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ABSTRACT: The global aquaculture industry has grown substantially, with consequences for coas-
tal ecology and biogeochemistry. Oyster aquaculture can alter the availability of resources for
microbes that live in sediments as oysters move large quantities of organic material to the sed-
iments via filter-feeding, possibly leading to changes in the structure and function of sediment
microbial communities. Further, oysters can initiate changes in sediment elemental concentra-
tions, several of which are important mediators of microbial metabolism. Here, we use a chrono-
sequence approach to investigate the impacts of oyster farming on sediment microbial commu-
nities over 7 yr of aquaculture activity in a temperate coastal system. We detected shifts in bacterial
composition (16S rRNA gene amplicon sequencing), changes in gene expression (meta-transcrip-
tomics), and variations in sediment elemental concentrations (sediment geochemistry) across dif-
ferent durations of oyster farming. Our results indicate that both the structure and function of bac-
terial communities vary between control (no oysters) and farm sites, with an overall increase in
diversity and a shift towards anoxic tolerance in farm sites. However, little to no variation was
observed in either structure or function with respect to farming duration, suggesting these sed-
iment microbial communities are resilient to change. We also did not find any significant impact of
farming on heavy metal accumulation in the sediments. The minimal influence of long-term oyster
farming on sediment bacterial function and biogeochemical processes observed here provides
important insights for establishing best practices for sustainable farming in these areas.

KEY WORDS: Opyster farming - Chronosequence - Meta-transcriptomics * Estuary - 16S rRNA -
Sediment geochemistry * Sediment bacteria

1. INTRODUCTION

Oysters are filter-feeders that regulate biogeo-
chemical processes in coastal ecosystems by deliver-
ing organic material (OM) to sediments and excreting
dissolved nutrients. Once common in many coastal
systems around the world, natural oyster populations
are now only a small fraction of their former historic
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extent due to overharvesting and diseases (Beck et al.
2011, Zu Ermgassen et al. 2012, Botta et al. 2020).
Today, oyster aquaculture is expanding rapidly, par-
ticularly on the east coast of the USA (FAO 2018,
NMEFS 2020). In addition to the economic value of
oyster aquaculture, oysters are ecosystem engineers,
providing a host of benefits, including habitat provi-
sioning and storm surge protection (Ysebaert et al.
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2019). Their high filtration capacity (~5 1 water h™!)
enables them to filter large amounts of particulate
matter out of the water. These particles have 2 fates —
they can be ingested and deposited to the sediments
below as feces; or rejected, wrapped in mucus, and
deposited as pseudofeces. The deposition of this OM
stimulates a range of microbial processes by changing
the availability of compounds used in microbial meta-
bolism (Green et al. 2012), altering oxygen penetra-
tion into sediments (Lavoie et al. 2016). This in turn
can promote the build-up of chemicals that inhibit
certain metabolic pathways (Carlsson et al. 2012,
Green et al. 2012). Further, in a simulated lab study,
Newell et al. (2002) suggested that most aquaculture-
driven changes in nutrient fluxes presumably occur
through intermediate microbial processes. Taken
together, these studies indicate that the response of
sediment microbial communities to the pressure of
oyster-mediated OM loading will have important
implications for biogeochemistry in the system.

To date, most of the research on the effect of oysters
on coastal geochemistry have focused on sediment
nitrogen (N) cycling, specifically addressing how
oysters alter rates of individual N cycling pathways
and the net exchange of various N compounds be-
tween the sediment and water column (Ray & Ful-
weiler 2021). Underlying these changes and individual
processes are various microbial guilds that may
change in abundance or activity in response to the
presence of oysters. For example, oyster farms are
considered 'hot spots' for N removal via microbial de-
nitrification (Kellogg et al. 2013, Ray et al. 2021), the
microbial conversion of biologically active N to unre-
active di-nitrogen (N,) gas. Microbial denitrification
rates are influenced by a variety of factors, including
the quality and quantity of OM (Fulweiler et al. 2007,
2013), oxygen concentrations (Nowicki & Nixon1985),
and nitrate availability (Nijburg et al. 1997) —all fac-
tors impacted by oyster farming (Bouwman et al. 2011,
Carlsson et al. 2012). Changes in N cycling can also
initiate or coincide with changes in the availability
and concentration of carbon (C), phosphorus (P), and
sulfur (S) (Burgin et al. 2011). In areas of high OM de-
position, such as beneath oyster cages, hydrogen sul-
fide (H,S) can build up, subsequently inhibiting rates
of nitrification and denitrification (Asami et. al. 2005,
Holmer et al. 2005). In addition to altering availability
of these 4 elements (C, N, P, and S), oyster-mediated
OM loading can enhance the availability of heavy
metals (such as copper [Cu], zinc [Zn], and lead [Pb];
Smith et al. 2005, Mendiguchia et al. 2006, Sutherland
et al. 2007) and trace metals (such as arsenic [As], cad-
mium [Cd], cobalt [Co], chromium [Cr], iron [Fe],

manganese [Mn], and nickel [Ni]; Boothe & Knauer
1972, Silva et al. 2018), several of which are required
by enzymes that perform microbial metabolism. For
example, enzymes important for denitrification, such
as nitrate reductase, requires a molybdenum (Mo)
protein cofactor for reducing nitrate to nitrite (Ge et
al. 2019), and nitrous oxide reductase requires Cu for
reducing nitrous oxide (N,O) to N, (Scala & Kerkhof
1999). The concentration of Fe has a significant role in
mediating the microbial mobilization of Fe-bound P in
marine sediment (Pettersson 1998). Therefore, it can
be assumed that any changes in the environmental
supply of these metals (e.g. Mo, Cu, and Fe) could sig-
nificantly impact the cycling of other nutrients (e.g. N
and P) (Hussain et al. 2020). Considering the effect of
oyster farming on both the availability of metals and
the microbial communities is an important next step
toward broader insights into how oysters regulate bio-
geochemical processes across systems.

Past studies have investigated how sediment micro-
bial communities may differ between oyster habitats
and nearby areas without oysters. For example, Fein-
man et. al. (2018) demonstrated higher bacterial
abundance beneath oyster aquaculture compared to
bare sediment and there is also evidence for signifi-
cant shifts in communities following implementation
of other types of shellfish culturing (Asami et al. 2005,
Richardson et al. 2008, Liu et al. 2023). While these
studies provide insight into how sediment commu-
nities may change following introduction of shellfish
aquaculture, they have focused on the dynamics of a
few well-characterized microbial groups, and do not
capture the complexities in communal shifts in both
structure and function in response to farming over
time. Nor do they capture the impact of related ele-
mental biogeochemical processes that are important
for controlling the microbial-driven nutrient cycles in
sediments.

