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Guizhou Province
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Abstract: [Background] Coal gangue dumps stockpile coal wastes with low calorific values
and heavy metals, which are generated during coal mining, along with a large amount of acidic
wastewater and deteriorated eco-environment nearby. [Objective] This paper aims to explore
the structure and functional characteristics of microbial communities in coal gangue dumps.
[Methods] The soil samples of the dump surface and gangue layers, as well as the sediment
samples from wastewater leaching outlets and dump downstream river, of a typical gangue
dump in Liuzhi special district, Guizhou Province were collected. Metagenomics was employed
to reveal the microbial community structures and functional characteristics of the samples.
[Results] The results showed that bacteria were more diverse and abundant than archaea. The
dominant bacterial phyla were Proteobacteria and Actinobacteria, and the dominant genera
were Leptospirillum and Sulfobacillus. The dominant archaeal phyla were Candidatus
Thermoplasmatota and Crenarchaeota, and the dominant genera were Thermoplasma and
Metallosphaera. The dominant genera of bacteria and archaea in different sampling sites varied
from each other, and Fe-oxidizing bacteria (FOB) and sulfur-oxidizing bacteria (SOB) were
more abundant in the gangue layer soil and wastewater leaching outlet sediment than in the
other two sampling sites. The genes for carbon, nitrogen, and sulfur metabolism were abundant
in coal gangue, with six carbon fixation pathways, six nitrogen metabolism pathways, and three
sulfur metabolism pathways detected. The dominant genes for carbon fixation were ACAT and
E2.2.1.1, and the dominant pathway was reductive tricarboxylate cycle. For nitrogen
metabolism, the dominant genes were nirB, nasA and narG, and the dominant pathway was
denitrification. For sulphur metabolism, the dominant genes were CysH and sir, and the
dominant pathway was assimilated sulphate reduction. [Conclusion] The findings are expected
to enhance the understanding of mine ecology and provide a theoretical basis for the ecological
restoration and pollution treatment in mining areas.

Keywords: coal gangue dumps; metagenomics; microbial communities; metabolic pathways;
functional genes
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WU, IR Bk OB, BR L ATAIEESE, Hop
R B R A1 435, SRR XA TR I B £
A, BERIFRIALIREIRIE , B | B
HHL AL ALl o BRI R IT & | AR
FERIAM A 2 2 B R AR T B R ST, (A
MR T A SRR 1 7 Y TR b B e T

BB AT IR TP 2R e A 7 A 1 — B
%, S E AR R E Y, TSR X
ARERT £ B A, S O A (S A
IR SA A WO AR 27 R R Y R R IR
K, X HES SR AR AR R B i M . B
B, B XA SR A AT 32 AR e X 1
N LI 1=K Sp N TIPS
S BT IX S 1] - 4 52 B G S s, P Ah A
ZR B SR S IEARSCNT, RERE R B S R
P R T B OIAR OGNS, (R E T A g o
AR . NI, PR oM A SRR
X TRUEERT AT HESE N R, R R
JE M AP OJE R ROKIE I DU A
Y R UEGURRYY , i 2 I AL BOR o b
FER P R PR 450, X S RESE LRI
O BEREAT 0BT, TR IR R IR K™ A W A )
YERALEL, LA RESE— B30 X 11 A= 2530 85
AR, R IXAEBAR  IERTRT S Y i
AR ML ER A .

1 MR5r%

1.1 fRXEHEAFAERRE
o PN A 7S B 7K T 7S BURR X T8 I #Aey 2 R

BENRIE e, AR, ERERE, AT0ME,
W7, AR 14.5 °C, 4EFE K it 1 476.4 mm,
ENFER S AAEE), KT EBRTE 5-9 A,
i RARAE TR 77.6% SRAE S TSR
DX A B4 ST A HE 37 (26°257807—26°27'84"N,
105°29'50"—105°31'52"E), 43 W R & HE  1) £)2
(T MG 2 1 56(G) . HES IR KR
F AT AR (3) R HE 7 i) 1 9 TR (H) ,
B 1R BT AR S, 18 [ —RAE S
ANFSLERAE 5K, ARG FEACREE TG B A7
FFoktfrf, SRIG1E-80 °CUKAH T IRAT o
1.2 EERFIFNEE

R WA . BiRE . BB T,
1.10-FEMS k. RHIER , Kt B Rk R]
AIRAW; CBERNE . FRE. B Eysg . B
Zr. mERH, EZERFXRARAR; &
R, Kb =l aRA R 22
e DU 2R — A, R 4 LAk 2E iR A PR
SIERNERR , FIERTRL T AR B A BR 2
] ; Fast DNA Spin Kit For Soil, MP Biomedicals
2wl pH T, RIEACHURR =G e A BR 2
Al ULRERAL, FOSS A+l; HHLIGZEHr
1, Elementar Z~H]; H 3l £ 75 L K 41 55
YL , Covaris 2> 7l ; Ed H I P4, [lumina
YNEI S
1.3 BERBAZESH

T RAE FIRE SRR TR PR BE R % & B A
PR A R w7 2 B . T 5e
KA IR BUNAE Y DNA, R 1%30N8 e e
HL KR A () DNA . F A sh B AR L 4
IR H R B (2 400 bp)SRJE BEA T4k %
e, IR P wE ek O vk PRk A i B, TR
FH PCR 4" Wb A7 SO I & 4, WG BRIl
PCR W15 B R 40 S o 58 SO 2 A
¥l PCR AT
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1 BEFAHEaREE A RELE B )R C: BUKIRM TRTTRY. D: T UHALE TR

Figure 1

1.4 HIESH

I R A AT PR . R BT I A B
ERRIGYSEAL AL B . SR )5 1 ] MEGAHIT {I
TR AN AT DR, R MetaGene X SEDH ik
A7, A H CD-HIT Fil SOA Paligner XJ 4% i H
AU 4 ok ) BE DR P 9 A5 RSN HE X, i ki )
BLASTp #45E 04 H: A A 5 4L 04 2 11 )7 41
(non-redundant protein sequence database, NR),
H A [ 534 Xt (evolutionary genealogy of
genes: non-supervised orthologous groups, EggNOG) .
TUAERIE R 5 L R 40 A B4 15 (Kyoto encyclopedia
of genes and genomes, KEGG)& 54 /4 FL X, 3K
YRR RE A TE R LA K A3

2 ZRE5H®

2.1 IBUMR
MNF 1 a5, £Z 11 pH magmik, &
A2 MR B O pH humiR b,

Sampling map of gangue dumps. A: Surface soil. B: Gangue layer soil. C: Sediment of waste
water leaching outlet. D: Downstream river sediment.

