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Abstract

Phylogeographic studies contribute to the description of geographic patterns and evolutionary histories of animal populations.
Such studies also shed light on the taxonomic status of widely distributed species complexes. This study assessed the phylogeo-
graphic pattern, taxonomic status, and demographic history of two polychaete species, Perinereis anderssoni Kinberg, 1866 and
Perinereis ponteni Kinberg, 1866 along the Brazilian coast. The molecular markers COI and 16S and external morphological
features were used to characterize samples from 15 sites. Our analysis indicates that P ponteni represents a single widely
distributed taxon along the Brazilian coast, whereas P. anderssoni encompasses two allopatrically distributed cryptic species
(North and South Clades). The North Clade is well structured and demographically stable, with numerous apparently ancient
haplotypes. The South Clade does not display population structure. High gene flow probably occurs among sites and haplotype

network suggests an expansion scenario.
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Introduction

Unlike terrestrial animals, marine organisms seldom use
visual clues for partner choice during their reproductive
processes (Klautau et al. 1999). As a result, morphologi-
cal features often used for taxonomical classification do
not suffice to distinguish cryptic marine invertebrates
(Mayr and Ashlock 1991). Non-recognition of such spe-
cies may have consequences, such as the underestimation
of local diversity and the failure to identify species at risk
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of extinction (Galetti-Jr et al. 2008). Thus, a combination
of morphology with other classification approaches
should allow for a more accurate taxonomic assessment.

Marine invertebrates encompass a number of truly cosmo-
politan species that inhabit a wide geographic range
(Knowlton 2000). Dispersion potential varies depending on
environmental drivers and species-specific characteristics
(Knowlton 1993; Palumbi 1994; Russo et al. 1994). Among
marine invertebrates, polychaetes are one of the groups with
truly cosmopolitan species (Ahrens et al. 2013). However, the
former cosmopolitan status of several widely distributed spe-
cies of polychaetes has been challenged (Grassle and Grassle
1976; Barroso et al. 2010; Nygren et al. 2010; Silva et al.
2017). Many of them are currently considered as complexes
of cryptic species in the grounds of low morphological dispar-
ity and high molecular divergence (a proxy for evolutionary
time), according to a recently proposed conceptual framework
(Struck et al. 2018). In such a context, phylogeographic stud-
ies provide the evidence for extant ties between geographic
patterns and evolutionary histories. Moreover, such studies
may also shed light on the true taxonomic status of entire
species complexes.

Over the past two decades, a growing number of studies
addressed the phylogeography of polychaetes, often indicat-
ing the occurrence of complexes of cryptic species (e.g.,
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Schulze et al. 2000; Bleidorn et al. 2006; Barroso et al. 2010;
Borda et al. 2013; Cossu et al. 2014; Einfeldt 2014; Park and
Kim 2007; Park and Kim, 2017; Sampértegui et al. 2013;
Seixas et al. 2017). Despite the wide geographical scale of
many of the above species complexes, Nygren (2014) stated
that cryptic polychaetes are not restricted to widely distributed
nominal species but are also common even in sympatry.

The Nereididae Blainville, 1818 currently includes 45 gen-
era and approximately 750 species (Blainville 1818; Rouse and
Pleijel 2001; Santos et al. 2005; Bakken and Wilson 2005;
Read and Glasby 2017). Nereidids are one of the most widely
distributed groups among the polychaetes and thus may pro-
vide good candidates for phylogeographic surveys
(Audzijonyte et al. 2008; Virgilio et al. 2009; Liu et al. 2012).
The polyphyletic genus Perinereis Kinberg, 1865 encompasses
more than 60 species (Bakken and Wilson 2005). Nine species
are known for the Brazilian coast, two of them originally de-
scribed from Rio de Janeiro (type-locality): P. ponteni Kinberg,
1866 and P. anderssoni Kinberg, 1866.

Specimens of P. anderssoni usually live in sand-muddy
beaches, or associated with macroalgae in rocky shores.
Previous studies have reported P. anderssoni along the
Brazilian coast in the Atlantic Ocean (Santos and Steiner
2006; Amaral et al. 2014), as well as in the Pacific Ocean
(Salazar-Vallejo and Londono-Mesa 2004). P. ponteni occurs
along the Brazilian coast in sympatry with P. anderssoni but
reaches as far north as the Mexican eastern coast (Santos and
Steiner 2006). Some authors have considered P. ponteni and
P anderssoni a single species (Hartman 1948; Rioja 1960;
Salazar-Vallejo and Jiménez-Cueto 1996; Espinosa et al.
2007). Others, however, have distinguished the two species
on the basis of the number of proboscidial paragnaths in areas
I and V, the shape of notopodial ligules, the position of dorsal
cirri, and the color pattern of living animals (Lana 1984;
Santos and Steiner 2006; De Ledn-Gonzalez and Goethel
2013; Coutinho et al. 2015). In addition, a cytogenetic analy-
sis has revealed significant chromosomal differences between
the two species and showed that chromosomal variation did
not necessarily result in morphological differences in
nereidids (Ipucha et al. 2007).

