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Abstract

In mine wastewaters, three microbial sulfur oxidation pathways have the potential to cause different water quality outcomes.
These outcomes can differ from abiotic models of sulfate and acidity predictions currently used to monitor potential sulfur
risks. However, studies integrating microbiology and geochemistry in active mine tailings impoundments are very limited.
Here, we developed a novel diagnostic approach to detect microbially driven sulfur pathways. Within this 28-day study,
eight on-site, 500 L mesocosms were filled with water extracted directly from the water cap of an active Ni/Cu mine tail-
ings impoundment. Diverse combinations of tailings, sulfur compounds, and nitrate amendments were added to the meso-
cosms simulating common operational variations experienced by active tailings impoundments. Mesocosm results linked
complete SOx, S I, and incomplete SOx +rDSR pathway occurrence (metagenomes, inferred from the identity, i.e. 16S
rRNA) and activity (mRNA) to physiochemistry and sulfur geochemistry. By integrating the three lines of evidence, the
diagnostic approach was able to identify which sulfur pathways were active under varying physiochemical conditions and
how geochemical outcomes were affected. A relationship emerged between acid generation and soxCD expression (soxCD
expression indicates the complete SOx pathway activity). However, observed proton yields and sulfate concentrations were
less than those predicted by complete SOx pathway activity alone. This indicates other sulfur pathways, e.g. the partial S,I
pathway (within Thiomonas and Halothiobacillus), and/or activity of the incomplete SOx pathway (within Thiobacillus and
Desulfurivibrio) when either not coupled to rDSR, or paired with use of nitrate, influenced overall sulfur outcomes along
with the complete SOx pathway.
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Introduction

Wastewaters associated with base metal mining commonly
contain higher concentrations of reduced sulfide (HS),
sulfur oxidation intermediate compounds (SOI, e.g. thio-
sulfate (S,0,>7), tetrathionate (S,04°"), zero valent sulfur
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(ZVS; SY), etc.) and metals than freshwater and marine Sys-
tems, and consistently contain moderate levels of nitrate
(Miettinen et al. 2021; Skousen et al. 2017; Whaley-Martin
et al. 2019, 2020). These high sulfur concentrations result
from storage of tailings in wastewater impoundments that
are managed on site. Wastewater systems are maintained at
circumneutral pH values, unlike acid rock drainage (ARD)
conditions, where iron metabolizing genera such as Ferro-
vum and Acidithiobacillus link sulfur metabolism with iron
oxidation in systems where the pH is low (Grettenberger
et al. 2020; Wang et al. 2019). The oxidation of sulfur
compounds by sulfur oxidizing bacteria (SOB), such as
Halothiobacillus, Thiomonas, Thiobacillus and Thiovirga
in circumneutral wastewater, can lead to water quality con-
cerns. The most notable concerns include surface water
acidification approaching ARD conditions, oxygen con-
sumption, and metal mobilization (Camacho et al. 2020b;
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Miettinen et al. 2021; Nancucheo et al. 2017; Skousen et al.
2017; Verburg et al. 2009). Across all studied contexts, SOB
communities have demonstrated the ability to catalyze sul-
fur oxidation using three known biochemical pathways,
i.e., (1) complete sulfur oxidation (cSOx), (2) tetrathion-
ate intermediate (S,I), and (3) incomplete sulfur oxidation
(iSOx, lacking the sulfur cycling enzyme SoxCD) coupled to
reverse dissimilatory sulfate reduction (rDSR, see Table S-1
(Dahl 2005; Wasmund et al. 2017; Watanabe et al. 2019)).
Although the gene expression profiles of sulfur pathways
have been extensively studied in the deep terrestrial subsur-
face and deep sea hydrothermal vents, little is known about
how geochemical conditions affect the occurrence or activity
of sulfur oxidizing pathways in mining contexts (Bell et al.
2020; Cron et al. 2020).

If driven to completion, these three sulfur pathways pro-
duce equivalent proton yields, dependent on the terminal
electron acceptor (TEA): AH/AS-S,0,>" =1 with O, as a
TEA, and AH*/AS-S,0,>~ =0 with NO;™ as a TEA (sup-
plemental Table S-1). However, the inclusion of sub-steps
in each pathway introduces complexity to the proton bal-
ance. Specifically, the cSOx pathway catalyzes the direct
oxidation of 52032_ to SO,%~, generating acidity (Friedrich
et al. 2005):

S,0 + H,0 + 20, » 2S0; + 2H* (1

In contrast, the S,I pathway begins with oxidative con-
densation of thiosulfate to tetrathionate (S;04>7) via the
enzyme TsdA, or infrequently via DoxDA, resulting in a net
decrease in acidity (Beard et al. 2011; Rameez et al. 2020;
Zhang et al. 2020):

28,03 +2H" +1/20, - S,0;” + H,0 Q)

The subsequent processing of tetrathionate is highly
debated, indicating a knowledge gap, and this processing
does not necessarily occur immediately following its pro-
duction (Dam et al. 2007; Kappler et al. 2001; Rameez et al.
2020; Wei et al. 2023). Some studies suggest that the second
stage of the S,I pathway (catalyzed by TetH, and/or other
enzymes) results in intracellular ZVS storage (Kanao et al.
2007; Meulenberg et al. 1992b), which delays the release of
additional protons yielded by its oxidation (for the poten-
tial role of other S,I pathway enzymes, see Table S-1).
Finally, the iSOx +rDSR pathway oxidizes $,0;>~ to SO,*",
via several reaction steps. This begins with pH-neutral
52032_ hydrolysis and intracellular storage of ZVS via the
iSOx pathway:

S,03" +1/2 0, - SO + S’(attached to Sox YZ) )

This ZVS is thought to represent a dynamic sulfur sink,
oxidized only when other aqueous sulfur substrates are

scarce (Hensen et al. 2006), suggesting that the acidity
produced by the subsequent rDSR pathway would also be
delayed (Table S-1). ZVS and other SOI compounds may
also be processed through metabolic pathways that have yet
to be identified.

In summary, proton yield can be affected by both the
reactions involved in sulfur oxidation through each of the
three sulfur pathways presented here, as well as TEA pair-
ing with either oxygen or nitrate. Recently Whaley-Martin
et al. (2023) identified differential sulfur oxidation pathway
expression based on O, and NO;™ concentrations. In that
study, cSOx pathway abundance and activity was linked
to oxygen availability (Halothiobacillus and Thiomonas),
while the iSOx +rDSR pathway (Thiobacillus) dominated
under anoxic conditions in a tailings impoundment’s sum-
mer stratified water column. Under low pH conditions, these
systems move into a state where iron becomes an important
e~ donor or acceptor, but iron does not play a major role at
circumneutral pH when nitrate is available (Grettenberger
et al. 2020; Jin and Kirk 2018; Warren et al. 2008).

