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Abstract: [Objective] Methane-oxidizing bacteria (MOB) are crucial indicators in the
microbial exploration of oil and gas reservoirs, while their diversity and distribution are
influenced by geographical location and environmental factors. This study aims to explore the
effects of environmental variations on the abundance and distribution of MOB in the soil
samples collected from seven representative areas in typical oil and gas reservoirs. [Methods]
Soil samples were subjected to real-time fluorescence quantitative PCR (qPCR) for pmoA and
sequencing of bacterial 16S rRNA gene and pmoA. The abundance of MOB was compared
among different samples, on the basis of which the impacts of environmental factors on the
distribution of MOB were analyzed. [Results] The highest water content (approximately
22.8%) was detected in the samples from the Jianghan Basin. The average content of nitrate
nitrogen was highest in the Yubei oil field, reaching approximately 31.96 pg/g. The Chunguang
oil field showcased the highest concentrations of SO, (6 425.0 mg/g) and CI™ (1 617.0 mg/g).
The qPCR results revealed that the pmoA in MOB accounted for only 0.77% of that in total soil
bacteria, indicating the low absolute abundance of MOB in the soil. The 16S rRNA gene
sequencing identified three type I MOB genera (Methylosarcina, Methylocaldum, and
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Methylococcus) and one type I MOB genera (Methylocystis). However, the dominant genera in
the MOB had extremely low relative abundance, with the maximum of 0.124%. Sequencing of
pmMOA revealed that Methylocystis and Methylosinus, two genera of type II MOB, were dominant.
The absolute abundance of MOB showed significant correlations with ammonium nitrogen, pH,
particle size, SO4*, and CI". The relative abundance of MOB had significant correlations only
with particle size, total nitrogen, total phosphorus, and metal ions (Al, Fe, K, Ca, Mg, Mn, Zn,
and Cu). The discriminant correlation analysis (DCA) indicated that soil moisture, pH, soil
particles<2 pm, total nitrogen, and Ca®" significantly influenced the composition of the
functional gene pmOA in MOB. [Conclusion] This study analyzed the absolute and relative
abundance of MOB in soil samples from seven typical oil and gas reservoirs. The MOB
abundance showed significant differences depending on the measurement method used. The 16S
rRNA gene sequencing fails to comprehensively reflect the community structure of MOB in the
soil samples. Different geographical locations showed variations in MOB communities, and no
specific indicator communities were detected for oil and gas reservoirs or background sites on a
national scale. The correlation analysis between environmental factors and MOB revealed that
the environmental factors had different effects on the absolute and relative abundance of MOB.
Keywords: microbial exploration; high-throughput sequencing; molecular diagnostics;
methane-oxidizing bacteria; environmental factors
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Figure 1 Abundance of 16S rRNA gene in soil
microorganisms and pmoA gene in MOB.
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soil cluster-alpha, USC-o) HIRALFEF, & i
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Table 2 Analysis of pmoA genotypes in samples from typical oil and gas reservoir

Sampling area

Mcystis Msarcina Mbacter Mcaldum Msinus

RPC-2 USC-y RPCs USC-a JRC-3 LW JR3 JR2

s

1 Gas field 41.5 4.8 0.5 0.2 / 29.7 2.1 155 1.6 / / / /
Background 2.5 0.9 0.1 0.1 / 2.1 882 04 32 / / / /

2 Oil field 84.9 2.5 / / 1.6 3.3 / 3.0 0.1 0.0 / / /
Background  16.1 3.7 / 1.9 52.9 1.4 / 53 0.6 112/ / /

3 Oil field 29.7 4.5 / 0.9 47.2 1.6 / 24 0.6 64 / / /
Background  44.2 9.0 / / 0.8 1.8 / 7.5 257 0.2 / / /

4 Oil field 1.3 / 0.1 2.9 42.6 0.2 37.3 1.5 / / 0.0 / /
Background 2.3 / 74.6 4.2 33 1.5 3.1 53/ / 0.4 / /
of oil field
Gas field 14.5 / 29 3.4 7.9 9.6 1.3 46.5 / / 1.3 / /
Background 1.5 / 15.3 0.3 0.2 15.0 0.8 39.2 / / 20.3 / /
of gas field

