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ABSTRACT: Aquaculture has become a rapidly growing industry: over the past 3 decades, commercial production has steadily increased, and further expansion seems likely. However, the rise
of aquaculture has been accompanied by concerns, especially regarding environmental sustainability. Substrates located under aquaculture sites receive large influxes of organic matter that can
subsequently create anoxic conditions and thereby impact existing benthic communities. Shifts in
the relative abundance of specific groups of bacteria could prove to be important indicators of
impact and remediation. Here, we investigated bacterial community composition via 16S rRNA
gene sequencing on isolated DNA from flocculent matter samples and associated bacterial mats
under a hard-bottom aquaculture site in Newfoundland, Canada. We describe the heterogeneous
community present in the flocculent matter, characterized by high relative abundances of the genera Spirochaeta (12%), Prolixibacter (5.6%) and Marinifilum (4.6%). Bacterial mats were not composed of Beggiatoa as often hypothesized, but instead were dominated by the genera Spirochaeta
(15%), Prevotella (21%), Meniscus (11%) and Odoribacter (20%). Our findings provide insights
into the bacterial composition of flocculent matter deposited on hard substrates and undergoing degradation, and point to 3 unexpected bacterial genera as potential indicators of organic enrichment.
KEY WORDS: Microbiome · Organic enrichment · Bacterial mats · Spirochaeta · Prolixibacter ·
Marinifilum

INTRODUCTION
In recent years, the aquaculture industry has experienced rapid growth worldwide (Asche et al. 2008),
substantiating the hypothesis that aquaculture could
soon produce more than half of the seafood consumed globally (Costa-Pierce 2010). Marine aquaculture operations in coastal Newfoundland (NL),
Canada, notably the cage culture of salmonids and
long-line mussel culture, have seen significant growth
in the last decade (Anderson et al. 2005, Fisheries
and Oceans Canada 2016).
Along with the increase in finfish aquaculture sites
(or ‘farms’), concerns regarding ecological impacts
*Corresponding author: sdufour@mun.ca

and sustainability have arisen (Jusup et al. 2009).
One major environmental concern is the increased
deposition of organic matter in the benthic environment, which usually occurs in the form of a complex
mixture known as flocculent matter composed of
decomposing fish-food pellets, microbes, fish faeces
and other organic matter (Salvo et al. 2015). The
accumulation of organic matter on the seafloor can
drive an increase in oxygen consumption by environmental or fish faeces-associated micro-organisms
(Tett 2008). The resulting hypoxic conditions can
negatively, and potentially permanently, affect the
benthic in- and epifauna (Karakassis et al. 2000,
Jusup et al. 2009, Pochon et al. 2015).
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Monitoring the ecological impact of fish farm operations on the environment is key to assess, understand and develop sustainable models for aquaculture. To this end, sediment sulphides and redox
potential measurements are often used as indicators
to extrapolate the biological response to organic
enrichment (Hargrave et al. 2008). In NL, many
aquaculture operations occur in bays with water
depths over 30 m and hard substrates comprised of
rock and cobble, where grab sampling cannot be
conducted, and therefore completing valid sulphide
and redox potential measurements is difficult
(Hamoutene et al. 2014, 2015).
More recently, visual monitoring has documented
the close association of flocculent matter and white
Beggiatoa-like bacterial mats with the elevated sulphide levels typically found near farms in NL
(Hamoutene 2014). When the collection of sulphides
and redox potential measurements is not feasible,
drop-camera based observation of flocculent matter
and bacterial mats is a valid alternative indicator of
organic enrichment, as these features are generally
not observed in areas where no active aquaculture
operations are conducted (Crawford et al. 2001,
Hamoutene 2014, Hamoutene et al. 2015). The formation of bacterial mats in response to aquaculture
operations is indicative of a shift in bacterial community composition in the farm vicinity. Indeed, previous studies have shown fish farm-dependent organic
enrichment and anoxia to be closely associated with
large-scale shifts in bacterial communities (Asami et
al. 2005, Dowle et al. 2015). Such shifts are usually
characterized by an increase in abundance of sulphur, nitrogen and methane cycle-associated bacteria in the direct environment (Asami et al. 2005,
Dowle et al. 2015).
The apparent plasticity of the microbial community
in response to aquaculture operations suggests that
these communities could have intrinsic indicator potential for indirectly assessing ecological impacts and
remediation. However, shifts in microbial community
composition are not fully understood, and many questions remain as to what drives these changes. For example, the white bacterial mats observed near farms,
until recently considered to be Beggiatoa, have not
yet been identified (Dowle et al. 2015). Furthermore,
bacterial changes in one region might not be comparable to those observed elsewhere due to differences
in geographical location, bathymetry and other environmental factors. In NL, for example, there is often
very little natural sediment, and flocculent matter
build-up represents a drastic change of substrate for
benthic organisms (Hamoutene et al. 2016).

