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Abstract: This paper is the result of geothermal survey engineering.

[Objective] Researches on microbial community in geothermal systems is key to indicate geochemical environment and evolution
of thermal fluids. Previous researches have shown that the thermal water in Lindian geothermal field is highly reducing and is rich in
methane. The objective of this paper is to characterize the microbial diversity and community structure of the thermal
water. [Methods] A total of 9 thermal water samples were collected and tested during exploitation and non-exploitation periods, and
the microbial diversity, community structure and functional genes of the samples were analyzed. [Results] The dominant bacterial
genera in the thermal water is mainly Acinetobacter, which is different from most geothermal systems reported, but are similar to
that of oil fields. The bacterial diversity of the thermal waters during the exploitation period and the non—exploitation period is
significantly different, i.e., the bacterial diversity in the non-exploitation period is higher than that in the exploitation period, while
the archaeal diversity is not affected significantly by exploitation. The dominant archaea are mainly Euryarchaeota methanogens.
Functional gene prediction of archaea shows that methane production in Lindian geothermal field is dominated by hydrogenotrophic
methanogenesis, and secondarily by disproportionation of methyl groups and reduction of methyl compounds with
H.. [Conclusions] The microbial diversity and community structure of the thermal waters from Lindian geothermal field is relatively

unique, which is related to the high content of organic matters and thermal water exploitation.

Key words: geothermal field; microbial diversity; community structure; disturbance by exploitation; methanogens; geothermal
survy engineering; Lindian; Heilongjiang Province

Highlights: A systematic study of microbial community structure and diversity of the thermal water from Lindian geothermal field
was carried out, and the principal pathways of methanogenesis are identified.
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Fig.1 Location of microbe sampling wells, Lindian geothermal field
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Table 1 Depth of sampling wells and thermal water chemistry

FE il . o O TDS/ TOC/ BCpief Na'/ Cl/ HCO,/
RS AFEH Jikim JE/°C ot (mg/L) (mg/l) (%VPDB) (mg/L) (mgL) (mg/L)
LSRI1 Clres 3000 50.6 8.55 1907 418.9 -8.21 7040 319 1216
LR3 g 2 2050 45.5 8.32 1409 387.6  -12.70 5580 247 1321
LR7 i 2 1800 48.0 8.44 2000 365.4 -11.05 805.5 1329 342
LR45  fpEZ 2050 68.0 7.95 4705 235.8 -4.33 1781.0 2999 689
LR50  fmEZ: 2250 572 8.14 1638 417.6 -8.07 7750 401 1342
LR60  JEfitpg=F 2000 52.8 8.49 1822 4412 -12.11 711.0 839 549
LRl  dEftpg=E 2718 58.0 8.17 1925 323.4 -9.60 666.0 388 1199
LR10  JEftpg=R 2002 61.8 8.93 1807 367.4 -10.36 599.0 301 1256
LR8  dEfitpg=: 1802 59.8 8.40 1753 477.1 -9.28 5950 265 1342

http://geochina.cgs.gov.cn H1[EHLET, 2023, 50(6)



%5045 6 REGANE  BIET M M A ORI ) e S A 254 AT 1671
x2 HRPHEEE SFERER
Table 2 Diversity indices of bacterial communities in the investigated water samples
F i SRR PRI
Sobs Chao ACE Shannon Simpson Shannon even
LRI E[RASTES 154 224.714 214.954 0.977 0.579 0.194
LRS EIRANTES 98 147.600 174.804 0.498 0.849 0.109
LR10 B[RS 352 373.750 362.967 2.643 0.175 0.451
LR50 EIRASTES 146 171.615 185.281 0.997 0.609 0.200
LR60 frmgzE 94 145.231 174.002 0.528 0.830 0.116
LR3 frng== 248 264.731 267.029 3.308 0.086 0.600
LR45 Pz 267 298.889 296.104 3.108 0.096 0.556
LR7 = 276 316.286 315.948 3.205 0.100 0.570
LSRI1 s 206 271.045 264.694 2.562 0.177 0.481