MHEVURY pH M. WA )2 3N e
Him, ®RETENEASERS, TAZEL
FeA B TR A LT B e,
IR 2 m . SR MA LS mER Ll T H
s, APA)ZE DR RRR AR i T A
R, SRR A PSR E & S U R,
22 o ZHMSH

ARG E 4 KRS, T, G H TREARSY
R3KAS 48 575 282, 48 465 562, 49 770 408 Fl
43 641 474 4% raw reads, R34S 47 597 666
47 806 700, 48 874 580 Fll 42 680 060 4% clean

*=1 HREAMR

Table 1 Physical and chemical properties of samples

Sample pH TC TN SOM S04~
(%) (mg/kg)  (gkg)  (gke)

T 5.01 7.170  2603.002 133.548 2.451

G 2.29 8270 2286.555 214371 113.049

H 7.15 4.680  860.191 89.585 8.749

J 239 7.300 1861.742 207.549 22.527
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reads, FfH 5 MR 502 55 I 7E 97% K DA
b, GBI R R DTSR ST . o 24
PE 32 S35 Yy R T R AN A 3 5 B AN T
Tl o SRAF R PO 20 TR R T B REVS Z AR R B B
FXES, MK 2 Prox, KA Chaol 5% ACE
TEBOTERE A, BEB KRR+
Bk S . KA Shannon F1 Simpson #8018
WOy Ai ZEE, HoP Shannon $EBUS A £
FEPERIE L, 1 Simpson #8505 A Y 2 HEME
B M. SR E, R 0 TS R 2R
I Tl T R R R o A 2 AR
H I>T>H>G 1 I>H>T>G; oy W R EVE 3 & 1
ZREER Y N T>G>T>H F1 T>H>J>G [f]— 3
ARSI 2R 2 7, UL
ZFEVE SRS B I OG . RIZ LR 55 IR
PE, Hbk. AAAYLL S, HILEAHE
YRR EE . R4 )2 SRR KR O
TUA) ) BR P ok Jluﬂﬁﬁﬁﬁﬁ%, W AR,
SR RE A A, X IR iR
N GE Y/ R =) S
23 WEMBEERLEN

FEERE A SRS T, AR AERAS 159 1)
264 49 468 H 959 B 3 598 J& 22 830 Ff, TR
LT 24 1143 K 69 H 100 Bl 191 J& 554 Ff .

FET K (B 2), HBEREE LR BT TR
5H1# | ] (Proteobacteria, 2.23%—86.05%) . £k

*2 WEMETERE o ZHEEY

i 1] (Actinobacteria, 2.62%—48.88%)HI/E R[]
(Firmicutes, 0.15%—46.78%). ZEIEHI11E 4 MFE
AHARX FEEE B R, RAZAETE BT (Proteobacteria)
MR FE, REEX 2R, 4R AR
G 07 HikeE FEAEH" 0, Liang U & BITE
Fo " X B g, A8 2 R[] (Proteobacteria)
WoR M4 I TE A I . T TER)ZE T
Mt A2 LA EE R, BT
(Actinobacteria) FJ g & 51 43 J& 15 Y Ptk 1A
R - 38 ARG 1 41 BT 14 TR A R 4 Y R
BT ] (Firmicutes)J& it A1 )2 3 A9 5 — A1
P, X PRV YL B2 R, AT IX Y
FRAE AN P, Hopb A G ss R 0, R BRG]
(Firmicutes) I AHXS F- BE7EZ 2 Jm V5 e i T35 rp
AP, I RRRREREAET 1 Candidatus
Thermoplasmatota (14.69%—84.49%)Fl R B[]
(Crenarchaeota, 2.10%—23.43%)., 133 2 Flinf i
TR TR J(Euryarchaeota, 18.79%—24.59%)
FI4F 7 1] (Thaumarchaeota, 13.49%—37.72%)
A T S R ] (Crenarchaeota) f #5 1R 2
FRIEIAEY), fF 5 SV VE R O AR P
A AR P, mE R R BT 1A AU
AR B 14 B sk 0

FEJE AT (B 3), JHEATAr eI AN B RIS 1
R A I R (Leptospirillum, 0.04%—18.58%)
MHALAT 1 J8 (Sulfobacillus, 0.01%—18.90%), 1

Table 2 Alpha diversity index of bacterial and archaeal communities

Class Samples ACE index Chaol index Shannon index Simpson index Coverage
Bacteria T 15328 15328 5.064 0.040 1

G 3914 3914 3.529 0.091 1

H 10 842 10 842 5.113 0.029 1

J 16 361 16 361 5.343 0.022 1
Archaea T 326 326 4.057 0.041 1

G 291 291 1.995 0.291 1

H 119 119 3.541 0.075 1

J 267 267 2.804 0.142 1
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Figure 2 Relative abundance of bacterial communities (A) and archaeal communities (B) at the phylum

level.
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unclassified ¢ Actinomycetia (5.69%)Fl unclassified
p_Actinobacteria (6.05%), fif £1)2 t 3 Ay H 4

B J& M unclassified_p_Firmicutes (22.42%)F14%
AT 8 (Sulfobacillus, 18.90%), il LAY
P2 TR g Ry 52 1) 55 EC 1 J (Gallionella, 11.49%)
Hl unclassified o_Burkholderiales (8.98%), J&K/KizZ
H T B DL B & b8 3t 12 1 J (Leptospirillum,
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Figure 3 Relative abundance of bacterial communities (A) and archaeal communities (B) at the genus level.

18.58%) AR AR AT 12 J& (Acidithiobacillus, 9.17%).

