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Understanding community assembly and processes driving diversity in deep-sea
environments is a major challenge in marine microbial ecology. The deep sea represents
the largest ecosystem on Earth, but its remoteness makes the microbial community
composition and functionality largely unknown. Moreover, microbial-focused studies
comparing different deep-sea habitats like dynamic submarine canyons and slope
ecosystems altogether are rare. The present work aims to study the deep-sea seafloor
microbial communities (Bacteria and Archaea) of Blanes Canyon and its adjacent
western open slope (NW Mediterranean) at ca. 1500 m deep, in autumn and spring,
and along the vertical sediment profile. Microbial assemblages were studied in terms
of abundance, diversity (α and β), community structure and functional potential through
16S rRNA tag-sequencing to assess their adaptations to the canyon’s idiosyncrasy.
Furthermore, the relationships of microbes with environmental variables and a potential
predator (nematodes) were also assessed. We observed the microbial assemblages and
their predicted functional profiles to be more heterogeneous and with higher temporal
variability in the canyon than in the open slope. Although their phyla composition was
similar, both the dominant and richest phyla showed significant differences in proportion
between canyon and slope. Bacterial diversities were higher in the canyon than in
the open slope, together with nematode abundances. Along the vertical sediment
profile, microbial abundances consistently decreased with depth in the open slope,
while we found more variability within the canyon, linked to an enhancement of aerobic
metabolisms in the most superficial sediment layer. Grain size was correlated with
microbial abundances and explained part of the variability in the community structure.
Nematode and microbial abundances were correlated in slope environments, while in
the canyon phytodetritics inputs (Chl a and Chl a: phaeo) and organic carbon seemed
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to play a role in controlling microbial diversity and abundance. These results suggest
that the deep-sea seafloor is strongly connected to coastal and pelagic productive
areas through the canyon system in a stronger manner than to the open slope, thus
modulating resource availability while driving changes in the microbial biosphere and the
higher trophic levels of the deep-sea food web.

Keywords: submarine canyon, open slope, deep-sea, microbial communities, bacteria, archaea,
biogeochemistry, sediments

INTRODUCTION

The deep seafloor comprises a variety of dynamic habitats that
highly contribute to the heterogeneity and diversity of biota and
ecosystems on Earth (Stuart et al., 2003; Ramirez-Llodra et al.,
2010). These habitats are generally characterized by low organic
matter (OM) supply, with the food web depending ultimately
on the photosynthetic production supply from the photic zone
(Gage, 2003). Bacteria dominate these deep-sea environments
in terms of abundance and biomass, playing a key role in
the food web (Deming and Baross, 1993; Pfannkuche, 1993)
and mobilizing buried nutrients through biogeochemical cycles
(Berner, 1982). Indeed, deep-sea benthic microbial communities
are generally more diverse than pelagic or open ocean surface
waters (Zinger et al., 2011; Lindh et al., 2017). Still, studies
in the marine realm mainly focused on pelagic ecosystems
(e.g., Galand et al., 2010; Sunagawa et al., 2015; Sebastián
et al., 2018). Large-scale patterns of deep-sea microbes seem to
indicate that communities are vulnerable to temperature shifts,
and very susceptible to changes in trophic characteristics and
‘food’ inputs (Danovaro et al., 2016). At the regional scale,
submarine canyons are among the most pervasive and dynamic
deep-sea habitats (Ramirez-Llodra et al., 2010) that play the
role of preferential particle-transport conduits and therefore act
as drivers of trophic characteristics. However, because of the
difficulties in accessing the deep seafloor, there is a fragmented
available knowledge regarding the processes ruling the microbial
community composition in these systems (Barone et al., 2018;
Rzeznik-Orignac et al., 2018).

Canyons drive shelf-slope exchange as they accelerate the
particle transit from both productive coastal zones and inner
shelf environments toward the deep seafloor (Allen and Durrieu
de Madron, 2009; Puig et al., 2014). They can also enhance
seasonal processes such as the upwelling of cold, nutrient-rich
waters (Allen et al., 2001) or increase primary productions during
spring and summer (Granata et al., 2004; Harris and Whiteway,
2011; Chauvet et al., 2018) and are also subject to seasonally
variable disturbances caused by bottom currents, benthic storms,
dense shelf water cascading events (Canals et al., 2006) and
mass wasting events (De Stigter et al., 2007). Furthermore,
particle fluxes, often enriched in OM, are funneled and sediment
accumulation rates may even be of one order of magnitude higher
than those in adjacent non-dissected margins at comparable
depths in the north-western Mediterranean Sea, thus altering
sediment vertical composition (Zúñiga et al., 2009; Pasqual et al.,
2010; López-Fernández et al., 2013). Furthermore, anthropogenic
activities like intensive bottom trawling along canyon flanks

proved to impact canyon sedimentary regimes (Puig et al.,
2014; Pusceddu et al., 2014). In the NW Mediterranean and,
more specifically in Blanes Canyon, sediment rates substantially
increased since the 1970s in parallel with the expansion of the
trawling fleet (Paradis et al., 2018). Submarine canyons thus
offer heterogeneous habitats that are proved to host highly
diverse fauna at different spatial scales, which are subjected
to complex natural and anthropogenic processes (Sardà et al.,
2009; De Leo et al., 2014; Ismail et al., 2018). Despite the
increasing research focusing over the last decades on canyon
ecosystems and the associated environmental functioning, the
microbial assemblages thriving under these circumstances are
still being unveiled (Barone et al., 2018; Celussi et al., 2018;
Rzeznik-Orignac et al., 2018), and their response to both canyons’
natural and anthropogenic processes remains poorly known.
Remarkably, very few studies have aimed at evaluating how
different sedimentation conditions (e.g., OM accumulation)
may alter the microbial communities, the first compartment of
benthic food web, along submarine canyons (Danovaro et al.,
2000; Goffredi and Orphan, 2010). Nevertheless, higher bacterial
(Danovaro et al., 1999) and fungal (Barone et al., 2018) biomasses
have been reported along canyon axes in response to OM
increases in sediments, while parallel information on associated
changes in community composition remains scarce (Goffredi and
Orphan, 2010; Barone et al., 2018).

