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Indigenous microbial distribution and microbial enhanced oil
recovery potential in high water-cut reservoirs of an oilfield

MA Yanqing', WEI Fengdan?, XUE Peng', LIU Xiaoli', WU Congwen', CHEN Yukun', YAN Zeyun?,
CHEN Fulin**

1 PetroChina Xinjiang Oilfield Company, Karamay, Xinjiang, China
2 College of Life Sciences, Northwest University, Xi’an, Shaanxi, China

Abstract: An oilfield has entered the stage of high water-cut development, and the conventional
water flooding effect is declining. It is urgent to develop microbial enhanced oil recovery (MEOR)
technology to tap the remaining oil. [Objective] To analyze the indigenous bacterial community
characteristics of different oil reservoirs and identify the indigenous oil-displacing bacteria, thus
providing a scientific basis for the activation-type MEOR involving indigenous bacteria.
[Methods] Produced fluid samples were collected from three high water-cut reservoirs (K;h,, Jox,
and J»t). The 16S rRNA gene high-throughput sequencing combined with alpha diversity analysis,
beta diversity analysis, linear discriminant analysis effect size (LEfSe)-based differential species
identification, and canonical correlation analysis (CCA) of environmental factor correlations was
employed to systematically reveal the bacterial community structure and analyze its driving
mechanism. Additionally, the oil-displacement potential of the indigenous strain was assessed by
core flooding test. [Results] A total of 174 OTUs were shared among the three groups, while the
community composition was significantly different. Temperature, salinity, and water content were
the main environmental influencing factors. The K;h, group demonstrated prominent diversity,
mainly consisting of bacteria with the potential to produce biosurfactants, such as Pseudomonas
and unclassified f Rhodobacteraceae. The J,x group enriched salt-tolerant hydrocarbon-degrading
Marinobacter and significantly enriched sulfate-reducing groups. The J,t group was dominated by
thermophilic hydrocarbon-degrading bacteria such as Tepidiphilus and Burkholderiales. Core
flooding test indicated that P. aeruginosa LD8 isolated from the K;h, reservoir increased the oil
recovery by 9.61% in the simulated reservoir environment. [Conclusion] The differences in
physicochemical and microbial environments among different reservoirs emphasize the necessity
of developing particular MEOR strategies. This study provides a research basis for the targeted
activation of dominant oil-displacing bacteria, the avoidance of corrosion risks, and the
optimization of on-site implementation plans.

Keywords: bacterial community distribution; linear discriminant analysis effect size (LEfSe);
bacterial diversity; high water-cut reservoir; microbial enhanced oil recovery; tertiary oil recovery
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YRR B AR ME LA R RO R R R R
ol A W $E v R AR 4 R (microbial enhanced oil
recovery, MEOR)AE A 8 4% T 32 18k (4 it £ — R
MFE, W I & i B B

HRH B RO JEAS[A], MEOR 1] 43k P9 T8 i
A= PR BRI AN E PRIt R, R
F2 B T ORI R A X S 4L 3 B B AR
DA R 0= 07 A B O ARG 7 0 X S 7K 1) 7 AT
WEEAE, TR IEM AR . SRR,
e AR JRR MR, WFgE R, (BCPR
J& (Pseudomonas) . % {fFT & J& (Bacillus) . 5 H
M B & (Xanthomonas) . 1T B J& (Marinobacter) .
21 BR 1 J& (Rhodococcus) 55 W J& % 1 H 5% 55
1& . BEIRA S e Re 1T, Xu P, 1B
7 25 55 3% B 1 (Stenotrophomonas maltophilia)
WGB211 A 475 [ C16-C36 Z Al Z Fbe
By, 7d X C32 MR 75%, REARK
B AR D vl R B B R A o L. b ZE S0 TR
(Geobacillus). it X & AN ] (Pseudomonas
stutzeri) AT LAy SRR DR o O B0 . U AR
RSy, AREREIM AR, 45 I i 3l
PEC1OL, B Wy 7= (R B R A R =4 7T 43R
ING3 A W 3R TR PSR RO 1 AR LA
Hor /Ny A W 3R TR R B A I 2 Y
P, FE B o BRI T 5K 3G SR I AR R e
R TAEWFAR AR B RFLBAEETE, W
TKFLAE B, i Shaimerdenova S IRGE, A
RS FT B (Bacillus subtilis) A9 431 1Y ZE TS
ZAPK R KSR (32.76£0.30) mN/m, A SUE
M FLALRI RS, A Eh P AR ORI
ARk, EN AR H IS MEOR HR i Tk
AT EIT R 5B LB . R G 3 X
108 3 A B SR ), ] R R T N D
BT, A X HCRIBCRIE T 23.59%; K P H
BN DI IESE, SRR S A R B
ARATFE R FRICE 3.9%-8.7%!19,

