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Distribution and genetic analysis of iron and manganese microbial
community in soil and groundwater of mining area
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Abstract Aiming at the phenomenon of iron and manganese enrichment in groundwater
environment and soil in a large number of coal mining areas, the vertical distribution of
microorganisms among coal-submersible Groundwater-soil Layer in a mining area and the horizontal
distribution of microorganisms in a residential mining area boundary-core mining area was
determined and analyzed with 16S rDNA combined DGGE molecular biology method. Iron and
manganese ion concentration distribution were analyzed. Based on that, the comparison between the
microorganisms’ distribution rules and the iron-manganese concentration was studied. The results of
the spatial variation of different species of ferromanganese(Fe-Mn) bacteria revealed the regional

groundwater quality hydrogeological reasons for excess iron manganese and their changing rules.
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Finally, the biological diversity and species classification characteristics of Fe-Mn bacteria in the
mining area were analyzed by indoor domestication experiments for two months. The results show
that the iron and manganese bacteria in the groundwater of the mining area include sulfur bacteria,
Bacillus, and Pseudomonas. The detection results of the dominant microbial bands show that the
higher the coal seam grade is, the higher the proportion of iron and manganese bacteria. It also shows
that the distribution of iron and manganese microorganisms is positively correlated with the
distribution of iron and manganese. Iron and manganese bacteria have apparent advantages in coal
seams, accounting for about 84%. The iron and manganese bacteria in the mining area soil are also
the dominant species, but their proportion is much lower than that in the coal seam. The advantages
of iron and manganese bacteria in non-coal soil are not obvious, accounting for only 20% of the
dominant soil bacteria. Also, the facultative bacteria-Chloroflexus phylum was found in the coal
seam water of the core mining area, indicating that the long-term drainage of coal seam groundwater
has changed the coal seam microbial population, resulting in changes in microbial diversity. Indoor
domestication experiments revealed four dominant iron and manganese bacteria of the genus
Bacillus. They a have strong tolerance to iron and manganese ion concentrations and can be bio-
enriched, and have the potential to become soil remediation engineering bacteria. This study can
provide certain theoretical guidance for the treatment of iron and manganese pollution in soil and
groundwater in mining areas.

Keywords microbial community, iron-manganese pollution, soil restoration, ferromanganese
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Fig.1 Schematic diagram of sampling points in the study area
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Table 1 Sample point details

B X 45 Mining area number {3 & Location # 1 Note FE i 25 Sample number
21 115 R JEEIK Wi
JKFEWater sample o# EEAPIR WX AR w2
104 A HETE XK W3
8.9. 10# B E SO A Inl HAs ARTE X S1
+#Soil sample 13# BEEHE KIS0 WX -3 S2
1.2.3.4# R FRIX A4 S3
e Coal sample 1, 2# SRXTVEH )= Cl
3,44 —RXARAL 1) 2
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MR 7K SR AR F S R R SR IL, W M T /KOE#, SR 500 k. B SRAE R AR 50 mL MR
IKHFE G, FERCT O AR B ZR ZG N, AR A T AR K R Y 3 30 . SR AR S5 A b 7K AR i 7 B %
Z A6t A A PR A B R AT G W B A A R . SR R R U o sSOR SR SRR AT
D71 SRR SR R T RS AT, SR AR TR AR B, IR A N IRAE. 4 AN 3 1 3
FE AT 2 I8 RE S I 50 g BE A, 28 B AL T A AR R A BR A AT U E W R A A e A
BRI AR S S50 N AR I S5 B R E S R SRR 3 AR
1.3 DNA $2HC, PCR 4" 34 A5 P46 2 58 it fL Uk (DGGE ) 7

K CTAB FH2 15 FEHURE & JE [ 24 DNA. DIRE S8 N 41 DNA ik, >R FH 41 #5149 GC-357F Al
S517R P4 K £ 16S rDNA 728 X JF 415 514 GC-338F A1 518R §4% +  FIBEJZ ¢ s 519 GC-27F FI
1492R ¥ A YL BRAR A B . PCR Z54% K2 94 °C HiZAZ P4 5 min; 94 °C 281 1 min, 55 °C Z4E 1 min, 72 °C ik
{8 1 min, 30 PMEFF; 52 72 °C #EAH 10 min. PCR ;=K F OMEGA /> 7] DNA Gel Extraction Kit 4fi {k,
[F1I5C. PCR 1Y &y Biometra 2\ w4 7= Y T-gradient, #E % i 1% 1L 4 Bio-Rad 2\ 7] ##) Gel-Doc2000 % i 5 1%
F 40, B 10 uLPCR (177 9y 45 28 PR A 5 358 1 FiL Uk (DGGE) 4341 . SR FH AR PEAS B R 35%—55% . MR EE
7% F) 58 T 4 Tk i 5E IS 76 1< TAE 2% oh i 56 V 60 °C T HLIK 14 h. JH KB 89 T R I8 F £ 1 i
DGGE 47, 7K ¥ % J1di ] TaKaRa MiniBEST DNA Fragment Purification Kit #£4T H % 454 19 [l i ; +
SEFERE R T OMEGA /A 1) Poly-Gel DNA Extraction Kit [R11 H 1Y 4574 . ¥ B 59 14 1) DNA H Bl i
I, alifb ), e BE M TE ke, EF T 510 E .

L4 0P EE S B

R FL UK L5 R i A5 B B RS SRt ()5 B IR BE ), % 25 & v 40 1 2 R I R AR 8 4 (HD)
Y51 (B) F 35 B (S) S5 45 b 1740 1. DGGE &l % F Quantity one 4 X A4 i 14 HRL UK 457 X
H . 25 % B T Ak o b O an

H = —Zslp,-lnpi = —ZS:(NI-/N)ln(N,-/N)E =H/H,, = H/InS

U, py Rl TP B — S Y R TR 2R O T A AR R B TR BT R LR, N i DGGE (BT B — K 1E
R R, N O SRR S SR SRR Al b I A5 B E SR D 45 2R R ] DN Astar F1
Cluster X AF#E47 179 5341, 55 GenBank H1 (¥ 513547 Ho X, 753 461 BT AR A Al B 26 8. A 2%t ik
W3 A v B AT A E , SRR SR MEGA #(F, Neighbor-joining ¥ #4 & 58 & B, H AL
(bootstrap) & 1000.
15 L RERUREAE B P4 S5

