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Ischia and Vulcano islands (Italy, Tyrrhenian Sea), and in 
various areas with ambient pH conditions, where they rep-
resent one of the dominant genera. Phylogeographic analyses 
were integrated with reproductive biology and life-history 
observations on some selected populations thriving in the 
vent areas. This approach revealed the presence of four 
distinct Platynereis clades. Whereas two clades primarily 
inhabit  CO2 vents and are presumably all brooders, the other 
two clades dominate the non-acidified sites and appear to 
be epitokous free spawners. We postulate that one of the 
brooding, vent-inhabiting clades represents P. massiliensis 
and one of the free spawning, non-vent-inhabiting clades 
represents P. dumerilii, although confirmation of the species 
status with sequence data from the respective-type localities 
would be desirable.

Introduction

The increase of atmospheric carbon dioxide  (CO2) lev-
els since the industrial revolution, has contributed to the 
phenomenon known as ‘ocean acidification’ (OA) (IPCC 
2013). Increased pCO2 in seawater leads to the formation 
of carbonic acid, which then releases hydrogen ions, low-
ering the pH of the water (Gattuso and Hansson 2011). 
From the industrial revolution to the present time, oceanic 
pH has dropped from 8.2 to 8.07, and a further pH drop by 
0.3–0.4 pH units is predicted by the year 2100 (Gattuso and 
Lavigne 2009; Caldeira and Wickett 2003). The focus of 
research on the potential impacts of OA has initially resided 
on potentially vulnerable stress-intolerant species (Fischlin 
et al. 2007), mainly calcifiers depending on calcium car-
bonate for the growth of their shells and tests. Much less 
information is available about non-calcifying organisms, 
which climate change could affect also at the physiological 

Abstract High pCO2 environments, such as volcanic car-
bon dioxide  (CO2) vents, which mimic predicted near-future 
scenarios of ocean acidification (OA), offer an opportunity 
to examine effects of low pH conditions on marine biodi-
versity and adaptation/acclimatization of marine organisms 
to such conditions. Based on previous field studies in these 
systems, it is predicted that the stress owing to increasing 
 CO2 concentrations favours the colonization by invertebrate 
species with a brooding habit. The goal of this study was to 
investigate the relative occurrence of the two sibling spe-
cies Platynereis dumerilii (Audouin & Milne-Edwards, 
1834) (free spawner) and Platynereis massiliensis (Moquin-
Tandon, 1869) (egg brooder) in two shallow  CO2 vents off 

Responsible Editor: A-E. Todgham.

Reviewed by Undisclosed experts.

Electronic supplementary material The online version of this 
article (doi:10.1007/s00227-017-3222-x) contains supplementary 
material, which is available to authorized users.

Janine Wäge and Giulia Valvassori contributed equally to the 
paper.

 * Giulia Valvassori 
 giulia.valvassori@szn.it

1 School of Environmental Sciences, University of Hull, 
Cottingham Road, Hull HU6 7RX, UK

2 Present Address: Leibniz Institute for Baltic Sea Research 
Warnemünde (IOW), Seestraße 15, 18119 Rostock, Germany

3 Department of Integrative Marine Ecology, Villa 
Dohrn-Benthic Ecology Center Ischia, Stazione Zoologica 
Anton Dohrn, Villa Comunale, 80121 Naples, Italy

4 Department of Marine Biology, Texas A&M University 
at Galveston, PO Box 1675, Galveston, TX 77554, USA

http://orcid.org/0000-0001-7816-6957
http://crossmark.crossref.org/dialog/?doi=10.1007/s00227-017-3222-x&domain=pdf
http://dx.doi.org/10.1007/s00227-017-3222-x


 Mar Biol  (2017) 164:199 

1 3

 199  Page 2 of 12

(acclimatization) or genetic level (adaptation) (Calosi et al. 
2013; Harvey et al. 2014).

Volcanic  CO2 vents represent useful model systems and 
natural laboratories to investigate short as well as long-term 
effects of OA on benthic biota and sea-floor ecosystems 
(Hall-Spencer et al. 2008; Fabricius et al. 2011). Polychaetes 
are a dominant group in the benthic communities in these 
systems, especially in temperate areas such as the island 
of Ischia (Gambi et al. 2016) (Castello Aragonese vent’s 
area; Kroeker et al. 2011) and Vulcano island (Levante 
Bay vent’s area; Vizzini et al. 2017) in Italy (Figs. 1, 2). 
Therefore, polychaetes are appropriate models to address 
various aspects of acclimatization/adaptation to OA, such 
as settlement pattern (Ricevuto et al. 2014), and assemblage 
responses along pH gradients (Gambi et al. 2016), functional 
traits analyses (Lucey et al. 2015, 2016; Gambi et al. 2016), 
trophic habit and acclimatization (Calosi et al. 2013; Rice-
vuto et al. 2015a), and biochemical responses to OA stress 
(Turner et al. 2015; Ricevuto et al. 2015b, 2016).

