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Hydrochemistry and microbial community characteristics and environmental

response in different functional zones of a typical coal mine in Ordos

ZHANG Li', XU Zhimin"?, SUN Yajun'?, ZHU Lulu'?, CHEN Ge', GAO Yating', ZHAO Xianming'
(1.School of Resources and Geosciences, China University of Mining and Technology, Xuzhou 221116, China; 2. Fundamental Research Laboratory for Mine
Water Hazards Prevention and Controlling Technology, Xuzhou 221116, China; 3. China Coal Aerial Survey and Remote
Sensing Group Co., Ltd., Xi’an 710199, China)

Abstract: To explore the distribution of microbial communities in different functional zones of coal mine and their response to hydrogeo-
chemical characteristics, a coal mine in Ordos was taken as the research object. 24 water samples were collected from six typical function-
al zones involved in the whole process of the mine water source, formation, collection and discharge. Hydrochemical components detec-
tion and high-throughput sequencing of microbial 16S rRNA genes were carried out. and multivariate statistical methods were used for se-
quence data processing. The results showed that the hydrochemical type of mine water was high salinity SO,-Na type, which directly inher-
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ited the supplied water-source, while the concentration of characteristic pollutant SOi_ was highest in coal roadways and surface water
pools. The compositions of microbial communities in different functional zones presented significant differences. The dominant bacterial
genera detected at the genus level included Thiothrix and sulfur oxidizing bacteria that could oxidize sulfides (i.e., Thiothrix and Sulfuri-
curvum), as well as new Sphingobacteria and Shortwave Monocmonas that can degrade organic matter (i.e., Novosphingobium and
Brevundimonas), while they distributed relatively high in coal tunnels and goafs. The abundances of aerobic Uliginosibacterium and
Acinetobacter with strong adsorption and organic degradation, was highest in rock roadways. Bacteria related to nitrogen cycle (i.e., Hy-
drogenophaga and Rhodobacter) accounted for the higher proportion in water sumps and surface water. Microbial communities were sens-
itive and closely related to the hydro-chemical processes. The distribution of microbial communities in underground coal mine was not
only related to nutrients such as C, N, Ca and Mg, but also closely interrelated to redox sensitive substances such as Fe, COD and SOi_,
Coal roadways and goafs are the key zones for groundwater pollution prevention and control. After mining disturbance, the low valent
sulfides associated with coal have generated a large amount of SOi_ through the chemical oxidation and catalytic oxidation of sulfur oxid-
izing bacteria. However, it is worth noting that when the working pannel stopped for six months to three years, the characteristic pollutant
SOi_ was reduced by 15%-34% due to the physical or chemical adsorption, precipitation (dominated in the early stage), and the reduction
of sulfate reducing bacteria (dominated in the later stage). This result indicated that the goaf had a certain degree of self-cleaning ability. In
summary, the research results could provide theoretical supports for the engineering applications of mine water pollution prevention and
control, which was reflected in the following two aspects: on the one hand, to reduce the generation of SOi_ from the source by maintain-
ing the anaerobic condition on the working pannel through nitrogen gas supply; on the other hand, after screening and cultivating the
sulfate-reducing bacteria and organic matter degrading bacteria, they would be produced into bio materials, and added to the underground
for in-situ remediation of groundwater pollution.

Key words: coal mining; microbial community; hydrodynamic characteristic; biogeochemical processes; mine water
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Fig.1 Schematic of the relative positions of the main aquifers

and coal seams in the study coal mine
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Fig.3 Piper and durov diagrams of the water samples in different zones
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Fig.4 Half-box and whisker diagrams of the major hydrochemical components in the six zones
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Table 2 Alpha diversity indexes of microbial community in water of different zones

