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The Halomonhystera disjuncta population is homogeneous across the Hakon
Mosby mud volcano (Barents Sea) but is genetically differentiated from its
shallow-water relatives
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Abstract

The deep sea has a high biodiversity and a characteristic bathyal fauna. Earlier evidence suggested that at least some shallow-water species invaded
the ecosystem followed by radiation leading to endemic deep-sea lineages with a genetic and/or morphological similarity to their shallow-water coun-
terparts. The nematode Halomonhystera disjuncta has been reported from shallow-water habitats and the deep sea [Hakon Mosby mud volcano
(HMMV)], but the morphological features and the phylogenetic relationships between deep-sea and shallow-water representatives remain largely
unknown. Furthermore, nothing is known about the genetic structure of the H. disjuncta population within the HMMV. This study is the first integra-
tive approach in which the morphological and phylogenetic relationships between a deep-sea and shallow-water free-living nematode species are inves-
tigated. To elucidate the phylogenetic relationships, we analysed the mitochondrial gene Cytochrome oxidase c¢ subunit I (COI) and three nuclear
ribosomal genes (Internal Transcribed Spacer region, 18S and the D2D3 region of 28S). Our results show that deep-sea nematodes comprise an ende-
mic lineage compared to the shallow-water representatives with different morphometric features. COI genetic divergence between the deep-sea and
shallow-water specimens ranges between 19.1% and 25.2%. Taking these findings into account, we conclude that the deep-sea form is a new species.

AMOVA revealed no genetic structure across the HMMYV, suggesting that nematodes are able to disperse efficiently in the mud volcano.

Key words: Deep sea — Hakon Mosby mud volcano — Halomonhystera — population genetics — cryptic species

Introduction

The deep sea represents the largest ecosystem on earth and sup-
ports a high species diversity (Hessler and Sanders 1967), which,
however, remains to date largely uninvestigated (Levin and Sibu-
et 2012). Identifying and understanding this hidden component
of biodiversity is one of the major challenges for deep-sea biolo-
gists. Fossil evidence (Hessler and Thistle 1975; Jablonski and
Bottjer 1988; Sepkoski 1991) suggests that shallow-water echino-
derms and isopods have dispersed to the deep sea followed by
adaptive radiation and retreat from shallow-water habitats result-
ing in strictly deep-sea ‘endemic’ lineages. In addition, evidence
from isopods shows that deep-sea populations are a mixture of
old and recently dispersed taxa as a result of multiple indepen-
dent colonizations of the deep sea (Wilson 1998; Brandt et al.
2007). The initial step in speciation between intertidal and deep-
sea populations is a geographical separation that interrupts gene
flow between both populations. This separation can then be fol-
lowed by ecological adaptations to local environmental condi-
tions and/or the rapid evolution of genes linked to mate
recognition (Taylor and Hellberg 2005). Morphologically and/or
genetically closely related representatives from deep-sea and
shallow-water habitats have been reported for a variety of inver-
tebrates, ranging from Hydrozoa (Moura et al. 2012), Foraminif-
era (Pawlowski et al. 2007), Polychaeta (Nygren et al. 2010),
Gastrotricha (Kieneke et al. 2012), Porifera (Reveillaud et al.
2010) and Nematoda (Bik et al. 2010).

Nematodes are the most abundant and arguably the most
diverse metazoan phylum in terms of species richness in the ani-
mal kingdom (Lambshead 2004). Many nematode species have a
worldwide distribution, despite an endobenthic life style, a lack of
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pelagic larvae and supposedly limited dispersal capacity (Palmer
1988). However, transoceanic distribution of Litoditis marina
suggests that effective long-distance dispersal can occur (Derycke
et al. 2008b). The widespread distribution of species may further
be complicated by the presence of cryptic species, that is morpho-
logically similar but genetically distinct species. The occurrence
of cryptic species can transform what was previously thought to
be a generalist species with widespread distribution into several
specialist species with more restricted distributions. Cryptic spe-
cies have been reported in marine nematodes belonging to differ-
ent orders (Derycke etal. 2005, 2007a, 2008a, 2010a),
illustrating that knowledge of their presence is important for cor-
rectly interpreting biodiversity patterns in different habitats.

Interestingly, most marine nematode genera and also several
species have been identified as occurring in shallow-water envi-
ronments as well as in deep-sea habitats (Heip et al. 1985; Muth-
umbi et al. 2004; Fonseca et al. 2007; Van Gaever et al. 2009b;
Vanreusel et al. 2010). Repeated and recent interchanges
between the deep-sea and intertidal zone have been observed
(Bik et al. 2010), supporting the idea that habitat transitions are
frequent and common among nematodes (Holterman et al. 2008).
In contrast, the evolutionary relationships and connectivity pat-
terns between deep-sea and shallow-water populations of a single
species remain unstudied.

The genus Halomonhystera belongs to the Monhysteridae, a
common family of nematodes often highly represented in both
shallow and deep-water environments. Andrassy (1981) initially
included Monhystera disjuncta with related species in the genus
Geomonhystera (Andrassy, 1981). Later, Andrassy (2006)
divided the genus Geomonhystera into two morphologically and
ecologically distinct groups and placed G. disjuncta and related
marine and brackish species into the newly created genus Halo-
monhystera (Andrassy, 2006). Species from this genus also inha-
bit sulphidic environments in the deep sea such as vents and
seeps (Van Gaever et al. 2006; Zekely et al. 2006; Copley et al.
2007; Gollner et al. 2007). In this study, we focus on the free-
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living marine bacterivorous species Halomonhystera disjuncta
known from shallow and deep-sea environments. Halomonhyster-
a disjuncta can be distinguished from the other six marine spe-
cies from this genus by differences in body size, position of the
vulva, shape and length of the tail, mode of reproduction (ovipar-
ity or viviparity), and shape and number of eggs (Stekhoven
et al. 1931; Hopper 1969). Halomonhystera disjuncta is further
known for its high tolerance to temperature changes and high
heavy metal concentrations (Vranken et al. 1985, 1988b, 1989).
In addition, it is a fast colonizer in shallow waters, successfully
exploiting organically enriched substrata such as sediments from
estuarine mudflats (Heip et al. 1985) or decomposing algal thalli
(Derycke et al. 2007b). Both features could explain the occur-
rence of H. disjuncta in different environments (deep sea and
shallow water). In addition, it is abundant on decomposing mac-
roalgae which can be transported over large distances and could
explain in part the occurrence of H. disjuncta over a large geo-
graphical area. Halomonhystera disjuncta has been reported from
different geographical areas including Western Canada (Trotter
and Webster 1983), the White Sea in northern Russia (Mokiev-
sky et al. 2005), the North Sea South of Norway (Vranken et al.
1988a) and along the coast of Belgium and the south-western
part of the Netherlands (Derycke et al. 2007a). A recent study
showed that H. disjuncta from the southern North Sea actually
consists of five cryptic species (Derycke et al. 2007a) with subtle
morphometric differences (Fonseca et al. 2008). Up to three of
these species co-occurred in a single location, and genetic struc-
turing was low when populations were compared within an estu-
ary (Derycke et al. 2007a). Interestingly, H. disjuncta has also
been reported in unusually high densities (11 000 ind. per
10 cm ™) at the Hakon Mosby mud volcano (HMMYV) at a depth
of 1280 m in the Barents Sea (Van Gaever et al. 2006) and
occurred in high densities at the Nyegga pockmarks (Portnova
et al. 2010). However, it remains unclear how this deep-sea
H. disjuncta population is related to the shallow-water species
complex. Such information is, however, critical in assessing
whether the same species can occur in both shallow and deep-
sea environments.