Platynereis dumerilii (Audouin and Milne-Edwards, 
1834) is a non-calcifying annelid worm of the family Nerei-
didae (see Vieitez et al. 2004 for a morphological descrip-
tion). This meso-herbivore species (Gambi et  al. 2000; 
Ricevuto et al. 2015a) has a semelparous reproduction, 
with a breeding period that occurs in the Mediterranean 
Sea between May and September (Giangrande et al. 2002). 
The breeding period begins with a “sexual metamorpho-
sis” during which an immature, benthic atokous individual 
transforms in a sexually mature pelagic epitokous form 
called heteronereis (Fischer and Dorresteijn 2004). During 
metamorphosis, animals increase their eyes size, subdivide 
their trunk into two parts with different shapes of parapodia, 

and develop sexually dimorphic body coloration. Mature 
pelagic heteronereids swim rapidly and attract individuals 
of the opposite sex through the release of sex pheromones 
(Zeeck et al. 1988; Fischer and Dorresteijn 2004). Swarming 
culminates in the nuptial dance, with sexual partners rapidly 
swimming in a circle and delivering their gametes into the 
water column, leading to the fertilization of the eggs. After 
spawning, males and females die (Fischer and Dorresteijn 
2004).

Platynereis dumerilii is a well-understood Evo-Devo 
model species especially for comparative studies, since its 
evolutionary lineage has been slow-evolving (Zantke et al. 
2014). Highly conserved gene structure and cell types with 
protein sequences, as well as the position and the num-
ber of introns in its genome, show low rates of divergence 
from vertebrates as opposed to other faster evolving spe-
cies (Raible et al. 2005; Zantke et al. 2014). P. dumerilii is 
also considered a bioindicator of organic pollution (Bellan 
1980). It has been reported as one of the most abundant 
species from the vegetated rocky reefs of natural  CO2 vents 
off Ischia Island (Italy) in the Mediterranean Sea (Kroeker 
et al. 2011; Ricevuto et al. 2014). Calosi et al. (2013) found 
that the population inhabiting the naturally acidified water 
of the  CO2 vents at Ischia was genetically and physiologi-
cally distinct from nearby non-acidified control population. 
Genetic distances between the vent-inhabiting lineages and 
those from nearby non-acidified control locations suggested 
that they represent different sibling species (Calosi et al. 
2013). The habitat preference of the two sibling species is 

Fig. 1  Map of Castello Aragonese study area (Ischia island, Italy) 
with location of the sampling stations on the north and south sides 
along a pH gradient (N1, N2, N3–S1, S2, and S3) (from Ricevuto 
et  al. 2014). pH values measured with in  situ sensors by Kroeker 
et  al. (2011) are as follows: N1  =  8.0  ±  0.1; N2  =  7.8  ±  0.2; 
N3 = 7.2 ± 0.4; S1 = 8.1 ± 0.1; S2 = 7.8 ± 0.3; and S3 = 6.6 ± 0.5

Fig. 2  Map of the Levante Bay study area (Vulcano island, Italy), 
with location of the sampling stations along a pH gradient (S1, S2, 
and S3) (from Johnson et al. 2013). pH mean values measured with 
in  situ sensors by Johnson et  al. (2013) area as follows: S1 = 8.18; 
S2 = 8.05; and S3 = 7.49
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not absolute; however, occasional individuals of the pre-
sumably vent-adapted lineage appeared in control environ-
ments and vice versa. Calosi et al. (2013) surmised that these 
individuals may not actually reproduce in the mismatched 
environments and that competitive exclusion insured that 
they only formed a small portion (1:10–1:15) of the respec-
tive population. Lucey et al. (2015), reared specimens in 
the lab and observed egg brooding in the vent-inhabiting 
population, indicating that it represents likely the only sib-
ling species of P. dumerilii known to date, P. massiliensis 
(Moquin-Tandon, 1869). These two sibling species are mor-
phologically indistinguishable as immature adults but are 
easily identified upon reproduction. In contrast to P. dumer-
ilii, P. massiliensis shows no epitokous transformation and 
mature worms are protandric hermaphrodites, characterized 
by egg brooding inside the tube, lecithotrophic larval stages 
with a semi-direct development, and egg hatching into juve-
niles within the parental tube (Hauenschild 1951; Helm et al. 
2014; Lucey et al. 2015).

Sibling species represent cryptic sister species that are the 
closest relative of each other and have not been morphologi-
cally, and therefore, taxonomically distinguished (Bickford 
et al. 2007).