The objective of this study was to explore how the occur-
rence and activity of cSOx, S,I, and iSOx +rDSR pathways
varied in response to available TEAs (O,, and NO;™), sul-
fur substrates (S,0,2~ and S,04>7), and tailings additions
under ambient environmental conditions experienced by an
active tailings impoundment. Field-based mesocosm experi-
ments offered the opportunity to mimic the water cap of a
tailings impoundment system by using wastewaters drawn
directly from the adjacent tailings impoundment under site
conditions, at a greater scale than laboratory microcosms
allow. Geochemical and biological responses were meas-
ured under experimental amendments of (1) tailings, (2)
thiosulfate, or (3) tetrathionate, with or without (4) nitrate.
Over the course of 28 days, these mesocosms were exam-
ined through complementary methods measuring bacterial
community composition (16S rRNA gene sequences), func-
tional repertoires (metagenomes), gene expression (mMRNA),
sulfur compounds (82032_, S4062_, SO, SO42_), N species
(NO;™, NO,~, NH,*), as well as oxygen concentrations and
pH; samples for these parameters were collected at different
frequencies. A new diagnostic approach was then developed
that combines these three lines of evidence (geochemical,
community composition linked to functional repertoires, and
gene expression), to generate a more holistic understanding
of microbial sulfur oxidation and outcomes in this mine tail-
ings impoundment. Through this approach, parallel sulfur
pathway activation and terminal electron acceptor switching
(from oxygen to nitrate) were discernible.
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Methods

Detailed methods for location, mesocosm set-up, and
experimental pre-conditioning are described in the sup-
plemental information.

Experimental Phase

On September 22nd, 2020, the eight experimental meso-
cosms filled with ~ 470 L of tailings wastewater on July
23rd, 2020, were sampled at day, (mesocosms experi-
enced varied pre-conditioning amendments and thus var-
ied microbial communities associated with eight weeks
of possible community succession), to characterize initial
communities and geochemical conditions ahead of addi-
tional experimental manipulation (Fig. 1). All mesocosms
were then treated with varying combinations of 12 L tail-
ings, a mix of equal volumes of low sulfur mill waste
and pyrrhotite tailings (T;,), 2.0 mM S sulfur substrate
(K5S,0¢: Sy.0y Or NayS,05: S55)), and 2.0 mM nitrate
(NaNOj: N, ;) amendments creating eight unique experi-
mental treatments outlined in Table 1 and Fig. 1b.

Mesocosms E|-E, E; and Eg received tailings amend-
ments as a mechanism for decreasing oxygen concentra-
tions through oxidative processes to investigate possible
hypoxic-anoxic condition impacts on SOB communities,
S oxidizing pathway activity, and acidity generation. Data
loggers were deployed at the initiation of the experiment
(at depths of 20 cm and 50 cm in each mesocosm) to moni-
tor dissolved oxygen concentrations (HOBO® U26-001),
and pH (HOBO® MX2501) in each mesocosm. The log-
gers, initiated at day, collected data at 30 min intervals
over the 28 days of the experiment.

Prior to the experimental phase, mesocosms were pre-
conditioned with tailing and/or thiosulfate treatments
(Fig. 1) and remained at pH 4 but returned to circum-
neutral following tailings amendments made at day,. The
composition of tailings from the mine have previously
been characterised and reported (Duffy et al. 2015). The
nickel-rich tailings are composed primarily of pyrrhotite
(60%) with associated silica gangue phases (e.g. quartz
and albite) comprising around 30% of total mass. Minor
mineral components include chalcopyrite, pentlandite and
magnetite.

Total alkalinity measurements (Lipps et al. 2023) indi-
cated mean total alkalinity values of 530 mg CaCO5/L, or
10.6 meq/L for the undiluted mine tailings slurry. Note that
total alkalinity also includes protonation reactions involving
mineral phases as well as carbonate equilibria. Alkalinity
measurements from the waters of the mesocosms were neg-
ligible throughout the experiment (< LOD by day;).

@ Springer

Thus, the experiments here explored the effects of
S,04%7, $,0,%, as well as O, and NO;~ concentrations
(E,—Eg, Fig. 1b) on sulfur metabolizing microbial commu-
nity composition, abundance, and presence/activity of S
oxidation pathways (cSOx, iSOx +rDSR, and S,I) of SOB
communities presumed to be differentiated, driven by var-
ied preconditioning amendments. Tailings impoundments
are dynamically exposed to operational changes in tailings
discharges in addition to seasonal and spatial biogeochem-
ical and environmental variability, the experiments here
provide new insights into how communities may change
in response to such geochemical and physicochemical
changes, and in turn, influence water chemistry outcomes.

Geochemistry

Detailed methods for geochemical analyses are described in
Whaley-Martin et al. (2019), and in the supplemental infor-
mation of this document. Briefly, dissolved S4062_, SO42_,
NO,™,NO;™, and NH4+ concentrations were determined for
triplicate filtered (0.2 um) samples, on an Thermo Scien-
tific Dionex™ ICS-6000 ion chromograph (IC) system with
anion and cation columns (a Dionex IonPac™ AS18-FAS-
TAS18 anion exchange, Dionex IonPac™ AS32-Fast-4 pm,
and Shodex IC YS-50 columns).

Quantification of $,0,%~ and SO5?~ (monobromobimane
derivatives) was performed in triplicate by high performance
liquid chromatography (HPLC) Prominence, Shimadzu
system, with an Alltima™ HP C18 reversed phase column.
Total S detection was performed in triplicate on 0.2 um and
UF samples using an inductively coupled plasma—opti-
cal emission spectrograph (ICP-OES, iCAP 7000 Series,
Thermo Scientific™) with radial emission from wavelength
180.731 selected for standard curve calibration.

Genomics and Data Analysis

DNA and RNA were extracted with DNeasy PowerWater
DNA Isolation and RNeasy PowerWater QIAGEN Kkits,
sequenced using Illumina at the McMaster University
Genomics Facility, and Illumina transcriptomic data reads
were assembled using gene mapping at Berkeley (using
BBTools, Prodigal, Bowtie2, and samtools, see supplemen-
tal information for details). Statistical analyses were per-
formed in Excel and RStudio (R version 3.6.2, using Vegan,
complex heatmap, and Ggbreak packages). See the methods
provided in the supplemental information for details.

Results: Mesocosm Study
In the mesocosm study, mine water taken from the tail-

ings impoundment was exposed to different experimental
amendments of NO;~ (a compound often found in mine
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«Fig. 1 Field study design. a The 500 L mesocosms were embedded
in the ground and filled onsite with tailings impoundment wastewa-
ter in late July, 2020, and preconditioned prior to experimentation.
b At day, (September 22nd, 2020), several sulfur, nitrate and tail-
ings amendments were added to the mesocosms for the experimental
phase (indicated to the left) and sampled at several timepoints until
day,g on October 19, 2020 (right)

wastewaters from blasting residues), sulfur substrates
(5,057~ and S,04%7), and tailings. Over the course of
28 days the mesocosms were sampled for physio-chemistry
(pH, [O,], temperature (°C)), sulfur speciation and concen-
tration, 16S rRNA gene sequencing, and mRNA analyses.