In such context, our study assesses the phylogeographic
pattern, taxonomic status, and demographic history of
P. anderssoni and P. ponteni populations along the Brazilian
coast.

Material and methods
Sampling
Samples were collected from 15 sites along the Brazilian

coast, spanning more than 3000 km and 20° of latitude
(Fig. 1). Site coordinates, number of specimens for each
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species, and the fixation method used for morphological and
molecular assessments are provided in Fig. 1 and Table 1.

Specimens were collected in intertidal rocky shores during
lower spring tides and sorted after removal of algal and
Brachydontes sp. beds, where both P. anderssoni and
P, ponteni are usually found. Specimens used for morpholog-
ical analysis were fixed in formalin and those for molecular
analyses were fixed and stored in ethanol.

Morphological analysis

All individuals collected for morphological analysis, 269
specimens of P. anderssoni and 236 of P. ponteni, were ob-
served with the aid of compound and stereoscopic micro-
scopes (Olympus CX31 and SZ51, respectively), coupled to
a digital camera (Sony 13MP). Most specimens used for mor-
phology were deposited in the Collection (UFFNER), at the
Laboratory of Systematics and Ecology of Polychaetes
(LASEPOL), Federal Fluminense University.

A previous morphometric analysis was performed by
Coutinho et al. (2015) based on the same specimens.
Nevertheless, we will provide additional data on the number
of paragnaths, a character commonly used for the delimitation
of species of nereidids.

DNA extraction and amplification

The posteriormost part of the body of each worm was used for
DNA extraction using a commercial kit (Purege® Gentra
Systems) or a hot lysis protocol developed for nematodes
(Floyd et al. 2002). Vouchers of all specimens used for mo-
lecular analysis were deposited in the “Edmundo Ferraz
Nonato” Polychaete Collection of the Rio de Janeiro Federal
University (IBUFRJ).

Two mitochondrial fragments (COI and 16S ribosomal)
were amplified through PCR reactions. The P. anderssoni
COI amplifications were performed using the universal
primers LCO1490 and HCO2198 (Folmer et al. 1994). PCR
reactions took place in 1x Taq buffer, 2.0 mM of magnesium
chloride, 0.2 mM of dNTPs, 0.6 mM of each primer, 1 unit of
Taq DNA polymerase, and 1 pL of DNA in a final volume of
25 uL with the following thermal cycling conditions: 95 °C:
2"+ 35 cycles (94 °C: 40s, 51 °C: 60s, 72 °C: 60s) + 72 °C: 5'.
The P. anderssoni 16S amplifications were performed using
16Sar-L and 16Sbr-H primers (Palumbi et al. 1991), or alter-
natively the reverse 16SAN-R (Zanol et al. 2010). PCR reac-
tions took place in 1x Taq buffer, 2.0 mM of magnesium
chloride, 0.2 mM of dNTPs, 0.6 mM of each primer,
0.2 mg/mL of BSA and 1 unit of Tag DNA polymerase,
and 1 uL of DNA in a final volume of 25 uL with cycling
conditions: 94 °C: 4’ + 35 cycles (94 °C: 50s, 51 °C: 50s,
72 °C: 50s) + 72 °C: 5'. The P. ponteni COI amplifications
were performed using COI-EUR and ACOI-AF primers
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Fig. 1 Sample collection sites
and number of specimens used
for morphological and
molecular analyses (Perinereis
anderssoni and Perinereis
ponteni)
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(Zanol et al. 2010). The PCR conditions were the same
used for P. anderssoni COI except for cycling conditions:
95 °C: 2"'+35 cycles (94 °C: 60s, 47 °C: 60s, 72 °C:
60s) + 72 °C: 7'. The P. ponteni 16S amplifications were
performed using the primers 16Sar-L (Palumbi et al.
1991) and 16SAN-R (Zanol et al. 2010). The PCR condi-
tions were the same used for P. anderssoni 16S except for
cycling conditions: 94 °C: 3'+35 cycles (94 °C: 30s,
50 °C: 30s, 72 °C: 30s)+ 72 °C: 7.

Purification and sequencing were performed both at the
Macrogen Inc. laboratory and at the Molecular Biodiversity
Laboratory of the Federal University of Rio de Janeiro using
an ABI 3500 (Applied Biosystems®).

