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Cold seeps occur globally in areas where gases escape from the seafloor, occasionally
resulting in the formation of topographic depressions (pockmarks), characterised by
unique physicochemical conditions such as anoxic and sulphuric sediments. Free-living
marine nematodes tend to dominate the meiofaunal component in such environments,
often occurring at extremely high densities and low richness; the mechanisms defining
community assembly in areas of fluid seepage, however, have received little attention.
Here we focus on a low-activity pockmark at 789 m in the Mozambique Channel
(MC). We assessed the diversity, co-occurrence patterns and phylogenetic community
structure of nematodes at this bathyal site to that of a nearby reference area as well as
abyssal sediments using metabarcoding. In addition, we compared our molecularlyderived diversity estimates to replicate samples identified morphologically. Overall,
nematode Amplicon Sequence Variants (ASVs) and generic richness were similar
between Pockmark and Abyssal sediments, but lower compared to the Reference
area. Although more than half the genera were shared, over 80% of ASVs were
unique within each area and even within each replicate core. Even though both
methodologies differentiated the Pockmark from the Reference and Abyssal sites,
there was little overlap between the molecularly and morphologically identified taxa,
highlighting the deficit of reference sequences for deep-sea nematodes in public
databases. Phylogenetic community structure at higher taxonomic levels was clustered
and did not differ between the three areas yet analysis within three shared and dominant
genera (Acantholaimus, Desmoscolex, Halalaimus), revealed randomness with respect
to phylogeny as well as co-occurrence which was exclusive to the Pockmark area.
These patterns point to the influence of neutral dynamics at this locality resulting from
the stochastic sampling of early colonizing taxa, the successional stage at sampling
and/or the functional redundancy within the investigated genera.
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both higher relatedness as well as higher co-occurrences than
would be expected by chance (Macheriotou et al., 2020). As
a highly diversified and dominant deep-sea sediment-dwelling
eukaryotic taxon, nematodes provide an excellent model group
for testing the importance of environmental filtering on the
basis of aggregation and clustering in different ecosystems.
The Mozambique Channel (MC, Figure 1) between the island
of Madagascar to the East and Mozambique to the West, is
characterized by complex oceanographic conditions due to its
shape and location, making it one of the most turbulent areas
in the world. The MC is of unique ecological value, not only
for its high biodiversity of coral reefs (Obura, 2012) and near
pristine ecosystems (e.g., Scattered Islands), but also due to its
connection to the climatologically important Agulhas current
and its contribution to inter-ocean exchanges (Ternon et al.,
2014). The MC is characterized by submarine canyons, guyots,
seamounts, and associated cold fluid emissions, while the deepsea benthic biota have only in recent years began to be explored
(Olu, 2014; Jouet and Deville, 2015; Fontanier et al., 2016).
Here, we apply a metabarcoding approach to compare cooccurrence patterns, phylogenetic community structure and
diversity of free-living nematode assemblages in a low-activity
bathyal pockmark with a nearby area outside any seepage
influence as well as abyssal sediments in the Mozambique
Channel. Given the aforementioned dominance of single/few
taxa, we hypothesize that phylogenetic diversity will be lower
in the pockmark. Furthermore, we expect that nematode
communities from areas with active emissions are assembled
differently than those of surrounding non-seep sediments due
to the presence of strong chemical gradients and sporadic
disturbance events by fluid discharge; thus we hypothesize that
co-occurrence and phylogenetic community patterns will differ
between seep and non-seep habitats.

