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Abstract The biogeochemical cycles of sulphur (S), iron

(Fe) and nitrogen (N) elements play a key role in the

reservoir ecosystem. However, the spatial positioning and

interrelationship of S, Fe and N cycles in the reservoir

sediment profile have not been explored to a greater extent.

Here, we measure the gradients of Fe2?, SO4
2-, NO3

-,

NH4
?, DOC, TC and TN in the pore water of the sediment,

and combining the vertical distribution of the functional

microorganisms involved in S, Fe and N cyclings in the

sediments to determine the redox stratification in the sed-

iment. It is found that the geochemical gradient of S, Fe

and N of the reservoir sedimentary column is mainly

defined by the redox process involved in the related func-

tional microorganisms. According to the type of electron

acceptor, the sediment profile is divided into 3 redox

intervals, namely aerobic respiration (0–10 cm), denitrifi-

cation/iron reduction (10–28 cm) and sulfate reduction

(28–32 cm). In the aerobic respiration zone, NH4
? is oxi-

dized by aerobic AOB to NO3
- (0–5 cm), and Fe2? is

oxidized by microaerobic FeRB to Fe3? (3–10 cm). In the

denitrification/iron reduction zone, Acinetobacter and

Pseudomonas, as the dominant NRB genera, may use

nitrate as an electron acceptor to oxidize Fe2? (11–16 cm).

The dominant genera in SOB, such as Sulfururvum,

Thiobacillus and Thioalkalispira, may use nitrate as an

electron acceptor to oxidize sulfide, leading to SO4
2-

accumulation (14–24 cm). In the sulfate reduction zone,

SO4
2- is reduced by SRB. This study found that functional

microorganisms forming comprehensive local ecological

structures to adapt to changing geochemical conditions,

and which would be potentially important for the degra-

dation and preservation of C and the fate of many nutrients

and contaminants in reservoirs.

Keywords Reservoir sediment � Geochemical cycle �
Microbial community � Redox � Denitrification

1 Introduction

Reservoirs as an artificial ecosystem, their environmental

impact and the possible material energy cycle process are

fundamentally different from natural water ecosystems

(Guo et al. 2021). The dam interrupts the continuity of

natural water flow, resulting in a drop in water speed and

an increase in water residence time, thereby promoting the

accumulation of sediment (Rapin et al. 2020; Miranda et al.

2021). Reservoir sediments contain 25–30% of river sedi-

ment flux and play an important role in biogeochemical

cycling (Vörösmarty et al. 2003). Furthermore, rising water

levels alter the physical and chemical conditions of the

sediment (such as dissolved oxygen, electron acceptors,

organic matter, etc.), thus affects the biogeochemical cycle

process in sediments (Eli 2008; Bryant, Little, and Helmut

2012).

In the absence of light at the bottom of the reservoir, the

redox reaction is the only source of energy for microbial

metabolism in the sediment (Barak et al. 2017). In the
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steady-state deposition system, aerobic respiration, deni-

trification, manganese (IV) reduction, iron (III) reduction,

sulfate reduction and methane generation would occur in a

thermodynamic sequence (Froelich et al. 1979). The redox

chain, however, can overlap and even reverse due to the

complex environment and components, such as the avail-

ability and reactivity of the electron acceptor (Barak et al.

2017). Continuously deposited organic materials in reser-

voir sediments would be partially recycled and converted

into secondary substances, resulting in a zone of intense

heterotrophic activity (Frascareli et al. 2019). This is

anticipated that the microbial community actively partici-

pate in the material cycle, thereby forming a unique geo-

chemical gradient in a reservoir (Chen et al. 2017;

Wurzbacher et al. 2017).

In addition to the carbon cycle, the most important

active redox cycles in freshwater sediments are the iron,

nitrogen and sulfur cycles. Iron and sulfur-oxidizing bac-

teria have been shown to predominate in eutrophic fresh-

water sediments (Long et al. 2017). Iron oxidizing bacteria

and sulfur-oxidizing bacteria oxidize ferrous and sulfide to

Fe(III) and sulfate, respectively. In the study of Taihu

Lake, it was found that three types of bacteria (Sulfuri-

curvum, Sideroxydans, and Gallionella) and one type of

archaea (Thermoplasmata) related to iron and sulfur oxi-

dation accounted for 43.4% and 38.4% of the total number

of bacteria and archaea, respectively (Jiang et al. 2015).

Ammonium can be converted to nitrite by ammonia-oxi-

dizing bacteria in oxygen-permeated surface sediments,

and then to nitrate through nitrification (Melton et al.