The presence of bacterial mats and flocculent matter
are used as indicators in regulatory frameworks for
aquaculture (Hamoutene et al. 2014). Further investigating the microbial community composition of flocculent matter and identifying key bacterial species
involved is a crucial step in developing our understanding of how aquaculture operations initiate bacterial
community changes and whether these shifts can be
used to measure impact and, potentially, remediation.
In this study, we investigated the bacterial community composition of multiple flocculent matter samples
under a salmonid farm in the Hermitage Bay area, on
the south coast of NL. Our analysis was performed by
sequencing the V6/V8/V9 region of the 16S rRNA
gene. Multiple samples were analysed to detect withinsite variation and determine the homogeneity of the
flocculent matter observed. We also collected multiple
samples of bacterial mats and attempted to identify
the bacterial community driving mat formation.

MATERIALS AND METHODS
Collection of flocculent matter
Samples of flocculent matter were collected on 27
August 2015 at a salmonid aquaculture site in ‘Little
Passage’, located between Bay D’Espoir and Hermitage Bay on the south coast of NL. This site, part of
a larger ongoing study of benthic remediation processes at aquaculture sites, had been out of production
(in fallow) for 3 mo at the time of sampling. Dropcamera visualization was performed to detect stations
(locations within the site) presenting flocculent matter
and bacterial mats. A total of 7 stations, located approximately 10 m from each other, were investigated,
and an average of 7 grabs (Eckman or box corer), directly adjacent to cage edges, were completed at each
station, at an average depth of 72 m. Four stations
were selected (based on grab success and retrieved
flocculent matter) for molecular analysis, and a total of
15 samples (approximately 4 per station) were collected
from grab material using sterile spoons or cut pipette
tips. Samples were subsequently stored in sterile containers and frozen at −20°C until arrival at the laboratory, where they were transferred to a −80°C freezer.

DNA extraction and high-throughput sequencing
(HTS)
Flocculent matter samples were thawed on ice and
transferred aseptically to bead beating tubes con-
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taining 0.1 mm glass beads (MO Bio Laboratories).
Total microbial DNA was subsequently isolated
using the MO BIO PowerViral DNA/RNA isolation
kit (MO Bio Laboratories) according to the manufacturer’s specifications. Extracted nucleic acids were
measured for quality and concentration using a NanoDrop 1000 (Thermo Scientific) and outsourced for
Illumina MiSeq 2x300-bp paired-end sequencing of
the 16S rRNA (V6/V7/V8 region) gene at the Integrated Microbiome Resource (IMR) at the Centre for
Comparative Genomics and Evolutionary Bioinformatics (Dalhousie University, Halifax, Canada), using
the previously published primers B969F and B1406R
(Comeau et al. 2011).