Bacteria can respond promptly to changes in their
environment due to shorter generation time allowing
faster rates of evolutionary changes. For example, bac-
terial communities in restored salt marshes have been
found to resemble those of reference salt marshes be-
fore there was evidence of plant growth (Lynum et al.
2020), making bacterial communities effective eco-
logical indicators. Given the potential for rapid micro-
bial evolution, community composition alone may not
accurately capture all functional variations that arise
in response to environmental impacts. Therefore, an
integrative approach comparing community-wide
changes in structure and function of bacteria is vital
for a holistic understanding of the extent of farming
impacts, which in turn can be useful in future monitor-
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ing and management of these farms. In the present
study, we use a multi-omics approach to assess shifts
in sediment bacterial communities along an oyster
aquaculture ‘chronosequence’ (space-for-time substi-
tution, Ray et al. 2020). To that end, we first used 16S
TRNA gene amplicon sequencing to characterize
changes in the structure and function of bacterial com-
munities in bare sediments and sediments beneath
oyster farms of various ages. Then we used RNA meta-
transcriptomics to identify similar community shifts in
response to oyster farming. Using both DNA and RNA
sequencing allowed us to detect changes in the 'po-
tential' (16S rRNA gene) compared to the ‘active'
(mRNA) shifts in response to farming. Finally, we mea-
sured changes in sediment elemental concentrations
in relation to the age of oyster farming to identify the
effects of farming on elements beyond N, C, P, and S.
We hypothesized that there would be significant
changes in both the structure and function of the bac-
terial community in response to farming duration due
to changes in both biotic and abiotic factors induced
by the oysters. Meta-transcriptome data allowed us to
identify specific bacterial processes and their associ-
ated functions that mediate the above shifts in compo-
sition. Based on previous studies (Tovar et al. 2000,
Rozi¢ et al. 2012), we predict greater accumulation of
metals (e.g. Cd, Cu, Pb, Zn) at farmed sites due to OM
deposition by the oysters.

2. MATERIALS AND METHODS
2.1. Study site and sample collection

Sediments were collected from Ninigret Pond
(41.357°N, 71.653° W), a coastal back barrier lagoon
located in southern Rhode Island, USA (Fig. S1 in
the Supplement at www.int-res.com/articles/suppl/
q016p283_supp.pdf). Four sites were selected within
a commercial oyster farm (0.016 km?) in the lagoon
that employs a rack and bag technique, where oysters
Crassostrea virginica are held in plastic mesh bags
suspended approximately 10—20 cm from the sed-
iment surface on PVC racks. Different portions of the
farm had been in use for varying lengths of time (0, 3,
5, and 7 yr) that corresponded to a chronosequence
(space-for-time substitution). The 0 yr old or control
site was located on bare sediment approximately 10 m
upstream of aquaculture gear but still on the farm.
Water depth across sampling sites was about 1 m and
sites were at least 15—20 m apart from each other. In
June 2015, duplicate sediment samples were col-
lected using a 25 mm corer from the top 1 cm of sed-

iments under oyster cages from 3 benthic chambers
(>1 m apart) within each of the 4 sites, yielding 24
total samples. Sediment samples were placed on dry
ice, transported back to the laboratory, and stored at
—80°C until downstream analyses. A more detailed
description of the study location, oyster farming
approach, and methods for sample collection can be
found in Ray et al. (2020).

2.2. DNA extraction and analyses

We used 16S rRNA gene amplicon sequencing to
identify changes in bacterial community composition
based on the protocol described in Stevens et. al.
(2019). Briefly, DNA was extracted using the Qiagen
DNeasy PowerSoil Pro Kit (cat. no. 47014). Purified
DNA was then shipped to MR DNA (Shallowater, TX,
https://www.mrdnalab.com/) for sequencing on an
Ion Torrent personal genome machine (PGM) after
PCR amplification of the 16S rRNA V4 region with
primers 515F and 806R (Caporaso et al. 2011). Initial
quality control of sequences was done using the MR
DNA analysis pipeline to remove primers, barcodes,
and any sequences <150 bp. A 979% similarity cutoff
was applied to filtered reads to identify operational
taxonomic units (OTUs), and chimeras were removed
using a modified UCHIME algorithm (Edgar et al.
2011). OTUs were clustered using USEARCH and
classified using BLASTN against databases derived
from the Ribosomal Database Project II (v. 11.5,
http://rdp.cme.msu.edu, Cole et al. 2014) and NCBI
database (https://www.ncbi.nlm.nih.gov, accessed
August 8, 2018) using default settings (Glassing et al.
2015, Schmidt et al. 2018).

2.3. RNA extraction and analyses

We isolated RNA from 6 sediment samples (3 repli-
cates each from the control and 7 yr old site). The 7 yr
site was chosen as it had the longest duration of farm-
ing compared to the other sites. RNA from all 6 sam-
ples were extracted from ~2 g of sediment using the
Qiagen RNeasy PowerSoil Total RNA Kit (cat. no.
12866) following the manufacturer's protocol. RNA
was quantified using the Qubit RNA HR assay kit
(Thermo Fisher Scientific) in a Qubit Fluorometer
(Thermo Fisher), before shipping to the UNH Hub-
bard Center for Genome Studies for sequencing
(https://hcgs.unh.edu/). Following the manufac-
turer's protocols, RNA was first reverse-transcribed
using the SuperScript Double-Stranded cDNA Syn-
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thesis Kit (Thermo Fisher) followed by construction of
RNA libraries using the I[llumina-compatible Nextera
DNA Flex Library Prep Kit (cat. no. 20018705).
[Nlumina-compatible adapters from the Nextera DNA
Unique Dual Indexes (cat. no. 20027213) were used to
attach individual barcodes to all 6 libraries. Library
size distribution was determined using a Bioanalyzer
2100 (Agilent Technologies) with DNA High-Sensitiv-
ity chips and reagents (Agilent Technologies). Illu-
mina TruSeq SBS v4 reagent kit (300 cycles) was used
to generate paired-end 150 bp reads using the Illumina
HiSeq platform. The initial quality check was done
with FastQC (v.0.11.6) (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc). Low-quality reads
and TruSeq3-PE adapters were then removed in Trim-
momatic (v. 0.27) using default settings (Bolger et al.
2014). Trimmed and filtered reads were uploaded to
the MG-RAST API server (http://metagenomics.anl.
gov, Meyer et al. 2008) for both taxonomic and func-
tional analyses of MetaT data following previously es-
tablished protocol (Urich et al. 2008, Yu & Zhang
2012). Briefly, RNA was first converted to cDNA. A
minimum e-value <1 e~> and 60 % identity cut-off were
used for database searches within MG-RAST. RefSeq
database was used to tabulate TRNA transcript counts
at each taxonomic level, and mRNA transcripts were
annotated with SEED Subsystem and visualized using
KEGG (an internal tool based on the Kyoto Ency-
clopedia of Genes and Genomes pathway mapping
system).