2014a, b). After the oxygen is depleted, the predominant

redox mechanism is microbial metabolism with nitrate as

the electron acceptor, and anaerobic oxidation of ferrous

and sulfide occurs in the denitrification zone (Simone et al.

2001; Bosch et al. 2011). In deeper sediments, iron-re-

ducing bacteria and sulfur-reducing bacteria are more

abundant. Thermodynamically, the reduction of Fe(III) to

ferrous is expected to be more advantageous than the

reduction of sulfate to sulfide. As a result, it is believed that

iron-reducing bacteria outperform sulfate-reducing

microorganisms (Capua et al. 2019). However, with

simultaneous iron and sulfate reduction, the dynamics of

competition between microorganisms that govern iron and

sulfate reduction have lately been reevaluated.

Determining the coupling between sulfur, iron and

nitrogen cycles in reservoir sediments has important eco-

logical significance because their vertical stratification

affects sediment ecosystems. Compared with studies on

water bodies, reservoir sediments have remained relatively

unexplored to the biogeochemical cycles of sulfur, iron,

and nitrogen coupling. Here we show how the bacterial

distribution of the sulfur, iron and nitrogen cycles partici-

pates in the geochemical redox zone, where the sulfur, iron

and nitrogen cycles overlap and how they affect one

another. Therefore, the purpose of this study is to 1)

quantify the important electron acceptors and donors in the

sulfur, iron, and nitrogen cycles; 2) profile the vertical

distribution of microbial community involved in S, Fe and

N cyclings in the reservoir sediments; 3) identify the

relationship between environmental factors and microbial

groups involved in S, Fe and N cycling.

2 Materials and methods

2.1 Site description and sampling procedure

Hongfeng Reservoir is a eutrophic reservoir located in

Guiyang City, Guizhou Province, southwestern China

(106819–106828’E, 26826’–26835’N), with a humid sub-

tropical monsoon climate. There is no severe heat in

summer, no severe cold in winter, abundant rainfall and

moderate sunshine. The annual average temperature is

148C, the annual rainfall is between 1091.8 and

1414.5 mm, and the annual average sunshine is 100–150 h.

There is plenty of rain in summer, with rainfall of *
500 mm. The night precipitation accounts for 70% of the

annual precipitation, and the dry and wet seasons are not

obvious. Hongfeng Lake Reservoir controls catchment

water with an area of 1551 km2, a storage capacity of 601

million cubic meters, a water surface area of 57.2 km2, a

maximum water depth of 45 m, and an average water depth

of 10.5 m.

The sediment samples were taken in July 2019 in the

middle of lacustrine in Hongfeng Reservoir (26�30’N,

106�25’E), where was 30 m water depth. The intact sedi-

ment core (38 cm) was collected through an open-ended

sampling tube made of polymethyl methacrylate with an

internal diameter of 6.0 cm and a length of 80 cm. The

sediment core was segmented on site, and the depths of

0–20 cm were divided into 1 cm, while depths of 20–

38 cm were divided into 2 cm, a total of 29 points. After

that, pore water was extracted immediately by the Rhizon

sampler from the segmented sediments and stored at 4 �C

to determine the geochemical parameters. The solid sam-

ples were stored at - 20 �C for subsequent processing

(DNA extraction and sequencing).

2.2 Geochemical analyses of pore water

The pore water samples were filtered with a 0.22 lm filter

membrane before testing. Dissolved organic carbon (DOC)

and Dissolved inorganic carbon (DIC) were measured by

TC/TN analyzer (Multi N/C 3100, Jena, Germany). The

Dissolved ferrous iron (Fe2?) and ammonium salt (NH4
?)

were measured by spectrophotometer (Microplate reader,
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Tecan, Switzerland) at wavelengths of 560 and 660 nm,

respectively. NO3
- and SO4

2- were measured by ion

chromatography (ICS-1100, Thermo, USA), the column of

the detector was IonPac AG19-250/4.0 (Dionex, USA), and

the flow rate was set as1.0 ml min-1.

2.3 DNA extraction

Approximately 0.5 g sediment was extracted using the

FastDNA SPIN Kit for Soil as directed by the manufacturer

(MP Biomedicals, USA). Determine the concentration and

quality of DNA by microvolume UV–Vis spectropho-

tometer (Q5000, Quawell, USA), and test the integrity of

DNA by 1% (w/v) agarose gel electrophoresis (100 V,

30 min).