Processing and taxonomic profiling of HTS data
Illumina MiSeq sequence data were processed
using the in-house developed Streamlined Processor
Of Next-gen Sequences (SPONS) pipeline that integrates a multitude of external programs. An initial
quality check was performed using Trimmomatic
version 0.33 to remove any remaining primer or
adapter sequences, check reads for quality (leading
and trailing quality threshold = 25) and ensure that
the remaining sequence information was of sufficient
length (minimum of 100 bp) (Bolger et al. 2014). Surviving paired-end reads where subsequently merged
using PEAR version 0.9 (Zhang et al. 2014). For read
merging to occur, a minimal overlap of 105 bp and a
p-value of < 0.001 were required to ensure high-quality sequences. Operational taxonomic units (OTUs)
were created through a 2-step process: first the total
sequence dataset was de-replicated using VSEARCH
(merging strictly identical sequences and adding
abundance information), and this de-replicated
weighted dataset was successively used in conjunction with the de novo clustering program SWARM
to create OTUs (Mahé et al. 2014, Rognes 2016).
SWARM was used with adjustment to the default
settings to generate fewer OTUs with a higher rate of
inclusion (maximum number of differences allowed =
6, mismatch penalty = 3, match reward = 6, gap
opening penalty = 10, gap extension penalty = 3), and
the seed of each OTU was kept as a representative sequence. Representative OTU sequences were
checked for the existence of chimeras through
VSEARCH (UCHIME de novo implementation) using
the SILVA SSU reference database release 123 (clustered at 99% identity). OTU distribution amongst
samples was analysed by mapping original reads to
the representative OTU sequences using VSEARCH
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(utilizing USEARCH global implementation, percentage identity = 97%).
Taxonomy was inferred for each OTU through an
internal SPONS wrapper function which invokes 4
taxonomic classifiers through the assign_taxonomy.py
command within the QIIME framework: UCLUST
(maximum number of hits to consider = 1, minimum
percent similarity = 0.8, minimum consensus fraction =
0.76), Ribosomal Database Project (RDP) Classifier
(minimum confidence = 0.5), SortMeRNA (minimum
consensus fraction = 0.51, similarity = 0.8, best alignments per read = 1, coverage = 0.8, e-value = 1.0) and
BLAST (e-value = 0.001) (Altschul et al. 1990, Wang et
al. 2007, Caporaso et al. 2010, Edgar 2010, Kopylova et
al. 2012). After completion, a consensus taxonomy was
extracted for each OTU at the lowest common denominator where at least 3 classifier methods were in
agreement. All classification methods used the fully
redundant SILVA SSU reference database and taxonomy (release 123) (Quast et al. 2013, Yilmaz et al.
2014). As an additional filtering step, OTUs with taxonomical assignments other than Bacteria where removed from the dataset. Full dataset phylogeny was
created by generating alignments of OTU sequences
in MAFFT7 using the FFT-NS-2 algorithm which were
subsequently trimmed using gBlocks version 0.91b
(minimum block length = 3, all gap positions allowed)
and used for construction of an approximately-maximum-likelihood phylogenetic tree by FastTree version
2.1.8 (fastest option enabled in combination with the
generalised time reversible model) (Castresana 2000,
Price et al. 2010, Katoh & Standley 2013). The source
code of the SPONS pipeline is available upon request.

Bacterial diversity analysis, visualization and statistics
Alpha diversity was investigated using QIIMEs
alpha_rarefaction.py workflow using both Shannon’s
diversity index (shannon) and Simpson’s evenness
measure E (simpson_e) (Faith & Baker 2007). Sample
OTU data were converted to relative abundance by
dividing counts by total library size using QIIMEs
summarize_taxa.py. Subsequently, heatmap analysis
was performed in R using additional features from
the R package PhyloSeq (McMurdie & Holmes 2013,
R Core Team 2015). Supporting dendrograms for
heatmaps were created using hierarchical clustering (agglomeration method: ‘average’) of Bray-Curtis
dissimilarity generated from relative abundance
transformed OTU count data, at phylum and genus
levels, with the community ecology R package ‘vegan’
(Oksanen et al. 2016). Relative abundance data were
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imported into PRIMER 6 with the PERMANOVA+
add-on for further analysis (Clarke 1993, Clarke &
Gorley 2006, Anderson et al. 2008). Resemblance
matrices were created by analysing differences between samples using the Bray-Curtis dissimilarity
measure. Following the construction of the similarity
matrix, a hierarchical cluster analysis was performed
with the group average cluster mode. Principal coordinate analysis (PCO) was conducted on the similarity matrix, constrained to a maximum of 14 principal
coordinates. Hierarchical cluster analysis data were
used to overlay clusters at a resemblance level of
40%, while simultaneously plotting vectors using the
Pearson correlation type. Displayed vectors were
manually set to match high abundance taxa. As relative abundance based analysis can be prone to distortion by excessively abundant or rare taxa, results
were validated by repeating the analysis workflow
(data not shown) using OTU count data normalized
with the variance stabilization transformation as implemented in the R package DESeq2 (Love et al.
2014). This method was used to remove the dependence of the variance on the mean and produced log2transformed data, normalized with respect to library
size (Love et al. 2014).