INTRODUCTION
Cold seeps occur in sedimentary habitats worldwide in
areas where methane and reduced sulfur are discharged
from the seafloor. Topographic depressions (pockmarks) or
elevations (mud volcanoes) resulting from the escaping fluids
are often associated with these ecosystems while the surrounding
sediments show low oxygen and high hydrogen sulfide
concentrations (Levin, 2005; Zeppilli et al., 2018; and references
therein). Free-living nematodes which are found globally in
marine sediments, appear to be well-adapted to pockmarks
where they are the dominant meiofaunal taxon (Vanreusel
et al., 2010a,b; Moens et al., 2014; Zeppilli et al., 2018; and
references therein). The effect of methane seepage on nematode
communities often results in elevated densities and biomass,
as well as near monospecific assemblages (Vanreusel et al.,
2010b). Dominance by taxa which are typical of shallow-water
environments and found in low abundance in non-seep deepsea sediments (e.g., Halomonhystera, Desmodora, Sabatieria,
Terschellingia), has been commonly observed in cold seeps,
although no strict affinities have yet been documented (Gaever
et al., 2009; Vanreusel et al., 2010b). The community structure of
free-living marine nematodes with respect to co-occurrence and
phylogeny in a cold seep ecosystem has yet to be investigated.
Prompted by the widespread application of DNA-based
methodologies and the availability of phylogenetic trees, the
merging of community ecology and phylogenetic biology has
allowed for a better understanding of the relative dominance
of neutral, historical and niche-related processes in community
assembly (Webb et al., 2002). Neutral dynamics assume
ecological equivalence between species, the persistence of which
is thus determined by the stochastic element inherent to
processes such as offspring birth/death and dispersal (Hubbel,
2001). Historical processes refer to patterns of speciation
and dispersal which supersede local dynamics. Finally, the
niche-based perspective proposes that communities assemble
in accordance to fundamental rules (e.g., Diamond, 1975)
defined by local biotic and abiotic conditions (Cavender-Bares
et al., 2009). The phylogenetic composition of a community
represents (at least in part) the mechanisms of assembly
because taxa interact via their phenotypes which are nonrandomly distributed phylogenetically (Vamosi et al., 2009).
Thus, assemblages exhibiting relatedness that is higher than
expected of a randomly structured community, is suggestive
of environmental filtering due to shared conserved trait(s)
(Webb et al., 2002). Conversely, lower relatedness than expected
by chance is indicative of convergent evolution of the traits
defined by the environmental filter and/or competitive exclusion
of conserved traits, although the phylogenetic influence of
competition has been disputed (Mayfield and Levine, 2010).
Furthermore, it has been proposed that competitive exclusion
would manifest as an excess of forbidden taxon pairs (i.e.,
“checkerboard pairs,” CPs) leading to aggregated assemblages
(Diamond, 1975).
A recent metabarcoding study demonstrated that free-living
nematode Amplicon Sequence Variants (ASVs) from different
sites in a polymetallic nodule-bearing abyssal plain exhibited
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MATERIALS AND METHODS
Sample Collection and Meiofauna
Extraction
Sediment cores were collected during the PAssive Margins
Exploration Laboratories PAMELA-Moz01 cruise on board
the RV “L’Atalante” (Olu, 2014; PAMELA-MOZ01 cruise, RV
L’Atalante1 ) from 25/09-29/10/2014. Seven sites were sampled
using a multitube (MTB, Supplementary Table 1) and one site by
sub-sampling cores from a USNEL Boxcore (KGS), representing
three different environments: a bathyal Pockmark (depth: 789 m,
n = 1), Reference sediments near the Pockmark area (∼30 km
from Pockmark, depth: 529–757 m, n = 3) and Abyssal sediments
(∼800 km from Reference and ∼1000 km from Pockmark, depth:
3–4 km, n = 3). Environmental parameters derived from a single
sediment core showed that the Pockmark differed substantially
from the Abyssal area in terms of lower oxygen penetration
depth (∼15 mm, ∼85 mm, respectively; Fontanier et al., 2016). In
addition, the Pockmark was characterized by elevated elemental
sulfur content compared to the Reference area (0–5 cm average:
1

2
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FIGURE 1 | Areas sampled in the Mozambique Channel. Circles indicate sampling sites in the Abyssal (black, MTB10, MTB13, KGS7), Pockmark (red, MTB6) and
Reference (gray, MTB1, MTB3, MTB9) areas.

(4◦ C). The supernatant was removed, 1 mL washing buffer
(76% EtOH 10 mM ammonium acetate) was added, and tubes
were incubated for 30 min on ice and centrifuged for 5 min
at 14000 rpm (4◦ C). Finally, the supernatant was removed, and
20 µL of sterile water was added. The 18S (V1-V2 region)
ribosomal locus was amplified using the primers SSU_F_04SSU/22_R (GCTTGTCTCAAAGATTAAGCC, TCCAAGGAAG
GCAGCAGGC, respectively) which were constructed with
Illumina overhang adapters as described in “16S Metagenomic
Sequencing Library Preparation.” Each sample was amplified
in triplicate with the following PCR conditions: 95◦ C 2 min,
30 × (95◦ C 1 min, 57◦ C 45 s, 72◦ C 1 min), 72◦ C 10 min. The
mix consisted of 8.4 µL PCR-grade H2 O, 4 µL Phusion Buffer,
4 µL Dye, 0.4 µL dNTP [10 mM], 1 µL forward and reverse
primer [10 µM], 0.2 µL Phusion Hot Start II High Fidelity
Polymerase (New England BioLabs, United States) and 1 µL
DNA template (diluted 1/10). In the event of failed amplification,
DNA templates were diluted 1/50 in PCR-grade H2 O and/or
2 µL template were used. PCR products were run on a 1%
agarose electrophoresis gel, triplicates were pooled, purified using
Agencourt AMPure XP beads and run on Bioanalyzer 2100 High
Sensitivity to confirm length and size distribution of the PCR
fragments. Library indexing was completed using the FC1311002 NexteraXT Index Kit (Illumina, United States) and Kapa

0.804%, 0.127% respectively; Sanchez et al., 2020), suggesting
recent seepage at this location. Gas bubbling had also been
recorded above the pockmark confirming current emissions
(Dupré et al., unpublished data) Three cores (A, B, C; inner
diameter: 62 mm) were obtained from each site, sliced into five
1 cm intervals (Note: MTB1 lacking interval designation). Half
of each sediment slice was frozen at −20◦ C while the other
preserved in 4% formalin. Meiofauna was extracted by densitygradient centrifugation (3 × 12 min, 1905 rcf) with the colloidal
silica polymer Ludox HS-40 as a flotation medium (specific
density 1.18 g/cm).
R