2.4 Illumina sequencing and analysis

Library preparation and sequencing were conducted by

Majorbio, Inc (Shanghai, China) using the MiSeq Illumina

platform. Primer pair 338F (5’-ACTCCTRCGGGAGG-

CAGCAG-3’) and 806R (5’-GGACTACCVGGGTATC-

TAAT-3’) were used to amplify the V3–V4 region of

bacterial 16S rDNA. The PCR reaction system was carried

out in a volume of 20 lL, which contained 4 lL of

5 9 FastPfu buffer, 2.5 mM for each dNTPs, 2 pmol for

each forward and reverse primer, 0.4 lL FastPfu poly-

merase, 0.2 lL BSA and * 10 ng of DNA template. The

procedure of PCR cycle was as follows: 95 �C for 5 min,

followed by 28–30 cycles of 94 �C for 10 s, 52–64 �C for

30 s and 72 �C for 30 s, and finally at 72 �C for 7 min.

The original sequence obtained by MiSeq sequencing

were subjected to quality control filtering, and the inferior

sequences were eliminated. Perform bioinformatics statis-

tical analysis on OTUs at a similar level of 97% (version

7.0, http://drive5.com/uparse/). The ribosome database

project (RDP) classifier (Cole et al., 2007) and the training

set extracted from the Silva108 database (Quast et al.,

2012) were used to classify the representative sequences of

each OTU. For the results of OUT clustering and annota-

tion analysis, further data analysis can be performed on

Majorbio’s I-Sanger platform (http://www.i-sanger.com/),

which integrates various applications for microbial com-

munity analysis Software package. All sequences were

submitted to the Sequence Read Archive under the

BioProject accession numbers SAMN20370501 to

SAMN20370529.

2.5 Statistical analyses

To explore the relationship between geochemical proper-

ties and microorganisms, Spearman analysis (SPSS 25.0,

USA) was carried out. To study the co-occurrence mode

among the redox-related functional genera of sulfur, iron

and nitrogen, based on Spearman coefficient R [ 0.4 and

p-value \ 0.01, the network diagram was drawn by

Cytoscape software.

3 Result

3.1 Geochemical characterization of the sediment

The pore water was collected from the 38 cm sediment

core and measured geochemical characterization at the 1 or

2 cm depth interval (Fig. 1). The concentration of DIC is

higher than DOC in the upper (1–12 cm) and deeper sed-

iment layers (22–38 cm), while in the middle sediment

layers (13–20 cm), they were close to each other (Fig. 1a).

The DOC concentration increased significantly from 1.8 to

5.1 mM at depth of 1–14 cm, after which the DOC con-

centration decreased slightly again to 2.5–3.4 mM below

26 cm depth. The major peak of DIC was found with a

concentration of 6.8 mM at 8 cm depth. The Fe2? con-

centration fluctuated between 0 and 0.2 mM at depth of

13–22 cm, which was obviously lower than upper

(1–12 cm) and deeper sediment layers (24–38 cm) whose

maximum concentration was 1.3 and 0.7 mM, respectively

(Fig. 1b). Sulfate increased from 0.04 to 0.51 mM at depth

of 8–22 cm and then dropped sharply to 0.5 mM at depth

of 24 cm (Fig. 1c).

The nitrate concentration profile fluctuated between 10.0

and 12.9 lM, which was significantly lower than ammo-

nium and the total nitrogen (TN) (Fig. 1d). The concen-

tration of Ammonium increased significantly with

increasing sediment depth of 1–8 cm, with a maximum

concentration of 1.1 mM. Subsequently, Ammonium firstly

dropped to 0.8 mM then lightly rose again to 1.1 mM at

18 cm depth then fluctuated between 0.8 and 1.0 mM

(Fig. 1e). TN accumulated from 1.0 mM in the first cm of

sediment to 2.8 mM at 14 cm depth, after which it fluc-

tuated between 2.1 and 2.5 mM (Fig. 1f).

3.2 Diversity and relative abundance of sulfur, iron

and nitrogen-metabolic microorganisms

The relative abundance of sulfur, iron and nitrogen-meta-

bolic microorganisms at the genus level in the core of the

sediment sample are summarized in Fig. 2, including sul-

fide oxidizing bacteria (SOB), sulfate-reducing bacteria

(SRB), Fe oxidizing bacteria (FeOB), Fe reducing bacteria

(FeRB), ammonia-oxidizing bacteria (AOB) and nitrate-

reducing bacteria (NRB). The relative abundance of the

above functional microorganisms was found accumulated

in different sedimentary layers (Fig. 2a). In the surface

sediment layer of 0–5 cm, AOB was much prevalent than
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other sediment layers, followed by FeOB which was sig-

nificantly rich between 3 and 10 cm depth. In the middle

sediment, SOB, FeRB and NRB all were more abundant

than other sediment layers. NRB was found accumulated in

the depth of 11–16 cm where would partially overlap with

the rich space of FeRB and SOB. FeRB was enriched at the

depth of 9–20 cm, while SOB extended to the deeper

sediment (14–24 cm). In the deeper sediment layer, SRB

lightly accumulated in the depth of 28–32 cm.