Molecular divergence

Sequences were edited with the Mega 5.0 software
(Tamura et al. 2011) and aligned using Clustal W
(Thompson et al. 1994). Pairwise genetic distances among
populations were calculated using Kimura’s two parame-
ters (K2P) with Mega 5.0 (Tamura et al. 2011). Molecular
diversity parameters were estimated through DNAsp 5.0
(Librado and Rozas 2009).

Phylogenetic analysis and haplotype network

Because some authors consider P. ponteni and P. anderssoni a
single species, phylogenetic analysis was performed for both
species together with their sequences deposited on GenBank
(Accession numbers MH128330-MH128354 for 16S and
MH143495-MH142526 for COI). As outgroups were used
sequences from Neanthes acuminata (KJ538980.1 for 16S
and KJ539102.1 for COI), Pseudonereis variegata
(KC833489.1 for 16S and JX503029.1 for COI) and
Perinereis nuntia (JX644015.1 for 16S and JX420257.1 for
COI). Models of nucleotide substitution were performed using
the ModelTest tool integrated to the Mega 5.0 software
(Tamura et al. 2011). A maximum likelihood (ML) tree was
built with PhyML 3.0 (Guindon et al. 2010), and branch sup-
port was estimated by 1000 replicate bootstraps. Bayesian
inference (BI) trees were constructed using MrBayes 3.1.2
(Ronquist and Huelsenbeck 2003) with 1,000,000 generations
of the Markov-Monte Carlo chains (MCMC) with two runs
and four chains each, being sampled each 1000 generations
with a burn-in of 25%. Both analyses were performed using
GTR+G+I as the evolutionary model selected by ModeltTest.

A haplotype network was built through statistical parsimo-
ny (Templeton et al. 1987), with a confidence level of 95%,
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using the Pegas package (Paradis 2010) of the R environment
(R Core Team 2012).

Demographic history and population structure

The demographic history and neutral evolution hypothesis
were assessed through Tajima’s D neutrality (Tajima 1989)
and Fu’s F; (Fu 1997) tests in DNAsp 5.0 (Librado and
Rozas 2009), with the species clustered within each collection
site or within the entire sampling space. Mismatch distribution
analysis was performed for those populations that deviated
from the null hypothesis of neutral evolution. Parameter esti-
mation was performed using Arlequin 3.5 (Excoffier and
Lischer 2010) under scenarios of both population and spatial
expansion plotted with DNAsp 5.0 (Librado and Rozas 2009)
under a population expansion scenario. Time from the last
population and/or spatial expansion were calculated through
Tparameter (Rogers and Harpending 1992) using the equation
t=1/2u, where ¢ is the time from the last expansion event and
u is the product of mutation rate (1) and number of base 8
pairs. A mutation rate (1) of 3.5 x 10 was assumed for the COI
fragment, as previously calculated for Eurythoe complanata
(Pallas, 1766) polychaete populations separated by the
Isthmus of Panama (Barroso et al. 2010). A p of 1.6 x 108,
previously defined for invertebrates, was assumed for the 16S
fragment (Collado and Mendez 2012). The degree of structur-
ation among populations was assessed through analysis of
molecular variation (AMOVA) using Arlequin 3.5 (Excoffier
and Lischer 2010) with 10,000 permutations. Groups used in
AMOVA were defined a priori based on the results of the
phylogenetic analysis.

Results

Morphological and molecular delimitation
of Perinereis anderssoni and Perinereis ponteni

Morphological delimitation

Specimens of P. anderssoni have a fully pigmented dark pro-
stomium. Differences between species on numbers of
paragnaths in each area had already been presented by
Coutinho et al. (2015), but a synthesis of the number per area
is given in Table 2. Pharynx area I has five conical paragnaths,
while area V has only three. Dorsal cirri are long and surpass
the tip of notopodial ligules along the body. Median and pos-
terior notopodial ligules are expanded and display no glandu-
lar structures (Fig. 2a—c). In contrast, specimens of P. ponteni
have two oval non-pigmented areas in the prostomium and
shorter dorsal cirri, which rarely surpasses the tip of the
notopodial ligules. Proboscis area I of P. ponteni has 13 tol8
conical paragnaths, while area V has only one (Table 2).

Notopodial ligules of the median and posterior segments are
expanded and display glandular agglomerates (Fig. 2d—f).

Within-species variations in the number of paragnaths for
each pharynx area were significant different only for
P anderssoni populations (see also Coutinho et al. 2015).
One northern population (Pacheco—CE) presented higher
number of paragnaths in areas II, IV, and V than two
southern (Martin de S&—SP, and Itaipt—RJ) and two
northern (Tambaba—PB, and Baia da Traicio—PB)
populations (Table 2).

