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Summary

Microorganisms attached to particles have been shown
to be different from free-living microbes and to display
diverse metabolic activities. However, little is known
about the ecotypes associated with particles and their
substrate preference in anoxic marine waters. Here, we
investigate the microbial community colonizing particles
in the anoxic and sulfide-rich waters of the Black Sea.
We incubated beads coated with different substrates in
situ at 1000 and 2000 m depth. After 6 h, the particle-
attached microbes were dominated by Gamma- and
Alpha-proteobacteria, and groups related to the phyla
Latescibacteria, Bacteroidetes, Planctomycetes and
Firmicutes, with substantial variation across the bead
types, indicating that the attaching communities were
selected by the substrate. Further laboratory incuba-
tions for 7 days suggested the presence of a community
of highly specialized taxa. After incubation for 35 days,
the microbial composition across all beads and depths
was similar and primarily composed of putative sulfur
cycling microbes. In addition to the major shared micro-
bial groups, subdominant taxa on chitin and protein-
coated beads were detected pointing to specialized
microbial degraders. These results highlight the role of
particles as sites for attachment and biofilm formation,
while the composition of organic matter defined a sec-
ondary part of the microbial community.

Introduction

Microbial dynamics is of fundamental importance for the
remineralisation of organic matter (OM) in marine envi-
ronments, thereby contributing to long-term carbon
cycling processes (Azam and Malfatti, 2007; Jiao et al.,
2010). At the surface, part of the OM aggregates to form
particulate organic matter (POM) that is of a higher den-
sity and therefore sinks in the water column (Alldredge
and Jackson, 1995). This POM, in addition to faecal
material produced by zooplankton, is the main exporter
of OM produced in surface waters by primary producers
to the deep ocean and sediments (Herndl and Reinthaler,
2013), a process that is often referred to as the biological
pump (Volk and Hoffert, 1985). Most of the POM
undergoes degradation during settling in the water col-
umn, and only a small fraction of POM escapes
remineralization and reaches the sediment, where it may,
after subsequent break-down, ultimately be buried
(Burdige, 2007). Heterotrophic microbial activity is
responsible for the degradation of POM as it sinks in the
water column (Azam and Ammerman, 1984). The extent
to how this process influences the water column micro-
bial community dynamics remains unknown.

POM forms a physically separate microbial environ-
ment in aquatic ecosystems (Silver et al., 1978), as
particulates harbour higher densities of organic carbon,
nutrients and microbial cells than the surrounding
water (Alldredge and Silver, 1988). Therefore, the abil-
ity to associate with particles is an important factor
determining the microbial community composition and
their activity (Grossart et al., 2006). Particle-attached
microbes are phylogenetically distinct from free-living
microbes (Salazar et al., 2015), but are consistently
found across the same phylogenetic groups under
widely varying biogeochemical conditions (DeLong
et al., 1993; Fuchsman et al., 2011; Smith et al., 2013;
Ganesh et al., 2014; Mestre et al., 2017; Bachmann
et al., 2018; Suter et al., 2018). They include members
of the Gammaproteobacteria, Deltaproteobacteria,
Planctomycetes, Bacteroidetes and Verrucomicrobia.
In agreement with this, the functional profile of particle-
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attached microbes is distinguished mainly by the pres-
ence of genes related to motility, cellular adhesiveness
and social interaction (Ganesh et al., 2014), as well as
anaerobic metabolisms, that are induced in anoxic
microniches formed inside POM during degradation
(Smith et al., 2013). Community and metagenomic
analyses of the microbial communities associated with
particles indicate a predominantly heterotrophic life-
style (Ganesh et al., 2014; Suter et al., 2018). How-
ever, the effect of the biochemical composition of POM
on the composition of the particle-attached microbial
community and, hence, their lifestyles with respect to
OM recycling remains largely unknown. So far, most
studies into the identity of microbial communities
degrading POM have focused on bulk material from
size-filtered suspended particulate matter (SPM) or
sediment trap collected material, where the composi-
tion of the POM is unknown. A few studies exist that
take into account the composition of POM. A study on
natural POM across a continuum of particle types from
aromatic-rich terrestrial material in a freshwater system
to carbohydrate-rich particles in a marine system found
that about 10% of the variation in the microbial commu-
nity could be explained by differences in particle type
(Zhang et al., 2016). In another study using model par-
ticles with known composition under oxic conditions,
an initial community of microbes specialized on the
hydrolysis of different polysaccharides, while a com-
munity of generalists rapidly took over the degradation
process irrespective of the original polysaccharide
(Enke et al., 2019).
Microbial communities are also strongly shaped by

redox conditions in their environment and degradation of
POM under anoxic conditions differs from that in oxic

systems (Harvey et al., 1995; Van Mooy et al., 2002). A
larger portion of OM escapes degradation in oxygen-defi-
cient waters (Karl and Knauer, 1991; Devol and Hartnett,
2001; Van Mooy et al., 2002; Roullier et al., 2014), but
the exact reasons behind this phenomena are unknown
(Keil et al., 2016). Despite this lower degree of
mineralisation under anoxic conditions, rates of microbial
POM degradation have repeatedly been found to be simi-
lar in oxic and anoxic conditions (Van Mooy et al., 2002;
Cavan et al., 2017), though contrasting evidence also
exists (Harvey et al., 1995). The main hypotheses
explaining the lower degradation are therefore the lack of
zooplankton grazing (Cavan et al., 2017), the refractory
nature of OM on particles, or enhanced chemoautotro-
phic production of microbial biomass (Karl et al., 1984;
Keil et al., 2016). In addition, in sulfidic sediments,
sulfurization of OM may hinder its mineralisation (Sin-
ninghe Damsté and de Leeuw, 1990). Although
sulfurization of lipids typically occurs in the sediment
(Werne et al., 2000; Sinninghe Damsté et al., 2007),
sulfurization of carbohydrates may take place in the water
column (Kok et al., 2000; Raven et al., 2016). Regarding
the composition of OM, proteins seem to be a slightly
preferred substrate over compounds with other biochemi-
cal composition for the mineralisation of OM under anoxic
in comparison to oxic conditions (Harvey et al., 1995;
Van Mooy et al., 2002; Engel et al., 2017). We hypo-
thesise that the composition of POM also in anoxic condi-
tions has a major impact on the ability of the microbial
community to degrade it, and hence possibly also the
microbial community attached to it.

In this study, we aimed to assess the identity of the
particle-attached and POM-degrading microbial commu-
nity in the anoxic and sulfidic waters of the Black Sea,
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where the strong stratification leads to a depletion of oxy-
gen in deeper waters and, consequently, a specialized
microbial community (Vetriani et al., 2003; Fuchsman
et al., 2011). We used magnetic beads coated with spe-
cific organic substrates as models of marine particles as
previously applied in oxic water incubations (Datta et al.,
2016; Enke et al., 2019). To assess the development of
particle-attached microbial populations with time, we
used both short-term in situ incubations at 1000 and
2000 m depth, as well as longer lasting on deck incuba-
tions. By using different organic substrates, our aim was
to assess how the composition of POM affects the micro-
bial community composition under sulfidic conditions, a
topic not previously studied but essential for our under-
standing of biogeochemical cycling of carbon in these
types of environments.

