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Effects of sulfate-reducing bacteria on microbial community
structure and functions in the vertical soil profile of a
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Abstract: Open-air piling of coal gangue severely disrupts the soil structure and regional
ecosystem health. Inoculation with sulfate-reducing bacteria (SRB) is an effective strategy to
control acid pollution derived from coal gangue, as SRB can reduce sulfate and immobilize heavy
metals. However, the remediation performance of SRB in coal gangue piles and the associated
ecological response patterns along the depth gradient remain unclear. [Objective] To elucidate the
overall ameliorating effect of SRB remediation on coal gangue piles, and to characterize the
differentiation patterns and driving mechanisms of soil physicochemical properties, microbial
community structure, and microbial functions along the vertical profile during remediation.
[Methods] A typical coal gangue pile in an open-pit coal mine in Yulin City, Shaanxi Province,
China was selected as the study site. Coal gangue piles with SRB remediation (treatment group)
and without remediation (control group) were established. In the control dump, 0-20 cm mixed soil
samples were collected to represent the background condition. In the SRB-remediated pile, soil
samples were collected from the 0—5 cm shallow layer (SL), 5—10 cm middle layer (ML), and
10-20 cm deep layer (DL). Soil physicochemical properties were determined, and 16S rRNA gene
high-throughput sequencing was performed. PICRUSt2 was used to predict microbial functions.
Differences between groups and between vertical gradients within the treatment group were
compared. [Results] Compared with the control, SRB remediation significantly increased the
overall soil pH, electrical conductivity (EC), and soil organic matter (SOM) content of the coal
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gangue pile, and markedly enhanced the alpha diversity and altered the structure of the bacterial
community. With the increase in depth of the remediated pile, pH, EC, and SOM increased
progressively, while available potassium first increased and then decreased. The relative abundance
of dominant bacterial phyla changed significantly along the depth gradient, and the complexity of
the co-occurrence network (number of nodes, number of edges, and average degree) also increased.
Soil pH and EC were identified as key environmental drivers of community structural variations.
Functional prediction indicated that the abundance of genes related to carbon fixation, nitrogen
cycling, and sulfur cycling in the deep layer was significantly higher than that in shallow and
middle layers. [Conclusion] SRB bioremediation not only improved the overall soil environment
and microbial community of the coal gangue pile but also shaped a depth-dependent differentiation
pattern of environmental conditions and microbial functions within the pile. These findings provide
an important theoretical basis for the long-term stable remediation of coal gangue piles and the
regulation of microbially mediated processes.

Keywords: coal gangue; sulfate-reducing bacteria; microbial community; soil physicochemical

properties; ecological restoration
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Figure 1 Physicochemical properties of soils from the control group and different depths of the treatment group.
A: pH; B: Electrical conductivity (EC); C: Available potassium (AK); D: Soil organic matter (SOM). CK (n=3):
Soil samples from the control group; SL (n=9): Soil samples from the shallow layer of the treatment group; ML
(n=9): Soil samples from the middle layer of the treatment group; DL (n=9): Soil samples from the deep layer of
the treatment group. Different lowercase letters indicate significant differences among groups (P<0.05); The same

below.

x1 WRAMAEBEANRIRE LIRHE VR Z oS RO
Table 1 Alpha diversity of microbial communities in soils from the control and treatment groups at different

depths

Alpha diversity index CK SL ML DL

Chaol index 2 497.75+170.05b 4 376.64+140.27a 4 487.64+132.38a 4 305.82+216.83a
Shannon index 4.05+0.36b 6.21+0.94a 6.80+0.11a 6.63+0.47a
Simpson index 0.057+0.002b 0.007+0.005a 0.005+0.003a 0.008+0.006a
Observed index 1920.00+250.31b 4 075.66+198.77a 4261.44+161.81a 4 066.33+240.91a

Different lowercase letters indicate significant differences among groups (P<0.05). The same as below.