5 Oil field 2.0 1.4 / / 28.5 / 538 1.3 / 6.1 / 32 0.1
Background 1.6 0.7 / / 23.1 / 364 09 / 34/ 30.9 0.1

6 Oil field 24 2.7 / / 29.2 / 5.4 14 / 6.6 / 1.3 435
Background 3.8 1.2 / / 34.0 / 499 1.6 / 48 / 0.1 0.1

7  Gas field 2.6 1.0 / / 39.2 / 453 12/ 4.3 / 24 0.1
Background 1.5 1.0 / / 19.9 / 465 1.7/ 29 23.7 0.2

Region 1: Puguang oil field; Region 2: Chunguang oil field; Region 3: Yubei oil field; Region 4: Jiangnan basin oil and gas
field; Region 5: Zhenjing oil field; Region 6: Henan oil field; Region 7: Ordos gas field. Mcystis: Methylocystis, Msarcina:
Methylosarcina, Mbacter: Methylobacter; Mcaldum: Methylocaldum; Msinus: Methylosinus; RPC-2: Rice paddy cluster-2;
USC-y: Upland soil cluster-y; RPCs: Rice paddy clusters; USC-a: Upland soil cluster-alpha; JRC-3: Uncultured phylogenetic
clusters of methanotrophs; LWs: Uncultured phylogenetic clusters of methanotrophs; JR3: Uncultured phylogenetic clusters of
methanotrophs; JR2: Uncultured phylogenetic clusters of methanotrophs. /: No detection.

25.0%. F At H SR 5L LL Methylosinus 24 5

HFp, 294 47.2%, WAERT %M N H
1L 0.8%, P Fh Methylocystis i H.(29.7%)
B /NTH R, LD H E’JTE?,%M
GRTHREE SN S s ok =R e 7 e o N

B FE M T L Methylobacter iy 4 X ) %EF
(74.6%), M 7EH H S o Methylobacter 7] L
Z g A, HARHFI S Methylosinus (42.6%) X
USC-y (37.3%). " H A 075 5 bE 28—t 34
FiAEIE, 4% RPCs, (HPIE IR ILEFN 22518
K, 43k Methylocystis Fl A 3% 75 18 H e 8 77 A=
Y £ 4 &k F % (uncultured phylogenetic clusters of

methanotrophs, LWs) . #H {4 7 FH SUF: 3 H USC-y
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1l Methylosinus AL FF, P35 & Lt 4300 53.8%
1 28.5%. TE1F 5t USC-y F1 Methylosinus [l F£
JBFARHEF, £ A SHE 20.0%. 1L, HkE
FALH TR3 i Hl 30.9%, SR A
T3 — LT T EE I E,‘\\%%%ﬁ/‘\\ﬁﬂnqﬂﬁq
e S AL AL 20 B 2, 5B — IR a5k
JR2 (43.5%)F1 USC-y (49.9%), EA ] 2 Ak SR
T 29 30.0%[%) Methylosinus. 25/R 22 81 H 1
T OLIESFAR S, S RUFI T 5o amURE il A 55 — 10
RN USC-y, AR F: 55 H
Methylosinus (39.2%) 1 H %¢ % fk B JR3
(23.7%) o K H HE i £ 4k HE 9] (non-metric

multidimensional permutations, NMDS) X} B %3¢
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Figure 3 NMDS differentiation analysis of MOB
community structure in oil and gas areas and
background areas. Gas: Sample located in gas field;
Gas background: Sample located in gas field
without producing gas; Oil: Sample located in oil
field; Oil background: Sample located in oil field
without producing oil.

i U R (P<0.01), HR N 25 um ik,
5 A SENE(P<0.05) , HoAdUR A2 1 ok & &
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RN H BE A TR BE RS2 e v N e, PR AR
Tk By o s R EERN R, Tt — 2o
242 MEETFERKEESUEMEHEE
XM S

BT 168 rRNA FEPR I 45 5 ) 1155 H e
AALTRAE B UE Y R AR o i, R R
SRR PR T T B Sk T S T P A
XL, 53R NE 4 i, foKE, Ak
pH SRR I 5 F B 48 Ak T A B0 A oG
PE, 5 um LU A8 50k: AR g S8 Ak B AR X 2500 2
A, HXFh X R E EPER Pearson Al
Spearman 4341 7 VA B[R] A F 22 5. 100 um
DA b 8 UKL 5 H o 48 A TR AF X 5 S R AR OG
A& 500 pm DL By EURL, BB E
(P<0.05). SR HLE B Y Be AL T AR X B0 &2
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AW TERT FHBE A AL TE pmoA T RE ik K 41 A
HEAT ) 5 AH 5 43 B (discriminant correlation
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Table 3 The relationship between physicochemical parameters and abundance of MOB