S MEOR 78BS HIF 58 Fll 2 PN 52 36 v 44 g
B2/\a o I R AR BT o (ER T Ga =8 7/ o N B2/ 77 ]
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HRTT AR, DT R S sy 32 I B 1 45 1
A DRI R 2R, A R v L I R B,
SR, H AT A ST SR AR TR R i ol
Kihy Jox. Jot Y A9 S A 0 BV 4544 5 MEOR
W7o ARWFFE LA L3R 3 A~ i B 7K Ik 7 5 %
%, FIH 168 rRNA J PR ey £ I -5 AR fi A o4
PSR 53 AT R AE 5 40 531 3 A R0 R/
(linear discriminant analysis effect size, LEfSe) 43
Hr W A )3 8 1) 22 S T, IR PR B A 1
XA 3 A R sE M B L LA DA R A
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1.1 HEXE&E

ARG T IR ZE M R vk A Koha o Tox
Jot VI 2 A I 3 BOR AR 11 52k AN
FE0 7 HRORE o A v AR AR A R AN (] 53 91l
WEKA ., X4, TH, FEARER, T4°C
FUF Nz E, MEHA-80 °Ciffr, H
THEM AL DNA $2HL,
1.2 EZRFFLEE

VAMNE Magnetic Stool/Soil DNA Extraction
Kit, F§ 50 ME R A W) ROy A PR A
E.Z.N.A Gel Extraction Kit, Omega Bio-tek /A H] ;
ALFA-SEQ DNA # I &, T iAW) pt
FOINARA A

NanoDrop One fifl & 55411 W43 6 EEE T .
Qubit 4.0 ¥ & %& 11, ThermoFisher Scientific
575 Qsep400 fEpil AL IR H i, AU S
PR R A Tllumina HiSeq X Ten )
AL, Tllumina 23]
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1.3 EHFE

LB }i 32 i (g/L): R IR 10.0, BELER
5.0, NaCl 5.0, N #Y LB &S 355 B 5N
T 16.0 g/L Bifig ks, 121 °CK B 30 min, A
IR

e /N JC HL £R £5 7 JE (mineral salt medium,
MSM) (g/L): MgSO, 0.1, K,HPO, 7.0, NaCl
0.5, (NH4),SO, 2.0, KH,PO4 3.0, 121 °C K [#
30 min, ZEREAHEHRAT

I By R A3 7 5 (/L) . I 2 1 TR BV AL
Y 10.0, LBEEEHEAY 3.0, EKRWER 1.0, K
B LY 5.0, Belbky 5.0, S L8N 5.0, il
15.0, JCHE M LF 4k 1l 50-100 mL ., JG A i 2F
Ak 3 1R FE A IS TR AR, 121 °CKTA
15 min JFKIBAH 2 45-50 °CI A, BliJ5 IR
SIRE RIS IR AR
1.4 F=H&4AE 16S rRNA EE1ZE