Here, we analyze phylogeographic patterns among popu-
lations from two  CO2 vent systems (Ischia and Vulcano in 
the Souther Tyrrhenian Sea) and various non-acidified con-
trol sites in the Mediterranean Sea and the Atlantic Ocean in 
conjunction with the reproductive modes of the vent-inhabit-
ing lineages. This integrated approach aims to shed light on 
the presence and relative proportion of the sibling species in 
relation with OA and to check for the occurrence of possible 
selected genotypes and other cryptic species.

Materials and methods

Field collection of Platynereis spp. specimens

Morphologically identified P. dumerilii specimens were col-
lected in two different  CO2 vent systems located in Ischia 
island (Bay of Naples, Italy) and Vulcano island (Aeolian 
Archipelago, Tyrrhenian Sea, Italy) (Figs. 1, 2). The vent 
system of Ischia island includes both the South and North 
sides of the Castello Aragonese, a small islet of volcanic 
origin connected by an artificial bridge to the main Island 
of Ischia on the north-eastern side. The continued  CO2 
(90–95%) gas emissions from the shallow waters have cre-
ated pH gradients on both sides of the Castello Aragonese 
based on which six areas with different pH, respectively, 
three on the north and three on the south, can be distin-
guished (N1, N2, N3–S1, S2, and S3) (Fig. 1). Sites num-
bered 1 are designated as control stations with ambient 
pH values (mean values N1 = 8.0 ± 0.1, S1 = 8.1 ± 0.1), 

sites numbered 2 are considered intermediate pH stations 
(N2 = 7.8 ± 0.2, S2 = 7.8 ± 0.3), while sites numbered 3 
are considered as the most acidified ones (N3 = 7.2 ± 0.4, 
S3 = 6.6 ± 0.5; Kroeker et al. 2011; Ricevuto et al. 2014).

Specimens were collected in the two most acidified areas 
of the south side, S3 and S2, and in the most acidic one of 
the north side, N3 (e.g., Calosi et al. 2013; Ricevuto et al. 
2014) (Fig. 1). For additional pH and carbonate chemistry 
data of these vents, see Ricevuto et al. (2014).

In the vent area, the dominant taxon is P. massiliensis 
(Calosi et al. 2013; Lucey et al. 2015); however, most spec-
imens were not mature, so it was impossible to examine 
gametes. In addition, various swimming heteronereids (P. 
dumerilii epitokous specimens in reproduction) were col-
lected over the south acidified areas S3 and S2 of the Cas-
tello at night (11.00 PM–1.00 AM, 24 May 2011; Larsson 
T., Gambi M.C. & Hardege J. personal observation) with 
long-handed nets from a rubber-boat with a strong light to 
attract the worms (Hardege et al. 1990). Since the depth at 
the south acidified areas is no more than 3 m, we assume that 
the pH on the surface is similar to the pH near the bottom. In 
this zone, the pH shows relatively high temporal and spatial 
variability, with mean values ranging according to the sea-
son from 7.75 to 7.69 in S2 and from 7.32 to 6.59 in S3 (see 
Ricevuto et al. 2014 for data pH overview). The collected 
specimens were immediately transferred into RNALater 
solution (Sigma-Aldrich Company Ltd., Gillingham, UK) 
on the boat and stored at −20 °C for genetic analyses.

The shallow Levante Bay, situated on the eastern side of 
Vulcano island, was used as an additional naturally acidi-
fied study area, since the main vent system (primary vents) 
of the island (lat 38°25′01″N and long 14°57′36″E) occurs 
there at less than 2 m depths (Boatta et al. 2013) (Fig. 2). 
Similar to Ischia, this vent system has also been partitioned 
into different sites (S1, S2, and S3) along a pH gradient, at 
different distances from the primary vents (Fig. 2) (Johnson 
et al. 2013). Platynereis specimens were collected in the 
most acidified station S3 (mean pH 7.49) in early May 2013. 
Further specimens were collected in other geographic areas 
away from the influence of the vents to check for the possible 
presence of the sibling species. Sampling sites out of the 
vents were located around Ischia, at various distances from 
the vent areas and in the Gulf of Naples (Italy): Sant’ Anna 
rocks (Ischia), San Pietro (Ischia), Forio (Ischia), Nisida 
(Gulf of Naples); in some areas of the Western Mediterra-
nean: Palinuro (Tyrrhenian Sea), Ustica island (Tyrrhenian 
Sea), STARESO Belgian Marine Station at Calvi (Corsica, 
France), Blanes (Catalunia, Spain); in the Eastern Medi-
terranean: Santa Caterina (Ionian Sea, Eastern Mediterra-
nean, Italy), and in the North Atlantic: Arcachon (Atlantic, 
France), and Bristol (Atlantic, UK; see Table 1).

