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• Acetate addition significantly stimu-
lated SRB growth and varied the sulfur
cycling.

• Microbial iron reduction was blocked
with evidence of depressed IRB, Fe(II)
release.

• Sulfide-mediated chemical iron reduc-
tion dominated the iron reduction in
the system.

• Phosphorus mobilization was promoted
because of the sulfur-mediated iron re-
duction.

• ΣS2− precipitation before diffusion led
to the ΣS2−-missing sulfur cycling.
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Sulfur cycling in freshwater ecosystems has been previously consideredminor, and the direct evidence of its impacts
on iron andphosphorus cycles in freshwater sediments remains unclear. In this study,mesocosmswith amended ace-
tate and various sulfate concentrations (1.5–3.0mmol L−1)were set up to investigate sulfur cycling and its influences
on iron-rich freshwater sediments. Acetate addition induced hypoxia and provided substrates, which stimulated the
sulfur cycling with evidence of SO4

2− decline, ΣS2−, S0 increase and corresponding variations of sulfate-reducing bac-
teria (SRB) and sulfur-oxidizing bacteria.Meanwhile, the growth of iron-reducing bacteria (IRB)was suppressed, and
lower Fe(II) releasewas correspondingly related to larger SRB abundance at higher sulfate level, indicating thatmicro-
bial iron reduction might be blocked by SRB activities. However, continuous dissolution of Fe(III) oxides and genera-
tion of iron sulfides were observed, suggesting that sulfide-mediated chemical iron reduction (SCIR) became the
dominant iron-reducing pathway, and Fe(II) was buried as iron sulfides instead of released to water column, which
resulted in a transition of iron cycling into unidirectional SCIR. Consequently, continuous dissolution of Fe(III) oxides
led to significant increase of PO4

3− concentration in the water column and sediment pore-water, revealing the phos-
phorusmobility in sediments derived from the SCIR process. To note, sustained accumulation of iron sulfideswas ob-
served even without ΣS2− presence, suggesting that ΣS2− precipitation occurred prior to diffusion. Thus, ΣS2−-
missing sulfur cycling seemed “cryptic” in this study. To highlight, the transition of the iron-reducing pathway and
resulting PO4

3− release can be induced even under current sulfate level of Lake Taihu, and elevated sulfate levels
could significantly intensify SCIR and phosphorus mineralization. Thus, the stimulated iron deposition and the
resulting phosphorus release derived from the sulfur cycling should be paidmore attention to in the treatment of eu-
trophic freshwater ecosystems.
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1. Introduction
Phosphorus, which is needed for DNA, RNA and energy transfer, was
essential in aquatic ecosystems (Conley et al., 2009) and its excess has
aroused broad concern, which is primarily responsible for frequent eu-
trophication (Correll and David, 1998). Various factors were demon-
strated to influence the phosphorus cycling, including ubiquitous iron
and sulfur (Baldwin and Mitchell, 2012; Flores-Alsina et al., 2016).

Positive proportions between dissolved ferrous ions (Fe(II)) and
phosphate (PO4

3−) have been wildly reported in both freshwater and
marine ecosystems (Mort et al., 2010; Vali, 2006). The strong correlation
is proved between iron and phosphorus cycling as iron hydroxides have
a high capacity of absorption which results in phosphorous deposition
while iron reduction stimulates the dissolution of sedimentary iron
and release of adsorbed phosphorus (Mort et al., 2010). The latter pro-
cess, which involves the reduction of dissolved ferric ions (Fe(III)) and
consumption of iron minerals is mostly dominated by iron-reducing
bacteria (IRB) (Bo, 2000). Thus, iron cycling, includingmicrobial iron re-
duction and physicochemical precipitation of Fe(III), controlled phos-
phorus cycling in the preindustrial non-sulfidic sediments to a certain
extent (Olsson et al., 1997).

However, sulfur was involved in iron-phosphorus cycling after the
explosive increases of sulfur input due to developing industry (Hall
et al., 2006). Sulfur cycling was consequently stimulated and consider-
ing that microbial iron and sulfate reduction both favor anaerobic envi-
ronment, competition is likely to occur between IRB and SRB with
limited substrates. Inhibition of IRB populations by SRB has been previ-
ously reported, and consequently, microbial iron cycling was blocked
and substituted by sulfide-mediated chemical iron reduction (SCIR)
(Hansel et al., 2015; Koretsky et al., 2003; Man et al., 2014). The crucial
difference between microbial iron reduction and SCIR is the destination
of reduced ferric ions (Fe(III)), which ultimately dissolve into the water
via former pathway or precipitate with sulfides via latter pathway
(Lehtoranta et al., 2009). Thus, without released Fe(II) and newly-
generated Fe(III) in the water column, iron cycling would be blocked
and turned to unidirectional SCIR. A vicious circle would form as the in-
tensive dissolution of iron-binding phosphorus due to SCIR could cause
aggravation of water eutrophication (Chen et al., 2016), while resulting
larger algal blooms provide sustained hypoxia and substrates that fuel
SRB as the primary driving force of SCIR (Anderson et al., 2009). More-
over, as pyrite-S are permanently buried under anoxic conditions,
diminishing the capacity of PO4

3− absorption due to lack of Fe(III) regen-
eration will lead to an irreversible deterioration (Canfield, 1989;
Gunnars et al., 2002). Extreme cases are the spreading dead zones in
marine environments with severe eutrophication and lasting hypoxia,
which were reported from N400 systems and affecting a total area of
N24,500 km2 (Diaz and Rosenberg, 2008; Schobben et al., 2016).