Results

Physicochemical conditions and incubation experiments

At the time of sampling, oxygen was depleted from
300 μM at 30 m to 6 μM at 85 m marking the surface oxic
layer. In this zone salinity was on average 19.1 � 0.7 ppm,
while temperature was high at the surface (26�C at 4 m
depth) but quickly decreased reaching 9�C at 30 m
(Fig. 1A). We did not measure inorganic nitrogen species
across the whole water column, but according to mea-
surements at the same site made in 2013 (Sollai et al.,
2019), there was a maximum in the nitrate concentration
at 70–80 m (~2.5 μM) and a nitrite peak at 85 m
(0.04 μM). The suboxic zone, containing neither oxygen
or sulfide in considerable amounts, was defined at 75–
115 m, and the remaining water column was anoxic and
contained sulfide (Sollai et al., 2019). This sulfidic zone
was characterized by an accumulation of sulfide from
0.9 μM in the suboxic zone to approximately 400 μM at
2000 m. An increase in ammonium concentrations from
0.24 μM at 21 m to 96 μM at 2000 m and dissolved inor-
ganic carbon (DIC) from 3.1 mM at 21 m to 4.0 mM at
2000 m was measured during our sampling campaign
(Fig. 1B). DOC concentrations varied across the water
column but were 225 � 8 μM at the surface (21 m) and
across the sulfidic zone were higher at 600–1200 m
(160 � 17 μM) than at greater depths 1300–2000 m
(94 � 8 μM) (Fig. 1B).

In situ incubations with beads coated with specific
organic substrates were performed at 1000 and 2000 m
for a total of 6 h. Two categories of beads were tested;
magnetic cores with covalently bound pure chitin and
magnetic cores with an agarose matrix coated with pepti-
doglycan, fatty acids, cellulose or without coating. In addi-
tion to in situ incubations, we performed incubations with
these magnetic beads (as well as protein-coated beads)

in bottles on deck of the research vessel with water from
the sulfidic (1000 and 2000 m) but also from the suboxic
(100 m) redox zones with a longer time frame (7 and
35 days). For these sampled waters there were only
minor differences in salinity (20.1 at 100 m; 22.3 at 1000
and 2000 m; Fig. 1A) between the sampling depths. A
previous study at the same station (Sollai et al., 2019)
detected no sulfide at 100 m, while at 1000 and 2000 m
sulfide concentrations approached 400 μM (350 and
400 μM at 1000 and 2000 m respectively). Other major
differences between the waters used for incubation stud-
ies were in the ammonium concentration, which
increased substantially with depth, i.e. from 4.3 μM at
100 m to 85 μM at 1000 m, and to 96 μM at 2000 m
(Fig. 1B). DIC concentrations also increased with depth
from 3.3 mM at 100 m to 3.9 mM at 1000 m, and 4.0 mM
at 2000 m (Fig. 1B). Nitrate was present at 100 m
(1.6 μM), but not detectable in the deep waters. Nitrite
concentrations were low at 100 m, while phosphate con-
centrations were stable and high across the depths sam-
pled here (average of the three sampling depths
7.6 � 0.3 μM). After 7 days of bottle incubations, DIC
concentrations decreased compared with the original
water column concentrations, while between 7 and
35 days of the incubations nitrite, nitrate and DIC concen-
trations increased (Fig. S1).

Microbial community composition of SPM

The total microbial community of the SPM collected with
a 0.3 μm-pore-size glass fibre filter at the three depths
used for experimental incubations (100, 1000 and
2000 m) was analysed by 16S rRNA gene amplicon
sequencing. The microbial community in the suboxic
zone at 100 m was mainly composed of Bacteroidetes
(20.7% of total 16S rRNA gene abundance) from the
class Chlorobia (15.6%), Thaumarchaeota (20.2%),
Proteobacteria (17.1%), Marinimicrobia (11.5%) and
Planctomycetes (9.1%) (Fig. 1C). The main orders of
Proteobacteria were Ectothiorhodospirales (6.3%) from
Gammaproteobacteria (9.0%) and the order
Desulfobacterales (4.2%) from the Deltaproteobacteria
(6.5%). In the sulfidic waters (1000 and 2000 m), the
community of the SPM was substantially different and
dominated by operational taxonomic units (OTUs) from
the uncultured microbial phyla Cloacimonetes (29.7%
and 49.1% relative abundance at 1000 and 2000 m
respectively), Marinimicrobia (38.1% and 13.0%) and
Chloroflexi (14.3% and 16.3%), mainly from the class
Anaerolineae (11.2% and 11.8%). Deltaproteobacteria
(7.7% and 7.5%) dominated the Proteobacteria (8.1%
and 7.9%), with members of the orders Desulfobacterales
(3.5% and 4.5%) and Desulfarculales (3.6% and 2.6%)
as the most abundant (Fig. 1C).
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Composition of the microbial community attached to
beads during in situ incubations

We used pouches of nylon mesh fabric to incubate the
beads in situ in the deep, sulfidic waters of the Black Sea
(Fig. S2) for 6 h. All bead types except protein were incu-
bated in situ (this included beads of pure chitin, pure aga-
rose, or agarose coated with cellulose, fatty acids or
peptidoglycan). This experimental design was aimed at
directly observing local communities that readily attach to
the various particles under in situ environmental condi-
tions. The bead microbial communities were variable, but
all of the samples differed strongly from the water column
microbial communities (Fig. 2A and B). Variation across
bead types was different at 1000 and 2000 m. At 1000 m,
the microbial communities on control (agarose beads
without additional coating), chitin and peptidoglycan
beads were predominantly composed of sequences
attributed to Gammaproteobacteria (55.3%, 58.5%,
63.1% relative abundance of the 16S rRNA gene respec-
tively), Alphaproteobacteria (22.5%, 17.6%, 17.2%) and
Bacteroidetes (10.7%, 14.2%, 15.1%). In addition, control
beads had a minor abundance of cyanobacterial 16S
rRNA gene sequences (3.8%), as also observed for
Planctomycetes 16S rRNA gene sequences (4.8%) in
chitin beads. Cellulose beads had also a high abundance
of sequences attributed to Gamma- (29.5%) and Alpha-
proteobacteria (13.6%). In addition, the rest of the com-
munity on cellulose beads and the community on fatty

acid-coated beads were highly diverse, with major contri-
bution from sequences affiliated to Planctomycetes
(11.4% on cellulose beads and 21% on fatty acid beads),
Latescibacteria (9% and 12.8%), Kirimatillaeota (2.5%
and 10.1%), Nanoarchaeota (3.1% and 5.1%) and
Chloroflexi (7.9% and 7.5%). The fatty acid-coated beads
also contained sequences affiliated to Cloacimonetes in
considerable relative abundance (17.4%).

At 2000 m, the peptidoglycan beads had a community
with sequences predominantly attributed to
Gammaproteobacteria (34.4%), Alphaproteobacteria
(33.1%) and Bacteroidetes (12.4%). The control, chitin
and fatty acid beads had a diverse community composed
mainly of Gammaproteobacteria (20.0% on control beads,
19.1% on chitin beads and 25.9% fatty acid-coated
beads), Planctomycetes (18.7%, 18.8%, 15.6%),
Chloroflexi (10.4%, 9.2%, 4.8%), Cloacimonetes (4.0%,
5.0%, 10.7%), Nanoarchaeota (5.2%, 5.7%, 3.6%) and
Latescibacteria (5.3%, 4.3%, 4.8%). The cellulose beads
at 2000 m were dominated by Gamma- (17.3%) and
Alpha-proteobacteria (13.4%), Firmicutes (17.9%), Bacte-
roidetes (9.4%), Planctomycetes (8.3%) and Lat-
escibacteria (8.9%).