Geochemistry: Alkalinity and Acidity Trends

Over the 28-day experiment, five mesocosms (E,, E,, E;,
E; and Ey) experienced pH decreases/net acidity generation
(supplemental Table S-2). The water contained in meso-
cosms E; and E, (tetrathionate and tailings additions with
or without nitrate) experienced a pH decrease from 6.5 to
5.2 (AH" =0.0056 mM) and 6.2 to 5.6 (AH* =0.0011 mM)
respectively. Water in mesocosms E; and Es (thiosulfate or
without tailings additions) decreased in pH from 7.4 to 6.1
(AH" =0.0008 mM) and 6.1 to 5.8 (AH* =0.0013 mM)
respectively. Mesocosm Eg (tailings additions with nitrate)
had pH that decreased from 7.0 to 6.0 (AH" =0.0008 mM).

Over the same timeframe, the remaining three meso-
cosms (E,, E¢, and E;) experienced pH increases, indicat-
ing proton consuming reactions were dominant (Table S-2).
Mesocosms E, and E¢ (thiosulfate with nitrate, with or
without tailings) experienced a pH increase from 5.6 to 6.5
(AH* =-0.0019 mM), and 4.0 to 7.1 (AH* =— 0.0954 mM),
respectively. The least change in proton concentration was
observed in the tailings mesocosm, E, (tailings), where the
pH rose from 6.5 to 6.7 (AH" =— 0.0001 mM).

Acid neutralization calculations that accounted for the
alkalinity of the added tailings slurry (530 mg CaCO,/L, or
10.6 meq/L) indicated that following the initial upward pH
adjustment, the added tailings alkalinity had only a slight
moderating effect on solution pH. The potential effect of the
diluted tailings alkalinity on the attenuation acidity genera-
tion was assessed by calculation of proton equilibria using
a spreadsheet model based on the model of Nhantumbo
et al. (2018). As part of the development of the spreadsheet
model, test calculations were validated against predictions
obtained from the geochemical model PHREEQC. Alkalin-
ity measurements from the waters of the mesocosms were
also negligible throughout the experiment (< LOD by day;).
Calculations indicated that the low acid generation observed
in the mesocosms could not account for the neutralisation
of acid by the small concentration of tailings total alkalin-
ity. For instance, in mesocosm Es, the decrease in thiosul-
phate concentration over the duration of the experiment was
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0.55 mM. If this concentration of thiosulphate was oxidised
via the ¢cSOx pathway, it would be predicted to generate a
pH of 2.7 in an unbuffered solution compared to the pH
of 2.9 pH observed in the solution containing tailings, or the
observed final pH in the experiment of 6.1. Thus, there was
a reasonable basis to exclude tailings alkalinity from pro-
ton yield calculations. This supports the assumption that
net AH" represents actual acidity produced by microbial
processes.

Geochemistry: Sulfur Speciation Trends

Although baseline sulfate concentrations in the wastewater
were high (ca. 7.6 mM) prior to the experimental phase,
all eight mesocosms showed increases in sulfate over the
28 days (Fig. 2, Table S-2). Mesocosms E,-E, averaged
ASO,* of 1.6+£0.3 mM, and mesocosms Es—Eg had aver-
aged ASO,*"=0.6+0.2. mM. The thiosulfate concentration
decreased in all mesocosms, following a pseudo-first order
reaction (calculated according to Eq. 4):

[S,057] = [S,057] e ™" )

where t is time, and k’ is the first derivative of the rate
constant for a first order reaction (Table S-3. This thiosul-
fate loss indicates processing via any of the three pathways
(Egs. 1-3).

Low concentrations of S° (0.01-0.48 mM,
[S°],edian = 0-05 mM) were detected in all mesocosms over
the experiment’s duration. The lowest S° concentrations
were found in tailings-only treatments (E, and Eg Fig. 2,
Table S-2), indicating tailings were not a substantial S°
source.

In the tetrathionate-amended mesocosms, a large
tetrathionate loss over the course of the experiment
(AS-S4062_ =— 0.39 mM) occurred in mesocosm
E, but not in tetrathionate and nitrate amended E,
(AS-S,04*”=0.02 mM). Similarly, a small tetrathionate loss
(AS-S,04° =— 0.06 mM) was measured in the thiosulphate
amended mesocosm (E5), but not the thiosulfate and tail-
ings amended E, (AS-S,0,>~=0.03 mM). However, these
data are only semi-quantitative as the 0.2 um filtered sam-
ples produced a high standard deviation, perhaps because of
sampling variation or storage for> 1 year prior to analysis.
The detection of tetrathionate concentrations greater than the
background level of 0.1 mM also occurred in the tailings-
only control mesocosms (E; and Eg), and in the thiosulfate
amended mesocosms where no tetrathionate was added
(E;—Eq, see Fig. 2, Table S-2).

In most mesocosms, measured sulfur species accounted
for over 90% of the total sulfur present (Fig. 2, Table S-2).
However, larger gaps in the sulfur mass balance occurred
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Table 1 Experimental
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500 L mesocosms
E, 12L 2.0 mM S-S,0.*" - T12S400)
E, 2L 2.0 mM S-S,0.> 2.0 mM NO,~ T12S42.0Na0
E, 12L 2.0 mM S-S,0,2" - T128200)
E, 2L 2.0 mM S-S,0,* 2.0 mM NO,~ T12820.0N20
E; - 2.0 mM S-S,0,2" - Src0)
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Fig.2 Changes in sulfur speciation trends across the 8 mesocosms
are shown above. Sulfite concentrations, [SO32_], were non-detect for
all systems and timepoints. (Where standard deviation values for data

at day,g (Total S—)  measured sulfur species) for the two
thiosulfate and tailings amended mesocosms, Es (75% of
TotS) and Eg (57% of TotS). This indicates the formation of
other unidentified SOI species. In mesocosms E5, Es, E; and
Eg, not all thiosulfate loss can be accounted for by increases
in sulfate (A[SO42_] < -A[SZO32_]), also suggesting the for-
mation of SOIs such as polythionates. Alternately, gaps in
the S mass balance may be partially accounted for by ZVS

were not available, the mean values of 0.05 mM for S-S,0,> and
0.1 mM for S° are presented.)

formation, and subsequent sedimentation through excretion
or cell death.

Geochemistry: Oxygen and Nitrate Availability
for Sulfur Compound Oxidation

Published experimental evidence suggests that nitrate and

oxygen are used concurrently by SOB below 0.3 mg/L O,,
and that a decrease in use of nitrate occurs above that
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threshold O, concentration (Wang et al. 2016; Zhang et al.
2019). Therefore, we conservatively estimated 0.5 mg/L
(0.016 mM) as the concentration above which oxygen is
used exclusively.

