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Abstract

We performed a comparative study of the specimens from the Naineris setosa complex from the Pacific and the Atlantic 
Oceans and re-described the syntype of N. setosa, including the selection of the lectotype. Molecular phylogenetic and 
species delimitation analyses based on two mitochondrial (COI and 16S) and one nuclear (28S) marker revealed the 
presence of three species. One clade with wide Amphi-Atlantic distribution was attributed as Naineris setosa s. str. The 
second Atlantic clade restricted to Southern and Southeastern Brazil was described as a new species, Naineris lanai sp. n. 
The third clade, reported from the Northwestern Pacific, was identified as a new species but was not formally described 
due to the presence of only juvenile-sized worms in the studied material. Detailed morphological descriptions of several 
diagnostic characters in the Naineris setosa complex are provided. 

Key words: Integrative taxonomy, 28S rRNA gene, mtDNA COI, 16S, cosmopolitanism, new species.

Introduction

Naineris setosa (Verril, 1900) is a “cosmopolitan” orbiniid species originally described from intertidal shell-sand 
sediment in Bermuda. Due to the apparent lack of consistent morphological differences among its records, N. setosa 
was for decades assumed to have an Amphi-American distribution with records both from the East Pacific (Dean & 
Blake 2015; Blake 2017) and the Atlantic (Treadwell 1901; Hartman 1951; 1957; Rioja 1960; Solis-Weiss & Fauchald 
1989; Amaral et al. 2006; Blake & Giangrande 2011). It is currently known that truly widespread annelids are rare 
(Hutchings & Kupriyanova 2018). One of such cases has been confirmed within orbiniids for a small, presumably 
invasive species, Proscoloplos cygnochaetus Day, 1954, and its extremely wide distribution was explained by its 
capacity to anchor on vessels using mucous glands and chaetae possibly in combination with architomic reproduction 
(Meyer et al. 2008). Several species of Naineris Blainville, 1828 currently have cosmopolitan status. Nevertheless, 
this should be tested based on a combination of molecular data and comparative morphological studies. 
 Naineris setosa is unique in lacking uncini and subuluncini in thoracic neuropodia, which makes it similar 
to Leitoscoloplos Day, 1977 and Scoloplella Day, 1963, but it has a rounded prostomium as in all other species 
of Naineris. Hartman (1957) equivocally considered N. setosa related to Leitoscoloplos based on the presence of 
only crenulated capillaries in thoracic neuropodia. Several attempts were made to reconstruct the phylogeny of 
Orbiniidae and to assess the position of Naineris among other genera. Blake (2000) proposed a phylogeny based on 
the morphological characters and recovered Naineris as a paraphyletic genus. Bleidorn et al. (2005, 2009) confirmed 
the monophyly of Naineris + Protoaricia based on molecular data suggesting a progenetic origin for Protoaricia 
either within or as a sister to Naineris. However, their most advanced analysis based on six markers included 
only three species of the genus, the type species Naineris quadricuspida (Fabricius, 1780), Naineris dendritica 
(Kinberg, 1867), and Naineris laevigata (Grube, 1855). Later, Zhadan et al. (2015) proposed several phylogenetic 
reconstructions of Orbiniidae based on three individual markers. They included four species of Naineris and 
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recovered the genus as paraphyletic or monophyletic, depending on the marker analyzed. No combined analysis 
was presented in the study, and the monophyletic status of the genus could not be assessed based on the combined 
dataset. Nevertheless, none of the phylogenetic studies included N. setosa in the analyses, and its phylogenetic 
placement within Naineris remains unclear.
 Even though most of the confirmed invasive polychaetes belong to Serpulidae and Spionidae, some orbiniids, 
such as Scoloplos capensis (Day, 1961), Leitoscoloplos kerguelensis (McIntosh, 1885), and Naineris quadraticeps 
Day, 1965 were also considered as invasive (Çinar 2013). Naineris setosa was repeatedly reported as an invasive 
species in the Mediterranean region (Blake & Giangrande 2011; Khedhri et al. 2014; Dean & Blake 2015; Atzori et 
al. 2016); however, because none of the studies was supported by molecular data, the species should be considered 
as cryptogenic.
 In the present study, we re-examine the type material of N. setosa herein designated as lectotype according to 
Article 74 (ICZN 1999) and perform morphological and molecular analyses of the specimens collected from various 
localities in the Western Atlantic, the Mediterranean, and the Northeast Pacific. Based on the results, we explore 
this species’ genetic and morphological diversity and describe one new species from Southern and Southeastern 
Brazil. 

Material and methods

Sampling

Specimens of the Naineris setosa species complex were collected intertidally along the Brazilian coast from 2020 
to 2022 from Santa Catarina to Pernambuco states in different estuarine beaches, from bays and embayments (Fig. 
1). The geographical localities of the collected samples are listed in Table 1. To avoid the common fragmentation 
of the specimens, they were sorted, anesthetized with 8% magnesium chloride in seawater, and preserved in either 
4% formalin or 99.5% ethanol directly in the field. Formalin-fixed samples were subsequently transferred into 70% 
ethanol.

 
FIGURE 1. Distribution of the Naineris species described in this study.

