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Abstract
Black-odorous urban water bodies and sediments pose a serious environmental problem. In this study, we conducted micro-
cosm batch experiments to investigate the effect of remediation reagents (magnesium hydroxide and calcium nitrate) on native 
bacterial communities and their ecological functions in the black-odorous sediment of urban water. The dominant phyla 
(Proteobacteria, Actinobacteria, Chloroflexi, and Planctomycetes) and classes (Alphaproteobacteria, Betaproteobacteria, 
and Gammaproteobacteria, Actinobacteria, Anaerolineae, and Planctomycetia) were determined under calcium nitrate and 
magnesium hydroxide treatments. Functional groups related to aerobic metabolism, including aerobic chemoheterotrophy, 
dark sulfide oxidation, and correlated dominant genera (Thiobacillus, Lysobacter, Gp16, and Gaiella) became more abundant 
under calcium nitrate treatment, whereas functional genes potentially involved in dissimilatory sulfate reduction became 
less abundant. The relative abundance of chloroplasts, fermentation, and correlated genera (Desulfomonile and unclassified 
Cyanobacteria) decreased under magnesium hydroxide treatment. Overall, these results indicated that calcium nitrate addi-
tion improved hypoxia-related reducing conditions in the sediment and promoted aerobic chemoheterotrophy.
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Introduction

With the rapid development and modernization of indus-
try and agriculture, the number of water bodies affected 
by urban environmental pollution has been progressively 
increasing; this includes urban rivers, ponds, and lakes, 
which can be contaminated by domestic wastewater efflu-
ent, agricultural runoff, and industrial wastewater. Moreover, 
the continuous deterioration of water quality, characterized 
by turbid and odorous water, has resulted in serious damage 

to aquatic ecosystems in these urban water bodies, and is 
viewed as one of the greatest threats to urban ecosystems 
(Zhang et al. 2016; Zhu et al. 2016; Liu et al. 2017; Chen 
et al. 2022).

Hypoxia, which is caused by the accumulation of large 
amounts of organic pollutants in sediment and the excessive 
use of dissolved oxygen (DO) during decay processes, is the 
main factor responsible for the development of black and 
odorous water and sediment. The redox potential (oxidation/
reduction potential, ORP) is positively correlated with DO; 
thus, a low ORP value can easily lead to further sediment-
reducing conditions, which in turn is conducive to the accel-
erated growth of anaerobic bacteria (such as sulfate-reducing 
bacteria, SRB) and the bacterial reduction of sulfate  (SO4

2−) 
in sediments (JØrgensen 2019; Zhang et al. 2021a, b).  H2S 
and other odorous gaseous sulfuric compounds produced 
by bacterial anaerobic respiration are the main causes of the 
odorous phenomenon observed in urban rivers (Liu et al. 
2017; Zhao et al. 2019). Furthermore, the sediment-reducing 
conditions caused by a low DO and ORP can promote Fe/
Mn reduction and phosphorus (P) release, where P can be 
adsorbed onto Fe and Mn oxide-hydroxide particles (Fink 
et al. 2016a, b, c; Gasparatos et al. 2019; Franks et al. 2021). 
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Meanwhile, Fe(II) can also react with  H2S to form black and 
low-solubility iron sulfide (FeS), which causes the sediment 
and overlying water to turn black in color (Liu et al. 2017).

In situ remediation is a powerful technology for treating 
contaminated sediments by efficiently degrading organic 
matter and controlling the release of pollutants to the over-
lying water body (Cui et al. 2018; Li et al. 2019). In addi-
tion, calcium nitrate, sodium percarbonate, and domesticated 
bacteria are effective reagents in remediation technologies 
(de Alencar et al. 2017; Pan et al. 2018; Tang et al. 2018; 
Shen et al. 2019). Calcium nitrate [Ca(NO3)2] is a common 
oxidant that has been widely used in the in situ remediation 
of black and malodorous sediments. Ca(NO3)2 promotes res-
toration through the following three mechanisms: improving 
the oxidation conditions of sediments, providing electron 
acceptors for microorganisms (such as denitrification bac-
teria) to accelerate their organic matter degradation activity, 
and controlling the diffusion of nitrogen and phosphorus 
nutrients to the overlying water body (Liu et al. 2017; Tang 
et al. 2018). Magnesium hydroxide (Mg(OH)2), which can 
turn the sediment environment weakly alkaline and affect the 
metabolic activity of SRB and other microorganisms related 
to black-odorous water, as well as the production of black-
malodorous substances, has been proposed as a new environ-
mentally friendly remediation reagent for sediment purifica-
tion in marine cage culture in Japan (Nishino and Kawauchi 
2003). Furthermore, Mg(OH)2 is also an effective antiseptic 
substance used to prevent corrosion and  H2S emissions in 
the sewage collection pipelines of various municipalities 
(US Environmental Protection Agency 1974; Nielsen et al. 
1998; Li et al. 2020a, b; Guan et al. 2021; Rabinovich et al. 
2021). Moreover, the addition of Mg(OH)2 to sewage sedi-
ment can deactivate the sulfate-reducing capabilities of SRB 
under high pH conditions (Yoshida and Nishino 2005; Fari-
dah et al. 2011). Therefore, Ca(NO3)2 and Mg(OH)2 both 
show potential for sediment remediation; however, previous 
studies related to sediment remediation have focused mainly 
on the effect of remediation reagents on the physicochemi-
cal properties of sediment and the overlying water, with few 
analyzing the differences in bacterial community structure 
and ecological function before and after treatment, as well as 
the interaction among remediation reagents, bacterial com-
munity, and ecological function (Andrade et al. 2017; Wei 
et al. 2017; Yang et al. 2018).

In this study, both Ca(NO3)2 and Mg(OH)2 were added 
to contaminated sediments as remediation reagents. High-
throughput sequencing technology was applied to analyze 
the bacterial communities in the sediment and clarify the 
transformation of functional microbes during the remedia-
tion process. Changes in the sediment conditions, including 
DO, ORP, pH, total organic carbon (TOC), and acid volatile 
sulfide (AVS), were also examined. The goal of this study 
was to explore the effects of Mg(OH)2 and Ca(NO3)2 on 

bacterial diversity and community composition, as well as 
bacterial ecological function in sediment. The role of differ-
ent functional microbes in the remediation process of sedi-
ments is also discussed.

Materials and methods

Experimental procedure

Sediments and overlying water were collected from one site 
of a pond located on the east side of an urban park, which 
is on the south of the Ou River that flows east near cen-
tral Wenzhou City, Zhejiang Province, China. The pond is 
a slender shape with length and width of 300 m and 20 m, 
respectively, in the north–south direction, and the depth 
varies from 1.2 m to 2.0 m from north to south. Because 
there is no apparent inflow and outflow, the oxygen deficit, 
unpleasant odor, and black color occur often in the water 
body. Sediments were homogenized and stored in the dark 
at 4 °C for subsequent use in experiments. A total of 36 
microcosms of the sediment-overlying water body were 
built using 1,000 mL beakers as the experimental vials. 
Each beaker contained 200 mL of the original sediment 
and 800 mL of the original overlying water. The charac-
teristics of the original sediment were as follows: pH 7.23, 
ORP − 163.4 mV, DO 0.19 mg/L, electrical conductivity 
(EC) 686 µS/cm, water content 81.30%, AVS 3,437.0 mg/kg, 
and TOC 73.7 mg/g. The characteristics of the original over-
lying water were as follows: pH 7.50, ORP 39.80 mV, DO 
0.65 mg/L, and EC 405 µS/cm. Then, 50 mL of Mg(OH)2 
or Ca(NO3)2 suspension (with an optimal concentration 
value of 500 g/m2 and 45.3 g-N/m2 respectively, based on 
previous field experiments (Xia et al. 2018a, b; Sun et al. 
2019)) was scatter injected to a depth of 2 cm below the 
surface of the sediment in each microcosm, except in the 
control microcosms. Finally, each beaker was sealed with 
Parafilm and stored in the dark at 25 °C. All treatments (con-
trol, Mg(OH)2, and Ca(NO3)2) were performed in triplicate 
(nine samples in total), and samples were collected on days 
7, 14, 21, and 30 of the experiment. The original sediment 
and overlying water were used as the original samples on 
day 0 for all treatments.

Determination of sediment properties

After the physicochemical measurements were recorded, the 
overlying water was collected using a siphoning method. 
Sediment measurements were then taken; the sediment was 
mixed well and then collected. The water and sediment sam-
ples were stored at − 20 °C until further analysis. The values 
of pH, ORP, DO, and EC in the sediments and overlying 
water were determined using a HACH HQ40d dual-input 
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multi-parameter meter (HACH, Loveland, USA). The 
weight of the sediment was measured before and after dry-
ing at 105 °C for 24 h, and the water content was calculated 
according to the weight loss. AVS and TOC concentrations 
in the sediments were analyzed using the National envi-
ronmental protection standard of the People’s Republic of 
China: Soil and Sediment-Determination of Sulfide-Meth-
ylene Blue Spectrophotometric Method (HJ833–2017) and 
Soil-Determination of Organic Carbon–Potassium Dichro-
mate Oxidation Spectrophotometric Method (HJ615–2011), 
respectively.

DNA extraction

DNA extraction and polymerase chain reaction (PCR) 
amplification were conducted as previously described (Xia 
et al. 2018a, b). The TIANamp Soil DNA Kit (Tiangen Bio-
tech (Co., Ltd., Beijing, China) was used to extract microbial 
DNA from the sediment samples according to the manufac-
turer’s instructions. Extracted DNA was purified using the 
SanPrep DNA Gel Extraction Kit (Sangon Biotech, Shang-
hai, China) and a micro-spectrophotometer (SMA4000, 
Merinton (Beijing) Instrument, Ltd., Beijing, China) was 
used to determine the DNA quality and quantity.