HTS Library Preparation
Metabarcoding samples were preserved in sterile Mili-Q water
during the first two centrifugation cycles and finally in CTAB
at −20◦ C after the third. Genomic DNA was extracted by
adding 6 µL proteinase-K [10 mg/mL] and centrifuged 5 min at
14000 rpm at room temperature (RT). The pellet was ground,
bead-beaten for 2 min at 30 cycles/second and incubated at
60◦ C for 1 h. Ammonium acetate (250 µL, 7.5 M) was added
and tubes centrifuged for 10 min at 14000 rpm (RT). The
supernatant (750 µL) was transferred into a new sterile tube;
750 µL of cold 80% isopropanol was added, mixed, incubated
for 30 min at RT, and centrifuged for 15 min at 14000 rpm
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Nematoda ASVs (Nematoda), of the genera these were assigned
to (Genus-assigned) as well as the morphological samples
(0–1 cm only). Data normality and homoscedasticity were
assessed with the Shapiro–Wilk and Levene test respectively;
statistically significant differences in diversity along the sediment
vertical profile by Area were determined via a two-way Analysis
of Variance (ANOVA) with fixed factors Area and Interval.
Significant differences by Area where evaluated using one-way
ANOVA for the morphological dataset; the Kruskal–Wallis test
was used when homoscedasticity was violated. Phylogenetic betadiversity was calculated with the unweighted UniFrac (Lozupone
and Knight, 2005) distance for Nematoda (n = 14197), Genusassigned (n = 6643), Unassigned (n = 7554), the three most
abundant genera Acantholaimus (n = 895), Desmoscolex
(n = 2489), Halalaimus (n = 1020) and Other Genera (all
genus-assigned ASVs excluding Acantholaimus, Desmoscolex,
Halalaimus; n = 2239) ASVs. ASVs lacking a taxonomic
assignment beyond Nematoda (“Unassigned”) were included
in our analyses to investigate whether these (presumably)
unknown taxa exhibit patterns similar to those identified at
genus-level. Similarly, we included the level “Other Genera”
to assess whether subdominant genera exhibit similar patterns
to dominant ones. The Bray–Curtis distance was used for
morphological and ASV samples in the 0–1 cm layer. Distances
were visualized by Principal Coordinates Analysis (PCoA). Data
normality and homoscedasticity were assessed by analysis of
multivariate homogeneity of group dispersions (PERMDISP)
and two-way permutational analysis of variance (PERMANOVA,
9999 permutations). Pairwise comparisons between group levels
with Bonferroni corrections for multiple testing were completed
in the event of a significant main test and lack of interaction
between the two factors. Phylogenetic diversity (PD, Faith, 1992)
was quantified for each of the aforementioned ASV sets. The
following R packages were used: BiodiversityR, stats, Rarity,
RVAideMemoire, UpSetR, vegan.

High Fidelity PCR kit (Kapa Biosystems, United States). The mix
consisted of 11.25 µL PCR-grade H2 O, 5 µL Buffer, 0.75 µL
dNTP [10 mM], 2.5 µL Index1 and Index2, 0.5 µL Kapa Hot
Start High Fidelity Polymerase and 2.5 µL PCR product. These
were then purified using Agencourt AMPure XP beads and 11
randomly chosen samples were run on Bioanalyzer 2100 High
Sensitivity to confirm successful indexing. DNA was quantified
using Qubit dsDNA High Sensitivity Assay Kit in all samples for
pooling. Finally, biological replicates were distributed over three
pooled libraries and sequenced at Edinburgh Genomics on three
Illumina MiSeq-v3 2 × 300 bp paired-end read runs2 .
R

Morphological Analysis
Morphological samples were preserved in 4% formalin
throughout and were stained with Bengal Rose (0.5 g/L).
Total meiofaunal taxa abundances were counted in each interval
while nematode specimens from the 0–1 cm layer from each
core excluding KGS7 were also identified morphologically.
To achieve this, ca. 100 nematodes were picked randomly
from each 0–1 cm slice, transferred to anhydrous glycerol
and mounted on permanent glass slides (Seinhorst, 1959).
Genus-level identification was completed using a Leica DMLS
compound microscope (1000 × magnification) according
to pictorial keys (Platt et al., 1988; Warwick et al., 1998;
Handbook of Zoology 2013, Ed. by Schmidt-Rhaesa, Andreas)
as well as the information contained in the NeMYS database
(Bezerra et al., 2021).

Sequence Data Analysis
Gene-specific adapter sequences were truncated from the 50 and
30 read ends using Cutadapt v1.12 (Martin, 2014); Amplicon
Sequence Variants (ASVs) were generated following the default
DADA2 workflow (Callahan et al., 2016) with truncation of
forward and reverse reads at 225 and 200 bp, respectively
(ESM, Bioinformatics + DADA2 output). Taxonomic assignment
of ASVs was completed in QIIME1 (assign_taxonomy.py)
(Caporaso et al., 2010) with the Naive Bayesian RDP classifier
(Wang et al., 2007) at a confidence estimate of 0.80 in
two steps: first, a large eukaryotic reference training set was
used (Silva release 123 for QIIME1, 99% OTUs and UGent
nematode Sanger sequences; n = 20201). Second, all ASVs
with “Nematoda” label were extracted; taxonomy was reassigned to these ASVs using a smaller, nematode-exclusive
training set (2178 sequences). This two-step approach has been
shown to deliver the highest number of taxonomic assignments
(Macheriotou et al., 2019). Samples were rarefied to the lowest
sequence count (n = 26480) for subsequent analyses (QIIME1,
alpha_rarefaction.py). Three samples were excluded from the
analysis due to low read numbers (MTB1.B.10, MTB10.A.0-1cm,
MTB9.C.3-4cm, MTB9.C.3-4cm).