2.4. Metal extraction and analyses

Thawed sediments from each of the 24 sediment
samples were ground to a fine powder using a mortar
and pestle. Approximately 2 g of each dried and
thawed sample was then sent to the Trace Metal Ana-
lyses Core at Dartmouth College to measure elemen-
tal concentrations using an Agilent™ 7900 induc-
tively coupled plasma mass spectrometer (ICP-MS).
Prior to analysis, samples were digested in a 5 ml
HNO3:HCI (9:1) mixture and heated at 110°C for an
hour. On cooling, 45 ml of DI water was added before
running in the ICP-MS with a commercial internal
standard mix for calibration purposes.

2.5. Statistical data analyses
All analyses were performed in the statistical plat-

form R (v. 4.2.1; R Core Team 2017) using the RStudio
interface (v. 2023.09.1+494; RStudio Team 2020), in-

cluding the vegan (Oksanen et al. 2013), ggplot2
(Wickham 2009), and DESeq?2 (Love et al. 2014) pack-
ages. The 'rarefy’ function in the vegan package was
used to test for adequate sequencing depths across
amplicon samples prior to any analyses. Alpha diver-
sity (Shannon and Chaol indices) was evaluated using
the vegan package, and 1-way ANOVA followed by
Tukey's post hoc tests was used to measure
differences between sites. To meet the assumptions of
ANOVA, the residuals were plotted graphically to
confirm normal distribution and the Levene test was
used to confirm equality of variances in R. Beta diver-
sity (sample clustering) was visualized using non-met-
ric multidimensional scaling (nMDS) ordination on
relative abundances (to account for differences in se-
quencing depth across samples) using the Bray-Curtis
dissimilarity matrix in vegan (k = 2; trymax = 50). Sig-
nificance of microbial community shifts between sites
was tested using PERMANOVA with the ‘adonis ()’
function, followed by pairwise comparison between
sites using the ‘pairwise.adonis2()' function in the
vegan package. Linear discriminant analysis (LDA) ef-
fect size (LEfSe) analysis was used to detect site-spe-
cific bacterial markers using LEfSe of Galaxy of the
Huttenhower lab (Segata et al. 2011). Potential bacte-
rial functions were identified from the 16S rRNA data
using PICRUSt (Langille et al. 2013) in Qiime2
(Bolyen et al. 2019). Differential abundance in KEGG
functional pathways between the control and farmed
sites were determined in ggpicrust2 (Yang et al. 2023)
using ALDEx2 (Fernandes et al. 2013) that uses the
Wilcoxon rank test for statistical significance between
treatments. All predictions were corrected for multiple
testing (Benjamini-Hochberg method, FDR q<0.05).

For RNA sequencing, KEGG-annotated gene counts
and RefSeq-based taxonomic counts were used for
nMDS ordination using a Bray-Curtis dissimilarity
matrix, followed by PERMANOVA analyses for site-
specific differences. Reads per million (RPM) transfor-
mation was done prior to testing to account for differ-
ences in sequencing depth across samples. Differential
gene expression of KEGG transcripts between the
control and the 7 yr site was calculated using DESeq2
(Love et al. 2014). Results were plotted in SRplot
(www.bioinformatics.com.cn/srplot). Diversity indices
of RNA-derived taxonomic profiles were calculated
using vegan, and a Student's ¢-test was used to test for
differences between sites. To test for similarity be-
tween community composition derived from DNA and
RNA sequences, 2-tailed Student's t-tests were per-
formed on Canberra pairwise community distances at
the phylum level using the ‘vegdist' function in vegan
(see Meyeretal. 2019).
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For sediment elemental concentrations, nMDS
based on a Bray-Curtis dissimilarity matrix were per-
formed on z-transformed data to normalize distribu-
tionsacross samples, followed by PERMANOVA to test
for differences among sites. Pearson's correlation ana-
lysisusing the 'stats' package wasused toassessassoci-
ations between elements. Individual concentrations of
elements were compared across sites using a 1-way

examine clustering at the OTU levels where control
samples clustered separately from other farmed sites.
Three and 5 yr sites clustered closer compared to 7 yr
sites (Fig. 1B). PERMANOVAs indicated a significant
difference between control and farmed sites at the
OTU level (pseudo-F3 o3 = 3.2063, p = 0.001). Post hoc
pairwise comparison showed differences between the
control and the 3 yr (p = 0.006), 5 yr (p = 0.024), and

ANOVA followed by Tukey's post hoc
tests. The Levene test was used to con-
firm equality of variances for individual
elements. The contribution of elements
tovariationsin the bacterial community
wasestimated bydistance-based redun-
dancy analyses (db-RDA) using the
‘rda()' function in vegan using default
settings. Only elements that showed a
significant correlation with grouped
samples using the 'envfit' function in
vegan were used in the redundancy
analyses (Oksanenetal. 2013).

3. RESULTS

3.1. DNA community structure
and function

16S rRNA gene amplicon sequencing
in all 24 samples (4 sites X 6 replicates)
showed a mean (*SD) of 58137 =+
15636 sequences sample™! (Stevens et
al. 2019). We identified 13147 OTUs
belonging to 53 phyla, 119 classes, and
1137 genera across samples. Rarefac-
tion curves (Fig. S2A) indicate that
most samples had comparable sequen-
cing depth, with all 3 yr replicates
showing greater OTU abundances com-
pared to the rest. Control, 5 yr, and 7 yr
farm sediment replicates had nearly
equal abundances, but the control rep-
licates exhibited lower species diversity
than the farmed sites (Fig. 1A, Table 1).
These findings were also supported by
diversity indices analyses, where con-
trol samples were significantly less di-
verse than all 3 farmed sites (Shannon:
F599 = 15.92, p < 0.001; Chaol: F54y =
12.12, p < 0.001), with Tukey's post hoc
test revealing no variation between the
3, 5, and 7 yr sites (Table 1, Fig. 1A,
Fig. S2B). nMDS ordination was used to
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Table 1. 16S rRNA gene and Illumina HiSeq sequencing output showing total sequences obtained in each, number of opera-
tional taxonomic units (OTUs) and KEGG annotations in 16S rRNA and HiSeq mRNA respectively, and diversity indices
(Chaol species richness estimator and Shannon's diversity index) of OTU abundances across the 24 sample sites