G327 B R I S 8 A 2 DRI I P 4 B N e 498 EL A 32 W 7T 2 P8 0 TRk S 0 4 SR 1 2
2K, N T e 2DARGTERE L P IS AR AR AN, AT SRS 1w YIS (1) Bk 40 o AR 40 T ) 94k
B4 KB (G5 1.2, 3.4), 1 F1 3 SR 100 g T 3ERE G, 2 F 4 5B 43BilA 100 g
AT i (- SR ot R B A o X 2 o R R A TR A0 S BEDL PR L I A ) . (TR By 10 mg L' A8k
BT ORVGR B TR EA T 9L, AR S HITC RS R 5 mL BRI W GEHE 1 71 2 BEAR, 5 mL
B B I MRETE 3 I 4 BEAR, 30 C HIRIGFRAA PSR 24 h 5, 1] 4 BRI AN 5 mL 40 B B IR (4
BB PRI ARG F L), 4R AE 30 °C fEIR I FRA h 3G 3%, B4 FaREAE, WI4k 2 A 5 2047 Bk 40
P AU . SO AR IR M TAE & B 5e . (2) 0 T M 42 40 T 3% 33 B VRl 200 o 15 R 6, 0 1, 2 4%
PR B R 200 T I TR 3 4 et rb 00 i 40 T 91 PR B 10 3%, 2% UM B J B9 AL 0.5 mL T KA
BV BRI IR FL NG P ARG TR b, B PAT 3 32, JRIRCE A 4, 30 °C AR TR R SR 3 ds 3 d R U FEE
ARG B R T A5 R B A0 T O AN R R Al IR, A AT 3 SO IR E A X IR
A, BT 30 C R PSR 3 d; 3 d B EPkE 3 4Pk, 26 20 AU PR A TR A
A AT A S R R AR E T N 2 .
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2 HEFRAE T E R
Table 2 Main medium configuration reagents
R4 FrMedium name B39k F FR 5 Main reagent of medium

2 R IR AR R 2 4 RH3 g. HEAMRI0 g NaCl 15 g, KB F/K1000 mL. pH 7.4—7.6. HiF20 g
FrEERRAEL10 g, MgS0,-7H,0 0.5 g, K,HPO, 0.5 g, CaCl, 0.2 g, NaNO, 0.5 g, NH,NO; 0.5 g,

il
SRANRRFA 22857 7K1000 mL., BI515 g. pH 6.6—7.0
AR R AR g BEREE0.5 g, BB 15 g, MnSO,-4H,0 0.2 g, FeSO,-7H,0 0.001 g. i JERE#E/K 1000 mL

2 LEE5E (Results and discussion)

2.1 W IXHL R OK AR YRR A E 5 AT

AR A3 BT Y R K FEAE 25 6] 43 A b DURAT IR Ao 3 e, 46 A% 0 R XL 7 X A=
6 DX, SR R SR, W45 b T 7K E 35, WI R 43 B A5 31 25 () 43 A B, 256 /K B850 ml i — 20
3T H ORI
2.1.1 JK¥ DGGE Bl & Z FEPERRE 34

JKAEIE 1 168 rDNA PCR 7=y 1) A8 PE A 5 8 118 fL ik (DGGE) 43 #7, 45 21 3 4~ KA h 41 1 1) DGGE
RSN & 2 .

1 R —— Y |
2 —t— 12
3+ —-—r— 3
4L cp— 4
b ——
64 - 6
i —t— — 1
01 — 49
101 10
11+ —t— $11
12t -t 112
13+ +13
14+ +14
15+ +15
16 116
174 =g 17
18+ —— +18
19+ 19
20 20
21 21
2+ —_— —t— 122
234 —t— e 423
24+ —p— 24
251 —_— 125
1 2 3

100.0% 57.0% 40.3%

2 JKFE DGGE Hi Uk - AL 73 #r 14
W1ZK (Z2RIX ), W2 55 =T RIRA/K (0 IR . W3 HoK (CETRIX)
Fig.2 Water sample DGGE electropherogram - quantitative analysis
W1 Coal seam water (in the third mining area), W2Mixed tertiary and quaternary waters (north boundary of mining area),
W3 Shallow water (living area)
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[l Fsf A2 40 P, U PRT A i v ) 2 ) R A 2R AR B, 0 AR B A v PR B (/D L 22
(E) . F5BE(S) SRR AT 00T, I 0 1A it 4 B30T 28 5 LU BORE A O AR (UPE, 5 2R A0 3 Pis. X T
KA b H RS DGGE S 0T 26717 R 3 AN sg BEREEAT PP 51 N 7E , 05 45 2R 15 Genbank i) 32 51 14
Frxbig, 458Nk 4 P,

R 3 KRR Z AR T S A R AR R 3 A

Table 3 Analysis of microbial diversity of water samples and similarity analysis of Dyce coefficient map

ZREMER AL JKFESamples
Diversity index W1 w2 w3
TR EH 2.74 2.79 2.76
WSBE 0.95 0.98 0.96
FRES 17 18 18