Bray-Curtis 1 25 17 8 ¥ 2 o007 20871 45 firan, SL5 ML, SL 5 DL LK ML 5 DL 2
BIR, ‘J’“‘F?éa\éﬁz_#l%é_m’ﬁ HRREYE B2 RIAERE B 2 ER Y HAS 2
ﬁér AR S 25.9% (R*=0.259, P=0.001), L2 P, TR R AE AR 51K 0.207. 0.244 F1 0.160
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Figure 2 PCoA analysis of bacterial communities in
soils from the control group and different depths of
the treatment group.
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Table 2  Results of permutational multivariate

analysis of wvariance based on Bray-Curtis
dissimilarities
Group comparison Effect of location Value
SLvs. ML R 0.207
P 0.001
SLvs. DL R 0.244
P 0.001
ML vs. DL R 0.160
P 0.004
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Figure 3 Bacterial community composition of soils from the control and treatment groups at different depths. A:

Phylum level; B: Genus level. * indicates a significant difference between groups (P<0.05).
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602 Zx AL AN, TR X A B P W 2
807 /N7 ML F 1 161 SRR, HE IR FE 430
53% 1 92%. 2 P X 28 v i 45 LLIEAH OGO
F, BEEVREERREERIIN, 4% A7 5 80 A
BIRE Y 3 hn, H ARG L A 2 I RE
Ja FE R R, 4 i ol 88.03%. 70.14% Al
75.11%. 2 b P 265 1) 2R 28 R AR B R AOT
KRB —FM A, X AR, MED
X - HEUR B A, A TR A
YEFHE ISR, M4 as kgt i n i 2.

24 EEHENIMEERFSHEDEFE
EOEiEES

KAV E AT AR B 2 o B (] 4), R 5 i, N TR E D UE YRR S PR A
R - VR A M R E 2 5 T2 IR, 36T ASVs Al 7
#=3  EIEXTRRLAFNIRE A ERE ESEE
Table 3 Relative abundance (%) of bacterial phyla across different depths in the control and treatment groups
Phylum CK SL ML DL
Pseudomonadota 53.934£36.51a 37.53+10.87a 47.75+8.85a 50.11+8.86a
Actinomycetota 23.88+21.84a 10.50+4.06b 13.46+3.21b 28.93+12.64a
Bacteroidota 0.84+1.18¢ 25.64+15.41a 17.48+5.79ab 8.65+5.49b
Chloroflexota 11.95+£13.95a 1.49+1.03b 2.2440.75b 2.78+1.20b
Gemmatimonadota 0.36+0.29b 1.61+£0.89a 2.244+0.62a 2.11+0.65a
Saccharimonadota 2.56+4.32b 21.08+10.57a 10.19+7.74ab 4.30+6.13b
Acidobacteriota 0.28+0.32b 1.18+0.77a 1.75+0.47a 2.05+0.87a
Bacillota 5.15+4.85a 0.41+0.25b 0.44+0.21b 0.49+0.37b
Verrucomicrobiota 0.23+0.29b 1.00+0.52a 0.96+0.26a 1.05+£0.47a
Armatimonadota 0.05+0.06b 0.64+0.37a 1.04+0.67a 0.63+0.55a

x4 BREXREAFLIEEANERENENEE

Table 4 Relative abundance (%) of bacterial genera across different depths in the control and treatment groups

Genus CK SL ML DL
Sphingomonas 1.28+1.09b 4.87+3.07b 10.69+3.66ab 7.84+5.70ab
Nocardioides 1.90+1.81b 0.77+£0.27b 1.15+0.28a 3.05+2.36ab
Arthrobacter 0.84+0.90a 3.21£1.85b 3.66+1.47a 4.73+1.91ab
Flavisolibacter 0.55+0.93a 3.07+2.67b 2.87+£1.97b 0.93+1.03a
Flavobacterium 0.02+0.01b 9.49+20.66a 1.36+1.56b 0.29+0.22b
Pseudomonas 39.16+42.26a 2.69+3.36b 0.75+0.26b 3.28+3.91b
Herpetosiphon 4.06+3.90a 0.05+0.04b 0.13+£0.05b 0.25+0.31b
Thiobacillus 0.10+0.08¢ 2.25+2.32b 6.41+4.07a 7.31+4.85a
Crossiella 8.31+7.65a 0.01+0.01b 0.01+0.00b 0.01+0.01b
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E4 AIBERERETRBRBEDIHLIRLE

Phylum
Pseudomonadota
Bacteroidota
Actinomycetota
Saccharimonadota

- Chlorobiota

- Bacillota
Armatimonadota
Nitrospirota

Verrucomicrobiota Others
Chloroflexota — Positive
Acidobacteriota — Negative

Gemmatimonadota

Figure 4 Co-occurrence networks of bacterial communities in soils at different depths of the treatment group. A:

SL; B: ML; C: DL. In the networks, nodes represent ASVs, green edges and red edges represent significant

positive correlations and negative correlations, respectively. Node colors indicate bacterial phylum categories.