Samples Sequencing results — Diversity indices
ID Replicates Total Total Total RNA Chao Shannon
sequences OTUs sequences (Adj. mean = SE)

OA 1 (3y1) 1 60222 5247 8198.05 = 169.60 6.622
2 77498 6041 8950.67 = 159.59 6.761
3 79364 6790 9823.40 = 159.05 7.054
4 55986 5490 9024.79 = 198.32 6.812
5 110642 8039 10937.86 + 146.27 7.246
6 62602 6219 9437.60 = 172.66 7.047

OA 2 (5y1) 1 55220 6192 9214.86 = 162.42 7.198
2 54207 5992 9040.73 = 163.92 7.092
3 60933 6233 9122.10 = 155.28 7.128
4 59288 5896 9040.76 = 171.81 6.797
5 58102 6234 8953.25 +144.97 6.958
6 54910 6174 9080.96 = 155.96 7.218

OA 3 (7 yr) 1 56817 5668 83269256 8458.50 = 155.37 6.996
2 58693 6184 36621730 9438.57 = 175.81 7.245
3 44746 5192 35363476 8185.34 = 172.14 7.025
4 51093 5497 8721.45 = 178.72 6.823
5 61428 5920 8931.89 = 167.27 7.092
6 36178 5070 8568.98 + 188.78 7.107

Control (0 yr) 1 40191 4223 35075482 6765.94 +160.72 6.247
2 68971 5354 89208186 8059.65 = 157.38 6.429
3 62123 5208 57674984 8001.22 = 161.84 6.576
4 41123 4690 7638.55 = 173.16 6.476
5 39511 3990 6561.23 = 166.65 6.494
6 45612 4849 7533.02 = 159.28 6.617

7 yr (p = 0.030) sites, but no significant differences be-
tween the 3 farmed sites. Bacterial groups that are
more likely indicators of this difference were charac-
terized by LEfSe that revealed that 13 OTUs were en-
riched in the farmed sites (3, 5, and 7 yr, LDA scores
3.4—5.3) and 14 OTUs were enriched in the control
samples (LDA scores 2.7—5.6) (Fig. 2A, Fig. S3). Taxa
enriched in farm sites belonged to the phylum Proteo-
bacteria, except 1 that belonged to Firmicutes. Within
Proteobacteria, 11 belonged to the class Deltaproteo-
bacteria and 1 to Epsilonproteobacteria. Desulfobac-
terales and Desulfuromonadales were the 2 enriched
orders in the farm sites. In the control site, the phyla
Proteobacteria (8), Bacteroidetes (5), and Spirochaetes
(class Spirochaetia) (1) were enriched (Fig. S3). Within
Proteobacteria, the class Alphaproteobacteria (order
Rhodobacterales) showed the highest LDA score, fol-
lowed by Gammaproteobacteria. Within Bacteroidetes,
class Sphingobacteriia (order Sphingobacteriales) had
the highest LDA score, followed by Cytophagia (order
Cytophagales) (Fig. 2A, Fig. S3).

Phylum-level abundances across the 4 sites were
published previously in Stevens et al. (2019). Several

classes within the 4 most abundant phyla (Proteo-
bacteria, Bacteroidetes, Firmicutes, and Chloroflexi)
showed variations among the 4 sites (Fig. 2B). For ex-
ample, within Proteobacteria (graph I in Fig. 2B),
Deltaproteobacteria abundance increased from 11 to
28% (Fs330 = 20.699, p < 0.001), while Gammaproteo-
bacteria decreased (19 to 14.8%) from control to 7 yr
sites (F330 = 8.803, p < 0.001). Within Bacteroidetes
(graph II in Fig. 2B), both Cytophagia (4 to 8%) and
Bacteroidia (0.7 to 2.6 %) had higher abundances at
the 7 yr site compared to the control site. The most
dramatic increase in abundances was seen in Firmi-
cutes (graph III in Fig. 2B), where both Bacilli (0.4 to
1.8%) (F3,30 = 10.136, p < 0.001) and Clostridia (0.9 to
3.3%) (F330 = 15.418, p < 0.001) increased signifi-
cantly with years of exposure to oysters. Chloroflexi
(graph IV in Fig. 2B) showed little variation between
control and farmed sites, with only Chloroflexia (0.07
to 0.13%) (Fs,30 = 4.719, p = 0.012) showing a signifi-
cant increase in 7 yr farm sites. Among the top 100
most abundant genera (Fig. S4), several were ex-
tremely less abundant (<1%) at the control site, but
abundance was higher (>8 %) with duration of farming
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at the other 3 sites. For example, Nitrospina (0.08 to
0.21%), Desulfobacter (0.06 to 0.57%), Desulfotignum
(0.04 to 0.50%), Natranaerovirga (0.05 to 0.49%), De-
sulfopila (0.07 to 0.39%), Desulfotalea (0.18 to 0.78 %),

Clostridium (0.32 to 1.4%), Bacillus (0.25 to 1.4%),
Desulfobacterium (0.71 to 2.6%), Spirochaeta (0.44 to
2.9%), Desulforhopalus (0.53 to 2.9%), Draconibacte-
rium (0.28 to 1.8%), and Desulfovibrio (0.39 to 0.78 %)
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all increased from the control to the 7 yr sites. A few
genera also showed greater abundances in the control
compared to farmed sites, such as Cyanobacterium
(5.56 to 13%), Pseudomonas (2 to 3.70%), Acineto-
bacter (1.61 to 3.17%) and Alkanindiges (0.31 to
0.75%). Another pattern was observed in some rarer
genera, where both Candidatus Brocadia (F33 =
6.430, p = 0.003) and Candidatus Scalindua (F5 3y =
4.237, p = 0.018) showed a nearly 3-fold increase in
abundance between control and 7 yr sites.

Principal component analyses (PCAs) of KEGG
pathway abundances (from 16S rRNA) showed closer
clustering of replicates from the farmed sites com-
pared to controls, with the PCA1 axis explaining
26.6% and PCA2 explaining 9.6 % of the variation in
abundances (Fig. 3A). PICRUSt revealed 11 KEGG
pathways that were statistically different between
control and farmed sites, with 8 showing higher (neg-
ative fold change) and 3 showing lower enrichment
(positive fold change) at farmed compared to control
sites (Fig. 3B, p < 0.050). Pathways related to antenna
proteins (light-harvesting proteins in aerobic photo-
synthesis) and steroid biosynthesis were depleted and

@ Oysters Present

pathways associated with N-glycan biosynthesis,
basal transcription factor, and mTOR signaling were
among the top pathways enriched at farm sites com-
pared to control sites. Using 16S rRNA data to predict
community function is limited, as putative pathways
can be predicted merely due to bacteria containing
distant homologs of enzymes important in that path-
way, although the pathway itself is not existent in
bacteria (Langille et al. 2013). Further, using PICRUSt
can overrepresent the presence of human-related
pathways due to biases inherent in its biomedical-
focused microbial databases. Therefore, observations
from community RNA analyses are essential to
further validate these functional changes.