Morphological study

The specimens were studied using a Leica MZ stereomicroscope and a Leica DM 6000 B compound microscope. 
Digital photos were made with a Leica M205C stereomicroscope with a digital camera Leica DMC5400 attached 
and combined with the Z-stack function using Leica LAS software. Methyl green and Shirlastain A dyes were 
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used for increasing contrast and visualizing external morphological structures. Thoracic and abdominal parapodia 
were dissected and mounted on slides in glycerol to examine the chaetal morphology and composition. Scanning 
Electron Microscopy (SEM) images were prepared in two institutions following different protocols. At the Center for 
Electron Microscopy, Federal University of Paraná, the Brazilian specimens stored in 70% ethanol were run through 
an increasing ethanol series, critical point dried in a Bal-tec CPD030 with ethanol as the transition fluid, mounted 
on an aluminum stub using double-sided tape, coated with a heavy metal, and examined using a Jeol JSM 6360-LV 
scanning electron microscope. At the University Museum of Bergen, University of Bergen, hexamethyldisilazane 
(HMDS) was used for specimen dehydration, which was then coated with gold and examined under a Zeiss FE-
SEM model GEMINI, Supra 55VP. 
 Terminology follows the main revisions of the family (Hartman 1957; Blake 2017, 2020, 2021). Additionally, 
the following morphological characters were described. Thoracic ventral groove, a continuous well-defined groove 
along the ventral side of the thoracic segments, is described for the first time for Naineris. Ventral groove is common 
in abdominal segments in orbiniids, but its thoracic projection was not previously reported in the genus. Thoracic 
ventral longitudinal notches were discovered in specimens collected from muddy, possibly anoxic, sediments. They 
can almost reach consecutive annular rings or be less pronounced. Dorsal crest, following Blake (2017), is defined 
as ridges between abdominal branchiae. It may vary in shape from straight to folding and from inconspicuous to 
well-developed and can change in its shape along the body. Thoracic neuropodia can be of different shapes, varying 
from fleshy with rounded boundaries to thin and flattened with folding boundaries. 
 The segmental origin of branchiae and dorsal organs and the number of thoracic chaetigers were determined for 
10 specimens from selected populations of the N. setosa complex from Brazil. Additionally, the following features 
were recorded at the chaetiger 50: total width disregarding parapodia (W), total length of branchiae (Bq), dorsal 
crest (DC), abdominal notopodial (NoL), and neuropodial lobes (NeL).
 The redescription of N. setosa is based on the syntype labeled as Aricia setosa Verrill, 1900, deposited in the 
annelid collection of the Yale Peabody Museum, USA (YPM). In the present study, this specimen is designated as 
the lectotype. We also studied comparative materials from the Natural History Museum of Los Angeles County, 
USA (LACM-AHF Poly); the Smithsonian National Museum of Natural History, USA (USNM); the American 
Museum of Natural History, USA (AMNH); the Florida Museum, USA (FM); the reference collection of the Invasion 
laboratory at the Smithsonian Environmental Research Center, Maryland, USA (SERC); the Australian Museum, 
Australia (AM); Polychaeta Collection of the Museu Nacional, Universidade Federal do Rio de Janeiro, Brazil 
(MNRJP); Polychaeta Collection of the Museu de Diversidade Biológica, Instituto de Biologia, UNICAMP, Brazil 
(ZUEC-POL); Coleção Biológica Prof. Edmundo F. Nonato, Instituto Oceanográfico, Universidade de São Paulo, 
Brazil (ColBIO); the Invertebrate collection of the University Museum of Bergen, University of Bergen, Norway 
(ZMBN). The Brazilian specimens of N. setosa s. str. and type materials of Naineris lanai sp. n. are deposited in the 
MNRJ. Detailed information is provided in Table 1. 

Molecular analyses 

Thirty-five specimens from the Naineris setosa complex collected in the Eastern and Western Atlantic and the 
Northeastern Pacific were used for molecular analysis (Table 1). A single specimen of Naineris aurantiaca (Müller, 
1858) from Pântano do Sul, Santa Catarina Island (Brazil), was used as an outgroup. Genomic DNA was extracted 
from ethanol-fixed tissue samples using 100 μL of QuickExtractTM solution, incubating in a thermocycler at 65 °C 
for 45 min, followed by 2 min at 90 °C. Fragments of a nuclear 28S rRNA and mitochondrial COI and 16S rRNA 
were amplified in a 25 μl reaction volume containing 2.5 μl 10x PCR buffer, 2 μl dNTP (2.5 mM), 1 μl forward 
and reverse primers (1 μM), 0.15 μl TaKaRa Taq (5 U/μl) with 1 μl template DNA, and double-distilled water. 
The primers and the PCR conditions are shown in Table 2. Obtained PCR products were run on 1% agarose gel 
for 30 min to visualize successful amplifications. The successful PCR products were sent to Macrogen Europe for 
purification and bidirectional Sanger sequencing (Applied Biosystems) using the same primers as in amplification. 
Contigs were automatically assembled from chromatograms for forward and reverse sequences and checked by eye 
in Geneious Prime (2023.1).
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 Each of the three markers was aligned individually using MAFFT with the automatically chosen L-INSI-i 
option (Katoh et al. 2005). Three markers were concatenated in Megax (Kumar et al. 2018). The phylogenetic 
analysis was done for individual markers and for the combined partitioned dataset (COI+16S+28S) using Maximum 
likelihood (ML) implemented in IQ-Tree 2.2.0. (Minh et al. 2020) with ultrafast bootstrap (Hoang et al. 2018). The 
substitution models were automatically selected (COI: 1st codon, TNe; 2nd codon, F81+F; 3rd codon, TPM2u+F; 
16S: TIM2+F; 28S: TNe+I) (Kalyaanamoorthy et al. 2017), and the statistical support of the branches was estimated 
with 10000 bootstrap replicates. Mean uncorrected pairwise genetic distances (p-distances) for each of the main 
clades and between the main clades were calculated in MEGA11 (Tamura et al. 2021). Haplotype networks of 
each gene comprising specimens of the Naineris setosa complex were built using TCS (Clement et al. 2002) in 
PopART (Leigh & Bryant 2015). The single-marker trees generated in ML analyses were used as the input trees 
in the species delimitation analyses with Bayesian implementation of the Poisson Tree Processes (bPTP) model 
(Zhang et al. 2013). All analyses were run on the bPTP web server (http://species.h-its.org/) with default settings 
and pruned outgroups. Final species delimitation hypotheses were formulated based on the combined evidence from 
morphology and three independent bPTP analyses of individual molecular markers.