Wl 100
ARALEE /% w2 57 100

w3 403 64.7 100

R4 KEERRUEY Y FIXT HEAS R

Table 4 Comparison of microbial sequences in water samples

Kl s EARAE IR AHBLEE /% FrJE ] Bos

Band No. Most similar strain Similarity Mycoplasma Accession No.
Bandl Flavobacterium marinum & # )& 99 Bacteroidetestl AT 5[] NR_109520.1
Band?2 Flavobacterium marinum & 7 & 99 Bacteroidetest AT 1] NR 109520.1
Band3 Flavobacterium sp. B T )& 100 BacteroidetestFT 1] HG_934362.1
Band4 Flavobacterium antarcticum EA T H )& 100 BacteroidetesfUFF ] NZ ATTMO01000012.1
Band5 Bacteroidetes bacterium3FT 7 J& 4 100 BacteroidetestUlFT 1] KR_089390.1
Band6 Flavobacterium hydatis7K ¥ FF P4 9 Bacteroidetes#\FF 1] NZ_JPRM01000023.1
Band? Psychrobacillus psychroduransiid V3 VgV ZE AT 7 100 Proteobacteria /B "] KP_836260.1
Band8 Psychrobacter pulmonisWg V&3 ¥ 1% 99 Proteobacteria”FE # ] KT _767781.1
Band9 Pseudomonas putida¥ 5L 15 TG 99 ProteobacteriaIZ T NZ_AMZE01000125.1
Band10 Marine bacteriumifF 4N 100 Proteobacteria I 1] KF _816561.1
Band12 Firmicutes bacteriumZBEF | 1 H 100 Firmicutes/S&BE G| KR _089401.1
Bandl14 Flavobacterium rakeshii?i ¥ & 92 BacteroidetesflFT 7 [ ] NR_109425.1
Bandl5 Comamonas aquatica’\E 241 1) 100 Proteobacteria S #1'] JX_081585.1
Bandl17 Comamonadaceae bacteriumM\TE A H S 99 Proteobacteria JE [# | ] EU_642395.1
Band18 Polaromonas naphthalenivoranstie Pk i i & 99 Proteobacteria”FE # [ ] NC_008781.1
Band20 Novosphingobium nitrogenifigens: i & BEFT 1 & 100 Proteobacteria” 1 [# | ] NZ_GL876934.1
Band23 Sulfur bacterialii 2 A 100 Chloroflexi%k 25 4[] JN_038252.1
Band24 Firmicutes bacterium 5% D J& 4l &1 100 Firmicutes/SRE P[] AB451854.1

&l 2 A2k A1 Quantity one 3K {45l A 43 B i 45 Fa Uk L -f Ak 0 AT 1L, TR AR 3 T REAEAS [R] 1) 257 40
AR, 57 T =R X2 K i) 4 TR R Vi 2L 1 B J S T DX SRR o 5 = D R TR KRR TR X
K. AR BT AR 3 B R AR R KRR OK 58T X FOKARRINE R 57%, 5 4216 X 7K AH
IPEAL R 40.3%, T W2 B X 31 FLK 5 W3 A3 X0 T KA LR B, O 64.7%; 53X — 4 A Ul AR 2
KB B Hom M. DGGE B b 4 — 451 AR AR b 19— FP R ), 2591 78 DGGE KElig
T, I FE AR S, RO GLAE Py O A Ao Bk B . F 1A 2 RN 4 T DL 2 K S k5 5 (H) L 5]
(E)S5F&FEOMRTEME, R R ZKMED ZHEMIEEONMY R 5 B 5 e X i
SRR TN A: 175 DX HE R 7K B AR, 3R W] D e SR DX 3 %) B S22 /K R X B2 0 1 A O AN 3 B, (H S5 4 A
A HE A Ja AR A v 150 B S — SIS TR 1 4 T R B R K AR K

IKEERUE YR 90T b g SR an 3k 4. 455 18 2 B9 DGGE FE R LUE H, (1)W1 =2k XUEZ 7K 48 34
S AE TP AE Band4-16. 20, 23, LIARTE 5 1] ( Proteobacteria) AL A 7 | ] ( Bacteroidetes ) 8 3, F A4
6 35 5 4T 18 )& (Flavobacterium) | Tit ¥ W12 ZE 0¥ 18 ( Psychrobacillus psychrodurans) . 3% 5B PP f
( Pseudomonas putida) . 1§ TF 240 B (Marine bacterium) . )\ ¥ M 41 1 J& ( Comamonas aquatica) . H 52
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AT 18 J& ( Novosphingobium nitrogenifigens) . i 41 & (Sulfur bacteria) , H: PR A1 5 ( Sulfur bacteria) | Tit
& WE V% ZE A AT % ( Bacillus psychrophilus) . 3% 5L A5 0 M 18 ( Pseudomonas putida) . 15 7% 20 1 ( Marine
bacteria) ¥R it & 20 8, 5 MO0 DX A ML BTt AR 0 R B i R S L B A R . (2) W2 BT IX
FLHE =00 R IR A K B9 & 7w 4E P 7E Band10-20, DA ZE JE B [ ( Proteobacteria) A 3, LT 1 1]
( Bacteroidetes) {X 2, 3= % AL #¥) B 40 45 W 7 4 14 ( Marine bacteria) . ¥ 14 J& ( Flavobacterium
marinum) . M\E B H A F )& (Comamonas aquatica) . Wk P MU J& (Polaromonas naphthalenivorans) . #i
B 2 BEFT 1R (Novosphingobium nitrogenifigens) . 87 X 11 5 1T 7K r i 42k 4 40 B 76 0 35 B e P ASUAE A
—Ff, BV 41 1 ( Marine bacterium) , J& % fBAT 6 J& (Bacillus) . (3) A= 15 X% 7K 19 0 5 %47 42 A
Band13—20, [A#:LAZE L & ] ( Proteobacteria) & 3=, $UFF #i ] (Bacteroidetes) YK 2, =B AL H# W) fh 4145
B KT W J& ( Flavobacterium marinum) . M\ & 5. 8 40 7 J& ( Comamonas aquatica) . % 14 ¥ 74 )&
(Polaromonas naphthalenivorans) . 1 # 2 BEFT 14 J& ( Novosphingobium nitrogenifigens) . ¥ 43 J& M I 35
FTRRE T Z AT 8 AW /ARE Y AL RR 0T, 255wl iR BE A S X E e - S b i 8
WEGE, HEWT 1 e A B Sl | AR W0k B S VAR VR R A A PR A SR R S B A T XK A
WXl SR OK B8 RS — 3 7300, AT — DRI IR, BEE T BT e IR A A W S T T T2
WL, BORTEE B ER AR AR, ANBRE A, HRBHEAT AR, 1N R AR I 2 rh 2o IR AR, Ui B
2o ZARIE R KGR AT — @ TR EE LS 1 b R oK SCAR M, R EURZE R RUE Y R kAR AL, T
S PR B B B, SE AR G P i e R AR AR, XSRS — 2.

K MEGAS # {4, Neighbor-joining 7 it R 4t & B W, A & F U (bootstrap) 2y 1000, /KL RS
KAWL (A 3).