RESULTS
Description of samples
Flocculent matter showed significant visual heterogeneity within and among grab samples. Flocculent
matter was either black (Fig. 1A) or brown (Fig. 1B).
No intact bacterial mats as seen on videos from stations were recovered; however, small remnants of
presumed bacterial mats were observed and sampled (Fig. 1C). One grab retrieved visually and physically distinct thick, light brown material which upon
surfacing expanded to over 3 times its original volume while forming bubbles and venting a gaseous
substance with a sulphurous odour (Fig. 1D, further
referred to as ‘gaseous’). From the grabs, we collected a total of 15 samples, of which 10 consisted of
bulk flocculent matter, 4 were more finely sampled
bacterial mats, and 1 was collected from the aforementioned gaseous flocculent matter.

Inspection of HTS data
HTS of the V6/V7/V8 16S rRNA gene region yielded
over 383 000 merged read-pairs passing quality

Fig. 1. Flocculent matter retrieved by grab sampling under a
hard-bottom aquaculture site in Newfoundland, Canada.
Visually distinct material is shown, including (A) dark/black
and (B) brown flocculent matter, (C) suspected bacterial
mat remains (indicated by arrowhead) on top of flocculent
matter and (D) ‘gaseous’ flocculent matter

checks, with an average read depth of 18 186 sequences sample−1. Downstream of quality checking,
chimeric removal and clustering of sequences, 4459
high-quality, non-singleton microbial OTUs were detected amongst samples. Rarefaction curve analysis
of OTU data indicated that all samples reached their
diversity plateau, indicating sufficient sequencing
depth (Fig. A1 in the Appendix). Sequence data were
deposited in the NCBI short read archive (SRA)
linked to BioProject accession number PRJNA352252.

Bacterial community diversity and structure
Bulk flocculent matter samples (n = 10) showed
a significantly (p < 0.001) higher average bacterial
diversity (H ’ = 7.8590) than bacterial mat (n = 4) samples (H ’ = 6.1280). A similar trend was observed for
community evenness, with bulk samples presenting
a significantly higher (p = 0.05) evenness (E = 0.066)
when compared to mat samples (E = 0.0154).
Analysis of the most abundant taxa (Fig. 2A)
indicated that the bacterial community associated
with the flocculent matter in this study was mainly
dominated by the classes Bacteroidia, Spirochaetes,
Clostridia and Cytophagia. Interestingly, 3 distinct
clusters were observed, showing a fluctuation in the
abundance of the Bacteroidia and Epsilonproteobacteria.
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Fig. 2. Heat map visualization of the abundance and distribution of the 10 most abundant taxonomical groups found in aquaculture site flocculent matter. Indicated in rows are the most abundant (A) phyla and (B) genera. Colours indicate relative sequence abundance (%), columns represent individual samples labeled by sample number. A dendrogram constructed from
relative abundance transformed operational taxonomic unit (OTU) count data using hierarchical clustering of Bray-Curtis dissimilarity is displayed at the top of both panels