Such transition due to SCIR wasmostly studied in marine ecosystem
(Glombitza et al., 2016; Hyacinthe and Cappellen, 2004; Thamdrup
et al., 1994). However, sulfur cycling in freshwater ecosystemswas con-
sidered minor, and researches on its impacts remained incomplete,
which were attributed to the depressed sulfate reduction enslaved to
low sulfate levels and theoretically predicted prior utilization of sub-
strate by IRB according to Gibbs energy (ΔGr) calculations (Nakagawa
et al., 2012). The central tenant in microbial biogeochemistry suggests
that microbial metabolisms follow a predictable sequence of terminal
electron acceptors based on the energetic yield (Hansel et al., 2015).
Under the umbrella of classic redox tower, microbial respiration of Fe
(III) is expected to outcompete sulfate in all but high-sulfate systems.
Thus, the influence of sulfur cycling has been considered negligible in
the freshwater ecosystem (Hoehler et al., 1998; Lovley and Phillips,
1988; Patrick and Henderson, 1981). However, recent studies found
the sustained respiration of sulfur species accompanied by the iron re-
duction (Straub and Schink, 2004; Lohmayer et al., 2014). It has demon-
strated that sulfate reduction could be preponderant in sediments
under low sulfate concentrations, regardless of iron oxides present
(Hansel et al., 2015). And an in-situ environmental deterioration due
to SCIR has been discovered in a freshwater lake with increasing sulfate
concentration in the Netherlands (Moosmann et al., 2006). Thus, con-
sidering the sulfate (SO4

2−) concentrations reported to increase
throughout the world via atmospheric deposition and agricultural dis-
charge (Paerl and Paul, 2012), sulfur cycling probably plays a vital role
in freshwater ecosystems.

Some recent studies have focused on the effects of biogeochemical
cycling of iron and sulfur on the phosphorusmobility in freshwater sed-
iments during the algae decomposition by carrying out a mesocosm ex-
perimentwith the addition of algae (Chen et al., 2016; Chen et al., 2018;
Han et al., 2015). However, numerous materials would be liberated by
algae decomposition. As the materials derived from decomposed algae
and sediments are hard to be distinguished, the algae addition enhances
the difficulty in investigating relative anaerobic respiration in sedi-
ments, so it is difficult to provide the direct evidence to indicate the
phosphorus mobility resulted from the varying S and Fe cycling. Thus,
a mimicking mesocosm experiment without exogenous S, Fe and P is
necessary to clearly investigate the interactions of S and Fe and the re-
lated phosphorus mobility in sediment.

In this study, mesocosmswere set upwith lakewater and sediments
collected from Lake Taihu. The incubation lasted for 19 d with added
acetate instead of algae. Both iron and sulfur cycles in sediments were
investigated at four sulfate levels (1.5–3.0 mmol L−1). Moreover, SCIR
and subsequent crucial effects on PO4

3− release were also studied. This
study will help to evaluate sulfur cycling and its impacts on iron and
phosphorus with organic matter addition at various sulfate levels.

2. Materials and methods

2.1. Sample collection

Samples were collected from the eutrophic Lake Taihu, one of the
largest shallow freshwater lakes in China with an area of 2340 km2

and a mean depth of 1.9 m (Qin et al., 2007). Both water and sediments
were gathered near the Port Maodu in the western lake (31°24′32″N,
120°1′55″E) with a line distance of 1 km to the shore. Sediment cores
were collected using a gravity core sampler and immediately sectioned
into 3 cm intervals. Lake water was collected at 30 cm below the water
surface into polyethylene bottles using a pump. Both water and sedi-
ment samples were kept in a portable refrigerator and delivered to
the laboratory within 2 h and stored at 4 °C for no longer than 24 h be-
fore measurement.

2.2. Mesocosms experiment

The mesocosms set-ups consisted of four perspex cylindrical con-
tainers (9 cm diameter, 60 cm high). Each container was processed in
advance with boreholes on one side, which allowed seven pore water
samplers (Rhizon, Netherlands) inserted in to collect pore water sam-
ples at depths of 0.5, 1.5, 2.5, 3.5, 6.5, 10 cm below the water-
sediment interface (WSI). A glass tube was placed in to collect the
water sample (5 cm above WSI). All samplers were fixed to prevent
the disturbance to sediments. Stratified sediment was sieved through
a strainer of 100 mesh, subsequently homogenized and put separately
into each container to reach a thickness of 20 cm. Lakewaterwas gently
added to a thickness of 30 cm using intravenous needles. A 7-day-
preincubation at 25 °C was taken. During this period, concentrations
of ΣS2−, SO4

2−, PO4
3−, Fe(II) in overlying and pore water weremeasured

every day to test the stability of the system.
After preincubation, 10 mM carbon of acetate was added to the

water columns as the electron donor. Na2SO4 was subsequently dis-
solved in the water columns as follows: no addition (1.5S),
0.5 mmol SO4

2− L−1 (2.0S), 1.0 mmol SO4
2− L−1 (2.5S), and

1.5 mmol SO4
2− L−1 (3.0S). All columns were incubated at 30 °C in the

dark for 19 days. During this period, measurements of DO and ORP in
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overlying water and sediment pore water were performed using
needle-type microelectrodes (Unisense, Denmark). Thereafter, overly-
ing water was sampled twice (9:00 and 21:00) per day, while pore-
water was sampled every two days to investigate inorganic elements
(SO4

2−,ΣS2−, PO4
3−, Fe(II)). Amicroscale-methodwas realized usingmi-

croplate reader (Biotek, America) to minimize the sampling volume.
3 mL of overlying and pore water were sampled each time respectively,
and pure water of the same volume was added.