Community Structure Analysis
Co-occurrence patterns were analyzed with “Checkerboard pairs”
(CPs) and C-score, (Diamond, 1975; Stone and Roberts, 1990).
Standard effect sizes (ses, explained below) against a null model
(sim2, 10000 replicates) were calculated in “EcoSimR” (Gotelli
et al., 2015). The sim2 algorithm randomizes a presence-absence
matrix by reshuffling elements within each row equiprobably.
The C-score quantifies the average number of CPs across all
possible paired combinations; in a matrix with sites as columns
and taxa as rows, for each unique pair, the C-score is equal
to Cij = (Ri -S)(Rj -S) where Ri and Rj are row sums of taxa
i, j and S is the number of shared sites in which both i and
j are present. For any particular species pair, the C-score is a
numerical index that ranges from a minimum of zero (maximally
aggregated) to a maximum of Ri × Rj (maximally segregated
with no shared sites). Departures from randomly co-occurring
assemblages were assessed via upper- and lower-tail one-sample
t-tests. A positive or negative mean value for ses signifies
taxon co-occurrences which are lower or higher than expected
by chance, respectively. These analyses were computationally
feasible only for Acantholaimus, Desmoscolex, and Halalaimus

Diversity Analysis
Alpha-diversity metrics [Shannon (H0 ), Simpson (1- D),
occurrence-based Index of Relative Rarity, Leroy et al., 2013]
of the rarefied sequence data were calculated at the level of
2
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reference sequences as well as in the proficiency of the taxonomic
assignment algorithm. Within Nematoda ASVs (n = 14197), 71
genera were identified, representing half of the community, with
the remainder Unassigned at genus-level (Figure 2). Over half of
these genera were shared by all three areas (n = 39); Reference
and Abyssal shared an additional 16 genera while three were
shared by the Abyssal and Pockmark (Figure 3). Two genera were
unique to the Abyssal (Pareurystomina, Setostephanolaimus) and
Pockmark (Aegialoalaimus, Atrochromadora) ASVs respectively,
while nine were only found in Reference. The most abundant
genus was Desmoscolex with over 10% relative abundance in all
three areas, followed by Halalaimus, which constituted over 7%
of the assemblage throughout. The genus Acantholaimus was
dominant (>5% relative abundance) only in the Abyssal and
Reference samples (Supplementary Table 2).
The majority of ASVs (>80%) were unique to each area
and each replicate within it, with just 57 ASVs (0.4%) shared
by all three areas (Supplementary Figure 2). The Pockmark
shared 47 and 126 ASVs with Abyssal and Reference respectively,
while the latter two had 350 ASVs in common. There was no
significant interaction between factors Area and Interval in the
two-way ANOVA for alpha-diversity metrics. ASV richness, and
that of the genera these were assigned to, was highest in the
Reference area (p = 0.001, <0.001, Figure 4 and Supplementary
Tables 3–5). The first interval (0–1 cm) contained a larger
number of ASVs and genera compared to 3–4 cm and 4–5 cm.
Shannon and Simpson values at ASV-level were not significantly
different between areas yet significantly lower in the deepest layer
(4–5 cm), compared to 0–1 cm and 1–2 cm (Supplementary
Table 5). Rarity of ASVs was lowest in the Pockmark area
and in the 4–5 cm interval (p < 0.001, =0.048). Shannon and
Simpson indices at the generic-level were lowest in the Abyssal
area (p < 0.001) and not significantly different between sediment
intervals. Rarity of genera was highest in the Reference ASVs and
in the surface sediment layers compared to 4–5 cm.
The morphological samples identified 117 genera, including
nine “Unknown” and likely new genera; Desmoscolex and
Halalaimus were dominant in the Reference and Abyssal areas
while Acantholaimus only in the latter (Supplementary Figure 3
and Supplementary Table 6). The Pockmark was dominated by
Desmodora, a genus that was not recorded in the ASVs, most
likely due to failed amplification (see section “Discussion”). The
highest nematode abundance was observed in the Pockmark
(1260 ± sd 1370), followed by the Abyssal (274 ± sd 203)
and Reference samples (182 ± sd 83, Supplementary Table 7).
The Pockmark exhibited significantly lower generic richness,
Shannon and Simpson diversity in the morphological samples
(13.32 ± sd 15.50, 1.17 ± sd 1.16, 0.74 ± sd 0.35, respectively)
and higher Rarity (0.37 ± sd 0.11) compared to Reference and
Abyssal (p < 0.01, Supplementary Figure 4 and Supplementary
Tables 8, 9). In the ordination of both the ASVs and the
morphologically identified samples (0–1 cm only), Pockmark was
strongly segregated from Reference and Abyssal areas, the latter
two exhibiting a small amount of overlap (Figure 5).
There was no significant interaction between main factors
in the two-way ANOVA of PD; both Area and Interval had a
significant effect in all ASV sets. The Reference area contained