High‑throughput sequencing of 16S rRNA 
and functional genes

The sulfate-reducing gene dsrB, which encodes the dis-
similatory sulfite reductase (Dsr) in the dissimilatory sul-
fate reduction process, and the nitrite-reducing gene nirS, 
which encodes nitrite reductase (Nir) in the denitrification 
process, were used to detect the potential functional bac-
teria SRB and nitrate-reducing bacteria (NRB). The target 
regions of the dsrB gene (350 bp) and nirS gene (425 bp) 
were amplified using the barcoded primer pairs DSRp2060F 
(5ʹ- CAA CAT CGT YCA YAC CCA GGG-3ʹ) and DSR4R 
(5ʹ- GTG TAG CAG TTA CCG CA-3ʹ) (Geets et al. 2006) 
and nirScd3aF (5ʹ- GTS AAC GTS AAG GAR ACS GG-3ʹ) 
and nirSR3cd (5ʹ- GAS TTC GGR TGS GTC TTG A-3ʹ) 
(Throbäck et al. 2004). The V3-V4 hyper variable regions 
of the 16S rRNA genes were amplified using the barcoded 
primers 341F (5ʹ-CCT ACG GGN GGC WGC AG-3ʹ) and 
805R (5ʹ-GAC TAC HVG GGT ATC TAA TCC-3ʹ) (Vasilei-
adis et al. 2012).

Double amplification was conducted to obtain high-qual-
ity PCR products. The DNA template (10–20 ng) of each 
sample was amplified in a 30 µL reaction system (2X  Hieff® 
Robust PCR Master Mix) in triplicate. The first amplification 
was performed under the following conditions: initial dena-
turation at 94 °C for 3 min, followed by 5 cycles of denatura-
tion at 94 °C for 30 s, annealing at 45 °C for 20 s, and elon-
gation at 65 °C for 30 s, and then 20 cycles of denaturation 

at 94 °C for 20 s, annealing at 55 °C for 20 s, and elongation 
at 72 °C for 30 s, with a final extension at 72 °C for 5 min. 
The PCR products were used as the template to initiate the 
second amplification under the following conditions: initial 
denaturation at 95 °C for 3 min, followed by 20 cycles of 
denaturation at 94 °C for 20 s, annealing at 55 °C for 20 s, 
elongation at 72 °C for 30 s, and a final extension at 72 °C 
for 5 min. The negative control, using  ddH2O as the DNA 
template, was also amplified under the same conditions in 
the PCR amplification stage. Then, the PCR products were 
mixed with 1 × loading buffer (containing SYBR Green 
dye) and detected by electrophoresis on a 1.5% agarose gel. 
The PCR amplicons for each sample were pooled and puri-
fied using the SanPrep Column DNA Gel Extraction Kit 
(SK8131, Sangon Biotech, Shanghai, China). Quality was 
assessed on a Qubit3.0 Fluorometer (Thermo Scientific).

The Illumina MiSeq platform (Illumina MiSeq System, 
Illumina, Inc., California, USA) was used for sequencing, 
whereby 300 bp paired-end reads were generated. Paired-
end reads were merged using PEAR (v0.9.8) to obtain raw 
tags (Zhang et al. 2014). Quality control was performed 
using PRINSEQ (v0.20.4) (Schmieder and Edwards 2011), 
which included the removal of low-quality reads and chi-
meric sequences and checking the bases falling out of the 
V3-V4 regions. High-throughput sequencing was performed 
at Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China).

Processing of sequencing data

Subsequent analyses were performed in QIIME (v1.9.0) 
with the following modification. Based on a 97% similarity 
threshold, high-quality sequences were clustered to opera-
tional taxonomic units (OTUs) against the ribosomal data-
base project (RDP) classifier database (v2.12) (Wang et al. 
2007). This included a built-in chimera check performed by 
Usearch (v11.0.667). Alpha diversity analysis, including the 
ACE (Abundance-based Coverage Estimator), Chao1, Shan-
non, Simpson, and Coverage indices, were calculated using 
QIIME (v1.9.0). ACE and Chao1 indices reflect the bacterial 
richness, whereas Shannon and Simpson indices reflect the 
bacterial diversity (a higher Shannon index or lower Simp-
son index indicates a lower proportion of dominant bacte-
ria abundance in the total biomass), and the coverage index 
represents the sequencing depth. Taxonomic information 
was assigned to each OTU via the native Bayesian assign-
ment method, and the OTU numbers were normalized to 
equal reads per sample for subsequent analysis. Hierarchi-
cal clustering based on Ward's method and a comparison 
of the group distance based on weighted UniFrac similar-
ity was performed using the vegan package in R (v.3.5.3). 
The various functional contributions of the bacteria in the 
sediment of different treatment microcosms were explored 
based on OTUs using Functional Annotation of Prokaryotic 
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Taxa (FAPROTAX) software (v1.2.1) (Louca et al. 2016) 
and Phylogenetic Investigation of Communities by Recon-
struction of Unobserved States (PISRUSt) software (v1.1.4) 
(Langille et al. 2013).

Statistical analysis

Welch’s two-sample t test was performed to evaluate the 
differences in sediment variables (DO, pH, ORP, AVS, 
TOC, total bacteria, SRB, and NRB) and the abundance of 
FAPROTAX and PICRUSt function prediction among the 
control, Mg(OH)2, and Ca(NO3)2 treatments. Non-paramet-
ric multivariate analysis of variance (ADONIS) was per-
formed using the “vegan” R package, and 999 displacement 
tests were performed to determine whether the differences 
between the groups were statistically significant. Principal 
component analysis (PCA) was used to reveal the differences 
among sediments collected in different treatment micro-
cosms. Redundancy analysis (RDA) and Pearson correla-
tion analysis were used to assess the effects of environmental 
factors on the bacterial community and functional groups, 
including (1) the relationship between environmental vari-
ables and dominant bacteria at the genus and class level, (2) 
the relationship between functional groups and dominant 
bacteria, and (3) the relationship between functional groups 
and environmental variables (n = 6). For all tests, an α value 
of 0.05 was used to determine the significance of differ-
ences. To control for false positives, all p values for multiple 
comparisons were corrected using the false discovery rate 
(FDR < 0.05). All analyses were performed using R studio 
(v3.6.0) or STAMP software (v2.1.3) (Parks et al. 2014).

Results

Variation of physiochemical properties in sediment 
microenvironments

Hereafter, Mg(OH)2 and Ca(NO3)2 treatments are referred 
to as Mg and Ca microcosms, respectively. The DO concen-
tration in the Ca microcosms gradually increased, peaking 
on day 21, then decreased, whereas the DO concentration 
in the Mg microcosms remained stable at approximately 
0.16 mg/L. The DO concentration in the control micro-
cosms continuously decreased throughout the experimental 
period (Fig. 1a). The pH in the control and Ca microcosms 
remained neutral and exhibited no significant difference 
between them, whereas the pH in the Mg microcosms was 
significantly increased (p < 0.01), peaking at 9.28 on day 14, 
then remained alkaline (pH > 9) until day 30 (Fig. 1b). The 
ORP values in the control and Mg microcosms remained 
negative throughout the experimental period, whereas those 
in the Ca microcosms increased significantly (p < 0.01) 

from negative to positive and peaked at 72.1 mV on day 21 
(Fig. 1c). The AVS concentration in the Ca microcosms was 
significantly decreased (p < 0.01) and remained low after day 
7, whereas those in the control and Mg microcosms continu-
ously increased and peaked on day 21; this was followed by 
a decrease in the Mg microcosms on day 30 (Fig. 1d). The 
TOC content in the control, Mg, and Ca microcosms showed 
similar variation, and was relatively higher in the Mg and 
Ca microcosms than in control microcosms (Fig. 1e). The 
sediment became fluffy and floated upward in the Ca micro-
cosms, and the color changed from black to yellowish brown 
after the 30-day treatment. However, sediments in the Mg 
microcosms were much denser and showed no signs of float-
ing upward, and only the surface sediment changed to yel-
lowish brown (Fig. 1f).

Sediment bacterial diversity and community 
composition

The sequencing results are presented in Table 1. The number 
of effective sequences ranged from 40,488 to 68,986, the 
number of OTUs with 97% similarity ranged from 1597 to 
1825, and the coverage of all samples was above 0.970, indi-
cating that the sequencing results accurately expressed the 
microorganism diversity. The rarefaction curves of all sam-
ples showed an upward trend, revealing a high OTU richness 
and abundance (Fig. S1). Although the highest Chao1 and 
ACE indices were obtained in the Ca microcosms on day 
14, the overall Chao1 and ACE indices (including days 14 
and 30) remained relatively higher in the Mg microcosms, 
indicating a higher richness of bacterial community after 
the 30-day treatment. The Shannon and Simpson indices 
of the Ca and Mg microcosms both decreased after the 
30-day treatment, and exhibited no significant differences, 
which indicated that both Mg(OH)2 and Ca(NO3)2 addition 
treatments reduced the diversity of the sediment bacterial 
community and promoted the transformation of dominant 
bacteria. As shown in Fig. S2a, the results of the PCA at the 
genus level reveal significant differences in the microbial 
communities of the original sediments and control, Ca, and 
Mg microcosms (ADONIS, R2 = 0.114, p = 0.001). In par-
ticular, a clear separation between the community composi-
tion present in Ca microcosms and the other microcosms 
can be observed on the PC1 and PC2 axes (ADONIS, 
R2 = 0.083, p = 0.001). Furthermore, the composition of con-
trol, Ca, and Mg microcosms varied across treatment time 
(ADONIS, Origin vs Control30, R2 = 0.116, p = 0.001; Ca14 
vs Ca30, R2 = 0.152, p = 0.001; Mg14 vs Mg30, R2 = 0.109, 
p = 0.001).