Sediment samples were sectioned in glove boxes on days 1, 2, 4, 6, 8,
10, 12, 18 for subsequent analysis on sedimentary phosphorous (TP, Fe-
P), sulfur (AVS, Pyrite-S and S0) and iron oxides (ferrihydrite-Fe, total Fe
(III) oxides). DNA extraction was carried out after sediment sampling.
2.3. Chemical analytical methods

All samples of the water column and pore water were filtered
through 0.45 μm filters before measurement. SO4

2− was detected using
a turbidimetric method (Tabatabai, 1974). ΣS2− was analyzed using
the methylene blue method (Cline, 1969). PO4

3− was determined
using the molybdenum blue method (Chen et al., 2016) and Fe(II) was
analyzed colorimetrically (Lovley and Phillips, 1988). Dissolved organic
carbon (DOC) and dissolved inorganic carbon (DIC) were investigated
using a TOC analyzer (Analytik Jena HT1300).

Sedimentary contents of S, Fe and P were also investigated. Briefly,
TP content in sediments was investigated as PO4

3− after acid hydrolysis
at 340 °C (Murphy et al., 1962). Sedimentary iron oxides including
Ferrihydrite-Fe and total Fe(III) oxides were analyzed as the material
leached from ascorbic acid solution and dithionite solution, respectively
(Rozan et al., 2002) and reduced inorganic sulfur were determined
using a sequential extraction method (Hsieh and Shieh, 1997).
2.4. DNA extraction for Illumina sequencing and real-time quantitative PCR
(RT-QPCR)

Surface sediments (0–1 cm) from four columns were collected on
day 0, 6, 12, 18 to investigate the microbial community and abundance
of SRB. DNA from sediment samples were extracted with the PowerSoil
DNA isolation kit (MO BIO Laboratories, Inc.) following themanufactur-
er's manual. All extracted DNA was quantified with Nanodrop 2000
(Thermo Scientific) and stored at−20 °C for further analysis.

In order to investigate the variation of microbial communities, the
technique of Illumina sequencing was used. Briefly, the V3-V4 hyper-
variable regions of the bacterial 16S rRNA gene were amplified with
primers 515F and 907R. The PCR incubation conditions were as follows:
95 °C for 2min, followed by 25 cycles of 95 °C for 30 s, 55 °C for 30 s and
72 °C for 30 s with a final extension of 72 °C for 5 min, 10 °C until halted
by the user. OTUs were assigned using a clustering protocol of UCLUST
with 97% similarity threshold. All sequences were deposited in the
NCBI Sequence Read Archive (SRA) database (Accession number:
SRA158647).

The dsrB-targeted RT-PCR technique, performed in Step-one Plus
Real-Time PCR Machine (Applied Biosystems), was used to determine
the abundance of SRB in sediments. The primer pair for dsrB was
DSRp2060F/DSR4R. The reactions were performed at 95 °C for 5 min
followed by 20 cycles of 95 °C for 40 s, 60 °C decrease to 50 °C with
0.5 °C unit for each cycle, 72 °C for 1 min, and 20 cycles of 95 °C for
40 s, 50 °C for 40 s, 72 °C for 1 min, 4 °C forever at the end.
Fig. 1. DTC, DOC and DIC concentrations in the water column during incubation.
2.5. Statistical analyses

Statistically significant differences were determined by one-way-
analysis of variance using Origin Pro 7.5 and SPSS 19.0 software. A P b

0.05 was considered significant. Illumina sequencing data analysis was
done using QIIME 1.8.0 software.
3. Results

3.1. Dynamics of dissolved carbon and physical parameters (DO, ORP)

The concentrations of DTC and DOC in lake water were 20.47,
11.73 mg L−1, respectively. High levels of DOC (135.83 mg L−1 in aver-
age on day 0) were attributed to acetate addition. Decreases of DTC and
DOC were observed in the water column during whole incubation. On
day 19, the average concentrations of DTC and DOC were
81.07 mg L−1 and 19.83 mg L−1 (Fig. 1), which were 48.13% and
85.40% lower than the initial concentration. In contrast, DIC gradually
increased to 61.24 mg L−1 during 19-d incubation (Fig. 1), suggesting
a microbial-transition from DOC to DIC. We did not find significant im-
pacts of amended sulfate on variations of dissolved carbon in the water
column.

Microelectrode-measured DO and ORP profiles were investigated to
evaluate the redox conditions in sediments. DO in overlying water and
sediments declined to below 4.0 μmol L−1 after the addition of acetate
for 6 days (Fig. 2), suggesting a fast-formed anoxic condition in sedi-
ment caused by the decomposition of organic matter. The hypoxia in
sediments sustained until the end of incubation while the re-
oxygenation in the water column was found on day 19. There was no
significant change in DO at different sulfate levels.