ASVs. Additionally, the ses of the following phylogenetic metrics
were calculated with “picante” (Webb et al., 2010):
Phylogenetic Diversity – PD (Faith, 1992): sum of branch
lengths between the root and all species in a sample
phylogeny.
Mean Pairwise Distance – MPD (Webb et al., 2002): mean
pairwise phylogenetic distance between all taxa in a local
assemblage (pres/abs).
Mean Nearest Taxon Distance – MNTD (Webb et al., 2002):
mean phylogenetic distance between each taxon and its
nearest neighbor on the phylogenetic tree with which it
co-occurs in the local assemblage (pres/abs).
The observed metric (obsMetric) was compared to
that obtained from 999 randomizations (nullMetric) of
the assemblage generated using all null models (i.e.,
taxa.labels, richness, frequency, sample.pool, phylogeny.pool,
independentswap, trialswap, Gotelli, 2000; Miklós and Podani,
2004, see Supplementary Table 20 for full description). The ses
was calculated as follows: ses.Metric=(obsMetric–nullMetric)/
stdev.nullMetric
where
stdev
equals
the
standard
deviation. Significant departures from a zero mean for
ses.PD/ses.MPD/ses.MNTD were tested with a one-sample twotailed t-test when data were normally distributed as determined
by the Shapiro–Wilk test. Alternatively, the Wilcoxon signed
rank test was used. A positive or negative mean value for ses
signifies phylogenetic relatedness which is higher or lower
than expected by chance, respectively. Statistical significance
was set at α = 0.05. For these analyses, tree construction was
completed by aligning reads with “DECIPHER” (Wright, 2016)
using a chained guide tree; alignments were subsequently
adjusted with the adjust.alignment command. The software
“ModelTest-ng” (Darriba et al., 2019) was used to determine the
appropriate model of nucleotide evolution for tree construction
for each ASV set. In all instances the General Time Reversible
(GTR) model was selected as one of the best-scoring models
according to the either the Bayesian or the Akaike Information
Criterion. Approximately-maximum-likelihood phylogenetic
trees were constructed using FastTree (Price et al., 2010) under
the GTR+CAT model; midpoint rooting was completed with
“phangorn” (Schliep, 2011). All analyses were completed in
RStudio© v1.1.456 unless noted otherwise. Note: Samples
belonging to MTB1 (Reference) were removed for vertical
profile analysis (unlabelled intervals) resulting in a total of 1421,
7301, and 6112 ASVs in the Abyssal, Pockmark, and Reference
areas, respectively.

RESULTS
Nematode Assemblages: Alpha and Beta
Diversity
The rarefied data consisted of 24517 ASVs belonging to 40 phyla
(Supplementary Figure 1); an average of 58% were identified
as nematodes while 21% were Unassigned at phylum-level.
These Unassigned ASVs highlight a deficiency in the number
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FIGURE 2 | Absolute (top panel) and relative (bottom panel) abundance of nematode genera in the Abyssal, Pockmark, and Reference areas.

chance in the Abyssal and Reference areas while these were always
random in the Pockmark (p < 0.001, Supplementary Table 15).
When sediment intervals were considered separately, all
Reference and nearly all Abyssal ASVs (excluding Acantholaimus
0–1 cm, Halalaimus 3–4 cm) exhibited statistically significant
aggregation, while in the Pockmark the majority of these
were random (Supplementary Table 16). Notably, Desmoscolex
ASVs were predominantly aggregated (excluding Pockmark
1–2 cm) while random co-occurrences were more common in
Acantholaimus and Halalaimus ASVs.

the highest PD compared to Abyssal and Pockmark in Nematoda,
Genus-assigned, Unassigned and Acantholaimus ASVs (Figure 6
and Supplementary Tables 10–12). Desmoscolex ASVs in the
Reference area had significantly higher PD than that of the
Pockmark; Halalaimus and Other Genera ASVs had higher
PD in the Reference area compared to the Abyssal. The first
sediment interval contained significantly more PD than 2–
3, 3–4, 4–5 cm and the second more than 3–4 and 4–5 cm
in Nematoda, Genus-assigned, Desmoscolex and Halalaimus
ASVs. The deepest interval contained significantly less PD
than the 0–1, 1–2 cm in Unassigned and Other Genera while
Acantholaimus ASVs exhibited the least change in PD by depth
with significantly lower values in the 4–5 cm compared to
the 0–1 cm layer.
The interaction between main factors Area and Interval was
not statistically significant for the UniFrac distances in Genusassigned, Unassigned, Acantholaimus and Desmoscolex ASVs,
for which all areas differed from one another (Supplementary
Tables 13, 14). Differences by depth were most pronounced in the
latter where the 0–1 cm interval differed from 2–3, 3–4, 4–5 cm
and 1–2 cm from 3–4 and 4–5 cm. In Genus-assigned, 0–1 cm
differed from 2–3, 3–4, 4–5, and 1–2 cm from 4–5 cm. The 4–5 cm
interval also differed from 0–1 cm in Acantholaimus ASVs.