Worms were collected by either snorkeling or SCUBA 
diving (at 1–3 m depth) by detaching thalli of macroalgae (in 
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the Mediterranean sites mainly of the brown algae, Halopt-
eris scoparia, Dictyota spp., Cladophora spp. at Ischia, and 
Cystoseira compressa and Dictyota dichotoma at Vulcano) 
and inserting them inside of fabric bags (20 × 20 cm). The 
bags were then inserted in cool boxes with seawater from the 
collection site, and transported to the laboratory until sorting 
of the algae. In the laboratory, the algae were placed into 
large plastic trays and the worms were visually identified as 
Platynereis, showing a very typical swimming behavior, and 
gently collected with a pipette and inserted in petri dishes. 
Worms from each sampling site were fixed in 95% ethanol 
in separate vials for phylogeographic analysis.

Some of the individuals from the Ischia (S3/S2) and Vul-
cano (S3) vent’s sites were maintained alive after collection 
and reared under controlled laboratory conditions to check 
for their reproductive features.

Phylogeographic analysis

The molecular analysis was conducted on specimens 
collected, as reported in Table 1, and also included the 
sequences previously published in Calosi et al. (2013) and 
Lucey et al. (2015). We sequenced a ~600 bp fragment of the 
mitochondrial cytochrome c oxidase subunit I gene (COI) 
for 3–15 individuals from each population. Total genomic 
DNA was extracted from each individual worm using the 
DNeasy Blood & Tissue Kit (Qiagen, Manchester, UK) 
following the manufacturer’s instructions. The COI region 
was amplified using the established primers described by 
Folmer et al. (1994). PCR products were sequenced directly 

(Macrogen Europe, Amsterdam, The Netherlands) and 
the sequence identities were verified using BLAST search 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). All sequences were 
submitted to Genbank under accession numbers KT124668 
through KT124717. We further included in our analyses two 
sequences generated by Lucey et al. (2015), representing a 
brooding female from the Ischia vents and a free-spawning 
male from a nearby control site and a COI sequence from 
the mitochondrial genome of Platynereis dumerilii (Boore 
and Brown 2000) (see Supplementary Information for list of 
all Genbank accession numbers and haplotype assignment). 
The sequences were aligned using the ClustalW algorithm in 
MEGA 7.0.21 (Kumar et al. 2016). MEGA 7.0.21 was also 
used to calculate average genetic distances among clades 
using the Kimura-2-Parameter model. The final alignment 
length was 568 bp. A phylogenetic analysis was conducted 
using Bayesian Inference in MrBayes 3.2.1 (Ronquist et al. 
2012) through the CIPRES Science Gateway v 3.3 (Miller 
et  al. 2010), using two runs with four Metropolis Cou-
pled Markov Chains Monte Carlo (MCMCMC) each for 
10,000,000 generations under a General Time Reversible 
Model plus Gamma, with the first 2,500,000 generations dis-
carded as burn-in. Trees were sampled every 1000 genera-
tions from the posterior distribution after the burn-in period 
and a 50% majority rule consensus tree was generated. 
Nereis pelagica (Genbank accession GU672554) was cho-
sen as the outgroup and N. zonata (HQ024403) was included 
additionally. Minimum Spanning Networks (Bandelt et al. 
1999) of the haplotypes were generated in PopART (http://
popart.otago.ac.nz). Given the significant genetic divergence 

Table 1  Details of collection sites of Platynereis spp. populations considered in this study, and number of individuals successfully sequenced 
and used for the COI tree

A acidified sites; C control sites

Collection location Latitude/longitude Acidified/
Control

Collection date Distance from Cas-
tello vents (Ischia)

n. individual 
sequenced

Castello S2/S3, Ischia (south side) 40° 43′ 51.18″N; 13° 57′47.45″E A 07/07/2010 0 12
Castello S2/S3 (heteronereis stage) 40° 43′ 51.18″N; 13° 57′47.45″E A 5/24/2011 0 10
Castello N3, Ischia (north side) 40° 43′ 55.00″N; 13° 57′48.82″E A 6/19/2014 0 4
S. Anna, Ischia 40° 43′ 35.76″N; 13° 57′ 36.95″E C 11/21/2011 600 m 14
S. Pietro, Ischia 40° 44′ 47.59″N; 13° 56′ 39.86″E C 11/17/2011 4 km 16
Forio, Ischia 40° 44′ 25.08″N; 13° 51′ 41.54″E C 5/20/2012 8 km 7
Nisida island, Gulf of Naples, Italy 40° 46′ 32.60″N; 14° 09′ 45.52″E C 11/14/2011 18 km 15
Palinuro, Tyrrhenian Sea, Italy 40° 01′ 52-76″N; 15° 16′ 08.74″E C 6/29/2013 250 km 8
Levante Bay S3, Vulcano, Italy 38° 25′ 09.16″N; 14° 57′ 37.89″E A 05/06/2013 >500 km 9
Ustica Island, Tyrrhenian Sea, Italy 38° 41′ 32.64″N; 13° 10′ 30.62″E C 7/27/2011 >600 km 3
S. Caterina, Ionian Sea (Apulia), Italy 40° 07′ 50.86″N; 17° 59′ 39.11″E C 11/15/2011 >600 km 9
Calvi-Stareso station (Corsica), France 42° 34′ 48.53″N; 8° 43′ 27.57″E C 10/01/2013 >600 km 4
Blanes (Catalunia), Spain 41° 40′ 43.20″N; 2° 48′ 30.79″E C 7/27/2012 >1000 km 6
Arcachon, Atlantic, France 44° 39′ 54.05″N; 1° 10′ 42.35″W C 12/07/2013 Atlantic Ocean 6
Bristol, Atlantic, UK 51° 12′ 50.48″N; 3° 07′ 28.84″W C 28/07/2011 Atlantic Ocean 15