ORP variations in sediments revealed strong relations with depth.
There was a regular pattern for all incubated groups that ORP decreased
graduallywith increasing depth from0 to 5 cmbelow theWSI at the ini-
tial stage (Fig. 2b). However, the depth dependency was reversed after
acetate and sulfate addition. Consistent decreaseswere observed during
the first 6 days, reflecting a fast-formed reductive condition in sedi-
ments. Thereafter, the ORP in overlying water and sediments exhibited
uptrends over thenext 12 days. In contrastwith unaffectedDO, elevated
sulfate levels had impacts on ORP variation. Sharp recoveries of ORP in
the sediment of 0–1 cm occurred on days 8 (1.5S), 10 (2.0S), 10
(2.5S), 12 (3.0S), respectively. It was clear that additional sulfate facili-
tated ORP decline and resisted the subsequent recovery.

3.2. Concentrations of soluble Fe, S and P in the water column

Variations of SO4
2−, ΣS2−, Fe(II) and PO4

3− in the water column dur-
ing the experimental period are presented in Fig. 3. Acetate addition sig-
nificantly influenced variations of SO4

2− and ΣS2− concentrations in
overlying water. SO4

2− in overlying water dramatically declined on the
first 4 days after acetate addition and gradually stabilized at 885.93 ±
19.78 (1.5S), 1027.97 ± 25.46 (2.0S), 1367.38 ± 34.20 (2.5S), 1390.07
± 32.81 (3.0S) μmol L−1 at the end of the experiment. An inverse pat-
tern of ΣS2− was observed with a rapid increase prior to intensive



Fig. 2. Variations of DO (a) and ORP (b) in overlying water (−1–0 cm) and sediments (0–5 cm) during incubation.
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decline. Slight increases were observed on the first 4 days followed by
sharp increases up to day 11 with maximum values of 129.84 ± 4.71
(1.5S), 137.27 ± 6.32 (2.0S), 266.32 ± 1.35 (2.5S) and 351.02 ± 12.05
Fig. 3. Variations of SO4
2− (a), ΣS2− (b), Fe(II) (c) and
(3.0S) μmol L−1, respectively. After that, the ΣS2− dramatically de-
creased to b10 μmol L−1 after day 15. As expected, higher ΣS2− concen-
tration was observed at higher SO4

2− concentration throughout the
PO4
3− (d) in the water column during incubation.
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incubation. To note is that although SO4
2− variations revealed inverse

trends to ΣS2−, the decreased concentrations of SO4
2− were 3–7 times

of generated ΣS2−, revealing the occurrence of sulfide metabolic path-
ways like precipitation or gasification.

Variation of Fe(II) concentrations in water column exhibited arched
shapes with uptrend on days 0 to 3 and downtrend on days 3 to 7
(Fig. 3c). At the end of the experiment, Fe(II) concentrations in the
water column remained at a relatively low level (2.08 ± 0.86
μmol L−1 in average). In addition, Fe(II) peak values reached 13.75 ±
1.13 (1.5S), 11.04 ± 0.37 (2.0S), 8.57 ± 1.74 (2.5S) and 9.47 ± 0.00
(3.0S) μmol L−1 on day 3 and lower Fe(II) concentrationswere observed
at higher sulfate concentrations since day 3, suggesting that elevated
sulfate levels promoted the limitation of Fe(II) release.

Organicmatter addition significantly stimulated PO4
3− dissolution to

overlying water. PO4
3− concentrations gradually increased from the ini-

tial value of 6.64±0.58 μmol L−1 to 472.64 (1.5S), 507.79 (2.0S), 530.45
(2.5S) and 574.57 (3.0S) μmol L−1 on day 11. It is clear that higher PO4

3−

release was related to higher amended sulfate. Slight decreases were
observed since day 14, with final concentrations of 99.49 ± 2.08
μmol L−1 on average.

3.3. Concentrations of soluble S, Fe and P in sediment pore-water

The depth profiles of SO4
2−, ΣS2−, Fe(II) and PO4

3− in sediment pore-
water were investigated. Initial profiles of SO4

2− at the vicinity of WSI
showed a strong downtrend with depth, which was related to the re-
ductive condition in deeper sediments (Fig. 4). SO4

2− concentrations in
all treatments rapidly decreased to b156.51 ± 6.03 μmol L−1 on day 3.
Lower SO4

2−concentrations were observed during the rest of incubation
in all treatments.

In contrary to the vertical distribution of SO4
2−, ΣS2− gradually in-

creased with depth. Similar to the ΣS2− variation in the water column,
ΣS2− concentration in sediment pore-water also increased after acetate
addition and reached maximum on day 11 (Fig. 4b). The peak values of
ΣS2− were 50.71 ± 4.71 (1.5S), 53.90 ± 6.32 (2.0S), 57.62 ± 1.35
(2.5S), 72.75±12.05 (3.0S) μmol L−1, respectively. It is clear that sulfate
addition promoted the ΣS2− generation.