ZEAE i, 1 Simpson F5 £ K TR HEWE 224 5 (%
2), R IR UL AR N O AN TR RSB S AN TR 2
FEMEY & TR ZAE 0, LA A H RS Th i 3
A1 ECRREE T o HHEBE A 5 P LR10 A 41 B A
RECGHETR ARt = T HABAE A, Sobs  Chao 5
ACE 15802 2y [] iy 1 R 4R 19 4 AR 02 2= i 1Y 3
7 AE AL g 254 5 A9 1.5 4%, Shannon , Simpson 5
Shannoneven 5 £CHE 7 55 JE AL 152 2= A i A [] L 2
LRI1OFE & rh A G AP 805 1 v 2 AR PRI L LAl
Fil 5

JEF Bray—Curtis 575 19 41 18] J& 7K - LR i 1)
PR Won (R = AR A Y 25 5 0

LR8- 0.98/ 0.99/ 0.98 0.98 0.8
LR60q 0.98 0.99 0.98 0.99KI] 0.8
LR504 0.98 0.99 0.98 0.98MSE3 0.76
LR10q 0.94 0.9 0.94 0.92 0.78 0.76 0.8 0.8
LR1-4 0.98 0.99 0.98 0,98 0.78
.. 0.98 0.93] 0.98 0.98 0.98

0.77 ] - 0.98 0.94/ 0.98 0.98 0.98

0.76 0.77. 0.99 0.9/ 0.99 0.99 0.99

0.76 0.99 0.94/ 0.99 0.99 0.99
T T T T T

LSR1 LR3 LR45 LR7 LR1 LR10LR50 LR60 LRS8
(a)

Bray— Curtis Ff 25 1 7F 0.9 DL L, &8 40 FF i 18] =5 ik
0.99, & WL 2= 5 4 L2 2= o oK Th 9 3 A W i
T A0 22 SRR (IR BE 2R i 22 [H] , LR10 5 FLAR R
mh Y 22 S 88K, Bray— Curtis #5244 4 0.8 2245, 1
LR10 DAAI ) At 02 2= 4 i 22 [8] ) 45 4 AH 4B, Bray—
Curtis FE B R 0.06~0.18 , ; AL 2R i (1] 1) 22 57
R, Bray—Curtis FEE 4 0.55~0.77 (4] 2a)

ol O N T R P W & a7/ B £ S TR
ZE AR HE LR A L — R I AR
K, BEIE 2= HIK TR [RIAS [F]R J32 AR OK TR %) 7K
ANTA] 5 R A 2 I R oK gt s AR, A 9 R K
KA Bl T Tovk: & 4R, BOK i YA E5om

0.85 0.95

LSR1 LR3 LR45 LR7 LR1 LR10LR50 LR60 LR8

(b)

2 A5 (a) At B& (b) B (8] Bray—Curtis B 25 #44]
Fig.2 Heatmap of Bray—Curtis distance between bacterial samples (a) and archaeal samples (b)
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Table 3 Diversity indices of Archaeal communities in the investigated water samples
i TR LR |
Sobs Chao ACE Shannon Simpson Shannoneven
LRI iRz 2= 34 48 70.371 2252 0.173 0.638
LRS CrEs 55 91 103.143 1.924 0.346 0.480
LR10 s 65 110 131.643 2.176 0.292 0.521
LR50 arEs 142 145 144.725 3.829 0.046 0.773
LR60 arEs 57 62 104.268 2.274 0.204 0.563
LR3 Jeftng 60 61 62.325 2.290 0.159 0.559
LR45 Jeftng 57 61.2 61.367 1.479 0.316 0.366
LR7 kg 50 61.25 59.596 1.212 0.534 0.310
LSR1 Jeftng 50 51.5 54.709 1.700 0.300 0.434