Molecular delimitation

Phylogenetic analyses of molecular markers clearly distin-
guished P. anderssoni from P. ponteni, recovering two clades
with high support for both methods of analysis (Bl and ML) and
both markers (COI and 16S, Figs. 3 and 4). Mean genetic dis-
tance (K2P) between clades was 24.2% for COI and 13.0% for
16S. Both Bl and ML analyses indicated a complex relationship
of P. anderssoni and P. ponteni with other species. While for
168, P. anderssoni (represented by two sister clades) was more
related to Perinereis cultrifera (Grube, 1840) and both are the
sister group of P. ponteni, for COL, P. anderssoni was more
related to Pseudonereis variegata (Grube, 1857) while
P, ponteni was related to Perinereis nuntia (Lamarck, 1818).

Perinereis anderssoni

Phylogenetic analysis and population structure The phyloge-
netic analysis of COI fragments allowed for the discrimination
of two clades, one encompassing the populations found in the
northeastern states of Ceara and Pernambuco (North Clade)
and one with all southern populations (South Clade) (Fig. 3).
Bayesian inference analysis of the 16S fragment also sup-
ported both clades while maximum likelihood analysis
recovered only the South Clade within a paraphyletic
group of northern population specimens (see Fig. 4 for
clade support, topology not shown).

The average distance between COI-defined clades was
8.7% (K2P), while the South Clade 16S fragment differed
from northern samples by only 2.2% on average. A similar
pattern emerges from the COI haplotype network (Fig. 5) and
from AMOVA analysis (Table 2). The North and South
Clades defined by the COI fragment were connected through
their central haplotypes by 47 mutational steps. The South
Clade displayed a star-like appearance with a central
haplotype composed of 26 copies separated from sur-
rounding haplotypes by only one or two mutational
steps. Conversely, the North Clade network had a single
haplotype in the center, separated from surrounding hap-
lotypes by 1 to 11 mutational steps.

When considering the 16S fragment, northern and
southern populations were separated by seven mutational

@ Springer
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Table 2 Number of paragnaths in
each proboscidal area for each

species and population. n number
of individuals, SD standard
deviation, Al to AVIIl Areas I to
VIII of the proboscis

Species/population Al All Alll ALV AV AVI  AVII-VII
Perinereis anderssoni Mean 4.12 2652 1926 58.67 3.01 199 40.53
SD 1.05 445 451 11.51 0.16 0.06 2.94
Ilha do Mel—PR (n=50) Mean 4.14 2844 2032 65.08 3.02 200 41.60
SD 0.95 3.34 3 791 032 0 2.67
Martin de Sa (1)—SP (n=50) Mean 422 2736 2038 59.70 3.00 2.00 40.70
SD 091 3.49 2.39 726 0 0 2.13
Martin de Sa (2)—SP (n=45) Mean 411 2427 1696 5196 3.00 2.00 38.76
SD 1.35 4.79 433 1339 0 0 3.14
Itaipt—RJ (n =50) Mean 366 2536 1792 5742 3.02 2 40.78
SD 0.82 3.35 3.53 991 0.14 0 3.10
Tambaba—PB (n =20) Mean 400 2415 1695 5540 3.05 2.00 40.10
SD 0.86 5.28 447 1230 022 0 3.77
Baia da Trai¢do—PB (n=18) Mean 394 2439 18.00 5194 3.00 194 3950
SD 0.54 495 461 1605 0 0.24 2.71
Pacheco—CE (n=35) Mean 483 2934 21.66 6431 3.00 200 4146
SD 1.15 431 3.75 913 0 0 232
Perinereis ponteni Mean 11.16 3697 182 4829 1.03 200 3549
SD 398 8.92 436 10.82 0.17 0.09 3.72
Ilha do Mel—PR (n=8) Mean 1225 4125 22,00 5525 1.12 2.00 3787
SD 1.83 1.75 2.39 658 035 0 2.90
Martin de Sa (1)—SP (n=50) Mean 11.12 3770 19.66 5134 1.02 2.00 3548
SD 2.10 5.64 4.20 813 0.14 0 2.39
Picinguaba—SP (n = 50) Mean 994 3132 16.02 4120 1.00 2.00 34.00
SD 2.53 8.00 454 1091 0 0 5.25
Itaipi—RJ (n=37) Mean 12.16 4084 19.11 54.13 1.16 2.00 37.16
SD 3.48 9.95 378 11.02 037 0 3.36
Sao Francisco do Conde—BA Mean 12.04 41.54 19.08 50.2 1.00 2.04 3596
(n=24) SD 389 756 259 809 0 020 335
Baia da Traicdo—PB (n =25) Mean 1124 3444 1692 4544 1.00 196 3492
SD 444 12.02 6.12 1374 0 0.2 2.66
Pina—PE (n =30) Mean 980 37.50 17.77 4813 1.00 2.00 3527
SD 1.95 4.68 2.53 663 0 0 241

PR Parana, SP Sdo Paulo, RJ Rio de Janeiro, ES Espirito Santo, BA Bahia, PE Pernambuco, PB Paraiba, CE Ceara

steps between the central northern haplotype from PE and
the RJ main haplotype (Fig. 6). Southern populations
again displayed a star-like appearance with a central hap-
lotype represented by 23 samples, and eight rare or unique
haplotypes separated from the center by only one or two
mutational steps (Fig. 6).