Results

Phylogenetic reconstruction

We included 28 specimens of Naineris from the coast of Brazil, two specimens from the Mediterranean Sea, and 
five specimens from the Northeast Pacific. The independent COI, 16S, and 28S alignments were represented by 
654, 512, and 626 bases respectively. The concatenated dataset consisted of 1792 bases. The results from the ML 
analysis are shown in Figure 2.
 The combined COI, 16S, and 28S analysis recovered three highly supported clades (BP = 98–100). Phylogenies 
inferred from the individual markers showed different topologies (Figure 3). A well-supported clade of the 
Northeastern Pacific specimens was recovered in all analyses and was highly supported (BP = 99, 94, 69; for COI, 
16S, and 28S, respectively). In the 16S analysis, only two clades were recovered: all Atlantic specimens formed one 
clade (BP=100), while the Pacific specimens formed the second clade (BP=94). In the 28S phylogeny, part of the 
west Atlantic specimens and the specimens from the Mediterranean formed a well-supported clade (BP=88) sister 
to the Pacific clade (BP=69); however, several specimens from South and Southeastern Brazil were not recovered 
as a monophyletic group. 
 Species delimitation analysis resulted in a highly supported delimitation scheme of three putative species based 
on COI and two putative species based on 16S. The delimitation results of the 28S dataset were generally poorly 
supported, with the Pacific and one of the Atlantic clades delimited as two putative species and the second Atlantic 
clade split into six putative species (Fig. 2). Despite several conflicts in delimitation results from three molecular 
markers, the final species delimitation hypothesis also included information on the morphology and suggested the 
presence of three species in the dataset: Naineris setosa s. str. from the Western Atlantic and the Mediterranean, 
Naineris lanai sp. n. from the South and Southeastern coast of Brazil, and Naineris sp. from the Northeastern 
Pacific. 
 The TCS haplotype networks (Fig. 4) supported the presence of three species in the COI analysis, with N. setosa 
s. str. having the most frequent haplotype shared among different regions in the Atlantic, including the Mediterranean 
and the Brazilian coast. Naineris lanai sp. n. showed a high diversity of unique haplotypes found in one region – the 
South and Southeastern Brazilian coast. Two haplotypes of Naineris sp. were limited to the Northeastern Pacific 
locality. The analysis of 16S recovered only two haplotypes in the whole dataset; one shared among all the Atlantic 
specimens, including both N. setosa s. str. and N. lanai sp. n., and the second haplotype reported in the Pacific. In 
the 28S analysis, all N. setosa s. str. shared a single haplotype reported in the Eastern and the Western Atlantic. The 
unidentified species from the Northeastern Pacific and N. lanai sp. n. showed the presence of two haplotypes in 
28S. 
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FIGURE 2. Maximum Likelihood tree of the combined COI, 16S, and 28S dataset; numbers on nodes indicate ultrafast 
bootstrap support values; species delimitation results inferred by morphology and DNA-based methods are indicated right to the 
consensus tree; bPTP was applied separately to the individual gene trees. White bars indicate missing data. 
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FIGURE 3. Maximum Likelihood trees of single COI, 16S, and 28S markers; numbers on nodes indicate ultrafast bootstrap 
support values. 
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FIGURE 4. Haplotype networks of the Naineris setosa species complex based on COI (A), 16S (B), and 28S (C). Colors 
correspond to geographic areas. Circle sizes correspond to sample size. Numbers in parentheses show the number of substitutions 
between the haplotypes.
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Genetic distances

The genetic distances are summarized in Tables 3–6. The estimated genetic divergences between the three clades 
in COI ranged from 13.7 to 16%, in 16S from 0 to 6.1%, and in 28S from 1.1 to 1.8%. The intraspecific genetic 
divergences in COI were 0.1–0.4% and in 28S 0–1.1%. There was no intraspecific divergence in 16S. 

TABLE 3. Percentage of uncorrected p-distance matrix within clades of the Naineris setosa species complex based on 
COI, 16S, and 28S DNA sequences.
Naineris COI 16S 28S
Naineris sp. 0.001 0.000 0.011
N. setosa s. str. 0.004 0.000 0.000
N. lanai sp. nov. 0.004 0.000 0.001

TABLE 4. Percentage of uncorrected p-distance matrix between clades of the Naineris setosa species complex based on 
COI sequences.
Naineris Naineris sp. N. setosa s. str. N. lanai sp. nov.
Naineris sp. -
N. setosa s. str. 0.137 -
N. lanai sp. nov. 0.160 0.155 -

TABLE 5. Percentage of uncorrected p-distance matrix between clades of the Naineris setosa species complex based on 
16S sequences.
Naineris Naineris sp. N. setosa s. str. N. lanai sp. nov.
Naineris sp. -
N. setosa s. str. 0.061 -
N. lanai sp. nov. 0.061 0 -

TABLE 6. Percentage of uncorrected p-distance matrix between clades of the Naineris setosa species complex based on 
28S sequences.
Naineris Naineris sp. N. setosa s. str. N. lanai sp. nov.
Naineris sp. -
N. setosa s. str. 0.015 -
N. lanai sp. nov. 0.018 0.011 -

Taxonomic account

Family ORBINIIDAE Hartman, 1942

Genus Naineris Blainville, 1828

Type species. Naineris quadricuspida (Fabricius, 1780)