The taxonomic groups found to be preferentially
attached to the particles were determined by analysing the
OTUs between SPM and all bead communities using a
Deseq2 analysis (Love et al., 2014; McMurdie and
Holmes, 2014), which calculates the statistically significant
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log2 of fold change between relative abundances in the dif-
ferent sample groups (Fig. 2C; see experimental proce-
dures for details). The OTUs with a significantly different

relative abundance are shown grouped at the Family level
in Fig. 2C. Microbial taxa enriched on the beads belonged
to the diverse families of the Gammaproteobacteria,

SPM control cellulose chitin fatty acid peptidoglycan protein

SPM control cellulose chitin fatty acid peptidoglycan protein

SPM control cellulose chitin fatty acid peptidoglycan protein

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

R
e
la

ti
v
e
 A

b
u
n
d
a
n
c
e

Actinobacteria

Aegiribacteria

Bacteroidetes

Chlamydiae

Chloroflexi

Cloacimonetes

Epsilonbacteraeota

Fibrobacteres

Firmicutes

Fusobacteria

Kiritimatiellaeota

Latescibacteria

Marinimicrobia

Nanoarchaeaeota

Omnitrophicaeota

Patescibacteria

Planctomycetes

Thaumarchaeota

Alphaproteobacteria

Deltaproteobacteria

Gammaproteobacteria

ZUnknown

<2%

control cellulose chitin fatty acid peptidoglycan protein

control cellulose chitin fatty acid peptidoglycan protein

control cellulose chitin fatty acid peptidoglycan protein

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

Spirochaetes

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

100 m

1000 m

2000 m

100 m 7 days

1000 m 7 days

2000 m 7 days

100 m 35 days

1000 m 35 days

2000 m 35 days

A

B

C

D

E

F 

G

H

I 

Fig. 3. Microbial community composition of bottle incubations matter at 100, 1000 and 2000 m depth. The relative abundance of 16S rRNA gene
sequences are shown for all samples at Phylum or Class level (for Proteobacteria), with triplicate experiments combined. A–C. The community composi-
tion of beads after incubation in bottles for 7 days and (D–F) after incubation for 35 days. [Color figure can be viewed at wileyonlinelibrary.com]

−0.2

0.0

0.2

−0.6 −0.4 −0.2 0.0 0.2 0.4

NMDS1

N
M

D
S

2

−0.4

−0.2

0.0

0.2

−0.50 −0.25 0.00 0.25

NMDS1

N
M

D
S

2

Type

cellulose

chitin

control

fatty acid

peptidoglycan

protein

SPM

A B

Fig. 4. A NMDS ordination of Bray–Curtis distances of microbial communities formed on beads at bottle incubations. A. Bead incubations from in
situ experiments, and (B) Bead incubations from 1000 and 2000 m depth water bottle incubations. Shapes differ by bead type. [Color figure can
be viewed at wileyonlinelibrary.com]

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 23, 2729–2746

Particle-attachment in the Black Sea sulfidic zone 2733

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


Alphaproteobacteria, Planctomycetes, Firmicutes and
Actinobacteria among others (Fig. 2C). The taxa that were
more common in the water column SPM were mainly from
families belonging to the Deltaproteobacteria, Clo-
acimonetes and Chloroflexi.
The community attached to the beads after incubation

in situ differed significantly from that of the water column
SPM (PERMANOVA R2 = 0.116, p = 0.008). This is also
shown with the non-metric multidimensional scaling
(NMDS) analysis obtained using Bray–Curtis distances of
the various microbial communities (Fig. 4A), revealing
that the composition of the SPM from 1000 and 2000 m
is more similar than of any of the bead microbial commu-
nities. Duplicate incubation experiments were similar to
each other for each bead type (Fig. 4A). The bead type
explained about 25% of variability of the communities in
beads incubations (PERMANOVA R2 = 0.25, p = 0.001),
while depth explained 10% (R2 = 0.1, p = 0.001)
(Table S1).

Development in the composition of microbial
communities on beads during bottle incubations

To test for changes in the microbial community attached to
particles on a longer timeframe, we conducted bottle incu-
bations on deck with the same magnetic beads used in the
in situ incubations with collected sulfidic water (both from
1000 and 2000 m). In addition, to compare these results to
water from another redox zone, we performed the same
experiments with water from the suboxic zone (100 m). In
the sulfidic water incubations, the microbial community
developed on the chitin beads was clearly distinct from all
other bead types and developed a community dominated
by Chitinovibrionales from Fibrobacteres (95.8%) at day

7 (Fig. 3E–F), and a community with subdominant
populations of Bacteroidetes (31%), Spirochaetes (11.4%)
and Firmicutes (9.1%) at day 35 (Fig. 3H–I). Across all
other remaining bead types, the most abundant microbial
community members at 7 days in sulfidic waters were affili-
ated to the orders Gamma- (15.9% on average across all
samples except chitin beads) and Alpha-proteobacteria
(8.8%) and phyla Planctomycetes (10.5%), Firmicutes
(6.6%), Actinobacteria (6.1%), Nanoarchaeota (5.7%), as
well as Epsilonbacteraeota (5.3%) (Fig. 3E–F). These taxa
were further classified into the orders Planctomycetes
Phycisphaerae (6.4%) Nanoarchaeota Woesearchaeia
(4.7%) and Epsilonbacteraeota Campylobacteria (4.6%) as
well as the classes Pseudomonadales (5.1%) and
Rhizobiales (5.8%) from Gamma- and Alpha-proteobacteria
respectively. After 35 days, a community dominated by
Epsilonbacteraeota Campylobacterales (40.3%) had devel-
oped with the second most dominant groups from
Deltaproteobacteria at 1000 and 2000 m (49.6% and
23.8% respectively) (Fig. 3H–I).

The microbial communities that developed in suboxic
water (100 m) incubations after 7 days of incubation were
different from those in the sulfidic incubations (Fig. 3). In
the suboxic water incubations, there was an enrichment
of Epsilonbacteraeota (51.7%) Sulfurimonas (33.1%) and
Arcobacter (17.7%), as well as Gammaproteobacteria
(20.9%) Arenicellales (9.4%) and Deltaproteobacteria
(6.7%) order Desulfobacterales (4.9%) (Fig. 3D). The
community did not change substantially after 35 days of
incubation with a dominance of the Epsilonbacteraeota
(54.1%) genera Arcobacter (37.6%) and Sulfurimonas
(15.9%) as well as Gammaproteobacteria (29%) mainly
from the orders Oceanospirillales (12.6%) and
Alteromonadales (9.0%).

Table 1. Pairwise PERMANOVA analysis comparing microbial communities on bead types at incubation sampling points day 7 and day 35.

Day 7 communities sulfidic depths Day 35 communities sulfidic depths

Pairs F-Model R2 p-value p adj Sig F-Model R2 p-value p adj Sig

Protein vs. peptidoglycan 2.32 0.28 0.031 0.048 . 3.68 0.27 0.004 0.005 *
Protein vs. control 1.91 0.24 0.030 0.048 . 3.43 0.28 0.006 0.008 *
Protein vs. chitin 3.48 0.37 0.034 0.048 . 3.53 0.26 0.002 0.005 *
Protein vs. cellulose 1.67 0.22 0.030 0.048 . 2.62 0.21 0.003 0.005 *
Protein vs. fatty acid 1.78 0.20 0.006 0.045 . 2.70 0.21 0.003 0.005 *
Peptidoglycan vs. control 1.64 0.21 0.030 0.048 . 2.49 0.22 0.003 0.005 *
Peptidoglycan vs. chitin 3.62 0.38 0.021 0.048 . 2.33 0.19 0.003 0.005 *
Peptidoglycan vs. cellulose 1.62 0.21 0.063 0.079 1.37 0.12 0.057 0.066
Peptidoglycan vs. fatty acid 1.80 0.20 0.024 0.048 . 1.27 0.11 0.065 0.070
Control vs. chitin 2.38 0.28 0.026 0.048 . 2.05 0.19 0.002 0.005 *
Control vs. cellulose 1.07 0.15 0.301 0.323 1.87 0.17 0.004 0.005 *
Control vs. fatty acid 1.09 0.14 0.243 0.280 1.96 0.18 0.004 0.005 *
Chitin vs. cellulose 2.15 0.26 0.035 0.048 . 1.94 0.16 0.004 0.005 *
Chitin vs. fatty acid 2.50 0.26 0.006 0.045 . 1.87 0.16 0.004 0.005 *
Cellulose vs. fatty acid 0.95 0.12 0.552 0.552 0.97 0.09 0.447 0.447