The relative abundance of SOB is significantly higher

than SRB in all the sediment samples, and SOB was more

than 70 times of SRB in the depth of 15–20 cm, although

they had the same number of genera (Fig. 2b, c). A total of

7 genera, including Sulfuricurvum, Thiobacillus, Thioal-

kalispira, Sulfurisoma, etc. were confirmed as SOB

(Fig. 2b). Among these genera, Sulfuricurvum and

Thiobacillus together account for 13.9–64.4% of the total

bacteria in all sediments samples, which also were the two

most abundant genera of the total bacteria. And they

reached the maximum peaks in the middle (15 cm, 50.9%)

and deeper sediment layers (38 cm, 35.9%), respectively.

Compared with Sulfuricurvum and Thiobacillus, the other

subdivisions of SOB represented minor components. Sul-

furisoma (0.26%), Sulfuritalea (0.48%) and Sulfurimonas
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Fig. 1 Geochemical

characteristics of the sediment.

(a)DOC and DIC, (b)Ferrous

ion (Fe2?), (c)Sulfate (SO4
2-),

(d)Nitrate (NO3
-),

(e)Ammonium (NH4
?),

(f) Total dissolved nitrogen

(TN)
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(0.30%) were equally reached peak in the surface sediment

layer then steeply decreased to 0–0.04% below 10 cm

depth. There were 7 genera, including Desulfobacca

Desulfatiglan Desulfatirhabdium, etc., were classified as

SRB (Fig. 2c). Among these genera, Desulfobacca and

Desulfatiglan were the dominant genera of SRB, which

were observed more abundant in sediment layers of

0–15 cm and 16–38 cm, respectively, with the maximum

relative abundance 0.95% (32 cm) and 0.5% (7 cm). De-

sulfatirhabdium steeply decreased from 0.30% in the first

cm of sediment to 0 below 9 cm depth.

The relative abundance of FeOB was higher than FeRB

in the sediment of 1–12 cm depth, while in the deeper

sediment of 12–38 cm depth, it was the opposite (Fig. 2d,

e). Although 8 genera were numbers of putative FeOB,

namely Ferritrophicum Crenothrix, Sideroxydans, etc., the

relative abundances of them varied greatly (Fig. 2d). Fer-

ritrophicum (maximum 5.6%, 10 cm) was the most

prevalent genus of FeOB in all sediment samples, which

was much higher than other subdivisions of FeOB and

directly determined the changing trend of FeOB. The

relative abundance of other subdivisions of FeOB, such as

Crenothrix and Hyphomicrobium, was increased first then

significantly decreased to 0.02% (15 cm), with the maxi-

mum relative abundance of 0.54% (6 cm) and 0.15%

(4 cm), respectively. There were 8 genera were numbers of

putative FeRB, including Bacillus, Clostridium, Geother-

mobacter, etc. (Fig. 2e). Bacillus as the most abundant

genus of FeRB in sediment layers of 11–38 cm, increased

significantly from 0.1% to 5.9% at depth of 1–13 cm, then

decreased again to 0.8% in 22 cm depth, after which

fluctuated between 0.8 and 1.8% in the depth of 22–38 cm.

Clostridium dropped from 1.1% to 0.25% in the depth of

1–5 cm, then rose again to 0.84% at 8 cm, after which it

fluctuated between 0.19 and 0.60% in the depth of

8–38 cm. Geothermobacter as the minor component of

FeRB significantly drop from 0.14% to 0 in the depth of

1–13 cm, then fluctuated between 0 and 0.03% below

13 cm depth.

The relative abundance of NRB was 7–397 times of

AOB in the sediment of 5–38 depth, while in the surface

sediment of 0–5 cm depth, AOB was more abundant

Fig. 2 Diversity of nitrogen, iron and sulfur-related metabolic microorganism of the sediment column profile. Putative sulfur iron and nitrogen

metabolizing bacteria were identified based on phylogenetic affiliation with a the relative abundance of different functional microbial

communities b sulfide oxidizing bacteria = SOB, c sulfur/sulfate-reducing bacteria = SRB, d Fe oxidizing bacteria = FOB, e Fe reducing

bacteria = FeRB, f Ammonia oxidizing bacteria = AOB, and g Nitrate reducing bacteria = NRB
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(Fig. 2f, g). A total of 4 genera, including Halomonas,

Ilumatobacter, Mycobacterium and Sphingomonas were

confirmed as AOB (Fig. 2f). Halomonas, Ilumatobacter

and Mycobacterium all were more abundant in the sedi-

ment layer of 0–11 cm depth, with the peak of 1.3%

(3 cm), 0.87% (4 cm) and 0.65% (4 cm), respectively.