We investigated nematode population structure at the HMMV.
The HMMYV is an active mud-expelling and methane-venting
volcano located on the South West Barents Sea slope (72°00.25’
N/14°43.50'E) discovered in 1999 (Vogt et al. 1999). The cake-
shaped caldera is 1 km in diameter and has an 8-10 m rise from
the foot. The central zone of the caldera is about 200 m in diam-
eter and characterized by strongly reduced conditions; methane
concentration in the surface sediment layer and in the water just
above the sediment reaches here 12.5 and 6 ml 1!, respectively
(Sauter et al. 2006). The HMMYV incorporates several habitats
that differ in microbial and megafaunal community composition
(Niemann et al. 2006) such as (1) the active central zone with a
high mud flow, (2) the zone covered with Beggiatoa mats and
with highly sulphidic sediments (Pimenov et al. 2000; Lichtsch-
lag et al. 2010) and (3) the Siboglinidae fields (Vogt et al. 1997;
Gebruk et al. 2003; Losekann et al. 2008). Halomonhystera dis-
Jjuncta thrives with unusually high densities in the whitish bacte-
rial Beggiatoa mats of the HMMV that cover the sediment
around the central zone and that form an important food source
for H. disjuncta (Van Gaever et al. 2009a). Observations in 2009
and 2010 revealed that just north of the centre, new Beggiatoa
mats colonized the previously bare sediment which was then fol-
lowed by a colonization of nematodes. The source origin of the
nematodes in the newly colonized area and the connectivity of
populations within the HMMYV are, however, unknown.

Here, we investigated how the H. disjuncta specimens from
the sulphidic bacterial mat-covered zone of the HMMV are
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related to the intertidal cryptic species. For this, we amplified
one mitochondrial and three nuclear genes to infer species iden-
tity and phylogenetic relationships. The phylogenetic species
concept (Adams 1998) was used to delineate species. Subse-
quently, a detailed morphological analysis was conducted to
investigate whether morphological differences accompanied the
molecular phylogenetic clades. Finally, the population genetic
structure of H. disjuncta within the HMMV was investigated
using Cytochrome oxidase c¢ subunit 1 (COI) to reveal coloniza-
tion patterns and connectivity in these remote and highly reduced
deep-sea sediments.

Materials and Methods
Study area

We investigated specimens identified earlier as H. disjuncta (Van Gaever
et al. 2006; Portnova 2009) from the active methane-seeping Hakon Mos-
by mud volcano (HMMYV, Fig. 1), situated west of the Barents Sea
(72.1°N 14.73°E) at an average water depth of 1280 m. We studied three
locations within the HMMV characterized by thiotrophic bacterial mat
cover, the north (N, 72°0.29'N 14°43.61'E, Station MSM16-2_841-1),
south-east (SE, 72°0.17'N, 14°43.88'E, Station MSM16-2_802-1) and
south-west (SW, 72°0.14'N, 14°43.21'E, Station MSM16-2_857-1). The
distance between N-SE, SE-SW and SW-N is 270, 387 and 360 m,
respectively.

Sampling strategy

Sediment samples were collected in the north (N), south-east (SE) and
south-west (SW) of the HMMV (Fig. 1) during the Maria S. Merian
cruise 2010 (MSM 16/2). Utilizing a TV-guided multicorer (TV-muc),
we were able to aim for bacterial mats, the preferred habitat of H. dis-
juncta. Samples for both morphological and molecular purposes were
immediately sliced from O to 10 cm with a one cm interval. Samples for
molecular analysis were frozen in liquid nitrogen onboard and stored at
—80°C. Other samples were fixed in 4% buffered formaldehyde. Three
replicates were sampled in each region and processed according to the
same protocol.

Sequence data

Halomonhystera disjuncta has very high densities in the top centimetres of
the HMMV bacterial mat sediments (Van Gaever et al. 2006). Therefore,
DNA was extracted (following the procedure of Derycke et al. 2005) from
155 specimens from the first centimetre of the three different geographical
locations in the HMMYV (51 specimens from the South East, 50 specimens
from the North and 54 specimens from the South West). After DNA prepa-
ration, we amplified 425 base pairs (bp) of the mitochondrial Cytochrome
oxidase ¢ subunit I (COI) gene with the primers JB2 (5-ATGTTTT
GATTTTACCWGCWTTYGGTGT-3') and JBSGED (5-AGCACCTAA
ACTTAAAACATARTGRAARTG-3') from Derycke et al. (2007a) yield-
ing sequence fragments for two individuals from each of the three locations
(Table 1). Based on these sequences, new primers were developed to
increase the amount of successful amplifications: JB2_HD_HMMYV (5'-TG
AGGCATTCTATTATATATATGTCGG-3"; 30 bp downstream of JB2)
and JB5_HD_HMMV (5-AGCAACAACATAGTAAGTATCGTG-3';
30 bp upstream of JBSGED). Using these primers, we amplified a 365 bp
region of the COI gene of an additional 45, 46 and 51 nematodes from the
SE, N and SW, respectively, of the HMMV. After removal of the primers
and checking for insertions and deletions, we ended up with a fragment of
314 bp. Haplotypes were inferred from good sequence spectra, that is with-
out any ambiguous nucleotide positions, from 25, 32 and 33 nematodes
from the SE, N and SW, respectively (accession numbers: HF572956,
HF572957, HF572959, HF572960 and HF572966). Sequences showing
ambiguous positions were removed from the data set. Standard PCR ampli-
fications were conducted in 25 ul volumes for 40 cycles, each consisting of
a 30 s denaturation at 94°C, 30 s annealing at 54°C and 30 s extension at
72°C, with an initial denaturation step of 5 min at 94°C and a final exten-



The H. disjuncta population

205

14°42'0'E 14°430'E 14°44'0'E 14°45'0"E
Hakon Mosby Mud Volcano
72°0'40"N | 72°0'40"N
3
i
72°0'20"N | F72°0'20"N
=
s 47
72°0'0"N L 72°0'0"N
Micro bathymetry | 0 -
(2003, IFREMER) R
[
M 4250 m o
-1260 m
W -1270m Meters 0 200 400 600 800 1000
L 1 1 1 | |
14°42'0'E 14°430"E 14°44'0'E 14°450"E

Fig. 1. Sampling points on the bathymetrical map of the Hakon Mosby mud volcano. We have sampled the North (N, 72°0.29'N 14°43.61'E, Station
MSM16-2_841-1), South East (SE, 72°0.17'N, 14°43.88'E, Station MSM16-2_802-1) and South West (SW, 72°0.14'N, 14°43.21'E, Station MSM16-

2_857-1). (Adapted from Foucher et al. 2010).