Microbial-focused studies taking into account canyon and
adjacent open slope ecosystems altogether are very rare (but
see Polymenakou et al., 2009). Since microbial community
idiosyncrasies in canyons and in their adjacent slopes may
associate to differential seafloor dynamics, comparative studies
may reveal effects along the whole food web. Specifically,
patterns of association between individual canyon bacteria
and nematodes have been reported (Rzeznik-Orignac
et al., 2018) through predation (Moens and Vincx, 1997)
or microbial commensalism (Moens et al., 2005). Indeed,
organically enriched sediments in canyons support higher
nematode densities, biomasses (Ingels et al., 2009; Leduc et al.,
2014) and diversities (Bianchelli et al., 2013; Román, 2017;
Bianchelli and Danovaro, 2019) than at the adjacent open
slope. Moreover, seafloor surface and subsurface sediments
also have distinct microbial (Bienhold et al., 2016; Lindh
et al., 2017) and nematode distributions (Román et al.,
2016), likely performing different processes with particular
nutrient or oxygenation requirements. Therefore, since the
functional and structural attributes of the benthic communities
may result from the interaction of the multiple parts of
the trophic food web (Leduc et al., 2014; Romano et al.,
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2016), a deeper understanding of the higher trophic levels
should be contextualized within the particularities of the
microbial communities at different scales (Zinger et al., 2011;
Sevastou et al., 2013).

Accordingly, the main objective of the present study was
to investigate the microbial community (Bacteria and Archaea)
of Blanes Canyon (NW Mediterranean Sea) and its adjacent
open slope in terms of abundance, diversity, composition,
and potential functionality. In particular, we compared two
locations at similar depths (1500 m) along the canyon axis
and on its western open slope. We studied the microbial
responses at three different levels: ecosystem (canyon vs.
slope), vertical sediment profile (three progressively deeper
layers) and season (autumn vs. spring). We also tested
whether the environmental/trophic variables (mainly sediment
characteristics) and biotic conditions (meiofaunal nematode
abundances as potential predators) inside the canyon do
affect the microbial communities differently to those on the
adjacent open slope.

MATERIALS AND METHODS

Study Area
The head of Blanes Canyon (North Catalan Margin, Iberian
Peninsula, NW Mediterranean, Figures 1A,B) deeply cuts
the continental shelf slope at 60 m depth, 4 km off the
Tordera Delta (Figures 1B,C). The canyon (184 km long,
20 km of maximum width at about 2000 m depth) has a
complex topography strongly influencing the near bottom
currents resulting in highly variable (eastern wall) and
prevailing offshore-directed (western wall) flows (Zúñiga
et al., 2009; Lastras et al., 2011). Major particle transport
responds to flooding from Tordera River and the numerous
coastal creeks of its catchment and to major coastal storms
(autumn–winter), as well as to phytoplankton blooms
(spring–summer) (Flexas et al., 2008; Zúñiga et al., 2009;
López-Fernández et al., 2013).

Sampling Strategy and Data Collection
Sediment samples were obtained on board of the R/V García
del Cid in autumn 2012 and spring 2013 in two stations
35 km apart (Blanes Canyon axis, western open slope) at
ca. 1500 m depth (Figure 1C and Supplementary Table S1,
Román et al., 2016). Sediment was collected by means of 6-
tube multiple-corer (KC Denmark A/S, inner diameter 9.4 cm;
length 60 cm), yielding intact sediment profiles. Multicore
deployments (three replicates per sampling station) yielded large
sediment corers that were sub-sampled on board for microbial
and sediment analyses with a sub-corer (3.6 cm diameter, 5 cm
thickness), and sliced down to 5 cm into three sediment layers
(0–1 cm: surface; 1–2 cm: sub-surface; 2–5 cm: deep) thus
giving rise to 36 individual sediment samples. Samples for
microbial and environmental sediment analyses were preserved
in absolute ethanol and stored frozen at −20◦C, respectively.
Among the full set of sediment variables described by Román
et al. (2016), we are here using grain size (clay, silt, and sand

fractions), organic carbon (OC, %), total nitrogen (TN, %),
chlorophyll a (Chl a, µg/g) and the chloroplastic pigments
equivalents (CPEs: sum of Chl a and its degradation products
as phaeopigments, mg/g), as a proxy of surface-produced OM
(Thiel, 1978), and the Chl a: phaeopigments ratio (Chl a: phaeo),
as a proxy of the freshness of photosynthetically derived OM
(Plante-Cuny and Bodoy, 1987). High phaeopigments vs. Chl
a ratios are generally associated with detrital and degraded
autotrophic matter inputs.

Total microbial community DNA was extracted from 10 g
of sediment per sample and processed with the PowerMax R©Soil
DNA Isolation Kit from MO BIO Laboratories, Inc. (Guardiola
et al., 2016). Meiofaunal nematode samples, methods and data
(i.e., abundance) come from Román et al. (2016, 2018).

Sequencing and Data Filtering
High-speed multiplexed 16S rRNA gene microbial sequencing
with the Illumina MiSeq System (2 × 250 bp) was carried out
in the V4 region using 515f and 806r primers (Caporaso et al.,
2011), the earth microbiome project protocols (EMP), and the
genomics core facilities of the Research Technology Support
Facility, Michigan State University (RTSF-MSU, United States).
The selected primers are widely used to amplify both Bacteria
and Archaea with few known biases (Apprill et al., 2015; Parada
et al., 2016). A total of 5398793 raw sequences were filtered and
further clustered with UPARSE (Edgar, 2013) by read length
(above or equal to 250 pb) with an expected error of 0.25.
After singleton and chimera removal, sequences were further
clustered into 22059 97%-identity OTUs. The 3530733 filtered
sequences were mapped back into these OTUs and classified
with the SILVA 119 database (Quast et al., 2013) through the
SILVA-ngs pipeline1. Raw files are available in the National
Center for Biotechnology (NCBI) repository under the project
code PRJNA489177.