Phylogenetic Community Structure
When all sediment intervals were pooled, the larger ASV
sets (Nematoda, Genus-assigned, Unassigned, Other Genera)
exhibited phylogenetic clustering in all areas and across all three
metrics with the exception of ses.MPD for Pockmark in Other
Genera ASVs which were phylogenetically random (Figure 8
and Supplementary Table 17). Differences by area were evident
at the generic level; ses.PD, ses.MNTD, and ses.MPD indicated
clustering in Acantholaimus, Desmoscolex, and Halalaimus ASVs
in the Abyssal and Reference areas while Pockmark contained
phylogenetically random assemblages. When sediment intervals
were considered separately, the Abyssal samples were typically
clustered in all ASV sets for all three metrics and sediment
intervals with a few exceptions of randomness in the first and
deepest layer for Desmoscolex and Genus-assigned, respectively
(Figure 9 and Supplementary Table 18). The Reference ASVs
followed a similar pattern yet with more instances of randomness
in the first three intervals, giving away to clustering in the

Patterns of Co-occurrence
The co-occurrence analysis demonstrated patterns that were
consistent between metrics as well as across Acantholaimus,
Desmoscolex, and Halalaimus ASVs (Figure 7). Assemblages
showed significantly higher co-occurrences than expected by
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FIGURE 3 | Unique and shared genera identified in Nematoda ASVs. Main panel: numbers above bars indicate the number of nematode genera found in the ASVs
of the replicates marked by filled circles. Bottom-left graph: total number of nematode genera in each of the Abyssal, Pockmark, and Reference area replicates
(sediment intervals pooled).

FIGURE 4 | Alpha diversity metrics [Shannon (H0), Simpson (1-D), and occurrence-based index of relative rarity] of rarefied Nematoda ASVs by sediment interval in
the Abyssal (dark gray), Pockmark (light gray), and Reference (white) areas. Error bars represent standard deviation.
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FIGURE 5 | Principal coordinates analysis (PCoA) of Bray-Curtis distance of rarefied ASVs (left panel) and morphologically identified samples (right panel) in the
0-1 cm interval of the Abyssal (blue), Pockmark (red), and Reference (gray) areas.

FIGURE 6 | Phylogenetic diversity (PD) of Nematoda, Genus-assigned, Unassigned, Acantholaimus, Desmoscolex, Halalaimus, and Other Genera ASVs in the
Abyssal, Pockmark, and Reference areas by sediment interval. Error bars represent standard deviation.
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FIGURE 7 | Standard effect size (ses) of Checkerboard Pairs (ses.CPs, light gray) and C-score (ses.C-score, dark gray) of Acantholaimus, Desmoscolex, and
Halalaimus ASVs in the Abyssal, Pockmark and Reference areas with sediment intervals pooled (left panel) and by sediment interval (right panel). Symbols
represent outcome of the relevant t-test; circle and square indicate statistically significant aggregation and random co-occurrences respectively.

last two. The Pockmark samples were most commonly random
with exceptional instances of clustering in the deeper sediment
layers in Nematoda and Other Genera ASVs. Overall, random
phylogenetic structure was most prevalent in the Pockmark while
clustering was characteristic of both the Abyssal and Reference
ASVs. Overdispersion was found in just two instances; ses.MPD
in the Reference area for Genus-assigned and ses.MNTD for
Other Genera ASVs in Pockmark.

ASVs and their generic composition, which peaked in the upper
two sediment intervals. Although comparable between areas,
ASV diversity decreased significantly with sediment layer depth.
Nematode ASV densities did not exhibit subsurface maxima as
was documented in the morphological samples (Supplementary
Figure 5) and at specific Antarctic and south Atlantic pockmarks
(Sibuet et al., 2009; Hauquier et al., 2011), but followed the classic
pattern of attenuation by depth seen in pockmarks elsewhere
(Van Gaever et al., 2004). Moreover, dominance by a small
number of taxa, which is characteristic of most morphological
assessments of pockmark nematofauna (Van Gaever et al., 2004,
2006; Gaever et al., 2010; Hauquier et al., 2011; Pape et al., 2011;
Guilini et al., 2012), did occur in the morphologically identified
samples by genus Desmodora (45% ± sd 38%, Supplementary
Figures 3, 4) but not in the ASV data.
The ASV and morphological dataset (0–1 cm only) were
congruent with respect to lower richness in the Pockmark
compared to the Reference and Abyssal samples. Lower Shannon
and Simpson values were not observed in both datasets,
as dominance by the genus Desmodora was found in the
morphological dataset exclusively. Low-diversity assemblages
such as those commonly observed at seeps are also known to
occur in oxygen minimum zones, where the hypoxic conditions
have a homogenizing effect on both seep and non-seep sediments
(Guilini et al., 2012). Contrastingly, dominance was low overall
in the ASV dataset and highest in the Abyssal area where nearly
one fifth of genus-assigned ASVs belonged to Desmoscolex. This