Table 1. Sequence identity and accession numbers for each specimen used for amplification of three nuclear markers (/8S rDNA gene, D2D3 region
of 285 rDNA and Internal Transcribed Spacer region (ITS) and one mitochondrial marker [Cytochrome oxidase ¢ subunit I (COI)]. The 18S, ITS and
D2D3 nuclear marker sequences were amplified with respective primer combinations: G18S4 — 18P, Vrain2F — Vrain2R and D2/F1 — D3b. The COI
gene fragment of six individuals (*) was amplified with JB2 — JBSGED. All other COI sequence markers were amplified with JB2_HD_HMMYV —
JB5_HD_HMMV. Specimen codes consist of the location within the HMMYV, South East (SE), North (N) and South West (SW) followed by the num-

ber of the specimen.

Marker sequence  Haplotypes  Accession numbers

South East (SE)

North (N) South West (SW)

18S - HF572952 SE1-5 N9, N10, N18, N19, N21 SW5, SW10, SW13, SW14, SW18
ITS - HF572967 SE1-6, SE8-11 N9, N10, N18, N19, N21, SW5, SW10, SW13, SW14, SWI8,
N24, N25, N28, N29, N30 SW21, SW22, SW25, SW26,
SW29
D2D3 - HF572953 SE1-5 N9, N10, N18, N19, N21 SW5, SW10, SW13, SW14, SW18
COI Haplotype A HF572956 SEl11 - SW5*
Haplotype B HF572957 SE3, SE14, SE26 - SW16, SW22
Haplotype C  HF572966 SE2, SE4, SE5, SE8,  N9*, N10*, N16, N18, N19, SW8, SW10*, SW18, SW21,
SE9, SE19, SE21, N25, N26, N27, N31, N32, SW24, SW25, SW26, SW29,
SE29, SE31*, SE33*,  N36, N39, N43, N44, N45, SW35, SW36, SW39, SW41,
SE35, SE39, SE40, N47, N48, N49, N50 SW43, SW46, SW49, SW50,
SE48 SW53, SW54,
Haplotype D HF572959 SE7, SE24, SE25, N2, N6, N11, N12, N15, N21, SW9, SW11, SW14, SW17,
SE34, SE37 N23, N24, N30, N42 SW30, SW33, SW37, SW47
Haplotype E  HF572960 SE6,SE43 N28, N29, N38 SW13, SW40, SW45, SW55

sion step of 10 min at 72°C. We loaded 4 pl of each PCR product onto a
1% agarose gel to determine the size of the amplified product.

In addition, ca. 1700 bp of the ribosomal 18S gene were amplified
with primers G18S4 (5'-GCTTGTCTCAAAGATTAAGCC-3') and 18P
(5'-TGATCCWMCRGCAGGTTCAC-3") for five nematodes from each
of the three sampling locations on the HMMV (Table 1). PCR conditions
were the same to those for amplification of the COI fragment except for
the extension step in which the time was increased to 120 s.

The Internal Transcribed Spacer region (ITS) was amplified (accession
number: HF572967) using primers Vrain2F (5-CTTTGTACACACCG
CCCGTCGCT-3") and Vrain2R (5-TTTCACTCGCCGTTACTAAGGGA
ATC-3'). PCR conditions were the same to those described above except
for the extension step in which the time was set at 60 s. For ITS, we
were able to retrieve sequences of ca. 900 bp for 10 individuals from
each of the three sampling locations (Table 1).

J Zoolog Syst Evol Res (2014) 52(3), 203-216
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A third nuclear fragment, the D2D3 region (ca. 300 bp) of the ribo-
somal 28S gene, was amplified using D2/F1 (5'-TTCGACCCGTCTTG
AAACACG-3') and D3b (5-TCCTCGGAAGGAACCAGCTACTA-3') and
yielded sequence fragments for five individuals from each of the three
sampling regions (Table 1, accession number: HF572953). PCR condi-
tions were the same to those previously described, only the extension
time was set at 45 s.

All gene fragments were Sanger-sequenced by Macrogen Inc. (http://
www.macrogen.com). COI, ITS and D2D3 gene fragments were bidirec-
tionally sequenced with the above-described primers. The 5’ region of the
18S rDNA gene was sequenced with the primers G18S4, 9Fx (5'-
AAGTCTGGTGCCAGCAGCCGC-3'), 4R (5'-GTATCTGATCGCCKTC
GAWC-3’) and 23R (TCTCGCTCGTTATCGGAAT-3') for five individu-
als from each of the three locations because the /8S sequences of GD1-5
were limited to the first 700-900 bp. In addition, six individuals in total
(two from each location) were sequenced completely with additional
primers 18P, 4F (5-CAAGGACGAWAGTTWGAGG-3') and 23F (5'-
ATTCCGATAACGAGCGAGA-3") to obtain a 1726-bp-long sequence
for GenBank submission (accession number: HF572952).

Morphometric data

Formaldehyde-fixed samples from the first centimetre were washed over
a 32-um mesh sieve, and nematodes were extracted by density-gradient
centrifugation, using Ludox (a colloidal silica polymer; specific gravity
1.18) as a flotation medium (Heip et al. 1985). The extracted nematodes
were stained with rose bengal in a 4% buffered formaldehyde solution.
Nematodes were sorted using a binocular microscope and were placed
into embryo dishes containing Seinhorst solution (70 parts of distilled
water, 29 parts 95% ethanol and one part of glycerine) (Seinhorst 1959).
Specimens were then mounted into permanent glycerine slides with a par-
affin ring.

Using a Leica MM AF NX microscope, we measured 12 different
parameters: length (L), pharynx length (PL), amphid-anterior distance
(A-A), head diameter (Hdia), anus-anterior length (AL), maximum body
width (W), vulva-anus distance (V-A) or spicule length (SL), anal body
diameter (ABD), tail length (TL, from anus till the end of the tail),
progaster diameter (PD) and the progaster corresponding body diameter
(PCBD). In addition to H. disjuncta from the South East part of the
HMMYV (HD-HMMYV) location, we also measured these parameters in
specimens belonging to the five cryptic species from the intertidal zone.
These specimens were retrieved from a previous study (Derycke et al.
2007a; Fonseca et al. 2008) and have been preserved and transferred
into glycerine slides according to the same protocols.

Data processing

Sequence data

Contigs of individual fragments (18S, ITS, D2D3 and COI) were created
using SeqMan (Lasergene®; DNASTAR). Forward and reverse primers
were removed, and sequences were blasted against known sequences of
H. disjuncta and GenBank. The newly retrieved sequences were analysed
together with published sequences of the five intertidal cryptic species
(Derycke et al. 2007a). Finally, a Diplolaimelloides meyli (AM748759.1)
sequence was added to the COI alignment. All nuclear phylogenetic analy-
ses were performed in the absence of an outgroup. Consequently, trees
were mid-point rooted.

All four data sets (I/8S, ITS, D2D3 and COI) were aligned in CLu-
sTALX v1.74 (Thompson et al. 1997) using default alignment parameters
(gap opening/gap extension costs of 15/6.66). The alignment ends were
cropped to remove parts where only some sequences had data. The
aligned sequences were used for further phylogenetic analysis in
pAUP¥4.0 beta 10 (Swofford 1998). Prior to phylogenetic tree construc-
tion, MopeLTEST 3.7 (Posada and Crandall 1998) using the Akaike
information criterion (Posada and Buckley 2004) was used to determine
the evolutionary model for constructing neighbour joining (NJ) and
maximum likelihood (ML) phylogenetic trees. The models selected for
18S, ITS, D2D3 and COI were GTR + 1 (Tavaré 1986), GTR + G,
HKY + I (Hasegawa et al. 1985) and TrN + I + G (Tamura and Nei
1993), respectively. The best model for Bayesian analysis (BA) was
determined with MRMopELTEST 2.2 (Nylander 2004) using the Akaike
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information criterion. The selected models for BA were GTR + I,
GTR + G, HKY + 1 and HKY + 1+ G for 18S, ITS, D2D3 and COI,
respectively.