% H VAMNE Magnetic Stool/Soil DNA
Extraction Kit $2 B = i R A b 59 304 9 6
DNA, J#f# ] NanoDrop One {3 45 41 - 1] UL 43
FEIERETI LI DNA ¥k BEFZ R, i 5 DNA
RS REIE A A% G AT T -80 °CA7 I,

fdi Ji} 515F (5-GTGCCAGCMGCCGCGGTA
A-3") 1 806R (5'-GGACTACHVGGGTWTCTAA
T35 3 B 40T 16S rRNA K V4 [X, PCR
R AR ERG LB A R A F 2. PCR
JCWARZR (50 pL): 2xPremix Tag 25 pL, DNA
M2 L, b, FUHESIP(10 pmol/L)45 1 uL, %
B K 21 uLo PCR N &A% . 94 °CHil 228 Pk
5min; 94 °C7AEME 30s, 52°CiE-k 30s, 72 °CHE
fift 30 s, 3£ 30 NEEA; 72 CCALEff 10 min;
4 °CR¥E 10 min 2 1k N o FRASH9 H A% =938
1o Bt W B M e VA 56 BERC B RNV .
E.Z.N.A Gel Extraction Kit [Pt PCR & & =¥,
FIF TE 28 opsg i 5 b A B 24,
1.5 SBRENFEHESH

fifi 1] ALFA-SEQ DNA # JFE i #) & il &
DNA S, 4 Qsep400. Qubit 4.0 K56 SC 2% H

BeR/ANIH B S, ] Tllumina 75 3647 PE250
Wy, 2515, FBdHE . Bdlidig s 5y
AR B AR 80 Befifi H] UPARSE
10.0.240 iﬁﬁ?ﬁ%{"ﬁﬁ%’é$ﬁ(operaﬁonal taxonomic
unit, OTU) ¥ 25, fifi i usearch-SINTAX %5 &
BLAST #t4:4> OTU AU 7515 SILVA il %
BEATRE R, DURIBUI ARG B, EIEE
B (1% Ry 0.8, fli FH R FRAF AT R eI
FEI 2 Lo A B b - B BRI o A ) 24
ﬁiﬁﬂ‘ﬁ(principal co-ordinates analysis, PCoA)%ﬁé%
5 REAS B B I SR 2 1R S Bray-Curtis 534
K H one against one AT LEfSe 431, 2tk
I 51| 43 B (linear discriminant analysis, LDA)43 %
o] {15 & Ry 2291, SR A SPSS Statistics 25.0 #£47
Spearman FHICHEMHT, I EBER . fLEE .
TR RE . EOK . WL EESE R, ET
CANOCO 5.0 # 17 8 8 A5 5C ¥ 43 #r (canonical
correspondence analysis, CCA)*"!, K] R &4t
. Spearman Ao REL LI EIFAICE G S, W)
F-EEERCE N 50, AHOCREREBEE N 0.8,
1.6 IHERNIFESEE

L H bR DX SR otV DA i 5 00 SR D
B S g JHFES A 95 mL MSM K36, 7
FUAR X BB IR T 150 v/min 555% 7 do BREHG
BRIk b fe, BT 3 OP R LT
WRZEAL, B Ak 5 i B RR A 2 0548 IR A AE
—80 °C#5 Mo A FH il Bt His ] (A< 15 3 075 1l b 3k
2 PRI R IS PR 7 AR PR RE

i FFI 41 71 38 51 49 27F (5-AGAGTTTGAT
CCTGGCTCAG-3") #1 1492R (5'-TACGACTTAA
CCCCAATCGC-3") ¥ 4l 1Y 16S rRNA F:[H .
PCR §"HE{K (10 pul): 2xRapid Tag Master Mix
5 uL, DMSO 0.5 uL, DNA 4z 04 pL, I .
TS5 pmol/L)4% 0.3 L, 28BS F7K 3.5 ul.
PCR JZ W &A1 : 94 °CTHAETE 5 min; 94 °C7EPE
455, 52°CiE:k 30s, 72 °CZEfH1 90s, F:30 4~
TEER; 72 °CZAFEAH 8 min; 12 °C{RH 10 min £
LR K¢ PCR 74 1 Iy 25 R i i BLAST
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5 GenBank 1 ELHIFF AT E) A L, ITRAE
MEGA # Al AR A R R G LT
1.7 HEHE[SLE

i FH LB W AR SS IR 570 IR B T i 45 4 B
KR, RN 1%, FEFEEHE R 2 d, Bk
BEREFRILAFINA 5 mL Z&580K, R o e /K T B
A 40 mL A BE K 10 pL A TR 2% 18 TR
TERAE I 2, SR HEE
1.8 HOIRE LG