100

Flavobacterium antarcticum (NZ_ATTM01000012.1)

99 99
Marine bacterium (KF_816561.1)

96 100

0 Flavobacterium rakeshii (NR_109425.1)

Psychrobacter pulmonis (KT_767781.1)

Pseudomonas putida (NZ_AMZE01000125.1)

Novosphingobium nitrogenifigens (NZ_GL876934.1)

99
Psychrobacillus psychrodurans (KP_836260.1)

Firmicutes bacterium (AB451854.1)

Firmicutes bacterium (KR_089401.1)
Chloroflexi bacteriums (JN_038252.1)

100
Comamonas aquatica (JX_081585.1)

97

100 100 100
Comamonadaceae bacterium (EU_642395.1)

100
100

Polaromonas naphthalenivorans (NC_008781.1)
Flavobacterium marinum (NR_109520.1)

100|

Flavobacterium marinum (NR_109520.1)

90 i tavobacterium sp (HG 934362.1)

Bacteroidetes bacterium (KR_089390.1)

0.05
Flavobacterium hydatis (NZ_JPRMO01000023.1)

3 HUTFKEEA AN R RS AL B R
E: E T E R SR Bootstrap /R FUELIE R 1000 YKE AL 455 N R85k 5 A UK BEA R AL i .
Fig.3 Phylogenetic tree of bacterial strains in water samples
Note: Bootstrap values were shown at each branch points(1000 replicates); accession numbers are shown in the parentheses;

Scale length represented genetic distance.
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2,12 B DXCHL R K IR 5 T KGR W =2 (RS e 1 DG 2R 3 B

WF 5 A3 P B MR 1 R KK BT B 22 4 B 85 R 5 s, W1 =R IXUKHE pH S, Jf B
BRER . R R R R TR B AR s W2 B X R KoK IR S e, (B W2 U SR P FE br
PR W3 AR DXCHL T /KK B b RAT i Bl IR 6 18 B A PR e W 2 7K rh it A e B 1
Ik 8.49, BRI B G ECE F 2.26, BT DX Z K A7 7E B I 1 B AR B B 7] 885 W2 45 DX 300 5 7kl
YRR B R AR IRAS, BARE R W 3.89. 3.35, {HH I ARFE BEAR A% 0ok X X B 43 A
SERAT, W58 DU 2 K g & i bR 2 S WA AT DX KK BT R R s e U ) 2 R
LR A ) FHE R ZR . i — 2550 He o B T DA B, 2K b it A B 3 2 o L I v T XA
S AR DU F KA TE XA TR K, RIVERGR A0 T8 D03 B N 2R 5 077 1 S BE AR L. F3 4b, AR 3 XCHL TR /K
FEA ) BUBR R AR TG, (E ol T8 X 30 R 5 R S B 2 3% D R 14 AR 3 5T 2 2 Ml T /K i il
PR Eh 18 BOB bR, #ie W3 AR 1 DXCHE R 7K H K R 20 TR B I sl /b, JBCITT AR 22 A8 2 3t 7K v A9 o DL TR s B
)& (Flavobacterium marinum ) 2.

RS KEEEREIEDHTR
Table 5 Data Analysis Table for Water Sample Exceeding Standard

Py
LNTE s AKFEW1 HKFEW2 HKBEW3
Sample number i FRAETEAC i FRESRC i FRESRC
Standard Index Standard Index Standard Index
M/ 9.2 7.4 8.0

o 6 0.4 5 0.33 5.5 0.37

WhEE 2 0.67 2 0.67 2 0.67

pH 7.66 0.44 737 0.247 7.59 0.39

T4 10.88 — 7.72 — 8.36 —

ORP/mV 2472 — 2153 — 2273 —

% 0.677 226 1.167 3.89 <0.3 —

i 0.849 8.49 0.335 3.35 <0.1 —

kil <0.010 — <0.010 — <0.010 —

B <0.001 — <0.001 — <0.001 —

AR <0.02 — <0.02 — <0.02 —

WAL 354 — 407 — 399 —
SRR 230 0.511 203 0.451 322 0.715

WML 0.068 — <0.02 — <0.02 —

AR ER A 0.006 0.3 <0.001 — <0.001 —

HRKIRER 226 — 379 — 562 —
T B 355 0.355 456 0.456 728 0.728

k75 2t (CODCr) <10 — <10 — <10 —
LR R 3.73 1.24 1.38 0.46 4.43 1.47

mA 0.51 0.51 0.65 0.65 0.5 0.5
AW 24.2 0.097 28.3 0.113 26.7 0.106
fisRER (LINTT) 0.15 0.008 <0.05 — 16.5 0.825
TR 62.5 0.25 33.1 0.132 55 0.22

Chen 45 BIFFE & B, AR W) 04 it 5 1 il R #6158 B (CODy,) B AT 35 I IE AR SGSC 2 ZEARHIESE
W REZ K W3 A T XK B g A IR R 55 B AR L, 117 W3 A {7 DX K i R 35 s R AR, (R
Shannon-Wiener 5 502015 852 7K H A IR AR W ate v AH 22 0L, — J7 1T Ul I 70 368 B ) o R B 2 5 sl A= 90
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HERILFEARZ M, 2RI R 3, R0 2 B T Y45 RS T B R B 1 3t T /K 5 135
B5E . DXFNAZ 2R DXCHE T K PREE S IR 1 DR AR PR B, T ke S A R 1 PR B8 1 25 3™ A rh [ S gk T &
IR, A2 T B Tl e P e AR e 2 AR 1 [ A Y, FE ARV i S Bl 25 S A ) T8k ot
FEHEALEE . 225204520 g B M IXARORT I T KBRS e AT T R A, 45 R R % b X i
KRR B AR AT B 2 kb HERE T AR R, R R M LA b T /K pH {E AT . Maurice S5
S FEAT A RIS R — PP B TR A = 0 AR L R SR, E RACR TRT RT AR e A
O3 VIR BUVER T 2R . 59 — 7 T AE M R K BRERER 9 58 v, pH 252 4k EE KR EE N R . — |5,
pH 57, Fe? 1 Mn? 1) 480 1b 3 BP0t 1) 2 PRt st B 25 5 . i DATRCAE 900 %) R BE R U0, 40 1 2 T3 7E Ml
Hh P R ) BRI O B A R 2R T EVHT B H AT, XA R T A TR PH S, 4D Fe?t . Min®t AR 1 IR
Crerar Fll Barnes™ H 57 T VR VAR 25 4% il PR A f AL AR 1R, 4 i LA Al T, an A &R, AE s s Aets o
H Mn FJUTTE; 76N 3B 57 i, AR S PR R A b Min B30 SR AN M. i LA S0 IXCHL T KR R R
DBk dr PR T, A T 5 A A kA 2 - A A T , Rl I e R A TR A B IRV TR, P2
AT R OT R R IR, ATAE R A W I A S IX T KRR T G AR i