Dissolved oxygen concentrations varied with time,
depth, and mesocosm (Table S-2; supplemental Fig. S-1).
Yet, except for Eg, all mesocosms experienced some peri-
ods of oxygen depletion below the assigned threshold value
(<0.016 mM, Table 2), often during the first 10 days. Nitrate
was detected at all timepoints (Table S-2) suggesting SOB
had the opportunity to use nitrate as an alternate TEA to
oxygen. However, the simultaneous increases in nitrate and
ammonia observed in all tanks over the experimental period
are consistent with activity of both N-reducing and N-oxi-
dizing microorganisms.

Nitrate amendments increased thiosulfate oxidation rates
in the mesocosms containing tailings. Thiosulfate oxidation
rates increased by 1.7-fold in the tailings plus thiosulfate
treatments (E, and E;) when amended with nitrate (the half-
life of E, 13.9 days with nitrate, and of E; was 21.3 days
without nitrate). This was also observed when comparing
tailings only treatment where there was 2.8-fold increase in
thiosulfate oxidation with nitrate. (A thiosulphate half-life
of 4.95 days was measured with nitrate (Eg), compared to a
half-life of 13.9 days without nitrate (E,); see Table S-3). In
addition, nitrate-amended treatments (E,, E,, E¢) had lower
[SY] compared to their nitrate-free equivalents, and generally
showed a decrease in [S°] over the latter half of the experi-
ment (Table S-2).

Bacteria: Sulfur Metabolizing Community Trends
(16S rRNA)

Six SOB genera (Halothiobacillus, Thiomonas, Sedimini-
bacterium, Thiovirga, Acidovorax and Sulfurovum and one
sulfur reducing bacteria, also able to oxidize sulfur (Desul-
furivibrio, (Melton et al. 2016; Sun et al. 2022; Thorup et al.
2017)), were identified through 16S rRNA gene expression
(Fig. 3b, Table S-4). An additional nitrate-dependent iron

oxidizing (NDFO) genus (Acidovorax) was found to also
have tetrathionate reducing genes (Fig. 3b, Table S-4).

The six SOB genera detected catalyze different pathways;
two genera contained genes for cSOx alone (Thiovirga and
Sulfurovum), one S,I alone (Sediminibacterium, as indicated
by tsdA), and two had both ¢SOx and S,I (Halothiobacillus
and Thiomonas) pathways (Fig. 3b). Genes for the iSOx and
rDSR pathways were only present in the genus Thiobacillus,
where they were accompanied by the S,I pathway, although
genes for the rDSR pathway segment was also hosted by
Desulfurivibrio (Fig. 3b). The NDFO genera, Acidovorax,
possessed trABC which codes for tetrathionate reductase
S 4062_), an enzyme that reduces tetrathionate to thiosulfate,
along with traces of the rDSR pathway system (Fig. 3b). The
metagenomic inferences for these eight sulfur metabolizing
genera were based on previous whole genome characteri-
zation of SOB from this tailings impoundment (Whaley-
Martin et al. 2023).

During the experimental phase (28 days, Sep 22—Oct
19, 2020; Fig. 1b), sulfur metabolizing bacteria comprised
0.1-21.9% of the mesocosm communities, with a median
sulfur metabolizing bacteria abundance of 1.6% (Fig. 3a).
The varied tailings and thiosulfate pre-treatments resulted
in divergent initial communities at day,, with a higher mean
total abundance of sulfur metabolizing bacteria occurring in
mesocosms pre-treated with thiosulfate prior to the experi-
mental phase (4.6% for E,—Es) than in those which received
no pre-treatment (0.3% for Ec—Eg; Fig. 3a). At the beginning
of the experimental stage (day,), Thiomonas dominated six
of the mesocosms (> 50% of the sulfur community in E,,
E,—Eq, Fig. 3a, supplemental Table S-5). The sulfur metabo-
lizing communities in the eight mesocosms diverged with
time, with only mesocosm E5 remaining dominated by Thio-
monas on day,g (>97% of sulfur bacteria), indicating that
communities changed independently (Fig. 3a).

Mesocosms Es and E¢ (two of the thiosulfate-amended
mesocosms) remained with Thiomonas (cSOx and S,I) in
the majority (>50% of the SOB population) throughout the
course of the experiment. However, the nitrate addition to

Table 2 Estimated proportion

Sum of all periods DO below
0.5 mg/L (days)

Fraction of 28-day experiment
with DO below 0.5 mg/L (%)

. 5 Mesocosm Treatment
of time nitrate could be the
terminal electron acceptor
(TEA) based on tl:]e observed E, T12S400)
O, concentrations
E, T15S40.0N20
E, T125500)
E, T125:0.0N20
E; Sx0.0)
Eg Sx0.0N20
E, Ty,
Eg TNy

5.4 19
4.2 15
16.5 59
8.8 31
6.9 25
0 0

3.5 13
8.1 30

4[NO;~1>0.04 mM throughout entire time course in all mesocosms
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Time (days) Time (days)
0 16 24 0 16 24
L
El TIZSA 2.0
L E> T12Sap0N20
SOB (%) 16 11.0 103 SOB (%) 12.0 0.2
DO (mg/L) 224 3.20 1.28 DO (mg/L) 4.80 2.56 3.52 Halothiobacillus
I Thiomonas
Es T1S200) Es T12S20.0N20 Thiobacillus
SOB (%) 7.2 SOB (%) 24 0.6 9.5 Sediminibacterium
DO (mg/L) 0.96 2.24 0.00 DO (mg/L) 0.96 5.76 6.08 Thiovirga
& & E § N I Acidovorax
5 92(2.0) 6 22(2.0N2.0 Sulfurovum
SOB (%) 21.9 5.7 43 SOB (%) 03 0.03 0.1 Desulfurivibrio
DO (mg/L) 4.16 2.88 0.00 DO (mg/L) 8.64 7.68 7.68
D 2.0 mM NO;-
E; Ty Eg T12Nyo \
SOB (%) 0.4 36 0.8 SOB (%) 01 35 0.7
DO (mg/L) 8.96 6.08 4.48 DO (mg/L) 9.28 4.16 1.28
(a)
HS" Time (days)
Genus
Uptake 0 16 24
Halothiobacillus
Thiomonas E; T12S4020)
. " E; T15S40.0N
Thiobacillus 2 AZAR0r 20 Pathway
Sediminibacteri
ediminibacterium E3 TIZSI(Z.O) SOx
Thiovirga SOx+5,l
Acidovorax By T15550.0N20 N
Sulfurovum Es Sy00) 1/2 SOx, rDSR + S,41 / rDSR
Desulfurivibrio S;06% Red
EG SZ(Z.D)NI.O
D 2.0 mM NOy*
Sulfur Pathway Presence in Traces E; Ty,
Metagenomes from Ox Res
Present E. TN
8 112'V2.0
(b) (9