Physicochemical parameters Pearson correlation coefficient  Significance Spearman correlation coefficient Significance
Water content 0.173 0.127 0.127 0.265
NOx -N —0.240 0.033* -0.211 0.062
NH,'-N —0.336 0.002** —0.388 0.000**
pH —-0.221 0.050 —0.295 0.008*
Particles (<2 pm) 0.069 0.543 0.194 0.086
Particles (2—5 um) 0.244 0.030%* 0.269 0.017*
Particles (5—10 pm) 0.189 0.095 0.165 0.147
Particles (10—50 pum) 0.062 0.585 0.044 0.697
Particles (50—100 pm) —0.311 0.005** —0.426 0.000%**
Particles (100—500 pm) —0.042 0.715 —0.117 0.305
Particles (500—1 000 um) 0.042 0.714 0.019 0.868
Total N 0.094 0.408 0.271 0.016*
P 0.102 0.370 0.113 0.320
SO —-0.504 0.000%** —-0.301 0.023*
Cl —0.464 0.000** —0.364 0.005**
Al 0.117 0.303 0.161 0.157
Fe 0.153 0.179 0.221 0.050
K 0.073 0.522 0.081 0.477
Ca —0.233 0.038* 0.010 0.931
Na —-0.077 0.500 —0.093 0.414
Mg —-0.097 0.393 —-0.015 0.897
Mn 0.152 0.181 0.140 0.218
Zn 0.186 0.101 0.245 0.030%*
Cu 0.094 0.408 0.064 0.577

*: TE 0.05 KF-(RUIN) BB EAASE; **: 7E 0.01 KF-CBUI) b B 25 A 5%
*: Significantly correlated at the 0.05 level (two-tailed); **: Highly significantly correlated at the 0.01 level (two-tailed).

B ) 2 25 PR A S K (B - VR ) |
pH{E . <2 pm Ay HHEROR, . DA+, ik
5 Lk 6 FhIAEE 12511 RDA HEFF 73t (& 4),
e s AL RIS ) A8 b= 2 713, R F
W R 1399, 4 51.6%. K5 iE—24F
XF AR F AT A4, BT Al R -,
TE B R I A R o, b S KR B MR R
i 13.07%, UEBHRE S 7K S0 H B A A i i 2
M K, HOh pH & 4.77%, BE %<2 pm
1) - SRR R R AT AE 2.80% 44T, 5 Y AL A
BERTE 1.20%4 4 .
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3 it

AHFEEET qPCR AR [ 16S rRNA F
FEAR DAl B 78 30 A DX IR it v B e SR T Y
Y XPFIARXT R, [FIETiE ) pmoA T fESE R 7
s T BEAA R AR SRR . BFE 4G
R, TP e S AR TR A 46 %o 32 3 v A 3 o
FALERIAT R, HTF 16S rRNA F[H 74
AR5 pmoA Dy REE PRI P B AR S e 15 B L H
Bt E AL A T . X 0] RE SR TR A
16S tRNA JE[H 73R A O HTH e S AL R A E R
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Table 4 The relationship between physicochemical parameters and relative number of MOB

Physicochemical parameters Pearson correlation coefficient ~ Significance Spearman correlation coefficient Significance
Water content 0.005 0.965 0.134 0.239
NOx -N —-0.137 0.230 —-0.173 0.128
NH,'-N 0.050 0.661 —0.104 0.364
pH 0.061 0.590 —-0.178 0.117
Particles (<2 pum) —0.328 0.003** —-0.201 0.076
Particles (2—5 um) —-0.237 0.035* —-0.074 0.517
Particles (5—10 pm) -0.139 0.222 —0.083 0.468
Particles (10—50 pum) —-0.111 0.331 —0.043 0.704
Particles (50—100 um) 0.120 0.294 —0.132 0.246
Particles (100—500 pm) 0.320 0.004** 0.108 0.345
Particles (500—1 000 pum) 0.258 0.022%* 0.224 0.048*
Total N —0.282 0.034* —0.245 0.066

P —0.493 0.000%** —0.585 0.000%**
SO —-0.199 0.138 0.023 0.864
Cl’ —0.205 0.126 —0.260 0.051
Al —0.145 0.281 —0.026 0.845
Fe —0.306 0.021* —0.216 0.106
K —0.260 0.051 —0.255 0.056
Ca —0.072 0.593 —0.115 0.394
Na 0.168 0.213 0.040 0.766
Mg —-0.313 0.018* —-0.320 0.015*
Mn —0.383 0.003** —-0.375 0.004**
Zn —0.484 0.000** —-0.410 0.002**
Cu —-0.352 0.007** —0.458 0.000**

*: TE 0.05 KF-(RUIN) BB EAASE; **: 7E 0.01 KF-CBUI) b B 25 A 5%
*: Significantly correlated at the 0.05 level (two-tailed); **: Highly significantly correlated at the 0.01 level (two-tailed).