When investigating the abundance data at the
Sulfurovum comprising more than half of the bactergenus level (Fig. 2B), the clustering of samples
ial community in this sample (56%).
remained, and a clear correlation between clusters
Similar results were obtained by investigating samand sample type (bulk flocculent matter or bacterial
ples using hierarchical clustering based on Bray-Curmat) was observed. Mat samples exhibited a high
tis dissimilarity between samples (Fig. 3). Again, at
relative abundance of a small group of 4 taxa, com40% similarity, 3 distinct clusters were observed: (1)
prising the majority of the detected bacterial populathe highly dissimilar sample 6; (2) a cluster of 8 samtion, in line with the observed H’ and E values. This
ples (bulk flocculent matter type only); and (3) a cluswas in contrast to the bulk flocculent matter samples,
ter of 6 samples including all of the bacterial mat
which displayed a more even distribution of bacterial
samples, 1 bulk flocculent matter sample and the
taxa, with less dominance.
gaseous sample as an outgroup.
The mat-specific bacterial community was
dominated by the genera Odoribacter (20%),
Spirochaeta (15%), Prevotella (21%) and
Meniscus (11%). The gaseous sample (sample
7) also showed a high abundance of Odoribacter (58%) and Meniscus (18%) and appeared
similar in composition to the mat-specific community. In contrast, bulk flocculent matter samples were not dominated by Odoribacter,
which had a relative abundance of only 1.9%.
Similarly, the genera Prevotella and Meniscus
also showed a sharp decrease in the bulk flocculent matter sample group, with relative
abundances of 7 and 5%, respectively. The
Spirochaeta only displayed a small difference
in abundance (12%) in the bulk flocculent Fig. 3. Cluster analysis of flocculent matter samples. Dendrogram
samples compared to the bacterial mat sam- shows the mat-specific and bulk flocculent matter samples as sepaples. Sample 6, a black flocculent matter sam- rate clusters. Dendrogram is constructed using hierarchical clustering (using group-average linking) based on Bray-Curtis dissimilarity
ple, displayed a highly divergent bacterial measurements. Symbols indicate sample type; green triangles: bulk
community with an extremely high abundance flocculent matter, blue triangles: bacterial mat samples, square:
gaseous sample
of Epsilonproteobacteria, driven by the genus
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DISCUSSION
As the aquaculture industry continues
to expand, understanding the impacts of
such operations on the natural environments in which they are performed
becomes essential. Bacterial communities
are highly sensitive to changes in the
environment and have therefore been
proposed as indicators of ecological impacts of aquaculture and its remediation
over time (Asami et al. 2005, Hamoutene
et al. 2014, Dowle et al. 2015). We investigated the bacterial composition of flocculent matter present under an aquaculture
site with hard-bottom substrate in NL. A
total of 15 flocculent matter samples, heterogeneous in physical appearance, were
retrieved and originally categorized as 4
different sample types: brown, black and
gaseous matter, as well as bacterial mats
(Fig. 1).