Fig.3 a Relative abundance of the sulfur metabolizing bacteria
across the 8 mesocosms for up to three timepoints. Reported oxy-
gen concentrations observed at the lowest mesocosm water depth
(90 cm depth) and fraction of the sulfur against total community are
provided for each sampling timepoint available. b The sulfur path-
ways detected in sulfur metabolizing bacteria. Diagonal hatching
(traces) indicates <50% of the metagenomes sequenced contained
one or more gene from the incomplete pathway, while solid colours
indicate the complete sulfur pathway in most (>70%) of all metagen-

the thiosulfate amendment (E¢) was linked to an increase
in Sediminibacterium (S,I) abundance from < 1% at day,
to 42% by day,s, and Acidovorax (ttrABC) abundance
from < 1% day, to 34% by day,, (Fig. 3). Mesocosms E,
and E, (tailings, sulfur substrate (tetrathionate or thiosul-
fate), and nitrate (tetrathionate in E, and thiosulfate in
E,) transitioned from Thiomonas-dominated communities

omes sequenced; white squares indicate no genes associated with the
pathway were detected (see SI Table 4) Note; the gene tsdA here was
used to infer presence of the S,I pathway. ¢ The relative abundance of
the sulfur genera which contain each pathway in their metagenomes.
When more than one pathway is listed, sulfur metabolizing bacteria
present within the community contain the capacity to activate either
or both (i.e., cSOx+S,I; iSOx, rDSR +S,I or tDSR) pathways, and
all have the capacity to uptake HS™

(cSOx and S,I) to communities dominated by Thiobacillus
(iSOx +rDSR, and S,I).

Mesocosms E; and E; (tailings and sulfur substrate-
amended without nitrate mesocosms) became dominated
by Desulfurivibrio (rDSR) as the most abundant sulfur
cycling genera. Although time series data are missing for
E;, the fraction of Desulfurivibrio in E| increased in relative
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abundance for both the sulfur metabolizing and total micro-
bial community (Fig. 3; Table S-5). Mesocosms E; and Eg
(tailings only) shifted from Thiomonas (cSOx and S,I) dom-
inance to a community where, by day 4, Thiovirga and Sul-
Sfurovum (cSOx) were dominant (E,) or present (Eg). These
communities then became dominated by Acidovorax (81% in
E; and 88% in Eg) by day,,, indicating a potential shift from
thiosulfate oxidation to tetrathionate reduction as thiosulfate
concentrations were depleted (Fig. 3c).

Gene Expression: Sulfur Enzyme Trends (mRNA)

Pathway expression, as characterized by mRNA expression
frequency, varied among the treatments (Fig. 4). Several
trends emerged that were consistent with those identified in
the 16S rRNA gene sequencing data (Fig. 3). The highest
frequency of cSOx pathway expression along with low of
S,I pathway activity (tsdA expression frequency < 20) were
detected in the mesocosm that received only an amendment
of thiosulfate (Es), consistent with the pathways inferred
from 16S rRNA analysis (Fig. 4). In mesocosm Eg S,1
pathway presence was indicated by the 16S rRNA analysis
(Thiomonas and Sediminibacterium; Fig. 3), and the highest
frequency of expression for the S,I Pathway Part 1 (tsdA)
was detected (Fig. 4). In mesocosm E,, where Thiobacil-
lus was found to dominate the 16S rRNA gene sequenc-
ing (Fig. 3), mRNA for the iSOx pathway was observed,
although only traces of the rDSR pathway were expressed
(Fig. 4). The mRNA signal for E, at day,, was faint but did
not clearly indicate iSOx nor rDSR, instead suggesting the
¢SOx pathway.

In mesocosms E, and E;, where Desulfurivibrio indicated
presence of the rDSR pathway, mRNA expression also indi-
cated that several rDSR genes were active, along with the
tetrathionate reductase #rABC (S,04>~ reduction), and the
cSOx pathway (Fig. 4). Finally, mesocosms E, and Eg, which
contained capacity for cSOx, S,I and tetrathionate reduction
(1trABC), also displayed partial expression of these path-
ways—although #trABC expression was only detected in Eq
(Fig. 4).

Gene Expression: Nitrogen Enzyme Trends (mRNA)

Expression of nitrogen processing genes lends some insight
into the potential role of nitrate as a TEA (Fig. 4b). Genes
for enzymes which reduce nitrate to nitrite (narlGH or
napAB are required for dissimilatory nitrate reduction) were
expressed in all mesocosms, with lowest expression in the
thiosulfate, tailings and nitrate amended (E,), and highest
in the mesocosm treated with tailings and nitrate, but no
sulfur amendment (Eg). The mRNA data does not clearly
link nitrate reduction with sulfur pathway expression; sin-
cenar gene expression was high (> 100) at timepoints in E;
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and E; where rDSR pathway expression was detected, but
also in Es, where it was not (Fig. 4b). Expression of nirB in
E,-E, may suggest further conversion of nitrite to ammo-
nia, while nir and nor expression in E,, E,, E; and Eg, may
indicate that nitrous oxide was also produced; however, no
information was available on the expression frequency of
nosZ, which would further convert the nitrous oxide to NZ(g)
(Fig. 4b). Nitrogen fixation in the mesocosms was not sup-
ported, with only low and fragmented expression of the nif
genes (Fig. 4b).

Discussion

Diagnostic Assessment Approach to Constrain
the Active Sulphur Pathway(s)

To identify trends in sulfur pathway use, the three lines
of evidence (geochemical, 16S rRNA linked to metagen-
omes, and mRNA results) were summarized in binary form
(i.e. yes/no; Table 3). This new diagnostic approach draws
from an extensive literature review summarized the reac-
tions catalyzed by each of the three known sulfur pathways
(Table S-1). Here, we identified six individual segments of
those pathways (constrained genes with known geochemi-
cal outcomes) as key units of pathway occurrence (cSOXx,
iSOx, S I Part 1, S,I Part 2, ttrABC, and rDSR). As the
field of sulfur enzyme literature grows, this approach can
be refined through the addition of other constrained sulfur
enzyme systems.

By applying this approach to the mesocosm study, it was
possible to discern trends in sulfur pathway activity. Results
of the independent assessment for each mesocosm using the
binary approach are shown in Table 3. The strength of the
approach is apparent when considering the observed incon-
sistencies/ambiguities that arose when each line of evidence
was considered separately. These may reflect the presence of
"uncharacterised" sulfur metabolizing bacteria, (b) possible
degradation of mRNA and 16S rRNA samples, and/or (c)
loss or transformation of sulfur species prior to quantifica-
tion. Here, alignment of these independent lines of evidence,
clarifies which pathway(s) occur, even in the presence of
data gaps.