DISCUSSION
Diversity Patterns in Pockmark,
Reference and Abyssal ASVs
The number of genera the Nematoda ASVs were assigned
to was comparable across areas while Shannon diversity was
higher in the Pockmark and Reference area compared to the
Abyssal. Concurrently, evenness was higher in the Pockmark
and Reference area than in the Abyssal samples. Rarity at the
generic level, as opposed to ASVs (Supplementary Figure 2),
was relatively low overall due to a large number of shared
genera. Interestingly, the Reference area exhibited the highest
Rarity as it contained nine unique genera. The overwhelming
majority of ASVs were unique to each area, with less than
one percent shared by all three. The Reference area, the most
shallow and consequently receiving larger organic carbon inputs,
harbored the richest and most diverse assemblages with respect to
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FIGURE 8 | Standard effect size (ses) of Phylogenetic Diversity (ses.PD, top panel), Mean Nearest Taxon Distance (ses.MNTD, middle panel), and Mean Pairwise
Distance (ses.MPD, bottom panel) of Nematoda, Genus-assigned, Unassigned, Acantholaimus, Desmoscolex, Halalaimus, and Other Genera ASVs in the Abyssal
(dark gray), Pockmark (light gray) and Reference (white) areas. Symbols represent the outcome of the relevant t-test: triangle and circle indicate statistically significant
clustering and random phylogenetic structure, respectively.

ASVs. In accordance to our expectations, the Pockmark typically
harbored lower PD compared to the Reference area, a pattern
consistent with the morphological assessment. However, this
needs to be interpreted in the context of the highly abundant
Desmodora taxa being absent from the HTS data; lower PD may
thus simply be an artifact of the missing ASVs. Concurrently,
given that cold seeps have been shown to harbor low diversity
and even monospecific assemblages, which would result in
only a modest increase in PD, overall lower PD values in the
Pockmark could still be valid even if the Desmodora ASVs had
been identified. High abundances of Desmodora carry ecological
implications with respect to fluid emissions from the seafloor,
as this genus is known to be associated with such environments
(Gaever et al., 2009; Vanreusel et al., 2010b; Pape et al., 2011;
Zeppilli et al., 2011). Some Desmodora species have even evolved
symbiotic relationships with chemoautotrophic sulfur-oxidizing
bacteria beneath their cuticle in order to capitalize on the strong
chemical gradients present in sulphuric sediments, thereby
providing a detoxifying mechanism as well as a food source (Ott
et al., 1991; Hentschel et al., 1999; Bernhard et al., 2000).

genus was also dominant in the Abyssal and Reference areas of
the morphological dataset, while it was represented by just a
few individuals in the Pockmark samples. This typical deep-sea
genus (Vanreusel et al., 2010a) showed the highest relative ASV
abundance in both the Pockmark and Reference areas, which is
in contrast to the observed trend in previous studies of shallowwater relatives colonizing seep sediments (Vanreusel et al.,
2010b). It should be acknowledged, however, that such patterns
must interpreted in the context of low replicate samples. The
presence of active and/or inactive pockmarks has a prominent
effect on sedimentary habitats by increasing environmental
heterogeneity and by providing a unique, fluctuating ecological
setting, which has been shown to both increase and decrease
nematode abundance/diversity (Van Gaever et al., 2006; Zeppilli
et al., 2012). It has been proposed that reduced generic richness,
diversity and evenness at these food-rich seep areas may be due to
the fact that only a small selection of taxa are adapted to oxygenpoor and sulfide-rich environments and/or once established,
seep-adapted species dominate via the competitive exclusion of
others (Vanreusel et al., 2010b).
The absence of the morphologically dominant genus
Desmodora in the Pockmark ASVs is most likely attributable to
failed PCR amplification, presumably due to its thick cuticle. We
expect this taxon would have been identified as eight Desmodora
sequences were included in our reference database and provided
its DNA was present. In contrast to the morphological assay, the
total number of ASVs was lowest in the Pockmark, pointing to a
deficit which may in fact be attributable to the missing Desmodora
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of Fluid Seepage
Differences in phylogenetic structure between areas with all
sediment intervals pooled were only apparent at genuslevel. Analysis at increasingly higher taxonomic resolution has
been shown to shift from clustering to overdispersion or
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FIGURE 9 | Standard effect size (ses) of Phylogenetic Diversity (ses.PD, white), Mean Nearest Taxon Distance (ses.MNTD, light gray), and Mean Pairwise Distance
(ses.MPD, dark gray) by sediment interval of Nematoda, Genus-assigned, Unassigned, Acantholaimus, Desmoscolex, Halalaimus, and Other Genera ASVs in the
Abyssal (dark gray), Pockmark (light gray), and Reference (white) areas. Symbols represent the outcome of the relevant t-test: upward triangle, downward triangle,
and circle indicate statistically significant clustering, overdispersion, and random phylogenetic structure, respectively.