3.2. RNA community structure and function

Mlumina HiSeq sequencing of extracted RNA gen-
erated an average of 28084426 += 12404398 RNA
sequences in all 6 samples (2 treatments [control vs.
7yr] x 3replicates; Table 1). No significant difference
between RNA yield, RNA quality, or sequences were
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Fig. 3. Functional diversity of the 16S rRNA bacterial community at control and oyster farms: (A) principal component analyses
and (B) relative abundances and log, fold change of differentially enriched KEGG-annotated pathways
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observed between treatment groups (p > 0.05). We
found that 5459 transcripts were annotated by KEGG
that showed no separation in nMDS ordination
(Fig. 4A), supported by PERMANOVA that indicated
no differences between control or 7 yr site (pseudo-
F,5 = 0.2682, p = 0.933). Differential analyses indi-
cated that 8 genes were upregulated and 18 genes
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were downregulated in the 7 yr site compared to con-
trol (Fig. 4B). Among the transcripts downregulated
at the farm sites compared to control, several be-
longed to gluconeogenesis and the bacterial chemo-
taxis pathway and 1—2 transcripts to phosphotrans-
ferase, glutamate, alanine, and pyruvate metabolic
pathways (Fig. 4C). Multiple pathways related to
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Fig. 4. (A) Non-metric multidimensional scaling (nMDS), (B) volcano plot of the significant differentially expressed RNA
transcripts between control and 7 yr sites, and (C) barplot of the differentially expressed KEGG pathways between control
and 7 yr sites
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human diseases, phagosomes, and C fixation were
upregulated in the 7 yr farm sites. We annotated our
rRNA transcripts with RefSeq in MG-RAST to com-
pare differences in taxonomic assignments from 16S
rRNA amplicon (resident community) and protein-
coding reads (active community). We detected a total
of 28 and 592 bacterial phyla and genera respectively.
nMDS ordination followed by PERMANOVA on bac-
terial genera showed no separation between control
and 7 yr sites (Fig. 5A, pseudo-F, 5 = 1.339, p = 0.217).
Diversity analyses on genera also did not show any

variation between control and 7 yr farm sites (Fig. 5B,
Student's t-test, p>0.050). Similar to 16S rRNA ampli-
cons, the top 3 abundant phyla were Proteobacteria,
Firmicutes, and Bacteroidetes, followed by Actinobac-
teria, Cyanobacteria, Planctomycetes, and Cloroflexi
(Fig. 5C). Eleven out of 28 phyla showed a significant
increase in farm sites compared to control that
included Proteobacteria, Spirochaetes, and Thermoto-
gae among the most abundant ones. Only Planctomy-
cetes showed a significantly greater abundance at
control sites. We found that 141 genera showed differ-
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Fig. 5. (A) Non-metric multidimensional scaling (nMDS), (B) Chaol and Shannon diversity analyses, (C) relative abundances of

bacterial phyla in RefSeq-annotated RNA transcripts from control and 7 yr sites, and (D) average pairwise similarity (1 — Can-

berra distance) of the RNA and 16S rRNA amplicon-inferred communities at control (‘No oysters') and 7 yr sites ('Yes oysters').
Student's t-test was used to calculate differences between communities (p < 0.001). Boxplot features as in Fig. 1
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ential abundance at control and farmed sites (Stu-
dent's t-test, p < 0.050), with 124 more abundant at
farmed sites and 17 more abundant at control. Sup-
porting 16S rRNA amplicon observations, we saw an
increase in Deltaproteobacteria, Epsilonproteobacte-
ria, and Firmicutes and a decrease in Alphaproteobac-
teria and Gammaproteobacteria at the farm sites com-
pared to control. In addition, the RNA-derived
community showed an increase of Actinobacteria and
Betaproteobacteria in the farmed sites and increase of
Planctomycetes and Flavobacteria in the control. Pair-
wise comparison of the community distance matrices
indicated that DNA- and RNA-derived communities
were significantly different at the phylum level at
both control and farm sites (Fig. 5D, Control: t = 7.64,
p <0.001; Farm: t = 3.630, p < 0.010; Welch 2-sample
t-test).

3.3. Sediment geochemistry

Twenty elements, excluding hydrogen (H) and oxy-
gen (O), were detected in all 4 sites (Fig. 6, Table S1).
nMDS ordination on z-transformed concentrations
showed closer clustering between control and 5 yr
farmed sites, but the former grouped separately from
both 3 and 7 yr sites (Fig. 4A). PERMANOVA indi-
cated a significant difference between sites (pseudo-
F5 43 = 3.349, p = 0.009), primarily driven by the dif-
ferences between the control and the 3 yr site (p =
0.020). To identify elements that accounted for these
site-specific differences, we performed univariate
ANOVAs for individual elements across all 4 sites
(Fig. 6B). Twelve out of 20 elements (aluminum [Al],
potassium [K], P, Cr, Mn, Fe, Co, Ni, Zn, barium [Ba],
Cd, and Pb) showed significant differences in concen-
trations between sites, where all elements except Zn
were lower at the 3 yr site compared to control.
Approximately half of the elements (11 out of 20 ele-
ments: P, Al, K, Cr, Mn, Fe, Co, Zn, Ni, Ba, and Pb)
showed significant decreases in concentration at the
7 yr site compared to control. The 3 and 5 year sites
varied in 6 out of 20 elements (Mn, Fe, Co, Ni, Pb, and
Cr), and the 5 and 7 year sites varied in 4 out of 20 ele-
ments (Co, Ni, Ba, and Pb). No elements showed dif-
ferences in concentrations between control and the
5 yr site, and only Mn showed significant increase at
the 7 yr site compared to the 3 yr site.