=S AIBAAREIRE TIEMEEEE LI NERA
FMEHE
Table 5

communities co-occurrence networks in soils at

Topological characteristics of bacterial

different depths of the treatment group

Treatment group SL ML DL
Number of nodes 527 624 807
Number of edges 602 767 1161

Proportion of positive edges/% 88.03  70.14 75.11
Proportion of negative edges/% 11.97  29.86 24.89

Average degree 2.28 2.46 2.88
Clustering coefficient 0.40 0.34 0.40
Modularity 0.94 0.86 0.89

L XF W 43 M (canonical correspondence analysis,
CCA). & 5A i, P55 T3 F R 7 4k
FEMEAR AN B REVE S5 ) 18.24% AY EE S (CCAL
FCCA2 IR RER 3R 10.99% F1 7.25%). 1
AR T AR ST AR IR B IR AU pH (R*=0.23,
P=0.034). EC (R*=0.28, P=0.022), &M HXI#E
TR LA AR B . NS TR Aok &, SL
45 DL 4P i W A SR 85, TR)2 1380k
Y2 F 5 pH A1 EC BYIXI, 122
X A 24 T 5 SOM Fl AK 9 X 3L,
FE T I B R O A W VR A R T Y
M o PR5E 5 11K R 3 1Y Mantel 43 Bt
S5 RWI(B 5B), pH 25 M B I 45 44 1Y) 8 22
W, ST &R, BHFE
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U7 S Ji B TR T FIOME BRI PR ] 3 5 B S AR AR G
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PEE TR A G, SOM 5L E ], StE
FETR 1] RN AR BR B T ) & W 3 O AH DG (P<0.01),
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FIRFEARRE H A FE S RE L, A
fF 75 {8 A PICRUSE2 T Hufb 45 i, fRe & 4k45
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N, S5¥EZEX SL M, DL 4+ CO, &M%
FH(cooSF . cdhE)IZRRFRERE . WKl 6B BT
N, WAEMSS AR EELBRAREEA .
RS RER A IR . SIS PR ER A IR . A Ak Al
it #, EiEA VLAY A . xR
CK 7£ 5 Ak fif§ 2 £8 18 5 (nirBD) 14 HL A AT i8F
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Figure 5 Correlation analysis between bacterial communities and environmental factors. A: CCA analysis; B:

Mantel analysis. EC: Electrical conductivity; AK: Available potassium; SOM: Soil organic matter. ** indicates

significant correlations (P<0.05).

<6 HEITKFE _ERIMantel D45 R

Table 6 Mantel analysis results at the bacterial phylum level

Phylum pH EC AK SOM
r P r r P r P

Actinomycetota 0.39 0.001 0.24 0.012 0.08 0.155 0.25 0.015
Bacteroidota 0.31 0.003 0.21 0.048 0.08 0.223 0.02 0.368
Chloroflexota 0.41 0.001 0.29 0.001 0.02 0.322 0.24 0.006
Bacillota -0.01 0.531 0.02 0.036 -0.04 0.652 0.14 0.089
Pseudomonadota -0.01 0.531 0.10 0.143 0.02 0.381 0.27 0.007
Saccharimonadota 0.43 0.001 0.18 0.016 0.10 0.084 -0.06 0.773

narHI . nrfH. nirD)3FDREIEH M FER & ; K
i, XF[EAEAE R ER 18 I (nasAB . nird)JE R 3
JCIR FR . AEGEER (& 6C), iR ERid I
R 8 [ AR R £ 348 5L (cys H) AL AL IR IR R 38
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3 Wb
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Figure 6 Enrichment patterns of functional genes involved in carbon fixation (A), nitrogen cycling (B), and
sulfur cycling (C). * indicates a significant difference between groups (P<0.05).
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