Functional Prediction
Functional predictions based on representative genomes
are useful for the estimation of metabolic potential when
metagenomes are not available (Langille et al., 2013; Nemergut
et al., 2015). Although some strains within the same taxonomic
rank may have distinct functional signatures or environmental
distributions, functional predictions provide an approximation
to functional patterns at the community level (Ortiz-Álvarez
et al., 2018). We applied an adaptation of the Tax4Fun2
routine (Wemheuer et al., 2018) using gene presence/absence
weighted by the relative abundance of each taxa in each
sample. The numeric results represent a fraction of the
community that matched with the functional database,
and indicate the community proportions containing each
specific function. We filtered a total of 106 KEGGs (functional
orthologs) within 30 metabolic pathways (Llorens-Marès
et al., 2015), including five additional phosphorous cycle
pathways (G-3-P transport, phosphate transport -high and
low efficiency-, phosphonate transport, and phosphonate
metabolism) (Vila-Costa et al., 2013), and four complex OM

1https://www.arb-silva.de/ngs/
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FIGURE 1 | (A) Location of the study area in the Mediterranean Sea. (B) Color bathymetric map of the study area in the North-Catalan margin. (C) Color bathymetric
map and the sampling stations (white and black dots) in the Blanes Canyon region (marked with an arrow in B). ToR, Tordera River; TeR, Ter River; FR, Fluvià River;
BC, Blanes canyon; LFC, La Fonera Canyon; CCC, Cap de Creus Canyon; OS, Open slope. Color maps are redrawn from the bathymetric map of GRC of Marine
Geosciences of University of Barcelona.

decomposition pathways (chitin, cellulose, hemicellulose, and
lignin) (Lüneberg et al., 2018).

Quantification of 16S rRNA Gene (qPCR
Analyses) and Microbial Abundance
Estimation
The determination of 16S rRNA gene copies was carried out
per sample through quantitative PCR amplification using the
bacterial universal primers 341F-534R (Muyzer et al., 1996;
Watanabe et al., 2001). Q-PCR assays were run on 96-well white
qPCR plates (Bio-Rad, Hercules, CA, United States) in a DNA
engine thermal cycler (Bio-Rad) equipped with a Chromo 4
real-time detector (Bio-Rad) (López-Gutiérrez et al., 2004). The

reaction mixture (20 µl) contained 10 µl of SsoFast EvaGreen
supermix (Bio-Rad), 5 µl of template DNA (1 ng), 10 µM
primers and molecular biology-grade water (Sigma, St. Louis,
MO, United States). Standard curves were obtained from clones
containing E. coli 16S rRNA using 10-fold serial dilutions. All
reactions were run in triplicate with standard curves spanning
from 102 to 107 DNA copies. Since each bacterial taxon has
different 16S gene copies in their genomes, qPCR results required
a 16S copy number correction by bacterial OTU. We used
the curated database rrnDB version 5.4 (Stoddard et al., 2014)
to calculate an estimated 16S rRNA copy number for each
OTU based on the lower taxonomic rank available with a
0.85 cut-off. The conversion factor was the average number
of copies per OTU weighted by their relative abundances
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per sample. The final abundance estimate was corrected by
the % of archaea per sample, since the qPCR primers were
bacteria-specific.

Statistical Analyses
Alpha diversity, as OTU Richness and Shannon index (Shannon,
1948), were estimated after rarefaction to the minimum
sampling size of 35000 sequences per sample, and separately
for archaea (2000 sequences) and bacteria (35000 sequences).
One canyon sample was removed due to a low number
of sequences after rarefaction. Shannon index was calculated
with the function diversity in package ‘vegan’ (Oksanen
et al., 2017). The community structure based on OTUs was
standardized through Hellinger transformation, fitted under a
non-metric multidimensional scaling (nMDS) based on Bray–
Curtis dissimilarities calculated with function vegdist in package
‘vegan,’ and plotted with ggplot2 function in package ‘ggplot2’
(Wickham, 2009). We quantified beta diversity (i.e., variability
in species composition between sampling units for a given
area, per habitat and per sediment layer) using the function
betadisper in package ‘vegan.’ Indicative OTUs were detected with
function IndVal in package ‘labdsv’ (Roberts, 2013). Microbial
community descriptors (estimated abundance, alpha diversity,
community structure, and functional prediction structure) were
analyzed by means of non-parametric permutational analyses
of variance (PERMANOVA) using PRIMER v6 (Anderson,
2005; Anderson et al., 2008). Similarity matrices for univariate
descriptors (i.e., standing stocks and structural diversity)
were built based on Euclidean similarity. Differences in
microbial communities were analyzed using a three-way fixed
model, with a fully crossed design by habitat (Ha: canyon
and slope), season (Se: autumn and spring) and sediment
layer (SL: surface, sub-surface and deep) in PERMANOVA
+ for Primer (Anderson et al., 2008). The same three-
way design was used to analyze differences in sediment
environmental variables by univariate PERMANOVAs, except
for the grain size, where clay, silt, and sand percentages
were considered as multivariate variables. Sediment variable
matrices were based on Euclidean similarities. Additionally,
principal component analysis (PCA) was performed on the
environmental data matrix to show the ordination pattern of
the samples. Significant differences were indicated as p < 0.05,
p < 0.01, or p < 0.001.

The strength of the relationships between the selected
environmental and biological variables (clay, silt, sand, OC,
TN, Chl a, CPE, and Chl a: phaeo, nematode densities) and
univariate community descriptors (i.e., abundance and structural
diversity), for both canyon and slope habitats separately, were
assessed by Spearman Rank correlations by means of the XLSTAT
(Addinsoft) software, with a fdr p-adjustment. RELATE and
DISTLM (distance-based linear model) PRIMER routines based
on the normalized environmental data (Anderson et al., 2008)
allowed to analyze and model the relationship between microbial
community structure and environmental variables, following the
same design as for univariate metrics. Metabolism differences
by factors were explored through Kruskal–Wallis test (Ha
and SL) and Spearman correlations with univariate descriptors

(% Archaea, microbial abundances, and nematode densities). The
same PERMANOVA design described for microbial assemblages
was used to analyze metabolism differences, based on a Bray–
Curtis dissimilarity matrix.