TS ERSHEMEAE AL, Ao
REARTE I A ME T 5, 5 (8 b 2 K gk
AR AKAL B, o FLIBRIARRL . K 280t A
JZIKBE O B A DR T, DR AT K
AR, SE G R B A BRI GRS, [l
JEARE B IR ST, FH B E AR i i i )2
g, MEST R AR A, P T —ROKIRE
H AR TEIR o T O A 1% JKIMFE R A
[ 0.5 PV, FEABLAN 0.05 mL/min f8 3 4K
B, MR T oK EK, 2= A TEIhR .
SRR R ISR O

2 EREQ

21 MHRXWEBUESEKRER
58 XA 5 s v B IR Za M B, F T

=1 RN FRIEAIEEE R

KA A Kihy o Jox o Jot TR o K hy T 6 IR
H37°C, FEECFHBER K 1801.9x107 um?,
AL BREE R 29.9% , ST 35 T 4 A v A A
JEh 46.9% , Hi)JZKE LR 9 382 mg/L, H
HIE 9L 25 & & K RN 952%, F Rt
JE R 35.3%. Jox MR N 63.3 °C, KB
RAE(12.1-225.0)x 107 pm? Z 0], FHBER
9 100.3x107° pm*, 47 %L B E A 18.9% ,
X T 4 A A R 54.9% , b2 K W
b FE N 19 709 mg/L, HRiZi & &% KKK
95.4% . Jot IMABRIE Ny 58 °C, FEMEIERTE
(73.3-318.0)x107° um® Z [i] , F#HBE RN
167.2x107° um’, A 2FLBRE By 18.0%, T3
Tl A S AR R R 58.5% , HBJE KL K
17287 mg/L, HETZRATKFER 95.0%;
22 FFHBREFEZHEMSHEEERK

P BIAE Kihy o Tox. Jot OB 11 A4S AS TR 3
= A TP RO 1 403 857 MARUT A
FB, PR EEARTERR 127 623 NFAI A
Bt. UPARSE R/, FrAateEA R
3365 MR OTUs (£ 1), REE N AR
Hom, FEAREEEZE B TR, KNP
AR, AT DA RS WA 5 DX A () A8 TR A VR
SAAE DL 1A). o ZREMEFR SR, Kih, 417

Table 1 Processing results of sample sequencing data

Sample Raw reads Effective reads Q20/% Q30/% G+C/% OTUs
K1 127 930 127 930 99.6 98.7 54.4 388
K2 131 137 131 137 99.5 98.4 54.1 643
K3 120 280 120 280 99.6 98.8 54.8 390
K4 128 337 128 337 99.6 98.5 54.7 381
K5 122 399 122 399 99.5 98.4 54.5 382
X1 120 446 120 446 99.5 98.3 534 436
X2 129 928 129 928 99.5 98.4 53.4 789
X3 131 154 131 154 99.5 98.5 53.9 398
T1 131 846 131 846 99.5 98.4 52.9 385
T2 131 061 131 061 99.4 98.1 56.3 367
T3 129 339 129 339 99.5 98.5 56.3 322
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—‘—‘NMM??W\D\DI\I\OOO\O\SS: 2X
Sequences per sample
4.50 0257 1000
5 4.00 < 0201 y 800+
yo! = [
.£3.50 £ 015} T 2 600r
§ 3.00 : 0.10 l S 400 e
s . a 0.101 5] r
2 - £ 5
#2550 < 0.05} 200
2.00 p : : 0.00 : . : 0 : : :
Kh, Jx It Kh, Ix It Kih, Ix It
D Liir Unclassified_f Rhodobacteraceae
’ Pseudomonas
Tepidiphilus
0.8 = Hyphomonas
";’ = = Unclassified { Rhodocuclaceae
g
é o = Thauera
§ 0.6 = Roseovarius
<
= = Marinobacter
g [
\
—§ 0.4l - — = Alteromonas
E ’ — Unclassified f Atcobacteraceae
§ = = Marinobacterium
02+ = Unclassified_f Saccharospirillaceae
Unclassified f Rhizobiaceae
= Sulfurospirillum
0.0 K3 K4 K5 X1 X2 X3 T1 T2 13 = Confluentimicrobium