) LSS Sy HER SRR
(VAT S FEA S FF 3 OTUs B2 %
ACE Chao 1 Shannon Simpson
M4 28542 153 99.73 269.46 232.80 2.28 0.20
H R KGW M7 27072 127 99.82 166.63 166.06 2.28 0.19
M23 28374 161 99.78 248.04 231.50 2.58 0.16
M10 28214 136 99.74 205.21 228.81 1.44 0.42
AHEIKRR M17 21334 803 98.89 1035.25 1067.10 4.57 0.04
M20 28306 250 99.51 458.73 363.96 1.25 0.58
M2 22183 434 99.42 567.18 567.98 4.10 0.04
M3 24298 599 99.13 785.39 772.79 3.22 0.19
JEAEKCR M18 27376 303 99.49 534.29 489.39 3.14 0.10
M21 27087 572 99.81 588.03 589.73 4.75 0.04
M22 27741 177 99.74 240.46 225.13 2.02 0.27
Ml 26277 320 99.56 407.21 402.27 2.60 0.22
M5 25235 508 99.03 926.01 792.28 2.53 0.29
K5 7K goaf M8 23872 502 99.17 847.03 717.79 3.10 0.15
MI12 24495 554 99.97 1031.50 930.41 3.55 0.08
M16 25636 449 99.24 655.71 637.61 3.35 0.08
M9 23622 638 98.88 1242.34 995.00 4.24 0.04
7KA:7K sump Ml11 27031 666 98.70 1032.62 1013.51 3.39 0.09
M19 25999 337 99.40 652.45 537.03 3.43 0.07
M24 27197 389 99.29 769.42 587.68 3.56 0.06
M25 27769 433 99.66 476.17 468.04 3.47 0.09
HFKSW M26 27231 562 99.19 739.28 766.25 4.42 0.03
M27 25973 217 99.73 277.84 272.03 2.30 0.29
M28 27314 379 99.42 529.15 496.32 3.43 0.08

( Firmicutes) (2.60% ~ 0.12%) . Jei & 1] ( Verruco-
microbiota) (1.05% ~ 0.12%) . Dependentiae(1.44% ~
0.01%) o RWFFEIER™ XA [F] D 8 X N AR D s 41
B 2E 5, £ERT 6 ZHEEAS R ] Kruskal-Wallis £ FIAG:
B AT IF) 22 S S AR B AT, S5 IR R, ARIE TR
FTAPE LR TT7E 6 2 AN [R] D) e X [a] A7 & 2% 25 &%
(p<0.05, [&] 6b) o I 1AL A B 7K 32 B d
1o, AEPE SRS v 3 B e 0 PRI 11 U7 S A
KR B AR, FE Rk R e . IR THE
oK i B i T e A X, X AT R 5 A
I MU AR . BT T ) K2 BA iR
R0 S T e 0 AR o B AR L K R A
DX H S R g, AR R /K = B AR

i 7a s, JE K BRI DI 68 X A K FEAE 2
N 22 AR, K R D0 TR e A S R K TR Sy
g R & (Hydrogenophaga ) FVEH % 5 1l 18] (Sphin-

gobium) ; FH AR IK T H N4 Uliginosibacterium Fl
FLAT W T B 7 AT ML 8 i BB T R BT TR
(Acinetobacter) ; 1§45 K v ) Jy RE 4 it PAHPY 4543
ML 8T 8 Z BEAT 1 & (Novosphingobium ) FTHE LA
A6 h F AR A T R AR AR T B O IR ( Pseudar-
cobacter) [27]; SRz K B A B AT R R . RERR R
R EE Y J I N R (Brevundimonas ) B AL AL
Y KGR E (Thiothrix ) ; K-E 7K AR B RS AEAE
A W S0 4 T FNZL 21 7 i (Rhodobacter) ; M3 /K H i)
Ry 214 TR S R A S RE R A A LAY Y AR 22 B TR R
(Hyphomonas) . >k Kruskal-Wallis % F14 5 £ 17
JE K- b2 ) 2% 55 S AR B0 BT, FE 6 ALK FEAR
HOAEAE I v 25 S HE AR 15 R A 45 R a0
Kl 7 B, B A A A D HE %) A i 7 a8 R 4R
B (Sulfuricurvum) (2830 Y R 223 X v 43 A B v
H5RWEIHA XL HMFE . Candidatus_Limnoluna .,
187



2023 4F55 12

#EHFHK

%51 4%

sump

@ GW (R 7K)
® RR (EHK)
® CR (JHA5K)
® goaf CRAK)

) SW o sump (K £:7K)
@ SW (£ K)

GW

GW RR CR goaf  sump SW
frE 53X

ES HF 62 KA A 4ol % A fb A s Ay Fb e S 4 A
HEEBEAKTF Ly 24 (Venn E)
Fig.5 The numbers of total species, unique species and shared
species of the microorganisms in the six zones of the research

coal mine on genus level (Venn diagram)