38 25 AR YR A B 45 SR 0T L, 2 K A DL SR A R TR — 1 S B ( Pseudomonas ) TR g S8 A 4k LT
AR B ZEHOFT 38 & (Bacillus ) FVGRFT B8 ( Thiobacillus ) “AAE 3, AL M 1T S me 1602 o s S BR0R 1) L T 4%
. A D TR, KR W g 2 rh kb T 7K 233 20 el A B K (8 A8 A A S A5, TR R A TR
PR FAVE T, R 25 1 SN 25 5 Vs i e A K AR Th, S U 1740 DX i A 7 H S AR A s 114 S A
B F 2% 6 308 AT LU D A b 5 )23 R O R A B2 5 b T K P A B Uk B S AR AR OC, AR BR B i
AT R AR A TR 1 7 A I A DR SRR, A MR K I SR AT A R A R BT ) TR A G 2 AR I AR
FH, MR TR A 1Y Fe™, Mn* ¥ HH 2R A AR T A Fe?* . Mn? 78, il KA 52 8RR 15 s
T SR T v SR IBUHS Tt 190 ) A 200 A ) A R s el T K SR A S AR R T AR A s G Y ] A
JEAE 25T BB 20 A — TR B PR R T e T A K. 2T AR SR AR I R R TS KT R
i BE I T 8 T BR AR AT, X Mn? ) 22 BRR R i 95%. Tang S50 W 1L H 3R #SBY Lysinibacillus W) TR
Pk MK-1, RS TE e A 551 T Ak 98% 9 Min™. 15X Sl A= % ™ IX K S5 Ay i 107 AR 1, 7T SRy o e PR T 1
B E W X T KRR TS G i B IR TR At — SR R 5.

R 6 S IKFEHL T KK BT 5 1A PR AE X L
Table 6 Comparison of groundwater quality and microbial characteristics of each water sample
TR BTRHIE

Water quality

characteristics
LEBER2.2660%;  WIKER BT BR41EE (Chloroflexi bacterium) . *EHFT 1 (psychrodurans) . .MU (Pseudomonas)
2AHPRR.A9R;  SEERER AN, P 2R AR 3 MRS 43 5 o Band 7 8. 105 fB I TR AL I I B A
3R BRERFE RO Band9., 18; I BRANEL$ 457 Band23, ik 4 B DL 3 TR 2 K B AGsinl th p 46 b 5 1
Fr1.24f% 46.2%.
| B RT3.891: W2KEE - BTGRP (Sulfur bacteria) . 2FHFF I (psychrodurans) . ARSI (Pseudomonas ) 548k
w2 2'%&2,1;3'3 s BRI, SOPSEAR R LR — MR Band 0; (BLELH €145 — K Band 18: I LG4
' o P3G Band23, AR AN TR P S AT XA SR RE v IR D s (8 A4 vl o 123.1%
B R IREL TR BOE AR W3KEETh H 3 TR B B ( Pseudomonas ) X —FMEHARTA, DS Band18, 5 A 15 XL R 7K
1.474% SR AL 1 14.2%

TKFE

water sample

A PR

Microbial characteristics

W1

W3

22 ISR TR A RS B
221 +HHESERMAY) DGGE il & ZREMERFIE 0
K B3 1.2 5 R 7 AT AR S AR S b, 0 DX AR TR A TR ) DGGE HL Uk KT A
AL T UNEL 4 Bos. SR SRR B9 G 1) A R R R AT R B B an 6 7—3R 9 .
SHTIEL 4 T 7T—3 9 R, BUA L RIEMMA Y Z AR E E LTS, RIS R R R L
EE R T R (1)S3 =R M HAEW Z AT S2 9 X 3R ST 423 IX -4, AWk
TEF R, E LI 5] FE WA, 398 SR AR A =R X R ATF R B B, R3S R 32 2 T4, A% X £
SR X i) B A 198 4y 0 A2 BN 23 B AR VR A9 5 i S BURUE ) 2 FE BRI R, AT R B (2)
S1 AR X 1Y S3 = RIX HIEMM AR R, Mo X LR T2 RJER L ZHE
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F‘ DL B REAT 7 T 7 A R 5 3 22 AR, AT LA DX SRAE M X - S R A T — g AR R T A
MEZFE IR T =R X, BRI 2 HEe | 32 BRI 5 e 22 .
X}~ DGGE #E i PN S5 BE R 3 > e BERESEAT TP 502, P45 R 5 Genbank H (1))7 51 47
X, S5 NEE 10 Fw.

#1 #2 #3 #1  #2

1. 1 1L N
1
2t +2
24 42
-t 3 3t +3
; H i 14 3l 13
6+ 16
s —— 44
|§~ ::lé
0-—4 : i
1 +11
12 —_— ]2 st 15
13 F13
. . 14 +14 6} 16
W 2GS SN 15 +15 74 17
24
16 +16 8T T8
ol 19
17 17 101 Ho
25 18+ S +18
1t Ti1
- —26
124 12
134+ 413
191 — 119
144 414
15+ 415
20+ 420 164 116
1 3 2 1 2
100.0%  854%  702% 100.0%  87.8%

4 DGGE HLiK IE]- AL 0B (Z2) -ERE AL 234 ()
ZEM: 1AETR X ARE, 25 DX R L 3 =R DR A 1 =R IKHERE 1, 2. =R IR 2
Fig.4 DGGE electropherogram - soil quantitative analysis (Left) - quantitative analysis of coal mines (Right)
Left side: 1. Soil sample in the residential area, 2. Soil sample in the mining area, 3. Soil sample in the third mining area;

Right side: 1. Coal sample in the third mining areal, 2. Coal sample in the third mining area2

®T LHMEMZEED T

Table 7 Analysis of microbial diversity of soil samples

+#£Soil sample S1 S2 S3
TS H 2.74 2.68 2.79
WA EE 0.97 0.97 0.95
FEES 17 16 19

RS WU AR UE B

Table 8 Analysis of similarity analysis of Dyce coefficient map

AHBUE /% Similarity S1 S2 S3
S1 100 70.2 85.4
S2 70.2 100 63

S3 85.4 63 100
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RO MRERAEY AR IHT S A B AR A

