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Summary

The balance between nitrate respiration pathways,
denitrification and dissimilatory nitrate (NO3

−) reduc-
tion to ammonium (DNRA), determines whether bio-
available nitrogen is removed as N2 gas or recycled as
ammonium. Saltwater intrusion and organic matter
enrichment may increase sulphate reduction leading
to sulphide accumulation. We investigated the effects
of sulphide on the partitioning of NO3

− between com-
plete denitrification and DNRA and the microbial
communities in salt marsh sediments. Complete deni-
trification significantly decreased with increasing sul-
phide, resulting in an increase in the contribution of
DNRA to NO3

− respiration. Alternative fates of NO3
−

became increasingly important at higher sulphide
treatments, which could include N2O production and/or
transport into intracellular vacuoles. Higher 16S tran-
script diversity was observed in the high sulphide
treatment, with clear shifts in composition. Generally,
low and no sulphide, coupled with high NO3

−, favoured
the activity of Campylobacterales, Oceanospirillales
and Altermonadales, all of which include opportunistic
denitrifiers. High

P
sulphide conditions promoted

the activity of potential sulphide oxidizing nitrate

reducers (Desulfobulbaceae, Acidiferrobacteraceae
and Xanthomonadales) and sulphate reducers
(Desulfomonadaceae, Desulfobacteraceae). Our study
highlights the tight coupling between N and S cycling,
and the implications of these dynamics on the fate of
bioavailable N in coastal environments susceptible to
intermittent saltwater inundation and organic matter
enrichment.

Introduction

Coastal sediments are important sites for biogeochemical
cycling including carbon (C) and nitrogen (N) cycles. Sharp
gradients of oxygen, organic C, N and sulphur species
result in tight coupling among microbial processes that
transform and cycle these elements. In these sediments,
denitrification, the microbial transformation of nitrate
(NO3

−) to inert nitrogen gas (N2), occurs under anoxic con-
ditions when NO3

− is available. Denitrification serves as
an important sink for bioavailable N, particularly in coastal
systems plagued by excess nutrient inputs, which, without
removal, can result in eutrophic conditions (Nixon, 1995).
Microorganisms that conduct dissimilatory nitrate reduction
to ammonium (DNRA), also referred to as respiratory
ammonification, an understudied, yet important microbial
metabolism in coastal sediments, competes with denitri-
fiers for substrates, both NO3

− and organic carbon (Giblin
et al., 2013). DNRA, however, recycles bioavailable N in
the environment while denitrification removes it, so the par-
titioning of NO3

− across these two pathways is of great
ecological importance. An understanding of what controls
rates of denitrification and DNRA in coastal sediments is
critical to understand shifts in these biogeochemical func-
tions in response to stressors.

Both DNRA and denitrification are typically organotrophic
metabolisms, in which microorganisms reduce NO3

− while
oxidizing organic carbon (Tiedje, 1988). These pathways
exist across a phylogenetically expansive range of microor-
ganisms and, although originally thought to be mutually
exclusive, the co-occurrence of the genes mediating both
pathways in single genomes have been observed (Sanford
et al., 2012; Mania et al., 2014; Yoon et al., 2015). Several
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studies report that the availability of labile organic C relative
to NO3

− correlates with the relationship between denitrifica-
tion and DNRA, with DNRA becoming more important when
the ratio of labile organic C to NO3

− is high (Algar and Val-
lino, 2014; Kraft et al., 2014; Hardison et al., 2015; Yoon
et al., 2015). However, both DNRA and denitrification can
also occur through chemolithotrophic metabolism, in which
a reduced inorganic species, such as reduced sulphur, is
oxidized through NO3

− reduction (e.g. Sayama et al., 2005;
Cardoso et al., 2006; Tikhonova et al., 2006).

High concentrations of sulphide and hydrogen sulphide
(i.e. H2S, HS

− and S2−), hereafter
P

sulphide, may signifi-
cantly affect the partitioning of NO3

− between denitrifica-
tion and DNRA through several mechanisms.

P
Sulphide

inhibits nitrification (Joye and Hollibaugh, 1995), the two-
step aerobic chemolithotrophic process that oxidizes
ammonium (NH4

+) to nitrite (NO2
−) and then to NO3

−. By
doing so,

P
sulphide may indirectly promote DNRA over

denitrification by increasing the ratio of labile C to NO3
−.

P
Sulphide may also directly inhibit the last step in denitri-

fication, where nitrous oxide (N2O) is transformed to N2

(Sorensen et al., 1980; Brunet and Garcia-Gil, 1996;
Senga et al., 2006). However,

P
sulphide may promote

denitrification and/or DNRA by serving as an electron
donor for these NO3

− reduction pathways. For example,
P

sulphide-dependent denitrification is reported in numer-
ous settings including the Baltic Sea (Hannig et al., 2007;
Hietanen et al., 2012; Dalsgaard et al., 2013) and the Mar-
iager Fjord (Jensen et al., 2009). In the Baltic Sea,
P

sulphide concentrations up to 40 μM stimulated denitrifi-
cation rates while DNRA rates were either unaffected or
increased above this

P
sulphide concentration (Bonaglia

et al., 2016). Thus, although it may serve as an electron
donor for either denitrification or DNRA,

P
sulphide can

also inhibit these pathways by limiting the substrate and
creating toxic conditions. Furthermore, there have been no
studies that directly investigate the shifts in microbial com-
munity structure that results from

P
sulphide additions and

that plays a key role in the partitioning of NO3
− respiration

between denitrification and DNRA in sediments.
P

Sulphide, products of sulphate (SO4
2−) reduction, is

high in organic-rich coastal sediments with high anaero-
bic respiration rates, such as salt marsh sediments
(e.g. Bradley and Dunn, 1989; Rey et al., 1992).
P

Sulphide may also accumulate in tidal freshwater sedi-
ments exposed to salt-water intrusion as a result of storm
surges and sea-level rise that delivers SO4

2−-rich seawa-
ter upstream, and promotes SO4

2− reduction (Weston
et al., 2006). Tidal wetland sediments are characterized
by complex redox gradients, with very shallow oxygen
penetration, concurrent with steep horizontal redox gradi-
ents from oxygen production in the rhizosphere. The
close spatial proximity of

P
sulphide, NO3

− and labile
organic C, fuels taxonomically and metabolically diverse

microbial communities, with the capacity to rapidly respond
to changes in substrate availability and redox conditions
(Graves et al., 2016; Bulseco et al., 2019). Within this con-
text, our study aimed to determine the effect of

P
sulphide

concentration on the partitioning of NO3
− between

DNRA and denitrification and to investigate the microbial
community shifts responsible for these metabolic shifts.
Specifically, we hypothesized that under high NO3

− con-
centrations and anoxic conditions, elevated

P
sulphide

concentrations would decrease N2 production and increase
NH4

+ production through DNRA. We expected elevated
P

sulphide concentrations to have a significant effect on
the active microbial community and specifically promote
the activity of taxa capable of oxidizing reduced sulphur.