Maximum parsimony (MP), NJ and ML trees were calculated in paup
using heuristic searches and a tree-bisection-reconnection branch swap-
ping algorithm (10 000 rearrangements) and a random stepwise addition
of sequences in 100 replicate trials. One tree was held at each step. Boot-
strap values for MP, NJ and ML were inferred from 1000, 1000 and 100
replicates, respectively. In addition, a BA was performed in MRBAYES
v3.2 (Ronquist et al. 2012). Four independent Markov chains were run
for 500 000 generations, with a tree saved every 100th generation. The
first 1000 trees were discarded as burn-in.

We subsequently performed an incongruence length difference (ILD)
test (Mickevich and Farris 1981) in paup, to investigate whether the
different nuclear gene fragments could be combined in one analysis.
Because we lacked 78S sequences for several GD nematodes for
which we had both ITS and D2D3 sequences, we did not add the /8§
sequence to the concatenated data set. Consequently, the 18S gene
marker was analysed separately. The combined data set (ITS + D2D3)
was used to construct MP, NJ, ML and BA trees, based on the
GRT + G model, calculated as described above. Trees were mid-point
rooted.

Pairwise uncorrected p-distances between HD-HMMV and GDI1-5
were computed using MEGA 5.05 (Tamura et al. 2011). Insertions and
deletions were pairwise deleted.

Morphometric data

The clades recovered in the phylogenetic analyses were used to group
specimens for further morphometric analyses. All statistical analyses
were performed using the srtaTisTica 7.0 software package (StatSoft
2001). The morphological data were thoroughly checked for outliers,
but no measurements had to be removed. To minimize effects of body
length differences between nematodes, the continuous variables were
divided by the total body length of the nematode followed by a log
transformation. Afterwards, each parameter was tested for homogeneity
of variances/covariances (Levene’s test) and correlations between means
and variances (visual assessment). The maximum body width (W) was
removed from the data set because of a significant Levene’s test
(p = 0.000002). We also performed a pairwise correlation between the
length (L) normalized morphometric parameters. The anus-AL was cor-
related (R > 0.90) with both pharynx (PL) and TL and was therefore
removed prior to further analysis.

Univariate analysis of variance (aNova) was performed, in case of
homogeneity of variances (Levene’s test) and normal distribution
(Shapiro-Wilk’s normality test), to test whether the different species
showed significant differences in morphometric measurements. In cases
where homogeneity of variances was violated, even after log
transformation of the raw data, a nonparametric test was used
(Kruskal-Wallis). Both female and male data sets (without anus-AL and
maximum body width due to violation of homogeneity of variances)
were subjected to a backward stepwise discriminant function analysis
(DFA; Klecka 1980; Garson 2008). DFA finds linear combinations of
variables (roots) that maximize differences among a priori defined
groups (in this case species). The classification success rate was evalu-
ated based on the percentage of individuals correctly classified in the
original sample.

Population genetic structure

The COI sequences obtained from 90 specimens from three locations in
the HMMV (25, 32, 33 specimens from the SE, N and SW respec-
tively) were used to assess the genetic diversity and structure in this
highly specialized deep-sea habitat. Nucleotide () and haplotype diver-
sity (h) and their standard deviation were calculated with ARLEQUIN
v.3.0 (Excoffier et al. 2005). Analysis of molecular variance (AmMOVA)
applying Tamura—Nei distances (Tamura and Nei 1993) was used to
investigate the percentage of variation within and between locations.
Significance levels were determined with 1000 permutations. Population
pairwise ®gr values were calculated using Tamura—Nei distances. A
minimum spanning network was created using Tcsl.21 (Clement et al.
2000) and was adapted to incorporate the haplotype frequencies using
Excel and PowerPoint.
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Results

Sequence data: phylogenetic analysis of COI from HMMYV
and shallow-water specimens

A total of 314 bp of the COI gene were screened from 25, 32
and 33 HD-HMMYV individuals from the South East, the North
and the South West, respectively. In total, four variable sites
were observed that resulted in five different haplotypes (A-E).
After combining the five observed HD-HMMYV COI haplotypes
with the published sequences of the five intertidal cryptic species
GD1-GD5 (Derycke et al. 2007a), the alignment (Supporting
information) used for phylogenetic analysis consisted of 49
sequences and was 343 bp long. At the 5’ and 3’ end, HD-
HMMV sequences were respectively 29 bp shorter and 32 bp
longer compared to GD1-5 sequences. The alignment contained
153 variable sites, of which 124 were parsimony informative.
Not all substitutions were synonymous, and the amino acid align-
ment (114 amino acids long) yielded 32 variable sites. No start/
stop codons and insertions/deletions (indels) were observed. The
alignment was subjected to four different methods for phyloge-
netic tree construction: MP, NJ, ML and BA. The MP consensus
tree was inferred from 35 most parsimonious trees of length 384.
The consistency index (CI) was 0.6328, and the retention index
(RI) was 0.9250. The optimal NJ phylogenetic tree (tree
length = 395) had a CI of 0.6152 and a RI of 0.9191. Negative

In likelihood values for ML and BA phylogenetic trees were
2094.29 and 2163.19, respectively.

All methods used (MP, NJ, ML and BA) showed six distinct
clades (Fig. 2, Figures S1-S3). Even though GD1 and GD4 were
always observed close together (bootstrap values: 83-100), as
well as GD2 and GDS5 (bootstrap values: 73—-100), the clustering
was not highly supported in the NJ and MP analysis. Further-
more, the position of GD3 and HD-HMMYV remained ambigu-
ous. Based on our COI data, HD-HMMYV is clearly differentiated
from individual intertidal clades (GD1-5) with divergences rang-
ing between 19.1% and 25.2%. The presence of GD4 haplotype
G16 resulted in a maximum interspecific uncorrected p-distance
of 10.9% within the GD4 lineages. Leaving haplotype G16 out
of the data set revealed that divergence ranges were much lower
within lineages (0.3-2.9%) than between lineages (13.3-25.7%,
Table 2).