The vertical distributions of Fe(II) in sediment pore-water showed
downward increases in concentration with depth (Fig. 4c), indicating
the reductive dissolution of iron oxides under anoxic conditions. Unlike
the fluctuant dynamics in the water column, Fe(II) concentrations in
sediment pore-water revealed sustained downtrends during incuba-
tion. Fe(II) decreased by 50.53% (1.5S), 54.65% (2.0S), 73.54% (2.5S),
62.68% (3.0S) after 19-d incubation. Besides, lower Fe(II) concentrations
in sediments were observed at higher amended sulfate, especially in
upper sediments (0–1 cm), indicating a significant suppression on Fe
(II) release by elevated sulfate.

PO4
3− in sediment pore-water mainly concentrated in the surface

sediment of 0–1 cm, with concentrations higher than those in upward
overlyingwater or downward sediment pore-water (Fig. 4d). After ace-
tate addition, PO4

3− concentration at the vicinity of WSI gradually in-
creased to the maximum on day 11 and decreased since then. The
peak values of PO4

3− in 0–1 cm sediment pore-water on day 11 were
591.33 ± 6.45 (1.5S), 692.89 ± 10.62 (2.0S), 748.59 ± 5.79 (2.5S) and
767.42 ± 9.05 (3.0S), respectively. It is clear that higher PO4

3− concen-
tration was related to higher amended sulfate, suggesting SO4

2− addi-
tion promoted the phosphorus dissolution. Approximately 26.27%
increase of PO4

3− was attributed to per mole of elevated SO4
2− on

average.

3.4. Contents of S, Fe and P in sediment

AVS, Pyrite-S and S0 were measured to investigate sulfur cycling in
sediments. In general, distributions of sedimentary sulfur in sediments
were consistent, reflecting in the highest content in surface sediments
and decreasing content with increasing depth (Fig. 5). This result
indicated that sulfides formation and precipitation mainly occurred in
surface sediments. Moreover, the three types of solid sulfur gradually
increased with incubation time. The most active accumulation was ob-
served in surface sediments during incubation, and higher content
was observed at higher amended sulfate. The concentrations of AVS,
Pyrite-S and S0 on surface sediments were up to 170.12 μmol g−1,
34.35 μmol g−1 and 7.85 μmol g−1 on day 18, respectively (Fig. 5).

Contents of TP, Fe-P, ferrihydrite-Fe and total Fe(III) oxides in
0–2 cm sediments were monitored on day 0 and day 19 to investigate
iron and phosphorus pool in sediments (Table 1). Generally, their con-
tents in surface sediments decreased after the 19-day incubation, and
the greater decreased content was observed at higher amended sulfate.
Compared with the initial value, Fe-P contents were reduced by 7.9%
(1.5S), 17.1% (2.0S), 33.3% (2.5S) and 35.0% (3.0S), respectively. The
percentages of Fe-P in TPwere also respectively dropped from the initial
25.0% to 23.4% (1.5S), 23.6% (2.0S), 20.1% (2.5S) and 20.4% (3.0S), indi-
cating that elevated sulfate levels enhanced the desorption of iron
bound phosphorus, mostly Fe-P. Similar dissolution of sedimentary
iron was observed. Total Fe(III) oxides decreased by 4.50% (1.5S),
7.49% (2.0S), 5.18% (2.5S) and 12.22% (3.0S) while ferrihydrite-Fe de-
creased by 12.20% (1.5S), 9.57% (2.0S), 22.24% (2.5S) and 25.59%
(3.0S), respectively. Evidently, elevated sulfate levels promoted dissolu-
tion of iron oxides.

3.5. Microbial communities and quantification of SRB in sediments

In order to confirm the relative bacterial respiration with ele-
vated sulfate levels, sequencing and RT-QPCR technologies were
used to determine the microbial communities on days 0, 6, 19 and
the cell copy numbers of SRB on days 0, 6, 12, 19 in surface sediments
(0–1 cm).

Sequencing data showed significant differences inmicrobial com-
munities before/after incubation (Fig. 6). In the initial sediments,
iron reducer Geobacter was the most abundant genera among rela-
tive respiration groups (sulfate-reducing, iron-reducing, and
methanogenesis). The average abundance of Geobacter was 1.29%,
which was 111.99%, 77.26% higher than the most abundant SRB
(desulfobulbus) and SOB (Sulfurisoma) genera. Classified
methanogen genera were b0.3%. Strong changes were observed
after acetate addition. Averagely 30.1% decrease of Geobacterwas ob-
served on days 0–6, and the relative abundance remained under
0.85%. In contrast, the significant proliferation of SRB was observed
with 3.51 times of increase in average comparing to the initial
value. The dominating functional SRB genera were Desulfobulbus
and Desulfatiglans (Fig. 6). Sulfate reducers including 18 classified
genera counted for 3.55% of relative abundance in treatment with
highest amended sulfate. This proportion was 2.75, 2.46 times iron-
reducing and methanogenesis functional genera respectively. In ad-
dition, a divergence between sulfide-oxidizing bacteria and sulfur-
oxidizing bacteria was observed. 69.28% and 67.30% decreases of
sulfide-oxidizing bacteria were found on days 6 and 12 on average
while 3.05 times increase of dominated sulfur-oxidizing genera
Thiobacillus was observed on day 6. The relative abundance of
Thiobacillus was up to 1.24% on day 6.