Results

Biogeochemical measurements

The effects of
P

sulphide concentrations (0, 10, 100 and
1000 μM) on the rates of microbially mediated N transfor-
mations were tested using anoxic salt marsh sediment
slurry, time series, batch incubations spiked with isotopically
labelled 15NO3

− and tracing this isotope into the various N
pools. Within each

P
sulphide treatment, total NH4

+ (i.e. 14

+15NH4
+), 15NH4

+ and 29+30N2, all significantly increased
over time, while concentrations of NOx

− significantly
decreased during the incubation (Table 1; Fig. 1). Within
the 0 and 10 μM

P
sulphide treatments, 29+30N2 production

significantly exceeded 15NH4
+ production, as indicated by a

significant interaction between analyte and time (ANCOVA
interaction term; 0 μM: F1,17 = 40.31, p < 0.001; 10 μM:
F1,20 = 7.49, p = 0.01, Fig. 1). While for the 100 μM
P

sulphide treatment, there was no significant difference in
production rates of 29+30N2 and

15NH4
+ as indicated by simi-

lar slopes (ANCOVA interaction term F1,18 = 0.07, p = 0.80,
Fig. 1). 15NH4

+ production was significantly higher than 29

+30N2 production in the 1000 μM
P

sulphide treatment
(ANCOVA interaction term, F1,17 = 5.32, p = 0.03, Fig. 1).

Average rates of N cycle processes were calculated as
the change in product or substrate concentration over
time and are provided for each

P
sulphide treatment in

Table 2. Consumption of NOx
− was not significantly dif-

ferent across
P

sulphide treatments, averaging −41.1
(�2.3) nmol g−1 WW h−1. Total NH4

+ production was sig-
nificantly higher in the 100-μM treatment compared with
the 0 μM but was similar between 10, 100 and 1000 μM.
Complete denitrification significantly decreased as
P

sulphide concentrations increased, with rates that
ranged from 10.0 (�0.4) nmol g WW−1 h−1 in the
1000 μM treatment to 26.3 (�0.6) nmol g−1 WW h−1 in
the 0 μM treatment. For DNRA, although there was no
significant difference as a function of

P
sulphide treat-

ment, rates were generally higher at the 100 μM

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 2124–2139
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Table 1. Statistical parameters describing the linear regression models of the change in 15NH4,
29+30N2, total NH4

+, and NOx
− over time within

each sulfide treatment.

Sulphide Treatment Model Slope coefficient Std. error R2 p-value F stat Degrees of freedom

0 μM 15NH4
+ ~ Time 13.23 2.62 0.73 0.003 25.41 1 and 8

29+30N2 ~ Time 30.37 0.89 0.99 <0.001 1174 1 and 9
Total NH4

+ ~ Time 16.58 2.60 0.85 <0.001 40.77 1 and 6
NOx

− ~ Time −45.08 2.90 0.96 <0.001 242.2 1 and 8
10 μM 15NH4

+ ~ Time 11.95 3.33 0.52 0.005 12.89 1 and 10
29+30N2 ~ Time 23.01 2.29 0.90 <0.001 101.1 1 and 10
Total NH4

+ ~ Time 25.28 3.43 0.82 <0.001 54.27 1 and 10
NOx

− ~ Time −42.35 4.42 0.89 <0.001 91.61 1 and 10
100 μM 15NH4

+ ~ Time 23.18 2.55 0.89 <0.001 82.75 1 and 9
29+30N2 ~ Time 23.98 1.69 0.95 <0.001 202.4 1 and 9
Total NH4

+ ~ Time 25.15 2.37 0.94 <0.001 112.7 1 and 6
NOx

− ~ Time −39.84 5.37 0.87 <0.001 55.10 1 and 7
1000 μM 15NH4

+ ~ Time 16.79 2.25 0.84 <0.001 55.61 1 and 9
29+30N2 ~ Time 10.02 1.68 0.79 <0.001 35.5 1 and 8
Total NH4

+ ~ Time 28.64 3.31 0.88 <0.001 74.91 1 and 9
NOx

− ~ Time −40.84 5.53 0.84 <0.001 54.46 1 and 9

Fig. 1. The change in concentration (nmols g WW−1) of 15NH4 (triangles) and 29+30N2 (circles) over time across each sulphide treatment (0, 10, 100 and
1000 μM). Dashed and solid lines are the fitted linear models for 15NH4

+ and 29+30N2 respectively, with 95% confidence intervals represented by shading
(red = 29+30N2 ~ Elapsed Time, blue = 15NH4

+ ~ Elapsed Time). A comparison of the rate of change between the two processes (DNRA indicated by
change in 15NH4 and denitrification indicated by the change in 29+30N2) was examined via ANCOVA and the relative importance of the two processes is
provided in the corner of each panel. Linear regression statistical metrics are reported in Table 1. [Color figure can be viewed at wileyonlinelibrary.com]

Table 2. Average rates (standard errors) of nitrate consumption, total ammonium production, denitrification, and DNRA, as well as the amount of
DNRA relative to denitrification, relative to total ammonium production, and relative to total nitrate reduction.

0 μM 10 μM 100 μM 1000 μM

Nitrate flux (nmol g WW−1 h−1) −45.8 (4.2) −42.4 (2.0) −37.1 (5.2) −38.9 (6.4)
Total Ammonium flux (nmol g WW−1 h−1) 25.0 (1.4)a 32.9 (1.8)ab 39.2 (0.2)b 36.2 (4.3)ab

Denitrification (nmol g WW−1 h−1) 26.3 (0.6)a 22.2 (1.2)ac 20.0 (1.2)bc 10.0 (0.4)d

DNRA (nmol g WW−1 h−1) 13.5 (1.6) 11.9 (3.7) 24.0 (1.6) 17.3 (3.1)
DNRA:Denitrification 0.51 (0.06)a 0.52 (0.14)a 1.21 (0.09)ab 1.73 (0.28)b

% DNRA of total NH4
+ production 54.8 (9.0)% 37.3 (12.5)% 57.2 (0.2)% 48.5 (7.7)%

% DNRA of total NO3
− reduction 33.6 (2.6)% 33.3 (6.0)% 54.5 (1.9)% 62.7 (6.2)%

Lower case letters represent significant differences across the sulphide treatments (ANOVA, Tukey posthoc tests).