Phaeodactylibacter. norank f _Saprospiraceae. hgcl
clade 1 Dinghuibacter™ " 75 i 7K vh 23 A7 i &5 o
ZEVH 0 )& (Legionella) /&= — R s A ML S EUR I, B8
5 R LA S SRR W S PR Sy 2 PR 8008 , FEJREA TR
23 X A e g, XS REIX A2 TAE N 5L i
MR KA &, A PAH %A LY K i fie
1Y 1R & (Pedomicrobium ) FIEIR I J& (Devo-
sia) ™ FEIEAS KR K R A0
2.3 REMRESIMEFHMERNMEX Y

RDA Fll Spearman AH 53¢ 5 4 £ [€] AT LA H K 43
PR e i 5 MR A2 B Y AHOC R &R, A B T8
AN PR S PR R TR R e AL SR RO 22
FE I DR -3 s e R 2R MBIV 15 SRR I 1
FIFAHSCHE 50T . BT Bray-Curtis #H 25 1) RDA 43
Praf R ant&l 8 frs, Kb £ % Sk R B AR B
PR 7, PR3 PR 4 Sk A i UACGR PR IR 70 T
Py o 50 18 52 W) R EE ) DA/ s AR AL 5 Sk ] ) ke
AR AR, BUA N IEARSC, Bl N AR
HARTCARNE) o AFEBEBIERY KRR
L U2 R S 2R s WIS REAS A AR AR 5 DA it
T 5 ek TR B EE DA 1 ) Sk (BB RE , B30 R RS IR
4B B3 372 1A QPR IR X RE AR 7 4 A AR 52
HIR/N, FASHEL T 02 R —BURIE |, TG,
Al 8 fizw, 6 AR m R e B A R AR, (H
AHNA BT, IR K (M23) 5 HE T
AK FEE AR, 1 M23 5 KA B

188

%
- <
= S
o % % %
O<m Q § 9 [ <%
o wG S <
S§§3 32 & ¢ %=
WEEA‘GH =3
S8 & = < T,
Qs = T T .
§5§5 % % ¥
SE Q2 =8 <
IS Q <)
S 3 o =
83 R
ISy [ s
13
&

(a) 4HE T 1K
Kruskal-Wallis H test bar plot u GW (M1 FK)

m RR (F#K)
0.03697 w CR (Jit# k)
m goaf CRZTE/K)
= sump (ZK7K)
0.039 38 ®SW (13K)
R REE

0.028 74

WPS-2 Verrucomicrobiota Proteobacteria

p value
0 10 20 30 40 50 60 70 80 90 100
FEIFEE %
(b) Kruskal-Wallis H 25 /8] 2 Sk 56 45 5L

B 6 28T 1KF Circos B X Kruskal-Wallis H 41 [f] 2 57 £
Fig.6 Circos diagram and Kruskal-Wallis H test of distribution
of microbial phyla in different zones

H K FTBE R BRI 3102 T 1 XURE it 0 ARk
(M3) N4 N B BE(E, 31X AT RE -5 I 4L & 5 Al DO
N A 5 3 MRS IRl R 1Y) 2 A RS K 53
B3 ARAK 2 RER, 58 H R 5 455 R i [ AS [
£, PR R 22 1~ 3 a, KO 7K FIHFR KK
FE AR, 7K 7K 3 o 4k BHS HEA Rkt & 5
FOHL A W BEVE i A — AR, Fe®' (7°=0.29,
p<0.05) . COD(7=0.25, p<0.05) Fl Fe’*(°=0.22, p<
0.05) 55 oA W BE 0 o0 A it W B AR Gk . Fe™ L B
NH; FINO; 3t 4 /4~ 4143 5 NO; | H,Si0, 1 CO, 4t 3
A5 AU DE, I B SR (1~ 3 )1 3
ARz KA AR Y 3102 T4 1 2 JXUHS it 4 1 Ak
(M3) S IEMEE, -5 AAK KR K, Kt
FIHLF K R X, COD Fl ORP 5 SOF & i A
Itk IF H5 A K i TR SR AR e, 5 K4y



s FIAE SRR 2 MURET AN R D RE DR A2 5 T A WA T A i S PR S5

2023 4F55 12 8

W
=
I | ]
wl ) = = n
||
BE=E=
2 || -]
20 N i
#&0.6 - I
o
£ .
_\_1 I
+ 0al I = N
) .
0.2
0
GW RR CR goaf sump SW
P E 5y X