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://popart.otago.ac.nz
http://popart.otago.ac.nz
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among the major clade, haplotype networks were generated 
for each clade separately. Genetic diversity indices were cal-
culated in MEGA 7.0.21 (Kumar et al. 2016).

Laboratory rearing and reproductive biology 
of Platynereis vent populations

We kept specimens of Platynereis spp. collected both in the 
vents of Ischia and Vulcano islands, under similar labora-
tory conditions. The Ischia specimens (Castello Aragonese 
stations S2/S3) were kept in petri dishes (100 ml, approx. 
5 specimens per bowl) using filtered sea water (0.22 µm), 
and kept in a summer regime of temperature, light and long 
day photoperiod (21 ± 1 °C and L:D = 16 h:8 h) inside a 
thermostatic chamber. Chopped fresh spinach was used to 
feed the worms and specimens checked for water change, 
food supply, and reproductive status approximately once a 
week. The specimens collected at the end of May 2015 in the 
Levante Bay vent’s area off Vulcano island were transported 
to Ischia laboratory alive and reared under the same con-
trolled conditions of the Ischia specimens. For each brooding 
specimen observed, egg size was measured and larval devel-
opment was followed and documented by photographs at the 
stereomicroscope (Leica MZ 125) and optical microscope 
(Leitz Dialux 20-EB).

Results

Phylogenetic and genetic diversity analysis

The 141 sequences of Platynereis spp. grouped into 48 
haplotypes (Table 2, Supplementary Table). The phy-
logenetic tree (Fig. 3) shows that the Platynereis spp. 
sequences of the studied populations form four distinct 
clades. Clade 1 comprises most of the Ischia vent samples 
(North and South acidified sites), a few specimens form 
control areas (San Pietro, Santa Caterina, and Blanes) as 
well as a confirmed brooding female from the study of 
Lucey et al. (2015). Clade 1 is formed by three haplotypes, 

with the dominant haplotype (Hap_01) shared between 
the Ischia vent samples and one of the individuals from a 
nearby control site. Clade 2 consists of four haplotypes, 
mainly of the Vulcano vent samples, plus a single indi-
vidual from the Ischia vents (S2/S3). Clade 3 includes 
specimens from three control locations and one hetero-
nereid collected at Ischia swimming in the south vent 
area. Clade 3 has five haplotypes, with the heteronereid 
forming its own haplotype. Clade 4 comprises the larg-
est number of sequences (103) and haplotypes (36), all 
except one (Ischia S3 11) from non-vent sites, and the P. 
dumerilii heteronereids collected at night on the south, 
acidified areas of the Castello. This last clade also includes 
the GenBank COI sequence for P. dumerilii. The two 
dominant haplotypes are Hap_15 and Hap_16. Hap_15 
is widely distributed throughout the Mediterranean and 
the Atlantic and also includes one of the heteronereids 
and the single “outlier” vent sample from the Ischia vents. 
Hap_16 consists primarily of Mediterranean samples from 
non-acidified sites and three of the heteronereids. No clear 
separation between Mediterranean and Atlantic haplotypes 
is obvious.

Our analyses show that clades 1 and 2 form sister 
groups, as well as clades 3 and 4. Average genetic dis-
tances (Kimura-2-parameter model) are 25.5% between 
clades 1 and 2 and 22% between clades 3 and 4.

Among the four clades, clade 1 has the highest nucleo-
tide diversity and clade 4 the lowest (Table 1). The Tajima 
D index is negative in all four clades, with the most nega-
tive value in clade 4, indicating that all clades may have 
gone through recent selective sweeps or population expan-
sions. The starburst shape of the haplotype network of 
clade 4, with one dominant haplotype and many descend-
ant haplotypes, supports the notion of population expan-
sion. If population genetic indices are calculated by habitat 
instead of clade, the vent group displays higher nucleotide 
diversity than the non-vent group. In contrast to all other 
groupings, the vent population has a positive Tajima D 
index which may indicate balancing selection and/or a 
population contraction.