&1
Figure 1

A= i o B0 A B 5% 4H ARRFAE

The composition characteristics of bacterial communities in different production fluids samples. A:

Others

Sample rarefaction curves; B: Boxplot of bacterial community alpha diversity indices for groups Kih,, Jox, and

Jot; C: Venn diagram of bacterial community OTU levels for groups Kih,, J,x, and J,t; D: Column accumulation

diagram of bacterial genera levels for groups K;h,, J,x, and J,t.

http://journals.im.ac.cn/actamicrocn



3058

MA Yanging et al. | Acta Microbiologica Sinica, 2026, 66(6)

R FE 7S 1Y Shannon $§ % #% =5 (3.27) . Simpson
FE B AR (0.10), B Kiho 410 B REY) PP =F &
JE | RETE Z PRV 0 A 2 5 W T Jox A
Lt /(K 1B). FREERT Khy. Ix. Lt
7 WRRE A R B W R H S35l 366, 366 .
247, Bf¥EHL4 OTUs (174 1) 43 9 5 Kiho o
Lx. Lt 477 MW OTU & % 1Y 47.54%.
47.54% . 70.45% (& 1C). FEHEA AT 15 M
JE ¥R 3 HIA T, Kihy H B0 H R E g 2040
W BL K 43 25 )& (unclassified f Rhodobacteraceae,
3.88%—44.35%, ¥ 19.17%). " 22 S
(Hyphomonas, 0.45% —18.10%, “F-J 9.02%).
A R R (0.48%-21.76%, “F1J 7.18%), TMi&R
[N & (Thauera) . K514 R} (unclassified
f Rhodocyclaceae) 757l 73 FE A vp (1) oy o A i aot
T 10.00% (F 1D). Jx 41 A R BEAR 2 6] 4
WERREE S, X1 AR R
A BB B R (30.64%) . R ICHE (11.72%) .
fii A6 W2 € B & (Sulfurospirillum, 21.47%), X2
FE A R 288 /N 18 B B} (unclassified f
Saccharospirillaceae, 26.77%) b7 FboR i, X3 BEAR
HIAT A R (34.83%). SR FR MR i (Alteromonas,
32.66%) F E e o Lt A, W ROR R R
(Tepidiphilus, 0.89%-45.65%, “F1421.63%). 41
R R 2R (0.48%-31.79%, “F-1J 18.05%).
5 PR R (1.22%—17.64%) 5 e e e, 7
BB I3 FE A 2 B 1 3 A AR 93 268 7 E R
(unclassified f Arcobacteraceae, 0.04%-30.05%) .
WM OHEE (Roseovarius, 0.23-14.70%). &
IRLIAERH0.55%-16.12%).
2.3 FHAERERIFIE