Two different scenarios were defined for the COI
AMOVA. A first scenario separated the North and South
Clades (PE+CE|ESP+RJ+SP+PR), and, in a second sce-
nario, the North Clade was split into two groups
(PE|CE|[ESP+RJ+SP+PR) (Tables 3 and 4). A high varia-
tion was observed between the North and South Clades in
the first scenario (94.1%) and among the three groups in
the second scenario (94.8%), while variation among pop-
ulations within a single group or clade was lower (<2%)

@ Springer

than within populations (>4%). Only one scenario was
defined for the AMOVA of 16S (PE|[ES+RJ+SP+PR).
The variation between the northern and southern groups
was significant (86.7%, p <0.05). Variation within popu-
lations was higher than observed with COI AMOVA
(7.39%), possibly because of the separation of RJ samples
from other populations within the southern group as pre-
sented in the haplotype network (Table 5).

Demographic history Both neutrality tests Tajima’s D and Fu’s
F; were applied to the groups obtained as a result of the phy-
logenetic analysis. Considering each population separately,
neutrality was rejected only for COI in three populations: PR
(D=-1.5999, p<0.005), PE (Fy=—15.3254, p<0.005) and
RJ (Fs=—3.10496, p <0.005) for only one test each. When
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Fig. 2 Perinereis anderssoni—a
anterior end, dorsal view; b
pharynx, frontal view; ¢ view of
the 45th parapodium (posterior
region). Perinereis ponteni—d
anterior end, dorsal view; e
pharynx, lateral view; f view of
the 45th parapodium (posterior
region). av area V, al area I, dc
dorsal cirri, nol notopodial ligule.
Scales: a 1.63 mm, b 4.02 mm, ¢
0.22 mm, d 2.00 mm, e 2.34 mm,
£0.19 mm

all populations were gathered as a single clade, popula-
tion changes were observed only for the South Clade
with significant negative values (COI: D=-1.93695
and Fy=-9.13840, p<0.05, 16S: D=—1.551 and F=
—3.639, p<0.05). Because evolution neutrality was
rejected, this population was submitted to mismatch dis-
tribution. Regarding COI, it was not possible to reject
either the hypothesis of both spatial expansion (SSD =
0.0147, p=0.601, raggedness index (RI)=0.1454, p=
0.643) or the hypothesis of demographic expansion
(SSD=0.0017, p=0.704, and RI=0.0379, p=0.833).
A similar pattern was obtained with 16S for both spatial
(SSD=0.0147, p=0.601; RI=0.1454, p=0.643) and de-
mographic expansion (SSD=0.0309, p=0.318; RI=
0.1454, p=0.421).

The 7 parameter was used for estimating the time since a
last expansion event. According to the analysis, the North
Clade, PE, defined with the COI fragment, underwent the last
expansion 79,000 years ago. The South Clade underwent the
same process between 34,000 (entire clade) and 26,000 years
ago (PR and RJ).

Perinereis ponteni

Phylogenetic analysis and population structure Analyses of
both markers similarly indicated that all specimens belonged
to the same clade (Figs. 3 and 4). Therefore, site-specific
clades could not be identified. The average distance (K2P)
among samples from different sites was 0.3% with a maxi-
mum of 1.4% for the COI and 1% for the 16S fragments,
respectively. Because of the short genetic distance and the
few specimens collected per site, the estimates of molecular
diversity and demographic history were performed with all
specimens, as if they belonged to one panmitic population.

The COI haplotype network was composed of two central
haplotypes, separated by two mutational steps, which
corresponded to the haplotypes shared by most individuals,
and the unique descendant haplotype (Fig. 7). The 16S hap-
lotype network was composed by a central haplotype that
corresponded to the haplotype shared by most individuals
and the remaining descendant haplotypes (Fig. 8).
Population structure analysis could not be performed because
of the small sample sizes.