Table 2  Population parameters 
for vent vs. non-vent 
populations (excluding the 
heteronereis) and the four clades 
of Platynereis spp. identified in 
the phylogenetic analysis

PS proportion of polymorphic sites, θ proportion of polymorphic sites to expected number of polymorphic 
sites, π nucleotide diversity, D Tajima D metric

Group Haplotypes Samples PS θ π D

Vent 7 26 0.2754 0.0722 0.0994 1.4863
Non-vent 41 105 0.2960 0.0566 0.0403 −0.9590
Clade 1 3 20 0.0791 0.0223 0.0147 −1.3588
Clade 2 4 10 0.0525 0.0186 0.0125 −1.5734
Clade 3 5 8 0.0241 0.0009 0.0073 −1.0599
Clade 4 36 103 0.1101 0.0211 0.0066 −2.2000
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Fig. 3  50% Majority rule consensus tree based on Bayesian Infer-
ence. Inference and haplotype networks for each of the four clades. 
Asterisks at nodes indicate posterior probability (double asterisks 
100%; asterisks >90%; branch support values <90% not shown). The 
size of the circles in the haplotype networks indicates the number of 
sequenced individuals with this haplotype. Hash marks on the con-

necting lines indicate the number of mutational steps between two 
haplotypes. The colours identify: Ischia vents specimens in pink, 
Vulcano vents specimens in blue, Heteronereis specimens in green, 
and Mediterranean and Atlantic specimens from non-acidified sites in 
grey and brown, respectively. Genbank accession numbers and haplo-
type assignments are listed in Supplementary Table
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Observation of reproductive features of Platynereis vent 
populations

Some of the specimens of Platynereis collected at the Ischia 
vent south side area and reared under controlled conditions 
(see “Materials and methods”) laid eggs inside their tubes 
after a few weeks. Individuals brooding eggs inside their 
tubes were observed in mid-May 2014 (n = 3), mid-June 
2014 (n = 2), and end of October 2014 (n = 2). The eggs 
measured 250–350 µm in diameter (sample size = 21, sam-
ple mean = 308.95 µm; σ = 27.38) (Fig. 4), according to the 
embryo developmental stage, and were actively oxygenated 
through ventilation by regular movement of the parent inside 
the tube. The large, yolk rich eggs hatched approximately 
2 weeks after being laid. Eggs hatched with three-segment 
juveniles that remained inside the parental tube until they 
had 5–6 segments (Fig. 4); at 9–10 segments, they started 
to build their own tubes (Fig. 4). Platynereis specimens col-
lected in Vulcano and reared under the same controlled con-
ditions of the Ischia specimens also showed a very similar 
brooding behavior with deposition of several eggs inside 
the tube. Specimens with eggs were observed in mid-June 
2015 (n = 8), mid-July 2015 (n = 2), and end of October 
2015 (n = 1). These parents also were ventilating the eggs, 

which showed a range size between 250 and 350 µm (sam-
ple size = 33, sample mean = 292.21 µm; σ = 26.63); eggs 
hatched with three-segment juveniles (Fig. 5), as observed 
for the Ischia specimens.

Discussion

Our phylogeographic study, in conjunction with reproduc-
tive observations on some of the studied populations, reveals 
several interesting insights. Platynereis clades 1 and 2 are 
primarily comprised of individuals from the vents at Ischia 
(clade 1) and the Vulcano vent site (clade 2). Both these 
populations showed brooding behavior, with parental care 
within the tube and hatching of juveniles form the eggs 
(Figs. 4, 5). Although most of the sequenced specimens in 
clades 1 and 2 were sexually immature at the time of pres-
ervation, we are confident that clade 1 represents a clade 
of brooders, because we included the confirmed brooding 
female from Lucey et al. (2015) in our analyses as a refer-
ence specimen. For clade 2, a brooding habit is presumed 
because of the results from our reproductive studies, which 
indicated that brooding is the dominant reproductive mode 
also at the Vulcano vent’s site. Additional reproductive 

Fig. 4  Platynereis massiliensis-
like from the Castello Aragon-
ese S3/S2 vent’s areas (Ischia 
island, Italy) with brooding 
behavior. The pictures depict: 
the female specimen inside the 
brooding tube with the laid 
eggs; the developing embryo 
inside the egg; a three-segment 
juvenile rich in yolk; and a 
six-segment juvenile with some 
yolk remnants
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studies with specimens from Vulcano would shed more light 
onto potential differences between clades 1 and 2.