Comparisons across sulfidic sampling depths at 1000 and 2000 m. The Benjamini–Hochberg method was used to adjust acquired p-values for
multiple comparisons (p adj). Significance (sig) <0.05 shown with a point and <0.01 with a star.
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For the sulfidic bottle incubations, an NMDS analysis
using Bray–Curtis distances of the microbial communities
revealed clustering by the duration of the incubations to
samples taken at day 7 and at day 35 (Fig. 4B). As seen
above for the in situ experiments (Fig. 2A), the SPM sam-
ples were more closely related to each other than to the
bead samples, which had a variable community but were
clustered together. The depth of water collection did not
affect clustering, while within the samples taken at day
7 and day 35 there was some variation based on repli-
cate incubations of different bead types (Fig. 4B). Specifi-
cally, replicates of chitin, protein and control beads were
more closely related to each than the remaining bead
types. In total, the bead type explained about 16% of var-
iability in the data (PERMANOVA R2 = 0.16, p = 0.001),
and the duration of the incubations about 9% (PER-
MANOVA R2 = 0.09, p = 0.001). The interaction between
timepoint and type explained 12% (PERMANOVA
R2 = 0.12, p = 0.001), and depth only explained 2% of
variability (PERMANOVA R2 = 0.02, p = 0.001). Because

of the low contribution of depth to the variability, we con-
sidered samples from 1000 and 2000 m as replicates
when analysing taxa that were significantly different
between bead type incubations. The NMDS analysis
showed that for suboxic water incubations sampling
points 7 and 35 days, the differences between communi-
ties at different bead types was not enough to make a
reliable ordination analysis (stress = 0.201). Bead type
explained about 20% of variability (PERMANOVA
R2 = 0.20, p = 0.001), while time explained approximately
5% of variability (PERMANOVA R2 = 0.05, p = 0.002).

We analysed the effect of the bead type on the micro-
bial community by comparing communities from the sep-
arate bead types to each of the other bead types that
were incubated. These pairwise PERMANOVA analyses
found significant differences across bead types from
incubations at day 7 and day 35 with sulfidic waters
(Table 1). No significant differences associated to bead
types were found in incubations with suboxic waters (i.
e. 100 m depth), possibly due to having only three
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Fig. 5. Microbial taxa that were differentially abundant from control (uncoated agarose beads) across the different bead types and sampling points from
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replicates of each treatment (compared with the six repli-
cates by combining the results of the 1000 and 2000 m
incubations). The tested beads fell into two categories;
magnetic cores with covalently bound pure chitin or pro-
tein and magnetic cores with an agarose matrix coated
with peptidoglycan, fatty acids, cellulose or without coat-
ing (control). Microbial communities on chitin and protein
beads were different from agarose-containing bead types
at both sampling points (Table 1). In addition, on day
7 peptidoglycan beads showed a community composition
significantly different from other bead types except of
those coated with cellulose, and at day 35 all bead types
were significantly different from the control beads.
To further analyse which microbial taxa differed in abun-

dance because of the substrate coating the magnetic
beads, we analysed the community members that were dif-
ferentially abundant on each bead type compared with
uncoated agarose beads with a Deseq2 differential abun-
dance analysis (Fig. 5, see experimental procedures for
details) (Love et al., 2014; McMurdie and Holmes, 2014).
The analysis identifies OTUs that have a significantly
higher abundance in treatment versus control samples,
while normalizing for sample size differences and account-
ing for variance across replicates (examples of these differ-
ences in raw counts in Fig. S3). Therefore, this analysis
was performed to determine if there were taxonomic groups
specifically induced by the additional substrate on the
beads, while not taking into account the overall relative
abundance in the total community. At day 7 for the protein-
coated beads, taxonomic groups that had most OTUs that
were significantly more abundant in protein versus
uncoated (control) agarose beads were affiliated to the
phyla Nanoarchaeota (17 OTUs), Proteobacteria (16 OTUs),
Planctomycetes (eight OTUs) and Cloacimonetes (six
OTUs). While for peptidoglycan-coated beads, the most dif-
ferentially abundant OTUs were from the phyla Nan-
oarchaeota (nine OTUs), Planctomycetes (four OTUs),
Latescibacteria (four OTUs), WS2 (three OTUs) and Cya-
nobacteria (two OTUs). Despite an enrichment of a few
dominant taxa in the community in most samples at day
35, significant differences were found in the microbial com-
munity composition related to the original substrate type. In
chitin beads, diverse Bacteroidetes (425 OTUs) were signif-
icantly more abundant than in agarose beads; mainly from
the orders Bacteroidales (303 OTUs) and Flavobacteriales
(104 OTUs). In addition, members of the Spirochaetes
(166 OTUs), Firmicutes Clostridiales (134 OTUs) and
Fibrobacteres Chitinovibrionales (100 OTUs) were signifi-
cantly more abundant. In protein-coated beads, there was
a more diverse group of microorganisms than in the control
agarose beads (without coating), belonging to the phyla
Proteobacteria (267 OTUs) class Deltaproteobacteria
(253 OTUs), Planctomycetes (186 OTUs) classes Pla-
nctomycetacia (114 OTUs) and Phycisphaerae (68 OTUs),

Nanoarchaeota (159 OTUs) class Woesearchaea
(157 OTUs), diverse Patescibacteria (89 OTUs) mainly
class Parcubacteria (39 OTUs) and Cloacimonetes
(89 OTUs). The control uncoated agarose beads had rela-
tively more Arcobacteraceae (236 OTUs) from
Epsilonbacteraeota compared with all other bead types.

Discussion

Microbial communities are of fundamental importance for
marine carbon cycling and play a vital role in the degra-
dation and remineralization of POM. In the Black Sea,
suboxic microbial communities associated with SPM
retained on 30 μm pore-size filters have been found to be
different from the free-living fraction (Fuchsman et al.,
2011). In a similar environment in the Cariaco basin the
microbial community retained on 2.7 μm pore-size filters
were defined as organotrophic, and varying depending
on the redox conditions (Suter et al., 2018). However, no
comparison has thus far been made between specifically
the POM-associated community between suboxic and
the anoxic basin in the Black Sea. In addition, in the men-
tioned studies, sample collection by filtration collected a
bulk particulate fraction, that could not be separated by
particle type and may also (partially) retain free-living
organisms. Particle composition also appears to be
affecting microbial degradation rates (Van Mooy et al.,
2002) but no study has been made on the effect of differ-
ent carbon substrates on the POM-associated microbial
communities in anoxic waters. Furthermore, although
changes of POM-attached microbial communities with
time has been suggested (Datta et al., 2016), this is thus
far not shown specifically for anoxic POM-attached com-
munities, or in in situ conditions.

In this study, we designed and tested a novel in situ
incubation approach to study particle-associated micro-
bial communities colonizing beads coated with different
organic substrates. By using in situ incubated nylon mesh
pouches that allow the free movement of microbes, but
no release of substrate particles, we were able to deter-
mine the first attachment of microbes to particulate matter
under in situ conditions, including in situ hydrostatic pres-
sure. This experimental approach aims to bridge the gap
between in situ conditions versus laboratory conditions,
where most of such studies have been previously con-
ducted. Even with careful recovery of anoxic marine
waters, one of the main challenges with studying these
communities remains with the changes induced by exper-
imental methodology (Stewart et al., 2012; Torres-Beltrán
et al., 2019). Laboratory incubations allow the possibility
for longer incubation times often required in energy-lim-
ited environments like anoxic waters, but inherent factors
like hydrostatic pressure or natural mixing cannot be
mimicked. The observations from bottle incubations are
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thus difficult to connect to local conditions directly, but
still can be used for the purpose to generate testable
hypotheses that may shed light on particle-attached
microbial community present in anoxic marine waters.