The thiosulfate amended mesocosm, Es, displayed all
indicators (16S rRNA, mRNA, and geochemical) of the
c¢SOx pathway (hosted by Halothiobacillus, Thiomonas,
Thiovirga and Sulfurovum), and highest levels of cSOx
mRNA expression. Here, thiosulfate amendments appear
to promote dominance of the cSOx pathway, under condi-
tions which are mostly, but not exclusively, oxic (Fig. S-1).
However, since the proton yield in these mesocosms did not
match that predicted by the complete cSOx pathway, and
tsdA expression was detected, it seems that the S,I Part 1
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Fig.4 A heat map of mRNA expression profile based on metatran-
scriptomic analysis. The values (in reads per kilobase million of tran-
script [RPKM] indicating transcriptomal activity, with darker squares
indicate greater expression) were grouped by a sulfur cycling enzyme
system (sulfide uptake, rDSR, sulfur reduction, potential S I, cSOXx),
and b nitrogen metabolism grouped by enzyme system. Additional
variables including time (days) and treatments (colour legend on

right) were paired to treatment parameters (without and with 2.0 mM
nitrate (green bar) in addition to the sulfur and tailings amendments).
(*) functions of Sdo, TST, and GplE remain to be clarified but may
facilitate: Sdo (S°— S0;27), TST (S,0,2~— S0;*7), and GplE (sul-
furtransferase, S,0,%~— S0;2~, SI Table 1). Gene expression data for
tetH (S,1 Part 2) and nosZ were not available
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Table 3 Lines of evidence

supporting sulfur metabolizing Pathwayl ai Mesocosms
. ndicators
pathways and nitrate as a TEA E1 E; E; E. Es Es E Es
< <
= < 2 Z 2
3 S 3 S z s
% 4 @ 4 § 2 o Z
=) EoE 2 N I
Complete SOx (S2032 — 2 S04%)
pH decrease* v v v v v

cSOx pathway containing bacteria

(Thiomonas, Halothiobacillus, v v v v v v v
Thiovirga, Sulfurovum) >10 %

sulfur metabolizing community

soxCD genes expressed in mRNA v v v v v v

Incomplete SOx (S203% — S042-+ S0)

pH stable* v v
iSOx pathway containing bacteria

(Thiobacillus) >10 % sulfur v v

metabolizing community

SOx genes expressed but soxCD v

absent (mRNA)

[SY] increase * v v v v v

Sal Part 1 (2 S2032"— S406%)
pH increase or stable* v v v

S41 pathway containing bacteria
(Halothiobacillus, Thiomonas,

Thiqch{llus anfi/or v v v v v v v
Sediminibacterium)

>10 % sulfur metabolizing

community

tsdA or doxDA expressed in mRNA v v v v v v
[S406%] increase v v v v

S4l Part 2 (S4062 = 4 S042°)
[S4062] decrease* v
tetH containing bacteria

(Thiobacillus) >10 % sulfur v v
metabolizing community

ttrABC (54062 — 2 S2032)

pH decrease*

ttrABC containing bacteria
(Thiobacillus, Acidovorax) >10 % v v v v v v v
sulfur metabolizing community

ttrABC genes expressed in mRNA 4 4 v
[S406%] decrease* \ \
rDSR (S°— S042)
pH decrease* v v v v v
Thiobacillus, Desulfurvibrio
abundance >10 % sulfur v v v v
metabolizing community
rDSR genes expressed in mRNA v v
[S°] decrease v v v v
Nitrate as a TEA
Acidovorax or Desulfurivibrio
(obligate anaerobes) >10 % v v v v v
sulfur metabolizing community
Low oxygen concentrations v v
(<0.5mg/L) 10 - 60 % of time
Nitrate present (i.e. > 0.04 mM) 4 v v
Nitrate high (i.e. > 1.0 mM) v v v v
nar / nap genes expressed in v v v v v v

mRNA
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Table 3 (continued) v Indicates Condition Met

Indicates Traces of the Indicator Present

“Some signals such as pH changes or increases in SO,2~ or S° concentrations are not uniquely associated
with a single pathway. For example, S° may result from the iSOx pathway and/ or S,I pathway P2

Note: all pathways require thiosulfate depletion — observed in all mesocosms, see reaction rates (SI Table 5)

Table 4 Theoretical vs. actual proton yield from amendment (day, ,5)
to end (day,g)

Mesocosm AS-S,0,%" (M) Predicted AH* Actual
(uM) if cSOx* AH*
(WMD)
E, - 550 550 5.6
E, —-320 320 1.1
E,; - 1750 1750 0.8
E, - 1060 1060 -5.7
Es - 1670 1670 1.3
Eq — 940 940 -79
E, — 340 340 0.0
Eg —490 490 0.8

*When the calculations of protons released were reduced by the num-
ber of moles of S which were converted into either tetrathionate (S,I
pathway) or elemental sulfur (iSOx or S,I pathway), and the proton
sink of thiosulfate to tetrathionate conversions were accounted for, the
predicted AH* remained in the same order of magnitude as cSOx pre-
dictions (above), so were insufficient to explain the actual AH"

pathway—while not dominant—was active as a secondary
metabolism (hosted by Halothiobacillus, Thiomonas, Thio-
bacillus, Thiovirga, Acidovorax, and/or Sediminibacterium).

Second, in Eg, both the highest frequency of tsdA expres-
sion and largest -AH" were detected, consistent with S,I Part
1 pathway dominance (Tables 3, 4). E also saw an increase
in the genus Sediminibacterium, which hosts the S,I, but not
the cSOx, pathway. Here, S,I pathway dominance appears
to be a response to the availability of thiosulfate, oxygen,
and possibly nitrate (Eg began with 1.39 mM 82032_, and
1.77 mM NO32_, Table 3); since overall SOB populations
constituted a lower fraction of the overall population with
nitrate amendments (Fig. 1), it is possible that the nitrate
amendments stimulated competition from N-metabolising
parts of the community, causing competition for resources
with bacteria hosting the cSOx pathway.

In addition to Es, three other mesocosms displayed all
indicators for cSOx pathway activity (E,, E, and Ey), while
E; displayed some indicators of the cSOx pathway, except
for the detection of an abundant host genus (see Table 4).
Two other mesocosms also contained all indicators for activ-
ity of the first stage of the S,I pathway (E, and E;; Table 4).
Notebly, unambiguous indicators of the S,I pathway Part 2
remain to be identified (Tanabe and Dahl 2022; Zhang et al.
2020).

In addition to indicators for activity of other pathways,
mesocosm E, alone (exposed to tailings, thiosulfate, and
nitrate), displayed all indicators of the iSOx pathway, found
in Thiobacillus, along with traces of the rDSR pathway in
the mRNA. The remaining mesocosms (E,; and E;: tailings,
tetrathionate, thiosulfate, and ambient nitrate) contained the
indicators for the tetrathionate reductase ##rABC, and most
(E;) or all (E;) for the rDSR pathway (Table 4).

Finally, mesocosms E- and Eg, which contained microbes
with capacity for cSOx, S,I were found to indicate cSOx for
Eq, and S,I for E; as described above. The potential for the
community in Eg to facilitate tetrathionate reduction (#trABC
presence and expression) was not matched by a geochemical
signal (tetrathionate loss), and so remains ambiguous.