RESULTS

Sediment Physical and Chemical
Variability
Both canyon and slope sediments were predominantly muddy
(2–63 µm in grain diameter) with high silt content (64 to 77%,
respectively) (Figure 2). However, canyon and slope samples
were differentiated according to the environmental variables in
the PCA plot (Figure 3). The first two PCA axes explained a total
of 66.5% of the variation (Figure 3). The main contributors were
clay (−0.392), sand (0.449) and Chl a (0.398) for PC1, and OC
(−0.517), TN (−0.444), silt (−0.444), and CPE (−0.423) for PC2
(numbers in parenthesis represent eigenvectors). Sediment grain
size showed significant differences for the interactions Ha × Se
and Ha × SL (Table 1: PERMANOVA, p < 0.01). Differences
between seasons indicated that sediments were coarser in spring
than in autumn (pair-wise test, Ha × Se, p < 0.05, see Figure 2),
and particularly, canyon sediments had up to 20% more sand
in spring. Slope sediments became progressively finer along the
vertical sediment profile (pair-wise test, Ha × SL, p < 0.05, see
Supplementary Figure S1).

OC and TN differed significantly between habitats and
seasons, as well as in the interaction Ha × Se (PERMANOVA,
p < 0.05, Table 1). In autumn, they were significantly higher in
the canyon (0.76 and 0.11%, respectively) than on the slope (0.60
and 0.09%, respectively) (p < 0.05, see Figure 2). On the slope,
they differed in autumn and spring, while in the canyon only TN
differed (pair-wise, p < 0.05, see Figure 2).

Chl a and CPE also differed significantly between habitats,
being higher in the canyon (0.03 and 0.7 µg/g on average,
respectively) than on the slope (0.01 and 0.3 µg/g on average,
respectively) (Figure 2 and Table 1), but also the interaction
Se × SL differed significantly (Table 1). Chl a at the
surface sediment layer was higher in spring (pair-wise test,
Se × SL, p < 0.05, Supplementary Figure S1), while CPE was
progressively lower along the vertical sediment profile (pair-wise
test, Se × SL, p < 0.05, Supplementary Figure S1). The Chl a:
phaeo ratio was significantly higher in spring (PERMANOVA,
p < 0.05, Table 1).

Taxonomic Groups of Bacteria and
Archaea
The dataset comprised 16694 OTUs in the canyon and 13318
in the slope, sharing 37% of the total (8161). Sequences were
classified into 10 archaeal and 45 bacterial phyla, out of which
10 were candidate divisions. Classified sequences (98.7%) were
assigned to members of bacteria (87% canyon, 85% slope),
with Proteobacteria (including Alpha-, Beta-, Gamma-, Delta-
and Epsilon- proteobacteria) being dominant (45% canyon,
36% slope) (Figure 4A). Gammaproteobacteria (1679 OTUs)
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FIGURE 2 | Environmental variables used in this study for canyon (BC) and slope (OS) stations: (A–C) Granulometry (%Clay, %Silt, and %Sand), (D) TN (total
nitrogen), (E) OC (organic carbon), (F) Chl a (Chlorophyll a), (G) CPEs (chloroplastic pigment equivalents) and (H) Chl a: phaeo (Chlorophyll a: phaeopigments). Black
lines represent the median, and lower box indicates the first quartile and upper box the third quartile. Upper line on the boxes shows the maximum value and lower
line the minimum value.
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FIGURE 3 | Principal component analysis (PCA) ordination based on selected environmental variables at the studied stations. Parameters included in the analyses
were: clay (%), silt (%); sand (%), organic carbon (OC), total nitrogen (TN), chlorophyll a (chl a), chloroplast pigments equivalents (CPE), chlorophyll a: phaeopigment
ratio (chl a: phaeo).

TABLE 1 | Results from univariate and multivariate PERMANOVA three-way analyses for differences in environmental sediment variables, using Habitat (Ha), Season (Se),
and Sediment Layer (SL) as factors.

Source df Mean grain size (%) TN (%) OC (%) Chl a (µg/g) CPE (µg/g) Chl a: phaeo

Ha 1 0.0001 0.0252 0.0240 0.0084 0.0053 0.3084

Se 1 0.0019 0.0001 0.0096 0.0135 0.2467 0.0473

SL 2 0.0073 0.7918 0.3037 0.1156 0.0131 0.9209

Ha × Se 1 0.0005 0.0008 0.0248 0.1949 0.3891 0.2806

Ha × SL 2 0.0424 0.1656 0.1836 0.3699 0.5765 0.3950

Se × SL 2 0.1976 0.3054 0.4381 0.0339 0.0170 0.4151

Ha × Se × SL 2 0.3255 0.8139 0.4232 0.1466 0.3020 0.6479

Res 23

Total 34

TN, total nitrogen concentration; OC, organic carbon concentration; Chl a, chlorophyll a; CPE, chloroplastic pigment equivalents; Chl a:phaeo, chlorophyll a:
phaeopigments ratio. Data was normalized; resemblance was calculated using Euclidean Distance. Bold: p < 0.05; bold italic: p < 0.01.

were dominant among them, showing a higher proportion in
the canyon than in the slope (25.2% canyon vs. 18.4% slope).
The Deltaproteobacteria (3343 OTUs) were also enhanced in
the canyon (12.7% canyon vs. 9.8% slope), being surpassed by
Planctomycetes (4055 OTUs) on the open slope (10.6% canyon,
12.9% slope). Within this phylum, we found genera such as
Scalindua and Kuenenia, involved in the annamox pathway. Also
relevant in proportion and richness were Acidobacteria (1379