Table 9 Analysis of microbial diversity of coal samples and similarity analysis of Dyce coefficient map

JHFE Coal sample Cl1 AHUEE /% Similarity 2
iRy Sizy iVl 2.57 2.57
¥ EE 0.95 87.8 0.95
FIES 15 15

R 10 LRGN S 5 O o M d

Table 10 Soil and coal sample bacterial identification sequence alignment analysis results

- e Tos - e
F1ENO FAH I Accession LB /% AR IZERE
' Most similar strain No Similarity Most similar group
Band 3 Lactobacillus plantarum ) 7LFT i NR_075041 100 Firmicutes/5BE "]
Band_4 Lactobacillus plantarumAg¥) FLF e NR_042394 100 Firmicutes/SBE# | ]
Band_5 Lactococcus lactis?LFRFLERH NR_040955 100 Firmicutes/SE£ [ ]
TIHRERMHET  Bang 6 Lactococcus lactisFLIRFLIKTH NR_040955 100 Firmicutes/SBE ]
Dominant bands of ) R o —_—
soil samples Band_10 Lactobacillus paracaseifl| T-F&FLFFH NR_121787 100 Firmicutes/SBE 4[]
Band_13 Pseudomonas monteilii%? F AR M NR 121767 98 ProteobacteriaF 1 | ]
Band 15 Pseudomonas plecoglossicida S TEAR BT NR_024662 98 ProteobacteriaZZ 2 [
Band 17 Lactobacillus paracaseif| T E&FLFTF NR_121787 100 Firmicutes/EBEE ]
Band 5 Pseudomonas plecoglossicidaS TEAR B I0 T NR_024662 99 Proteobacteria”SJE 1| ]
Band_7 Pseudomonas monteilii5 B AR I NR_121767 98 ProteobacteriaJE # | ]
BIZRER RS Band 8 Pseudomonas indoloxydans &AW 5L 12 NR 115922 08 ProteobacteriaSIE 4[]
Dominant seam - B ‘
sample belt Band_9 Lactococcus lactisFLERFLER A NR_040955 100 Firmicutes/5HEF ]
Band_12 Pseudomonas entomophila WA S B NR 102854 98 ProteobacteriaJE | ]
Band 13 Pseudomonas monteiliiz? R AT NR_121767 98 ProteobacteriaJE | ]

X FOERE S A, W LUE Au\1$iiﬁ¢ﬂﬁfﬁ§£%$fh$ﬂyﬁ Ve TRERE, i S b IX o A
TE 26 5 % F 4 ST X+ R34 4kt 3—6. 15, 17, 32 B 0k 45 B Pl A0 45 1 9 3L AT A
(Lactobacillus plantarum) . FLER FLER T ( Lactococcus lactis) . mU?@k?LﬂTﬁ(Lactobacillus paracasei) . %
AR LT ( Pseudomonas plecoglossicida) , H:H1 A% JE AR B i 1R ( Pseudomonas plecoglossicida) A8k i 4
PR, ST AT X REOL RS TR R 40 T 7 HE 16.2%; S2 07 X P 3R 3SRt o 2—6., 13 15, EEALH
B PR A 45 A Y FLAT B ( Lactobacillus plantarum) . FL R FLEK 5 ( Lactococcus lactis) . &) + 1§ ZL AT B
(Lactobacillus paracasei) . 75 AR B0 7 ( Pseudomonas plecoglossicida) . 5¢ B AR 5.}l 1 ( Pseudomonas
monteilii) , H: A2 T AR B M T8 ( Pseudomonas plecoglossicida) . 5% Fe AR AL 1 ( Pseudomonas monteilii) 1
BB AN TR, S2 7 DX A L RE L 35 A5 T BB AN T L 28.5%; S3 =R IX LI ML Skl O 3—7. 13,
15, 17; FLEHE M5 S1. S2 1A, [RIFE LA AR IE AR HL I BE ( Pseudomonas plecoglossicida) . 5% F AR HR-
M (Pseudomonas monteilii ) NG AN ; (H S3 = R IX AL ST P EREL AN A 7 HE 23.5%; HFEH
PEF P Rh AT 45 ) RE R ] (Firmicutes ) FIZEJE T8 ] (Proteobacteria) , H R RER ] 7 + UL SRR
70% LA L, AR JE B ] (Proteobacteria) {{ i 30%. 15 52 7Kk i 55 200 b 5% 45 SR S 7 19 PR 5 oy 37 1 2 it - S8
AW T R R 254 Th S JE TR 1] (Proteobacteria) i v M BT 17.6% AR, 7r S R AL A 3 b SRR
VIRETE S5 R R USRI TR 11 A OSSR, B0 AT X 358 R R4 B 2 SR Ak #a 3. X T2 B2 i
A ) F BEAL AR I AR ML TR ( Pseudomonas) | 52 AR H M T ( Pseudomonas monteilii) . 8465 WA L
W ( Pseudomonas indoloxydans) . W {5 5. jfd 18 ( Pseudomonas entomophila) . |12 %L EK & ( Lactococcus
lactis) , FLrf (R Z 00U ) B9 DL AR b 2R S A0 ) T R S B T i ( Pseudomonas) i 84% 7245, & ULTA
Fir R SATERN Y 16% 2247 . BRER A5 R 2R AR A 7 R IERDURR Y v A 7E e 2, A b s v
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M Z R S B AR MR R A5 . A RESE T HR S, A O A BR R A A% Y 0, B AL T R AR
SRR A5, AR Z5A R A AR R 22 5, 76 138, JERETE T ] (Firmicutes) . FRFT ] (Acidobacteria)
Gl RN A EE, 4 51.6%—70.5%, ZZJE I ] (Proteobacteria) K 2., i H 17.7%—29.0%; 1M k4
g, IR ETT N FEEERE, BT AT ik 62.8%—90.5%, 1M HABE 1] b AL R 1.5%—10.1%; 5
AHIGE L RN o A MR 2540 T IR 235 SR AH [F].

K MEGAS #f%, Neighbor-joining 75 ¥ i R 4t & B W, A Z H (bootstrap) k1000, ¥4 2 + £ F1
MR RGE R FRAE 5 k.