FEVR B8, AR BB = HOK R g, F T HED
PIBATE S E A, BOUK P RUE D 2R 5
322F W AT

FII ] RDP 168 &4l P2 55 iy T A5 40 e o o i 45
FE b ) BT 2R T, S SR R AN AE
B E AT AR 0 B AN A2 BOK TF R A 52 )
M Sobs , Chao 55 ACE 45 HURF , LR50 9 1ty T il 28
ode 2, LR1 B D, HAR R B AR A ) 5 A
Shannon , Simpson Al Shannoneven #§ 57 >k & , LR50
A4 Shannon 5 £ % /=1 1M Simpson $§ £ 1, LR7 1
Shannon #8 K 1M Simpson 8 505 =1 , %2 ] LR50
RIS ZFE M s i LR7 IR (R 3)

oy TR KT A A R R S s, (R 2R AL
e ANAAE W % 22 5% (B 2b) , LRI LR8 5
LRI10 A Z (8] (1) 22 S PR3 , R I =20 i 2z [a) ]
REAFTE/K JJBE R o LR7 5 LR45 5 HAWKE & 1 22 57
Ped s BEES 44 0.9 LA I, X 5 LR7 5 LR4S M4
5 HAIE B AL, K 1B R 2%, M HROK IR BE 554
2R PERA K,
3.3 WEMBEEN
33.14H

I I7KF LA St A TR P R 2 R 3 B d R R
[ ot 2 R A PRV 2 A AR R 22 5 (TR 3) o (I
Z0Y 5 AR A, BR LR10 b, LR1,LR8 , LR50 Al
LR60 H E AR F AN F AL |1 (Proteobacteria, >
98% ) .y—"% JE 74 24X (Gammaproteobacteria, >90% ) |
a—"%J¥ I 44 ( Alphaproteobacteria, 2.6%~5.6% ) , B—
AR 1 M (Betaproteobacteria, 0.5%~1.8% ) , i FA-fifd
& H (Pseudomonadales, >90% ) ; 7= &+ Fll J& 7K °F I,

LR50 5 #& 40 T -~ 55 37 G T Bl (Moraxellaceae,
80.00% ) . ANBHT i @ (Acinetobacter, >80.00% ) Fll
R A T AL (Pseudomonadaceae, 11.10%) 5 B U T
J& (Pseudomonas, 11.10%) ; LR1.LR60 F1 LR8 A&
$i K B} (Moraxellaceae, >92% ) , /A 3l /T i J&@
(Acinetobacter, >92% ) ; i LR10 A & 32 B4 441 1
7-IE # 1] (Proteobacteria, 89.62%) 4k, if A HFT
I'] (Bacteroidetes, 5.52% ) 5 J& B & |7 (Firmicutes,
1.47% ) , AN [F) T HABAE i a— 28I TR 4N 7 48 %0
# . LR10 W a— 228 JE I 29 (Alphaproteobacteria,
46.57% ) . y— Z& ¥ W 49 (Gammaproteobacteria,
23.24% ) Fl p—7L ¥ B 4 ( Betaproteobacteria, 19.71% )
¥y EoR e, H B B RE KO0 35 A i
o TEHAKF L FEAA PUR SR, 530 i 2
AU B H (Sphingomonadales, 35.94% ) iR B
H (Pseudomonadales, 18.90% ) . {1 J& K & H
(Burkholderiales, 15.23% ) FlI4R % & H (Rhizobiales,
7.84%) , MTAERFHUE K F-A O Bl Al B AR 42 8 T
2% , Ho T 3= B o5 v 8 R A 3 i) Ay A R TR R
(Sphingomonadaceae, 35.92% ) . Hr ¥ 2 B T 14 J&
(Novosphingobium, 35.76% ) Fll % i K & F
(Moraxellaceae,18.52%) /Bl i J& (Acinetobacter,
18.51%)

LBz 2= 4 R S b B DL SR TR -5 g 2
mAETE N R LB A E N EE . K
I, A8 J& B 1] (Proteobacteria) . fii§ fk 12 Ji€ I I']
(Nitrospirae) . J& B¥ [# ] (Firmicutes) . Il T & ]
(Bacteroidetes) | it 2 7 [ ] (Actinobcteriae) . 2% 25
I"J (Chloroflexi) . JF#% 445 #T 14 1] (Ignavibacteriae )
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Fig.3 Relative abundance of bacteria (at the phylum level) in
thermal waters from Lindian geothermal field