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 2124–2139
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treatment, which averaged 24.0 (�1.6) nmol g WW−1 h−1.
The ratio of DNRA to complete denitrification was signifi-
cantly higher in the 1000 μM

P
sulphide treatment, which

averaged 1.73 (�0.28), compared with the 0 and 10 μM
treatments, which averaged 0.51 (�0.6) and 0.52 (�0.14)
respectively. DNRA contributed from 37.3 (�12.5)% to
57.2 (�0.2)% of total NH4

+ production, with no significant
difference across treatments. Finally, DNRA accounted for
between 33.3 (�6.0)% in the 10 μM treatment and 62.7
(�6.2)% in the 1000 μM treatment of total dissimilatory
NOx

− reduction (i.e. DNRA + denitrification), which gener-
ally increased with increasing

P
sulphide concentrations.

Rapid and dynamic changes in
P

sulphide levels were
observed over the course of the time series across the
treatments. The

P
sulphide concentrations (H2S, HS

− and
S2−) decreased rapidly within the first hour of the incuba-
tion in all the

P
sulphide treatments (Fig. S1). After 1 h,

P
sulphide concentrations averaged 365.0 (�93.8), 34.6

(�9.3) and 0.8 (�0.7) μM in the 1000, 100 and 10 μM
treatments respectively. A more gradual decline was then
observed through 6 h in the 100 and 1000 μM treatments.
Between 6 and 18 h,

P
sulphide concentrations increased

slightly in the 100 and 10 μM treatments, to 11.9 (�6.0)
and 3.2 (�1.9) μM respectively; while in the 1000 μM
treatment, concentrations continued to decrease,
reaching 91.1 (�7.6) μM after 18 h. In the 0 μM treatment,
P

sulphide levels generally remained low (below 3.0 μM)
across all replicates and time points, although in one repli-
cate

P
sulphide concentrations peaked at 9.1 μM after the

first hour but then dropped to 0 (Fig. S1).
The cumulative accumulation of 15NH4

+ and 29+30N2

and the cumulative consumption of NOx
− over the incu-

bation were calculated by summing the total moles pro-
duced or consumed between each sampled time point
multiplied by the number of hours elapsed within the
respective time windows. Similar to the ratio of DNRA to
complete denitrification rates (Table 2), the cumulative
production of 15NH4

+ (DNRA) relative to 29+30N2 (denitrifi-
cation) over the 18 h incubation generally increased with
increasing

P
sulphide concentrations, with a significantly

higher ratio at the 1000 μM
P

sulphide treatment com-
pared with the other treatments (Fig. 2A). The cumulative
production of 29+30N2 generally decreased with increasing
P

sulphide concentrations, while there was no significant
effect of

P
sulphide concentration on the cumulative pro-

duction of 15NH4
+ (Fig. 2B). The difference between the

total NOx
− consumed compared with the 29+30N2 plus

15NH4
+ produced over the course of the incubation gen-

erally decreased with increasing
P

sulphide concentra-
tions. In the 1000 μM

P
sulphide treatment there was

notably more NOx
− consumed compared with 29+30N2

plus 15NH4
+ produced, suggesting an end-product that

was not measured (e.g. N2O, intracellular NOx
−storage,

or NOx
− assimilation into biomass) (Fig. 2B).

Bacterial communities

At 1-, 6- and 18-h, the microbial communities across all
P

sulphide treatments and triplicates were characterized
using a high-throughput 16S rRNA gene and 16S rRNA
transcript amplicon sequencing. After quality filtering,
clustering and removing chimeric sequences a total of
1 118 704 high-quality reads were retained across the
53 samples, which included both the 16S rRNA gene and
16S rRNA transcript datasets. Sequencing depth aver-
aged 21 107 � 1913 reads across all samples. After
removing chloroplasts (0%–12.8%), mitochondria (0%–

0.7%) and archaea (0%–1.9%), a total of 4952 amplicon
sequence variants (ASVs) were retained across both the
16S rRNA gene and transcript datasets. The microbial
communities’ transcripts were significantly less diverse
than the total microbial communities present (16S rRNA
gene) (Shannon diversity index, ANOVA, F1,50 = 51.6,
p < 0.001) (Fig. 3, Fig. S2). However, the microbial com-
munity transcript (16S rRNA transcript) diversity increased

Fig. 2. The ratio of the cumulative production of 15NH4
+ relative to 29

+30N2 over the 18-h incubation across the four sulphide treatments
(top). The mass balance (white) of the cumulative consumption of
NOx

− with the sum of the cumulative productions of 15NH4 (light
grey) and 29+30N2 (dark grey) (bottom). A negative balance indicates
NOx

− consumption exceeds production of 15NH4+ and 29+30N2

(i.e. 1000 μM). Letters represent significant differences across sul-
phide treatments for cumulative 29+30N2 (F(3,8) = 10.18, p-
value = 0.004). There was no significant effect of sulphide treatment
on cumulative 15NH4+ or the mass balance. Error bars are standard
errors. [Color figure can be viewed at wileyonlinelibrary.com]
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as a function of
P

sulphide (Shannon diversity index,
ANOVA, F2,23 = 27.6, p < 0.001) (Fig. 3, Fig. S2).
The total bacterial communities (16S rRNA gene)

across treatments and time points were generally
unchanged and composed predominantly of members
classified in the orders Acidimicrobiales (2.4%–6.2%),
Cellvibrionales (3.0%–13.8%), Campylobacterales

(2.1%–11.4%), Desulfobacterales (10.5%–20.4%),
Rhizobiales (4.6%–14.0%), Rhodobacterales (3.5%–

9.0%) and Xanthomonadales (5.2%–10.5%) (Fig. 3A).
Despite appearing relatively static across

P
sulphide

treatments, the total community structure was signifi-
cantly affected by

P
sulphide concentration [Fig. 3C;

16SrRNA gene; permutational multivariate analysis of

Fig. 3. Stacked bar plots showing taxonomic classification at the order level for the 16S rRNA gene (DNA) (A) and the 16S rRNA transcript (RNA)
(B). Samples are organized by time point (1, 6 and 18 h) and sulphide treatment (0, 100 and 1000 μM). Data were rarefied to an equal sampling
depth across both datasets (n = 7878), relative abundance was calculated within each sample, and ASVs that composed less than 0.1% relative
abundance across the two datasets were removed. ASVs were conglomerated within order, thus each bar does not represent an ASV but rather an
entire order. Principal component analyses of the distance matrix of the 16SrRNA gene (C) and 16SrRNA transcript (D) dataset constructed with
Bray–Curtis dissimilarity. Colours represent sulphide treatments and shapes correspond to time points. There was a significant effect of sulphide
treatment but not time on the community structure across samples for both the 16SrRNA gene and 16SrRNA transcript (PERMANOVA, 16SrRNA
gene: F2,23 = 1.55, p = 0.002; 16SrRNA transcript: F2,24 = 3.48, p = 0.001). nd = no data. [Color figure can be viewed at wileyonlinelibrary.com]

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 2124–2139
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variance (PERMANOVA), F2,23 = p = 0.002], while we
did not detect an effect of incubation time. However,
DESeq2 analysis revealed only a single ASV that was
significantly differentially abundant across

P
sulphide

treatments (p-adjusted <0.05; log2-fold change of 6.9
between 0 and 100 μM; log2-fold change of 7.0 between
1000 and 100 μM), which was most closely related to an
isolated SO4

2− reducer, Desulfofaba fastidiosa [95.9%
identity, NCBI’s nucleotide collection database (Agarwala
et al., 2018)], from the order Desulfobacterales
(Abildgaard et al., 2004). This taxon was absent in all the
100 μM samples and was a very small component of the
0 and 1000 μM communities, averaging 0.27 � 0.01%
and 0.28 � 0.04% relative abundance respectively.