Microbial in situ attachment to model particles in deep
sulfidic waters

Microbial communities readily attaching to particles in
sulfidic waters were studied in situ with model magnetic
beads in the Black Sea. The first particle colonizers were
similar across all beads and both tested depths and
showed considerable differences to the composition of
the microbial community of SPM at these depths (Fig. 1).
The most common groups among the first colonizers
were Altermonadales (Gammaproteobacteria),
Rhodobacterales (Alphaproteobacteria) and Fla-
vobacteriales (Bacteroidetes), as well as heterotrophic
Planctomycetes. These microbes have been previously
associated with a particle-attached lifestyle in studies on
incubations conducted with particles collected by sedi-
ment traps in the North Pacific Subtropical Gyre
(Fontanez et al., 2015) as well as in oxic abyssal waters
in the open ocean (Boeuf et al., 2019). These microbes
have also been isolated from model marine particles
(Datta et al., 2016; Enke et al., 2019) and are known for
their rapid particle attachment and biofilm formation capa-
bilities (DeLong et al., 1993; Lee et al., 2008; Doghri
et al., 2015). The presence of the same taxonomic
groups of microbes attached to the particles in the anoxic
and sulfidic waters of the Black Sea is surprising, and
possibly confirms the notion of a taxonomically distinct
microbial ecotype whose predominant lifestyle is particle-
attached (Salazar et al., 2015). Their ability to attach to
particles also in a highly reduced environment indicates
that this ecotype is present independent of redox condi-
tions. Another possible reason explaining the similar tax-
onomic composition of the particle-attached microbial
community of our study in sulfidic conditions compared
with other studies in oxic waters is the importance of
anaerobic metabolisms within POM. Genes indicative of
anaerobic metabolisms are found on particles present in
oxic conditions, probably due to anoxic microniches
formed inside the particles (Smith et al., 2013), and could
therefore indicate that the same taxa could survive also
with surrounding sulfidic waters. A third possible explana-
tion is that substrate utilization may be relatively indepen-
dent on oxygen availability in marine environments.
Common taxa incorporating glucose in surface waters
have been shown to do this in both oxic and anoxic con-
ditions (Alonso and Pernthaler, 2005). Taken together,
here we conclude that water column redox conditions do
not appear to affect the POM-associated microbial com-
munity to a significant extent. On the other hand, a few

taxonomic groups seem to be specific to oxygen-
depleted conditions; the relatively enriched Lat-
escibacteria (formerly candidate division WS3) and
Omnitrophica (formerly candidate division OP3) are more
abundant in sulfidic environments as they have been pre-
viously found highly enriched in SPM specifically in the
oxygen-depleted waters of the Cariaco basin (Suter
et al., 2018) and the Black Sea (Fuchsman et al., 2011).
This confirms the niche of these groups as microbes
actively attaching to particles in oxygen-depleted
conditions.

As defined by the PERMANOVA analysis, about 25%
of variation in the microbial community composition of
the beads during the in situ incubation could be
assigned to the type of bead coating (Fig. 4A). At
1000 m, the microbial composition of the fatty acid-
coated beads was considerably different, possibly
reflecting the lack of a sugar backbone in the coating
substrate that may be preferred by copiotrophic organ-
isms, that are adapted to proliferate quickly when a suit-
able substrate becomes available. In fact, the most
common taxa on the beads, Gamma- and Alpha-prote-
obacteria, as well as Bacteroidetes, have been previ-
ously recognized as rapid degraders of sugars in anoxic
marine incubations (Alonso and Pernthaler, 2005). Addi-
tionally, polysaccharides are known to be rapidly
degraded in anoxic marine systems (Arnosti et al.,
1994), which could be an indication of their importance
as a carbon source for heterotrophic prokaryotes in
these systems. At 2000 m depth, the situation was dif-
ferent, with the composition of the microbial community
of the fatty acid-coated beads similar to the control
(uncoated agarose) and cellulose-coated beads, and in
general a lower abundance of the Proteobacterial clas-
ses. It may be that at 2000 m the microbial community
is less ‘ready’ to degrade labile substrates, resulting in a
slower recruitment of the copiotrophic microbes. The
peptidoglycan-coated beads were the only bead type
with considerable abundances of Proteobacterial classes
also at 2000 m. This could reflect the microbial benefit
of readiness to degrade peptidoglycan also in deep
waters. It is possible that the capacity to attach to pepti-
doglycan would aid these microorganisms in finding
labile detrital OM also in the deep sulfidic water column.
In addition, cellulose-coated beads attracted a different
microbial community from that observed in the control
beads at both in situ incubation depths. Specifically, the
phylum Firmicutes was found in considerable abun-
dance (>1%) only on the cellulose beads incubated
under in situ conditions. This could be an indication of
abilities of this phylum to attach to cellulose substrates
and specificity to degrade it. Taxa belonging to the Clos-
tridium genus of the phylum Firmicutes are commonly
recognized as important degraders of cellulose under
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thermophilic and anaerobic conditions (Schwarz, 2001;
Ji et al., 2012), which supports our finding.
In our study, ship-time limitations restricted our in situ

incubation times, but when possible, the use of in situ
methodologies, like the one used here, for longer time-
frames and combined with (meta)omic analyses could
further advance the understanding of microbial functional-
ity in hard-to-reach environments. Nevertheless, despite
the 6 h-in situ incubation time frame used in our study,
the variation across the microbial communities across
bead types showed that the local community was rapidly
induced and selected by the available labile substrate
sources even in deep sulfidic waters at 2000 m.

Succession of the microbial community on model
particles in bottle incubations

A shift in the microbial community was detected on model
particles in the bottle incubations with water from sulfidic
depths (1000 and 2000 m depth). After 7 days of incuba-
tion, the various bead types had developed variable
microbial communities different from that existing in the
original SPM. An enrichment of Chitinovibrionales (>90%
relative abundance of the community) developed on chi-
tin beads that was highly specific to the substrate type,
attesting that in the sulfidic waters this was an appropri-
ate timeframe to stimulate active degraders of chitin.
However, no such specific enrichment was found for the
other bead types. Instead, a variable community formed
across the different types of model particles. Excluding
the chitin beads, the microbes that were enriched
belonged to the taxa defined by rapid attachment as
observed in the in situ incubations; i.e. Gamma- and
Alpha-proteobacteria as well as Planctomycetes,
Omnitrophica, Latescibacteria and Cloacimonetes. The
taxonomic composition of the microbial community was
therefore similar to that of the beads that were incubated
in situ.
On the other hand, at 7 days of incubation in suboxic

water and at 35 days in both sulfidic and suboxic waters
a relatively simple microbial community developed, which
was predominantly composed of sulfur-oxidizing lineages
of Epsilonbacteraeota, Campylobacterales and
Gammaproteobacteria (suboxic water) or
Deltaproteobacteria (sulfidic water, both at 1000 and
2000 m; Fig. 3D, G–I). The earlier establishment of this
community in the incubation with suboxic waters could
suggest that the development of a particle-attached niche
is faster at suboxic conditions, where the redox potential
is higher, and more terminal electron acceptors are pre-
sumably available for sulfide oxidation. This coincides
with the depth range where Epsilonbacteraeota are found
naturally at their highest numbers (Grote et al., 2008;
Henkel et al., 2019) also showing their efficient use of the