Sequence data: phylogenetic analysis of 18S, D2D3 and ITS
from HMMYV and shallow-water specimens

The alignments used for phylogenetic tree construction of the
three nuclear sequences (/8S, D2D3 and ITS) had a length of
760, 299 and 909 bp, respectively. The /8S alignment contained
175 variable sites, of which 168 were parsimony informative.
Seven indel positions were observed ranging from 1 to 2 bp in
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Fig. 2. Maximum likelihood (ML) tree of a heuristic analysis of the mitochondrial Cytochrome oxidase ¢ subunit I (COI) gene of shallow-water [Hal-
omonhystera disjuncta 1-5 (GD1-5)] and deep-sea (HD-HMMYV) nematodes. Bootstrap values correspond to ML, maximum parsimony, neighbour join-
ing and Bayesian analysis. A slash indicates the absence of a branch in the respective analysis. The outgroup AM748759.1 is Diplolaimelloides meyli.
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Table 2. Intra- (diagonally) and interspecific minimum-maximum of uncorrected p-distances (%) between Cytochrome oxidase ¢ subunit I (COI)
sequences of five intertidal Halomonhystera disjuncta species (GD1-5) and H. disjuncta nematodes from the Hakon Mosby mud volcano (HD-

HMMV).
GD1 GD2 GD3 GD4 GD5 HD-HMMV
GD1 0.3-2.9
GD2 17.7-20.6 0.3-23
GD3 23.5-25.4 20.6-23.2 0.3-1.9
GD4 17.4-19.3 21.2-25.7 21.9-25.4 0.3-10.9
GD5 22.0-23.5 13.3-16.1 22.3-25.7 21.2-25.1 0.3-2.3
HD-HMMV 19.9-22.0 19.1-20.6 22.7-25.2 22.7-24.1 20.4-22.0 0.3-1.0

length. The D2D3 alignment contained 29 variable sites, of
which 28 were parsimony informative. No insertions and dele-
tions were observed. The average length of the last nuclear frag-
ment (ITS) used in the alignment was 800 bp over all sequences.
Because of 41 different insertions and deletions, ranging from 1
to 28 bp in length, the total length of the alignment increased to
909 bp. The ITS alignment contained 286 variable positions, of
which 270 were parsimony informative. When analysing the ITS
nuclear marker prior to concatenation (Figure S4), GD1 and
GD4 (bootstrap values = 100), and GD2 and GDS5 (bootstrap
values = 100) pooled together as was also observed in the COI
tree. HD-HMMV now showed a closer relation to the GD1/GD4
clade (bootstrap values: 97, 99, 67, 100 for ML, MP, NJ and
BA, respectively), while the position of GD3 remained ambigu-
ous. The D2D3 sequences of GD1 and GD4, and GD2 and GD5
were identical. Furthermore, HD-HMMYV was positioned close to
GD1/4 (bootstrap values: 87, 64, 92 and 98 for ML, MP, NJ and
BA respectively, Figure S5). The position of the GD3 clade
remained unresolved. Even though the position of HD-HMMV
and especially of GD3 between the different methods of phyloge-
netic tree construction remained unresolved, the ILD tests
(p = 1) allowed us to combine /7S and D2D3 into a single data
set (Supporting information). The concatenated alignment was
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1208 bp long with 314 variable sites, of which 297 were parsi-
mony informative. The combined nuclear tree yielded the same
topology for all four methods (MP, NJ, ML and BA, Fig. 3A).
The MP tree (inferred from five optimal trees) had a tree length
of 387. The CI and RI were 0.9121 and 0.9664, respectively.
The NJ tree had a length of 389 and a CI and RI of 0.9075 and
0.9644, respectively. Negative In likelihood values for ML and
BA phylogenetic trees were 3498.24 and 3517.67, respectively.
The clustering of GD1/GD4 and GD2/GDS5 was confirmed with
bootstrap values of 100 for both clades in all four analyses. The
close relation of HD-HMMV with GD1/GD4 was strengthened
and highly supported in most methods (96, 99, 74 and 100 for
ML, MP, NJ and BA, respectively). The position of GD3
remained unresolved. Divergences between species ranged
between 0.5% and 18.1% (Table 3).

The 18S phylogenetic trees all showed the same topology. The
MP tree (inferred from 17 optimal trees) and NJ tree had a
length of 192. The CI = 0.9792 and the RI = 0.9916 were the
same for both trees. Negative In likelihood values for ML and
BA phylogenetic trees were 1891.27 and 1918.96, respectively.
All methods revealed that the relationships between GD1/4 on
the one hand and between GD2/5 clades on the other hand were
highly supported (Fig. 3B). Furthermore, HD-HMMV was posi-
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Fig. 3. Maximum likelihood (ML) tree of a heuristic analysis of the concatenated nuclear genes Internal Transcribed Spacer region and D2D3 region
of 285 rDNA (A), and of the /8S rDNA (B) of shallow-water [Halomonhystera disjuncta 1-5 (GD1-5)] and deep-sea (HD-HMMYV) nematodes. Boot-
strap values above each branch correspond to ML, maximum parsimony, neighbour joining and Bayesian analysis. Trees are mid-point rooted.
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Table 3. Interspecific minimum-maximum of uncorrected p-distances (%) between intertidal Halomonhystera disjuncta species (GD1-5) and H. dis-
Jjuncta nematodes from the Hakon Mosby mud volcano (HD-HMMV) of the concatenated nuclear genes Internal Transcribed Spacer region (ITS-
D2D3) under the diagonal and /8S above the diagonal. The diagonal contains the intraspecific minimum-maximum of uncorrected p-distances (%) of

both /8S (*) and ITS-D2D3 (**).

GDl1 GD2 GD3 GD4 GD5 HD-HMMV
GD1 0.0-0.4* 15.7-16.5 8.7-9.1 0.0-0.4 18.7-19.0 2.4-29
0.1-0.1**
GD2 12.9-14.5 0.0-0.2* 18.5-19.6 15.7-16.3 0.2-0.2 16.3-16.8
0.3-0.3**
GD3 12.7-15.0 16.9-17.7 0.0-0.0* 8.7-8.9 22.7-232 8.9-9.1
1.6-1.6%*
GD4 0.5-0.8 14.4-14.6 13.9-14.8 0.0-0.0* 18.6-18.9 24-25
0.0-0.3%*
GD5 12.7-14.8 2224 17.4-18.1 14.7-14.9 0.0-0.0* 19.3-19.3
0.2-0.2%*

HD-HMMV 9.5-9.5 14.2-14.3 14.8-15.5 9.3-94 14.0-14.0 0.0-0.0*

0.0-0.0%**

tioned close to the GD1/4 (65, 100, 83 and 78 for ML, MP, NJ
and BA, respectively), but with less support compared to the
concatenated tree. The relationships of GD3 with the other clades
were again unresolved (Fig. 3B). Divergences between species
ranged between 0.0% and 23.2%.

In view of the distinct clade formed by the HMMV specimens
in both mitochondrial and nuclear data sets, this clade is treated
as a separate species throughout the rest of this work.

Morphometric data

The most pronounced morphological difference between the
HD-HMMV and the shallow-water specimens, observed with a
light microscope, was the presence of a progaster. The progas-
ter is a narrowing after the first four secretory cells of the
intestine (Fig. 4). Scoring absence and presence of this progas-
ter revealed that it is not a unique characteristic. This progaster
was exhibited by both HD-HMMYV (98%) and shallow-water

Fig. 4. Microscopic photograph of the progaster in shallow-water (A)
and deep-sea nematodes (B). During following analysis, we measured the
progaster diameter (PD) and the progaster corresponding body diameter
(PCBD) as is shown on the figure above.

nematodes (5%). In addition to scoring on absence and pres-
ence, we have also measured the progaster diameter (PD) and
divided it by the corresponding body diameter (PCBD, Fig. 4).
Statistical analysis of the ratio of all six groups revealed a sig-
nificant difference (anova, p < 0.05) between deep-sea and
shallow-water nematodes (Fig. 5). These measurements were
used in the morphometric analysis that follows.