According to the OTU taxonomic analysis, 31 phyla 
within bacteria and archaea were identified, 11 of which had 
relative abundance greater than 1.0% in (Fig. 2a). In gen-
eral, Proteobacteria was the most abundant phylum across all 
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Fig. 1  Changes in DO (a), pH (b), ORP (c), AVS (d), TOC (e), and 
appearance condition (f) in the control, Mg, and Ca microcosms dur-
ing the experiment Error bars denote standard deviations (n = 9). 
Significant differences among the three microcosms were tested 

with Welch’s two-sample t test (n = 12, α = 0.05). Significance level: 
*p < 0.05, **p < 0.01, ***p < 0.001. DO dissolved oxygen, ORP 
oxidation/reduction potential, AVS acid volatile sulfide, TOC total 
organic carbon
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samples (average relative abundance of 33.68%), followed 
by Chloroflexi (23.45%), Planctomycetes (7.75%), and Act-
inobacteria (7.68%) (Fig. 2a; Table S1-1). Proteobacteria 
and Actinobacteria showed high relative abundance in the 
Ca microcosms (41.30 and 11.50%, respectively), whereas 
Chloroflexi and Planctomycetes were abundant in the Mg 
microcosms (26.57 and 13.73%, respectively) (Table S1-1). 
In addition, Cyanobacteria showed a high relative abundance 
in the control microcosms on day 30 (Fig. 2a; Table S1-1).

At the class level, a total of 79 classes were obtained 
across all samples, with 15 exhibiting a relative abundance 

of more than 1.0% (Fig. 2b). Anaerolineae was the most 
abundant class in all treatments, with an average relative 
abundance of 15.47%, followed by Alphaproteobacteria 
(9.97%), Gammaproteobacteria (8.28%), Deltaproteobacte-
ria (8.03%), Planctomycetia (7.73%), Betaperoteobacteria 
(6.67%), and Actinobacteria (5.44%) (Fig. 2b; Table S1-2). 
The classes Anaerolineae and Planctomycetia were obvi-
ously more abundant in the Mg microcosms, whereas Alp-
haproteobacteria, Gammaproteobacteria, Betaproteobac-
teria, and Actinobacteria were more abundant in the Ca 
microcosms (Fig. 2a, b; Table S1-1 and S1-2).

Table 1  Relative abundance and diversity data of the sediment bacterial community

OTUs operational taxonomic units, ACE abundance-based coverage estimator
Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001

Group Sequence number OTUs (97%) Bacterial richness Bacterial richness Coverage

Chao1 ACE Shannon Simpson

Origin0 46,058 ± 58 1.696 ± 32*** 2.082 ± 82 2.099 ±  70** 6.076 ± 0.064 0.006 ± 0.001 0.979 ± 0.002
Control30 26,214 ± 91*** 1.604 ± 34 1.976 ± 96 2.010 ± 32 5.791 ± 0.032*** 0.011 ± 0.002*** 0.979 ± 0.003***
Mg14 49,731 ± 63* 1.739 ± 64 2041 ± 10 2.029 ± 56 6.204 ± 0.023*** 0.006 ± 0.001** 0.982 ± 0.002***
Mg30 21,861 ± 94*** 1.662 ± 24** 2.038 ± 108** 2.038 ± 12 6.013 ± 0.047 0.007 ± 0.000 0.980 ± 0.001
Ca14 51,458 ± 70** 1.825 ± 51*** 2.162 ± 62*** 2.160 ± 53*** 6.239 ± 0.075*** 0.005 ± 0.001*** 0.980 ± 0.001
Ca30 60,391 ± 82*** 1.597 ± 93*** 1.843 ± 74*** 1.870 ± 70*** 6.002 ± 0.046 0.006 ± 0.002 0.983 ± 0.004

Fig. 2  Community composition and abundance for different treatments at the phylum (a) and class (b) levels of Bacteria and Archaea Phyla and 
classes with average relative abundances less than 1.0% are grouped as Other
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The 32 dominant genera, which included 15 unclassified 
genera, constituted more than 0.1% of the average relative 
abundance. An unclassified genus in the family Anaerolin-
eaceae was dominant in all samples (average relative abun-
dance of 14.43%), followed by unclassified genera in the 
family Planctomycetaceae (6.72%) and phylum Chloroflexi 
(6.68%) (Fig. 3; Table S1-3). Hierarchical clustering of 
samples at the genus level showed that, although the Mg 
microcosms on days 14 and 30 were clustered together with 
the original samples (day 0), the Ca microcosms on days 14 
and 30 were clustered into an independent branch that was 
separate from the other microcosms (vertical dendrogram 
in Fig. 3).

The 32 dominant genera were divided into three clusters 
(horizontal dendrogram in Fig. 3). The genera in cluster I 
were dominant in the control microcosm on day 30, those 
in cluster II were dominant only in the Ca microcosms on 
day 30, and those in cluster III were dominant in the Mg 
microcosms on days 14 and 30 and in the Ca microcosms 
on day 14 (heatmap in Fig. 3). Clusters I, II, and III were 
further divided into subgroups A and B, subgroups C and D, 
and subgroups E and F, respectively. Subgroup A included 
genus Gp17 and two unclassified genera in phylum Chloro-
flexi, which were relatively abundant in the Mg microcosms 
on day 30. Subgroup B included unclassified genera in the 

classes Cyanobacteria, Leuconostoc, Methylocystis, and 
Desulfomonile, which exhibited relatively high abundance 
in the control microcosms (Control30) (Fig. 3, Table S1-3). 
Subgroup C genera that were abundant in the Ca micro-
cosms on day 14 or 30 included the genera Gp16, Gaiella, 
and unclassified genera in the class Actinobacteria, whereas 
those in subgroup D included the genera Thiobacillus, Lyso-
bacter, and Thermomonas. Subgroup E mainly consisted of 
Aminicenantes genera incertae sedis and other unclassified 
genera belonging to class Betaproteobacteria, Deltaproteo-
bacteria, and Gammaproteobacteria, all of which were abun-
dant in the Mg microcosms on days 14 and 30 and in the 
Ca microcosms on day 14. Subgroup F included the genera 
Thermogutta, Gp6, and unclassified genera belonging to the 
class Planctomycetia, which were mainly abundant in the 
Mg microcosms on day 14 (Fig. 3, Table S1-3).

Variations in SRB and NRB composition

The composition of SRB and NRB detected by dsrB and 
nirS gene sequencing is shown in Fig. S3. The dominant 
species of SRB mainly belonged to the phyla Proteobacteria 
and Acidobacteria, the classes Acidobacteria and Deltapro-
teobacteria, and the genera Desulfobacca, Desulfobulbus, 
Desulfomonile, Desulfosarcina, and Syntrophobacter (Fig. 

Fig. 3  Bacterial community composition at the genus level in differ-
ent samples shown by an abundance heatmap with clustering analysis 
Each row and column of the heatmap represents the genus (phylum/

class/genus) and sample (treatment + day), respectively. Colors indi-
cate the relative abundance from high (red) to low (blue). C I–III: 
cluster I–III; Letters A–F: subgroups
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S3a–c). Furthermore, the abundance of the genera Desulfo-
bacca, Desulfomonile, and Desulfosarcina decreased in both 
Mg and Ca microcosms, whereas the genus Syntrophobacter 
decreased only in the Mg microcosms, and the genus Des-
ulfobacterium decreased only in the Ca microcosms after 
the 30-day treatment. The dominant species of NRB mainly 
belonged to the phyla Proteobacteria and Planctomycetes, 
the classes Alphaproteobacteria, Betaproteobacteria, Gam-
maproteobacteria, and Planctomycetia, and the genera Aci-
dovorax, Dechlorononas, Dechlorospirillum, Pseudomonas, 
Rhodanobacter, and Rubrivivax (Fig. S3d–f). Furthermore, 
the genera Dechlorononas and Rhodanobacter decreased in 
both Mg and Ca microcosms, the genera Dechlorospiril-
lum and Pseudomonas decreased in the Mg microcosms and 
increased in the Ca microcosms, and the genus Acidovorax 
increased only in the Ca microcosms after the 30-day addi-
tion treatment.

FAPROTAX and PICRUSt functional prediction 
of bacterial communities

Based on the FAPROTAX analysis, more than 90 functional 
groups were predicted to appear in all samples, and 23 func-
tional groups with a relative abundance of greater than 0.1% 
were regarded as the dominant groups (Fig. S4a). Chemohet-
erotrophy and aerobic chemoheterotrophy (average relative 
abundance of 7.47% and 3.40%, respectively) were the most 
dominant functional groups in all treatments, followed by 
fermentation (2.19%), sulfate respiration (2.48%), and the 
respiration of sulfur compounds (2.49%) (Table S2). Fer-
mentation and chloroplasts related to the carbon cycle were 
dominant in the control microcosms after the 30-day treat-
ment (Fig. S4a). The abundance of functional groups related 
to sulfur and nitrogen cycles differed significantly between 
the control, Ca, and Mg microcosms. Sulfate respiration and 
respiration of sulfur compounds were decreased, whereas 
dark oxidation of sulfur compounds and dark sulfide oxida-
tion were increased in the Ca microcosms after the 30-day 
treatment. Nitrogen fixation was obviously decreased in 
the Mg microcosms, and nitrate reduction was increased in 
the Ca microcosms (Fig. S4a). The differences in potential 
microbial ecological function, based on FAPROTAX pre-
diction, among the samples from original sediment, con-
trol, Ca, and Mg microcosms are shown in a PCA plot (Fig. 
S2b). Samples of original sediment and control, Ca, and 
Mg microcosms are clearly distinct on both the PC1 and 
PC2 axes. The composition of potential microbial ecological 
function in the original sediment and the Mg microcosms 
vary from those of control and Ca microcosms (ADONIS, 
R2 = 0.129, p = 0.001), and the composition of potential 
microbial ecological function in the Ca microcosm also 
varied from those of original sediment, control, and Mg 
microcosms (ADONIS, R2 = 0.067, p = 0.002).