According to result from RT-QPCR, SRB numbers generally exhibited
similar arched shape in all treatments (Fig. 7). Strong increases on days
0–6 were observed comparing to initial values. Although the SRB num-
bers decreased during the later period of incubation, the final values
were still 566.49 (1.5S) - 3603.27% (3.0S) higher than the initial values.
Elevated sulfate levels have great impacts on SRB distribution. The in-
crease of SRB numbers was concurrent with sulfate addition. The peak
values in surface sediments were 60.18 (1.5S), 79.35 (2.0S), 77.03
(2.5S), 170.55 (3.0S) folds comparing to day 0, respectively. In addition,
the date reaching the peak value of 1.5 and 2.0S treatments was earlier
than 2.5 and 3.0S, which indicated that increasing sulfate lengthened
the thriving duration of SRB population.



Fig. 4. Variations of SO4
2− (a), ΣS2− (b), Fe(II) (c) and PO4

3− (d) in sediment pore-water.
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4. Discussion

There have beenmany studies on the intrinsic link among the sulfur,
iron, and phosphorus cycling in aquatic ecosystems (Dang and Lovell,
2016; Ding et al., 2016; Friedrich and Finster, 2014; Hansel et al.,
2015; Zhao et al., 2019). Recent reports have further focused on the ef-
fects of sulfate reduction in freshwater sediments, demonstrating that
the sulfate reduction process might stimulate phosphorus release
in sediments by influencing the iron cycling (Chen et al., 2016;
Zhao et al., 2019). However, since these systems all involved algae
decomposition, it is difficult to distinguish the source of inorganic el-
ements (S, Fe, P) in the water column, whether it is from algae de-
composition in the water column or phosphorus release in
sediments. So it seems vital to provide direct evidence of sedimen-
tary Fe-P mobilization caused by sulfate reduction. Here we demon-
strate that sulfur cycling has a critical effect on iron cycling and could
significantly stimulate phosphorus mobilization in sediments. For
this, we provided direct evidence by carrying out a mesocosm exper-
iment with the addition of acetate instead of algae for reducing con-
dition and substrate supply, and carefully tracking the S, Fe and P
dynamics in water column and sediments.
After acetate addition, immediate downtrends of DTC and DOC
were observed (Fig. 1), whichwere attributed to the diffusion to sed-
iments, enzymatic respiration and fermentation (Peng et al., 2011).
Meanwhile, DO and ORP in the water column and sediments dramat-
ically declined (Fig. 2), revealing the formation of anaerobic and re-
ducing condition under the drive of the microbial degradation. To
note, uptrends of ORP values with increasing depth were observed
during the first ten days (Fig. 2b), which were inverse to the classic
depth-dependence distribution reported previously (Han et al.,
2015). This phenomenon indicated that more active microbial activ-
ities occurred in surface sediments rather than deeper sediments or
water column. As the stronger resistance of ORP recovery was ob-
served at higher amended sulfate, the microbial activities were re-
lated to sulfur species.

The biogeochemical processes of sulfurwere significantly stimulated
by acetate degradation and the resulting reducing condition in the sys-
tem. SO4

2− concentrations in overlying and pore water dropped rapidly
after the acetate addition (Figs. 3a and 4a) while significant increases of
ΣS2− concentrations were observed in all treatments (Figs. 3b and 4b).
These variations demonstrated that strong sulfate reduction occurred in
the water column and sediments during acetate degradation, which



Fig. 5. Contents of AVS (a), pyrite-S (b), S0 (c) in surface sediments (0–1 cm).
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was also confirmed by the dramatical increase of SRB abundance in the
surface sediment (Fig. 7).

However, rapid drops of SO2–4 concentrations in both overlying and
pore water were observed in all treatments during whole incubation
while ΣS2− increase in water column did not exist until day 6, and a
stoichiometric magnitude mismatch between SO2–4 decrease and
ΣS2− increase was observed. The similar phenomenon has been re-
ported in previous studies and the missing ΣS2− was attributed to the
precipitation of sedimentary sulfur (Baldwin and Mitchell, 2012;
Friedrich and Finster, 2014). In this study, rapid accumulations of AVS
and pyrite-S continuously proceeded duringwhole incubation, suggest-
ing that the ΣS2− produced by sulfate reduction might be the first to
react with Fe(II) to form solid iron sulfides and be stored in sediments,
rather than diffuse to overlying or pore water. Thus, the ΣS2− formation
in the liquid phase and the corresponding ΣS2−-missing sulfur cycling
seems “concealed” and “cryptic”. Similar sulfur cycling was observed
in unexpected high rates of sulfate reduction within low-sulfate
Table 1
Sedimentary iron and phosphorus on days 0 and 19.