M Hydrogenophaga

W Novosphingobium

B Acinetobacter

B Pscudomonas

W Uliginosibacterium

M Rhodobacter
Hyphomonas

W Sphingobium

W Thiothrix

W Caulobacter

W Brevundimonas

W Legionella
Rhodococcus

W Pseudarcobacter
Allorhizobium-Neorhizobil ararhi;

Rhizobium
Pedomicrobium

M Candidatus_Limnoluna
0 Xanthobacter
W Magnetospirillum
8 Flavobacterium
M norank_o__Micavibrionales
W Aquimonas
Phaeodactylibacter
W norank_o__Candidatus_Peregrinibacteria
W norank_o__Bradymonadales
W Pseudorhodobacter
W Mangrovibacterium
W Sphaerotilus
Ottowia
W CL500-29 marine group
W norank_f _Saprospiraceae
W Limnohabitans
W norank_f _SM2D12
W Lutibacter

(a) 4T JE KT E AR = AL T

Kruskal-Wallis H test bar plot

&
50“@ h
N
&
@&0@\
\d *
o
W © 001054
&
60 S * .
& 5 0.010 96
§ 8
S & © 002836
& © 002442
9 @@’ —
= “@&*%@o e < 0.01962
& :
5 Q%qu \\Is&
& ¢ ©0.02287
o
& +0.028 66
é@%
N
?}%"&@ © 004302
° o ©0.024 74
40
&
9 o ©0.01939
&
A 6"& *0.036 16
¢
& ¢ *0.01176
RN
N : * : : : ' : p value
¢ 0 1 2 3 4 5 ¢ 8 9 10

YIS %

(b) Kruskal-Wallis H 2H [i] 22 546 06 &5 5

M7 % E AT AT E EAE H K Kroskal-Wallis H 41 |8 2 R 3 45 F

Fig.7 Relative abundance of the dominant lineages on genus levels and Kruskal-Wallis H test of distribution of microbial

genera in different zones

COD F1SO;~ 45 S fbik JE s Jot 2 DI AH G, iX 3222

S TFERA BN | &R K~ D) RO A %
[A]if, Spearman #H 3¢ 5¢ 2 X 4% [ ] i7F— 2 g

BEA TP IR S WA R AR BAE . IR 9 W]

HLFR AR /K2 FDEHE. Ca® Rl Sr e R P #e
P PE BRI, —F RIEAOCIC R, T2 MK
KEKBEIER KM 25 ERTIE, TR R MR
EDAAME CHNFEEFRITREMK, £ Fe,

0 Azonexus
W Limnobacter
M Eistera
W Hyphomicrobium
W Thioclava
W Mesorhizobium
W Achromobacter
norank_f _Azospirillaceae
W Sulfuritalea
Sphingomonas
Algoriphagus
W norank_o__Gaiellales
W Desulfovibrio
W norank c__Gracilibacteria
norank_f_Pleomorphomonadaceae
norank f _Reyranellaceae
norank_o__Candidatus_Kaiserbacteria
norank MWH-UniPI_aquatic_group
W norank_f _Moraxellaceae
Devosia
W hgel clade
W norank_o__NRL2
W Fusibacter
norank_o__ Candidatus_Wolfebacteria
W Paenarthrobacter
Sulfuricurvum
W Dinghuibacter
CI1-B045
M norank _o__Babeliales
W DSSF69
W Hirschia
W norank o__PeM15
W others

*0.01611 m GW (M1 F7K)
M RR (A457K)
*0.04529 W CR (JHEAR/K)
W goaf CR%¥/K)
0.040 87 M sump (K& 7K)
W SW (HEK)

189



2023 4F55 12

#HEHMFHAK

%51 %

¢ GW Ot

A CR (JFEK)
>|< goaf CRZEK)

25 db-RDA on Genus level

: RR (& 4]
20 F . M10 B RR (HHK)
15 L M23 COD

CAP2 (6.68%)

—2.0

= sump (KEE7K)
@ SW (tiFK)

25 2.0 -15 ~1.0 -0.5
CAP1 (7.78%)