Diagnosis (amended from Blake 2020; Zhadan 2020). Prostomium rounded, truncated, or weakly bifid on anterior 
margin. Peristomium with one or two achaetous rings. Thorax with 12–30 or more segments; branchiae first present 
from chaetigers 2–23. Thoracic neuropodia with 0–2 postchaetal lobes; no subpodial lobes. Thoracic neurochaetae 
include capillaries, or capillaries mixed with blunt-tipped uncini, sometimes hooded, or uncini and subuluncini. 
Abdominal chaetae include capillaries, sometimes furcate chaetae in notopodia, and capillaries and embedded or 
protruding aciculae in neuropodia. Dorsal sensory organs present in some species, being paired or multiple, rounded 
or as elongated semicircles. Dorsal cilia within branchiae bases present, either forming flat bands or crests.
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Naineris setosa (Verril, 1900) s. str.
(Figs 5–8)
  
Aricia setosa Verrill, 1900: 651–653.
Anthostoma latacapitata Treadwell, 1901: 203–204, figs 61–65.
Nainereis latacapitata: Treadwell 1939: 264, fig. 81.
Naineris setosa: Treadwell 1936: 55; Hartman 1957: 305, pl. 41, figs 1–6 (in part); Nonato 1981: 149–150, figs 177–179; Solis-

Weiss & Fauchald 1989: 774–778, figs 2a–j; Blake & Giangrande 2011: 20–26, figs 1–2; Khedhri et al. 2014: 83–88, fig. 
2; Atzori et al. 2016: 1–6.

Material examined. Atlantic Ocean. Bermuda: YPM 001242.AN (lectotype), YPM 1303 (1 spm), YPM 1384 
(1 spm), USNM 34092 (1 spm), AMNH 1972 (4 spms), AMNH 2508A (2 spms). Panama, Caribbean Sea: 
USNM 181626 (1 spm), USNM 181660 (1 spm). Puerto Rico: USNM 55607 (19 spms). Bahamas. San Salvador 
Island, Oyster Pond: FM 5895 (1 spm), USNM 174087 (10 spms), Pigeon Creek Mangrove: FM 5898 (1 spm), 
Moon Rock Pond: FM 5904 (1 spm), Crescent Pond, FM 5902 (2 spms). Brazil. Pernambuco, Cabo de Santo 
Agostino: MNRJP 007649 (DNA voucher Ns21), MNRJP 007650 (DNA voucher Ns22), MNRJP 007651 (DNA 
voucher Ns23), MNRJP 007652 (DNA voucher Ns24), MNRJP 007653 (DNA voucher Ns25), MNRJP 007625 (5 
spms). Rio de Janeiro, Cabo Frio: MNRJP 007639 (DNA voucher Ns11), MNRJP 007640 (DNA voucher Ns12), 
MNRJP 007641 (DNA voucher Ns13), MNRJP 007642 (DNA voucher Ns14), MNRJP 007643 (DNA voucher 
Ns15), MNRJP 007626 (13 spms), Ilha Grande: ColBIO IG 166 (1 spm), ColBIO IG 168 (2 spms), ColBIO NS20 
(7 spms). Santa Catarina, Santa Catarina Island: MNRJP 007629 (DNA voucher Ns1), MNRJP 007630 (DNA 
voucher Ns2), MNRJP 007631 (DNA voucher Ns3), MNRJP 007632 (DNA voucher Ns4), MNRJP 007633 (DNA 
voucher Ns5), MNRJP 007628 (4 spms). Bahia, Salvador: MNRJP 007644 (DNA voucher Ns16), MNRJP 007645 
(DNA voucher Ns17), MNRJP 007646 (DNA voucher Ns18), MNRJP 007647 (DNA voucher Ns19), MNRJP 
007648 (DNA voucher Ns20), MNRJP 007627 (8 spms). Italy. Taranto: ZMBN 157797 (DNA voucher Ns43). 
Livorno: ZMBN 157798 (DNA voucher Ns44). Australia. Rozelle Bay, Sydney: AM W.22470 (4 spms).
 Type locality. Flatt’s Inlet Beach, Bermuda. Shell-sand, low intertidal.
 Diagnosis. Thoracic neurochaetae only crenulated capillaries, thoracic segments without ventral groove and 
notches, paired dorsal sensory organs present, low dorsal crest from abdominal segments, thoracic neuropodial lobe 
with upper papilla, as wide flanges with well-delimited boundaries.
 Description (based on the lectotype). Lectotype (YPM IZ 001242.AN) incomplete, 149 chaetigers, 57 mm 
long, 0.7 mm wide at chaetiger 50. Color in alcohol light tan (live Brazilian specimens pale yellow with reddish 
branchiae, bearing long fluorescent cilia along branchial axis and between them). Thorax and abdomen marked by 
dorsal displacement of parapodia in abdomen (Figs 5A; 7A). Ventral surface smooth, ventral groove only present in 
abdominal segments (Fig. 8A, B), ventral notches absent.
 Prostomium wider than long, more or less square and rounded in front and corners (Figs 5B; 7A); eyespots 
along lateral margins; nuchal organs discernible (Fig. 7A, B). Peristomium with two annular rings, only weakly 
marked; mouth opening situated ventrally and surrounded by striated lips; proboscis, not everted, presumably broad 
and lobed as in topotype specimens.
 Branchiae first present from chaetiger 5–6, cirriform, tapering to sharp tip, with dense cilia, first branchiae long, 
reaching ⅓ of abdominal branchiae (Fig. 5B). Conspicuous dorsal sensory organs from chaetiger 7, oval-shaped and 
paired, with dense cilia (Fig. 7C). Dorsal crest present from abdominal segments; straight, supported by thick base; 
low, approximately ¼ diameter of branchiae, ciliated. 
 Thorax comprises 20 chaetigers, moderately flattened (Fig. 5A). Parapodia biramous; interramal papilla absent. 
Notopodial lobes lanceolate. Neuropodial lobes represented by wide flanges ending above digitate papillae, with 
well-delimited boundaries (Figs 5A, C; 6A). Abdominal notopodial and neuropodial lobes cirriform (Figs 5D; 6B); 
abdominal notopodial lobes longer or equal to thoracic notopodial lobes, shorter than branchiae (Figs 5D; 6B).
 Thoracic notochaetae with two bundles of about 20–30 crenulated capillaries at different levels (Figs 5C; 6A). 
Abdominal notochaetae arranged in two groups of 10–15 crenulated capillaries and furcate chaetae (Figs 6B; 7F); 
furcate chaetae with unequal tines and tiny needles at different levels (Fig. 7F), placed in a lower position, difficult 
to observe; shaft bearing numerous crowded transversal rows of about 10–12 small barbs (Fig. 7F). Thoracic 
neurochaetae with around seven rows of numerous capillaries (Figs 5C; 6A, E) separated into two groups by oblique 
gap (Fig. 5C). Abdominal neurochaetae with 5–10 capillaries and three acicular spines (Figs 6B; 7D). Pygidium 
missing.
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FIGURE 5. Naineris setosa, lectotype (YPM IZ 001242.AN): (A) Lateral view; (B) Anterior end, dorsal view; (C) Thoracic 
parapodia; (D) Abdominal parapodia. bq—branchia, cc—crenulate capillaries, NeL—neuropodial lobe, NoL—notopodial lobe, 
pr—prostomium. Scale bars; (A–B): 0.7 mm; (C–D): 0.35 mm. 