Initial values (μmol g−1, 0 d) Values in the end of incub

1.5 s

Fe-P 9.46 ± 0.27 8.71 ± 0.17
TP 37.83 ± 1.10 37.12 ± 1.15
Ferrihydrite-Fe 80.26 ± 9.72 70.47 ± 5.42
Total Fe(III) 260.22 ± 7.74 248.50 ± 8.24
sediments (Otero et al., 2006; Pester et al., 2012; Wijsman et al.,
2001), and rates of sulfate reduction investigated on the basis of ΣS2−

variation in pore water will apparently lead to underestimation.
To further explore the sulfur cycling in sediments, microbial com-

munities of sulfate reducers in the surface sediments were investigated.
Results showed a significant proliferation of SRB in surface sediments
with the dominating groups of Desulfobulbus and Desulfatiglans
(Fig. 6), which were generally the main SRB species in freshwater eco-
systems (Hansel et al., 2015). A total of 18 classified genera with
sulfate-reducing function were detected, and their relative abundance
was up to 3.55%, whichwas similar to the SRB populations in previously
incubated sediments demonstratedwith strong sulfate reduction (Chen
et al., 2016). This value was much higher than the functional genera of
iron-reducing andmethanogen (Fig. 6), suggesting that SRB dominated
the anaerobic respiration in surface sediments. Furthermore, the
dramatical increase of SRB abundance in the surface sediment with
the increasing sulfate level (Fig. 7) indicated that sulfate reducers in
ation (μmol g−1)

2.0 s 2.5 s 3.0 s

7.84 ± 0.29 6.31 ± 0.21 6.15 ± 0.33
33.20 ± 0.71 31.38 ± 0.92 30.09 ± 0.38
72.58 ± 10.28 62.41 ± 2.06 59.72 ± 6.06
240.74 ± 9.23 246.73 ± 9.21 228.43 ± 10.03



Fig. 6. Relative abundance of major iron and sulfur species (genera) in 0–1 cm sediments.
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freshwater sediments with no history of exposure to high salt have suf-
ficient capacities to survive under rapid increasing salinity (Rees et al.,
2010). According to thematching distribution of SRB and sulfur species,
it is obvious that acetate addition and formed reducing condition signif-
icantly stimulated SRB growth and the resulting sulfur reduction,
allowing the SO4

2− to precipitate in surface sediment as the solid sulfides
continuously.

In the SRB-abundant sediments, the sulfate reduction was conced-
edly the main pathway of sulfur cycling. However, sulfur cycling in
this study was found neither single nor unidirectional. S0, which was
identified as a crucial intermediate reactant in sulfur cycling, continu-
ously accumulated in surface sediments (Fig. 5c) (Friedrich and
Finster, 2014). Correspondingly, the uptrend of sulfur-oxidizing genera
Thiobacillus was found, suggesting that complex sulfur disproportion-
ation occurred in surface sediments. Furthermore, the sulfide-
oxidizing bacteria were also observed, which indicated the possible sul-
fide oxidation regardless of reducing conditions. Thus, according to the
monitored sulfur species, sulfur cycling in this study is not merely the
sulfate reduction to sulfide but contains a series of small reaction chains
including sulfate reduction, sulfide oxidation, and sulfur
disproportionation.

Stimulated sulfur cycling was also implicated in the variation of iron
cycling. It could be proved that the iron reduction sustainably occurred
in the system over the whole incubation by Fe(II) distributions in
Fig. 7. Cell copy numbers of SRB in 0–1 cm sediments on days 0, 6, 12 and 18.
overlying (Fig. 3c) and porewater (Fig. 4c), aswell as the continuous ac-
cumulation of AVS andpyrite-S in surface sediments (Fig. 5a, b). Accord-
ing to the microbial community results shown in Fig. 6, Geobacter was
the main reducer in surface sediments after preincubation, for its rela-
tive abundance was higher than that of sulfate-reducing species. Mean-
while, acidobacteria was also observed, which was demonstrated to
have the function of iron reduction (Weber et al., 2006). Correspond-
ingly, a sharp increase of Fe(II) concentration in the water column and
sediment pore-water was observed at the initial stage, indicating that
microbial iron reduction (MIR) driving by IRB was a crucial pathway
of iron reduction process at the initial stage of organic matters decom-
position (Kwon et al., 2016).

However, the continuous decline of Fe(II) in the pore and overlying
water from day 3 revealed a subsequent suppression on Fe(II) release.
Moreover, as ORP, an essential factor in the iron-reducing environment,
declined with depth in this study (Fig. 2), expected enzymatic iron re-
duction should reveal a similar vertical distribution (Lentini et al.,
2012). However, inverse patterns towards the expected vertical distri-
bution of Fe(II)were observed, suggesting strong inhibition on Fe(II) re-
lease occurred in upper sediments. Correspondingly, the IRB population
was gradually depressed, which reflected in the decreasing relative
abundance of Geobacter to below 0.85% on day 6 (Fig. 6), even though
the substrate supply and presence of ferrihydrite in surface sediments
seemed sufficient. These results revealed a strong suppression of MIR.
To note is that stronger inhibition on Fe(II) release was found at high
sulfate levels. It is clear that sulfur cycling was involved. Similar cases
of MIR inhibition have been reported andmostly attributed to the com-
petition between SRB and IRB, as they had the same demand for reduc-
ing conditions and substrates (Hansel et al., 2015; Koretsky et al., 2003;
Man et al., 2014). In this study, similar variations of increasing SRB and
depressed IRBwere observed (Figs. 6 and 7), whichmight be because of
the higher affinity of SRB for most common substrates (Hansel et al.,
2015; Man et al., 2014; Reyes et al., 2017). In addition, although it was
reported that SRB could directly reduce iron oxides (Flynn et al., 2014;
Friedrich and Finster, 2014), only 5% of iron oxides could be reduced
by the SRB when SO4

2− was not present (Li et al., 2006). Considering
the low content of SO4

2− in sediments, reduction of iron oxides by SRB
was minor. Accordingly, SRB activities assumed the main responsibility
for the depressed IRB and MIR.