In contrast to the total bacterial communities (16S rRNA
gene), there were noticeable shifts in the actively transcribing
bacterial communities (16S rRNA transcript) (Fig. 2B). The
actively transcribing bacterial communities were significantly
affected by

P
sulphide concentration (PERMANOVA,

F2,22 = 3.47, p = 0.001) and time (PERMANOVA,
F2,22 = 1.53, p = 0.05) (Fig. 3D). The actively transcribing
bacterial communities associated with the 1000 μM
P

sulphide treatment were significantly more diverse and the
ASVs were more evenly distributed compared with the 0 and
100 μM actively transcribing bacterial communities (Shannon
diversity index, ANOVA F2,23, = 27.6, p < 0.001; Fig. 2,
Fig. S3). The 0 and 100 μM treatments were overwhelmingly
dominated by members of the order Campylobacterales,
which averaged 45.6� 3.9% and 31.9� 6.8% relative abun-
dances respectively. These treatments also had high relative
abundances of members of the orders Oceanospirillales
(0 μM averaged 11.4 � 2.6%; 100 μM averaged
12.5 � 3.0%) and Alteromonadales (0 μM averaged
8.7 � 1.6; 100 μM averaged 9.8 � 1.2%), orders that were
generally lower in the 1000 μM treatment, particularly after
6 and 18 h. Instead, the 1000 μM treatment had high relative
abundances of members of Anaerolineales (7.6 � 1.7%),
Desulfobacterales (15.4 � 3.6%), Desulfuromonadales
(10.8� 2.7%) and Rhizobiales (6.6� 1.2%).

Within the actively transcribing bacterial communities,
the number of differentially abundant ASVs and the con-
tribution of these ASVs to the actively transcribing com-
munities across

P
sulphide treatments generally

increased after the initial hour (Fig. S3, Supplemental
Table). After 1 h, only 16 ASVs were significantly different
across the three

P
sulphide treatments, making up

between 1.4% and 15% of the active communities. After
6 h, 92 ASVs were significantly different by treatment,
making up between 9.6% and 59% of the active commu-
nities. Finally, after 18 h, there were 89 significantly differ-
ent ASVs, which ranged from 6.3% to 36.4% of the
active communities (Fig. S3, Supplemental Table). The
taxonomic classifications and the log2-fold change values
for all the ASVs (155 total) that were found to be

significantly different within each time point across
P

sulphide treatments are provided in the Supplemental
Table. Of these 155 ASVs, 57 changed by more than
4.3-fold (i.e. log2-fold change >20 or log2-fold change <
−20), as visualized in Fig. S4.

Of the ASVs that were identified as significantly different
across

P
sulphide treatments, members of the classes

Anaerolineae, Deltaproteobacteria, Epsilonproteobacteria
and Gammaproteobacteria made up considerable propor-
tions of the actively transcribing communities (Fig. 4,
Fig. S4). In general, within these groups, there were partic-
ular ASVs that were more active under sulphidic condi-
tions, others that preferred low to no

P
sulphide

concentrations, and a few that appeared to be more active
in both the no

P
sulphide and the high

P
sulphide treat-

ments as summarized in Fig. 4 and Fig. S4 and the con-
ceptual diagram (Fig. 5). For example, Deltaproteobacteria
including Desulfobulbaceae, Desulfobacteraceae, Des-
ulfuromonadaceae and Geobacteraceae all responded
positively to

P
sulphide concentrations. Additionally, mem-

bers of Anaerolineaceae, Acidiferrobacteraceae and
Xanthomonadales were significantly more active in the
1000 μM treatment. In contrast, Epsilonproteobacteria,
including Campylobacteraceae and Helicobacteraceae, as
well as some Gammaproteobacteria (i.e. Oceanospirillales
and Alteromonadales) preferred low to no

P
sulphide

conditions.

Discussion

Sulphide alters the fate of NOx
−

Sulphide resulted in a significant shift in the relative con-
tribution of DNRA and complete denitrification to total
NOx

− reduction, ultimately promoting more bioavailable N
retention as NH4

+ compared with N loss through N2 pro-
duction (Figs 1 and 2; Table 2). The 100 and 1000 μM
P

sulphide treatments had generally higher rates of
DNRA than the low

P
sulphide treatments (0 and 10 μM).

Additionally, complete denitrification (i.e. N2 production)
significantly decreased with increasing

P
sulphide con-

centrations (Table 2). Several previous studies have
reported similar observations, attributing a decrease in
denitrification and either an increase or no difference in
DNRA to high

P
sulphide (Brunet and Garcia-Gil, 1996;

Bonaglia et al., 2016).
P

Sulphide may interact with the N
cycle through a number of mechanisms. For example,
studies have shown reduced sulphur directly inhibits
denitrification (e.g. Sorensen et al., 1980; Jensen and
Cox, 1992) while acting as a reductant (electron donor)
for DNRA (e.g. Brunet and Garcia-Gil, 1996; An and
Gardner, 2002). Thus,

P
sulphide has the potential to

facilitate bioavailable N retention over removal.

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 2124–2139
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Typically, the relative contribution of DNRA and denitri-
fication to total dissimilatory nitrate reduction is often cor-
related with the ratio of nitrate to organic carbon
availability, with a higher ratio leading to denitrification as
the dominant pathway (Tiedje, 1983; Algar and Vallino,
2014; Kraft et al., 2014; Hardison et al., 2015). In our
experiment, we can assume this ratio was relatively con-
sistent across

P
sulphide treatments, at least at the

beginning of the incubation. Nitrate was experimentally
provided in excess (100 μM) and was not completely
depleted in any of the treatments by the end of the incu-
bation (data not shown). The organic carbon profile and
amount were consistent across treatments as the sedi-
ments were sourced from the same salt marsh sample
and no organic carbon was added. However, despite the
relatively consistent ratio of nitrate to organic carbon
across treatments, the ratio of DNRA to complete denitri-
fication shifted from 0.51 in the 0 μM

P
sulphide

treatment to 1.73 in the high
P

sulphide treatment. This
highlights the importance of

P
sulphide concentrations

on the partitioning of NO3
− between these two pathways.