FZ AP H RN Cuniculiplasma (11.46%)
1 unclassified d_Archaea (11.06%), ff1)2 1%
FIOEHE R I PJEAE (Thermoplasma, 59.12%)
14 & Bk 7 & (Metallosphaera, 22.28%), Tl i 11T

Y a9 A #dy 7 J& 4 Candidatus Nitrosotalea
(30.45%)#0 unclassified p_Crenarchaeota (8.09%),

Pk T AL #et JE O Cuniculiplasma
(38.72%) #1 unclassified o_Thermoplasmatales
(32.11%).
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A YRR, AR
(sulfur-oxidizing bacteria, SOB)Fl%k %A 1k 4H
(Fe-oxidizing bacteria, FOB) & fix 3 E IR A 3
EEC 7/ Ik (W73 BT BRI = W - 910 i S S e 8
R E LT R WKL BUK . TR R
i, HARRZRE . ATz A AR AR
A K AR R BE R AT i B R R AL S Y, A
ARG RE R, PR BRI A A R, R
WAL AR ER R0, B A A T A T AR AL
QSRR LA R R KA P HATs
AE BB S A 2N B L 4 % B 4 TR (green sulfur
bacteria, GSB)™* | % i 4 & (purple sulfur
bacteria, PSB). %A 4l i (purple nonsulfur
bacteria, PNSB) 1 JC {4 5 41 1 (colorless sulfur
bacteria, CSB)™, S B 41l 1 Ji T IR A6 & 4 A,
A AR SR SRR A HoS, AP BRR ik 1T AR
AEAL S,05%%, H WL JE A 4% 1 J& (Chlorobium)
F1 2311 20 747 J& (Chloropesudomonas) . 24 4
BRSO M, T AT T A LR IR A
KA DA HEK)ZE . B E RN A —
S ALY B HEECE & pH . R
FREEH W WA Allochromatium vinosum DSM
180T AN HE A I 14 J& (Thioal kalivibrio) . £ {5k
RN (TE S RPN NE 4 & S | 227 R
WAL A=Y SO, DU AR, F
WA 5 212 T J& (Rhodospirillum) . 21 3R &
(Rhodopila) F1£1 75 1 J& (Rhodoferax) %%, JG (3,
AT B G AR, REEAELF AR T #EA T
Ak, i L JE A R BR T & (Paracoccus) . Bt
J& (Thiobacillus) F1 2 i #T 1 J& (Aci dithiobacillus)
. PALANR DU E SR 2K, DL CO,
VERBRIR, ¥ F & LR For, 240 T i
Tk, B TR R KR RGP,
BRAACH TR RS RO RGN, B
A4k . 2k 55 4 14 (Thiobacillus ferrooxidans)%s:

FEH, Al 54T & R (Leptothrix) FLR % )&
(Crenothrix)%5 IR0, R E AL W ARG AT
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J& (Ferroplasma) il £ uri; 12 1 J& (Leptospirillum)
FRFEN— RN EAAMEC T 2N T 10
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(Leptospirillum) ., i LT I & (Sulfobacillus) iz
WiAT I & (Acidithiobacillus) (% 32 BE 8 E , 4
Bh 6.43% ., 4.31%F1 3.14%, HIHAERKIZH
AR 09 3 B s TR i, X = H A
LR AN e 1, A R R A A
HE W % F5 3, 24 i R 7 T8 (Leptospiril lum) AR ]
RERLR T 5 B A g

P 1 J& (Ther moplasma) 75 48 #4 IR 7 4%
PR A KA, EE AT IRE T, WA A AR
SHE IR TR R P A S Mo S BR B rh i e L 2 )8
3K T4 J& (Metallosphaera) ™ 4% #f-48 , A= KAETL R it
M AL b, nl OAGR A 3R B Ja AR
BER™ . BRAL I i (Sulfol obus) & 7 A R i 1
WS I R R LG IR A A Y 2 — , HA KRS
HE N E SR IX XX R R |
EEAE P RHE R S 2 T R A A
SO AT, A IR SR N 23 AR, PRt
FER 1L A M8 52 )y T HAG R o,

gr BTk, BT RE S R AR TR B TR 2 AR
MEFEESTHE, A2 LN REE
SEREONFRR, S5HAD 3 DR SHZERCR, W]
AEJE HH T A 2 138 b B Bk (FeSy) & A 4
A 52 0 T B S BT R e, TR Ak i TR R
(Sulfolobus) £ #4 JF 14 J& (Ther moplasma) 55 g iz
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Figure 4 Metabolic function and abundance of bacteria (A) and archaea (B) based on KEGG.
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A7 2 5 B A T e T R R T A
FEAL, IXA]RE S AT A MR T W 0 T T 6
K
2.4.1 [EfR
B AE A T SR 0 1 PR A EE 0 - 3R )
WM RS B XCEENEN, MUEYRE R
ZRZFE, HRTCHE R RkEREA 6 fr, 725l
e i JEUPE B R N (R 2R SO) 1 A (reductive
pentose phosphate cycle/Calvin cycle, CBB), it
JE A = R BR & P4 (reductive citrate cycle/arnon-
buchanan cycle, rTCA), —FRBR/4-FL I T BRIG IR
(dicarboxylate-hydroxybutyrate cycle, DC/4-HB).
3-F2HL N IR /4- ¥2 3 T M2 1 4 (hydroxypropionate-
hydroxybutylate cycle, 3-HP/4-HB), 3-32 5N R
XA 2 (3-hydroxypropionate bi-cycle, 3-HP)#l
B JFEVE BRI A %42 (reductive acetyl-CoA
pathway/Wood-Ljungdahl pathway)., < /K SCHE
SR B SN B — 343, N3 I Sk
SUEANBIEY, Rk 3 BB, BIRfE. iR
AL TR A AL, T2 AR TE A |
WA . BRSSP R T 5 =R
BRGNS RAFAE T/ RO 5 0240 T RN 2% 240 7
A FREE CO, iR . R /4- 5L T IRIE
INTE TR R R B, R0 B A — IR T
CoA RAL R NERER , 55 YR 2 W A 1 =X AT il
MR B FRAL SN o 3-F2 3 TN R AUHG A7 AE T g A
TG, HAZ U SO T CoA FIRLFNR
BN CoA MIFRIRIL . 3- - BEIN IR /45 5k
TERIEH MR IE E S 3-FEFE N IR WG],
R FAE S ZRIR/A-FRIE T BRIG PR . 38 i
PEC TR A SRARAETE TR . SRR 5
BRI ™ 22 T S5 A0 BE 11 3% i DR 4804 T8 A A T
SRR R AR IR AR