Bulk of the flocculent matter
Similarity analysis on the community
structure revealed that brown and black
flocculent matter showed only relatively
small differences amongst samples (Fig. 4),
Fig. 4. Principal coordinate (PCO) analysis of flocculent matter samples. Indi- indicating that the bulk of the flocculent
cated are sample clusters by 40% similarity (green line). Symbols and nummatter harbours a comparatively stable
bers indicate sample and sample type; green triangles: bulk flocculent matter,
blue triangles: bacterial mat samples, square: gaseous sample. PCO vectors bacterial community. These sample types
(Pearson correlation, solid lines) of high abundance genera are shown
were dominated by the classes Bacteroidia, Spirochaetes and Clostridia. At the
PCO analysis (Fig. 4) revealed the cluster of bactegenus level, the community composition was diffuse,
rial mat and gaseous samples to be clearly distinct
and no clearly dominant taxa were observed. Howfrom the cluster of bulk flocculent matter samples
ever, PCO analysis results showed the genera Spiroalong the first principal coordinate (PCO1), accountchaeta, Prolixibacter and Marinifilum to be the unique
ing for 44.1% of the total variation observed in the
drivers for this cluster.
dataset. The second principal coordinate (PCO2)
The Spirochaeta are ubiquitous inhabitants of many
accounted for 27.3% of the total variation, where
aquatic environments including lakes, oceans and
sample 7 (gaseous) and sample 6 (Sulfurovum overmarine sediments (Holt 1994). As they are commonly
abundant), through the higher abundance of Odorifound in marine environments and metabolise carbobacter and Sulfurovum, respectively, were the main
hydrates such as those found in flocculent matter, we
drivers for variation along this coordinate. Vectors
hypothesized that the presence of Spirochaeta is most
in the PCO analysis identified similar genera as
likely the result of colonization of these bacteria from
obtained from the abundance data analysis as being
the water column into the favourable conditions of
correlated with clusters, further highlighting the
flocculent matter. Less commonly observed in the eninvolvement of Odoribacter, Meniscus and Prevotella
vironment are the Prolixibacter. Currently there are 2
in distinguishing the mat sample group, and the
species described for Prolixibacter, both fermenting
affinity of Prolixibacter and Marinifilum with the
carbohydrates (Holmes et al. 2007, Iino et al. 2015).
bulk flocculent matter samples.
The more recently described P. denitrificans is further
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Table 1. Summary of high-throughput sequencing results. Displayed are the
known to reduce nitrate (Iino et al.
associated biological alpha-diversity parameters for bacterial and archaeal
2015). It is not known whether these
operational taxonomic units (OTUs) extracted from flocculent matter collected
bacteria stem from fish faeces, food
under a hard-bottom aquaculture site in Newfoundland, Canada. Sample numpellets or the natural environment.
bers are indicated along the respective sampling stations within the aquaculture site. H ’: Shannon diversity index. E: Simpson’s evenness index
As the ecological role of this genus is
currently not well known, it is difficult
to predict the functional involvement
Sample Station Description
Sequences OTUs H ’
E
of Prolixibacter; however, their fer1
10
Brown flocculent
11919
1402 8.63 0.102
mentative and psychrotolerant prop2
10
Brown flocculent
13269
1230 7.81 0.062
erties are most likely vital to their
3
10
Brown flocculent
16422
1551 7.59 0.023
success and presence within the floc4
10
Brown flocculent
15963
1465 7.99 0.056
5
10
Brown flocculent
20595
1354 7.83 0.051
culent matter. Further associated with
6
8
Black flocculent
10996
854 7.74 0.110
the bulk flocculent matter is Mari7
8
Gaseous brown flocculent 23330
662 4.68 0.007
nifilum, another genus comprising
8
4
Black flocculent
14420
1265 8.38 0.104
facultative anaerobes which ferment
9
4
Black flocculent
23605
1792 8.81 0.084
a variety of sugars (Na et al. 2009,
10
4
Yellow bacterial mat
23117
1160 6.36 0.018
11
4
Yellow bacterial mat
21570
1434 6.79 0.017
Bozo-Hurtado et al. 2013, Ruvira et
12
4
Black
flocculent
18162
1559
8.11 0.051
al. 2013); similarly to Prolixibacter,
13
6
Black flocculent
18336
801 5.70 0.017
Marinifilum are still not well charac14
6
White bacterial mat
15539
882 6.19 0.023
terized in terms of ecological charac15
6
White bacterial mat
25521
1401 6.62 0.012
teristics. A previous study has shown
the Marinifilum to be members of a
sulphate-reducing consortium in anoxic waters, posample and the gaseous sample in a separate, more
tentially indicating a relevant role in sulphur transdistant branch (Fig. 3). This cluster revealed a diverformation, as well as coupling of carbon and sulgent bacterial community compared to the bulk flocphur cycles (Bozo-Hurtado et al. 2013). Notably, the
culent matter, and enrichment for the Bacteroidia
Marinifilum found in this study showed a 95% sewas observed. At the genus level, a distinct higher
quence identity to the bacterial endosymbiont of
abundance of Odoribacter, Meniscus and Prevotella
Osedax mucofloris (data not shown), a worm previwas noted (Fig. 2). Accompanying this dominance
ously found to form opportunistic polychaete comwas the lower presence of other bacterial taxa in
plexes (OPCs) degrading whale bones (Verna et al.
these mat samples, further supported by the low
2010). Similar OPCs have been described under imdiversity and evenness values (Table 1). Bacterial
pacted aquaculture sites (Hamoutene et al. 2013,
mats all displayed a low diversity, low evenness
Salvo et al. 2014), raising the question of whether
index and the enrichment of specific bacterial memthe Marinifilum identified here could represent an
bers. Based on abundance data and PCO analysis
endosymbiont of aquaculture-related OPC worms.
(Fig. 4), we hypothesize that the genera Prevotella,
Sample 6 showed a highly divergent bacterial comMeniscus and Odoribacter could be key players in
position in which the genus Sulfurovum comprised
bacterial mat establishment and persistence as obover half of the microbiome and was the only abunserved near aquaculture sites. This is divergent from
dant taxon observed. The sole known species is S.
previous studies that proposed a role for Beggiatoa in
lithotrophicum, a strict chemolithoautotrophic sulthe bacterial mat-forming process. The absence of
phur-oxidizing bacterium. Gross morphology of this
Beggiatoa as an abundant or enriched genus echoes
sample did not differ significantly from other samples,
the recent report of only low levels of Beggiatoa in
and it is unknown why a pronounced shift occurred in
sediments beneath aquaculture sites, with other bacthis sample. It does, however, demonstrate the heteroteria thought to be involved in mat formation (Dowle
geneous nature of flocculent matter and the existence
et al. 2015).
of highly variable niche micro-environments.
The Prevotella have been isolated from a number
of niches including the human oral cavity, skin
abscesses and terrestrial soils, as members of the
Bacterial mats
anaerobic, hydrogen sulphide (H2S)-producing bacterial community (Washio et al. 2005, Purushe et al.
2010). There is evidence that members of the genus
The 4 samples collected as bacterial mats formed a
Prevotella are capable of metabolising various polyseparate cluster that also included 1 bulk flocculent
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saccharides, simple sugars and pectin, in combination with the scavenging of peptides and ammonia as
nitrogen sources (Purushe et al. 2010), all substrates
which are expected to be present in flocculent matter. Species within the anaerobic genus Odoribacter
display similar characteristics and can metabolise
various carbohydrates and nitrogenous substrates, et
al. 2011). Interestingly, abundance and PCO analysis
data showed that this genus almost completely
replaced all other taxa within the gaseous sample
and drove the divergence of this sample. It is likely
that Odoribacter generated the highly expanding
gaseous substance sampled in this study. Lastly, the
genus Meniscus, containing the sole species M. glaucopis, is associated with high organic enrichment
such as in wastewater treatment plants and industrial
effluents, but can also be present in the hypolimnion
of lakes and marine waters (Irgens 1977, Krieg et al.
2010). When grown to stationary phase in vitro, these
aerotolerant anaerobic bacteria migrate to the surface of the culture medium and form a white band.
They furthermore display gas vacuoles distributed
within cells and potentially exhibit filamentous
growth (Irgens et al. 1989). These characteristics of
white band formation, gas vacuoles and filamentous
growth are reminiscent of those observed in Beggiatoa. Due to visual similarities to Beggiatoa and their
increased abundance in bacterial mat samples, Meniscus represents a novel bacterial candidate which
could play a key role in the formation of bacterial
mats as observed near aquaculture sites.