OTUs; 9% canyon, 13% slope) and Alphaproteobacteria (1049
OTUs; both 5.7%). Interestingly, the ratio richness:abundance
consistently differed by bacterial phyla in the canyon and
on the slope (Figure 4). Particularly Gammaproteobacteria
(mostly Oceanospirillales and Xanthomonadales) and
Alphaproteobacteria were more abundant than rich. Conversely,
Planctomycetes or Deltaproteobacteria showed a higher OTU
richness:abundance ratio (Figure 4). Regarding the sediment
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FIGURE 4 | Average microbial community profile per sample (richness and relative abundance), and phyla ratios between the proportion of richness and relative
abundances per habitat (canyon and slope) based on the average number of reads per sample. Error bars indicate the standard deviation (SD). Panels indicate: (A)
overall taxonomic profile and ratios and (B) archaea specific profile and ratios.

layers, there were not evident differences in taxonomic
profile nor at the phylum nor at the class level and only
Verrucomicrobia (236 OTUs) significantly (p < 0.001) decreased
in abundance along the vertical sediment profile. At lower
taxonomic ranks, there were many OTUs that exhibited
differences between the three sediment layers according to
their indicative values (IndVal > 0.5). These indicative OTUs
showed differences at the phyla level: Planctomycetes and
Nitrospirae had more indicators in the deeper layer, while
Gammaproteobacteria, Alphaproteobacteria, and Bacteroidetes
were more characteristic of the surface and subsurface layers
(Supplementary Figure S2).

Archaea were highly abundant in most samples,
accounting for a 14% on average (ranging from 4.2 to
23.4%). Archaeal sequences were classified within the
lineages Euryarchaeota, Aenigmarchaeota, Woesearchaeota,
Pacearchaeota, Diapherotrites, Lokiarchaeota, Crenarchaeota,
and Thaumarchaeota. However, most OTUs belonged to
the Woesearchaeota (1250), followed by Pacearchaeota
(651), Euryarchaeota (187), and Thaumarchaeota (181).
Thaumarchaeota showed the highest abundance, which was not
linked to a high proportion of OTUs (Figure 4B). Moreover,
OTU proportions of Woesearchaeota and Thaumarchaeota
greatly differed between canyon and slope, inverting their

ranks. Some of the most abundant (14) and widespread
(100%) OTUs were assigned to Candidatus Nitrosopumilus. The
thaumarchaeotal groups AK31 and Marine Benthic group ‘A’
were significantly more abundant on the slope.

Patterns of Microbial Abundances and
Diversity
The estimated cell abundances in the canyon and on the slope
ranged from 1.56 × 106 to 3.57 × 1010 and 3.81 × 109 to
4.39 × 1010 cells per sediment gram, respectively (Figure 5).
Both habitats showed significant higher abundances in autumn
than in spring in the surface and subsurface layers (Se × SL
PERMANOVA, Table 2 and Supplementary Table S2). The
abundances decreased along the vertical sediment profile on the
slope, particularly in autumn, while were evenly distributed in the
canyon (Figure 5). Furthermore, abundances were significantly
higher in the canyon than on the slope only for the deep sediment
layer (Ha × SL PERMANOVA, Table 2 and Supplementary
Table S2). Alpha diversity differed significantly between habitats
(ρ < 0.05, Table 2). The richness of Archaea and Bacteria was
higher in the canyon than on the slope, being strongly correlated
with microbial abundances (ρ = 0.42, p < 0.01). Shannon index
was higher in the canyon than on the slope for Bacteria, contrary
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FIGURE 5 | Estimated microbial abundances (number of cells/gram of
sediment) along the vertical sediment profile in the canyon and on the slope
during autumn and spring. Errors bars are standard deviations.

to Archaea (Figure 6). Beta diversity was higher in the canyon
along the whole vertical sediment profile (Figure 7).

On the slope, abundance and Shannon Index were negatively
correlated with clay and positively with silt, and positively with
nematode densities (Table 3). In the canyon, there was a negative

TABLE 2 | Results of three-way PERMANOVA analyses for differences in microbial
descriptors using Habitat (Ha), Season (Se), and Sediment Layer (SL) as factors.

Source df Microbial
abundance

OTU
richness

Shannon
diversity

Community
structure

Microbial
functions

Ha 1 0.6418 0.02 0.005 0.0001 0.0001

Se 1 0.0091 0.1942 0.6063 0.0008 0.0955

SL 2 0.0997 0.8914 0.8018 0.0001 0.0807

Ha × Se 1 0.3058 0.5898 0.3588 0.0033 0.1008

Ha × SL 2 0.0428 0.9627 0.211 0.0033 0.0487

Se × SL 2 0.0279 0.5597 0.4099 0.1424 0.0219

Ha × Se
× SL

2 0.5123 0.0821 0.2437 0.2448 0.2774

Residuals 23

Total 34

Bold: p < 0.05; bold italic: p < 0.01.

correlation between abundance and OC, while alpha diversity
was positively correlated with Chl a only in autumn (Table 3).
Additionally, only archaeal richness was negatively correlated
with nematode abundance (ρ =−0.43, p < 0.01) on the slope.

Patterns of Community Structure
Community structure based on OTU-derived Bray–Curtis
dissimilarities, clearly differed between canyon and slope
(Figure 8 and Table 2), showing significant differences in
terms of Habitat, Season and Sediment Layer, but also for
the interactions Ha × Se and Ha × SL (PERMANOVA,
Table 2). Canyon and slope significantly differed in both seasons,
but seasonal variations were only significant in the canyon
(pair-wise tests, Figure 8A and Supplementary Table S3).
Additionally, all sediment layers showed strongly differentiated
OTU communities both in the canyon and on the slope
(Ha × SL, Figure 8B and Supplementary Table S3). Within
habitats, significant differences among all sediment layers were
found on the slope, while in the canyon these were mainly
observed between surface and deep layers (Figure 8B and
Supplementary Table S3).