The morphometric analysis was carried out on the male and
female data set (measurements are summarized in Table S1, all
measurements can be found in Table S2 and S3, Supporting
information) separately using the six groups observed in the
molecular analysis. There was a significant difference in length
between the six different nematode species for both females
(Kruskal-Wallis > = 23.985, df =35, p-value = 0.0002) and
males (Kruskal-Wallis x2 =30.3274, df =5, p-value = 1.27E-
05). The HD-HMMV nematodes were significantly smaller com-
pared to all five intertidal species (aNova, p < 0.05), while pair-
wise comparisons within the GD1-5 group yielded no significant
differences.

The backward stepwise DFA on the female data set revealed
that all but two (amphid-anterior distance and TL) of the mor-
phometric characters contributed significantly to the multivariate
discrimination between HD-HMMV and GDI1-5 (Table 4).
Wilks’ lambda was 0.01392 and highly significant (ca.
Fa0543 = 22.267; p < 0.0001). A clear separation of the HD-
HMMV-F population and GD1-5-F could be observed along root
1 and accounted for 86.53% of the explained variance (Fig. 6A).
The segregation along root 1 was mainly caused by differences
in the pharynx length (PL), head diameter (Hdia), PD and PCBD
as evidenced by the high correlation of these morphometric char-
acteristics and the canonical root (Table 5). The cross-validation
test using the discriminant functions derived from the morpho-
metric features showed that 100% of HD-HMMV-F of the a pri-
ori grouped cases is classified correctly. For GDI1-5-F, these
percentages range between 100% (GD3-F) and 41% (GDI-F).
Root 2 separates GD1-5-F to a certain extend and reveals a high
variance within the HD-HMMV-F population. The differences
along root 2 were mostly caused by differences in length
between vulva and anus.

The DFA on the male data set also showed a highly signifi-
cant model (Table 6). Wilks’ lambda was 0.02673 and was
highly significant (ca. F40209 = 9.6895; p < 0.0001). Compared
to our female DFA, only three morphometric parameters are sig-
nificant in our model namely PL, amphid-anterior distance (A-A)
and the head diameter (Hdia). These three morphometric features
capture 96.93% of the variation within the proposed model. It is
clear that the HD-HMMV-M population is separated from GD1-
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Fig. 5. Plot of the average progaster diameter/corresponding intestine diameter (PD/PCBD) with standard deviations for shallow-water (GD1-5) and

deep-sea nematodes (HD-HMMV).

Table 4. Summary of the discriminant function analysis on the morphometric features of female HD-HMMYV and female GD1-5. No. of variables in
model: 8; 6 groups, Wilks” lambda: 0.01392, ca. Fy 543 = 22.267; p < 0.0001.

Wilks’” lambda Partial lambda F-remove (11.198) p-level Toler. 1-Toler.
PL 0.01963 0.70923 10.00345 0.00000 0.69856 0.30144
A-A 0.01501 0.92704 1.92030 0.09572 0.72738 0.27262
Hdia 0.02379 0.58501 17.30882 0.00000 0.72599 0.27401
V-A 0.02278 0.61100 15.53430 0.00000 0.82679 0.17321
ABD 0.01599 0.87045 3.63160 0.00426 0.68217 0.31783
TL 0.01593 0.87367 3.52810 0.00516 0.79860 0.20140
PD 0.02700 0.51559 22.92452 0.00000 0.49399 0.50601
PCBD 0.01884 0.73890 8.62187 0.00000 0.40191 0.59809

PL, pharynx length; A-A, amphid anterior distance; Hdia, head diameter; V-A, distance between vulva and anus (females); ABD, anal body diameter;
TL, tail length (starts from the anus up to posterior end of the tail); PD, progaster diameter; PCBD, progaster corresponding diameter.

5-M along root 1 (Fig. 6B). As expected, PL, A-A and Hdia
showed the highest correlation with root 1 (Table 5). Very simi-
lar to the female DFA, males of the GD1-5 species are separated
along root 2, but this distinction is not as obvious. The predicted
classification compared to the observed of HD-HMMV-M is
100%, while for GD1-5-M, it ranges between 25% (GDS5) and
80.95% (GD3). Even though the observed classification GD1-5-
M is not perfect, none of the intertidal nematodes were classified
within the HD-HMMV-M group.

Population genetic structure of HMMYV specimens

amova did not reveal significant differences between the three
locations (®gt = —0.02659, p = 0.93). Pairwise ®gt values ran-
ged between —0.02222 and —0.03252, but were all not signifi-
cantly different from zero (p-values > 0.65). The haplotype
network (Fig. 7) shows that haplotypes C (56.67%) and D
(25.56%) were the most common and accounted for 82.23% of
the observed haplotypes. All haplotypes were present in the
South West and South East, but haplotypes A and B were not
encountered in the North (Fig. 7).

Discussion
Is HD-HMMYV conspecific to shallow-water nematodes?

The extensive application of molecular tools in systematic studies
has revealed that the number of described morphospecies tends
to be an underestimation of the real biological diversity in mar-
ine taxa (Knowlton 1993; Meyer and Paulay 2005; Malay and
Paulay 2010). Using sequence information for several genes
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allowed us to identify six different species within the morpholog-
ically described H. disjuncta, five of which were previously rec-
ognized by Derycke et al. (2007a). The mitochondrial and
nuclear data reported in this paper clearly show that HD-HMMYV,
earlier identified as H. disjuncta (Van Gaever et al. 2006; Port-
nova 2009), forms a distinct phylogenetic clade which is in
accordance with previous studies (Van Gaever et al. 2009b). This
illustrates that HD-HMMYV has a distinct evolutionary trajectory
and is a different species according to the phylogenetic species
concept (Adams 1998). The genetic divergences observed in the
COI gene within clades (<2.9%, except for GD4) is in agreement
with the proposed threshold level of interspecific divergence
(5%) for marine nematodes (Derycke et al. 2010b). Divergences
between HD-HMMV and GD1-5 range from 19.1% to 25.2%.
These divergences are comparable to those observed between dif-
ferent species (Derycke et al. 2010b).

The morphological data also showed clear differences between
HD-HMMV and the five shallow-water species. The DFA using
the six molecular clades as groups revealed a clear separation of
HD-HMMV from the GDI-5 complex for both males and
females. The PL, head diameter (through buccal cavity) and the
presence of a progaster explained most of the difference between
deep-sea and shallow-water species. Previous studies have sug-
gested that the length of the pharynx could be an adaptation to
the diet of nematodes (Roggen 1970, 1973). In addition, the buc-
cal cavity (and also the head diameter) of HD-HMMV is
25-40% larger than that of GDI1-5 and is also known to be a
good indicator for the diet (Jensen 1987, 1992). Halomonhystera
disjuncta from the shallow water is a bacterivorous opportunistic
species surviving in the presence of a high food diversity (Vran-
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Fig. 6. Canonical scatter plot of the discriminant function analysis scores along the first and second root for the morphometric features of Halomon-
hystera disjuncta which have been mounted in glycerine slides. The deep-sea nematode (HD-HMMYV) lineages are represented as a plus sign for both

females (A) and males (B).

Table 5. Structure matrix of discriminant loadings for each morphometric
variable for root 1 and 2.