FIGURE 6. Naineris setosa, lectotype (YPM IZ 001242.AN): (A) Thoracic parapodium (ch. 11); (B) Abdominal parapodium 
(ch. 91). bq—branchia (displaced), NeL—neuropodial lobe, NoL—notopodial lobe. Scale bars; (A–B): 1 mm. 
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FIGURE 7. Naineris setosa from Pernambuco, Brazil (MNRJP 007720) examined under SEM: (A) Anterior end, dorsal view; 
(B) Nuchal organ; (C) Dorsal organ; (D) Acicular spines; (F) Furcate chaetae. Naineris setosa from Bahamas under SEM (FM 
5898): (E) Thoracic neurochaetae. ac—acicular spines, bq—branchia, cc—crenulated capillaries, do—dorsal organ, fc—furcate 
chaeta, no—nuchal organ, pr—prostomium. Scale bars; (A): 500 μm; (B): 50 μm; (C): 20 μm; (D): 5 μm; (E–F): 10 μm.

 Remarks. Hartman (1951) examined specimens from the Gulf of Mexico and synonymized Anthostoma 
lacapitata Treadwell, 1901 with Naineris setosa. Solis-Weiss & Fauchald (1989) redescribed the syntype of N. 
setosa retaining its wide distribution in the tropical Northwest Atlantic, herein designated as the lectotype (ICZN 
1999, Art. 74). Subsequently, Blake & Giangrande (2011) reported the species as invasive in the Mediterranean Sea. 
The species was also reported from the Adriatic and the Tyrrhenian Seas expanding its distribution to Tunisia and 
Taranto (Arduini et al. 2022, Rebai et al. 2022). The records from the Pacific, such as those from Galapagos and 
Australia, require further revision. We examined the specimen from Galapagos studied by Blake, but it was in poor 
condition preventing accurate identification. 
 Pygidium was not observed in the lectotype, but in the examined Brazilian specimens it agreed with Solís-Weiss 
& Fauchald’s (1989) description, stating that N. setosa bears four anal cirri. Morphological variation of Brazilian 
populations of N. setosa s. str. is shown in Table 7.

FIGURE 8. Naineris setosa from Taranto, Mediterranean Sea (ZMBN 157797): (A) Anterior end, ventral view; (B) Smooth, 
thoracic ventral surface. Scale bars; (A): 1 mm; (B): 500 μm.

 Habitat. Shell-sand, intertidal.
 Distribution. Intertidal and shallow subtidal (down to 1 m deep) zone of the Atlantic. Western Atlantic: 
Bermuda, Bahamas, Gulf of Mexico, Caribbean Sea, Panamá, Belize, Puerto Rico, and Brazilian coast. Presumably 
invasive in the Mediterranean Sea (Blake & Giangrande 2011; Khedhri et al. 2014; Dean & Blake 2015; Atzori et 
al. 2016). 

Naineris lanai sp. n.
(Figs 9–11)

Material examined. Brazil. Paraná, Pinheiros Bay: MNRJP 007618 (holotype), MNRJP 007619 (2 paratypes), 
MNRJP 007624 (1 paratype), MNRJP 007622 (7 paratypes), MNRJP 007621 (10 paratypes), MNRJP 007634 
(paratype, DNA voucher Ns06), MNRJP 007635 (paratype, DNA voucher Ns07), MNRJP 007636 (paratype, 
DNA voucher Ns08), MNRJP 007637 (paratype, DNA voucher Ns09), MNRJP 007638 (paratype, DNA voucher 
Ns10), MNRJP 007620 (6 paratypes), Paranaguá Bay: MNRJP 007623 (2 paratypes). Rio de Janeiro, Itacuruçá: 
MNRJP 007655 (paratype, DNA voucher Ns36), MNRJP 007656 (paratype, DNA voucher Ns38). São Paulo, 
Araçá: MNRJP 007654 (paratype, DNA voucher Ns28), Ilhabela, ZUEC-POL 16999 (2 spms), ZUEC-POL 2756 
(1 spm), Caraguatatuba, ZUEC-POL 3780 (1 spm), ZUEC-POL 3784 (1 spm), ZUEC-POL 3786 (1 spm), ZUEC-
POL 3771 (1 spm). Sergipe. Praia do Saco: MNRJP 1909 (1 spm).
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FIGURE 9. Naineris lanai sp. n., holotype (MNRJP 007618): (A) Complete specimen, dorsal view; (B) Anterior end, dorsal 
view; (C) Thoracic segments, ventrolateral view; (D) Abdominal segments, dorsal view; (E) Posterior end, dorsolateral view. 
ac—anal cirrus, bq—branchiae, dc—dorsal crest, do—dorsal organs, no—nuchal organ, pb—proboscis, vg—ventral groove, 
vn—ventral notches. Scale bars; (A): 5 mm; (B–D): 2 mm; (E): 500 μm.