Based on the PICRUSt prediction, a total of six biologi-
cal metabolic pathways (category level 1) were detected, 
including environmental information processing, metabo-
lism, genetic information processing, cellular processes, 
organismal systems, and unclassified metabolic pathways, 
as well as 40 subfunctions (category level 2); the top 25 
according to their relative abundance are shown in Fig. S4b. 
The relative abundance was highest for the genes potentially 
involved in the metabolism pathway in each treatment; the 
genes involved in the metabolism pathway subfunctions, 
including carbohydrate metabolism, amino acid metabolism, 
energy metabolism, metabolism of cofactors and vitamins, 
lipid metabolism, nucleotide metabolism, xenobiotics bio-
degradation, and metabolism, were also abundant (Fig. S4b). 
The genes involved in genetic information processing and 
environmental information processing pathways followed 
the metabolism pathway, and their subfunctions, including 
membrane transport, replication and repair, and translation, 
were also abundant in all treatments (Fig. S4b). The dif-
ferences in potential microbial ecological function, based 
on PICRUSt prediction, among samples from original sedi-
ment and control, Ca, and Mg microcosms are shown in a 
PCA plot (Fig. S2c). Samples of the original sediment and 
Mg microcosm are distinct from the control and Ca micro-
cosms on the PC1 axis, where the variation in the composi-
tion of potential microbial ecological function can be seen 
(ADONIS, R2 = 0.074, p = 0.001). Ca microcosm samples 
are clearly distinct from those of original sediment, control, 
and Mg microcosms on the PC2 axis. Furthermore, the com-
position of potential microbial ecological function in the Ca 
microcosm varied from the others (ADONIS, R2 = 0.078, 
p = 0.001).

Furthermore, PICRUSt predicted the occurrence of sev-
eral genes potentially involved in nitrogen and sulfur metab-
olism subfunctions. The dissimilatory sulfate reduction 
(including genes encoding sulfate adenylyltransferase (sat), 
adenylylsulfate reductase subunit A/B (aprAB), and sulfate 
reductase dissimilatory-type alpha/beta subunit (dsrAB)) 
were obviously decreased in the Ca microcosms after the 
30-day treatments, whereas the assimilatory sulfate reduc-
tion (including genes encoding sulfate adenylyltransferase 
subunit 2 (cysD), adenylylsulphate kinase (cysC), sulfite 
reductase (NADPH) flavoprotein alpha-component (cysJ), 
and sulfite reductase (NADPH) hemoprotein beta-compo-
nent (cysI)) were obviously decreased in the Mg micro-
cosms (Fig. S5a). Denitrification, including genes encoding 
nitrate reductase 1 alpha/beta subunit (narG/narH), nitrite 
reductase (NO-forming) (nirK, nirS), nitric oxide reductase 
cytochrome b-containing subunit II (norB), and nitrous-
oxide reductase (nosZ)), were more abundant in the Ca 
microcosms than the Mg microcosms, whereas dissimilatory 
nitrate reduction to ammonium (including genes encoding 
periplasmic nitrate reductase NapA (napA), nitrite reductase 
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(NAD(P)H) large/small subunit (nirB/nirD), and formate-
dependent nitrite reductase periplasmic cytochrome c552 
subunit (nrfA)) were relatively abundant in the Ca micro-
cosms (Fig. S5b).

Correlation between dominant bacterial genera 
and predicted metabolism functional groups

Each bacterial functional group correlated well with cer-
tain dominant bacterial genera. The dominant genera and 
metabolic functional groups predicted by FAPROTAX were 
divided into six groups according to the Pearson correlation 
(Fig. 4a). Group I included the functional groups of chemo-
heterotrophy, aerobic chemoheterotrophy, chitinolysis, dark 
sulfide oxidation, and ureolysis, which exhibited a positive 
correlation with genera Thiobacillus, Thermomonas, Lyso-
bacter, Gp16, Phenylobacterium, and Gaiella, as well as 
unclassified genera belonging to the phylum Actinobacteria. 
Group II included the functional groups of nitrogen fixation, 
hydrocarbon degradation, and methylotrophy, which were 
positively correlated with the genus Methylocystis (p < 0.05). 
Group III included the functional groups of fermentation and 
chloroplasts, which were positively correlated with the gen-
era Desulfomonile, Hyphomicrobium, and unclassified gen-
era belonging to the phyla Cyanobacteria and Proteobacteria. 
Group IV included the functional groups of sulfate respira-
tion and hydrogenotrophic methanogenesis, which exhibited 
a positive correlation with Gp17 and unclassified genera in 
the phylum Chloroflexi. No functional groups were clustered 
into Group V, although the genera Gp6, Thermogutta, and 
unclassified genera belonging to phylum Planctomycetes 
were negatively correlated with the functional groups of 
chemoheterotrophy and nitrogen fixation (p < 0.05). Group 
VI included the functional groups of nitrate reduction, which 
were positively correlated with unclassified genera belong-
ing to classes Gammaproteobacteria, Betaproteobacteria, 
and Deltaproteobacteria (p < 0.05) (Fig. 4a; Table S3-1 and 
S3-2).

The dominant genera and potential functions of sedi-
ment bacterial communities based on PICRUSt prediction 
were divided into five groups according to the Pearson cor-
relation (Fig. 4b). Group I included the genes potentially 
involved in membrane transport, carbohydrate metabo-
lism, and biosynthesis of other secondary metabolites, 
which showed a positive correlation with genus Gp17 and 
unclassified genera belonging to the phyla Chloroflexi and 
Anaerolineaceae. These genera were negatively correlated 
with the genes potentially involved in the metabolism of 
terpenoids and polyketides, the endocrine system, xeno-
biotic biodegradation, metabolism, and the metabolism of 
other amino acids (p < 0.05). No genes involved in potential 
functions were clustered into Group II, although the genus 
Aminicenantes genera incertae sedis, unclassified genera 

belonging to the family Sinobacteraceae, and classes Gam-
maproteobacteria, Betaproteobacteria, Deltaproteobacteria, 
and Chromatiales were negatively correlated with the genus 
Desulfomonile (p < 0.05) and the genes potentially involved 
in cell growth and death. Group III included genes involved 
in cellular processes, environmental information process-
ing, genetic information processing, and metabolism, which 
were positively correlated with genera Gp6, Thermogutta, 
and unclassified genera belonging to the family Planctomy-
cetaceae. These genera were significantly negatively cor-
related with the genes involved in cell growth and death 
(p < 0.05). Group IV included cell growth and death, and the 
genera Methylocystis, Leuconostoc, Desulfomonile, Hypho-
microbium, Clostridium sensu stricto, unclassified genera 
of family Caldilineaceae, phylum Cyanobacteria, and order 
Rhizobiales. Group V included genes potentially involved 
in the metabolism of terpenoids and polyketides, the endo-
crine system, xenobiotic biodegradation, metabolism, and 
the metabolism of other amino acids, which were positively 
correlated with the genus Gp16, Gaiella, Aquabacterium, 
Phenylobacterium, Sphingomonas, and unclassified gen-
era belonging to the family Coriobacteriaceae, suborders 
Frankineae and Acidimicrobineae, and phylum Actinobac-
teria (p < 0.05) (Fig. 4b).

Effects of sediment environmental factors 
on bacterial communities and metabolism 
functional groups

According to the RDA, the overall variances of the bacte-
rial community structures at the genus level were explained 
by 61.73% in RDA 1 and by 26.23% in RDA 2 (Fig. 5a), 
and the variances of the predicted metabolic functions were 
explained by 65.67 and 77.60% in RDA 1 and by 28.88 and 
20.21% in RDA 2 (Fig. 5b, c). ORP was the principal envi-
ronmental factor that explained the community variations 
in both diagrams (p < 0.05). Most of the dominant genera, 
including Gp16, Gaiella, Thiobacillus, Thermomonas, and 
Lysobacter, as well as the metabolism function groups, 
including chemoheterotrophy, aerobic chemoheterotrophy, 
dark sulfide oxidation, ureolysis, and chitinolysis, were posi-
tively correlated with ORP (p < 0.05), whereas unclassified 
genera in the family Anaerolineaceae, the functional groups 
of sulfate respiration, and the genes potentially involved in 
carbon fixation in photosynthetic organisms and oxida-
tive phosphorylation were negatively correlated with ORP 
(p < 0.05) (Fig. 5a–c). Genes potentially involved in sulfur 
metabolism and methane metabolism were also negatively 
correlated with ORP (Fig. 5c). AVS was negatively corre-
lated with genera Thiobacillus, Thermomonas, and Lyso-
bacter and sulfide oxidation, ureolysis, and chitinolysis 
functional groups (p < 0.05), but positively correlated with 
unclassified genera in the phylum Chloroflexi and the sulfate 
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Fig. 4  Heatmap of the Pearson correlation between dominant gen-
era and functional groups based on FAPROTAX (a) and PICRUSt 
(b) predictions Size and darkness of color in each grid represent the 

level of the correlation coefficient. Blue and red colors represent posi-
tive and negative correlations, respectively. White asterisks indicate a 
coefficient and p value of ≥ 0.80 and < 0.05, respectively
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respiration functional group (p < 0.05) (Fig. 5a, b). DO was 
negatively correlated with unclassified genera in the class 
Cyanobacteria and the chloroplast functional group, as well 
as genes potentially involved in photosynthesis-antenna pro-
teins, photosynthesis, and photosynthesis protein functional 
groups (p < 0.05). pH was positively correlated with the 
genus Thermogutta, and potential genes involved in sulfur 
metabolism, methane metabolism, and oxidative phospho-
rylation, and negatively correlated with the nitrogen fixation 
functional group (p < 0.05) (Fig. 5a–c). TOC was positively 
correlated with the genus Thermomonas and the ureolysis 
functional group (p < 0.05) (Fig. 5a, b; Fig. S6 and S7).