Lactobacilus plantarum (NR_042394)
og | Lactobacillus paracasei (NR _121787)
Lactobacillus plantarum (NR_075041)
96 Lactobacillus plantarum (NR_042394)

Lactobacillus paracasei (NR_121787)
97 W' Lactobacillus paracasei (NR_121787)
Lactobacillus lactis (NR_040955)

Lactobacillus lactis NR_040955)
100 | Lactobacillus lactis (NR_040955)

Pseudomonas indoloxydans (NR_115922)
Pseudomonas indoloxydans (NR_115922)

96

Pseudomonas monteilii (NR_121767)

Pseudomonas entomophila (NR_102854)
Pseudomonas plecoglossicida (NR_024662)

Pseudomonas plecoglossicida (NR_024662)
Pseudomonas entomophila (NR_102854)

28 pseudomonas monteilii (NR_121767)
W 99 = Pseudomonas plecoglossicida (NR_024662)

B 5 LRAEAHED A A R R RS R TR
1 E R IE RS S S Bootstrap B8 BIEUEN 1000 YK E I ; £55 N 85 AR R AR R L HE .
Fig.5 Phylogenetic tree of bacterial strains in soil samples and coal samples

Note: Bootstrap values were shown at each branch points(1000 replicates); accession numbers are shown in the parentheses;

Scale length represented genetic distance.

222 PP DX ERE R N 53 AT

A DX TSRO - SRR A2 e 32 202 R R i ek itk . RV SR Y. RIEPRTE
BIRMETH . ATy [k, o 42 T T e B IS AIF 5T S R PR AR Y. NS 4 o 4 Ja 114 4 ) 23 A DA K KU T
W SRR 1 I AR R A ST A R R0 TR A CY S BN T X S PRI 5 A [ R ) o 4
J@in g, A X+ OR A i M G Jm 15 Qe — 2 R, FLGJm 19 Qe 0l L e AR Wy A i M m] B 5 2 e
B B EREAR. S IRFEA R X RGO, 45 R R (R 11), 1R E &R LG5 Aa e s IX
T B R ORI AR 0.118, 0311, 0.229, M R BEE X LR AT R . &
G B EE AT P AR BE AT X A 3> =R X A AR I X R I, (HEVAOR B, BR R AR S At 4 D A £
BTG RHR R/ T 0.7, RN T &8 15 YR B AL T2 B LLUT, e X Py e i) kA o5 1 S
DEBFRRAS, BR AR TS Y IR BIA 1 BE.

&1 P IXE R RGP AR RO LRSI YR A
Table 11 The cumulative pollution index and comprehensive pollution index of heavy metals in Yimin mining area

754448 %% Pollution index

BERLA R e
Sample name SKHg fECd ¥&Cr fiAs HPh HiCu #kFe EMn EAEREE S AR
Heavy metal pollution index
S1 0.04 0.14 0.21 0.21 0.04 0.09 0.32 0.24 0.118
w2 0.03 0.21 0.17 0.38 0.05 0.10 1.14 1.20 0.311
S3 0.15 0.22 0.20 0.25 0.05 0.07 0.78 0.64 0.229

DHEs™ DX A Ml b R R BB, T S2 T IX N AR S R, T RE SR R T B R
I 3 R ST ™ DX P, S TIRE P 0k A 20 T R B Bl A A L, T R A A R R R B SR TR
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FOMAFEE , INZ AR BT 10 A A (R0 A0 D 2 Bk 3 b B AR S5 R b R T 3R 5 A R i 4y
ARG OL R S2 W X+ 1E>S3 =R X - FE>ST Az 16 X - 5 400 240 o AF AP I 0 A i bk S2 0 IX -3
(28.5%)>83 =K X +1£(23.5%)>S1 A3 X +FE(16.2%) . il i %F b H kAR e 2 5 & 5 R b 84
YA 7 LT DA R T R A S P A R R S TR DG, T PR e A A A A A A
S SO R BRI RE. ZE A AT S v A DX, T 2 ) R A SR AR, R LA B A Min( 1) (T
HAETE, 4 Ma( 11 BB BGPTSR A T, AL EREE SR A D4 MnC I A6 A Mn (V) P7,
117 = SR X T2 SR 0, 7 ML 5 e A, A A TR 4 R e (A AL A TR T 2R A R
BRAGICE U TR 2CHE A 38 T B o ™ X+ B4 & A I IR Stein 26192 iF 58 KOV 428
S5 R XK VE b 7E P A BR AR 25 4% S B B A O B E W Z FE PR 98 b, B ARGE TR T A W 1 A
7E H VST B o0 32, UE B 28 T B 76 4000 J0 R A3 BR AL A A8 30 b & # 25 — 22 ROAE . T E ATk sd A
X R AR 0 B R AL R R K BA 0, 875 B2 0E— DR R, A BEAE T A 4040 AN B o A LA - 4
BT IS O T, R AR T A Wy 0t e 2 PR AL, 15 S0 B AR A AR R T .
223 WX LR YRR 5 N 5 b X A P X )

FER XA W 5 5 28 (R 3 A F R BE kb, E— 25 40 i DX A= 0 5 R | et 25 JE At e DX A=
YITE ZREME | 25 S B RE O T X S R AR W X R 3 LA o0 3, 0 X5 PN 5 At b R
M BEHL . TR b DL KR X AT B A R T A AR AP R X I RRAE S SR A 12,

R 120 XA S B SRR R R [

Table 12 Comparison table between soil microorganisms in Yimin mining area and other types of soil in Inner Mongolia

TR ZREEFREL F DL
Soil type Diversity index Abundance Dominant population
ARG 158 JEEER T ] (Firmicutes) . Z8JE 18 ] (Proteobacteria) . AT ']
Yimin coal mine soil 2.57—=279 095097 (Bacteroidetes), HritELBEET ] 5 2 {4429
S Y [ - fE PEB B HE I ] (Bacteroidetes ), 24T 141 ] (Acidobacteria) , 28 #!
jg%ﬁ’%w’ﬁﬂ% 2.68—2.84 0.95—0.97 il J(Proteobacteria) iy, S2EH¥ M JSBET ] (Firmicutes ) , HerP BT iA
Degraded steppe soil N 33
17 o pL e,
Wji?lind 3.03—3.13 098099 R R
i l]/KqZﬁpﬁ“éﬂﬂ 74 Lii\:ﬂf]:. ifélﬁl?(}?rotfegt_)?ctena? . Mﬂ:lﬁﬂ
Arable land 2.61—3.92 0.95—0.99 (Bacieggdetes) . E%Eﬂ?(ﬁrmlcgﬁs) . R T (Actinobacteria)
) ﬁﬁﬁlﬂl J(Acidobacteria) . ff"ﬁiﬂ]’r}lﬂl J(Gemmatimonadetes)fi%jﬂ:ﬂ';%
Grassland (non-pastoral) 2.39—4.08 0.96—0.98  Ji€EI ] (Nitrospira), HrAJE 11 ] (Proteobacteria) , JEEETA]
- (Firmicutes ) >4 22 ${0RE i B FL 35 B EEC ),
FHL(EIX) 3.19—3.57 0.98—0.99
Grassland (pastoral) ’ ’ : ’
JEEER ] (Firmicutes) . $UFF 5] (Bacteroidetes) . B[]
et E B 2.50(% BA)) (Actinobacteria) . ZZJE H [ ] (Proteobacteria) . FRFTF ]