traces of sulfide. The development of this community at
sulfidic conditions after a month’s incubation could indi-
cate a mature particle-attached community, where the
substrate has been depleted and is possibly not influenc-
ing the microbial community composition any longer to a
large extent. A remarkably similar highly specialized
microbial community has previously been reported from
sinking particulate matter in oxic conditions in the North
Pacific Subtropical Gyre (Fontanez et al., 2015). In that
study, the particle-attached community of sinking particu-
late matter was compared by either poisoning the sample
immediately after collection or allowing the trapped sink-
ing particulate matter to incubate un-poisoned in the sedi-
ment trap. While the un-poisoned sinking particulate
matter had a community of organisms related to
Gammaproteobacteria and Bacteroidetes similar to the
particle-attached niche observed in other studies of size-
fractioned SPM, the poisoned samples contained special-
ized groups of putative sulfur-oxidizing microbes
(Fontanez et al., 2015), similar to the ones observed in
our study on the beads after on-deck incubation. This
could indicate that larger, sinking particles in fact act as a
surface for biofilm formation of a specialized ecotype in
marine water columns, rather than being defined by the
organic material present on the particles. These taxa
have been detected as initial members of biofilms in sul-
fide-rich hydrothermal fluids (Gulmann et al., 2015), indi-
cating that they benefit from a close association in
biofilms. A similar community has also been detected
and metagenomically characterized in sinking particles in
the oxic abyssal open ocean (Boeuf et al., 2019), provid-
ing further evidence that particles reaching the deep sea
and that are collected by sediment traps contain a spe-
cialized microbial community compared with SPM. It is
possible that after the labile organic material on particles
is degraded, the minerals present on sinking particles
(Hedges et al., 2001) or the sulfurization of POM in the
sulfidic water column (Raven et al., 2016) are in fact
shielding parts of the organic material from microbial deg-
radation. Taken together these results indicate that het-
erotrophic activity on sinking particulate matter decreases
with depth in the water column, and this has to do with
the mineral content of the particulate matter itself. The
putative chemoautotrophic communities enriched in our
experiments could therefore directly reflect the processes
that happen in natural sinking particles across depth in
marine water columns. In addition to the specialization to
sinking particulate matter, these taxonomic groups of
bacteria were also previously detected in the higher size
fraction of SPM in the Black Sea (Fuchsman et al., 2011,
2012a), though mainly at shallower depths, as well as in
connection to a nitrate-rich plume (Fuchsman et al.,
2012b). Epsilonproteobacteria are known as active deni-
trifiers at redox gradients in the marine pelagic
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environments (Campbell et al., 2006; Bruckner et al.,
2013; Waite et al., 2017). An increase of nitrite and
nitrate concentrations with time in our bottle incubations
indicates that nitrogen metabolisms were active and may,
at least in part, be responsible for the activity of sulfide-
oxidizers on the beads tested in our study. However, at
the depths where we obtained the water used for our
incubation experiments nitrate is depleted, so these
metabolisms can only be driven by trace amounts of
nitrogen species present or arising from local recycling of
matter. Dinitrogen losses from OMZs are directly con-
nected to OM concentrations (Ward et al., 2008;
Kalvelage et al., 2013), and denitrification from nitrogen
inside organic particles has been hypothesized as the
source of nitrogen loss (Fuchsman et al., 2019). The
development of a possibly nitrate-reducing community
and active nitrogen cycling in our particles confirms these
findings. Recently, an isolate from the Black Sea belong-
ing to the Sulfurimonas genus has also been character-
ized as a sulfide-oxidizing manganese reducer (Henkel
et al., 2019), making it plausible that reduction of metals
could also play a part as an electron sink for this chemo-
autotrophic population. The magnetite particles forming
the core of our magnetic beads contain a mixture of Fe
(II) and Fe(III), which perhaps could be utilized by known
iron-reducing bacterial lineages (Byrne et al., 2016). Iron-
rich particles are common in the suboxic zone of the
Black Sea, forming up to 30% of all particles (Schulz-
Vogt et al., 2019), and are part of cycles of phosphorus
and manganese with complex dynamics (Dellwig et al.,
2010). In sulfidic environments, dissolved iron oxides
react rapidly with sulfide forming iron sulfide minerals
(Canfield and Berner, 1987), which could also increase
the conductivity of these particles (Malvankar et al.,
2015). Due to the complex interactions of metals in
anoxic environments, the full extent the iron oxides that
are available for microbial reduction in the model particles
used here remains, however, unknown.

Similar to what was previously detected by Fuchsman
et al. (2011), another abundant microbial group in the
experiments with sulfidic waters after 35 days was
Desulfuromonadales. These microbes are possibly con-
nected to sulfate- or elemental sulfur-reducing microbial
groups, indicating a complex activity connected to multi-
ple oxidation states of sulfuric compounds on the bead
particles. Particularly, these results highlight once more
the possibility that particles act predominantly as loca-
tions of chemoautotrophic metabolism. The contribution
of microbial chemoautotrophic production to enhanced
particle fluxes in oxygen deficient marine environments
has previously been demonstrated for the Arabian Sea
OMZ (Keil et al., 2016), the anoxic Cariaco basin (Taylor
et al., 2001), as well as the Black Sea (Karl and Knauer,
1991; Sorokin et al., 1995; Çoban-Yildiz et al., 2006). In

addition to extensive evidence from OMZs globally, the
finding of similar organisms in natural environments
(Fuchsman et al., 2011; Fontanez et al., 2015; Boeuf
et al., 2019) indicates that chemoautotrophic microbial
populations could be influencing the dynamics and fluxes
of natural particles when oxygen becomes depleted.

Effect of OM type on microbial community composition

In both in situ and in bottle incubations, the composition
of the microbial community was determined for magnetic
beads coated with different organic substrate types; pure
chitin, protein and agarose (control), as well as agarose
with covalently attached peptidoglycan, cellulose and
fatty acids. The effect of bead type at different sampling
times and depths was not always the main defining factor
of the community, but underlying patterns in the microbial
community were separated by substrate type. Specifi-
cally, the microbial community composition of the chitin
and protein-containing beads differed clearly from the
agarose-containing beads in bottle incubations.

Throughout the incubation experiments, the microbial
community present on the chitin-coated beads were the
most different from the community existing in the
remaining beads. Chitin is one of the most abundant bio-
polymers in aquatic ecosystems and is produced in the
marine environment by crustaceans and diatoms
(Jeuniaux and Voss-Foucart, 1991; Beier and Bertilsson,
2013). Therefore, it is a substrate type that is possibly
available naturally in a highly enriched particulate form.
Chitin was also hypothesized to be one of the most rapidly
degraded substrates when comparing biochemically differ-
ent phytoplankton substrates under anoxic and oxic condi-
tions (Harvey et al., 1995). In addition, chitin-degrading
enzymes were significantly enriched in sinking particles in
a metagenomics study (Fontanez et al., 2015). The mem-
bers of the Chitinovibrionia class that were enriched at day
7 belong to the small phylum of Fibrobacteres. Known
members of this phylum are almost exclusively anaerobic
obligatory fermenters lacking electron transport chains and
specialized to the degradation of polymers (Rahman et al.,
2016). The genome of an isolated species from the same
genus was categorized as an alkaliphilic organism capable
of using cell-bound chitinases (Sorokin et al., 2014), mak-
ing it possible that it benefits from a particle-attached life-
style in close association with its substrate. At day 35, the
microbial community detected on chitin beads was still sig-
nificantly different from all other bead types, mainly
because of a diverse subdominant microbial community.
Taxa from the phyla Bacteroidetes, Spirochaetes,
Firmicutes and diverse Deltaproteobacteria were more
abundant in chitin beads compared with control beads
(Fig. 5). This community is therefore most probably
degrading secondary products derived from chitin
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degradation. Surprisingly, this was the case also in the
incubations with suboxic water, despite of the fact that the
initial Chitinovibrionia degrader was not detected at the
earlier sampling point in suboxic conditions. This is either
an indication that the initial degrader was missed at these
sampling points, that subdominant populations in the sub-
oxic incubations like members of Gammaproteobacteria
were degrading the chitin matrix, or that some of the
Epsilonbacteraeota could be acting as heterotrophic
degraders under nitrate-replete conditions.
For the remaining bead types (i.e. excluding chitin), the