Discussion

Effect of Mg(OH)2 and Ca(NO3)2 on the sediment 
redox state

The RDA results (Fig. 5) demonstrated that ORP and 
AVS were the two main environmental factors signifi-
cantly affecting the majority of dominant bacteria and 
functional groups, as well as the Ca microcosm samples. 
The increased ORP and reduced AVS found in the Ca 
microcosms (Fig. 1) indicated that Ca(NO3)2 could effec-
tively promote the redox state of sediment from reduc-
tive to oxidizing. Previous studies have reported that 
Ca(NO3)2, as a strong oxidant, can effectively improve 
the reduction state and inhibit the release of  H2S in con-
taminated sediments through a series of biochemical reac-
tions, including the decomposition and transformation of 
organic matter or reductive substances, as well as denitri-
fication and sulfur-dependent autotrophic denitrification 
(Lau et al. 2017; Li et al. 2017; Pan et al. 2018; Boyd 
2020). The genus Thermomonas, belonging to class Gam-
maproteobacteria, and genus Thiobacillus, belonging to 
class Betaproteobacteria, are well-known heterotrophic 
and sulfur-dependent autotrophic denitrification bacteria 
in freshwater sediments (Shao et al. 2010; Li et al. 2017; 
Han et al. 2019; Hao et al. 2020). The relative abundance 
of these two genera in the Ca microcosms was signifi-
cantly increased, confirming that Ca(NO3)2 addition pro-
moted the occurrence of denitrification and the reduction 
of black-odorous substances in sediments. Conversely, 
increased ORP and reduced AVS were only observed on 
day 30 in the Mg microcosms, indicating that the addition 
of Mg(OH)2 as a treatment method might require a more 
extensive treatment period before improving contami-
nated sediments. Although pH is a key factor affecting 
the activity of bacterial metabolism (Pepino Minetti et al. 
2017; Yun et al. 2017; Liu et al. 2019; Chen et al. 2021), 
the RDA and Pearson correlation analysis in the present 
study showed a less significant correlation between pH 

Fig. 5  Redundancy analysis of the relationships between sediment 
environmental factors and a dominant genera, b metabolism func-
tional groups based on FAPROTAX predictions, and c genes poten-
tially involved in functional metabolisms based on PICRUSt pre-
dictions Only dominant genera, functional groups, and genes with 
p < 0.05 are shown. RDA redundancy analysis
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and the dominant bacteria and functional groups, suggest-
ing that the weak alkalinity induced by Mg(OH)2 was not 
sufficient to affect the activity of the bacterial community 
and their metabolic functions in contaminated sediments. 
Thus, combining Mg(OH)2 with other biochemical rea-
gents might enhance the improvement effect of Mg(OH)2.

Effects of Mg(OH)2 and Ca(NO3)2 addition 
on predicted bacterial metabolism functions

The composition and ecological functions of microbial 
communities in sediments are complex, and they vary in 
different environments (Tang et al. 2018; Liu et al. 2019; 
Chen et al. 2022; Yun et al. 2022). Sediment samples 
of the Mg microcosm collected on day 30 (Mg30) and 
original sediment samples (Origin) were found to have 
a close distribution in the PCA plots (Fig. S2), suggest-
ing a similarity in microbial community composition 
and potential microbial ecological function between the 
original sediment and the Mg microcosm after 30 days 
of Mg(OH)2 addition treatment. Furthermore, samples of 
the Ca microcosm (Ca14 and Ca30) were distinct from 
those of the Mg microcosm on both the PC1 and PC2 
axes (Fig. S2). This suggests a variation in microbial 
community and their potential functions as a result of 
the different treatments. Previous studies have reported 
that bacterial aerobic metabolism is stronger than anaero-
bic metabolism (Louca and Doebeli 2017), and nitrogen 
metabolism is more active than sulfur metabolism in the 
sediments of urban rivers and lakes (Li et al. 2019; Fu 
et al. 2020). PICRUSt functional prediction analysis of 
the present study also showed that the genes involved 
in nitrogen metabolism were more abundant than those 
involved in sulfur metabolism, and the genes involved in 
sulfur metabolism were relatively more abundant in Mg 
microcosms, indicating much more active sulfur metabo-
lism under the Mg(OH)2 addition treatment.

Functional bacteria related to aerobic chemoheterotro-
phy, nitrogen fixation, and sulfide oxidation processes 
were abundant in the Ca microcosms (Figs. 3, 4a), indi-
cating an obvious promotion effect on bacterial oxida-
tion metabolism under the Ca(NO3)2 addition treatment. 
Indeed, (He et al. 2017, 2018 and Li et al. 2019 reported 
that the addition of Ca(NO3)2 could enhance the denitrifi-
cation effect and the persistence of microbial autotrophic 
denitrification in sediments. In the present study, the 
genera Thermomonas and Thiobacillus, which belong to 
heterotrophic and sulfur-dependent autotrophic denitrifi-
cation bacteria, were obviously increased under Ca(NO3)2 
addition treatment, although their relative abundance only 
accounted for a small proportion of the total bacteria.

Relationships between bacterial taxonomic groups 
and predicted metabolism functions

Among the 211 genera detected in this study, 36 genera 
were abundant in the Ca microcosms (Fig. S8). Bacteria 
that increased under Ca(NO3)2 treatment mainly belonged to 
the classes Alphaproteobacteria, Betaproteobacteria, Gam-
maproteobacteria, and Actinobacteria (Table S1-1), includ-
ing the aerobic and chemotrophic genera Sphingomonas 
(class Alphaproteobacteria), Thiobacillus (class Betapro-
teobacteria), Lysobacter (class Gammaproteobacteria), and 
Gaiella (class Actinobacteria) (Table S1-2 and S1-3).

Most members of the class Alphaproteobacteria are 
chemoheterotrophic or chemoautotrophic bacteria and play 
significant roles in nitrogen fixation and the decomposition 
and assimilation of organic matter in organically enriched 
sediment (Chaudhary and Kim 2016; Ghosal et al. 2016; Fu 
et al. 2020; Sun et al. 2020; Zhang et al. 2021a, b). Similar 
results were also observed in the present study, whereby 
the dominant genera of class Alphaproteobacteria were 
abundant in the Ca microcosms and closely correlated with 
aerobic metabolism, which confirmed the contribution of 
Ca(NO3)2 to promoting the activity of aerobic and chemo-
heterotrophic metabolisms in the sediments.

The genus Thiobacillus, which belongs to class Betapro-
teobacteria, is a well-known sulfur-dependent autotrophic 
denitrification bacterium that can use nitrate as an electron 
acceptor and sulfide as an electron donor to achieve the 
goal of simultaneous desulfurization and denitrification (Di 
Capua et al. 2016; He et al. 2017; Chen et al. 2019). (Wang 
et al. 2016a, b; Hao et al. 2020; and Zhang et al. 2022) also 
reported that Thiobacillus denitrificans could be effectively 
used for desulfurization and denitrification in black-odorous 
sediments under Ca(NO3)2 treatment. Similarly, the results 
of the present study also showed that the genus Thiobacillus 
was abundant in the Ca microcosms and significantly posi-
tively correlated with the functional bacteria of dark sulfide 
oxidation, as well as the genes involved in denitrification 
and dissimilatory nitrate reduction to ammonium metabo-
lism (these genes including narG, nirK, nirS, norC, norB, 
nasB, and narL) (p < 0.05) (Fig. S5, Fig. 4). Therefore, these 
results confirmed the improvement effect of Ca(NO3)2 treat-
ment on the redox state of sediments and the desulfurization 
ability of genus Thiobacillus (Li et al. 2019; Huang et al. 
2020).

Conversely, the bacteria that increased under Mg(OH)2 
treatment mainly belonged to the classes Anaerolineae and 
Planctomycetia (Fig. 2b, Table S1-1), including the anaer-
obic unclassified genera in class Anaerolineae and genera 
Thermogutta in class Planctomycetia (Fig. 3; Table S1-2 
and S1-3). Previous research has demonstrated that most 
known species in the class Anaerolineae are fermentative, 
syntrophic, and strictly anaerobic organisms (Yamada 
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et al. 2006; Wang et al. 2016b; Cai et al. 2021; Ni et al. 
2022) and have the capability to cooperatively degrade 
carbohydrates and alkanes with hydrogenotrophic metha-
nogens (Friedl et al. 2018; Rahman et al. 2019; Li et al. 
2020a, b). Pearson correlation analysis of bacterial taxo-
nomic groups and their predicted metabolic functions also 
showed a significant positive correlation between unclassi-
fied genera of the family Anaerolineaceae and the hydrog-
enotrophic methanogenesis functional group (Fig. 4a), as 
well as the genes involved in energy metabolism (including 
methane metabolism and carbon fixation in photosynthetic 
organisms) (p < 0.05) (Fig. 4b). Furthermore, the signifi-
cant negative correlation with aerobic chemoheterotrophy 
and dark sulfide oxidation (p < 0.05) (Fig. 4a) indicated a 
relatively stronger anaerobic state in the sediments of the 
Mg microcosms.