 Type locality: Brazil: Paraná (Pinheiros Bay), 25.409° S, 48.251° W, intertidal, 20 cm depth, anoxic mud, close 
to Spartina sp.
 Etymology. Naineris lanai is named in honor of R.A.’s late Ph.D. supervisor, the Brazilian scientist Paulo da 
Cunha Lana, in recognition of his substantial contribution to marine science and for believing in people. 
 Diagnosis. Thoracic neurochaetae including crenulated capillaries only; thoracic segments with ventral 
groove and notches; paired dorsal sensory organs present; ciliary dorsal crest in abdominal segments folded and 
hypertrophied; thoracic neuropodial lobes flattened and folded with irregular boundaries, with upper papilla; 
notopodial lobes undivided or forked.
 Description. Large species (Figs 9A; 11E), holotype complete (MNRJP 007618), 263 mm long, 5 mm wide, 
consisting of 431 chaetigers. Color in alcohol dark brown, with dark segmental spots; live specimens dark brown 
to reddish, with dark pigmented branchiae and dorsal organs, and long fluorescent cilia along axis; eyespots and 
nuchal organs yellowish, dorsal crest bearing long fluorescent cilia. Body separated into two distinct regions of 
approximately same width (Fig. 9A); thorax and abdomen, with parapodia displaced dorsally in abdomen. Ventral 
surface of body rough, with prominent mid-ventral groove along most of body (Figs 9C; 11C), well-marked in 
thoracic segments, represented by longitudinal notch on each segment, almost reaching consecutive ring (Fig. 9C). 
 Prostomium wide, nearly square, spatulate in front (Fig. 9B); eyespots present on lateral margins of prostomium, 
organized in two groups; nuchal organs present, as two lateral notches between prostomium and peristomium (Fig. 
9B), more conspicuous and globular in live specimens (Fig. 11A). Peristomium as single achaetous ring; mouth 
opening located ventrally; proboscis wide, thick, bearing triangular lobes (Figs 9B; 11A, B), densely ciliated (Fig. 
10A).
 Branchiae from chaetigers 5–6, continuing along entire body (Fig. 9A, B); elongate from first pair, widest 
basally, tapering to narrow apex, with medial and lateral cilia. Thoracic branchiae ⅓ of longest abdominal branchiae. 
Paired dorsal sensory organs from mid-thoracic chaetigers, anterior and medial to branchial bases, oval-shaped, 
clearly raised (Figs 9B; 10B). Dorsal crest present in abdominal segments; straight at first, best developed and more 
extended in mid-abdominal segments becoming folded, as long as or even exceeding basal width of branchiae (Figs 
9A, D; 10D). 
 Thorax with 30 chaetigers (28–30 in paratypes), flattened. Parapodia biramous; interramal papilla absent. 
Thoracic notopodia with lanceolate lobes, more elongate in posterior chaetigers; forked or undivided. Neuropodial 
lobes wide, flat, with rough flanges with irregular borders, almost folded (Fig. 9C). Abdominal notopodial and 
neuropodial lobes similar in shape, triangular to lanceolate, with thin apex; notopodial lobes more prolonged than 
neuropodial lobes (Fig. 11D).
 Thoracic notochaetae with two bundles of around 30–50 crenulated capillaries. Abdominal notochaetae with 
15–20 crenulated capillaries in two bundles and furcate chaetae in lower position (Fig. 10C); each furcate chaeta 
with unequal tines, bearing tiny needles; shaft with small barbs. Thoracic neurochaetae with about 7–9 rows of 
capillaries separated into two groups by oblique gap. Abdominal neurochaetae with 15–20 capillaries and 2–3 
acicular spines. 
 Pygidium with terminal anus, bearing four anal cirri with forked or undivided tips, and rounded bases (Fig. 
9E).
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FIGURE 10. Naineris lanai sp. n. topotype specimen examined under SEM, A–B, MNRJP 007721; C–D, MNRJP 007722: (A) 
Cilia in the everted proboscis, ventral view; (B) Dorsal organ in thoracic segment; (C) Furcate chaetae in abdominal segment, 
lateral view; (D) Cilia in dorsal crest. cc—crenulated capillaries, ci—cilia, dc—dorsal crest, do—dorsal organ, fc—furcate 
chaetae, pb—proboscis, NoL—notopodial lobe. Scale bars; (A): 50 mm; (B): 500 μm; (C): 20 μm; (D): 100 μm.
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FIGURE 11. Habitat (H) and live (A–D, I) and preserved (E–G; paratype MRNJP 007623) specimens of Naineris lanai sp. n.: 
(A) Anterior end with a partially everted proboscis, dorsal view; (B) Anterior end with a completely everted proboscis, dorsal 
view; (C) Thoracic segments, ventral view; (D) Abdominal segments, lateral view; (E–G) Furcation in abdominal notopodial 
lobes; (H) Tidal flat from Ilha das Peças, Pinheiros Bay, the type locality; (I) Specimens being sorted in the laboratory. bq—
branchia, do—dorsal organ, e—eyespots, no—nuchal organ, pb—proboscis, vn—ventral notch (Arrows point to furcate 
notopodial lobes). Scale bars; (A): 0.5 mm; (B): 2 mm; (C): 0.2 mm; (D): 1 mm; (E-G): 0.1 mm.