Sulfur-Driven Acidity: Theoretical vs. Observed

To examine the effectiveness of the diagnostic strategy pro-
posed above to identify possible sulfur pathways operating
(Table 3), acidity generation relative to soxCD expression
(required for the ¢cSOx pathway, producing H* and sulfate)
was evaluated (Fig. 5). Consistent with immediate acid
generation associated with the cSOx pathway, a positive
relationship between soxCD activity (mnRNA expression
frequency) and proton yield (AH") occurred in five of the
eight mesocosms. Mesocosms E,, E¢ and E,, by contrast,
developed a negative proton yield (~AH") consistent with
activation of the first portion of the S,I pathway (tsdA; see
Table S-1). In particular, E, displayed the largest —~AH" and
the highest frequency of tsdA expression. Here, we assumed
expression frequencies of <25 were not significantly differ-
ent from zero (i.e. background signal noise or contamina-
tion). Further work may better define a robust cut-off point to
discriminate minimum soxCD expression and other pathway
genes.

Since soxCD genes were active in five of the eight meso-
cosms, we compared the theoretical proton yields that would
arise from thiosulfate oxidation by the cSOx pathway (i.e.
1 mol of H generated from 1 mol of per mole of S-S,0;>7,
(Eq. 1; Friedrich et al. 2001) with the actual proton yields
calculated from the change in pH from day, ,5 to day,g
(Table 4). Actual proton yields were found to be much lower
than theoretical across all mesocosms (Table 4). The rela-
tionship between AH* and ASO,>~ across all treatments was
also extremely poor (Pearson r=0.066, P =0.88; see supple-
mental Fig. S-2). Indeed, the observed acid generation could
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Fig.5 The net proton yield for the 8 mesocosms over the course of
the experiment versus the gene expression of soxCD (>25 mean
mRNA frequency detected at least once during the experiment), indi-

be accounted for by oxidation of only 0.1-1% of the thio-
sulfate to sulfate via the cSOx pathway, a scenario deemed
unlikely (supplemental Table S-6), and alkalinity did not
account for the discrepancies (see above).

To account for the proton yield discrepancies, it was
reasoned that there must be one, or more, proton sink
reaction(s) that co-occurred alongside the acid generated
via the cSOx pathway. While acidity generation was clearly
linked to sulfur oxidation in the mesocosms, it is also possi-
ble that other independent cellular processes acted as proton
sinks. These processes, for example, could include cell syn-
thesis (Eq. 5), nitrogen fixation (Eq. 6), or nitrate reduction
(Eq. 7) (Rittmann and McCarty 2001):

1/2CO, + 1/20 NH; + 1/20 HCO; + H* + e~

5
- 1/20 CsH,0,N + 9/20 H,0 ©)

N, + 8H" + 8¢~ + 16ATP — 2NH, + H, + 16ADP + 16P;
(6)

5C¢H;,06 + 24NOJ + 24H* — 30CO, + 42H,0 + 12N,
(N
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cating the use of the complete vs. incomplete SOx pathway. Note the
y-axis break between —1.0 X 107 and 9.0 X 105 M

However, if we assume that proton consuming reac-
tions, like the proton generating ones, were linked to sulfur
metabolism, the low rates of acid production suggest that
proton consuming and producing sulfur oxidizing reaction(s)
approximately neutralized each other. Proton consuming sul-
fur reactions are known to be used by SOB, such as the S,I
Part 1 pathway (tsdA) paired with oxygen (facilitated, for
example, by Thiomonas or Halothiobacillus), or the iSOx
pathway (lacking SoxCD) paired with nitrate (facilitated by
Thiobacillus, see Table S-1).

Simultaneous Thiosulfate Oxidation
through Multiple Pathways

Simultaneous activity of proton-generating and -consuming
reactions would have the benefit of minimizing pH changes
in the cytoplasm, reducing the energetic cost to maintain
homeostasis. Potential matching of proton generating and
consuming processes, could include cSOx + S,I Part 1, or
S, Part 14 S,I Part 2 (Table S-1). To explore if simulta-
neous pathway activation could account for observed pro-
ton yields, eight acid generation scenarios were simulated
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(Table S-6). Each scenario consisted of a different propor-
tions of thiosulfate oxidation through cSOx, S I and iSOx
pathways (for simplicity, consistent fractions were assumed
over the 28 days of the experiment, see Table S-6). Theo-
retical sulfur oxidation scenarios best fitting actual detected
AH" included combinations such as 34% cSOx +66% S,I
(matching potential pathways detected in Es5 and E4 see
Fig. 3) or 17% cSOx+33% S,1+50% iSOx (pathways
detected in mesocosms E,—E,, see Fig. 4), further suggest-
ing simultaneous activity of the cSOx and S,I pathways.

Indeed, concurrent use of the cSOx and S,I pathways
has been previously observed in several studies. Paracoc-
cus thiocyanatus SST was observed to activate both path-
ways simultaneously (Rameez et al. 2020), although in that
study, pH changes were not balanced between the two (10%
cSOx, 90% S,I Part 1 led to net pH increase). Similarly,
enzymes suggesting the parallel activation of the cSOx and
potential later steps of the S,I pathway (sorAB) were also
observed in the SOB bacterium Starkeya novella (formerly
known as Thiobacillus novellus) when fed 40 mM thiosul-
fate (Kappler et al. 2001). Further, thiosulfate oxidation by
the iSOx (lacking SoxCD) plus rDSR, at the same time as
the S,I pathway, was found to be possible in Allochroma-
tium vinosum, where thiosulfate led to concurrent genera-
tion of sulfate (formed by upregulation of both iSOx and
rDSR pathways) and tetrathionate (via the S,I pathway Part
1; Hensen et al. 2006). Together, these studies suggest that
simultaneous pathway activation is possible, or even com-
mon, in SOB. However, little research exists to suggest when
these pathways are activated together, and if their parallel
use by specific SOB is employed as a strategy to minimize
pH changes in their cytoplasm or aquatic environment.

However, when the proton consuming side reactions
accounting for the [S°] and [S4062_] detected in the meso-
cosms were added to the theoretical acid yields model, they
did not appreciably reduce predicted proton yields (Table 4).
It is possible that this is due to an underestimation of proton
uptake by zsdA, because actual [S4062_] were greater than
those measured owing to losses during prolonged sample
storage (> 1 year), and/or an underestimation of S° forma-
tion if excreted extracellular sulfur globules settled to the
bottom of the mesocosms. Alternately, the proportion of the
S,I pathway may also have been underestimated if S4062_,
once formed, continued to be oxidized via an acid neutral or
proton consuming second stage of the S,I pathway (generat-
ing undetected SOIs), or reduced to thiosulfate via t#trABC.
Unaccounted for S contributed from =~ 0-43.2% of the sulfur
mass balance, indicating additional unidentified SOI com-
pounds were present.