The phylum Cyanobacteria is the dominant nanophyto-
plankton community in the surface water of most eutrophic 
water areas and could also be the main species in sedi-
ments formed by vertical sinking (Fu et al. 2020). In the 
present study, the phylum Cyanobacteria and its positively 
correlated functional groups chloroplasts and fermenta-
tion, as well as the genes involved in photosynthesis pro-
teins (p < 0.01), only increased in the control microcosms 
(Control30) after the 30-day treatment (Fig. 3; Fig. S4), 
whereas those in the Mg and Ca microcosms decreased 
significantly (p < 0.05). These results indicate that both 
Mg(OH)2 and Ca(NO3)2 could effectively inhibit the 
growth of several genera belonging to the phylum Cyano-
bacteria; therefore, they may be able to control and even 
inhibit the development of Cyanobacterial blooms and 
eutrophication in water ecosystems.

In conclusion, this study revealed the differences in 
sedimental properties and the richness, composition, and 
predicted potential functions of sediment bacterial com-
munities before and after remediation. The addition of 
Ca(NO3)2 significantly enhanced the oxidation state in sed-
iments and effectively promoted the growth and activity 
of functional bacteria related to aerobic metabolism, indi-
cating that Ca(NO3)2 more rapidly improves the hypoxia-
related reducing state in sediments than Mg(OH)2. Addi-
tionally, the addition of Mg(OH)2 significantly promoted 
the abundance and activity of correlated genes and bacte-
ria involved in sulfur metabolism, carbon fixation metabo-
lism, and methane metabolism, indicating that Mg(OH)2 
accelerates carbon and sulfur metabolism in sediments. 
This study deepens the understanding of the remediation 
effect of these remediation reagents on microbial com-
munity composition and ecological function in sediment. 
However, the remediation effect on different types of pol-
luted water bodies, effects of a concentration series of 
remediation reagents, and remediation mechanisms need 
to be further studied.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00203- 022- 02871-4.

Author contributions All authors contributed to the study conception 
and design. Investigation, material preparation, and data collection 
and analysis were performed by DX (lead), HZ, and QM (supporting). 
Supervision and review and editing were performed by AH, SK, and 
YI. The first draft of the manuscript was written by DX, and all authors 
commented on previous versions of the manuscript. All authors have 
read and approved the final manuscript.

Funding This study was supported by the National Natural Science 
Foundation of China (Grant Number 42007152), and by the National 
Key Research and Development Program of China (Grant Number 
2018YFE0103700).

Data availability All data generated or analyzed during this study are 
included in this published article and its supplementary information 
files.

Declarations 

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Andrade LN, Araujo SF, Matos AT et al (2017) Performance of differ-
ent oxidants in the presence of oxisol: remediation of groundwater 
contaminated by gasoline/ethanol blend. Chem Eng J 308:428–
437. https:// doi. org/ 10. 1016/j. cej. 2016. 09. 069

Boyd CE (2020) Sulfur. Water quality. Springer, Switzerland, pp 
323–333

Cai C, Li L, Hua Y et al (2021) Ferroferric oxide promotes metabo-
lism in Anaerolineae other than microbial syntrophy in anaerobic 
methanogenesis of antibiotic fermentation residue. Sci Total Env 
758:143601. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 143601

Chaudhary DK, Kim J (2016) Sphingomonas naphthae sp. nov., iso-
lated from oil-contaminated soil. Int J Syst Evol Microb 66:4621–
4627. https:// doi. org/ 10. 1099/ ijsem.0. 001400

Chen M, Zhou XF, Yu YQ et al (2019) Light-driven nitrous oxide 
production via autotrophic denitrification by self-photosensitized 
Thiobacillus denitrificans. Env Int 127:353–360. https:// doi. org/ 
10. 1016/j. envint. 2019. 03. 045

Chen XF, Wang K, Li X et al (2021) Microcystis blooms aggravate 
the diurnal alternation of nitrification and nitrate reduction in the 
water column in Lake Taihu. Sci Total Env 767:144884. https:// 
doi. org/ 10. 1016/j. scito tenv. 2020. 144884

https://doi.org/10.1007/s00203-022-02871-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.cej.2016.09.069
https://doi.org/10.1016/j.scitotenv.2020.143601
https://doi.org/10.1099/ijsem.0.001400
https://doi.org/10.1016/j.envint.2019.03.045
https://doi.org/10.1016/j.envint.2019.03.045
https://doi.org/10.1016/j.scitotenv.2020.144884
https://doi.org/10.1016/j.scitotenv.2020.144884


 Archives of Microbiology (2022) 204:280

1 3

280 Page 14 of 15

Chen M, Zhang YQ, Krumholz LR et al (2022) Black blooms-induced 
adaptive responses of sulfate reduction bacteria in a shallow fresh-
water lake. Env Res 209:112732. https:// doi. org/ 10. 1016/j. envres. 
2022. 112732

Cui F, Kim M, Kim M (2018) An innovative U-shaped sludge bed 
anammox process for nitrogen removal. J Env Manag 226:437–
447. https:// doi. org/ 10. 1016/j. jenvm an. 2018. 08. 056

de Alencar FLS, Navoni JA, do Amaral VS (2017) The use of bac-
terial bioremediation of metals in aquatic environments in the 
twenty-first century: a systematic review. Env Sci Pollut Res Int 
24:16545–16559. https:// doi. org/ 10. 1007/ s11356- 017- 9129-8

Di Capua F, Ahoranta SH, Papirio S et al (2016) Impacts of sulfur 
source and temperature on sulfur-driven denitrification by pure 
and mixed cultures of Thiobacillus. Process Biochem 51:1576–
1584. https:// doi. org/ 10. 1016/j. procb io. 2016. 06. 010

Faridah O, Shahram M, Shahin G, Soenita H (2011) Suppressing 
dissolved hydrogen sulfide in a sewer network using chemical 
methods. Sci Res Essays 6:3601–3608. https:// doi. org/ 10. 5897/ 
SRE10. 897

Fink JR, Inda AV, Bavaresco J et al (2016a) Adsorption and desorp-
tion of phosphorus in subtropical soils as affected by manage-
ment system and mineralogy. Soil till Res 155:62–68. https:// 
doi. org/ 10. 1016/j. still. 2015. 07. 017

Fink JR, Inda AV, Bavaresco J et al (2016b) Diffusion and uptake of 
phosphorus, and root development of corn seedlings, in three 
contrasting subtropical soils under conventional tillage or no-
tillage. Biol Fertil Soils 52:203–210. https:// doi. org/ 10. 1007/ 
s00374- 015- 1067-3

Fink JR, Inda AV, Tiecher T, Barrón V (2016c) Iron oxides and 
organic matter on soil phosphorus availability. Ciênc Agrotec 
40:369–379. https:// doi. org/ 10. 1590/ 1413- 70542 01640 40230 16

Franks M, Duncan E, King K, Vázquez-Ortega A (2021) Role of 
Fe- and Mn-(oxy)hydroxides on carbon and nutrient dynamics 
in agricultural soils: a chemical sequential extraction approach. 
Chem Geol. https:// doi. org/ 10. 1016/j. chemg eo. 2020. 12003 
5,120035

Friedl J, De Rosa D, Rowlings DW et al (2018) Dissimilatory nitrate 
reduction to ammonium (DNRA), not denitrification dominates 
nitrate reduction in subtropical pasture soils upon rewetting. Soil 
Biol Biochem 125:340–349. https:// doi. org/ 10. 1016/j. soilb io. 
2018. 07. 024

Fu L, Li D, Mi T et al (2020) Characteristics of the archaeal and bacte-
rial communities in core sediments from Southern Yap trench via 
in situ sampling by the manned submersible jiaolong. Sci Total 
Env 703:134884. https:// doi. org/ 10. 1016/j. scito tenv. 2019. 134884

Gasparatos D, Massas I, Godelitsas A (2019) Fe-Mn concretions and 
nodules formation in redoximorphic soils and their role on soil 
phosphorus dynamics: current knowledge and gaps. CATENA. 
https:// doi. org/ 10. 1016/j. catena. 2019. 10410 6,104106

Geets J, Borremans B, Diels L et al (2006) DsrB gene-based DGGE 
for community and diversity surveys of sulfate-reducing bacteria. 
J Microb Methods 66:194–205. https:// doi. org/ 10. 1016/j. mimet. 
2005. 11. 002

Ghosal D, Ghosh S, Dutta TK, Ahn Y (2016) Corrigendum: current 
state of knowledge in microbial degradation of polycyclic aro-
matic hydrocarbons (PAHs): a review. Front Microb 7:1837. 
https:// doi. org/ 10. 3389/ fmicb. 2016. 01837

Guan Q, Zeng G, Gong B et al (2021) Phosphorus recovery and iron, 
copper precipitation from swine wastewater via struvite crystalli-
zation using various magnesium compounds. J Clean Prod. https:// 
doi. org/ 10. 1016/j. jclep ro. 2021. 12958 8,129588

Han H, Song B, Song MJ, Yoon S (2019) Enhanced nitrous oxide 
production in denitrifying Dechloromonas aromatica strain RCB 
under salt or alkaline stress conditions. Front Microb 10:1203. 
https:// doi. org/ 10. 3389/ fmicb. 2019. 01203

Hao W, Zhang J, Duan R et al (2020) Organic carbon coupling with 
sulfur reducer boosts sulfur based denitrification by Thiobacillus 
denitrificans. Sci Total Env 748:142445. https:// doi. org/ 10. 1016/j. 
scito tenv. 2020. 142445

He Z, Long X, Li L et al (2017) Temperature response of sulfide/
ferrous oxidation and microbial community in anoxic sediments 
treated with calcium nitrate addition. J Env Manag 191:209–218. 
https:// doi. org/ 10. 1016/j. jenvm an. 2017. 01. 008

He Z, Huang R, Liang Y et al (2018) Index for nitrate dosage calcula-
tion on sediment odor control using nitrate-dependent ferrous and 
sulfide oxidation interactions. J Env Manag 226:289–297. https:// 
doi. org/ 10. 1016/j. jenvm an. 2018. 08. 037