Compared with the above genera, Sphingomonas as the

least abundant genus of AOB was found in two major

peaks at 9 cm (0.23%) and 38 cm (0.48%) depth. There

were 8 genera were numbers of putative NRB, namely

Acinetobacter, Pseudomonas, Comamonas, Paenibacillus,

etc. (Fig. 2f). Among these genera, the relative abundance

of Acinetobacter (0–0.03%), Pseudomonas (0.03–0.58%),

Comamonas (0–0.04%) and Paenibacillus (0.01–0.03%) in

the surface sediment of 1–7 cm all much lower than the

deeper sediment, except for Comamonas which also hardly

exists in the depth of 17–38 cm. In addition, Acinetobacter,

Pseudomonas and Paenibacillus were found the major

peak at 13 cm (13.8%), 15 cm (8.0%) and 36 cm (0.97%),

respectively.

3.3 The correlations between geochemical factors

and sulfur, iron and nitrogen -metabolic

microorganisms

The correlations between geochemical factors and the

relative abundance of functional microorganisms from

sediment core (29 samples) were analyzed by Pearson

correlation analysis (Figs. 1 and 4). DOC showed negative

correlations with all of the genera of SRB (R = - 0.62,

P \ 0.01), FeOB (R = - 0.44, P \ 0.05) and AOB

(R = - 0.70, P \ 0.01) community, but a positive

correlation with the genera of SOB (R = 0.69, P \ 0.01),

FeRB (R = 0.77, P \ 0.01) and NRB (R = 0.79, P \ 0.01)

community (Figs. 2 and 4). DIC behaved oppositely for

DOC, and it negatively correlated with Thioalkaispira

(R = - 0.55, P \ 0.01), Bacillus (R = - 0.38) and

Paenibacillus (R = - 0.52, P \ 0.01) (Fig. 4). TN

showed notable correlations with all genera of NRB and

AOB community (Fig. 3), especially Mycobacterium

(R = - 0.82, P \ 0.01) and Pseudomonas (R = - 0.54,

P \ 0.01) (Fig. 4). In addition, TN was found a strong

positive correlation with SOB (R = 0.54, P \ 0.01), FeRB

(R = 0.51, P \ 0.01) (Fig. 3). NH4
? revealed the same

trend of TN (Fig. 4). The depth distributions of Fe2? sig-

nificantly behaved positive correlations with all genera of

FeOB, especially Sideroxydans (R = 0.53, P \ 0.01),

while a slight negative correlation with FeRB community

which reflected by Bacillus (R = - 0.32) (Fig. 4). Like-

wise, the depth distributions of SO4
2- showed positive and

negative correlations with SOB and SRB community

respectively, which main reflected by Sulfuricurvum

(R = 0.51, P \ 0.01) and Desulfatiglans (R = - 0.56,

P \ 0.01) (Fig. 4).

SOB community showed negative correlations with

SRB (R = --.52, P \ 0.01), FeOB (R = - 0.70,

P \ 0.01) and AOB (R = - 0.70, P \ 0.01), While pos-

itive with FeRB (R = 0.41, P \ 0.05) and NRB (R = 0.54,

P \ 0.01) (Fig. 3). On the contrary, SRB community was

found to negatively correlated with FeRB (R = - 0.48,

P \ 0.01) and NRB (R = - 0.62, P \ 0.01) (Fig. 3).

Except for sulfur-metabolic microorganisms, the FeRB

also correlated with AOB (R = - 0.41, P \ 0.05) and

NRB (R = 0.78, P \ 0.01), while FeOB negative

Fig. 3 Depict direct and

indirect regulatory pathways of

geochemical factors that affect

the microbial community. The

different shade areas represent

the environmental factors (blue)

and relative abundance of

sulfur, iron and nitrogen-

metabolic microorganisms

(yellow), respectively. The lines

represent positive (red) or

negative (blue) path

coefficients. The width of the

line is proportional to the

strength of the relationship. The

number on the line is

standardized direct path

coefficients. * p \ 0.05; **

p \ 0.01 (n = 29)
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Fig. 4 The correlation analysis between geochemical properties and functional microbial groups, and the correlation R and P values are obtained

through calculation. The legend on the right is the color interval for different R values. *, p \ 0.05; **, p \ 0.01 (n = 29)
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correlations with NRB (R = - 0.45, P \ 0.05) (Fig. 3).