0 0.5 1.0 1.5

B 8 IR E T A0 A 4 B 4 2 2% 9% 2k T Bray-Curtis 82 & 87 RDA 2t

Fig.8 Bray-Curtis distance-based RDA of the relations between the selected environmental variables and microbial

communities in water samples

0, SEIE S A BT 6 AR, I H AR
)RR (BRI s BRI 42 B e 2 1 ) #F R AR
¥, HAEY E K LT 100 R fh 5 5 KR
GrKAEE AR bR 2 I 0 AR DG (p<0.05), Ui £
B S KA A A 1 R BH G R, Ho,
i 1 5 BN 27.59%, W45 4 DB T
Mg” (#ix411) . Ca®", HCO; #l CO,, )2 s H 5
FRUe A T A R 2 A R DTTE SR X 4 4>
WEE A T SR A B . 45 BRI
H G s PO ZR ,, HCO; A1 CO, BR 2 iAW
B TOHLRR 5 S AR A 7= 1, PRt B Eoie
P B4 5 B AR S (Coxiella) . 2R TR . S R [GAR
J& (norank_f Rickettsiaceae) 1 Candidatus Berkiella,
BA —E M ENER) norank o Candidatus Kaiserbac-

teria®" . norank_c_Berkelbacteria® ¥ Mesorhizobi-

um, FEA — € R R HLYIBE 7 i PR S X R s AN
norank_o_Gaiellales™® 5 ¥R 55 [N 1 5 P 2. 3 1E M1 56
o B 2 5 SOEHEE R 18.97%, 445 2 M IEEA
T-SOZ il COD ¥Rl —# EEk FIIEIZ LT
AR FLARR . T, AR A B
AL I8 ( Thioclava) 5 SO S ¥LE & A9 IE MG, %14
JEAM BRI R A0 Y Bk i AR LS OF,
190

M HEA AR R A DL RE T . (RIS,
KA & (Aquimonas ) Fll norank_f Devosiaceae 5
SO 1 COD #75: B F IEAHC, LM AR i CoD
W FIEMSC, LAL 3 FhEA R AR T LI PAH S5
FA I . REEUED XA KRR ¢
HET5 YL )60 45 SO 1 PAH, R AR 2 Hhri iy Y 4%
AR TR VA DI HOR A T DX 7K 5
YueBi iR

FEHe 3 BGEZE 18.97%, ffE 2 DB
+ ORP(X4H) #1 Sr, ORP F5 /R /KA A AL IR VIR,
Sr FEK [ A Z IR, I A RERE A AL Y
A 2 B TR T N B — E RS AR AE 9 norank
o_Micavibrionales”” 5 ORP il Sr 5% i 3 1A% .
St 5 JT OCHK I T AR P 1 S AR AR OC, BEIIRIR BE Y St
Al RE SR A Y R AE R B . A il &2 i PAH
1R R A i TR X R A & (Dietzia ) 5 ORP 2 g 3% T AH
Ko R4 5 BB 18.97%, [ 2 P IREEH
- pH F1 Mn YO0k, Horh pH 54 FERE R
FAAHSETT Mn 5 B EMDG, AT UL S,05 Al
TR Sulfuritalea®™ | 78K 23 X i 32 JF i 95 BE 6
JERR R L B9 A7 IK B (norank_c¢_Thermodesulfovi-
brionia) . W] B ALEE W) norank_f Hyphomicrobiaceae .



s FIAE SRR 2 MURET AN R D RE DR A2 5 T A WA T A i S PR S5

2023 4F55 12 8

Hir@ha
Hyphon@crobium )

nora,

a
\\nomnk 2

K
Cangédaius/;e;k};z; S\

norank_o_CaRdidatasKags

Syophotalea | A BaSiyare
H
Magn@vibrio Ch ||I| /

norank_f Hypfiomicrobiaced

norank ¥Gracilibacteria

Azosp@yillum

Thig®lava

norank_f@evosiaceae
PolynucledBacter

i II" ubitans
>rie Pedomicrobtim

Candidatus_Limigluna
Gemm@bacter

~ Fusi®ucter

Siderq@ydans

o—Ca@idatus Wolfebacteria

norank_c~Thgrmodesulfovibrionia

@ it 1(27.59%) @) Bk 2 (18.97%) @) H8e 3 (18.97%) @) Bk 4 (18.97%) @) i 5 (12.07%) @) Bk 6 (3.45%)

TEAADR (80%)

AR (80%)

(RS BRI HGE R B IR L AN AR TR LA AU Spearman AHOCREEXME NI I HEHERIR|A>0.5 FIRZE (p<0.05) 1)
Spearman #H5&H:)