We cannot conclude with certainty whether clades 1 or 
2 represent Platynereis massiliensis, because we have not 
been able to obtain samples from the type locality for this 
species (off Marseille by Moquin-Tandon in 1869). How-
ever, the congruence of our developmental observations with 
those of Hauenschild (1951) and Schneider et al. (1992), 
and more recently by Helm et al. (2014), suggests that the 
Ischia population represents P. massiliensis. Hauenschild 

(1951) collected a population of brooding Platynereis, that 
he named P. massiliensis, in the Mergellina harbour (city of 
Naples) not far from Ischia (approx. 18 nm). Schneider et al. 
(1992) also recorded a brooding population of P. massil-
iensis in Banyuls sur Mer (France). Despite these studies, 
P. massiliensis was not included in polychaete checklists, 
including the Italian fauna (Castelli et  al. 2008; Mikac 
2015), because these previous records were not taken into 
account in taxonomic/ecological investigations, and eco-
logical surveys, based on the analysis of preserved adult 
specimens, always reported only P. dumerilii (Valvassori 
et al. 2015). Therefore, we suspect that P. massiliensis has 
been largely overlooked and previous records of P. dumerilii 
should be reconsidered at the light of this “sibling problem”. 
Similarly, based on molecular studies, the occurrence of a 
complex of species has recently been hypothesized for P. 
dumerilii along the coast of Brazil (Santos C. and Halanych 
K., pers. comm.).

The significant mean genetic distance in COI between 
clades 1 and 2 (25.5%) suggests that clade 2 forms another 
brooding sister species. While genetic distances among sis-
ter species in polychaetes can vary greatly, 25.5% is on the 
high end of the spectrum (Nygren 2014), lending support to 
the existence of two separate brooding Platynereis species. 
The Ischia and the Vulcano vents populations of putative P. 
massiliensis are more than 600 km apart and such genetic 
complexity is well known from other nereidid worms that 
reproduce without epitokous spawning such as in Neanthes 
acuminata (Reish et al. 2014) and in Hediste diversicolor 
(Virgilio et al. 2009). Therefore, comparative sequence data 
for P. massiliensis from its type locality (Marseille, France) 
would be desirable to verify whether the Ischia or the Vul-
cano populations (or neither of them) truly represents the 
originally described P. massiliensis.

It was long speculated that the low dispersal rate in many 
marine species, that have no spawning and no planktonic 
larval stage, increases genetic diversity (Palumbi 1994) and 
it is not surprising that a brooding species with a direct or 
semi-direct development and potentially lower dispersal 
may show genetically isolated populations. Sato and Mas-
uda (1997) observed two different forms of the nereidid 
polychaete Hediste japonica (Izuka 1908), which differs in 
life-history strategies (small-egg form and large-egg form). 
The results demonstrate that the free-swimming larvae of 
the smaller-eggs form easily migrate, resulting in frequent 
gene flow among populations; in contrast, the larger eggs 
form is characterized by direct development into benthic 
juveniles without a true pelagic phase resulting in limited 
gene flow between populations (Sato and Tsuchiya 1991; 
Sato and Masuda 1997). Therefore, the modes of larval 
development influence the scale of gene flow, consequently 
affecting genetic differentiation between populations (Sato 
and Masuda 1997). Low gene flow levels and regional 

Fig. 5  Platynereis massiliensis-like from the S3 vents site off the 
Levante Bay (Vulcano island, Italy). The pictures depicted: the parent 
specimen inside the brooding tube, while it is taking care of the laid 
eggs; a laid egg; three-, four-, and five-segmented juveniles in which 
the yolk content decreases with body growth
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phylogeographic fragmentation have also been observed by 
Teske et al. (2007) in two direct developer’s marine isopods 
species and by Reish et al. (2014) in the direct developer 
polychaete species Neanthes acuminata. The P. massiliensis 
genetic complexity (clades 1 and 2) could derive from the 
reproductive isolation caused by the low dispersal capacity 
of this semi-direct developer species.

The present data regarding the Platynereis spp. popula-
tion here examined show lineage divergence and presence of 
putative cryptic species between both types of larval devel-
opment and potential of larval dispersal. The “free spawner” 
clade (the P. dumerilii complex) has overall lower nucleo-
tide diversity (despite significantly larger sample sizes). The 
positive Tajima D index of the vent samples (as opposed to 
negative values for all other groupings) may indicate balanc-
ing selection in which a high level of polymorphism within 
the vent populations may have adaptive advantages. This 
aspect deserves further study with larger samples sizes col-
lected from multiple venting areas.

A few individuals from non-acidified control populations, 
including S. Caterina (Eastern Mediterranean), also fall into 
clade 1. Other individuals from S. Caterina fall into clade 
4. This sampling site could represent the geographic area 
characterized by a species sympatry, in which both putative 
P. massiliensis (clade 1) and P. dumerilii (clade 4) coexist.