T2 4 ARAER, ik SA s, AR
TR AR AR G 32 B D A i A5 ) g B DR R i o A

MR RE L SR I E 4 L, BREF A )2
FHELIAMNG 3 ARSI 6 i 1] Bk 18 5 R AR 6
TR EZESR . Hrp, & E%E =R RIE
(25.92%—34.56%) Fl — 2 TR /4- ¥2 £ T TR 1 3
(20.71%—28.38%) Kk [F A XF =F FE g vy, Hk 2
3-FRIELN IR /4-F2 5L T IRIE A (4.17%-22.37%)
FIRSCHEIR(11.13%-20.30%) Fll 3-F2 L FR G 2R
(9.53%—15.42%), 3& R AH X 35 B R AR ) 2 340 D
P 2 TR B A B F2(2.65%—6.08%), HIt Al L,
M JEE =R RGN 2 DXACE P [ ik 1 = 0%
2, Wiste T2 2 4~ ATP e & BN R,
FEBRUR R Z M8 XA E R A RIR R, X
55 AE A X ORI R R X B B B 5T 4 AR —
o BIFNE AT A 8 ST — S 4 T A
AN —d BN, iR FEAET S
B A R FGE B e, R B A A B R R B
IS b, AEEES IR Ay e
ffi ] ATP JHFERARA IR ——I0 Sk £ IBE T
A R, HIXFIRRLE 4 ASFF S AT
FEEHIAL, AT RS TR AR R AT K
HARIX 6 FIIBARTE 4 AFF S AR XS = BEARALL,
{H 33 2 ] e JE D] 1 4 288 Ja M R b 481 A7 A — e 22
5, K 5B fran, ACTA fil E2.2.1.1 2 FE R
[ ik B A, AE 3R 2 0 B A G SR B 4 R
8.12%F1 8.18%, TEhfA)Z LI AR FEE
B 15.98%F1 5.06%, LEIAEHTRLY) o A AR X
FREEAY N 8.37%FN 8.16% , 7&K K 12 H TR
Yy rb B AR T B 43 50 3.99% 11 6.90%
[ERGE AR B AT E AR 320K 5C FoR,
DX [T B (9 DI 35 1 s S #4454 )& (Ther moplasma,
20.67%)F14: JE BRI &8 (Metallosphaera, 13.44%),
WIS B o B A 2 A ) T [ TR
A J& (Thermoplasma, 39.95%) 14 J& Bk 4 &
(Metallosphaera, 25.99%) , 72 3 11 = 22 [ filk
& N Wi 5 i 5 J8 (Thiomonas, 2.88%)#14: J&
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Figure 5 Microbial pathways of carbon fixation. A: Relative abundance of carbon fixation pathways. B:
Heatmap of functional genes of carbon sequestration pathways. C: Species abundance of carbon sequestration
pathways at the genus level. 1-6 represent reductive pentose phosphate cycle/Calvin cycle, reductive citrate
cycle/arnon-buchanan cycle, dicarboxylate-hydroxybutyrate cycle, hydroxypropionate- hydroxybutylate
cycle, 3-hydroxypropionate bi-cycle and reductive acetyl-CoA pathway/Wood-Ljungdahl pathway,
respectively. Species abundance at the genus level were 1g(X+1) transformed.
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41 1 J& (Metallibacterium, 2.07%), i Ui
1 = [ Ak 1 iR R 5 R 5 K & (Gallionella,
13.98%), /KR H TR %) = 2 [ B 1 ) N
i) vii W2 1 J (Leptospirillum, 18.39%).
242 FTRH

XA A RS R & A2 M D e 2L 8 4n
Kl 6A iR, FA1E 6 57 5AMMIHSCHIRE, 20
M1 A (nitrogen fixation) . fidfk(nitrification). SAH
ft.(denitrification) . SFALAHAR EL A Ji (dissimilatory
nitrate reduction) . [R]fLAERLE 4 )5 (assimilatory
nitrate reduction) 5% 21t (complete nitrification,
comammox). MK 6B ] Al, FAffbidts iR A
AR B B (11.76%33.89%) , Ho & b aligEh
WF(27.79%-31.39%) . SE4xfiHk(6.34%18.85%) .
A Ak il fR 3 i B (9.91%-17.93%) . 4 &
(4.98%—32.22%) A 1K(0.16%-2.61%) . Hff1)2
- Y [ AR AR R sk
AERT 2 B R 1, T A 38 02 S A Ak 5 DR A
X A, [ U DR AR 32 B R 1K

RACUHE R ARG & 6C Fros , F4
B AL 20510 nirB, nasA, narG. nifK,
nirK A1 narH ., 22 4388 rhoAE 6 =F B2 4 i L
2502 nirB (14.03%). nasA (17.33%). narG

(16.30%)F1 nirK (10.34%), fif47)2 35kt = s
A LR A3 5K nirB (28.19%) . nasA (17.80%) .
nifK (15.94%)F1 nifD (13.70%), T & A4 A
X BEAGR LR 20 518 nirB (16.38%) . nasA
(21.37%). narG (17.96%)F1 narH (8.20%), &K /K
B IR AR 3 R R A R TRyl
nirB (15.95%). nasA (11.68%). narG (13.87%)
F1 nirK (9.78%) . & AT 5 Ak filg iR & 340 Jir il ]
RS PR R I8 I iR ARt AR AR [R], (A5 FH A 30 i g
FERUANTA], oty vt/ [ 20 R[] £ il i 6 30 D iy
B SRR AN R IR E W — IR,
J2 RS A R R P A (N T — R 5]
B4 HR ] = 3 D AL (N R S B, P S TR 6
W B I nirK 2 S fiE At B G ERIE A
P 0 Jir 8T A PR R 2 Y S Akt AR, AT
DA S G0 ) T S0 B, 3K S T A ) 3 A
T A MR R IR AR, RN DL
R4 R [ R K N, 3850k NH;, &
0 308 2o AR R AL A Wl
SN R B AWt nif 56K AR 4 g B,
nifkK., nifD 2 AEEK . FALAEIRE L it &
LM AMWIER, BEICES AR T e
Y TSR ER TN, RILL NOs 8¢ NO, % O,

B A
A NO norBC N0 L o N,
nirkS
\L nifDKH
napAB narGHI nirBD nrfAH vufDKGH
NO; NO, T2 NH; € '
nasAB narB nirA
nxrAB
pmoABC-amoABC
= _ &
NO, €& ———— NHOH <
hao

—> Nitrogen fixation
—> Nitrification
—= Denitrification

——> Dissimilatory nitrate reduction
——> Assimilatory nitrate reduction
—> Complete nitrification, comammox
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Figure 6 Microbial pathways of nitrogen metabolic in mining areas. A: Nitrogen metabolic pathways and
functional genes. B: Relative abundance of nitrogen metabolic pathways. C: Heat map of functional genes of
nitrogen metabolic pathways. D: Species abundance of nitrogen metabolic pathways at the genus level. 1-6
represent nitrogen fixation, nitrification, denitrification, dissimilatory nitrate reduction, assimilatory nitrate

reduction and complete nitrification, respectively. Species abundance at the genus level were Ig(X+1)
transformed.
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VER 2 R TP AR, 7 2 6 5 it g
LA nirB FIASER LA R SE N narG &5 71k
HER Eh 0 I iR 1