@ Springer
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Fig. 3 Phylogenetic tree of
Perinereis anderssoni and
Perinereis ponteni. COI Bayesian
inference tree clades, statistical
support refers to posterior
probability (PP) of Bayesian

Neanthes acuminata

Pseudonereis variegata

PE i
& P anderssoni

inference/bootstrap (BS), support 100/85 100/89
lower than 50% not shown and CE
represented by “..”. CE, PE, BA:
Cear4, Pernambuco and Bahia, i
states in the northeastern region of
B@zil; ES, RJ, SP: Espirito Santo, 100/99
Rio de Janeiro and Sao Paulo,
states in the southeastern region ES
of Brazil; PR: Parana, a state in
southern Brazil Ry
P. anderssoni
10074 100199 sp
PR
CE
PE
100/99
BA  P. ponteni
84/.. sSP
PR
51E P. nuntia
0.02
P. cultrifera

Demographic history Neutrality tests rejected the null hypoth-
esis of neutral evolution only with regard to 16S, with both
tests yielding significant negative values (D =—2.10224,
p<0.05; F;=—16.80980, p <0.005). Mismatch distribution
analysis indicated the existence of population expansion, with
non-significant SSD values and raggedness indexes
(p >0.05). Regarding last expansion estimates, results di-
verged. Demographic expansion was estimated to have oc-
curred 128,000 years ago, while spatial expansion may have
occurred as late as 12,000 years ago. Neutrality tests per-
formed with the COI fragment were not significant
(p>0.05), with values of —1.5538 and 2.217 for Tajima’s D
and Fu’s F§, respectively.

Discussion

Our results indicate that P. anderssoni and P. ponteni are dis-
tinct species, as previously suggested by morphological anal-
yses (Lana 1984; Santos and Steiner 2006; De Leon-Gonzalez
and Goethel 2013; Coutinho et al. 2015), cytogenetics (Ipucha
etal. 2007), and morphometry (Coutinho et al. 2015). The two

@ Springer

have different evolutionary histories and incongruent phylo-
geographic patterns along the Brazilian coast.

Despite their common taxonomy history, P. anderssoni and
P. ponteni do not even seem to be sister species, since both
analyses indicated a closer relationship to other species
(Perinereis nuntia, Perinereis cultrifera, and Pseudonereis
variegata) depending on the marker. The grouping of
P. anderssoni with a species from another genus,
Pseudonereis variegata, observed on COI analysis is not un-
expected since both genera, Perinereis and Pseudonereis, are
closely related (Santos et al. 2005) and until now can not be
regarded as monophyletic groups owing to the lack of phylo-
genetic support for these nominal genera (Bakken and Wilson
2005). Differences in the number of paragnaths, shape and
size of dorsal and ventral cirri, posterior notopodial ligule
length, number of chaetigers, and total body length were re-
corded by Coutinho et al. (2015), separating both species. The
number of paragnaths, in all proboscidial areas, revealed sig-
nificant interspecific differences, with, as expected, the num-
ber of paragnaths of area V, one of the criteria used in prior
species classification, being the most significant to discrimi-
nate the species (Figure 4, p. 4). Additionally, a
PERMANOVA analysis on paragnath numbers also indicated
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Fig. 4 Phylogenetic tree of Figurf
Perinereis anderssoni and

Neanthes acuminata

Perinereis ponteni. 16S Bayesian

Pseudonereis variegata

inference tree clades, statistical
support refers to posterior
probability (PP) of Bayesian
inference/bootstrap (BS), support
lower than 50% not shown and

Perinereis nuntia

80/.. —‘ PE P anderssoni

represented by “..”. CE, PE, BA: 100/98
Cear4, Pernambuco and Bahia,
. . ES
states in the northeastern region of
Brazil; ES, RJ, SP: Espirito Santo, o8/
Rio de Janeiro and Sao Paulo, = RJ
states in the southeastern region 96/.. P anderssoni
of Brazil; PR: Parana, a state in )
southern Brazil 98/98 SP
PR
86/..
Perinereis cultrifera
CE
PE
100/100
P. ponteni
SP
PR
0.02

significant differences between the two species. Likewise,
P anderssoni and P. ponteni also differed in shape significant-
ly according to Coutinho et al. (2015) (Fig. 2, p. 3). In general,
out of all measured variables measured by the authors,
notopodial cirri length from chaetigers 30 and the notopodial
ligule length, in the 45th chaetiger, explained 45% of variation
found between species.

The analyses also indicate that P. anderssoni consists of two
probably cryptic species with non-overlapping distribution. In
contrast, P. ponteni represents a widely distributed species with
genetic flow along the Brazilian coast, a result corroborated by
a morphometric analysis (Coutinho et al. 2015).

The genetic distance between North and South Clades of
P. anderssoni (COI=K2P 8.7%/16S =K2P 2.2%) suggests
that these populations evolved separately. Similar results were
previously used to discriminate cryptic species within larger
complexes, including the Eumida sanguinea (Orsted, 1843)
complex (Phyllodocidae) (COIL: 6.5 to 18.5%) (Nygren and
Pleijel 2011); the Eurythoe complanata (Pallas, 1766) com-
plex of the Amphinomidae family found on the Brazilian
Atlantic coast (COI 10%) (Barroso et al. 2010); Diopatra
Audouin and Milne Edwards, 1833 (Onuphidae) (16S: 1%)
(Rodrigues et al. 2009); Archinome rosacea (Blake, 1985)

(Amphinomidae) (Borda et al. 2013); and the deep sea species
Ophryotrocha labronica Bacci and La Greca, 1961
(Dorvilleidae) (COI: 17.2%) (Cossu et al. 2014), among others.