Clade 4 comprises individuals from non-acidified sites, 
with one exception (Ischia S2/S3 specimen #11). It further 
includes the sequence from a confirmed free-spawning male 
(from Lucey et al. 2015) and the COI sequence from the 
P. dumerilii mitochondrial genome, suggesting that clade 4 
represents this species. In our phylogenetic tree (Fig. 3), we 
treated the P. dumerilii mitochondrial genome sequences as 
originating near the type locality, although the geographic 
origin of the specimen is actually unknown (Jeff Boore, pers. 
comm.), and considering the existence of multiple cryptic 
lineages in Platynereis, we cannot exclude the possibility 
that it was misidentified. However, we have also included 
sequences from specimens collected in Arcachon on the 
French Atlantic coast, less than 180 km south of the type 
locality of P. dumerilii in La Rochelle, France, providing 
that additional support that clade 4 is indeed P. dumerilii. 
Considering that the vents are open systems, it is conceiv-
able that larvae of the epitokous P. dumerilii settle in these 
areas and survive to adulthood. Whether they successfully 
reproduce under the acidified conditions remains to be fully 
studied and demonstrated.

Clade 3 is comprised of individuals from several non-
acidified sites (including S. Anna, only 600 m from the 
vent’s south side) and one heteronereid from the Ischia vents. 
The mode of reproduction of these populations has not been 
studied, but considering that a heteronereid falls into this 
clade, it appears that they exhibit a similar reproductive 
mode as clade 4. The significant genetic distance to clade 4 

(22%), however, suggests that they represent another sibling 
species, corresponding in this case to the typical reproduc-
tive habit of P. dumerilii. From our data, it appears that P. 
dumerilii and P. massiliensis represent complexes of sibling 
species.

The phenomenon of sibling/cryptic speciation is particu-
larly common within the polychaetes even among species 
used as bioindicators in environmental monitoring (Grassle 
and Grassle 1976; Durou et al. 2007), or in ecotoxicological 
and bioaccumulation studies (Virgilio et al. 2005; Burlinson 
and Lawrence 2007; Vázquez-Núñez et al. 2007; Dean 2008; 
Blake et al. 2009). There are several species in the cryptic 
Perinereis nuntia group and in the Marphysa sanguinea 
complex that are used in fishing bait trade and correct iden-
tification may be crucial for proper management (Glasby and 
Hsieh 2006; Lewis and Karageorgopoulos 2008). Due to the 
economic and ecological importance of these polychaetes, 
proper characterization of local populations is essential to 
detect potential ongoing cryptic speciation and to evaluate 
areas of endemism, and thus has fundamental implications 
for conservation and management (Nygren 2014). One such 
example of an endangered cryptic species is Hediste japon-
ica, whose distribution has been found to diminish at a fast 
rate (Sato and Nakashima 2003).

The growing availability of DNA sequence data, when 
combined with more traditional taxonomy based on morpho-
logical, life-history and reproductive observations, is leading 
to an exponential increase in the perception of actual biodi-
versity (Bickford et al. 2007).

The predominance of the brooding P. massiliensis com-
plex in the acidified areas of both Ischia and Vulcano vents 
might be not directly correlated with the effect of the OA 
on the reproductive isolation and cryptic speciation, but it 
seems to be much more related to the success of a brood-
ing habit in stressful conditions. Further experiments to 
investigate if effectively, the low pH conditions favour a 
brooding reproductive strategy rather than a broadcasting 
one would be necessary. In the meantime, the evidence that 
vent populations only showed a brooding strategy seems to 
confirm that the extreme conditions in  CO2 vents favour the 
survival and development of the parental-care taxa rather 
than free spawners (Lucey et al. 2015; Gambi et al. 2016). 
Larval stages are often more susceptible to stress than adults 
and the low pH could represent a sort of barrier for settle-
ment of pelagic larvae coming often from habitat outside 
the acidified conditions. In contrast, the eggs laying inside 
a brood tube or egg mass and their successive ventilation 
and parental care may allow the embryos development 
until young worms (Schneider et al. 1992). The brooding 
habit, especially within a tube, might then perform a buff-
ering effect that minimizes the effects of OA by providing 
a microclimate more favourable for hatching and juvenile 
development. A further buffer effect of low pH might derive 
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by the photosynthetic process and oxygen production carried 
out by algae, where these brooding polychaetes live, thus 
further facilitating the embryos’ survival, as showed also by 
development of Spirorbis spirorbis (Polychaeta, Serpulidae) 
on the brown alga Fucus serratus (Saderne and Wahl, 2012).

Since the extreme conditions of different  CO2 vents sys-
tems can be different and may generate different substantial 
selective pressures besides OA, they can favour cryptic spe-
ciation, especially when coupled with the brooding habit of 
some of the species involved in the selective process. The 
case of Platynereis spp. here discussed prove the occurrence 
of at least four different species (two complexes of siblings) 
of which two of them were suspected to belongs to P. dumer-
ilii and P. massiliensis, respectively. Once the species iden-
tity will be resolved, Platynereis spp. could represent a good 
model to study evolutionary implications of climate change 
environmental stressors on the marine biota, and deserve 
further analysis in other vent’s zones or stressed habitat.
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