AU & 2 78 8 K B i Fh o 2
Bl 6D frs, B XA ILE TR
JF A J& (Thermoplasma, 7.11%) F1 44 i 12 5 &
(Leptospirillum, 2.99%), 4541 B FI A o AT
A )= EN FEE AR EE R KE
(Thermoplasma, 24.38%), %= 3% FE A
T A 7 BRI 1 (Thiomonas, 5.36%), TATTE 1T
My r FEANRWEE = A HRKE R
(Gallionella, 11.11%)#/1 Curvibacter (10.07%), J%
K R 3R AR TR O ) o 42 R
(Leptospirillum,  9.28%) I & & T J&
(Acidithiobacillus, 8.68%)-
243 FRACH

TEJEERT A 3 37 46 DU 380 A i A B RR 6 1% 1
AR 3 A 5RO s8R te, Kl 7A B
AN, A3k TR AR B R 538 5 (assimilatory  sulfate
reduction) . SOX %% & ¥ & 1k o X B 1R %%
(thiosulfate oxidation by SOX complex)Fl 574 Hi
IR £ 14 J5t (dissimilatory sulfate reduction). Hi %] 7B

AT, [REBR IR R A R 12 (52.87%—82.98%) SE [
XS R, SOX 4% & W A Ak i A A R 6
(2.31%43.17%) I AL IR IREL A J5(3.96%—16.85%)
AR I DR A 2 B A o 4 N RE S B ik 42
ZE K, A JE R RS R E I 5 SOX
HKEYAARAM PR F A FER S, 5
A R £R I8 [ I PR AR X =F B e IR, )2 -4 3]
TEVURRY) 2K 11 Hb R Al Rk 340 ) 2 D5 A
XFF Ry, SRR IR ER I L F SOX 2%
A WA A B Rk I R AR X = A AR

T A AL PR O =F B2 G &] 7C B, cysH.
sr, sat, cysD fll cysl J& EEAFACEER, £)2
AR R R S R A B A S (17.29%)
cysD (14.40%), cysNC (14.29%). sat (12.59%)Fl
cysH (11.18%), A1 )2 -3 HroRH X = B 4 v 1
43508 sir (30.30%). cysH (30.20%)Fl sat
(15.65%), 1B PUF ) AR X = B 45 v g IR
7 9h cysl (14.56%) . cysD (11.57%). cysN
(11.36%)F1 soxA (10.18%), KKz H OHIH
HRO R R R SR R B sat (11.29%) .
cysl (9.76%) . soxB (8.47%)F cysD (8.25%). |l
AT TR 5 30 T 0 S5 1 T PR 3 30 i A i R Rk i

A
S0XAB soxXYZ soxA soxX
S0~ 8,0 e SoXYZ-S-S0,
sat l J/ PAPSS sat cysNC
aprAB
APS =
lPAPSS cysC
dsrAB
ysN
PAPS 9 SO.> H,S ——> Cysteine
cysJI sir

——> Thiosulfate oxidation by SOX complex

—> Dissimilatory sulfate reduction

—> Assimilatory sulfate reduction
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Figure 7 Microbial pathways of sulfur metabolic in mining areas. A: Sulfur metabolic pathways and
functional genes. B: Relative abundance of sulfur metabolic pathways. C: Heat map of functional genes of

sulfur metabolic pathway. D: Species abundance of sulfur metabolic pathways at the genus level. 1, 2 and 3
represent assimilatory sulfate reduction, thiosulfate oxidation by SOX complex and dissimilatory sulfate

reduction, respectively. Species abundance at the genus level were 1g(X+1) transformed.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



5316 (YIS Gk Microbiol. China
B FRAK REFERENCES

PP SR AE , TEDRA SR Tkt T, i
HiT ATP, 3 DOIE T [FAL B IR R i St e 24 7
Yol B2 , T SRR RR AR I )5 a5 24 ) R
k¥ cysH . sir fl sat #7255 [ LT R R 16 5
AR R IR, B B RS, 76 T rh AR A 2]
SOX JEAMIAETE, MHAEAN R W AA e, Y4
TREREL UE A LIS , W ATP iBR 1L i (cysD . cysN
ImAD)E A APS, SRJE APS it APS/PAPS
5 (cysH G f )ik [ AR RR £R , A IR R F-
Wit cysl . cys Fl sir b 5N ERALY)

B AR % A TR & K B A gy 26
Bl 7D iR, B RAGAE YA i LR E R
4 )@ BRI )& (Metallosphaera, 6.93%)F1 R BT
J& (Acidithiobacillus, 4.44%), 435k & FZ0
W o BFA )2 R R R s o 4 JE Bk
J& (Metallosphaera, 17.78%), %)= + /) F E i
AR5 B & M B LI B (Thiomonas, 5.91%),
HE LY & 2 6 A & J& & Curvibacter
(12.07%), JE/KR H 0T A 3= 2 a7 At 1A
J& H R BT I J& (Acidithiobacillus, 15.40%).

3 &

(1) BERT A 3 370 40 T AP 9 119 22 0 P R =
Y TR o R HE A RRAE SRl A
PRV AE R 225, IR A R &
T IBE R DI

(2) HER A R IS R R A e —E 22 5
iF £ 2 IR IC R S A 22 5 R,
FEONVETR AW, i1 2 L3RI KR H
DU Hh R R S A A T R AP A T A e

(3) HESBEY Bt . R AR DI AR X
PR, AFAE 6 ZRIRRIEAE . 6 2R RACHIRITA
3 M AU R AR o SRS RIS IR A 0 A P e
A A AE W 22 5, (EOR R R b P AR R Qs
RAZ (1 ol A W R I A R AR A

(1]

ZHANG M, WANG JM, LI SJ. Tempo-spatial changes
and main anthropogenic influence factors of vegetation
fractional coverage in a large-scale opencast coal mine
area from 1992 to 2015[J].
Production, 2019, 232: 940-952.
WU BH, LUO HY, WANG XT, LIU HK, PENG H,
SHENG MP, XU F, XU H. Effects of environmental
factors on soil bacterial community structure and
different
Southwest China mine tailings[J]. Science of the Total
Environment, 2022, 802: 149899.