Although MIR was suppressed, the iron reduction was still in prog-
ress with evidence of continuous dissolution of iron oxides. The rapid
precipitation of iron sulfides was correspondingly observed (Fig. 5),
suggesting that Fe(III) was continuously reduced and mostly buried as
iron sulfides. Thus, sulfide-mediated chemical iron reduction (SCIR) ob-
viously dominated the iron reduction instead of MIR. As reported in
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previous studies, the crucial difference between MIR and SCIR was the
destination of reduced ferric ions, which ultimately dissolved into the
water via the former pathway and precipitated with sulfide via latter
pathway (Canfield, 1989; Lehtoranta et al., 2009).Without the dissolved
Fe(II) generation, oxidation to Fe(III) is hard to realize. Thus, the iron cy-
cling was blocked and turned into unidirectional SCIR. The lessening of
the iron pool was observed in all treatments due to the continuous dis-
solution of iron oxides by SCIR, demonstrating the sulfide-induced up-
take of iron oxides (Vali, 2006). Typically, ferrihydrite-Fe decreased by
25.59% after incubation in this study in treatment 3.0S (Table 1).

The phosphorus cycling would be inevitably affected by the varia-
tion of iron cycling, mainly reflecting in the mobility of phosphate in
the sediment. As shown by the PO4

3− distribution in the water column
and sediment pore-water (Figs. 3d and 4d), PO4

3− concentration gradu-
ally increased during the first 11 days after acetate addition followed by
the stabilization, indicating the strong PO4

3− release from sediments to
the water column during the decomposition of organic matter. Obvi-
ously, the stimulated SCIR was expected to interfere in the pathway of
phosphorus mobilization. Generally, ferric/ferrous oxides such as
strengite (FePO4·2H2O) and vivianite (Fe3(PO4)2·8H2O) were com-
monly observed in sediments as a reservoir of phosphorus when sulfide
is rare (Taylor and Konhauser, 2011). Because the microbial reductive
dissolution of iron (hydr)oxides can lead to the PO4

3− desorption and re-
lease, while the reoxidized Fe(III) will rebind the PO4

3− and precipitate
(Amirbahman et al., 2003). In this study, however, SCIR dominated
the iron reduction instead of MIR, so that Fe(II) is continuously depos-
ited as the solid iron sulfide species on the surface of sediment, resulting
in the sustained release of PO4

3−. Actually, we found that the eventual
molar ratio of Fe(II) to PO4

3− in sediment pore-water was 0.03 (3.0S
group) - 0.09 (1.5S group), which was far below 2 that was the mini-
mum value that released phosphorus could be totally re-bound by
iron (Gunnars et al., 2002), confirming the diminished binding capacity
to phosphorus due to the SCIR. In addition, it should be noted that more
PO4

3− release was observed at higher amended-sulfate treatment group
(Figs. 3d and 4d), which means that the sulfate may directly affect the
phosphorus mobilization in sediments by controlling the SCIR.

As is shown above, the switch of iron reduction fromMIR to SCIR and
consequent phosphorus mobility derived from the sulfur cycling could
occur even under the current sulfate level in Lake Taihu. As algae blooms
are common in eutrophic lakes, organic matter level during decomposi-
tion of algae residual is probably higher than the level in this study,
which further provide substrates and reducing condition for SRB, simi-
lar cases might occur. Moreover, considering the preferential utilization
ofΣS2− concealed sulfur cycling in this study, similar “cryptic” sulfur cy-
cling could easily be neglected bymerelymeasuring SO4

2− andΣS2−, es-
pecially in low-sulfate systems. Thus, the solid sulfides should also be
considered when investigating the sulfur cycling of freshwater ecosys-
tems. The results of this study will help broaden the understanding of
sulfur cycling in the eutrophic freshwater ecosystem, and its mediated
iron reduction and the closely related phosphorus release in the
sediment.

5. Conclusion

The study showed the sulfur cycling and its impacts on iron and
phosphorus with acetate addition under elevated sulfate levels
(1.5–3.0 mmol L−1). Strong variations of SO4

2− and ΣS2− suggested
that current sulfate level in Lake Taihuwas high enough to induce sulfur
cycling with moderate acetate addition regardless of the ferrihydrite
presence. Strong sulfate reduction, complex sulfur disproportionation
and slight sulfide oxidation consisted of sulfur cycling in this study. Un-
expectedly, depressed IRB was found in surface sediments and conse-
quently, SCIR dominated iron reduction instead of MIR, which turned
iron cycling including precipitation and dissolution of iron oxides into
unidirectional SCIR. Continuous decreases of the iron pool due to SCIR
were observed. Furthermore, variations of iron and sulfur species result
in stimulation on PO4
3−mineralization anddiminution of scavenging ca-

pacity to rebind PO4
3−. Considering the sustained converting from iron

oxides to iron sulfides, the transition is hard to reverse. Stimulation on
SCIR and PO4

3− release by elevated sulfate levels were observed. As sea-
sonal algal blooms are common in eutrophic lakes, which would induce
hypoxia and provide the carbon source for SRB, similar cases probably
occur. Thus, the stimulated iron deposition and the resulting phospho-
rus release derived from the sulfur cycling should be paid more atten-
tion to in the treatment of eutrophic freshwater ecosystems.
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