Females Males
Root 1 Root 2 Root 1 Root 2
PL —11.1064 —9.3934 —12.2058 5.2670
A-A 3.4138 1.2342 8.9834 3.1978
Hdia —13.0000 6.0534 —17.3690 —3.2824
V-A or SL 3.5563 —15.8004 —1.5043 —1.3382
ABD 2.8719 8.0373 —5.4302 16.7224
TL —2.3187 —7.5270 —4.3070 —17.0851
PD 16.9927 —0.7826 5.2990 —4.6488
PCBD —11.5991 10.1090 5.9494 —9.0158

Left = females; right = males; SL, spicule length (other abbreviations as
explained in Table 4).

ken et al. 1988a; Moens and Vincx 2000). In contrast, the bacte-
rial mats at HMMV are dominated by Beggiatoa (Losekann
et al. 2007). The larger buccal cavity of the deep-sea HMMV
could be an adaptation to the suggested Beggiatoa diet (Van Ga-
ever et al. 2009b), which occur in filaments making it harder to
eat and digest. The most anterior midgut cells forming the prog-
aster of monhysterids function as secretory cells producing diges-
tive enzymes (Deutsch 1977), which may also aid in the
breaking down of these Beggiatoa filaments. Even though link-
ing buccal cavity size with diet is tempting, we lack direct obser-
vations of feeding behaviour and gut contents, which are
necessary to draw firm conclusions of dietary effects on the mor-
phology of HD-HMMYV. The progaster has been previously
observed in nematodes (Steiner 1958; Chitwood and Murphy
1964), even in deep-sea nematodes (Jensen 1991). Our results
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Table 6. Summary of the discriminant function analysis on the morphometric features of male HD-HMMV and male GDI1-5. No. of variables in
model: 8; 6 groups, Wilks’ lambda: 0.02673, ca. F4299 = 9.6895; p < 0.0001.

Wilks’ lambda Partial lambda F-remove (11.198) p-level Toler. 1-Toler.
PL 0.035454 0.754039 4.43621 0.001481 0.612625 0.387375
A-A 0.033398 0.800462 3.39019 0.008570 0.559192 0.440808
Hdia 0.055218 0.484151 14.49042 0.000000 0.591645 0.408355
SL 0.028155 0.949522 0.72300 0.608482 0.883521 0.116479
ABD 0.030793 0.868192 2.06474 0.080529 0.468351 0.531649
TL 0.030732 0.869900 2.03399 0.084746 0.588614 0.411386
PD 0.028713 0.931071 1.00683 0.420523 0.590864 0.409136
PCBD 0.029582 0.903731 1.44873 0.218234 0.290288 0.709712
Abbreviations as explained in Tables 4-5.
D Phylogenetic relationship between HD-HMMYV and the
] South East shallow-water species
[ North

I south West

A

Fig. 7. Minimum spanning network of the thirteen Cytochrome oxidase
¢ subunit I (COI) haplotypes (A-E) of Halomonhystera disjuncta from
the South East (white), the North (grey) and the South West (black) of
the Hakon mosby mud volcano (HMMYV). The surface area of each hap-
lotype corresponds with the frequency of the haplotypes in the total
HMMYV sample. Branch length has no meaning.

show that the deep-sea habitat favours nematodes with a prog-
aster. This may be caused either by selection or by phenotypic
plasticity. Regardless of the evolutionary process leading to the
presence of the progaster, it was not exclusively associated with
the deep-sea form and is therefore not a diagnostic morphologi-
cal character to discriminate the deep-sea from the shallow-
water form. Furthermore, other morphometric features are
significantly different between the deep-sea and intertidal spe-
cies, indicating that feeding strategy alone cannot be responsible
for the observed differences. Whatever the driving force behind
the morphological differences may be, our data show that the
previously assumed widespread distribution of a single species
in quite distinct habitats (deep sea versus intertidal) actually
turns out to be a disjunct distribution of cryptic species. A
proper taxonomic description of HD-HMMYV along with a sci-
entific name is provided by A. Tchesunov, D. Portnova, J. Van
Campenhout (in preparation).

Our results further confirm that an integrative approach aids in
species discovery and identification of nematodes (De Ley and
Blaxter 2002; Holterman et al. 2006; Meldal et al. 2007; Dery-
cke et al. 2010a) and highlights that morphometric features such
as the progaster, vulva-anus distance, the anal body diameter and
the amphid anterior distance are suitable for discriminating HD-
HMMYV from their shallow-water relatives.
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Our nuclear sequence data further reveal that HD-HMMYV is
more closely related to GD1/GD4 than to the three remaining
cryptic species GD2/GD3/GDS5 (Table 3). The evolution of the
rDNA genes is slower than that of COI and is influenced by fac-
tors such as functional and structural constraints, unequal cross-
ing over and gene conversion, which all reduce intraspecific
variation (Hillis and Dixon 1991). Furthermore, mitochondrial
genes have higher mutation rates and a fourfold smaller effective
size, so that they consequently evolve more rapidly than nuclear
genes (Avise 1995). Saturation of the COI gene may therefore
blur the deeper phylogenetic relationships. In addition, the length
of the 18S (760 bp) and ITS-D2D3 concatenated alignment
(1208 bp) was much larger than the COI alignment used for
analysis (343 bp). The differences in evolutionary rate and length
of the fragment explain the fact that the relationships between
HD-HMMYV and its shallow-water relatives are better resolved in
the nuclear trees compared to the mitochondrial tree. The topol-
ogy of the nuclear trees showed that HD-HMMYV is an integral
part of the shallow-water species complex and suggests an inva-
sion of the deep sea by shallow-water species. If the opposite
was true, an invasion of shallow-water habitats from the deep
sea, we would expect all five shallow-water species to cluster
together with HD-HMMYV being the ancestral nematode from
which the shallow-water relatives have evolved, which is not the
case. A repeated invasion of the deep-sea and shallow-water hab-
itats was also inferred from the tree topology of Enoplid marine
nematodes (Bik et al. 2010). Similar observations were made for
the Nemertesia hydroids where the tree topology also showed an
interwoven pattern of shallow-water and deep-sea species (Moura
et al. 2012).

A successful invasion of deep-sea habitats from shallow
waters can be related to the biology of the nematode. Halomon-
hystera disjuncta from intertidal habitats has a higher tempera-
ture resistance when compared with brackish water species from
the same region (Vranken 1987). In addition, H. disjuncta is an
early colonizer (Derycke et al. 2007b) and has a large tolerance
for heavy metals (Vranken et al. 1988b). Recent experimental
data also reveal a tolerance for wide ranges in sulphur concentra-
tions and salinities (J. Van Campenhout, unpublished data). Hal-
omonhystera disjuncta is a small nematode (ca. 1 mm) with a
short generation time of 1 week and a high reproductive output
[ca. 200-500 eggs female ™', (Vranken et al. 1988a)]. As all
non-secernentean nematodes, H. disjuncta does not produce dau-
erlarvae, but exhibits a facultative ovoviviparous reproduction
strategy (Boffé 1985; Van Gaever et al. 2006), which is an
important adaptation allowing nematodes to secure survival and
early development of their offspring. This ovoviviparous repro-
duction strategy has previously been seen as an adaption to
changes in environment (Boffé 1985). These features together
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with the high food supply at the HMMV could thus have facili-
tated the successful colonization of the deep sea.