We only found significant explanatory environmental
variables in the canyon, explaining 24.4% of the community
variability (according to RELATE analysis-PRIMER). The
responses were TN, clay, sand, and silt (marginal -individual
variables- test, DISTLM, p < 0.05; 12.9, 11.7, 11.1, and 10.7%
of variation explained, respectively, Supplementary Table S5).
The combination TN and silt constituted the best explanatory
model for the community patterns (sequential test, ca. 58% of
total variability explained), which imply that grain size explains
a large part of the observed variability (Supplementary Table
S5). Samples showed separation between seasons, with the
most influencing environmental variables being Chl a and
Chl a: phaeo in spring (Supplementary Figure S3). The first
two dbRDA axes explained 42.2% of the community variation
(Supplementary Figure S3).

Relationships of Functional Predictions
With Spatial Factors and Densities
The functional predictions correspond, on average, to 30% of
reads/sample (minimum 24.4%, maximum 40.5%), according
to the matches with the Tax4Fun2 reference functional
dataset. Without considering the spatial factors, the community
proportion of pathways of the different biogeochemical cycles
(Figure 9) had significant correlations with independently
measured variables such as nematode density, which was
positively correlated with aerobic respiration, and negatively
with the NO3 reduction/NO2 oxidation two-way pathway.
Also, microbial abundance was positively correlated to the
carbon cycle, specifically with arnon C fixation and fermentative
processes. Furthermore, the relative abundance of Archaea was
positively correlated with N mineralization and nitrification.

In addition, spatial factors and seasons significantly separated
the functional profiles according to PERMANOVA (Figure 9,
Table 2 and Supplementary Table S4). Habitat alone statistically
differentiated the profiles, but there were post hoc differences
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FIGURE 6 | Alpha diversity of Archaea and Bacteria measured as Richness (OTU number) and Shannon index (H′).

FIGURE 7 | Beta-diversity (as Betadispersion) of samples (with both Archaea and Bacteria) grouped by habitat and sediment layer.
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between habitats in the three sediment layers (Ha × SL).
Specifically, aerobic respiration, Arnon C fixation, chitin and
cellulose break, or N assimilation/fixation were significantly
higher in the canyon; while nitrification, annamox or P transport
were significantly higher on the open slope. Furthermore, there
were differences between the three sediment layers but only
during autumn (Se × SL), and regardless of the season solely
on the open slope (Ha × SL). The upper layer had significantly
higher aerobic respiration (both habitats), and assimilatory
sulfate reduction (canyon only). The deeper layer showed higher
potential for the sulfate reduction and sulfide oxidation pathway
(both habitats) (Figure 9).

DISCUSSION

Differences Between Canyon and Open
Slope
We expected that the differential environmental dynamics
affecting canyon and slope habitats would lead the respective
microbial communities to assemble differently, thus giving place
to particular patterns. Indeed, Blanes Canyon’s higher dynamism
promotes diversity (both for bacterial and archaeal taxa pools)
and community heterogeneity. The complex topography and
strong, variable currents characterising submarine canyons
enhance marine landscape diversity at regional scales, providing
singular habitats to a highly diverse fauna (Huvenne and Davies,
2014; Fernandez-Arcaya et al., 2017; Ismail et al., 2018). In Blanes
Canyon, high-rank taxa showed similar profiles to the open slope,
but only 37% of the OTUs were shared. Accordingly, the two
habitats at the same depth (ca. 1,500 m) showed clearly different
sediment communities. Deep-sea microbial communities often

TABLE 3 | Spearman correlations between independent variables (environmental
factors and nematode abundance) with microbial metrics (abundance and
Shannon index) for both habitats.

Habitat Season Metric Variables r p n

Slope All Abundance Nematodes 0.67 0.027∗ 18

Autumn Abundance Nematodes 0.817 0.042∗ 9

Autumn Abundance Clay (%) −0.8 0.042∗ 9

Autumn Abundance Silt (%) 0.8 0.042∗ 9

Autumn Shannon-
Index

Nematodes 0.933 0.009∗∗ 9

Autumn Shannon-
Index

Clay (%) −0.883 0.014∗ 9

Autumn Shannon-
Index

Silt (%) 0.867 0.015∗ 9

Canyon Autumn Abundance % OC −0.877 0.027∗ 9

Autumn Shannon-
Index

Chl a 0.854 0.054. 9

Autumn Shannon-
Index

Chl
a:phaeo

0.753 0.108. 9

Spring Shannon-
Index

% OC −0.719 0.113. 9

Significance levels (fdr adjusted): p < 0.01 (∗∗bold), p < 0.05 (∗bold), p < 0.1
(.italics).

have shown a high degree of specificity in terms of taxa and
ecological specializations as a response to characteristic nutrient
and particle fluxes (Dang et al., 2009; Li et al., 2009; Jacob
et al., 2013; Sevastou et al., 2013; Ristova et al., 2015). Blanes
Canyon shows a high TN level through its whole vertical
sediment profile, suggesting sedimentation rates higher than
those on the slope leading to major environmental differences.
OM indicators (OC, Chl a, CPE) were also higher in the
canyon (Román et al., 2016), which may contribute to the
environmental idiosyncrasy influencing microbial community
assembly. Downward particle fluxes are higher in the canyon
axis than those in the eastern and western adjacent open slopes
due to external forcing such as storm and/or dense shelf water
cascading events (Canals et al., 2006; Zúñiga et al., 2009; López-
Fernández et al., 2013). In particular, sedimentation rates at
1500 m depth inside the canyon were twice as high than in
the slope (Paradis et al., 2018). These environmental differences
among habitats may certainly contribute to explain the canyon’s
singularity as a habitat for microbial communities. Differences
also occur in meiofaunal communities between Blanes Canyon
and their adjacent slopes (Romano et al., 2013a; Román et al.,
2016). Consequently, ecological interactions may also contribute
to the observed differences in microbial communities. For
instance, specific associations between nematodes and bacteria
have been detected in a nearby canyon system (Rzeznik-Orignac
et al., 2018). As a more general trend, we have observed
that nematode densities lacked seasonal changes and showed
positive relationships with bacterial diversity and abundance
only on the slope, whereas nematode densities increased in
the canyon during spring (Román et al., 2016). This suspected
association between meiofaunal and microbial communities
might reflect different trophic interactions in the benthic
sediments at the two contrasting habitats. Predatory/scavenger
nematodes (such as Sphaerolaimus and Pomponema) dominate
the Blanes Canyon communities, while non-selective deposit
feeders were less numerous compared to the adjacent slope
(Román et al., 2018), which appear to be related to their different
roles in the trophic web (Ingels et al., 2009). These differences
in nematode community composition may thus enhance
the differential environmental trends discussed above, joining
them in explaining the observed between-habitat differences
concerning the microbial assemblages’ establishment and growth.