And AOB significantly correlated with NRB (R = - 0.64,

P \ 0.01) (Fig. 3).

3.4 Network analysis of microbial co-occurrence

patterns involved in iron, nitrogen and sulfur

cycles

The coupling processes of different microbial functional

genera involved in iron, nitrogen and sulfur metabolism

were explored in co-occurrence analysis. Those functional

genera were found to have strong connectivity with each

other, and the network of them has 35 nodes and 240 edges,

of which 76 were positively connected and 164 were neg-

atively connected (Fig. 5). The genera of iron-metabolic

microorganisms as the critical nodes, such as Crenothrix,

Hyphomicrobium, Geothemobacter, etc., was notably cor-

related with other functional genera (Fig. 5). Crenothrix and

Hyphomicrobium, the two most prevalent FeOB groups,

embraced positive correlations with the genera of SRB

(R [ 0.56, P \ 0.01) and AOB (R [ 0.48, P \ 0.01) in the

network, while negative correlations with the genera of NRB

(R \ - 0.51, P \ 0.01), except for Flavobacterium

(Fig. 5). The nitrogen-metabolic microorganisms also were

found to have the essential nodes namely Paenibacillus and

Mycobacterium, and they showed opposite connections with

other functional genera (Fig. 5). Paenibacillus of NRB

possessed 17 edges negatively connected with other func-

tional genera (R \ - 0.53, P \ 0.01), while only 2 edges

positively connected with Thiobacillus (R = 0.70, P \ 0.01)

and Thioalkalispira (R = 0.73, P \ 0.01) of SOB (Fig. 5).

On the opposite, Mycobacterium of AOB embraced 15

edges positive connection with other functional genera

(R [ 0.61, P \ 0.01), except for Thiobacillus, Thioalka-

lispira and Thioalkalispira of SOB and Bacillus of FeRB

(Fig. 5). As for the genera of sulfur-metabolic microorgan-

isms, such as Sulfurisoma, Desulfomonile, Desulfovirga,

etc., they were less important than functional genera

involved in iron and nitrogen (Fig. 5).

4 Discussion

4.1 Coupling of sulfur, iron, and nitrogen cycle

processes in the denitrification zone

The distribution of a series of functional species in the

denitrification sedimentary layer is unexpectedly compara-

ble, which triggers the thinking of the element cycle cou-

pling mechanism. Among these SOB taxa, Sulfuricurvum,

Thiobacillus and Thioalkalispira were thought to be auto-

trophic denitrifying bacteria capable of nitrate-reduced sul-

fide oxidation (Pokorna and Zabranska 2015; Shao et al.

2010). Thiobacillus, in particular, may oxidize not only

sulfur compounds but also ferrous, even insoluble FeS and

Fe (Haaijer et al. 2007; Hayakawa et al. 2013). Sulfuri-

curvum had no significant connections with Thiobacillus or

Thioalkalispira, while Thiobacillus was significantly

Fig. 5 Network analysis of co-

occurring microbial functional

genera in sediments (Spearman,

R [ 0.4, p \ 0.01). Different

functional genera are marked

with different shapes (circles are

oxidizing bacteria, triangles are

reducing bacteria) and color

(red are sulfur functional

bacteria, blue are iron functional

bacteria, and green are nitrogen

functional bacteria). The size of

each node is proportional to the

number of connections
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correlated (R = 0.77, P \ 0.05) with Thioalkalispira. These

chemoautotrophic denitrifying bacteria were common in the

denitrification interval (13.9%-65.8%), showing that auto-

trophic denitrification is the primary nitrogen pathway in

Hongfeng Reservoir (Jiang et al. 2015). However, the het-

erotrophic cannot be overlooked. NRB genera Acinetobac-

ter, Pseudomonas, and Comamonas were thought to be

heterotrophic denitrifying bacteria capable of nitrate-re-

duced ferrous oxidation (Kiskira et al. 2016). These three

taxa were all strongly positively correlated with Bacillus

(R [ 0.46, P \ 0.05), explaining why ferrous did not

accumulate during the denitrification interval.