Huang C, Liu Q, Chen X et al (2020) Bioaugmentation with Thiobacil-
lus sp. H1 in an autotrophic denitrification desulfurization micro-
bial reactor: microbial community changes and relationship. Env 
Res 189:109927. https:// doi. org/ 10. 1016/j. envres. 2020. 109927

Jørgensen BB (2019) Unravelling the sulphur cycle of marine sedi-
ments. Env Microb 21:3533–3538. https:// doi. org/ 10. 1111/ 1462- 
2920. 14721

Langille MGI, Zaneveld J, Caporaso JG et al (2013) Predictive func-
tional profiling of microbial communities using 16S rRNA marker 
gene sequences. Nat Biotechnol 31:814–821. https:// doi. org/ 10. 
1038/ nbt. 2676

Lau MP, Hupfer M, Grossart HP (2017) Reduction-oxidation cycles of 
organic matter increase bacterial activity in the pelagic oxycline. 
Env Microb Rep 9:257–267. https:// doi. org/ 10. 1111/ 1758- 2229. 
12526

Li W, Wang Q, Shi H, Zhou J (2017) Research of sulfur and iron auto-
trophic denitrification microorganisms from urban malodorous 
river: a review. Guangdong Chem Ind 44:77–78 (In Chinese)

Li W, Zhang S, Zhang L et al (2019) In-situ remediation of sediment by 
calcium nitrate combined with composite microorganisms under 
low-DO regulation. Sci Total Env 697:134109. https:// doi. org/ 10. 
1016/j. scito tenv. 2019. 134109

Li N, Chen X, Zhao H et al (2020a) Spatial distribution and functional 
profile of the bacterial community in response to eutrophication 
in the subtropical Beibu Gulf. China Mar Pollut Bull 161:111742. 
https:// doi. org/ 10. 1016/j. marpo lbul. 2020. 111742

Li Z, Sun P, Zhang R, Yang Y (2020b) A novel magnesium-based 
oxygen releasing compound for eutrophic water remediation. 
Chemosphere 251:126326. https:// doi. org/ 10. 1016/j. chemo sphere. 
2020. 126326

Liu X, Tao Y, Zhou K et al (2017) Effect of water quality improve-
ment on the remediation of river sediment due to the addition of 
calcium nitrate. Sci Total Env 575:887–894. https:// doi. org/ 10. 
1016/j. scito tenv. 2016. 09. 149

Liu M, Liu LM, Chen HH et al (2019) Community dynamics of free-
living and particle-attached bacteria following a reservoir Micro-
cystis bloom. Sci Total Env 660:501–511. https:// doi. org/ 10. 
1016/j. scito tenv. 2018. 12. 414

Louca S, Doebeli M (2017) Taxonomic variability and functional sta-
bility in microbial communities infected by phages. Env Microb 
19:3863–3878. https:// doi. org/ 10. 1111/ 1462- 2920. 13743

Louca S, Parfrey LW, Doebeli M (2016) Decoupling function and tax-
onomy in the global ocean microbiome. Science 353:1272–1277. 
https:// doi. org/ 10. 1126/ scien ce. aaf45 07

Ni J, Ji J, Li YY, Kubota K (2022) Microbial characteristics in anaero-
bic membrane bioreactor treating domestic sewage: effects of 
HRT and process performance. J Env Sci (China) 111:392–399. 
https:// doi. org/ 10. 1016/j. jes. 2021. 04. 022

Nielsen PH, Raunkjær K, Hvitved-Jacobsen T (1998) Sulfide produc-
tion and wastewater quality in pressure mains. Water Sci Technol 
37:97–104. https:// doi. org/ 10. 2166/ wst. 1998. 0024

Nishino N, Kawauchi T (2003) Improved technology of sediment and 
water quality by spraying magnesium hydroxide. J Water Waste 
11:1085–1091 ((In Japanese))

https://doi.org/10.1016/j.envres.2022.112732
https://doi.org/10.1016/j.envres.2022.112732
https://doi.org/10.1016/j.jenvman.2018.08.056
https://doi.org/10.1007/s11356-017-9129-8
https://doi.org/10.1016/j.procbio.2016.06.010
https://doi.org/10.5897/SRE10.897
https://doi.org/10.5897/SRE10.897
https://doi.org/10.1016/j.still.2015.07.017
https://doi.org/10.1016/j.still.2015.07.017
https://doi.org/10.1007/s00374-015-1067-3
https://doi.org/10.1007/s00374-015-1067-3
https://doi.org/10.1590/1413-70542016404023016
https://doi.org/10.1016/j.chemgeo.2020.120035,120035
https://doi.org/10.1016/j.chemgeo.2020.120035,120035
https://doi.org/10.1016/j.soilbio.2018.07.024
https://doi.org/10.1016/j.soilbio.2018.07.024
https://doi.org/10.1016/j.scitotenv.2019.134884
https://doi.org/10.1016/j.catena.2019.104106,104106
https://doi.org/10.1016/j.mimet.2005.11.002
https://doi.org/10.1016/j.mimet.2005.11.002
https://doi.org/10.3389/fmicb.2016.01837
https://doi.org/10.1016/j.jclepro.2021.129588,129588
https://doi.org/10.1016/j.jclepro.2021.129588,129588
https://doi.org/10.3389/fmicb.2019.01203
https://doi.org/10.1016/j.scitotenv.2020.142445
https://doi.org/10.1016/j.scitotenv.2020.142445
https://doi.org/10.1016/j.jenvman.2017.01.008
https://doi.org/10.1016/j.jenvman.2018.08.037
https://doi.org/10.1016/j.jenvman.2018.08.037
https://doi.org/10.1016/j.envres.2020.109927
https://doi.org/10.1111/1462-2920.14721
https://doi.org/10.1111/1462-2920.14721
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1111/1758-2229.12526
https://doi.org/10.1111/1758-2229.12526
https://doi.org/10.1016/j.scitotenv.2019.134109
https://doi.org/10.1016/j.scitotenv.2019.134109
https://doi.org/10.1016/j.marpolbul.2020.111742
https://doi.org/10.1016/j.chemosphere.2020.126326
https://doi.org/10.1016/j.chemosphere.2020.126326
https://doi.org/10.1016/j.scitotenv.2016.09.149
https://doi.org/10.1016/j.scitotenv.2016.09.149
https://doi.org/10.1016/j.scitotenv.2018.12.414
https://doi.org/10.1016/j.scitotenv.2018.12.414
https://doi.org/10.1111/1462-2920.13743
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1016/j.jes.2021.04.022
https://doi.org/10.2166/wst.1998.0024


Archives of Microbiology (2022) 204:280 

1 3

Page 15 of 15 280

Pan H, Yang X, Zhong Y et al (2018) Response of environmental vari-
ables and microbial community to sodium percarbonate addition 
to contaminated sediment. Chemosphere 211:500–509. https:// 
doi. org/ 10. 1016/j. chemo sphere. 2018. 07. 120

Parks DH, Tyson GW, Hugenholtz P, Beiko RG (2014) STAMP: statis-
tical analysis of taxonomic and functional profiles. Bioinformatics 
30:3123–3124. https:// doi. org/ 10. 1093/ bioin forma tics/ btu494

Pepino Minetti RC, Macaño HR, Britch J, Allende MC (2017) In situ 
chemical oxidation of BTEX and MTBE by ferrate: pH depend-
ence and stability. J Hazard Mater 324:448–456. https:// doi. org/ 
10. 1016/j. jhazm at. 2016. 11. 010

Rabinovich A, Heckman JR, Lew B, Rouff AA (2021) Magnesium 
supplementation for improved struvite recovery from dairy lagoon 
wastewater. J Env Chem Eng. https:// doi. org/ 10. 1016/j. jece. 2021. 
10562 8,105628

Rahman MM, Roberts KL, Grace MR et al (2019) Role of organic 
carbon, nitrate and ferrous iron on the partitioning between deni-
trification and DNRA in constructed stormwater urban wetlands. 
Sci Total Env 666:608–617. https:// doi. org/ 10. 1016/j. scito tenv. 
2019. 02. 225

Schmieder R, Edwards R (2011) Quality control and preprocessing of 
metagenomic datasets. Bioinformatics 27:863–864. https:// doi. 
org/ 10. 1093/ bioin forma tics/ btr026

Shao MF, Zhang T, Fang HH (2010) Sulfur-driven autotrophic deni-
trification: diversity, biochemistry, and engineering applications. 
Appl Microb Biotechnol 88:1027–1042. https:// doi. org/ 10. 1007/ 
s00253- 010- 2847-1

Shen Z, Jin F, O’Connor D, Hou D (2019) Solidification/stabilization 
for soil remediation: an old technology with new vitality. Env Sci 
Technol 53:11615–11617. https:// doi. org/ 10. 1021/ acs. est. 9b049 
90

Sun Q, Lin J, Cao J et al (2019) A new method to overall immobiliza-
tion of phosphorus in sediments through combined application of 
capping and oxidizing agents. Sci Total Env 694:133770. https:// 
doi. org/ 10. 1016/j. scito tenv. 2019. 133770

Sun Q, Song J, Li X et al (2020) Bacterial vertical and horizontal 
variability around a deep seamount in the tropical western Pacific 
Ocean. Mar Pollut Bull 158:111419. https:// doi. org/ 10. 1016/j. 
marpo lbul. 2020. 111419

Tang Y, Li M, Zou Y et al (2018) Mechanism of aerobic denitrifiers 
and calcium nitrate on urban river sediment remediation. Int Bio-
deterior Biodegrad 126:119–130. https:// doi. org/ 10. 1016/j. ibiod. 
2017. 10. 002

Throbäck IN, Enwall K, Jarvis A, Hallin S (2004) Reassessing PCR 
primers targeting nirS, nirK and nosZ genes for community sur-
veys of denitrifying bacteria with DGGE. FEMS Microb Ecol 
49:401–417. https:// doi. org/ 10. 1016/j. femsec. 2004. 04. 011