Implications of findings

Based on our data, we hypothesize that a phased
process occurs when flocculent matter is deposited
on hard-bottom substrate. Upon flocculent deposition, the active growth of flocculent-associated bacteria as well as environmental bacteria occurs. The
metabolic processes and gradual development of an
anoxic environment could favour the growth of a
small, distinct community as observed in the bacterial mat, where the aerotolerant Meniscus developed
at the interface between the water column and flocculent matter. The gaseous sample collected most
likely represents an advanced stage of the decomposition process, in which Odoribacter and Meniscus
are even further dominating the bacterial community. Additional sample collection, at multiple time
points and sites, is needed to confirm this hypothesis. Furthermore, investigating bacterial expression
levels could provide significant insights into active
biochemical pathways to further understand the
decomposition process.
We present a novel description of bacterial communities associated with flocculent matter degradation
on hard-bottom substrates. Specific taxa represent
important biological indicators of organic enrichment
stemming from fish farms. Differences compared to
previously published studies, and variation between
samples within our study site highlight the need for a
more in-depth characterization of bacterial communities under aquaculture sites in order to fully understand microbial responses.
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Appendix

Fig. A1. Rarefaction curves of samples. Shown are individual samples along with the corresponding fraction sampled and calculated
Chao1 rarefaction measure.
Editorial responsibility: Marianne Holmer,
Odense, Denmark

Submitted: June 2, 2016; Accepted: September 29, 2016
Proofs received from author(s): November 4, 2016