FeS2 þ 3NO�3 þ 2H2OFe OHð Þ3þ 2 SO2�
4 þ 1:5N2 þ Hþ

ð1Þ

5 FeS2 þ 14NO�3 þ 4Hþ5 Fe2þ þ 7N2 þ 10 SO2�
4

þ 2 H2O ð2Þ

2 NO�3 þ 10 Fe2þ þ 12HþN2 þ 10 Fe3þ þ 6 H2O ð3Þ

NO3
- reduction to NO2

- may also occur as follows:

2 FeS2 þ 15NO�3 þ 7 H2O2 Fe OHð Þ3þ 15NO�2
þ 4SO2�

4 þ 8 Hþ ð4Þ

High quantities of ferrous iron and sulfate were found in

the pore water of Hongfeng Reservoir. As a result, sedi-

ments may be rich in quickly oxidized metal sulfides

(FeS2), which are highly absorbable by microorganisms

(Haaijer et al. 2008). Anaerobic oxidation of pyrite should

be thermodynamically feasible, requiring electron accep-

tors with positive redox potential, such as nitrate (Eq. 1). In

terms of energy savings, sulfur reduction outperforms iron

reduction. As a result, sulfur will be preferentially oxidized

to sulfate, whereas ferrous iron will be eluted (Eq. 2)

(Capua et al. 2019) and oxidized to ferric iron if nitrate is

sufficient (Eq. 3). nitrite will accumulate if nitrate reduc-

tion is insufficient. In this case, the reaction followed the

steps shown in Eq. 4 (Bosch et al. 2011). Because the

overall nitrogen and ammonia levels in the pore water were

stable, it was assumed that nitrate might be converted to

nitrite during the denitrification interval. This process may

prevent nitrogen in the sediments from being lost as gas-

eous nitrogen as a result of complete denitrification,

resulting in nitrogen accumulation in the sediments. As a

result, soluble nitrogen-containing compounds were con-

tinually released from the sediment into the water, accel-

erating eutrophication in the Hongfeng Reservoir.

4.2 Factors driving the stratification of geochemical

gradient of S, Fe and N

Based on the redox ‘‘tower’’ of microorganisms, aerobic

respiration, denitrification (Otte et al. 2018), Mn(IV)

reduction, Fe(III) reduction and sulfate reduction occur in

the order of thermodynamics, generating a typical geo-

chemical gradient (Orcutt et al. 2011; Schink 2010). Most

microorganisms’ vertical distribution in our study region

was related to geochemical gradients, particularly sulfur,

iron, and nitrogen-metabolic bacteria (Fig. 3). Assuming

that the above three species of functional microorganisms

thrived in the Hongfeng reservoir, their niches should have

followed the gradient of the redox tower and accumulated

at various depths. Indeed, the sediments in our study area

were divided into three redox intervals based on the elec-

tron acceptor type, namely aerobic respiration, denitrifi-

cation/iron reduction and sulfate reduction (Fig. 6). In

addition to the impacts of thermodynamic gradients,

kinetics, substrates, electron acceptor availability and even

competition may directly limit the niche of microbes

(Melton et al. 2014a, b; Laufer and Katja 2016). Aerobic

respiration was carried out by microorganisms in the

oxygen-permeable sedimentary layer. Aerobic AOB accu-

mulated preferentially in the depth of oxygen-rich sedi-

ment, whereas FeOB subsequently appeared in slightly

deeper micro-oxygen sediment (Widdel et al. 1993).

Although the microbial oxidation of ferrous iron was

thermodynamically beneficial, it was nevertheless kineti-

cally constrained (Custer 1983). The surface sediment was

oxygen-rich, where chemical iron oxidation takes prece-

dence over biological iron oxidation. (Druschel et al.

2008). As oxygen was consumed throughout the depths, the

chemical reaction kinetics decreased substantially, result-

ing in microaerobic FeOB aggregating (Vollrath et al.

2012). Denitrification with nitrate as the electron acceptor

became the predominant microbial process in the oxygen-

depleted sedimentary layer, where NRB is predominant

(Jetten 2008). More than 94% of SOB, notably Sulfuri-

curvum, Thiobacillus, and Thioalkalispira, were capable of

coupling nitrate reduction and sulfide oxidation (Haaijer

et al. 2007). These genera were found in the same sedi-

mentary layer as NRB and were significantly connected

with it (R = 0.54, P \ 0.01). FeRB, which should accu-

mulate in deeper layers, was particularly abundant in the

denitrification period, demonstrating a substantial associa-

tion with NRB (R = 0.78, P \ 0.01). This could be owing

to the denitrification of NRB to form ferric iron, which

provided FeRB with an available electron acceptor. SRB

followed the redox gradient at the bottom of the sediments

and accumulated somewhat deeper than the aerobic respi-

ration, denitrification and iron reduction layers.