FIEEREA T ] (Acetothermia) ¥ 5 A 55 &1 Ho 9] CREXS =F
JE>1%) ., H b LSRI,LR3 I LR7 o 28 JE B [
(Proteobacteria) 5 L HY, A% 3 & K T 50% , X LU
LR7 ¥ it fe iy , AR 8 R 63.23% ; LR45 LAUAF AL IR
€& ] (Nitrospirae ) . J&BE I ] (Firmicutes ) 3= &
F AR B I 23.11% 1 26.63% ., 7E 407K
b 4R S G R S R A T A A AR TR e
LSR1 } §—78 I 1 24 ( Deltaproteobacteria, 45.39% ) ,
LR3 Ml LR7 # & ¥ 2 K y— 2 B W N
(Gammaproteobacteria) Fl  B— 74& JE¥ 2N
(Betaproteobacteria) , H XJ & B 43 Jill i 23.66% .
34.82%7H1134.82% .21.66% , LR45 FE i A il AL M2 e 1
4% (Nitrospira, 23.11% ) F1#% I« 44 ( Clostridia, 25.72% ) -
B ey = TN N & Y R S e b N e 1<
YHEA 7 AR, BB A 53T o

CA T, i 2 I HOK A Y AR R
FEA G LTS BN, T2 8 DGR BB 5 — 2L B A A
TR AR RER T VRIS BT 18 3, o5 Hear ik
38.70% Fl137.61% (B4 45, 2020) , 3¢ [ 8 A7 /A el
Coffee pot # J& ( /K J& 39~74°C , pH 5.8~6.9) .
Obsidian pool #E (7K 74°C , pH 6.7~7.6 ) 4 2 Tk
IR FZ LU i 1] (Actinobacteria) 1 7 7K & 7]
(Aquificae) AL BT, B JE B T % v 4 Ty LA
BEG T TRy~ TR B ANy 32 (R AR 2155 ,2012) . A3
FF T 8 A B R TR S8 A i e b K e A A R BT
TRy ELAA 12 R% A 58 1119 JE (Davidova et al., 2007) ,
B A A TR A R, A LA A L R R RN

FF A 8 R B R R TR A7 (AR BR AR, 2005 5 AR ER
H,2010) , {HAE R P H DAAS ST B R DL 2
(U BBRAE, 2010) o Aifa) B H PR s YR v
A RS RN EE I S5 KV IS N 2 R B S S 5
GIRY e e =R E P
332FH

R R EEH TR
(Euryarchaeota) . %y 1 i [ ] (Thaumarchaeota) | /& 1l
1] (Crenarchaeota ) F11 2% Hr it 7 | ] ( Woesearchaeota )
. 7EJR/KF L, LSRI A3 B b B e 22
J& (Methanothrix, 50.53% ) . W % & /T & )&
(Methanothermobacter, 21.58% ) # B &+ & /&
(Methanobacterium, 6.17% ) ; LR45 F1 LR7 Sy B e
¥ i J& (Methanothermobacter) 1 W ¢ ¥T H J&
(Methanobacterium) , Ho A0 XF = & 43 51 4 46.39%
51.74% 1 73.02% .22.55% ; LR3 H 3 I & IR 7 358k
b5, AH G 32 BE R T 15% , {5 DL Al Ab A £ 6 s
(Nitrosopumilus) 5 i <, A0 X =F B 34 28.04%
LRI, LR10 1 LR8 B fI #5 ity i o W e 22 181 Jm
( Methanothrix ) 1 bt )\ & BR H J& (Methanosarcina) ;
LR50 4y 3V fil§ £k 503t 1 )& ( Nitrososphaera, 32.89% ) Fll
H J5i 22 14 & (Methanothrix, 10.68% ) ; LR60 Jhy F g 4%
IR B & (Nitrososphaera, 38.42% ) Fl W 4% 22 14 )&
(Methanothrix, 22.17%) (€1 4) .
3.4 F=RYEHLFI