(Acidobacteria) . ZEEAATE ] (Gemmatimonadetes ), H:H AU E 1]
FUFF BT VAR IE 11 e B A A R e,

Coal mine dumps reclaim soil —3.51(F4E)5)

A YRR 2R X T s W L3RR R K A S FR G HAA AR AN VR, AT DL i
- B i i Mg FR AL O, — ELR A A SRR AT i A BRSO, X I B ST 3R A I U
b ERE R B - D Re R G R A R, A AR A B L i R AT, X g RUE Y
ZREVERS BN T 2.57—2.79, FJE N 0.95—0.97, JERER [ ] (Firmicutes) 5 4 XF L 3. miHE 358 B + 1%
WA IR AL T BB S A W AR PE 3 B R 250, 2.68—2.84, T AR M ZREVE R R ERIEFE B
5 X R A T, DR B DU — R sl S PR DR SRR T 2. ELnT LA X A S HE
T B ] R A R RS, B e T A 2 A it 58 X KGR AT X AR )
ZEREPE I A T B 7 A ) 60 07 T 5 T S SR I X T X R PR S R T B T | TR AR ) o
P HHET A WA ME R, VPR, YOFTRE, 508 18 10 B AR M R AR . — ke id, sz 0T 3R
A S AN I A 1 R )2 TR 1, (L S P Al A o S A — SR i A5 114 B30 S I 34 o2,
23 HERE L T IX A R 2 Y B b A S5 R T

DGGE & HAEXHUE WIS P8 BT 1% M PE3AFREZEAT /A WL PR 4 4= 9 16S rDNA
(5 BN A A —FE, (FUZ BT GC & &2 —FE W, 7 DGGE 1% b2 Rl — 27, ImiiAl T i
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BRI Z B, 7oA AR A DGR, DR 3 T 1A 7 B0 5 b TR R R A 7 Ak 2 a0 T A 7 e S 6 3
5 8 P, 3 ARG —Fh Ak, Forb 4 AN BRAN TR B, 4 A4 A0 BT AR O 0k I A5 11 8 o
M % 2 A st T A AE MR A BRI R4 TR PP S, 4558 T VA IRl RE B PCR-DGGE HiAR. 7E41 F B
P g i R v, R TR A S AR A BRI H A 0, e 2% 4 AR LT SE LN Y, XX 4 AR E T
I, #E4T NCBI H X5 R a3 13 fs.

T3 YL IF AR A P51 H &

Table 13 Sequence alignment results of ferromanganese bacteria obtained from domestication

K IR IR AHALLEE /% B
Sample No. Most similar strain Similarity Accession No.
f#i/1-(@Manganese/soil@ Lysinibacillus xylanilyticus strainffi 2R 2 {0 B8 99 KP644237.1
§#i/ 1 @Manganese/soil@ Lysinibacillus macroides strainii 2 - fFT & 99 KR085803.1
e/t DiIron/soil D Bacillus simplex strain - 10FF# & 99 GU201860.1
/4 @Iron/soil @ Brevibacillus agri strainfi i 2-H00FF 8 99 NR_040983.1

4 T TR AR 1) 6 5 i SR 40 00 Ry - M B R 2F AT 1 I8 (Lysinibacillus xylanilyticus strain) . §51 28 12 25 0T
J& ( Lysinibacillus macrolides strain) . #f f ¥ & J& ( Bacillus simplex strain) . 18 18 % # ¥ & )&
(Brevibacillus agri strain) , ¥J )& T 2F {01 & J& (Bacillus simplex strain) . S50 45 2] 1) 25 f0 T 18 )& ( Bacillus
simplex strain) J2 Bk T S8R ST S8 A0 5 1) A TR 22—, Dt A b BT PP AE A ) B A e R 8 1k B LA
AR SR TN 32V, HRA A0 s ], 6160 RS G2 PREE b B BRAER 15 S AT — 5 DR A T, SR T3k g A
T PR e 15 G - AT MG S O R AR & IR B R,

3 4518 (Conclusion)

)22 -0 2 b T 7K 2 - 2 A A 1 ) 3 A R RN 4 () A3 A BRI 5 5 R AR W ) oA L
SRR | KRN A R S MR Y S R A T 1 T EE N 2 AR S B B A OGO R, LUEZE h kA
YT F R e, d R CE D SRR 84% 2o Ay, i T AR A FE B A, BP ) I, BRI R
i R F B OSBRI . 25 (8] 3 A LR, SR A% SR DX A TR A% O 3555 70 b T KR Hh 457 v B o
LU 5] Sy S5 v, 2R I ARE 2 ot A 768 1 P DX AR 200 T T o g1, 7 DX 300 5 AR A 35 DX AR YR B AT, 29
R 5 T, A DCHB T 7K A S A v S A0 B R R A AN [R], RIS X ZE K R R BT e
PETR—2% 35 B[] (Chloroflexus), HA X +- 84k 0 2 & i ey, WA RIE 2™ S 520 19 X - 134
AR L IF B X 48 R R i IR AR AR e B R S TR E R K BT o —
FEFREE FRgm T E Y A R, N — 2052 T 1 5 R KRR B T XL A TR A
i e, R 2 P 9 Ak S 5 A5 3 1 O A G AT AR b Bk Bk ST S AR A Y A TR, 3l O i SR EF AT TR B
( Lysinibacillus xylanilyticus strain) . %t % FR % {0 #T 1 J& ( Lysinibacillus macrolides strain) . % {0 T 15 J&
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