Perhaps a more accurate predictor for the fate of NO3
−,

as also suggested by Robertson and Thamdrup (2017),
is the availability of NO3

− relative to the availability of
electron donors, including inorganic substrates
(e.g.

P
sulphide, Fe2+), not merely biologically available

organic carbon as has been tested and modelled in previ-
ous studies (e.g. Algar and Vallino, 2014; Hardison
et al., 2015).

The mass balance of the experimentally added 15NOx
−

suggests that 15NH4 and 29+30N2 were not the only fates
of 15NOx

− in the high
P

sulphide treatment, as there was
more 15NOx

− consumed than 15NH4 and 29+30N2 pro-
duced in this treatment (Fig. 1B). More specifically, the
sum of 15NH4 and 29+30N2 produced accounted for an
average of 105%, 100%, and 95% of the total 15NOx

−

Fig. 4. Mean relative abundances of the differentially abundant ASVs (DESeq2, p adjusted <0.05) across sulphide treatments within the active
bacterial communities (16SrRNA transcript); includes only ASVs with mean relative abundances that sum to >0.2% across all samples (i.e. 60
out of 155 differentially abundant ASVs). Data are faceted by Phylum and coloured by Family. [Color figure can be viewed at
wileyonlinelibrary.com]

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 2124–2139
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consumed in the 0, 10 and 100 μM
P

sulphide treat-
ments. However, in the 1000 μM treatment, the sum of
the products 15NH4 and 29+30N2 only accounted for an
average of 76% of the 15NOx

− consumed during the incu-
bation. It is possible that the use of zinc chloride to pre-
serve samples for N2 analysis enhanced nitrous oxide in
the sample due to interactions with Fe2+ resulting in
chemodenitrification (Ostrom et al., 2016; Buessecker
et al., 2019). However, since zinc chloride was used
across all treatments this effect would likely be consistent
across treatments and may not be a valid explanation for
the ‘missing’ N in the high

P
sulphide mass balance.

There are three other possible alternative fates of 15NOx
−

in the high
P

sulphide treatment, which were not mea-
sured in our study. One likely explanation is that high
P

sulphide concentrations inhibited the last step in deni-
trification (N2O to N2), as previously shown (Sorensen
et al., 1980; Senga et al., 2006; Aelion and Warttinger,
2009). This would result in an accumulation of N2O
(e.g. Dalsgaard et al., 2013), an end-product that was not
measured in our study, which has important implications
as N2O is a potent greenhouse gas. A second possible
fate of 15NOx

− is assimilation into microbial biomass.

However, this is less likely given the high availability of
NH4

+ in the system, a preferable form of N for assimila-
tion. Also, there is no reasonable explanation that high
P

sulphide would lead to greater NOx
− assimilation com-

pared with low
P

sulphide conditions. Finally, another
possible fate of NOx

− is the transport into and storage in
intracellular NO3

− vacuoles (Fossing et al., 1995; Say-
ama, 2001; Zopfi et al., 2001). Accumulation of 15NOx

− in
intracellular pools may have been promoted by sulphidic
conditions in our experiment. There are numerous reports
of nitrate-accumulating sulphur bacteria, (e.g. Beggiatoa,
Thiomargarita and Thioploca) occurring in areas with high
primary production, low dissolved oxygen and high solu-
ble sulphide concentrations (McHatton et al., 1996;
Schulz and Jørgensen, 2001). Some of these genera are
classified as Thiotrichaceae (Teske et al., 1999), and
we observed significantly higher abundances of
Thiotrichaceae in the active community of the 1000 μM
treatment at 18 h (Fig. 4). Many sulphur-oxidizing organ-
isms that are capable of DNRA can also store NOx

− inter-
nally in vacuoles (Sayama, 2001; Zopfi et al., 2001;
Sayama et al., 2005). Other nitrate-storing organisms
include eukaryotes such as benthic microalgae (Kamp
and Stief, 2017) and fungi (Shoun and Tanimoto, 1991;
Zhou et al., 2002), which were not examined in our study
but may play an important role in dictating the fate of
nitrate. The breadth of microorganisms with the capacity
to store NO3

− intracellularly is not entirely resolved and
requires further investigation, however, most studies point
to DNRA as the ultimate reduction pathway of the stored
NO3

− (as reviewed in Kamp et al., 2015).

The total bacterial community was not strongly affected
by

P
sulphide

The total bacterial community (16S rRNA gene) did not
differ substantially by

P
sulphide treatment nor did it shift

over the course of the 18-h incubation; there are several
possible explanations for this result including slow growth
rates, potential dormancy and/or the presence of relic
DNA. The total bacterial community structure and compo-
sition in our experiment was typical of salt marsh sediment
communities (dominated by members of the classes
Alphaproteobacteria (17.7%–23.6%), Deltaproteobacteria
(19.8%–27.7%) and Gammaproteobacteria (18.9%–

24.8%) (Fig. 3A) (e.g. Bowen et al., 2012; Angermeyer
et al. 2016; Barreto et al. 2018). Owing to the heteroge-
neous environment of salt marsh sediments, both spatially
and temporally, these microbial communities are adapted
to rapid changes in

P
sulphide, nitrate and oxygen con-

centrations (Dini-Andreote et al. 2014, Kearns et al.
2016). This is reflected in high microbial diversity,
extremely flexible metabolisms and high rates of dor-
mancy observed in salt marsh microbial communities

Fig. 5. Conceptual diagram depicting a synthesis of the general
effects of increasing sulphide on the fates of nitrate (NOx

−) and the
relative abundances of the active bacterial community members.
Dashed lines around intracellular NO3

− storage and N2O indicate
these end-products were not directly measured in this study but
inferred. General shifts in the active microbial community are orga-
nized and coloured by class. [Color figure can be viewed at
wileyonlinelibrary.com]

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 2124–2139
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(e.g. Fierer and Lennon, 2011; Lennon and Jones, 2011;
Bowen et al., 2012; Kearns et al., 2016). A likely explana-
tion for the lack of change observed in the DNA pool over
the 18-h incubation is slow growth rates and DNA turnover
rates associated with anaerobic metabolism. Biomass
turnover is difficult to estimate and DNA turnover, even
more challenging. However, it is typical for low energy
environments dominated by anaerobic metabolism to
exhibit slow biomass turnover, with estimates in the litera-
ture ranging from tens of days to thousands of years
depending on the environment (e.g. Sundareshwar et al.,
2003; Caffrey et al., 2007; Schmidt et al., 2007; Hoehler
and Jorgensen, 2013). Thus, it is not surprising that we
observed relatively little overall change in the total bacte-
rial community under our experimental conditions over
only 18 h. Instead, there was a significant difference in
which community members were actively generating ribo-
somal RNA across the treatments and over the course of
the incubation. As such, the total bacterial community
structure and composition was not reflective of the
actively transcribing bacterial community.