microbial communities at day 7 were variable across all
substrate types. The fact that the microbial community of
the beads, including those coated with protein, resem-
bled that of the agarose-containing beads (control) indi-
cates that at this stage the microbial community on
particles was predominantly being defined by attachment
rather than degradation of the polysaccharide or coating
substrate. Contrastingly, at day 35 of incubation there
were more differences in the underlying communities of
the remaining bead types that could be connected to sub-
strate type, despite the dominant community members
being connected to chemoautotrophic metabolisms dis-
cussed in the preceding section. Interestingly, protein-
coated beads had developed a diverse subdominant
community, indicating that degradation of the proteina-
ceous substrate was an active process. These include
diverse groups of organisms with small genomes from
the candidate phyla radiation of bacteria Patescibacteria
and Nanoarchaeota (Nelson and Stegen, 2015; Liu et al.,
2018), as well as members of Chloroflexi and
Actinobacteria (Fig. 5). The role of organisms with small
genomes in the environment is unknown, and inferring
activity from genomics is difficult because of the lack of
many essential metabolic pathways and abundance of
unknown genes. However, both Nanoarchaeota and
Patescibacteria seem to share a metabolic strategy and
evolutionary history (Castelle et al., 2018), and have
been connected to protein degradation in the Black sea
water column with a DNA-SIP study recently (Suominen
et al., 2020). Similarly, Actinobacteria have been previ-
ously connected to protein degradation in both oxic (Orsi
et al., 2016) and sulfidic (Suominen et al., 2020) condi-
tions, providing further evidence that this subdominant
community was induced by the provided substrate.
Though the agarose beads were coated with mole-

cules with different structural components (peptidoglycan,
cellulose and fatty acids), it seems that the inevitably
lower concentration of the substrate molecules was pos-
sibly slowing and disguising the development of a
degrading microbial community, as pairwise PER-
MANOVA analyses did not consistently reveal differ-
ences between these bead types (Table 1). Some minor
differences could be detected in the community

composition, when looking at the differentially abundant
organisms (Fig. 5). For example, in cellulose-coated
beads at day 35, there was a population of Chitinovibrio
most probably linked to the degradation of the cellulose
backbone. For the remaining bead types (fatty acid, cellu-
lose and peptidoglycan), they did not differ from control
at day 7, nor did they differ from each other at day 35.
However, at day 35, control agarose beads were signifi-
cantly different from all the other agarose bead types
coated with an additional substrate (peptidoglycan, cellu-
lose or fatty acids). It is possible that the coating sub-
strates induced communities reliant on an external
carbon source, while the community on uncoated aga-
rose beads was more reliant on autotrophic carbon fixa-
tion. A higher abundance of the phylum
Epsilonbacteraeota on control beads compared with
other bead types at day 35 supports this conclu-
sion (Fig. 3).

Conclusion

The use of nylon mesh pouches for the incubation of
model particles in in situ conditions has allowed us to
characterize the particle-attaching community in the
Black Sea avoiding the potential problems associated
with laboratory bottle incubations. The particle-attaching
microbial community was shown to be remarkably similar
to other marine environments, showing that microbial
community members of specific niches can be recruited
from highly different marine environments (i.e. from oxic
to sulfidic systems) and confirming that particle attach-
ment is a phylogenetically conserved trait. In addition,
variation across the bead types points to the ability of
microbes to recognize specific organic substrates, and
indicates that the community is readily induced and
selected by the availability of labile organic compounds
also in the deep sulfidic water column.

To further test the succession of degradation pro-
cesses and microbial communities, we also conducted
laboratory bottle incubations under anoxic conditions.
These incubations show that microorganisms highly spe-
cific for substrates readily available in the marine environ-
ment can be recruited, though the degradation of OM
provided did not end up being the defining factor in most
cases in our model particle system. Instead, a chemoau-
totrophic community defined because of sulfide concen-
trations was induced with time, indicating that the
particles act as a surface for colonization and biofilm for-
mation rather than for substrate degradation.
Sulfurization of OM in sulfidic water columns has been
detected and could also render the OM unavailable to
microbial degradation (Raven et al., 2016), as well as
mineral matrices that shield OM from microbial degrada-
tion (Hedges et al., 2001). The incubation conditions
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could have played a part in inducing this community, but
the previous detection of similar organisms in the Black
Sea and elsewhere on particles (Grote et al., 2008;
Fuchsman et al., 2011; Fontanez et al., 2015; Boeuf
et al., 2019) indicates that these communities take
advantage of particles also in natural conditions. In addi-
tion, the evidence of chemoautotrophy detected in Black
Sea SPM (Karl et al., 1984; Wakeham and Beier, 1991;
Çoban-Yildiz et al., 2006; Yilmaz et al., 2006) suggests
that natural particles below the chemocline in the Black
Sea are possibly not sites of intense heterotrophic activity
but rather a convenient surface for biofilm formation all-
owing close interactions between chemoautotrophic
organisms that are responsible for driving diverse biogeo-
chemical cycles. These results provide support for che-
moautotrophic carbon fixation as a possible factor in
reducing the particle attenuation coefficient in oxygen-
depleted water columns (Keil et al., 2016). Longer incu-
bation periods in situ with for example pure particle forms
of simple substrates in connection with rate measure-
ments would help answer these remaining questions on
the extent of OM degradation capabilities in highly
reduced environments.

Experimental procedures

Sampling

Sample water was collected at a station in the western
Black Sea located at 42� 53.80 N 30� 40.70 E during a
cruise with the research vessel R/V Pelagia in August
2018. Water column profiling was conducted using an
ultra-clean conductivity-temperature-density (CTD) sys-
tem, which was equipped with among others a
SBE3plus thermometer, SBE4 conductivity sensor and
SBE43 dissolved oxygen sensor (Sea-Bird Electronics,
Bellevue, WA). Water samples used for bottle incuba-
tions were obtained using clean 25 l bottles that were
connected to N2-gas immediately after boarding of the
sampler to minimize contact with oxygen. To analyse
the total water column microbial community composition,
SPM samples were collected with in situ pumps
(McLane Laboratories, Falmouth, MA), by filtering
through 142-mm-diameter 0.3 μm pore-size glass fibre
GF75 filters (Advantec MFS., Dublin, CA) and immedi-
ately stored at −80�C. While this filter size will poten-
tially miss ultrasmall prokaryotic cells, it is in the range
of filter sizes generally used to collect free-living cells
(0.2 μm) compared with the filter sized used to collect
particle-attached microbial communities (2.7 μm/30 μm;
Fuchsman et al., 2011, Suter et al. 2018), and therefore
approximates the total microbial community residing in
the water column.

Beads used for incubation experiments

To simulate POM with a different chemical composition,
incubations were performed using magnetic beads of two
major types. Either with substrates directly attached to
the magnetic core, or beads with an agarose matrix, to
which the substrate was covalently bonded. Magnetic
beads were purchased as commercially available stocks.
Pure chitin and protein A (New England Biolabs, USA)
was directly attached to the core, while the agarose
beads were coated with three different carbon sources:
peptidoglycan, cellulose and hexadecanoic acid (Cube
Biotech GmbH, Germany). Uncoated agarose beads
were used as a control. The chitin-coated beads had a
diameter of 100 μm, while all other beads had a diameter
of 30 μm, except for the protein A beads, which had on
average 2 μm diameter.

Purchased bead solutions were washed 3× times with
sterile basal salt medium (BSM) and diluted into anoxic
BSM to make intermediate stock solutions. The BSM
contained 4.4 mM of NaCl, 24.6 mM of MgCL2�6H2O,
9.5 mM of CaCl2 and 6.7 mM of KCl. Chitin and protein
bead solutions were subsequently diluted 10×, while the
other type of beads were diluted 80× to make the final
anoxic bead stock solutions.

In situ incubations

In situ incubations were performed with custom-made
nylon mesh pouches (Fig. S2). Nylon fabric with a mesh
size of 20 μm (Solana, Belgium) was folded into a pouch
of 4 × 7 cm2 dimensions. The pouches were filled with
50 μl of the originally purchased chitin bead stock or 20 μl
of cellulose, peptidoglycan, hexadecanoic acid and
uncoated beads. Each pouch had two compartments
separated by the fabric, which were treated as duplicates.
The seams of the pouches were heat-sealed, and subse-
quently the pouches were attached to a fish line and
placed inside a bottle on the CTD frame prior to in situ
incubation. The bottles were incubated at 1000 and
2000 m for 6 h, before the bottles were closed and recov-
ered on deck. The CTD bottles were open while they
were lowered to these depths, bringing the beads in con-
tact with the total water column. However, we consider
that due to the speed of lowering (~1 m s−1), the low frac-
tion of the total time spent in this, and the more extreme
conditions in the deep water column, it is unlikely that
microorganisms would have attached to the beads during
the deployment of the bottles. After recovery, the
pouches were immediately placed at 8�C, cut open and
their content was resuspended in 20 ml BSM. After
resuspension, the beads were collected with a magnet,
the BSM was discarded and replaced with 1 ml BSM,
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and these samples were subsequently stored at −80�C
for subsequent analysis.