Interestingly, when comparing bacterial and archaeal phyla by
habitat, we observed that Planctomycetes and Thaumarchaeota,
both containing taxa with roles in the N cycle (Sintes et al.,
2013; Restrepo-Ortiz et al., 2014; Kuypers et al., 2018), had
higher richness in the open slope than in the canyon. Part
of the microbial richness observed may also act as seed
microbes or opportunists, actively changing their abundances
as a response to environmental situations matching their
functional requirements (Sebastián et al., 2018). These functional
requirements displayed differences along habitats and sediment
layers. The pathway with the highest proportion, aerobic
respiration, is more abundant in the canyon, particularly in
surface sediments. In parallel, nematode abundance is also higher
in the canyon (Supplementary Figure S4), contributing to
sediment oxygenation through bioturbation (Sturdivant et al.,
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FIGURE 8 | Non-metric MDS plots (Bray–Curtis similarity) based on Hellinger transformed microbial community data (OTUs) illustrating the significant interactions:
(A) Habitat × Season and (B) Habitat × Sediment Layer.
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FIGURE 9 | Predicted functional pathways sorted by mean dataset
abundance and element. Significant differences for each pathway are shown
for spatial factors (Habitat and Sediment Layer in the Canyon and on the
Slope separately), nematodes and microbial abundances, and the % of
archaea/sample. The heatmap displays statistically significant relationships
after fdr adjustment (∗∗p < 0.001, ∗p < 0.05), according to Kruskal–Wallis
test (spatial factors) and spearman correlations (univariate metrics). C/O
0-1/2-5 indicate the factor level harboring a significantly increased value, and
the color scale the Spearman’s r magnitude.

2012). Also, vegetal debris occurred more often in Blanes Canyon
than on the open slope (C. Romano, unpublished data), together
with the associated wood-degrading macrofauna (Romano et al.,
2013b, 2014). Therefore, we also expected to encounter enhanced
predicted chitin and cellulose pathways in the canyon sediments.

Differences Between Seasons
The marked between-season differences in microbial
communities observed in Blanes Canyon was associated to
increases in available phytodetritus in spring. These may
probably be explained by the winter 2012 unusual atmospheric
conditions, which led to the formation of dense shelf water
cascading in the whole NW Mediterranean (Durrieu de Madron
et al., 2013). These increases in available phytodetritus in spring
(Román et al., 2016) may have led to increased nematode
densities (Supplementary Figure S4), and surprisingly lower
microbial densities. Despite microbial community structure
lacked relationships with environmental variables on the open
slope, we found positive relationships between microbial
abundance and diversity with nematode densities and silt
content solely during autumn. This may be explained by
multiple heterogeneous processes, including anthropogenic

activities, affecting the Blanes submarine canyon and its
sedimentation characteristics (López-Fernández et al., 2013;
Román et al., 2016; Paradis et al., 2018) with distinct intensities
over time. Food availability may certainly be a key driver
(Goffredi and Orphan, 2010; Sevastou et al., 2013; Bienhold
et al., 2016), but also others may play a role in shaping
these communities that may explain the often non-consistent
relationships with food sources. Therefore, the consistency of
these observations require further checking over time before
allowing us to derive accurate seasonal predictions in microbial
assemblage trends.

Adaptations Along the Vertical Sediment
Profile
Substrate heterogeneity has often been considered a possible
cause of spatial variability in deep-sea environments and
their biodiversity (Rex and Etter, 2010). In our study,
the differentiation of microbial community structure and
abundance along the vertical sediment profile has been the
second most important pattern observed. Differences between
microbial communities from upper to deeper layers have
been reported for both habitats, being in agreement with
the down-core stratification reported in previous studies (e.g.,
Fry et al., 2006; Jorgensen et al., 2012; Bienhold et al.,
2016). Surface and subsurface communities in the canyon
seemed to harbor homogeneous communities, which may be
supported by mixing and depositional processes (Harrison
et al., 2018), consistent with its sedimentation characteristics
(Lastras et al., 2009; Zúñiga et al., 2009; Pusceddu et al.,
2010). Microbial abundances decreased particularly on the
open slope, suggesting a more stable sediment stratification
responding to a higher environmental homogeneity and stability
(e.g., in terms of particle fluxes or ocean currents) compared
to Blanes Canyon (Zúñiga et al., 2009). In the canyon,
clay content gradually increased with depth, as reported
in other regions (Nunoura et al., 2018), while productivity
variables were linked to seasonal events showing higher
variability. Consequently, the high microbial abundances in
canyon’s subsurface and deeper layers may be explained by
the higher seasonal production variability together with its
higher sediment heterogeneity (Ingels et al., 2009; Zúñiga
et al., 2009). Overall, the differences in sediment and OM
deposition and accumulation rates appear to be mirrored by
the microbial communities (likely due to their size), thus
contributing to explain the more homogeneous distribution
patterns observed on the slope. The relationship between
sediment environmental variables and microbial abundances
also differed between habitats, suggesting the existence of
different drivers. Sediment OM content emerged as a key factor
associated with changes in bacterial community structure in
other locations (Sevastou et al., 2013; Bienhold et al., 2016).
However, while we have found weak ‘food-source’ relationships
with the microbial descriptors (abundance and community),
these only occurred in the canyon, where the sediments were
more organically enriched than on the slope (Román et al., 2016;
Román, 2017). In turn, sediment granulometry arose as a
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fundamental driver for microbial assemblages both in canyon and
slope environments.