The metabolic processes of the functioning microor-

ganisms indicated above in their habitats have also gener-

ated a typical geochemical gradient. Ammonium was

oxidized to nitrate by aerobic AOB at the surface sedi-

mentary layer of aerobic respiration. As the depth

increased, oxygen was gradually depleted, AOB nearly
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vanished, and ammonium accumulated. AOB was strongly

inversely associated with ammonium (R = - 0.65,

P \ 0.01). In oxygen-rich sediment, chemical ferrous

oxidation occurred and ferrous accumulated as the oxygen

content declined. When the oxygen level reached a

threshold point, the microaerobic FeOB gathered swiftly to

oxidize ferrous, demonstrating a substantial positive cor-

relation with ferrous (R = 0.42, P \ 0.05). The abundant

genera Acinetobacter, Pseudomonas, and Comamonas of

NRB have the potential to connect nitrate reduction and

iron oxidation in the sedimentary layer of denitrification.

However, these three NRB genera, as well as all FeRB

genera, were not significantly connected to Ferrous ion.

The balance between continuous oxidation and reduction

may cause the decoupling of iron-functional bacteria from

the geochemical gradient in the denitrification area (Kap-

pler and Bryce 2017). FeRB reduced Fe(III) produced by

denitrification to ferrous, which was then rapidly oxidized

to Fe(III) by denitrification, resulting in ferrous in a low

concentration steady state. The dominant genus Sulfuri-

curvum of SOB may have conducted nitrate reduction and

sulfide oxidation processes, resulting in sulfate accumula-

tion in this interval. Sulfuricurvum was found to have a

substantial positive correlation with sulfate (R = 0.51,

P \ 0.01). Organic matter was oxidized and degraded in

the sulfur-reduced sedimentary layer, and SRB was

strongly inversely linked with DOC (R = - 0.62,

P \ 0.01).

4.3 Environment impact on the geochemical

gradient in the reservoir sediment

Sediment serves as a reservoir for nutrients in the aquatic

ecosystem, particularly nitrogen, iron and sulfur, which are

essential components of living creatures and have a sig-

nificant effect on the aquatic ecosystem’s biological envi-

ronment. Low dissolved oxygen levels in the reservoir due

to seasonal temperature stratification altered metabolic

processes and material movement in the sediments. Addi-

tionally, oxygen exposure in these sediments has a direct

effect on the preservation of sedimentary organic carbon,

and bottom water anoxia improves carbon burial effec-

tiveness (Friese et al. 2021). Iron is a typical redox-active

element, and iron oxidation may drive primary productivity

and nutrient cycling in dark settings such as deep reservoirs

(McAllister et al. 2020). The sulfur reduction affects metal

circulation and bioavailability, and the S2- content in

sediment profiles is a critical factor regulating the avail-

ability and toxicity of metal elements (Toro et al. 1992).

The connection of iron and sulfur is critical for the bio-

geochemical transformation and circulation of endogenous

phosphorus in reservoirs (Rozan et al. 2002). The distri-

bution of Fe and S system occurrence forms and their

coupling relationship reveals the sediment geochemical

gradient distribution, providing a scientific foundation for

understanding reservoir sedimentary evolution and water

quality management.

Fig. 6 Niche partition of functional genera involved in iron, nitrogen and sulfur along geochemical gradients
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5 Conclusion

In the reservoir sedimentary, the geochemical gradients of

S, Fe and N are mainly defined by the redox process

involved in their related functional microorganisms.

According to the type of electron acceptor, the sedimentary

column profile is divided into 3 redox intervals, namely

aerobic respiration, denitrification/iron reduction and sul-

fate reduction. The distribution of a series of functional

species in the denitrification sediments is unexpectedly

comparable, indicating that there are obvious element

coupling reactions in this area, including the coupling of

denitrification and iron oxidation by NRB, and the coupling

of denitrification and sulfide oxidation by SOB. In addition,

the abundant presence of autotrophic denitrifying bacteria

such as Sulfuricurvum, Thiobacillus and Thioalkalispira

indicates that autotrophic denitrification is the main nitro-

gen conversion pathway in Hongfeng Reservoir. The

accumulation of ammonia nitrogen and nitrate nitrogen in

the pore water of the denitrification zone would prevent the

nitrogen in the sediment from being lost in a gaseous

manner through complete denitrification. The continuous

release of soluble nitrogen compounds into the water body

has aggravated the eutrophication of the Hongfeng

Reservoir.
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