP 124292 (alcohol), 78251 (dry skeleton);
FMNH 64695 (alcohol, C&S); UF 231494 (alcohol); USNM 398653 (1 of 4, C&S), USNM RAD
118739-001 (X-ray).

Polymixia sazonovi: 1 spec. (photo).

Polymixia sp. nov.: BAMZ 1997-159-006 (2, vouchers, alcohol).

Polymixia yuri: 1 spec., 175 mm SL: FMNH 96566 (alcohol).

Supporting information

S1 Table. Meristic and morphological characters for species of Polymixia.
(XLSX)

$2 Table. Taxon list, locality information, and voucher, tissue, and GenBank numbers.
(XLSX)

S1 Fig. BOLD identification tree for Polymixia with revised identifications resulting from
this study.
(PDF)

S2 Fig. Bayesian phylogeny of species of Polymixia as in Fig 4 but with corrected sample
identifications resulting from this study.
(PDF)

S1 File. Combined sequence matrix of five nuclear DNA and two mitochondrial DNA loci
aligned under auto option in MAFFT. The file is in Nexus format.
(NEX)
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