Sulphide promoted the activity of a more diverse
bacterial community

Unlike the total bacterial community, the active bacterial
community was significantly affected by

P
sulphide con-

centration (Fig. 3B and D). Highly sulphidic conditions
promoted the activity of a more diverse group of bacteria
compared with the low and no

P
sulphide treatments,

which became dominated by the activity of only a few
particular groups (Fig. 2B). There are two possible expla-
nations for this response: (i)

P
sulphide toxicity (Knowles,

1982; Schönharting et al., 1998) deterred the activity of
these dominant members, allowing a more diverse group
of bacteria to be active in the high

P
sulphide treatment,

or (ii) the opposite, low or no
P

sulphide (and no SO4
2−

in the artificial seawater) created a disturbance to these
salt marsh communities, allowing only a select few mem-
bers to dominate under low or no

P
sulphide conditions

(and high nitrate). Saltmarsh microbial communities are
typically exposed to ambient

P
sulphide concentrations

upwards of 2000 μM (e.g. Thomas et al., 2014) and SO4
2

− concentrations of full-strength seawater (~28 mM)
(Howarth, 1984; Weston et al., 2006). Omitting
P

sulphide and SO4
2− may have resulted in the activity

of select members of the total community, in particular,
competitive nitrate-reducing organisms. For example,
there were 20 ASVs, all classified as members of the
genus Arcobacter (Campylobacteraceae) that were highly
stimulated in the 0 and 100 μM treatments (Figs 3B and
4). These ASVs made up an average of 47.4% and
44.1% relative abundance of the active communities in
the 0 and 100 μM treatments at 6 h respectively.

Arcobacter are known denitrifiers that are promoted by
high nitrate conditions (Heylen et al., 2006; Kraft et al.,
2014; Saia et al., 2016), supporting the hypothesis that
lower diversity in the low

P
sulphide treatments was due

to the dominance of opportunistic organisms taking
advantage of the high nitrate conditions. Interestingly,
some of the Campylobacteraceae ASVs that we
observed closely matched Arcobacter nitrofigilis [97%–

99% identity, NCBI’s nucleotide collection database
(Agarwala et al., 2018)], a nitrogen fixer associated with
the roots of Spartina plants (McClung et al., 1983). This
organism has the capacity to reduce nitrate and produce
P

sulphide from cysteine (Pati et al., 2010), which may
explain the slight increase in

P
sulphide concentrations

in the low
P

sulphide treatments during the experiment.

Evidence of sulphide oxidation under high
P

sulphide

Soluble sulphides can transform rapidly in salt marsh
sediments by both biotic and abiotic pathways (Howarth,
1979; Howarth and Teal, 1979; Schippers and
Jorgensen, 2002; Jørgensen et al., 2019). As such, in
our experiment, the

P
sulphide treatments did not remain

at targeted concentrations over the course of the incuba-
tion, and in fact, the added hydrogen sulphide decreased
rapidly in the initial hour of the experiment (Fig. S1). This
rapid depletion suggests the soluble sulphide likely
reacted chemically with iron (Fe2+) and/or iron oxides,
which are generally high in salt marsh sediments (Kostka
and Luther 1995, Tobias and Neubauer, 2009), ultimately
producing iron monosulphides (FeS) and/or pyrite (FeS2),
which we did not measure in this experiment. When this
reaction proceeds rapidly, small crystals are produced
(Giblin, 1988) that have a high surface area to volume
ratio making them readily available for microbial oxidation
(Howarth, 1984; Bosch et al., 2012). Microbial oxidation
of pyrite and soluble sulphides occurs using a variety of
electron acceptors (e.g. oxygen, nitrate and iron) (Otte
et al., 1999; Schippers and Jorgensen, 2002; Sayama
et al., 2005). However, in this anoxic manipulation experi-
ment, it is most likely that NO3

−, which was provided in
excess (100 μM), was used to oxidize the reduced sul-
phur (e.g. Cardoso et al., 2006; Tikhonova et al., 2006;
Bosch et al., 2012). After the initial rapid depletion during
the first hour, hydrogen

P
sulphide concentrations

decreased more gradually over the next 6 h in the
100 and 1000 μM treatments (Fig. S1), potentially due to
additional precipitation with iron and/or microbial transfor-
mations to oxidized forms (e.g. thiosulphate, sulphur
monoxide and SO4

2−). We did not measure these other
sulphur species and thus cannot infer rates of

P
sulphide

precipitation,
P

sulphide oxidation or SO4
2− reduction.

However, important insight into sulphur cycling can be

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 2124–2139
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gleaned from patterns in the active microbial communities
across the

P
sulphide treatments.

In our study, there were some bacterial groups that
exhibited a competitive advantage under high

P
sulphide

conditions (i.e. higher abundances in the active community
of the 1000 μM treatment compared with the 0 and 100 μM
treatments) (Figs 3B and 4, Fig. S3). It is possible that
some of these microorganisms can actively use reduced
sulphur as an electron donor. For example, we observed
nine ASVs classified in the family Desulfobulbaceae
(Deltaproteobacteria) that were significantly more active
under sulphidic conditions (adjusted p-value <0.05)
(Supplemental Table, Fig. 4). Desulfobulbaceae include
organisms known as cable bacteria that are capable of sul-
phur oxidation with either oxygen (Nielsen et al., 2010;
Pfeffer et al., 2012) or nitrate (Marzocchi et al., 2014;
Kessler et al., 2018, 2019) as electron acceptors. In addi-
tion to their role as sulphide oxidizers, a recent study
showed cable bacteria enhanced the relative importance
of DNRA by increasing Fe2+ availability (via decreasing
the pH which allowed FeS dissolution) that promoted other
microbes in the community to conduct Fe-dependent
DNRA (Kessler et al., 2019). However, in our experiment,
only one Desulfobulbaceae ASV, that had no assigned
Genus using the Silva database, closely matched a cable
bacteria genus (Candidate genus Electrothrix (Trojan
et al., 2016)] [>95% identity, NCBI’s nucleotide collection
database (Agarwala et al., 2018)]. Instead, the majority of
the specific Desulfobulbaceae ASVs we observed were
mostly classified under the genus Desulfobulbus. Des-
ulfobulbus are known sulphate reducers, however, can
also oxidize reduced sulphur (Fuseler et al., 1996), likely
through the recently described enzymatic reversal of the
sulphate reduction pathway (Thorup et al., 2017), and are
closely related to the cable bacteria genera (Kjeldsen
et al., 2019). A recent study revealed sulphate-reducing
cellular machinery can function in reverse, allowing the
potential for known sulphate reducers to be able to oxidize
reduced sulphur species (Thorup et al., 2017), highlighting
the challenge in deciphering function from taxonomic clas-
sification with 16S rRNA biomarker.