B9 FERT 100 8y B4 5 25 B F 2 18 B 48k k& W 45

Fig.9 Network of correlation between bacterial genera (top 100 most abundant species) and environmental variables

IR o SN 7/ B S A I A (S i
Ampthlicatus[39] H norank_o__ Candidatus Wolfebac-
teria [R5 pH 2 HAAHICYH Mn 2HUEA G, Bt
5t EGERRBER) 12.07%, W45 2 DR R T H,SI0,
(KX F1 Fe™ . B TR AALE Y Sulfuricurvum™ Fi
REAE A= 105 BLPN TE 0 8 (0 K R ™ B0 B A ki)
VLA UKL %) G I 16 & (Magnetovibrio) [R5
H,Si0; & W E MM S Fe' R WEIEM K. MAER
fig K A ALY BB A B AL RE 1 9 S AT 1R & (Fla-
vobacterium)™ W 5 H,Si0; £ B FM X5 F' &
WERMAC, B 6 BN 3.45%, R4 1
FpIAEL N 7 NO, M Fusibacter. Fusibacter AT
ERR VNS, T LLR R . B AR AE, 7E TDS
e HLAT 45 b AT A S AR BEIOK (M17) Whidic iy o 25

R, KRB S TR IR, 7 AR
IK=IECEVER, 52 T KA FRAE AL D % 5
[, K AL R A — RS L Rg i T S E e g
[ 0 A, W2 T Xt B I8 7 A A i) 18 % i T A
XoF i 37 ) i 1 R A (] LK Bl T K AR 2R A A Y
4k
24 WHKBBHEBRBETRPMEDREEEST
HLHI
2401 T KAKEMAMBEL T H oA 44
B A EKZIRA 10% 14K (MT) . B
%A R T K (M4) i S RGBSR BUK (M23)
SEIZNT I L BN B2 e KK IR, HL AR ) o A
WA 10 frR, Hd M7 2 3 BIFR A 258Kk I,
M4 2 2 BEIF R FE IR KOKIE . X5 K2Rk
191



2023 4F45 12 1) #E M FHK H51%
others:5.25%
Flavobacterium:1.13% = Hydrogenophaga: 1.70%
Pseudorhodobacter:2.46%
[J ORP —=— DO —e— Fe'* Paenarthrobacter: 3.75%
250 ] 8 ~ 020 ~ Limnohabitans: 5.13“/: Acinetobacter: 40.10%
/ N ) Rhodococcus: 0.99%
200 20 &0
E 16 E 0.15 Ej £ Novosphingobium: 29.35%
150 1 | H | .
= "; % ap | o LI Pseudomonas: 9.61%
& 4 % Jo10 %] | A :
O 100 il i) % e M23
Ihes | N Kl
50 12 o 0.05 : ey .;.' others: 7.65%
N~e [a)] _,“: - T norank_f Elsteraceae: 1.17%
0 0 hesratas Hyphomonas: 1.18%
0 ; R
. Rnbdocoecus. 3 96% |
Z LR B :3.96% .
KR KR oy Crrm— Azonexus: 7.57% Hydrogenophaga: 46.62%
3500 = - 2400 2.0 ez y)
_ [ TDS —=— SO —e— COD . — il Caulobacter: 11.95% 7
L 2800 O O St
B 11800 sp{ 1.5 & [ | el ; o
:15.77%
%D éa & Pseudomonas: 15.77% M4
5 2100 = s gwm
-}% 1 1200:& 11.0 B 4 others:4.87% d haga: 2.11%
= 1400 1 El & ydrogenophaga: 2.11%
= W = Brevundimonas:1.28% _~
‘;/; 700 4 600 o 0.5 A i [ 27 T — norank_f Terasak 1.48%
e 8 8 P = _Sphingobium: 41.99%
%,
I\/;7 Ni4 M2 40 ,% T Xanthobacter:17.28%
HPHRH BEPHBW ARREE
P P Aok [ . o
K YN EKE Caulobacter: 13.01% Pseudomonas: 9.36% M7

[ Wrkitib ATRLTS 4 kb [ ] b i et s = e F s

A 10

HT AR AR ARG AR R A A A 9K o 2 B AT RRAE

Fig.10 Vertical distribution characteristics of microbial community and hydrochemical composition in groundwater aquifers
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