KANE JL, MORRISSEY EM, SKOUSEN IJG,
FREEDMAN ZB. Soil microbial succession following
surface mining is governed primarily by deterministic
factors[J]. FEMS Microbiology Ecology, 2020, 96(11):
114.

sk, AW, PO, XU, SAEE. DRENERUE
WIAE IR FE 1 A B S R B[], B st bRl Ry
FH(E REBFEIR), 2022, 46(6): 146-156.

ZHANG JC, LI C, JIA ZH, LIU X, MENG MIJ.
Application of functional microorganisms in ecological

Journal of Cleaner

diversity in contaminated districts of

restoration of abandoned mines[J]. Journal of Nanjing
Forestry University (Natural Science Edition), 2022,
46(6): 146-156 (in Chinese).

IhEs . W 1L PR T ORI A A Y [n) 8 R i PR Tt (], AE
51 Ak, 2022(9): 159-161.

MA R. Problems existing in mine environmental
protection and treatment measures[J]. Energy and
Conservation, 2022(9): 159-161 (in Chinese).

SUH JW, KIM SM, YI H, CHOI Y. An overview of
GIS-based modeling and assessment of mining-induced
hazards: soil, water, and forest[J]. International Journal
of Environmental Research and Public Health, 2017,
14(12): 1463.

SONG ZX, SONG GF, TANG WZ, YAN DD, ZHAO Y,
ZHU YY, WANG JH, MA YL. Molybdenum
contamination dispersion from mining site to a
reservoir[J]. Ecotoxicology and Environmental Safety,
2021, 208: 111631.

PR, HAE, RIKREG, BBERT, Foeik, MET, X
FH, T, EIEM . BT 255 R RS ],
W PR SR, 2021(6): 165-178.

LI Z, XUE J, ZHU ZL, XIONG SX, LI XZ, ZHOU AN,
LIU LJ, YU W, QU JZ. Research progress on
ganguelJ].
Conservation and Utilization of Mineral Resources,
2021(6): 165-178 (in Chinese).

comprehensive  utilization of  coal

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



WRIRSE: St L R A7 S A DRV 25K I D

<
B

FHIE

5317

[9] #3L, Hﬁm,ﬁﬁﬁ,ﬁﬁﬂ.ﬁﬂﬁﬁﬁﬁn

FHRIBUR . RIS ). P EER™ I, 2022(8):
13-17.
CHANG JW, DU GJ, DU JL, SHI XL. Current situation
of the comprehensive utilization of coal gangue in
China the
recommendations[J]. China Environmental Protection
Industry, 2022(8): 13-17 (in Chinese).

[10] AZEME, Ty, &%, ¥ X LEHERSE R LBR
BORMFFEHESEL)]. #2023, 50(1): 84-101.
ZHAO XN, YANG ZF, YU T. Review on heavy metal
pollution and remediation technology in the soil of
mining areas[J]. Geology in China, 2023, 50(1): 84-101
(in Chinese).

(1] 2utak, ZH, m&, &FE, R, 5% 5 i
4 @ T A 20 A R AE 5 T B AL 52 AL ) 43 A ().
FEERLAE, 2023, 44(6): 3573-3584.

WEI HB, LUO M, XIANG L, ZHA LS, YANG HL.
the
influence mechanism of migration and transformation

and related problems and

Analysis  on distribution characteristics and
of heavy metals in mining wasteland[J]. Environmental
Sciences, 2023, 44(6): 3573-3584 (in Chinese).

(12] i, Fhl. BT ERR DR 10 4 3 o J 75 YL R AIE
SHEYBENET]. BRI, 2022, 43(7): 3773-3780.
SHANG Y, SANG N. Pollution characteristics and
phytotoxicity of heavy metals in the soil around coal
gangue accumulation area[J]. Environmental Science,
2022, 43(7): 3773-3780 (in Chinese).

[13] £F, X8, Bk, 2, B, J‘Ei?’r il

B2 A DX 3 B G K B A 5 TS B (D], M AT,

2021, 28(4): 175-183.

WANG CG, LIU JX, GENG H, JIA H, YIN XY, CHI

HX. Water quality analysis and pollution evaluation of

the main rivers in the Tongling mining area[J]. Earth

Science Frontiers, 2021 28(4): 175-183 (in Chinese).

SRR, TR AR, oh, WM, Moo, BENE.

iﬂ%ﬁ%ﬁ?ﬁﬂ:‘iﬂﬁfﬁm"'Z%Bﬂiﬁ%ﬁi)ﬁéﬂﬁﬁﬁ&ﬁ*

AR REETEM ], A AR 222547, 2017, 36(10):

2029-2038.

GUO ZH, TU WIJ, PENG C, HUANG B, XIAO XY,

XUE QH. Distribution characteristics and potential

[14

—_

ecological risk assessment of heavy metals in paddy
soil along both sides of river from typical lead/zinc
mine area[J]. Journal of Agro-Environment Science,
2017, 36(10): 2029-2038 (in Chinese).

[15] =84, arJy8t, SRk, WHIER, BEEAR, Bk,
XUukE g, BrERE. A?%%’&’%ﬂfli@?ﬁiﬂﬁt%‘ﬁzliﬁ%
M R W ARRHIE]. S SR R, 2022,

38(3): 399-408.

YUAN XQ, YU NQ, GUO ZL, WANG SC, TANG CD,
YANG HIJ, LIU CE, DUAN CQ. The accumulation
characteristics of heavy metals in dominant herbaceous
plants in the abandoned Pb-Zn Mining area of Huize[J].
Journal of Ecology and Rural Environment, 2022, 38(3):
399-408 (in Chinese).

(161 5k e, k=i, KR, RH, HTH. =24

e Eﬁcé‘é‘*ﬁ%ﬁé%é%% P K v LV T [0 ﬂft
B2, 2020, 41(9): 4210-4217.
ZHANG L, ZHANG YX, SONG B, WU Y, ZHOU ZY.
Potential of accumulation and application of dominant
plants in Lanping lead-zinc mine, Yunnan Province[J].
Environmental Science, 2020, 41(9): 4210-4217 (in
Chinese).

[17] XIANG YW, DONG YQ, ZHAO SY, YE F, WANGYY,
ZHOU M, HOU HB. Microbial distribution and
diversity of soil around a manganese mine area[J].
Water, Air, & Soil Pollution, 2020, 231(10): 506.