HI SO AT R, 7 H e B 70 bR A oy T R
& 3 A 5 R H T KA TR R I R A
H RTIA R 7= B g A7 A 3 R 7= B BEA R =2 (9K 1
452018 A TRRE; %5, 2020) , 73514 COE k4% -
F R H, 8 H R 5 CO, 7= A= H bt 5 £ 1R Z4 it i
18« LR SCH AR IE B JEFR 3L | 2 3l S Ak ™
Az Ho R 30 I F B IE J R e 5 TR 7= R i 48 < R
B 43 AR, —F o DL H AW e A = A H
Bt , o3 —Fh R A G W & AR AR AR ™ AR H B
(Russell and Martin, 2004 ; 2= 55 47 4%, 2005 ; Ferry et
al., 2007; Rother, 2010; ¥ #F %%, 2013; Lii et al.,
2018; B B 5, 2019578 X%, 2020) Aot a4
POR B, WA I 8 (Methanobrevibacter )
H L€ ¥T 1 J& (Methanobacterium) . W 45t 28 4R T J&
(Methanoculleus ) I i J5E ERIE T J& (Methanosphaera )
P H i i COL 42 A g ok U (McBride and Wolfe,
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Fig.4 Relative abundance of archaea(at the genus level) in
thermal waters from Lindian geothermal field

1971 ; Zeikus and Wolee, 1972 ; Miller, 2016 ; Boone,
2016;Lai, 2019; Shao et al., 2020) ; F b /\Z R &
(Methanosarcina) F1 H ¢ 22 1 J& (Methanothrix) L4 £,
1R 4t i 452 e 53 JR (Zinder et al., 1984 ; Jetten et
al., 1992 ; Wagner, 2020 ; Akinyemi et al., 2020) ; &%
H e 2K 7 J& (Methanomassiliicoccus ) LW 35 7= H Je
Y& A RE R JR (Nkamga et al., 2016) .

I F FAPROTAX #( ¥ J# (http:/fungene.cme.
msu.eduw/) , T & P BE I K 700 (Parks et al., 2014;
BT, 20165 5K 4%, 2020) , 25 5 R (&1 5) T 5 #f
i H L 5 FGEAE T B AR DG TR L A T i
75, A N 16.80%~42.21% , Hirf LSR1 FI1LRS
P At RE R = B2 5 T 40% , SRIITEAR ) s B o, 3
PR b Y FE B AR Bk 18 B e o T AR
YER . Horb, 5EUE SR W BVE A G D ek
PRl it et e, HOADO =R BN 11.06%~24.86% , 24 3=
B iR 0 YRR R HY B/ E F A Hy e
Ji F AL 5 7 TR e VR P AT SC R T RE R PN B i A7
— 3 LA, AERR G 3 BE AR (AR =R B2 R 0.03%~
7.34%) , RIH G UE 7 Bt Ae

4 45 i

2SS X bR i) st R T 9 1 i Ok 2= A
10 2 4 30 ol A e i B9 SR AR R, BRI £
FEVERIIEE A5 08T A5 2 LA 224518

(1) A iR HEROK AR ) AR 52 FROK TR
el ma i kA 2 A2 AL o ARBER FIOK TR A
IR TS RV o TR 2, T vty R A

40.25 zﬁ el

11.36 8.75 6.22 7.24

1.1 1.76/ 0.09| 0.35/10.42 7.25 7.25 6.84 9.61f g 30

0.91/ 11.11 0.01/ 0.02| 2.12| 0.63 13.21 0.75 1.68}
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Fig.5 Heatmap of relative abundances of predicted archaeal
community function
A—Methanogenesis; B—Hydrogenotrophic methanogenesis;
C—Methanogenesis by CO; reduction with H,; D—Dark hydrogen
oxidation; E—Chemoheterotrophy; F—Nitrification; G—Aerobic
ammonia oxidation; H—Methanogennesis by disproportionation of
methyl groups; I— Methanogennesis by reduction of methyl
compounds with H,; J— Methanogenesis by methylotrophy

FEARAZ IR B BE 52

(2)PUK AN H 5 R a— T A0
TE RN y—IE AN, B IR S A B 8 by
ANEHFHE (Acinetobacter, >80% ) , 5 TR I 1 i FA
RGA — A A 570 H R EH AL

G B 2L T B o 3, 7= H b
PR A AE 2R I M A 2 A AR R B R S M b R 7K BR
B2 5 vl PRI B S R 00 225 SR R BH b ) b AR P H e
TR FERFEUE A R eads A , i R SR A ™ B e
YRR HL A S5 F S S 9= R Bas ek 2
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