To better understand the relationship between bac-
terial community and sediment elemental concentra-
tions, Pearson correlation analysis was done to test
for collinearity between elements with each other
(Fig. S5A) and with bacterial phyla (Fig. S5B). Calcium

(Ca) was negatively correlated to all elements except
Cu. Nj, Cr, Mn, Co, Fe, K, and Al showed the strongest
positive correlation with each other compared to the
rest (Fig. SS5A). No overall pattern in collinearity was
observed between elements and bacterial phyla
(Fig. S5B). The Pearson correlation coefficient (r) var-
ied from —0.1 to +0.64, with only Cyanobacteria
showing a strong positive correlation (>0.3) with K,
Co, Ni, and Ba. The phyla Proteobacteria, Chloroflexi,
Fusobacteria, Ignavibacteriae, Acidobacteria, Firmi-
cutes, and Niirospinae showed higher negative r-
values (>0.3) with correlated elements Cr, Mn, Fe, and
Co. K and Ba also showed strong negative correlation
with most phyla. db-RDA was done to test for correla-
tion of elements with bacterial abundances (Fig. 6C).
To check for homogeneity of the bacterial data, we
first did a de-trended correspondence analysis (1% axis
length = 1.14; Lep3 & Smilauer 2003) followed by PCA
with the 'envfit' function to test for significance. Al, K,
Cr, Mn, Fe, Co, Ni, Zn, and Ba showed a significant
p-value (<0.010) and were used for subsequent redun-
dancy analyses (Table S2). RDA1 and RDA2 together
explained 32% of abundance variability (Fig. 6C). Al
(p = 0.004) and Mn (p = 0.025) made a significant con-
tribution to the total variation of bacterial community
structure.

4. DISCUSSION

In this study, we investigated the impact of oyster
farming on bacterial community structure and func-
tion. We found that bacterial communities in oyster
farm sediments differed significantly from unfarmed
sediments (Figs. 1 & 2). Importantly, we did not find
any difference in bacterial communities with respect
to farming duration (Figs. 1 & 2). In fact, both diversity
analyses and LEfSe suggest that several bacterial taxa
and genera varied in abundances between the control
and the farmed sites, but not between the 3, 5, and 7 yr
sites. These results indicate that sediment bacterial
communities responded to the pressure of aquacul-
ture within 3 yr, and that this response persisted over
time. Although limited to a single farm, the general
lack of change in bacterial communities with farming
duration could be due to early and rapid reorganiza-
tion following the introduction of oyster-induced
selection pressures, as observed in studies with simi-
lar time frames in marine (Simon et al. 1999), fresh-
water (Hall et al. 2008, 2011), and terrestrial systems
(Bradford et al. 2008, DeAngelis et. al. 2010).

Microbial community structure tracks environmen-
tal changes due to high adaptation rates (Graham et
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Fig. 6. (A) Non-metric multidimensional scaling (nMDS) of ele
centrations of individual elements across all 4 sampling sites (

Farm sites

mental concentrations across control, 3, 5, and 7 yr sites. (B) Con-
n = 6). Boxplot features as in Fig. 1. (*): significant differences in

elements between the respective farm and control sites; (+): differences between the 3 and 5 yr sites; (@): differences between 5
and 7 yr sites; and (#): differences between 3 and 7 yr sites (Tukey's post hoc; p < 0.05). Note the different y-axis scales. (C) Biplot
of redundancy analysis (RDA) axes 1 and 2 for bacterial operational taxonomic units with sediment elemental concentrations

al. 2016, Morris et al. 2020). As such, microbial com-
munities are increasingly used as indicators to esti-
mate the environmental impacts of anthropogenic
activities in different ecosystems (Paerl et al. 2003,
Liao et al. 2018, Schloter et al. 2018). Aquaculture can

impact ecosystem biogeochemistry in several ways,
such as decreasing oxygen concentrations (Lavoie et
al. 2016), increasing sulfide accumulation (Holmer et
al. 2005), and enhancing nutrient availability (Carls-
son et al. 2012). The presence and absence of certain
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microbes can indicate the dominant in situ decompo-
sition processes related to these cycles, which in turn
can shed light on overall coastal ecosystem quality
(Aylagas et al. 2017). Further, the low cost of environ-
mental DNA metabarcoding and the ability to simul-
taneously record community-level changes in both
structure and function makes microbial indicators
effective for long-term monitoring of disturbed hab-
itats. In this study, we identified several bacterial taxa
that had consistently higher abundance at farmed
sites (Figs. 2 & 5). Notable among them is the genus
Spirochaeta, primarily composed of anaerobes found
within sediments exposed to aquaculture (Lin et al.
2015, Verhoeven et al. 2016), and the class Clostridia,
which are anaerobic species commonly found in soils
(Wells & Wilkins 1996). Additionally, LEfSe (Fig. 2)
analyses showed increased LDA scores for sulfate-
reducing anaerobic Deltaproteobacteria, chemolitho-
trophs associated with Epsilonproteobacteria, and
facultative anaerobes Bacillales in the farmed sites. A
higher LDA for Rhodobacterales (Alphaproteobacte-
ria) that are all strictly aerobic was observed at the
control site (Fig. 2). RNA-derived sequences also
showed increase of the anaerobic Thermotogae phy-
lum at farmed sites. Ray et al. (2020) reported an ini-
tial stimulation of sediment O, consumption follow-
ing the introduction of oyster aquaculture, followed
by a return to baseline conditions after 7 yr. The ob-
served increase in abundance of microbes that prefer
or require anaerobic conditions in our study coupled
with past evidence for reduced oxygen availability in
sediments under oyster farms suggest a shift towards
increased tolerances for anoxia in oyster farm sed-
iment microbes. The contribution of community shifts
vs. functional shifts towards such increased toler-
ances under oyster cages requires further investiga-
tions in additional systems to identify specific taxa or
precise molecular mechanisms that are at play.
Opysters play a crucial role in mediating microbial-
driven N sediment cycling in estuarine systems. At
this site, Ray et al. (2020) demonstrated that sediments
switched from net N fixation (i.e. N, sink) to net deni-
trification (i.e. net N, source) following the establish-
ment of oyster farming. Ray & Fulweiler (2020) also ob-
served a seasonal impact on N fixation and release
rates at these sites. N, can be produced via canonical
denitrification, the microbial conversion of nitrate to
Ny, or through anaerobic ammonium oxidation (anam-
mox), which couples NH,* oxidation with NO,~ re-
duction to produce N,. Ray et al. (2020) could not
describe the pathway leading to enhanced N, produc-
tion, as they only measured net rates. Our analysis of
the microbial community and function can help sug-