The transfer from shallow water to the deep sea requires dis-
persal over substantial geographical scales, which is thought to
be highly limited for nematodes because they do not have pela-
gic larvae, and eggs are generally deposited in situ. Phylogeo-
graphic and population genetic studies in marine nematodes have
revealed that dispersal is substantial at geographical scales of
10-100 km, but highly restricted at larger geographical scales
(Derycke et al. 2013). Generally, the lack of a free-swimming
life stage or pelagic larval phase limits long-distance dispersal,
but given enough offspring and time, some animals will be able
to colonize new habitats at long distances from the parental pop-
ulation (Leese et al. 2010). Such infrequent long-distance dis-
persal has been observed for the rhabditid nematode L. marina
(Derycke et al. 2008b), which has a short generation time, high
reproductive output and strong colonization ability comparable to
H. disjuncta from the shallow water.

The dispersal of marine animals without a pelagic larval phase
has different modes: (1) autonomous drifting, (2) creeping, (3)
hopping or intergenerational stepping-stone dispersal (4)
hitchhiking and (5) rafting (Reviewed in Winston 2012). The
occurrence of HD-HMMV was hypothetically explained by
means of rafting on macroalgae after the observation of decaying
Fucus at the HMMV (Van Gaever et al. 2009b). Moreover,
observations were made of nematodes rafting on algae (Thiel
and Gutow 2005; Derycke et al. 2008b), indicating long-distance
dispersal capacities of nematodes despite the lack of pelagic lar-
vae. The occurrence of H. disjuncta on macroalgae makes rafting
a likely hypothesis. However, different modes of dispersal
remain possible. Because H. disjuncta has no dauerlarvae and
eggs are generally deposited in situ, autonomous drifting over
large distances without any food source seems the most unlikely.
Autonomous drifting can be more successful if favourable sedi-
mentary microhabitats are present along its way (hopping). Halo-
monhystera disjuncta is also present at the Nyegga pockmark
(64°N 5°E) offshore mid-Norway (Portnova et al. 2010). This
pockmark could be a stepping stone for dispersal from shallow
water to the HMMYV. Unfortunately, we do not have any genetic
information for nematodes from this location. In addition, H. dis-
Juncta also occurs in marine sediments (Heip et al. 1985; Vran-
ken 1987). Consequently, creeping in the sediment from shallow
to the deep-sea waters is plausible. As long as a food source is
available, nematodes may also be hitchhikers carried in the bal-
last water of ships to a new region along a coast or over an
ocean. As H. disjuncta has a broad geographical distribution in
shallow-water areas (along the coast of Belgium and the South
Western part of The Netherlands, Western Canada, the White
Sea in Northern Russia and the North Sea South of Norway) and
we so far only have data from the North Sea area, we cannot
infer the area from which the original dispersal has occurred.
Nevertheless, the absence of shared haplotypes and the deep phy-
logenetic divergences between our shallow-water and deep-sea
nematodes results in a deep-sea population that is geographically
isolated from the studied shallow-water nematodes. The long dis-
tances between suitable habitats can form insurmountable barriers
[i.e. ‘isolation by distance’ (Wright 1943)] even in homogeneous
habitats such as the abyssal plains (Zardus et al. 2006). Dispersal
can also be limited by bathymetrical distances: morphotypes of
the echinoderm Zoroaster fulgens are reproductively isolated
over bathymetrical distances of ca. 1 km (Howell et al. 2004).
The bathymetrical difference (ca. 1280 m) and a distance of ca.
2500 km between the intertidal and deep-sea area are therefore
likely to have facilitated the separation of the Halomonhystera
populations between both areas.

Population genetic structure within the Hakon Mosby mud
volcano

The HMMYV is a small geographical area of ca. 1 km* We have
sampled three locations within the HMMV, separated by only
several hundreds of metres. The high number of shared haplo-
types among the three locations and the low number of muta-
tions between haplotypes indicate that there is substantial gene
flow between all three areas. The mud volcano can thus be seen
as a homogeneous population. Earlier studies have shown that
nematodes are able to disperse up to metres (Gingold et al.
2011; Thomas and Lana 2011) and even kilometres (Derycke
et al. 2007b). Active dispersal has also been observed in the
deep sea (Gallucci et al. 2008; Guilini et al. 2011). Furthermore,
the mud volcano itself is a very dynamic environment, with mud
flows and local methane bubbling which can force nematodes
into the water column and promote dispersal. The North area
was colonized by bacterial mats between 2009 and 2010, which
has most likely been followed by a recolonization of nematodes
from other parts of the mud volcano. This is supported by the
lower number of haplotypes and by the absence of unique
haplotypes in the North area, a pattern typical of founder effects
(Boileau et al. 1992; De Meester et al. 2002).

Conclusion

In this paper, an integrative approach clearly revealed that the
deep-sea form of the originally identified H. disjuncta is geneti-
cally and morphologically distinct from its shallow-water coun-
terparts and should be described as a new species. We supplied
morphometric features to discriminate HD-HMMV from the
intertidal species. Our nuclear sequence data reveal that HD-
HMMYV is embedded within the GD1-5 species complex provid-
ing proof for a deep-sea invasion by shallow-water nematodes.
The large geographic distance and bathymetrical depth between
both locations may explain the genetic distance between lineages.
However, other dispersal constraints such as currents need to be
considered.

Within the HMMYV, we did not observe a genetic structure
indicating substantial gene flow at this small geographical scale.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Figure S1. Neighbour joining (NJ) of the mitochondrial Cyro-
chrome oxidase c¢ subunit 1 (COI) gene of shallow-water [Halo-
monhystera disjuncta 1-5 (GD1-5)] and deep-sea (HD-HMMYV)
nematodes.

Figure S2. Bayesian analysis (BA) tree of the mitochondrial
Cytochrome oxidase ¢ subunit 1 (COI) gene of shallow-water
[Halomonhystera disjuncta 1-5 (GD1-5)] and deep-sea (HD-
HMMV) nematodes.

Figure S3. Maximum parsimony tree of a heuristic analysis of
the mitochondrial Cytochrome oxidase ¢ subunit 1 (COI) gene of
shallow-water [Halomonhystera disjuncta 1-5 (GD1-5)] and
deep-sea (HD-HMMV) nematodes.

Figure S4. Maximum likelihood tree of a heuristic analysis of
the nuclear Internal Transcribed Spacer region (ITS) gene of
shallow-water [Halomonhystera disjuncta 1-5 (GD1-5)] and
deep-sea (HD-HMMV) nematodes.

Figure SS5. Maximum likelihood tree of a heuristic analysis of
the nuclear D2D3 region of 28S rDNA (D2D3) gene of shallow-
water [Halomonhystera disjuncta 1-5 (GD1-5)] and deep-sea
(HD-HMMYV) nematodes.

Table S1. Minimum-maximum (pum) and mean (um) + stan-
dard deviation (between brackets) values of 12 morphological
measures from the five shallow-water Halomonhystera disjuncta
cryptic species GD1-5 and the deep-sea nematode HD-HMMV
for both females and males.

Table S2. Morphometric data of 43 female HD-HMMYV indi-
viduals in pm.

Table S3. Morphometric data of 37 male HD-HMMYV individ-
uals in pm.

Data S1. Alignment_COl fas,
Alignment_18S .fas.

Alignment_D2D3-ITS .fas,