 Remarks. Naineris lanai sp. n. is similar to N. setosa s. str. in having only crenulated capillaries in thoracic 
neuropodia, dorsal crest, and branchiae from chaetigers 5–6. It differs from N. setosa in the dorsal crest being long 
and folded, and having marked ventral groove in thoracic segments, flat and folded thoracic neuropodial lobes, and 
often divided abdominal notopodial lobes. 
 Considering the anoxic habitat of the species, the hypertrophied ciliary dorsal crest, and parapodial lobes, are 
probably an adaptation to this environment. Similar correlation was established for some species of Nereididae 
and Opheliidae living in anoxic conditions (Glasby et al. 2021). The shape of thoracic neuropodial lobes differs 
significantly in both species. In Naineris setosa s. str., neuropodial lobes are thick, elongated processes with rounded 
boundaries. In N. lanai sp. n., neuropodial lobes are enlarged, markedly flat, and folded with irregular boundaries. 
This may also be an adaptation to increase the surface area for oxygen uptake, such as in other polychaetes (Hartman 
1951; Nonato et al. 1986; Radashevsky & Lana 2009; Glasby et al. 2021). 
 Habitat. Large mature adults were sampled in black anoxic mud near Spartina sp. and mangroves from 
Pinheiros Bay, Paranaguá Estuarine Complex (Fig. 11E). Juveniles were sampled in mud from São Paulo and 
fouling communities from Rio de Janeiro.
 Distribution. South and Southeastern Brazil, from Paraná to Rio de Janeiro, intertidal.

Naineris sp.
(Fig. 12)
 
Material examined. USA, California. SERC 252007 (DNA voucher Ns46, + 1 spm), SERC 252013 (DNA voucher 
Ns47, + 2 spms), SERC 251805 (1 spm), SERC 251985 (1 spm, 1 for SEM), SERC 252000 (2 spms), LACM-AHF: 
DNA vouchers Ns33, Ns34, Ns35. 

FIGURE 12. Naineris sp. examined under SEM (SERC 252000): (A) Anterior end, dorsal view; (B) Thoracic segments, dorsal 
view; (C) Cilia in dorsal organs; (D) Furcate chaetae in abdominal segment, lateral view; (E) Acicular spines in abdominal 
segments. bq—branchia, c—dorsal organ cilia, cb—ciliary band, cc—crenulated capillary chaeta, do—dorsal organ, fc—furcate 
chaeta, NoL—notopodial lobe, pe—peristomium, pr—prostomium. Scale bars; (A): 100 μm; (B): 20 μm; (C): 10 μm; (D–E): 
2 μm.
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 Description. Small specimens, presumably juveniles (Fig. 12A). Color in alcohol light tan. Thorax and abdomen 
distinct. Prostomium anteriorly rounded (Fig. 12A); eyespots not discernible; nuchal organs present. Peristomium as 
1–2 achaetous rings (Fig. 12A); mouth opening located ventrally; proboscis not everted. 
 Branchiae from chaetiger 6 (Fig. 12A), elongate from first pair. Paired dorsal sensory organs between branchial 
bases, oval-shaped (Fig. 12B, C). Dorsal crest as ciliary bands from first thoracic segment, straight (Fig. 12B). 
 Thorax dorsoventrally flattened. Parapodia biramous. Thoracic notopodial and neuropodial lobes lanceolate. 
Abdominal notopodial and neuropodial lobes triangular.
 Thoracic notochaetae with crenulated capillaries only. Abdominal notochaetae including capillaries and furcate 
chaetae (Fig. 12D); furcate chaetae with unequal tynes and thin needles between; shaft with several transversal rows 
of 5–7 barbs. Thoracic neurochaetae with capillaries only. Abdominal neurochaetae with capillaries and 1–2 acute 
acicular spines (Fig. 12E). 
 Pygidium with terminal anus, bearing anal cirri, presumably four cirri. 
 Remarks. Based on molecular data, the examined specimens represent an undescribed species. All specimens 
were of small size, presumably juveniles. The species is unique in having dorsal ciliary bands from the first thoracic 
segments. However, the species is not formally named here due to a lack of detailed information on the adult 
definitive morphological characters. 