gest some mechanisms behind the observed change in
net N, exchange between sediments and the water col-
umn. Here, we see enrichment of few bacterial genera
associated with denitrification (e.g. Bacilli) and greater
abundance of several anaerobic ammonium-oxidizing
bacteria (AAOB) capable of anammox, including the
genera Candidatus Brocadia and Candidatus Scalin-
dua at the 7 yr farm site compared to control (Kartal et
al. 2008, Awata et al. 2013, Bai et al. 2015). We also did
not see enrichment of bacteria commonly associated
with the denitrification processes at the oyster farms
(e.g. Alphaproteobacteria, Gammaproteobacteria, and
Chloroflexi) (Wang et al. 2016). Nitrospinae was the
only NO,™-oxidizing bacterial phylum that was con-
sistently more abundant at all farmed sites. Taken to-
gether, these data suggest that anammox may have
been dominating the N, signal at the farmed sites, po-
tentially because rates of nitrification were lower due
to reduced O, availability. Arfken et al. (2017) quanti-
fied differences in bacterial communities across the di-
gestive system, shell, and sediment in an oyster reef
and found that genes associated with denitrification
were mostly found in the oyster digestive system and
on the shell as opposed to in the sediments, further
supporting the potential for annamox to dominate N-
removal in oyster-impacted sediments. We also ob-
served enrichment of the phyla Proteobacteria, Firmi-
cutes, and Spirochaetes at farmed sites. These phyla
include taxa with ability to fix N (Zehr et al. 2003, Del-
mont et al. 2018). Fulweiler (2023) indicated that N,
fixation can happen for several reasons, including (but
not limited to) maintaining redox balance in cells and
increased mineralization of recalcitrant C. The control
site showed enrichment of Alphaproteobacteria and
Gammaproteobacteria, both associated with hydroge-
notrophic denitrifiers. RNA sequences also showed
greater abundance of Planctomycetes that has recently
been associated with both N, fixing (Delmont et al.
2018) as well as anammox (Wiegand et al. 2018). Al-
though the presence and relative contributions of
these taxa in driving N-cycle transformations requires
further investigations in additional aquaculture farms,
our data draws attention to the presence of potentially
different microbial taxa and processes dominating the
N-cycle at control versus farmed sites.

Previous studies showed changes in abundance of S-
cycling bacteria at aquaculture farms (Asami et al.
2005, Rubio-Portillo et al. 2019) due to increased an-
aerobic reduction of sulfates leading to accumulation
of H,S (Hargrave et al. 1997). LEfSe indicated an over-
all enrichment of bacterial classes that play significant
roles in S cycling, such as Epsilonproteobactera and
Deltaproteobacteria at the farm sites (Fig. 2). Bacterial
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orders commonly associated with sulfate reduction
(e.g. Desulfobacterales and Desulfuromonadales) with-
in the class Deltaproteobacteria also showed greater
enrichment at the farmed sites. Additionally, several S-
oxidizing genera (Desulfopila, Desulfotalea, and De-
sulfovibrio) and S-reducing genera (Desulfobacter and
Desulfotignum) (Kuever 2014) showed greater abun-
dances at farm sites. There is also evidence that
oysters may promote sediment PO, regeneration,
but at our sampling site, this was not the case (Ray et
al. 2020). All 3 farm sites showed a decrease in sed-
iment P compared to control (Fig. 6B). Except for an
increase in the genus Bacillus, which includes multiple
species with the ability to solubilize inorganic phos-
phates (PSB) (Fig. 2 [16S TRNA] and Fig. 5 [RNA]), we
found no other taxa that contribute to the coastal P-
cycle at any sites (Calvo et al. 2010, Malfanova et al.
2011, Wahyudi et al. 2011). Remineralization of sed-
iment phosphate is a complex process and is tightly
coupled with the C:P ratio of the organic substrate
(Scott et al. 2012). Increase in OM deposition by
oysters in this site can increase the C:P ratio, slowing
the remineralization rates of P at farm sites.

Overall, bacterial community composition varied
between DNA (resident) and RNA (active) derived
sequences (Fig. 5D). Both provided similar estimates
of the abundant phyla, except Actinobacteria, that
were overrepresented in the RNA sequences (Figs. 2B
& 5C), possibly suggesting their increased metabolic
activity relative to other groups. Analyzing the RNA-
derived community helped us detect changes in the
active community separate from changes in com-
munity abundances. For example, RNA sequences
showed a greater abundance of Planctomycetes in the
control site, that contains many species capable of
anammox (Wiegand et al. 2018). 16S amplicons
showed no such enrichment, indicating that although
the abundances did not vary between the sites,
greater transcriptional efficiency of this group can
lead to an active anammox pathway for N, production
in the control site. Several taxa showed similar trends
in both 16S rRNA- and RNA-derived community (e.g.
Proteobacteria, Spirochaetes, Clostridia), but we also
observed taxa that showed no differential abun-
dances in the former but significant differences
between sites in the latter (e.g. Flavobacteria, Beta-
proteobacteria), suggesting that differences in tran-
scriptional rates can contribute to changes in commu-
nity structure that cannot be predicted from DNA
sequences alone. However, compared to 16S rRNA
taxonomic assignments, RNA transcripts have very
limited capacities to predict distribution of rarer taxa
in the sediments. Although both sequence data are

biased towards certain groups that are overrepre-
sented in the respective databases, our data indicates
that bacterial community indices/biomarkers can be
potentially used to predict the impact of oyster farm-
ing on estuarine systems, as previously proposed
(Asami et al. 2005, Rubio-Portillo et al. 2019).

Our second objective was to identify the functional
status of the microbial community, as changes in func-
tional gene transcripts are good indicators of changes
in biogeochemical functions (Moran 2009). Shifts in
community structure as seen in the present study
(Fig. 1) likely affect the functional capacities of sed-
iments, which in turn can bear significant ecological
consequences. Both 16S rRNA and RNA sequences
were annotated with the same KEGG database, but no
similarity in annotations were observed between the
two. No overarching patterns were observed between
both DNA- and RNA-inferred bacterial functions be-
tween our control and 7 yr sites (Figs. 3 & 4). In ad-
dition to the inherent variability and the fast turnover
rates of mRNA (de Jong et al. 2019), the small sample
size (control vs. 7 yr) for RNA transcripts and the limi-
tations of predicting functions from 16S rRNA ampli-
cons may have contributed to the lack of a general
pattern across sites. However, when looking at ex-
pression of individual genes, several were differen-
tially expressed between control and farm sites. We
saw a relative increase in abundances of transcripts for
antenna proteins that mediate aerobic photosynthesis
and transcripts for oxygen-dependent steroid biosyn-
thesis (Hoshino & Gaucher 2021), supporting the
presence of aerobic conditions at the control site com-
pared to the farmed sites. Enrichment of glutamate
(containing assimilated ammonia) and alanine path-
ways at the control site indicates increased assimila-
tion of N (Merrick & Edwards 1995) that is also sup-
ported by the increase of Gammaproteobacteria and
Planctomycetes at these sites. Several transcripts in-
volved in glucose production, phosphate metabolism,
and bacterial chemotaxis were also enriched at the
control site. The increased organic load and increased
inorganic N availability (Ray et al. 2020) at the oyster
farm probably led to the enrichment of several C bio-
synthesis pathways such as N-glycan biosynthesis
and C fixation. Several human-related pathways (e.g.
human disease, phagosomes, basal transcription fac-
tors, mTOR signaling) were also enriched, probably
indicating a higher degree of anthropogenic disturb-
ances at these farmed sites. For both 16S rRNA and
RNA data, we were not able to detect changes in
genes directly linked to N, S, and/or anaerobic respi-
ration processes. Adequate sequencing depth and im-
proved taxonomic classification of rare species is nec-
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essary to identify effective functional indicators of
change at oyster farms.