Bottle incubations

Glass pressure bottles of 1 L were first acid-washed,
autoclaved, and filled with N2. Seventy two bottles were
filled with approximately 500 ml of seawater from different
depths (100, 1000 and 2000 m), and pressurized to
approximately 1.5 bar with N2 gas. Stock solutions of
beads were added to these bottles. Each experiment was
performed in triplicate. The larger chitin beads were
added to the pressured bottles containing anoxic seawa-
ter to a final concentration of approximately
100 beads ml−1, while the agarose bead types were
diluted to 400 beads ml−1. The final concentration of pro-
tein beads was not determined. Bottles were incubated in
the dark at 8�C and were shaken to mix approximately
every second day. After incubation for 7 days, 100 ml of
sample water with beads was harvested from the bottles
with a sterile N2 flushed needle and syringe. Water was
collected twice in a 50 ml sterile falcon tube with a mag-
net attached that collected the magnetic beads to con-
centrate the number of beads two times. The remaining
water was collected for nutrient analysis. The remaining
magnetic beads were resuspended in 1 ml BSM, col-
lected in an Eppendorf tube (2 ml) and placed in a mag-
netic rack. Another 900 μl of water was removed from the
sample to concentrate the beads 20 times in total. The
remaining 100 μl was stored at −80�C for subsequent
analysis. Sample bottles were transported between the
sampling points 7 and 35 days from the research vessel
to the NIOZ laboratory, in the dark and at constant
temperature.

Nutrient and DIC analysis

Water column samples as well as remaining water from
incubation was filtered through a 0.2 μm polycarbonate
Whatman syringe filter (GE Healthcare Europe GmbH,
Germany) and stored for nutrient analyses. For inorganic
nitrogen concentrations approximately 3 ml was collected
in a pony vial and stored at −20�C. Concentrations of
NO3

− and NO2
− (Grasshoff, 1983) and NH4

+ (Helder and
De Vries, 1979) were analysed using TRAACS Gas Seg-
mented Continuous Flow Analyser (Seal Analytical, UK).
All measurements were calibrated with standards diluted
in low nutrient seawater in the salinity range of the sam-
ples at approximately 22‰ to ensure that analysis
remained within the same ionic strength. The instrument
was calibrated with a standard addition curve of potas-
sium phthalate (0; 25; 50; 100; 200 μmol C L−1). DIC con-
centrations were measured with the method of Stol
et al. (2001).

DNA extraction

Genomic DNA was extracted using a MasterPure kit (Epi-
centre, USA) from the concentrated bead samples. After
defrosting, cells attached to sampled beads were lysed
using a buffer containing 10 mM Tris–HCL and 1 mM
EDTA and 5 μl of 50 mg ml−1 lysozyme and incubating
for 30 min at 37�C, after which the extraction protocol
was followed. DNA was precipitated by incubation of the
samples with glycogen for 30 min at −20�C prior to cen-
trifugation and washing. DNA from 1/32 of the SPM filters
was extracted using the Powersoil® DNA Isolation kit
according to the manufacturer’s instructions (MoBio,
Qiagen, Carlsbad, CA), except with an elution step with
50 μl TE. DNA concentrations were measured fluoro-
metrically with Qubit™ dsDNA HS assay kit (Thermo
Fischer Scientific, Waltham, MA), and extracts were
stored at −80�C.

16S rRNA gene amplicon sequencing and analysis

16S rRNA amplicon sequencing was used to assess the
microbial community composition of the bead associated
bacteria. PCR amplicons were made in triplicates using
Phusion High-Fidelity Taq polymerase (Thermo Fischer
Scientific) in Phusion HF buffer, with 0.2 mM dNTPs,
800 μg ml−1 BSA and 0.6 μM barcoded primers 515F-Y
and the reverse primer 806RB (Caporaso et al., 2011;
Apprill et al., 2015; Parada et al., 2016). Primers targeting
the 16s rRNA V4 hypervariable region fragment with a
length of approximately 300 bp were used. rRNA was
amplified using the following cycling conditions: initial
denaturation at 98�C for 30 s followed by 30 cycles of:
denaturation at 98�C for 10 s, primer annealing at 50�C
for 20 s and primer extension at 72�C for 30 s. Triplicate
PCR products were run on a 1% agarose for 50 min at
75 V. After running, the bands were carefully cut out and
the triplicates were pooled. The PCR product was
extracted from the gel using a QIAquick Gel Extraction
Kit and accessory protocol (Qiagen). DNA concentration
was measured using Qubit 4 Fluorometer with dsDNA
HS Assay Kit (Thermo Fisher Scientific). Samples were
diluted to 2 ng μl−1 and pooled before sequencing.
Sequencing was performed by the Utrecht Sequencing
Facility (Utrecht, the Netherlands), using an Illumina
MiSeq sequencing platform. The Cascabel pipeline was
used for the analysis of the 16S rRNA gene amplicon
sequences (Asbun et al., 2019). This included quality
assessment by FastQC (v. 0.11.3, Andrews, 2010),
assembly of the paired-end reads with Pear (v. 0.9.8,
Zhang et al., 2013), with a minimum length of reads of
20, minimum overlap set at 7 and a p-value threshold of
0.05. OTUs were picked with uclust with a 97% threshold
and the longest sequence of each OTU cluster was
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picked as representative using QIIME (v. 1.9.1, Caporaso
et al., 2010). The taxonomy of the representative
sequences was assigned using uclust (75% cut-off)
against the SILVA database release 132 (Quast et al.,
2012; https://www.arb-silva.de/). Samples with less than
16 000 OTUs and OTUs with an abundance of less than
0.02% were removed. Further analysis of the data was
performed in R using the Phyloseq (v. 1.26.0, McMurdie
and Holmes, 2013) and ampvis2 (v. 2.4.2, Andersen
et al., 2018) packages. The 16S rRNA gene amplicon
reads (raw data) have been deposited in the NCBI
Sequence Read Archive under the BioProject ID
PRJNA622458.

Statistical analysis

Bray–Curtis dissimilarity was used to calculate the dis-
similarity between samples in R. Statistical significance
between the different sample groups were tested using
PERMANOVA with the Adonis function available in the
vegan package (v. 2.5.3, Oksanen et al., 2018). A NMDS
was used to find the axes of most dissimilarity using the
ordination function. To analyse the differentially abundant
taxonomic groups across treatments we used the
Deseq2 analysis of log2 fold changes in R (v. 1.20.0,
Love et al., 2014). Deseq2 is a method used to analyse
the differential abundance of sequencing count data
between samples. It uses appropriate methods for the
normalization and variance modelling of counts resulting
from next-generation sequencing platforms. While it has
been developed for the analysis of differentially
expressed RNA data, it can also be used to analyse dif-
ferential abundance in OTU count data (McMurdie and
Holmes, 2014). Briefly, in this method significant differ-
ences in abundance are analysed by modelling fold
change using logistic regression with the negative bino-
mial as family, and determining significance with a Wald
test and Benjamini–Hochberg correction for multiple test-
ing. Sequencing count data are modelled using the nega-
tive binomial distribution because of its specific
characteristics. These include the low probability of
pulling out a specific sequence from the large amount of
possibilities and the overdispersion caused by the vari-
ance increasing with the mean. The false discovery rate
was set at 0.01.
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