Ecological Roles and Potential
Functionality of Deep-Sea Sediments
We found a noteworthy proportion of sequences assigned to
archaeal lineages. In general, contrasting to their scarcity in the
water column (Sunagawa et al., 2015), archaeal contribution
to the total benthic microbial biomass in particular from
Thaumarchaeota, has been pointed out to be greater than
previously hypothesized (Danovaro et al., 2016). Some of
these archaea are critical players in the N cycle in marine
sediments (Kuypers et al., 2018), and the observed high relative
abundances in our study probably benefit from the ammonia
excretion coming from the nematodes (Barnes, 1980). However,
despite the high proportion of Thaumarchaeota per sample,
the richest groups were Pacearchaeota and Woesearchaeota,
considering the whole sampling area but particularly in the
canyon. These lineages have an unknown ecological role in the
Blanes Canyon system but display an enormous environmental
versatility and biome occurrence (Ortiz-Álvarez and Casamayor,
2016). Studies in inland environments support their anaerobic
heterotrophic lifestyle and metabolic complementarity with other
microbes (Liu et al., 2018). Given that archaeal richness was
negatively correlated with nematode abundance, we suggest
a niche differentiation of these lineages along the vertical
sediment profile. Regarding N, both microbial abundances and
nematode densities were negatively correlated to the predicted
NO3 reduction/NO2 oxidation two-way pathway. Accordingly,
nematodes likely play a strong role in the N cycle by supplying
ammonia to the system (Ferris et al., 1998). And both
nitrification and anammox processes, which require ammonia,
are particularly enhanced on the open slope. Annamox is a
process exclusive to a few genera (Kuenenia and Scalindua)
from the phylum Planctomycetes (Kuenen, 2008; Sonthiphand
et al., 2014), genera that were indeed detected in our dataset.
Planctomycetes is also dominant in the deep-sea sediments from
the Eastern Mediterranean Sea (Quaiser et al., 2011; Bienhold
et al., 2016), and the South Atlantic Ocean (Schauer et al.,
2010). In addition, in South China sediments, the deep-sea
harbors a higher abundance of microbes involved in nitrification,
anammox, and ammonification than the shallower sediments
(Yu et al., 2018).

The deep ocean floor copes with all the debris deposited from
the water column. In this environment, biogeochemical cycling
is key in avoiding the particles to remain buried by transforming
them into available nutrients that nurture the complex trophic
chain. Microbes degrading sunken wood produce significant
amounts of hydrogen sulfide through S mineralization, which is
the base of the wood chemosynthetic ecosystem (Kalenitchenko
et al., 2017), that also exist in Blanes Canyon (Fagervold et al.,
2013, 2014; Romano et al., 2013b, 2014; Bessette et al., 2014).
The high burial rates in the canyon (López-Fernández et al.,
2013) lead oxygen levels to quickly drop a few centimeters
below the sediment surface, while causing higher aerobic activity
in the surface sediment layers (indicated by the increased

aerobic respiration and aerobic sulfate reduction pathway). The
occurrence of the chemosynthetic nematode Astomonema only
in the canyon (Román, 2017), especially at deeper layers (Román
et al., 2018), supports the presence of hydrogen sulfide by the lack
of oxygen and sulfate respiration in the sediments (Ingels et al.,
2011). The reduced conditions at the deep layers found both in
the canyon and on the slope were supported by the dominance
of Sabatieria (Román et al., 2018), indicating reduced oxygen
availability (Soetaert et al., 1995; Vanreusel et al., 1997).

CONCLUSION

We report idiosyncratic microbial characteristics (in terms of
abundance, diversity, composition, and predicted functions)
in two closely related geographical regions, a canyon and
its adjacent open slope. Our results suggest that the deep-
sea seafloor is strongly connected to coastal and pelagic
productive areas through the canyon system in a stronger
manner than to the open slope, thus modulating resource
availability while driving changes in the microbial biosphere
and the deep-sea food web. Overall, the microbial communities
were dominated by bacteria, in which Gammaproteobacteria
were the most abundant, followed by Deltaproteobacteria
(the richest group), Planctomycetes, Acidobacteria, and
Alphaproteobacteria. Although not dominant, Archaeal
contribution to diversity and abundance was significant.
Most OTUs belonged to Woesearchaeota followed by
Pacearchaeota, Euryarchaeota and Thaumarchaeota, which
showed the higher proportion and occurrence. The gradually
decreasing abundance along the vertical sediment profile
on the slope was explained by environmental stability and
correspondingly low food availability. Conversely, canyon
sediments showed much more variable geomorphological
and environmental conditions which, together with the
greater amount of available food (as Chl a, CPE, and OC),
lead this habitat to harbor distinctive microbial assemblages
in terms of composition and structure. In addition, the
observed differences in community structure between
autumn and spring were only evident in the canyon, again
tracing a higher dynamism than on the open slope. The
high downward particle fluxes driven by bottom trawling
activities along canyon flanks appear to be directly related
with the high reported sedimentation rates inside the canyon.
This supports the existence of a considerable anthropogenic
influence on microbial assemblages at the studied depth, but
long-term studies are required to confirm this hypothesis.
Furthermore, the arrangement of communities along the
0–5 cm vertical sediment profile, and the differences in
predicted metabolisms, indicates niche specialization with
potential consequences in higher trophic levels. Correlations
between sediment microbiota and nematodes were only
observed on the slope, in the absence of seasonal variability,
and corresponding with differences along the vertical sediment
profile. However, only ecological studies targeting both fauna and
microbiological composition, for example under a co-occurrence
network approach, will reveal the different ecological
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specificities of these two food web compartments. In light of
our results, we conclude that Blanes Canyon notably contributes
to the deep-sea microbial biodiversity, enlarging the idea of the
‘canyon effect’ shaping deep-sea microbial benthic communities.
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