Discussion

This study is the first step toward understanding the genetic and morphological diversity of the Naineris setosa 
complex. The cosmopolitan distribution of N. setosa suggested by the earlier studies (Hartman 1951, 1957; Solis-
Weiss & Fauchald 1989; Blake & Giangrande 2011; Dean & Blake 2015; Blake 2017) and its stagnated taxonomy 
over time can partly be explained by the fact that it was the only species of the genus bearing only capillary chaetae in 
thoracic neuropodia. Nevertheless, after careful examination, several morphological characters consistently differed 
in the worms from the studied Atlantic and Pacific populations, especially if examined in detail. For instance, the 
dorsal crest in N. setosa sensu lato is usually described in the literature as low. In the present study, we reported that 
the dorsal crest can vary in shape from straight to lobed, which can also change along the body. In addition, it can 
be hypertrophied, folded, and bear long cilia such as in Naineris lanai sp. n. collected from anoxic mud. At the same 
time, the species inhabiting regular marine aerated sediments show no such modifications (Blake & Giangrande 
2011). 
 Similarly, we observed that parapodial lobes could be undivided or forked. Forked notopodial lobes were 
described as a unique character in Naineris furcillata Blake, 2017. Nonetheless, this character was also reported in 
N. lanai sp. n., with up to two furcations in some notopodial lobes (Figure 11D–G). Similar structures were reported 
by Hartman (1957), who described abdominal subpodial lobes in N. setosa specimens from the Gulf of Mexico. 
Solis-Weiss & Fauchald (1989) considered additional lobes a malformation. We suggest that subdivision of the 
parapodial lobes is characteristic for the specimens from muddy sediments with possibly reduced oxygen levels. 
According to Glasby et al. (2021), parapodial modifications may represent an adaptation to increasing surface area 
for oxygen uptake in anoxic environments. 
 Phylogenetic analysis utilizing several unlinked loci can aid in uncovering genetic diversity within complexes 
of species with similar morphology (Salicini et al. 2011; Liu et al. 2017; Qiu et al. 2020). In the present study, we 
attempted to delimit the species within the Naineris setosa complex by analyzing two mitochondrial and one nuclear 
marker. Phylogenetic analysis based on the COI marker and the combined dataset of three markers recovered three 
highly supported clades in the study material. Nevertheless, the individual 16S and 28S gene trees had different 
topologies. In the 16S analysis, only two clades were recovered, one combining the specimens from the Atlantic 
and the other from the Pacific. The analysis based on 28S recovered the North Pacific clade sister to the clade 
representing N. setosa s. str. specimens. In contrast, the South and Southeastern Brazil specimens did not form a 
clade. Similar results were obtained by the haplotype network analysis. Furthermore, the haplotype network of 28S 
showed the presence of two significantly different haplotypes in the Pacific population, with 9 substitutions present 
in a generally very conservative nuclear marker. 
 The interspecific COI distances between the species in the N. setosa complex ranged from 13 to 16%, which 
was comparable with other studies on annelids using COI data for species discrimination (Taboada et al. 2015, 
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2017; Seixas et al. 2021). For 16S, the interspecific distances ranged from 0 to 6%, which was considerably lower 
than in other species complexes of polychaetes (Drennan et al. 2019; Radashevsky et al. 2020). Still, they were 
comparable with those in Clitellata (Martinsson et al. 2020). All Atlantic specimens shared the same haplotype in 
16S, which could be explained by the low evolutionary rates in 16S in the Naineris setosa complex and possible 
recent speciation events between the two Atlantic species. For 28S, the distances ranged from 1.1% to 1.8%, which 
was similar to other polychaete species complexes (Grosse et al. 2020; Radashevsky et al. 2020; Kolbasova & 
Neretina 2021) and can be considered significant, given that 28S evolves at low rates.
 Mitonuclear discordance is expected in the animal kingdom (Rokas et al. 2003; Toews & Brelsford 2012; 
Dávalos et al. 2012) and was reported for several groups of organisms (Degnan & Rosenberg 2009; Debiasse et al. 
2014; Hirano et al. 2019; Ortiz et al. 2021; Formaggioni et al. 2022), including annelids (Liu et al. 2018; Elgetany 
et al. 2020). Phylogenies reconstruction based on a single marker may conflict as no single gene can capture all 
nuances of the phylogenetic relationships of a taxon (Rokas et al. 2003). In our study, one of the mitochondrial 
markers, 16S, provided less resolution than COI, indicating low evolutionary rates in the former in Naineris. The 
rates of evolution in different markers are poorly understood. Protein coding and non-coding genes show different 
evolution rates, which may also differ among codon positions within a coding gene (Liò & Goldman 1998). A 
phylogenomic approach, combining many genes, may help resolving conflicting topologies (Gee 2003; Rokas et al. 
2003; Bleidorn 2017). 
 Even though our findings support that some of the North Pacific populations of the former Naineris setosa 
represent a different species, the Galapagos population reported by Blake (2017) still needs to be studied with well-
preserved specimens and molecular data to discard the Amphi-American distribution. Furthermore, a specimen of 
Naineris (identified as N. australis collected off Sydney) bearing only capillaries in thoracic neuropodia, paired dorsal 
organs, and similar parapodial structures was found in the Australian Museum collection (W.22470, unpubl.). After 
examining numerous specimens of the Naineris setosa species complex, we discovered that, in some cases, broken 
capillary chaetae might strongly resemble uncini, especially in the old specimens (R.A. personal observations). 
This could probably lead to misidentification of Naineris species in scientific collections. Presumably, other similar 
species were misidentified as N. setosa worldwide, requiring further verification and subsequent revision.
 We confirmed the Amphi-Atlantic distribution of Naineris setosa s. str. with two records reported from the 
Tyrrhenian and the Ionian Seas. This corroborated the earlier records of the species in the Mediterranean and 
corroborated its alien status (Blake & Giangrande 2011; Khedhri et al. 2014; Atzori et al. 2016; Arduini et al. 2022; 
Rebai et al. 2022; Struck et al. 2023). The species was believed to have been introduced in the Mediterranean Sea 
due to aquaculture (Blake & Giangrande 2011) and shipping as in the case of possible regional introductions within 
the Mediterranean (Khedri et al. 2014). Naineris setosa s. str. can be considered established in the Mediterranean 
since later records expanded its distribution to Egypt (Struck et al. 2023), Tunisia (Khedhri et al. 2014; Rebai et 
al. 2022), and the Adriatic (Blake & Giangrande 2011), Ionian (Arduini et al. 2022), and Tyrrhenian (Atzori et 
al. 2016) seas. Naineris setosa was first reported in Brazil by Nonato (1981); since then, the number of Brazilian 
records increased (Amaral et al. 2006–2022). Even though most of our sampling in Brazil was conducted in bays 
near the main ports, suggesting shipping as a possible reason for the range expansion, it is hard to determine whether 
Brazil is part of N. setosa s. str. native distribution range or represents a newly colonized area. Further studies, with 
additional North and Tropical Atlantic samples, including the type locality, may help better understanding of the 
species’ bioinvasive potentials, establish effective monitoring programs in affected areas, and avoid new invasions 
in susceptible regions.
 Availability of data and material: All physical specimens used in this study are kept in the registered scientific 
collections. All sequences have been submitted to GenBank and BOLD (see Table 1 for accession numbers and 
BOLD process IDs). Alignments were uploaded to TREEBASE as nexus-formatted data (http://purl.org/phylo/
treebase/phylows/study/TB2:S30855). 
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