Fe X 225 1M JC 2 i H A3 2Rz, T LT qPCR
FEARKEM R () pmoA 3 [K 1] B 4 A5 AH LAY
B BEAEALE pmoA FIIME RS %, el
i A R R 0 B R B A R R RS xR
HIEET 16S rRNA JE PRI 74 AR A5 31 1) H 6 48
R VR S5 T BE AN B UER o [RIBT7E 7 4~
TR AT DX S ) A AR R R B T — ST A
TERY L A AL T ® L 40 Methylocystis J& .USC-y.
Ricke %5 Fll Pratscher S5t & Bl T H S AL
Y7E Methylocystis J& 7£ 5 1l 1- 8 1 bk + 3 v
AN XAl RE T Methylocystis J&

FH ot S Ak 240 BT A R PR FR 6 BRI 4B (particle
methane monooxygenase, pMMO)Xi H 52 1) % A1l
FIFEREIM P, USCy B—Fh iz A T
13 B ARRAF AL IR R pmoA JEIAY, BIA
R 5 KA AR R B o 1) AR 1B B A 5

AN, FIH pmoA Dhfg ST AE 7 MR
A DX IR AR T A5 B 1 I A R B TR VR 4 A A
TERR 225, 7N R I A0 DX Sl A A EL A
FERg e A AL A TR 454, JF H & B EE I H
VL 7 1y A 85 22 Ak DX I AR R R
pmOA JE [ ZH i B A 25 2501, ixX 3R, BR 1Ml
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Table 5 Significance of environmental factors in explaining the distribution of MOB communities

Factors RDAI1 RDA2 r? P Explained variable (%)
Moisture —0.203 0.979 0.505 0.001%** 13.07
NOx -N 0.998 0.058 0.007 0.909 /
NH,"-N 0.369 0.930 0.008 0.902 /
pH 0.397 0.918 0.628 0.001** 4.77
Particles (<2 pm) 0.965 —-0.261 0.311 0.007** 2.77
Particles (2—5 um) 0.952 -0.307 0.199 0.053 /
Particles (5—10 pm) 0.486 0.874 0.044 0.516 /
Particles (10—50 pum) -0.762 0.648 0.110 0.195 /
Particles (50—100 um) —1.000 —0.005 0.005 0.960 /
Particles (100—500 pm) -0.934 —-0.356 0.057 0.461 /
Particles (500—1 000 um) —-0.909 -0.417 0.126 0.130 /
N 0.967 -0.254 0.368 0.001** 2.82
P 0.998 —-0.061 0.113 0.194 /

Al —-0.506 —0.863 0.077 0.295 /

Ca 0.191 0.982 0.475 0.002** 1.14
Cu 0.041 0.999 0.020 0.741 /

Fe —0.857 0.516 0.007 0.907 /

K 0.178 —0.984 0.095 0.251 /
Mg —0.534 0.845 0.176 0.054 /
Mn 0.971 —0.240 0.027 0.655 /
Na —0.943 0.332 0.064 0.395 /

Zn 0.409 -0.912 0.080 0.311 /
S04 0.644 0.765 0.011 0.846 /
Cl 0.894 —0.448 0.022 0.781 /
BHC 1.000 0.029 0.245 0.014* 1.25
DDT 0.228 -0.974 0.009 0.937 /

BHC: NEACHE; DDT: MFERE=FH L. *: 76 0.05 K bW EA

: 7E 0.01 K L BEMK. /. KK

BHC: Benzenehexachloride; DDT: Dichlorodiphenyltrichloroethane. *: Significantly correlated at the 0.05 level; **: Highly

significantly correlated at the 0.01 level. /: No detection.
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Figure 4 RDA ranking diagram of the sample
distribution relationship between environmental
factors and MOB communities.
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