Sampértegui et al. (2013) evaluated the real status of the
Chilean Perinereis gualpensis Jeldes, 1963 and Perinereis
vallata (Grube, 1857), previously included in the Perinereis
nuntia species group, and considered them as two clearly de-
fined species based on molecular and morphological data.
Genetic distances were not provided, but differences in
paragnath number were recorded: Perinereis gualpensis with
6-10 in area VI and P, vallata with 11-14. Another species
group, Perinereis nuntia from Korea, was analyzed by Park
and Kim (2007) based on molecular (COI) analysis and mor-
phology. Divergence values found for Perinereis mictodonta
(Marenzeller, 1879) and Perinereis wilsoni Glasby and Hsieh,
2006 varied from 18.88 to 19.39% being also associated with
differences in paragnath numbers and length of dorsal cirri and
notopodial dorsal ligule. More recently, Park and Kim (2017)
surveyed the Korean species Perinereis cultrifera (Nereididae),
a group with putative wide distribution. They described a new
species with a genetic distance ranging from 24.7 to 25.6%
when compared to P cultrifera specimens from Europe.
Similar divergences were found along the Brazilian coast among
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Fig. 5 Perinereis anderssoni—
COI haplotype network. CE, PE:
Ceara and Pernambuco, states in
the northeastern region of Brazil;
ES, RJ, SP: Espirito Santo, Rio de
Janeiro and Sao Paulo, states in
the southeastern region of Brazil;
PR: Parana, a state in southern
Brazil

four species of the annelid genus Capitella Blainville, 1828
(Capitellidae) (COL: 17.5 to 26.5%, 16S: 24.4 to 46.4%), previ-
ously recorded as Capitella capitata (Fabricius, 1780), a well-
known species complex. Seixas et al. (2017) investigated the
distribution of Timarete punctata (Grube, 1858) (Cirratulidae),
including a number of sites on the Brazilian coast, and found

Fig. 6 Perinereis anderssoni—
16S haplotype network. PE:
Pernambuco, state in the
northeastern region of Brazil; ES,
RJ, SP: Espirito Santo, Rio de
Janeiro and Sao Paulo, states in
the southeastern region of Brazil;
PR: Parana, a state in southern
Brazil

@ Springer

two cryptic species (COL: 21.0%, 16S: 14%). Both studies also
described morphological differences among congeners.
Haplotype networks of the north and south groups of
P anderssoni identified here with both markers suggest the
prevalence of different demographic histories. The northern
lineage encompasses a greater number of haplotypes and
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Table3 AMOVA of COI sequences under the first scenario Table5 AMOVA of 16S sequences

PE + CE[ESP + RJ + SP+ PR ddf Variation (%) PE|ES + RJ + SP + PR ddf Variation (%)
Between clades 1 94.1 Between groups 1 86.49
Among populations (within clades) 4 1.71 Among populations (within groups) 3 7.39

Within populations 70 4.28 Within populations 43 6.13

Fixation index ¢CT (p value) 0.941 (0.042) Fixation index ¢CT (p value) 0.864 (0.037)

appears to be older. On the other hand, the southern lineage
displays a star-like appearance, where haplotypes that are
more recent have separated from a central frequent haplotype
by few mutational steps (Slatkin and Hudson 1991). This lin-
eage likely emerged later in time and displays no indication of
a recent population expansion event. The population expan-
sions of both lineages occurred approximately 80,000 (north)
and 30,000 years (south) ago. Thus, climate changes caused
by Pleistocene glaciation and interglaciation events may have
affected the phylogeographic distribution pattern of
P. anderssoni. Two scenarios could potentially account for
such pattern: (1) a northern species spread south after glaci-
ation and gave rise to a new lineage and (2) a widely dis-
tributed species became separated by glaciation events, giv-
ing rise to two independent lineages. Favoring the first sce-
nario, Pleistocene glaciation drastically limited species dis-
tribution to lower latitudes, with expansion taking place after
this period. Glaciation more drastically affected species in
temperate and/or estuarine regions than tropical and/or oce-
anic regions (Hewitt 2000). This phenomenon was well doc-
umented in polychaetes of the North Hemisphere (Jolly et al.
2006; Virgilio et al. 2009). The effects of glaciation have not
been well established in the South Hemisphere and are still
the subject of debate (Lessa et al. 2003). Sea level decline
provoked by glaciation in tropical marine regions may have
promoted the latitudinal migration of species. Such migra-
tion was reported in Australia and New Zealand for the sea
star Coscinasterias muricata (Waters and Roy, 2003) and
the gastropod Potamopyrgus antipodarum (Neiman and
Lively, 2004), both of which display a North/South differ-
entiation pattern. Other evidence lends support to the second
scenario. Along the Brazilian coast, the sea level decline
transformed part of the continental shelf into a terrestrial