Opyster aquaculture can impact elemental concen-
trations of several metals in sediments due to the cor-
related nature of most biogeochemical cycles (Tovar
etal. 2000, Rozi¢ et al. 2012; our Fig. S5). Some studies
have indicated a greater concentration of heavy
metals (e.g. Cd, Cu, Pb, Zn) in the sediments beneath
aquaculture gear due to addition of farm food and
increased fecal deposits (Smith et al. 2005, Mendigu-
chia et al. 2006, Sutherland et al. 2007), while others
have not reported similar effects (Basaran et al. 2010,
Russell et al. 2011, Rozi¢ et al. 2012). We predicted
higher metal concentrations at farm sites, but instead
observed a decrease in most elements at the 3and 7 yr
sites compared to the control and the 5 yr site (Fig. 6,
Table S1). The differences were mostly driven by
higher concentrations of the elements K, Cr, Mn, Fe,
Co, and Ni at the control and 5 yr sites, which also
exhibited a strong positive correlation with each
other (Fig. S5). A possible explanation for lower con-
centrations of several metals beneath aquaculture
might be a release of metals to the water column
under low O, conditions and lower pH in the sediment
(Foster & Fulweiler 2019). Increased bioaccumulation
in the oysters could also account for reduction in farm
sediments, although further research on somatic mea-
surements from the oysters themselves is essential to
test for such associations (Ke & Wang 2001, Azarbad
et al. 2010). Previous studies have shown that the
accumulation rates in oysters showed little correla-
tion with sediment concentrations, as the former is
inherently dependent on the bioavailability of the
specific metal that can vary between the sediment
and the water column at different sites depending on
the physiochemical property of the metal itself
(Hayes et al. 1998, Apeti et al. 2005, Chen et al. 2014).
For example, Apeti et al. (2005) found that oysters
incorporate heavy metals (Cu, Pb, and Zn) mostly
from the surrounding water column compared to the
sediments and exhibit high spatial variations in accu-
mulation rates. To a certain extent, the similarity of
elemental concentrations observed at the control and
the 5 yr sites in the present study indicates that fac-
tors other than the presence/absence of oysters
influence sediment metal concentrations. Along with
the geochemical properties of the sediments (Nobi et
al. 2010), several anthropogenic sources such as
dredging, industrial emissions, and sewage treat-
ments can cause significant variations in concentra-
tions across different sites within the same habitat
(Zhang et al. 2014). Although further testing is needed
to differentiate between natural and aquaculture-

derived differences in sediment concentrations, our
data indicate that the effect of oyster farms on
increased accumulation of metals is negligible, at
least in this coastal system.

Changes in sediment elemental concentrations can
alter the resident microbial community, which in turn
can drive changes in nutrient cycles (Ni et al. 2016,
Wang et al. 2023). For example, heavy metal
accumulation in sediments have been shown to in-
hibit the N cycle and increase sulfate reduction, both
processes likely influenced by changes in the resident
microbes (Kandeler et al. 1996, Kang et al. 2013).
We found several bacterial phyla that correlated
with changes in sediment elemental concentrations
(Fig. 6B). For example, the positive correlation ob-
served between Cyanobacteria with metals such as
Co, Ni, and Ba indicates a probable link between these
trace metals and their regulation of cyanobacterial
growth, as seen in previous studies (Facey et al. 2019).
Several Fe- and Mn-oxidizing bacterial taxa are com-
monly associated with the phyla Proteobacteria and
Acidobacteria, which could be the reason for the
strong correlation observed here. Although causal re-
lationships are highly complicated and require further
investigations into metal bioavailability, our data
highlights the importance of considering sediment
geochemistry in shaping the resident microbial com-
munity. Redundancy analyses revealed that the ele-
ments Al, K, Cr, Mn, Fe, Co, Ni, Zn, and Ba together
explained 32% of the bacterial community variations
across sites (Fig. 6). Al and Mn showed the highest im-
pact, lending support to the established role of Mn in
shaping microbial communities (Algora et al. 2015,
Wang et al. 2024). To our knowledge, our study is the
first to demonstrate the correlation between several
other metal concentrations and estuarine bacterial
composition, supporting similar observations in river
systems (Yang et al. 2013, Zhang et al. 2016). Anthro-
pogenic pollution can increase influxes of most of
these elements, including Al and Mn, into estuarine
systems (Ansari et al. 2004, Botté et al. 2022), which in
turn could significantly modify the sediment bacterial
communities, with potential ecological consequences.

5. CONCLUSION

Our study used a multi-omics approach to identify
changes in the structure and function of sediment
microbial communities and associated changes in
sediment elemental concentrations across a chrono-
sequence (space-for-time substitution) in a commer-
cial oyster farm in Ninigret Pond, Rhode Island. Our
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results indicate significant changes in both the struc-
ture and function of bacterial communities between
the control and farm sites, but this change is not af-
fected by the duration of farming, at least up to 7 yr as
indicated here. We identified several taxa that shifted
abundance in response to oysters, and with further
testing at additional sites, could potentially serve as
indicators of the impacts of farming on estuarine sed-
iment communities. Differences in bacterial functions
between control and farm sites were less pronounced.
We found no evidence of heavy metal accumulation
under the oyster cages, indicating a trivial effect of
farming on sediment metal concentrations. It is, how-
ever, important to note that the current study is lim-
ited to a single oyster farm, and further investigations
at additional farm locations are warranted to establish
common patterns in sediment processes. Nonethe-
less, this study provides a comprehensive account of
both short- and long-term impacts of oysters on
estuarine sediments and highlights the importance of
considering the correlated effects of such shifts while
predicting the ecological impacts of these practices
within these habitats.

Data availability. The 16S rRNA gene amplicon and RNA
sequences have been uploaded to the DDBJ Sequence Read
Archive (SRA) under accession no. PRINA561593. (https://
www.ncbi.nlm.nih.gov/sra/?term=PRINA561593)
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