Aside from the increase in cable bacteria transcrip-
tional activity, additional potential sulphide oxidizers were
enhanced in the high

P
sulphide treatment. For example,

seven ASVs classified as Acidiferrobacteraceae
(Gammaproteobacteria) and four ASVs classified as
Xanthomonadales were all significantly more active in the
P

sulphide treatments (Fig. 4, Figs S3 and S4, Supple-
mental Table). The Acidiferrobacteraceae ASVs most
closely matched either Sulfurifustis variabilis (>96% iden-
tity) or Sulfurifustis limicola (>96% identity); the
Xanthomonadales ASVs closely resembled Sulfuriflexus
mobilis (>95% identity) [NCBI’s nucleotide collection
database (Agarwala et al., 2018)]. Recent sequencing of

the complete genomes of all three of these organisms
revealed them as chemolithotrophic sulphide oxidizers
(Kojima et al., 2016; Umezawa et al., 2016; Watanabe
et al., 2019). Although we acknowledge the limitations of
using 16SrRNA transcript amplicon sequencing to infer
the functional capacity of the active communities, given
the biogeochemical data and the fact that these
sequences are similar to known sulphide oxidizers, we
are confident that sulphide oxidation was an important
process in the

P
sulphide treatments. Our interpretation

of the trends we observed in the microbial data is cer-
tainly limited by the tremendous gap in knowledge
regarding the physiology and ecological roles of the tax-
onomies assigned to our 16S rRNA sequences. Further
work using cultivation, physiology and metagenomic
sequencing is required to fully understand the metabolic
pathways associated with salt marsh microorganisms
and the direct implications of these communities on bio-
geochemical cycling.

In addition to sulphide oxidizers, we observed an
increase in the activity of potential SO4

2− reducing organ-
isms in the 1000 μM

P
sulphide treatment, most of which

are found within the Deltaproteobacteria class, including
Desulfarculaceae (Suzuki et al., 2014), Desulfobacteraceae
(Kuever, 2014) and Desulfuromonadaceae (Greene, 2014).
In the high

P
sulphide treatment, the transformation of the

reduced sulphur to oxidized states (e.g. SO4
2− and

thiosulphate) could have subsequently fuelled these SO4
2−

reducers, which are a prevalent and ecologically important
functional group in ambient salt marsh sediments.
Syntrophic relationships between sulphate reducers and
sulphur-oxidizing microorganisms are likely important in
these sulphidic sediments. In other environments, previous
studies have reported tight interactions and syntrophy
among these sulphur cycling functional groups (e.g. Lau
et al., 2016).

Conclusions

The availability of reduced sulphur species can exert an
important control on the removal versus retention of bio-
available N within anaerobic sediments. Our results show
P

sulphide can have important implications for the fate of
NOx

− in anaerobic systems, redirecting it away from N2

and into other pools including NH4
+, and potentially N2O

and intracellular NO3
− pools. Furthermore, the observed

shifts in the active bacterial communities in our controlled
experiment suggest tight links between N and S cycling
in salt marsh sediments. Numerous ASVs within
Deltaproteobacteria, which include sulphate reducers
and sulphur oxidizers, responded positively to high
P

sulphide concentrations. The interconnectedness and
complexity of these elemental cycles, as well as the gen-
eral lack of information on the physiology and metabolic

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 2124–2139
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pathways of sediment microorganisms, pose a challenge
in determining the mechanistic controls on N cycling.
However, given the continued rise in the amount of reac-
tive N delivered via rivers to the coastal zone coupled
with increasing sea level rise that pushes SO4

2− laden
seawater into tidal freshwater wetlands along those riv-
ers, makes it essential that we use controlled experi-
ments such as these to better understand the
interactions between the sulphur and nitrogen cycles,
and how they will change under future more sulphidic
conditions.

Experimental procedure

Sulphide manipulation experiment

We conducted a sediment slurry, time-series experiment
consisting of four

P
sulphide concentrations (0, 10,

100 and 1000 μM) (added as Na2S to anoxic water). Trip-
licate sediment cores were collected in July 2017 from
the tall Spartina alterniflora ecotype in a salt marsh at the
Plum Island Ecosystem Long-Term Ecological Research
site in Rowley, MA (42.759 N, 70.891 W). Over the
course of a day in July 2017, the water column at the site
of core collection ranged in salinity from 22.2 to 27.3, the
temperature ranged from 23.1 to 27.7�C, and the pH
averaged 7.25 (�0.002) (Weston, 2019). Although
porewater was not sampled during our sample collection,
ambient concentrations of porewater NH4

+, PO4
3− and

sulphide at a nearby salt marsh during July 2017 aver-
aged 62.1, 5.5 and 216.7 μM respectively (Morris and
Sundberg, 2019). The intact cores were transported to
Northeastern University’s nearby Marine Science Centre
on ice. In the lab, we extruded the cores and homoge-
nized the surface sediment (0–5 cm) across the core rep-
licates in an anoxic glove bag. Still, under anoxic
conditions, we added 5 g wet weight (WW) of homoge-
nized sediment to each 160 ml glass serum vial. The
vials were filled with anoxic artificial seawater (sparged
with N2 gas), made without SO4

2−, and spiked with
15NO3

−, to achieve a concentration of 100 μM. The artifi-
cial seawater, which targeted a salinity and pH of 40 and
7 respectively, was made with the following: NaCl
(27.72 g), KCl (0.67 g), CaCl2�2H2O (1.36 g), MgCl2
(9.32 g), NaHCO3 (0.18 g) into 1 l of Milli-Q water; this
was then diluted to a salinity of 35, sparged with N2 gas
and spiked with 15NO3

−. After adding the artificial seawa-
ter, the experimental vials were crimped with rubber
septa ensuring no headspace. At 1, 3, 6 and 18 h, three
vials from each

P
sulphide treatment were sacrificed and

sampled. The vials were opened in the glove bag and the
overlying water was sampled for

P
sulphide, NO2

− plus
NO3

− (NOx
−), NH4

+, 29+30N2 and 15NH4
+. Sediments

were subsampled into cryogenic vials (2 ml) and

immediately flash-frozen in liquid nitrogen for down-
stream microbial analyses.