Table 4 AMOVA of COI sequences under the second scenario

PE|CE|ES +RJ + SP+PR ddf Variation (%)
Among groups 2 94.8
Among populations (within groups) 3 0.51
Within populations 70 4.65

Fixation index ¢CT (p value) 0.948 (0.037)

environment, possibly exposing the Vitoria-Trindade Chain
(Ferrari and Riccomini 1999). The sea level dropped 100 to
150 m below current levels (Jouzel et al. 2007). The event
probably caused changes in the currents and water masses of
the South Atlantic West, restricting the gene flow between
populations on the north and south of the Vitoria-Trindade
Chain. The newly formed landmass could have separated a
widely distributed population into two subpopulations. After
a long period, such subpopulations would have diverged
enough to be considered different species. Water masses
and biogeographic divisions may also have restricted gene
flow. The northeastern coastal waters are warmer and nutri-
ent poor, while southern and southeastern coast waters are
cold and nutrient-rich (Floeter et al. 2001). The two
P. anderssoni lineages lie in distinct biogeographic prov-
inces as determined by Palacio (1982) and Spalding et al.
(2007) based on species, water temperature, and geological
history.

A comparison of previous studies of P. anderssoni unveils
morphological differences, which, in hindsight, could be re-
lated to the existence of two lineages (Lana 1984; Santos and
Steiner 2006; De Ledn-Gonzalez and Solis-Weiss 1998;
Coutinho et al. 2015). In the study area, intraspecific differ-
ences were observed for notopodial cirrus length and numbers
of paragnaths, the latter being statistically different among
populations for some of the pharyngeal areas. Nevertheless,
the population pattern of differentiation was not the same
northern/southern geographic pattern observed in the molec-
ular analysis.

Nygren (2014) argued that morphological assessments
alone result in the underestimation of polychaete species num-
ber. According to him, unless cryptic species are taken into
account with the use of combined approaches, our understand-
ing of biogeographical patterns will be severely limited. As
stated above, topologies from phylogenetic analysis and
the level of molecular divergence observed between
clades of P. anderssoni are high enough to consider them
as different evolutionary entities. The lack of any notice-
able morphological disparity, mainly when compared to
other non-cryptic species with similar levels of molecular
divergence, allows us to consider both P. anderssoni
clades as cryptic species conforming to Struck et al.
(2018) conceptual framework.
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Fig. 7 Perinereis ponteni—COI

haplotype network. CE, PE, BA:

Ceara, Pernambuco and Bahia,

states in the northeastern region of

Brazil; ES, RJ, SP: Espirito Santo,

Rio de Janeiro and Sao Paulo,

states in the southeastern region 10

of Brazil; PR: Paran4, a state in

southern Brazil
® CE

OPE
@BA
@ES
@ SP
OPR

In contrast, P. ponteni displays low population structuration
with a high degree of genetic homogeneity across the geo-
graphic range evaluated. Phylogenetic analysis, for both
markers, indicated the existence of a single clade with short
inner genetic distances. Low population structuration may re-
sult from high gene flow among the sites. Genetic homogene-
ity also became apparent in the haplotype network structure.
The pattern composed of few central haplotypes and many
descendant haplotypes with few mutational steps suggests ex-
pansion began from a small gene pool. Altogether, the molec-
ular diversity values, neutrality test results, and the haplotypic
diversity of the southern population of P. ponteni suggest the
occurrence of a bottleneck or founder effect for this group
(Grant and Bowen, 1998).

Fig. 8 Perinereis ponteni—16S
haplotype network. Localities
according to Fig. 7
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Pleistocene glaciation and interglaciation do not seem to have
affected the evolutionary history of populations of P. ponteni,
indicating that colonization occurred after this period. The esti-
mation of time since the last expansion was not conclusive,
because demographic expansion and spatial expansion analyses
yielded 7 values of 12,775 and 128,826 years, respectively.

Our study indicates that P. ponteni is a single, widely dis-
tributed taxon along the Brazilian coast, whereas
P anderssoni encompasses two allopatrically distributed cryp-
tic species (North and South Clades). The northern popula-
tions are well structured and demographically stable. On the
other hand, the South Clade does not display population struc-
turation and high gene flow probably occurs among sites.
Haplotypes suggest an expansion scenario.
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