[18] LIANG ZT, ZHANG WJ, YANG YS, MA JC, LI SX,
WEN Z. Soil characteristics and microbial community
response in rare earth mining areas in southern Jiangxi

Province, China[J]. Environmental Science and
Pollution Research, 2021, 28(40): 56418-56431.
[19] FIERER N, LAUBER CL, RAMIREZ KS,

ZANEVELD ],
Comparative

BRADFORD MA, KNIGHT R.
metagenomic, phylogenetic and
physiological analyses of soil microbial communities
across nitrogen gradients[J]. The ISME Journal, 2012,
6(5): 1007-1017.

[20] REN M, ZHANG ZF, WANG XL, ZHOU ZW, CHEN
D, ZENG H, ZHAO SM, CHEN LL, HU YL, ZHANG
CY, LIANG YX, SHE QX, ZHANG Y, PENG N.
Diversity and contributions to nitrogen cycling and
carbon fixation of soil salinity shaped microbial
communities in Tarim Basin[J]. Frontiers in
Microbiology, 2018, 9: 431.

[21] GREMION F, CHATZINOTAS A, HARMS H.
Comparative 16S rDNA and 16S rRNA sequence
analysis indicates that Actinobacteria might be a
dominant part of the metabolically active bacteria in
heavy metal-contaminated bulk and rhizosphere soil[J].
Environmental Microbiology, 2003, 5(10): 896-907.

[22]JI HB, ZHANG Y, BARARUNYERETSE P, LI HX.
Characterization of microbial communities of soils

of

and

from gold mine tailings and identification

mercury-resistant  strain[J].  Ecotoxicology
Environmental Safety, 2018, 165: 182-193.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



5318 WA

[23] FERNANDES CC, KISHI LT, LOPES EM, OMORI
WP, SOUZA JAMD, ALVES LMC, LEMOS EGDM.
Bacterial communities in mining soils and surrounding
areas under regeneration process in a former ore
mine[J]. Brazilian Journal of Microbiology, 2018, 49(3):
489-502.

[24] VISHNIVETSKAYA TA, MOSHER JJ, PALUMBO
AV, YANG ZK, PODAR M, BROWN SD, BROOKS
SC, GU BH, SOUTHWORTH GR, DRAKE MM,
BRANDT CC, ELIAS DA. Mercury and other heavy
metals influence bacterial community structure in
contaminated Tennessee streams[J]. Applied and
Environmental Microbiology, 2011, 77(1): 302-311.

[25] TAKAI KEN, OIDA H, SUZUKI Y, HIRAYAMA H,
NAKAGAWA S, NUNOURA T, INAGAKI F,
NEALSON KH, HORIKOSHI K. Spatial distribution of
marine Crenarchaeota group I in the vicinity of
deep-sea  hydrothermal systems[J]. Applied and
Environmental Microbiology, 2004, 70(4): 2404-2413.

[26] YAKIMOV MM, CONO VL, SMEDILE F, DELUCA
TH, JUAREZ S, CIORDIA S, FERNANDEZ M,
ALBAR JP, FERRER M, GOLYSHIN PN, GIULIANO
L. Contribution of crenarchaeal autotrophic ammonia
oxidizers to the dark primary production in Tyrrhenian
deep waters (Central Mediterranean Sea)[J]. The ISME
Journal, 2011, 5(6): 945-961.

27) AW 2%, AEdE, ML PR, AR i%@

1 i R W B )4 AL A W S 2 (0], b A
04 )8 4k, 2013, 23(10): 3006-3014.
YU RL, SHI LJ, ZHOU D, QIU GZ, ZENG WM.
Research development of microorganism synergy
mechanisms during bioleaching[J]. The Chinese
Journal of Nonferrous Metals, 2013, 23(10): 3006-3014
(in Chinese).

[28] GHOSH W, DAM B. Biochemistry and molecular
biology of lithotrophic sulfur oxidation by
taxonomically and ecologically diverse bacteria and
archaea[J]. FEMS Microbiology Reviews, 2009, 33(6):
999-1043.

[29] &= K, XIEHZL, ke, Hid, #ﬁé'zfﬂ JEFE. A
A A B E R K b B i N R 0], 4 AR T, 2021,
50(6): 1444-1449.

FENG YF, LIU LH, ZHANG L, LEI D, SUO YK, QU S.

Application of sulfur oxidizing bacteria in wastewater

treatment[J]. Contemporary Chemical Industry, 2021,
50(6): 1444-1449 (in Chinese)

[30 ]AJBH ZETN N, APSEEE. RN T B Rh s KR AL

AR 5T UE R 0], RUAE W 2=, 2018, 58(2):

=K Microbiol. China
191-201.
LIU Y, JIANG LJ, SHAO ZZ. Advances in

sulfur-oxidizing bacterial taxa and their sulfur
oxidation pathways[J]. Acta Microbiologica Sinica,
2018, 58(2): 191-201 (in Chinese).

[31]NGUYEN PM, DO PT, PHAM YB, DOAN TO,
NGUYEN XC, LEE WK, NGUYEN DD,
VADIVELOO A, UM MJ, NGO HH. Roles, mechanism
of action, and potential applications of sulfur-oxidizing
bacteria for environmental bioremediation[J]. Science
of the Total Environment, 2022, 852: 158203.

[32] IMHOFF JF, THIEL V. Phylogeny and taxonomy of
Chlorobiaceae[J]. Photosynthesis Research, 2010,
104(2): 123-136.

[33] ENDE FP, MEIER J, GEMERDEN H. Syntrophic
growth of sulfate-reducing bacteria and colorless sulfur
bacteria  during oxygen limitation[J]. @ FEMS
Microbiology Ecology, 2006, 23(1): 65-80.

[34] WEISSGERBER T, DOBLER N, POLEN T, LATUS J,
STOCKDREHER Y, DAHL C.
transcriptional profiling of the purple sulfur bacterium
Allochromatium vinosum DSM 180T during growth on
different reduced sulfur compounds[J].
Bacteriology, 2013, 195(18): 4231-4245.

[35] HEGLER F, LOSEKANN-BEHRENS T, HANSELMANN
K, BEHRENS S, KAPPLER A. Influence of seasonal

and geochemical changes on the geomicrobiology of an

Genome-wide

Journal of

iron carbonate mineral water spring[J]. Applied and
Environmental Microbiology, 2012, 78(20): 7185-7196.

[36] PRONK JT, BRUYN JC, BOS P, KUENEN JG.
Anaerobic growth of Thiobacillus ferrooxidans[J].
Applied and Environmental Microbiology, 1992, 58(7):
2227-2230.