Ry i — 2R ST R AN ) ) B A 2
%5, 3T Bray-Curtis 5 BT T FA8FRHT,
PCoA1 F1 PCoA2 il 73 Il fi#t B¢ 1 23.3% H1 18.8%
M7 2, SPFTEE R Kihy, Jx. Lt BEN 34
MR (K 2A). KRS AT R W] Kihy ZHIN
PRAEA 2 B AR R 5 11.(0.51-0.67), FKREAH
N AR LR S 5 1T Jox HINTRREAR Z
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] 2O , FEAEE BITE 0.89-0.94 Z )5 Tot 2H
H T2 5 T3 BB G (0.69), 1 T1 5 Kihy 41
(1) K1 A1 KS B /NG 0.48 Fi10.61), KM
T1 FEARBEE 254 5 Kby 240 B AR . B4k,
Ix 5 Lt R AHEARNEEY KT 074, H
Iox 5 Kih, 21 8] B 25 353 =5 T 0.70, R Jx
5 A 2 AR RE R 4 i 22 S BOR (K 2B). 2
JRAK P RISWAFE] THIMIZ R, Kihy HFEAR
RN —3C, DALLAN R R R 7328 o FER
R R EEPLATE, R B R R — 2k,
W IZOME R B AR . LA A S T A
Lx HNFRRER A 22 5 W, A AEAS LS T ol
o, RUITLZ R mae, Mg
A ; Ltdd T, T3 5 Kihy B—2&, 1M
T2 5 X1 RIH—2K(K 20).
2.4 LEfSe 7#f

K F LEfSe 73 #1(LDA [H{E>2.5, P<0.05)fF
3 AR H VR P S M o TR 22 S A TR S A
(K 3). Hyphomicrobiales H (LDA=4.84). 3%
EBH(Rhizobiaceae, LDA=4.57), MJEHFIARIZE
J& (unclassified f Rhizobiaceae, LDA=4.38). I
PEE G TR Bl K 43288 (unclassified f Stappiaceae,
LDA=4.33). 5 ¥ I« J& (4llorhizobium, LDA=
3.92) . Lutibaculaceae F} (LDA=3.22). & K& JE
B, 1 #T B J@ (Pannonibacter, LDA=3.25) F1 ¢
¥ B J& (Lutibaculum, LDA=3.24) ¥ EEET
Kihy, 4 5 Jox 4l VL ik + & J& (Geoalkalibacter,
LDA=4.07). WS MEFH Desulfuromonadaceae,
LDA=4.09) . it ¥ # & J& (Deferribacter,
LDA=3.35). Desulfotomaculales H (LDA=3.15),
Desulfotomaculia ¥ (LDA=3.19), =k 43 25 19
Acetothermiia “W (LDA=2.76) UL M Acetothermiia
N RIEMA . B JB(LDA 1 2.75-2.76
Z A A ARFAE 5 ot ZH URE S 1 e AR i
J& (Stappia, LDA=4.53) . M 2k T Ft
(Deferribacteraceae, LDA=5.06). W& 1 i & J&



¥y 45 | WUEYNR, 2026, 66(6) 3059
A oK h
0.60 } B T3 w0.0
olx ™ l
et
0.301 T1
S x|
% 0.00f ' X2 F09
bt X1
< <5 K5
8 -0.30¢F K4
K3
e
~0.60 B K2
-0,73L - - - - - Ki
—-0.70 —0.60 -0.30 0.00 0.30 0.60 0.81
PCoAI (23.3%) K1 K2 K3 K4 K5 X1 X2 X3 T1 T2 T3
C = Unclassified f Rhodobacteraceae
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Figure 2 Analysis of differences in bacterial communities. A: Principal coordinate analysis diagram based on

Bray-Curtis distance; B: Heatmap of taxonomic distance among K;h,, J,x, and J,t groups; C: Cluster bar chart of

bacterial genera level for K;h,, J,x, and J,t groups.

(LDA=5.07). {ASCEE /RIS H (Burkholderiales,
LDA=5.14), DUBRAR # J& (Quadrisphaera, LDA=
3.65). Lutibaculaceae F}(LDA=3.68) [ 57 R Ji I
J&(LDA=3.53), Wi REJELE Kih, T A s
££ (LDA=3.21), {HH7E Jot ) LDA {H F =
(LDA=4.53), FWIHAE Lt o A5 #PR

Kk — R, XShR s 2R3 1
JERE, 3HZBULTFAESE.
2.5 IMEEFHEXMESHR

L CCA FrHr R 152 e T A 2 A2 Tk Y
FHEHE N7, CCAl Fl CCA2 7l T
26.9%. 22.7% MAESE(E 4A). 820 PE LA
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