Analytical measurements

Samples collected for
P

sulphide (H2S, HS− and S2−)
analysis were preserved in zinc acetate and analysed
within 1 week, colorimetrically following methods
described in Cline (1969). We collected samples for 29

+30N2 analysis in 12 ml exetainers with no headspace,
preserved them with ZnCl2 (100 μl of 7 M stock), and
stored them at 4�C until analysis within 2 weeks on a
membrane inlet mass spectrometer (MIMS) with an in-
line copper column furnace (Kana et al., 1994). Samples
for dissolved concentrations of NH4

+ and NOx
− were fil-

tered (0.7 μm, glass fibre filters) and frozen until analysis.
NOx

− samples were analysed via chemiluminescence on
a Teledyne T200 NOx analyser (Teledyne API, San
Diego, CA) following methods outlined in Cox (1980).
Total NH4

+ samples were analysed colorimetrically on a
spectrophotometer following protocols from Solorzano
(1969). 15NH4

+ was analysed using the OX/MIMS method
(Yin et al., 2014). Briefly, we thawed and sparged sam-
ples with helium to remove any residual 29+30N2. Next,
the samples were transferred to 12 ml exetainers, with no
headspace, and spiked with 200 μl of hypobromite solu-
tion, which oxidizes NH4

+ to N2. After the addition of
hypobromite, the samples were immediately capped, and
the precipitate was allowed to settle overnight prior to
analysing them on the MIMS for 29+30N2. We calculated
hourly rates of DNRA and denitrification as the change in
15NH4

+ and 29+30N2 over time respectively. Similarly,
rates of NOx

− consumption and total NH4
+ production

were calculated as the change in concentration over
time. We calculated the cumulative production of 29+30N2,
15NH4+ and total NH4

+ and the cumulative consumption
of NOx

− over the 18 h incubation by calculating the total
moles produced or consumed between each sampled
time point, multiplying by the number of hours elapsed
within the respective time windows, and summing these
values. We then constructed a mass balance for each
P

sulphide treatment as the cumulative consumption of
NOx

− plus the cumulative productions of 15NH4
+ and

29+30N2.

16S rRNA gene and transcript library preparation

DNA was extracted from ~0.25 g of sediment using the
DNeasy Power Soil Extraction Kit (Qiagen, Valencia,
CA). RNA was extracted using a modified version of Met-
tel and colleagues (2010) and described in detail in
Kearns and colleagues (2016). RNA extracts were
treated with DNase I (New England Biolabs, Ipswich,
MA) following the manufacturer’s protocol to remove any

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 2124–2139
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DNA contamination. RNA was then reverse transcribed
to cDNA using the Invitrogen Superscript RT III cDNA
synthesis kit following the manufacturer’s protocol. The
V4 region of the 16S rRNA gene and transcript were
amplified in triplicate reactions following the Earth Micro-
biome Project protocol using the 515F and 806R primers
(Caporaso et al., 2011). The reverse primers included
unique barcode sequences, which enable multiplexing
samples on a single sequencing run. Amplicon libraries
and negative PCR controls were checked on a gel to
ensure amplicons matched the targeted size and that
there was no contamination. The amplicons were size
selected by gel excising followed by purification using the
Qiagen QIAquick gel extraction kit (Qiagen). Libraries
were quantified fluorometrically with the Qubit 3.0 (Life
Technologies, Thermo Fisher Scientific, Waltham, MA)
and pooled at equal molar concentrations per sample for
sequencing on an Illumina MiSeq platform using the
paired-end 250-cycle kit and V2 chemistry (Illumina, San
Diego, CA). Sequencing was conducted at the University
of Massachusetts Boston. All sequences have been
deposited in the Sequence Read Archive under acces-
sion number PRJNA610907.

Bioinformatics analyses

We demultiplexed raw reads using Illumina-utils (Eren
et al., 2013) and we used the DADA2 (v1.7.0) workflow,
implemented in R Studio (v3.4.1), to quality filter, merge
paired-end reads, remove chimeric sequences, cluster
sequences into ASVs and assign taxonomy against the
Silva database (version 132) (Callahan et al., 2016; Cal-
lahan, 2018; Glöckner, 2019). Default parameters were
used for all steps in the workflow. ASVs classified as
archaea, mitochondria and chloroplast were removed
from the dataset due to known primer biases and to focus
the analyses specifically on the bacterial communities.
Downstream data processing and statistical analyses
were conducted using the Phyloseq package (v1.23.1)
(McMurdie and Holmes, 2013) in R (R Core Team, 2019).

Statistical approach

We assessed the change in 15NH4
+, 29+30N2, total NH4

+

(14+15NH4
+) and NOx

− over time using linear models. Dif-
ferences in the rates of denitrification, DNRA, total NH4

+

flux, NOx
− flux and the ratio between DNRA and denitrifi-

cation across the four
P

sulphide treatments were
assessed with one-way analysis of variance (ANOVA)
followed by Tukey post hoc analyses, when significant
differences were determined. To compare rates of denitri-
fication and DNRA within each

P
sulphide treatment, the

change in 15NH4
+ and 29+30N2 over time were compared

using analysis of covariance (ANCOVA). The effect of

P
sulphide concentration on the ratio of the cumulative

production of 15NH4
+ relative to 29+30N2 was assessed

using a one-way ANOVA. All data were tested for nor-
mality and homogeneity of variance using the Shapiro–
Wilk test and Levene’s test respectively.

We calculated Shannon diversity estimates on an ASV
table rarefied to an even sequencing depth (n = 7878).
ANOVA was used to compare average Shannon diversity
estimates between total (16S rRNA gene) and active
(16S rRNA transcript) bacterial communities as well as
across

P
sulphide treatments. Again, we used Shapiro–

Wilk test and Levene’s test to evaluate the assumptions
of the ANOVA test.

To assess and compare the overall composition of the
total (16S rRNA gene) and active (16S rRNA transcript)
bacterial communities at each time point and across
P

sulphide treatments, we calculated Bray–Curtis dissim-
ilarity using normalized (i.e. percent relative abundance)
ASV tables. Bray–Curtis dissimilarities were ordinated
using Principal Coordinates Analysis. After testing for
homogeneity of multivariate dispersions, using betadisper
in the vegan package (v2.5.4), we assessed the statisti-
cal differences in bacterial community compositions as a
function of elapsed time and across

P
sulphide treat-

ments using PERMANOVA implemented using adonis in
the vegan package (v2.5.4). We also conducted pairwise
comparisons within each time point (1, 6 and 18 h)
across

P
sulphide concentrations (0, 100 and 1000 μM)

using DESeq2 (v1.22.2) to determine the ASVs that were
significantly different in abundances across

P
sulphide

treatments at each time point (Benjamini–Hochberg
adjusted p-value <0.05) (Love et al., 2014).
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