[37] CHAKRABORTY A, RODEN EE, SCHIEBER 1],
PICARDAL F. Enhanced growth of Acidovorax sp.
strain 2AN during nitrate-dependent Fe(II) oxidation in
batch and continuous-flow systems[J]. Applied and
Environmental Microbiology, 2011, 77(24): 8548-8556.

[38] OSWALD K, GRAF JS, LITTMANN S, TIENKEN D,
BRAND A, WEHRLI B, ALBERTSEN M, DAIMS H,
WAGNER M, KUYPERS MM, SCHUBERT C(J,
MILUCKA J. Crenothrix are major methane consumers
in stratified lakes[J]. The ISME Journal, 2017, 11(9):
2124-2140.

[39] PIRSAHEB M, ZADSAR S, RASTEGAR SO, GU TY,
HOSSINI H. Bioleaching and ecological toxicity
assessment  of
Acidithiobacillus

carbide  slag  waste  using

bacteria[J]. Environmental

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



WRIRSE: St M it RO A HES7 I A WO R Vi 445 ¥ e T e

L

5319

Technology & Innovation, 2021, 22: 101480.
[40] POURHOSSEIN F, MOUSAVI SM. Improvement of
extraction from waste

gold bioleaching

telecommunication printed circuit boards using
biogenic thiosulfate by Acidithiobacillus thiooxidang[J].
Journal of Hazardous Materials, 2023, 450: 131073.

[41] LIU H, GU GH, XU YB. Surface properties of pyrite in
the course culture of
Acidithiobacillus ferrooxidans and a mixed culture of
Acidithiobacillus ferrooxidans and Acidithiobacillus
thiooxidans[J]. 2011, 108(1/2):
143-148.

[42] B3 K. A6 4 B LN AT ST 2 S (0], T4k T,
2020(3): 48-53.

WEI JX. Research progress of bio-metallurgy and its
application[J]. Jiangxi Chemical Industry, 2020(3):
48-53 (in Chinese).

[43] 2 X, 58k, Man, WXE. R BUEY IR
T HLBL A OF 3T U0 R (7], b TR 53545, 2011(3):
148-150.

CHENG Y, LI ZC, XIAN HJ, FAN XJ. Research

progress of leaching microorganisms and their leaching

of bioleaching by pure

Hydrometallurgy,

mechanism[J]. Chemical Engineering & Equipment,
2011(3): 148-150 (in Chinese).

[44] K7€, Z0E, RIARAT. —FRE 4 6 P R 4R i el
UK R[], AR AR, 2016, 43(12): 2730-2737.
ZHU HF, LI H, LIU DQ. A review of synergy
development and prospect of three leaching bacteria[J].
Microbiology China, 2016, 43(12): 2730-2737 (in
Chinese).

[45] AI CB, YAN Z, CHAI HS, GU TY, WANG JJ, CHAI
LY, QIU GZ, ZENG WM. Increased chalcopyrite
bioleaching capabilities of extremely thermoacidophilic
Metallosphaera sedula
propagation[J]. Journal of Industrial Microbiology &
Biotechnology, 2019, 46(8): 1113-1127.

[46] JOHNSON DB. Acidophilic microbial communities:

acidic

inocula by mixotrophic

candidates for Dbioremediation of mine
effluents[J]. International Biodeterioration &
Biodegradation, 1995, 35(1/2/3): 41-58.

[47] DR, EMMK, BN, BREA R R X AR
YR I 3], RS 5, 2011, 36(11):
67-71.

MA ZH, WANG YE, LI J. Properties of iron-oxidizing

bacteria and its applications in environmental pollution

control[J]. Environmental Science and Management,
2011, 36(11): 67-71 (in Chinese).

[48] LI XQ, MENG DL, LI J, YIN HQ, LIU HW, LIU XD,
CHENG C, XIAO YH, LIU ZH, YAN ML. Response of
soil microbial communities and microbial interactions
to  long-term  heavy metal contamination[J].
Environmental Pollution, 2017, 231(Pt 1): 908-917.

[49] CHEN LX, HU M, HUANG LN, HUA ZS, KUANG JL,
LI SJ,
metatranscriptomic analyses of microbial communities
in acid mine drainage[J]. The ISME Journal, 2015, 9(7):
1579-1592.

[50] SHE JY, LIU J, HE HP, ZHANG Q, LIN YY, WANG J,
YIN ML, WANG LL, WEI XD, HUANG YL, CHEN
CZ, LIN WL, CHEN N, XIAO TF. Microbial response
and adaption to thallium contamination in soil
profiles[J]. Journal of Hazardous Materials, 2022, 423:
127080.

[51] GENG HH, WANG F, YAN CC, MA S, ZHANG YY,
QIN QZ, TIAN ZJ, LIU RP, CHEN HL, ZHOU BH,
YUAN RF.
composition and survival strategies in oligotrophic and

SHU WS. Comparative metagenomic and

Rhizosphere microbial community
metal(loid) contaminated iron tailings areas[J]. Journal
of Hazardous Materials, 2022, 436: 129045.

[52) MOMPER L, JUNGBLUTH SP, LEE MD, AMEND JP.
Energy and carbon metabolisms in a deep terrestrial
subsurface fluid microbial community[J]. The ISME
Journal, 2017, 11(10): 2319-2333.

[53] CHEN QR, FAN JF, MING HX, SU J, WANG YT,
WANG B. Effects
denitrifying bacteria and functional genes in sediments
of Bohai Sea, China[J]. Marine Pollution Bulletin, 2020,
160: 111621.

[54] REGAN K, STEMPFHUBER B, SCHLOTER M,
RASCHE F, PRATI D, PHILIPPOT L,
BOEDDINGHAUS RS, KANDELER E, MARHAN S.
Spatial and temporal dynamics of nitrogen fixing,

of environmental factors on

nitrifying and denitrifying microbes in an unfertilized
grassland soil[J]. Soil Biology and Biochemistry, 2017,
109: 214-226.

[55] WALTER A, ANDREAS R, WERNER K, URSULA P,
ALFRED P. Nucleotide sequence of a 24,206-base-pair
DNA fragment carrying the entire nitrogen fixation
gene cluster of Klebsiella pneumoniae[J]. Journal of
Molecular Biology, 1988, 203(3): 715-738.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Japan Color 2001 Coated)
  /PDFXOutputConditionIdentifier (JC200103)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Japan Color 2001 Coated)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