US Environmental Protection Agency. (1974) Process design manual 
for sulfide control in sanitary sewerage systems Office of Technol-
ogy Transfer. Washington, DC, (p EPA-625/1-74-005)

Vasileiadis S, Puglisi E, Arena M et al (2012) Soil bacterial diversity 
screening using single 16S rRNA gene v regions coupled with 
multi-million read generating sequencing technologies. PLoS One 
7:e42671. https:// doi. org/ 10. 1371/ journ al. pone. 00426 71

Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naïve bayesian clas-
sifier for rapid assignment of rRNA sequences into the new bacte-
rial taxonomy. Appl Env Microb 73:5261–5267. https:// doi. org/ 
10. 1128/ AEM. 00062- 07

Wang L, Long X, Chong Y, Yu G (2016a) Potential risk assessment 
of heavy metals in sediments during the denitrification process 
enhanced by calcium nitrate addition: effect of AVS residual. Ecol 
Eng 87:333–339. https:// doi. org/ 10. 1016/j. ecole ng. 2015. 12. 002

Wang P, Yu Z, Qi R, Zhang H (2016b) Detailed comparison of bacte-
rial communities during seasonal sludge bulking in a municipal 
wastewater treatment plant. Water Res 105:157–166. https:// doi. 
org/ 10. 1016/j. watres. 2016. 08. 050

Wei ZS, Villamena FA, Weavers LK (2017) Kinetics and mechanism 
of ultrasonic activation of persulfate: an in situ EPR spin trapping 
study. Env Sci Technol 51:3410–3417. https:// doi. org/ 10. 1021/ 
acs. est. 6b053 92

Xia D, Okada K, Miura Y et al (2018) The effects of magnesium 
hydroxide for the microbial community in the sediments of a 
eutrophic closed bay. Int J GEOMATE 14:143–150. https:// doi. 
org/ 10. 21660/ 2018a. 41. 82528

Xia D, Okada K, Watanabe K et al (2018b) Role of sulphide reduction 
by magnesium hydroxide on the sediment of the eutrophic closed 
bay. Aquac Res 49:462–470. https:// doi. org/ 10. 1111/ are. 13477

Yamada T, Sekiguchi Y, Hanada S et al (2006) Anaerolinea thermoli-
mosa sp. nov., Levilinea saccharolytica gen. nov., sp. nov. and 
Leptolinea tardivitalis gen. nov., sp. nov., novel filamentous anaer-
obes, and description of the new classes Anaerolineae classis nov. 
and Caldilineae classis nov. in the bacterial phylum chloroflexi. 
Int J Syst Evol Microb 56:1331–1340. https:// doi. org/ 10. 1099/ 
ijs.0. 64169-0

Yang X, Chen Z, Wu Q, Xu M (2018) Enhanced phenanthrene degrada-
tion in river sediments using a combination of biochar and nitrate. 
Sci Total Env 619–620:600–605. https:// doi. org/ 10. 1016/j. scito 
tenv. 2017. 11. 130

Yoshida A, Nishino Y (2005) Purification technology of sediment and 
water quality by the magnesium-based inorganic material. J Soc 
Inorg Mater 12:548–553. https:// doi. org/ 10. 11451/ mukim ate20 
00. 12. 548 (In Japanese)

Yun J, Deng Y, Zhang H (2017) Anthropogenic protection alters the 
microbiome in intertidal mangrove wetlands in Hainan Island. 
Appl Microb Biotechnol 101:6241–6252. https:// doi. org/ 10. 1007/ 
s00253- 017- 8342-1

Yun Y, Gui Z, Su T et al (2022) Deep mining decreases the microbial 
taxonomic and functional diversity of subsurface oil reservoirs. 
Sci Total Env 821:153564. https:// doi. org/ 10. 1016/j. scito tenv. 
2022. 153564

Zhang J, Kobert K, Flouri T, Stamatakis A (2014) PEAR: a fast and 
accurate illumina paired-end reAd mergeR. Bioinformatics 
30:614–620. https:// doi. org/ 10. 1093/ bioin forma tics/ btt593

Zhang F, Zhang R, Guan ML et al (2016) Polycyclic aromatic hydro-
carbons (PAHs) and Pb isotopic ratios in a sediment core from 
Shilianghe Reservoir, eastern China: implying pollution sources. 
Appl Geochem 66:140–148. https:// doi. org/ 10. 1016/j. apgeo chem. 
2015. 12. 010

Zhang L, Liu C, He K et al (2021a) Dramatic temporal variations in 
methane levels in black bloom prone areas of a shallow eutrophic 
lake. Sci Total Env 767:144868. https:// doi. org/ 10. 1016/j. scito 
tenv. 2020. 144868

Zhang Y, Ji Z, Pei Y (2021b) Nutrient removal and microbial com-
munity structure in an artificial-natural coupled wetland system. 
Process Saf Env Prot 147:1160–1170. https:// doi. org/ 10. 1016/j. 
psep. 2021. 01. 036

Zhang RC, Chen C, Xu XJ et al (2022) The interaction between Pseu-
domonas C27 and Thiobacillus denitrificans in the integrated 
autotrophic and heterotrophic denitrification process. Sci Total 
Env 811:152360. https:// doi. org/ 10. 1016/j. scito tenv. 2021. 152360

Zhao YP, Zhang ZQ, Wang GX et al (2019) High sulfide production 
induced by algae decomposition and its potential stimulation to 
phosphorus mobility in sediment. Sci Total Env 650:163–172. 
https:// doi. org/ 10. 1016/j. scito tenv. 2018. 09. 010

Zhu XH, Lyu SS, Zhang PP et al (2016) Heavy metal contamination in 
the lacustrine sediment of a plateau lake: influences of groundwa-
ter and anthropogenic pollution. Env Earth Sci 75:75–79. https:// 
doi. org/ 10. 1007/ s12665- 015- 5036-9

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.chemosphere.2018.07.120
https://doi.org/10.1016/j.chemosphere.2018.07.120
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.1016/j.jhazmat.2016.11.010
https://doi.org/10.1016/j.jhazmat.2016.11.010
https://doi.org/10.1016/j.jece.2021.105628,105628
https://doi.org/10.1016/j.jece.2021.105628,105628
https://doi.org/10.1016/j.scitotenv.2019.02.225
https://doi.org/10.1016/j.scitotenv.2019.02.225
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1007/s00253-010-2847-1
https://doi.org/10.1007/s00253-010-2847-1
https://doi.org/10.1021/acs.est.9b04990
https://doi.org/10.1021/acs.est.9b04990
https://doi.org/10.1016/j.scitotenv.2019.133770
https://doi.org/10.1016/j.scitotenv.2019.133770
https://doi.org/10.1016/j.marpolbul.2020.111419
https://doi.org/10.1016/j.marpolbul.2020.111419
https://doi.org/10.1016/j.ibiod.2017.10.002
https://doi.org/10.1016/j.ibiod.2017.10.002
https://doi.org/10.1016/j.femsec.2004.04.011
https://doi.org/10.1371/journal.pone.0042671
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1016/j.ecoleng.2015.12.002
https://doi.org/10.1016/j.watres.2016.08.050
https://doi.org/10.1016/j.watres.2016.08.050
https://doi.org/10.1021/acs.est.6b05392
https://doi.org/10.1021/acs.est.6b05392
https://doi.org/10.21660/2018a.41.82528
https://doi.org/10.21660/2018a.41.82528
https://doi.org/10.1111/are.13477
https://doi.org/10.1099/ijs.0.64169-0
https://doi.org/10.1099/ijs.0.64169-0
https://doi.org/10.1016/j.scitotenv.2017.11.130
https://doi.org/10.1016/j.scitotenv.2017.11.130
https://doi.org/10.11451/mukimate2000.12.548
https://doi.org/10.11451/mukimate2000.12.548
https://doi.org/10.1007/s00253-017-8342-1
https://doi.org/10.1007/s00253-017-8342-1
https://doi.org/10.1016/j.scitotenv.2022.153564
https://doi.org/10.1016/j.scitotenv.2022.153564
https://doi.org/10.1093/bioinformatics/btt593
https://doi.org/10.1016/j.apgeochem.2015.12.010
https://doi.org/10.1016/j.apgeochem.2015.12.010
https://doi.org/10.1016/j.scitotenv.2020.144868
https://doi.org/10.1016/j.scitotenv.2020.144868
https://doi.org/10.1016/j.psep.2021.01.036
https://doi.org/10.1016/j.psep.2021.01.036
https://doi.org/10.1016/j.scitotenv.2021.152360
https://doi.org/10.1016/j.scitotenv.2018.09.010
https://doi.org/10.1007/s12665-015-5036-9
https://doi.org/10.1007/s12665-015-5036-9

	Effect of remediation reagents on bacterial composition and ecological function in black-odorous water sediments
	Abstract
	Introduction
	Materials and methods
	Experimental procedure
	Determination of sediment properties
	DNA extraction
	High-throughput sequencing of 16S rRNA and functional genes
	Processing of sequencing data
	Statistical analysis

	Results
	Variation of physiochemical properties in sediment microenvironments
	Sediment bacterial diversity and community composition
	Variations in SRB and NRB composition
	FAPROTAX and PICRUSt functional prediction of bacterial communities
	Correlation between dominant bacterial genera and predicted metabolism functional groups
	Effects of sediment environmental factors on bacterial communities and metabolism functional groups

	Discussion
	Effect of Mg(OH)2 and Ca(NO3)2 on the sediment redox state
	Effects of Mg(OH)2 and Ca(NO3)2 addition on predicted bacterial metabolism functions
	Relationships between bacterial taxonomic groups and predicted metabolism functions

	References