of the Pockmark would presumably enhance the strength of
environmental filtering and density-dependent processes,
on which grounds we would dismiss this first line of
reasoning. If species niches were phylogenetically random,
we would expect this to manifest in the Abyssal and
Reference areas also. The fourth interpretation cannot
explain randomness in the Pockmark samples for two
reasons: first, from the co-occurrence analysis we found
little evidence indicating competitive exclusion is a dominant
structuring force; second, by definition, convergent traits are
those shared between distantly related lineages, which is not
applicable within a genus.
The relatively strong influence of the chemical environment
at pockmarks seems to preclude Neutral Theory as a mechanism
of faunal assembly, supported by the occurrence of phylogenetic
clustering in all non-genus-level ASV sets in the Pockmark.
Concurrently, one could expect this influence to manifest
within the dominant genera of the community as well, which
was not observed. Neutrality may be applicable to specific
groups, provided they exhibit some degree of functional
redundancy and comparable environmental tolerances or habitat
requirements (Mora et al., 2010). The morphological samples
revealed that nematode genera dominating the Pockmark
(Desmodora, Linhystera), are also present in the surrounding

randomness in plant communities (Cavender-Bares et al., 2006),
which was indeed evidenced in the Pockmark ASVs, where
higher taxonomic levels were clustered, while Acantholaimus,
Desmoscolex, and Halalaimus ASVs were random (Figure 8).
This pattern was not observed for the Abyssal and Reference
areas, where these dominant genera remained phylogenetically
clustered. Analysis by sediment interval confirmed an increased
tendency for random structure in the Pockmark, which was
generally consistent with increasing depth. Co-occurrence for the
aforementioned genera was random in the Pockmark exclusively,
while in the Abyssal and Reference areas these were aggregated.
Metabarcoding-based investigations of co-occurrence patterns
and phylogenetic community structure in deep-sea sediments
are few and have typically reported patterns of aggregation
and clustering, respectively (Macheriotou et al., 2020); whether
randomness as observed in the Pockmark ASVs is uncommon
for deep-sea ecosystems, however, remains unknown.
Random phylogenetic community structure is thought
to occur when (1) the strength of density-dependent and
environmental filtering processes are balanced or weak,
(2) species niches are phylogenetically random, (3) species
interactions are neutral, or (4) competitive exclusion of
convergent traits occurs (Hubbel, 2001; Webb et al., 2002;
Kembel and Hubbel, 2006). The specific harsh conditions
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sediments at reduced densities. It seems that nematodes do
not exhibit genus-specific affinities to seep environments, nor
any obvious morphological adaptations to them (Vanreusel
et al., 2010b), thus the aforementioned conditions for Neutral
Theory could indeed be met. Moreover, Neutral Theory may
be applicable to early colonizers; non-endemic vagrant taxa
that wander into the pockmark and are sampled at that
particular moment (Mora et al., 2010). Although rarely studied,
the phylogenetic signature of successional dynamics appears
to begin with random assemblages in the pioneer stage,
overdispersion during intermediate phases, followed again by
randomness (Siles et al., 2009). As randomness can result from
competitive exclusion, of which we found no evidence, random
co-occurrence and phylogenetic patterns in the Pockmark
ASVs of Acantholaimus, Desmoscolex and Halalaimus could be
explained by the successional stage of the specific sediment
patch; sampling at regular time intervals could serve to further
substantiate this hypothesis. Furthermore, repetitive disturbance
of the benthos northwest of Madagascar by the deposition
of terrestrial sediments rich in organic content over the past
60 years (Fontanier et al., 2018), in combination with the
harsh environmental conditions of the Pockmark, may be
interfering with the establishment of stable, closely related
nematode assemblages, which would simultaneously amplify
the importance of neutral dynamics at this locality. Different
community assembly models represent a spectrum of nonmutually exclusive hypotheses (Gravel et al., 2006); our results
show this to be true and most evident when such analyses are
completed at multiple taxonomic levels.
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CONCLUSION
This study represents the first metabarcoding assay of deepsea nematodes in the Mozambique Channel. The comparison
of communities at a Pockmark area with Reference sediments
without seepage from similar depths and an Abyssal area
provided an ideal setting for the phylogenetic investigation
of nematode community structure. Even though at higher
taxonomic levels patterns were identical in all three areas
(i.e., phylogenetic clustering), genus-level analysis uncovered the
distinct phylogenetic properties of the Pockmark. Random cooccurrence patterns and phylogenetic structure were exclusive to
the Pockmark, a pattern consistent with the influence of neutral
dynamics. Although the expectation would be that the harsh
conditions of a pockmark would promote the dominance of
environmental filtering, which was observed in the Reference
and Abyssal areas, the relevance of neutrality at this site could
be attributable to functional redundancy within the investigated
genera, the stochastic sampling of early colonizing taxa and/or
the successional stage of the sediment patch at time of sampling.
Similar to previous work on seep nematofauna, we found no
evidence of seep-specific genera. Finally, there was little overlap
between the molecularly and morphologically identified taxa,
highlighting the deficit of reference sequences for deep-sea
nematodes in public databases and the (ever-present) need for
barcoding initiatives.
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Supplementary Table 11 | Results of statistical testing (p-value) for data
normality (Shapiro–Wilk, S-W.Ar./S-W.Int. for Area and Interval, respectively),
homoscedasticity (Levene) and two-way analysis of variance (ANOVA) for
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