The enzymes facilitating the latter half of the S,I pathway
remain unclear (Rameez et al. 2020), and may occur in one
or more stages (Eq. 8):

S,0;” +3.50, + 3H,0 — 4SO} + 6H* 8)

Some research suggests that S,0,>~ disproportionation
occurs as part of the S,I pathway, leading to ZVS forma-
tion (supplemental Table S-1). The mechanism is sometimes
attributed to retH or TTH, a gene detected in the metagen-
omes of Thiobacillus spp. found in the tailings impound-
ment used as source water for this study (Beard et al. 2011;
Camacho et al. 2020a). Alternately, research on the SOB
Erythrobacter flavus, suggest that in this species the genes
tsdA and soxB play a role in S° formation via the S,I pathway
(Zhang et al. 2020). Future research is required to determine
whether tetrathionate oxidation occurs in a single enzyme
facilitated step, or over two or more; a multi-step process
would allow formation of other sulphur intermediates (pH
neutral) before the onset of rapid acid generation, a phenom-
enon observed in preliminary mesocosm studies onsite in
2019 (unpublished data).

Nitrate as a Possible Alternative to Oxygen
for Sulfur Oxidation

Over the course of this experiment, oxygen fell below a
conservative estimate of the concentration above which
oxygen is exclusively used (0.5 mg/L, or 0.0156 mM) for
approximately 1/3 of the duration, in all mesocosms except
E¢. Nitrate, always present in all mesocosms at > 0.04 mM,
is also abundant in the tailings impoundment onsite
(0.017-0.156 mM; Whaley-Martin et al. 2023).

When nitrate is the terminal electron acceptor, the theo-
retical H' yield is considerably lower. This has an impact on
the AH*/AS-S,0,>" ratio for any of the cSOx, complete S,I,
or iSOx and rDSR pathways (see Table S-1). For example,
with oxygen, the net proton yield of each is 1 mol of H*
generated from 1 mol of S—SZO32_ oxidation (Eq. 9), while
with nitrate, the net drops to 0 mol H* generated from 1 mol
S—SZO32_ oxidation (Eq. 10):

S,05” + 1H,0 + 20, - 280;” +2H* AH*/AS =1
©))
S,03” +2H,0 + NO; — 2SO;” + NH; AH*/AS =0
(10
As a result, low oxygen conditions which favour nitrate
pairing reduce the proton yield as reactive sulfur com-
pounds are oxidized. Periods of low oxygen concentrations
were detected in seven of the eight mesocosms, and Eg
displayed all indicators of NO;™ reduction (Table 3). Yet,
here, observed NO;™ loss was not equalled by increases in
NH,*, adding ambiguity that might be explained by hetero-
trophic activity (e.g. ammonia uptake) and possibly auto-
trophic nitrogen fixation (although this was not supported
by mRNA, as the nif genes were not active).
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Signals of nitrate use from the sulfur metabolizing com-
munity (16S rRNA and mRNA) are more suggestive.

Reports in the literature list Halothiobacillus (cSOx and
S,I), Thiovirga (cSOX), Thiomonas (cSOx and S,I), and Sedi-
minibacterium as strictly aerobic (Arséne-Ploetze et al. 2010;
Chen et al. 2004; Kang et al. 2014; Kim et al. 2016; Sievert
et al. 2000; Song et al. 2017; Wood et al. 2005); Acidovorax
(S4062_ Red) and Desulfurivibrio (rDSR) as strictly anaer-
obic (Pantke et al. 2012; Carlson et al. 2013; Thorup et al.
2017; Sun et al. 2022); and Thiobacillus (iISOx, rDSR, and
S,1) and Sulfurovum (cSOX) as facultative anaerobes (Beller
et al. 2006; Ghosh and Dam 2009; Inagaki et al. 2004; Jong
et al. 1997; Meier et al. 2017; Mori et al. 2018 [supplemental
Table S-7]). These categorizations are suggestive of nitrate
use, although exceptions exist. Whaley-Martin et al. (2023)
classified Halothiobacillus, collected from the same tailings
impoundment as this study as a strict aerobe, although some
species contained partial nir and nor genes associated with
nitrite reduction, a function also recently reported (Magnuson
et al. 2023). Likewise, one species of Thiomonas has been
reported to host a nitrate reductase gene, suggesting facultative
anaerobic respiration may be available to some species in the
genus (Arséne-Ploetze et al. 2010).

Strictly anaerobic Acidovorax (S,04~ reduction) and
Desulfurivibrio (rfDSR) were detected in several mesocosms.
As well, gene expression indicating nitrate use (nap and nar
genes) was detected in all mesocosms; Mesocosm Eg had par-
ticularly high gene expression towards the end of the experi-
ment. In addition, the abundance of the facultative anaerobe
Thiobacillus (containing the iSOx+rDSR pathway) appears
to be linked to low oxygen availability and may indicate a
pairing of nitrate with the rDSR pathway, as recently proposed
(Whaley-Martin et al. 2023). Thermodynamic theory supports
the pairing of nitrate with the iSOx+rDSR pathway (Klatt and
Polerecky 2015). Other studies have discussed the presence
of nitrate-dependant thiosulfate oxidation in Thiobacillus deni-
trificans; the studies note that it causes stored elemental sulfur
globules, as ZVS formation is generally much more rapid than
its subsequent oxidation (Jiang et al. 2009; Schedel and Triiper
1980; Zhang et al. 2019). In addition, nap and nar genes were
found to be expressed in the microbial communities found
in all mesocosms, which further indicates nitrate reduction.
Whether used by strict or facultative anaerobes, nitrate pair-
ing has the potential to reduce acidity if anoxic conditions are
maintained; however, if the ZVS discharged is produced under
anoxic conditions, exposure of ZVS-containing SOB to oxic
conditions could result in acidity generation.
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Conclusions

This study demonstrates how a new diagnostic approach
integrating three lines of evidence collected at different fre-
quencies (physiochemistry/geochemistry, 16S rRNA gene
sequencing linked to metagenomes, and gene expression)
enabled the identification of which microbial sulfur oxida-
tion pathways were operating under varying environmental
conditions and their influences on S geochemical outcomes.
All three known sulfur biochemical pathways: complete sul-
fur oxidation (cSOx), tetrathionate intermediate (S,I), and
incomplete SOx (iSOx, lacking SoxCD) followed by reverse
dissimilatory sulfate reduction (rDSR) were demonstrated
to occur in the study of eight experimental mine wastewater
mesocosms. This integrated assessment approach identified
parallel pathway operation, which resulted in lower sulfate-
acid ratios than those theoretically predicted. The approach
thus offers a more complete story of tailings impoundment S
geochemistry and the potential risks that it causes, as well as
the factors associated with pathway dominance. Here, vari-
ations in conditions within concentration ranges commonly
observed in active base metal mine tailings impoundment,
led to cSOx pathway expression and parallel use of S,I and/
or iSOx pathways. Results linking the mRNA and AH* from
these experiments also indicate that SoxCD is a potential
indicator for direct oxidation and acid generation via the
c¢SOx pathway, although the proton balance is moderated
by other factors, such as multiple pathways activity and the
use of nitrate by some sulfur oxidizing bacteria under low
oxygen conditions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10230-024-01016-x.
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