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Synergistic remediation of petroleum-contaminated soil by
Rhodococcus sp. OS62 and Pseudomonas sp. P35

GUO Yidan'?, JIANG Yingying"?, MA Yuxi'?, DENG Zhenshan'?, HE Xiaolong"?, LIU Xiaodong"?*'

1 Shaanxi Key Laboratory of Research and Utilization of Resource Plants on the Loess Plateau, College of Life
Sciences, Yan’an University, Yan’an, Shaanxi, China
2 Engineering Research Center of Microbial Resources Development and Green Recycling, University of Shaanxi

Province, Yan’an University, Yan’an, Shaanxi, China

Abstract: [Objective] To explore the regulatory effect of the synergistic and efficient remediation
of petroleum-contaminated soil by Rhodococcus sp. OS62 and Pseudomonas sp. P35. [Methods]
High-throughput sequencing was employed to determine the bacterial community structure and
diversity during the remediation of petroleum-contaminated soil. Redundancy analysis, non-metric
multidimensional scale analysis, Mantel test, and molecular ecological network analysis were
performed to evaluate the changes of the soil microbial community structure and the correlations of
petroleum degradation efficiency with soil physicochemical factors, soil enzyme activities, and
bacterial community structure during the remediation process. [Results] The addition of the
bacterial consortium significantly increased the activities of soil dehydrogenase, lipase, polyphenol
oxidase, and catalase and the remediation efficiency, and its remediation effect was better than that
of strain OS62 with excellent petroleum degradation ability or strain P35 with weak petroleum
degradation ability. Correlation analysis showed that soil petroleum residue was positively
correlated with soil total nitrogen and nitrate nitrogen content and negatively correlated with soil
enzyme activities and nitrite nitrogen content. The addition of Rhodococcus sp. OS62 or
Pseudomonas sp. P35 had mild influences on soil microbial alpha diversity and molecular ecological
network. Both strains had great contributions to the differences of bacterial community structure.
Under different treatments, Nocardioides occupied a dominant position and were hub nodes in the
molecular ecological network, while Mantel test showed that Nocardioides had a weak correlation
with soil petroleum residue. [Conclusion] This study clarified that Pseudomonas sp. P35 with
weak petroleum degradation ability could cooperate with Rhodococcus sp. OS62 with high
petroleum degradation ability to enhance soil enzyme activities and improve the remediation
efficiency of petroleum-contaminated soil. It provides a theoretical basis and practical reference for
optimizing the application of bacteria consortium in bioremediation of petroleum-contaminated soil.
Keywords: Rhodococcus; synergistic remediation; molecular ecological network analysis;
petroleum contamination; correlation analysis

APE N — R A REIR AL TR, 78 BIEREE I U™ E AP s e R A A
oAk Rh A IEEREAE . At as (U ELEPRBUFER, i HH 4o
PP, XHAMEORE B fEfmIR. SRR . B, RS R
T sk fan R e A gl 2 B K, SEIRE B Rk z
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I NCE CR I (AP R R 7/ B2 11727 N b= 11 U 1K
YRR S AL TR, Hoh 23857 02 55 A T Bd
SHEBYHEER SR, REAIAER,
H1 T A7 A T Reaz iy SRR N T ) (i
St A RS ) iz as L AT
YO NN A 2 TR R ERPE B R, A
A ER(FE M. D5k BRI
ML) . BRI K SFRRE, e E SRR AR
AT YE 5 05 : EE AR A Y
oo HorpWys | btk BB E AR 4b B
TGP EEE I . B /N, H
TEBE PR L . R HE S
PR RIS Y MAEME RA LR g0
RS, a2 5, Ak
WA EYIBEE | YIEE KA Y-S
B . Horb, SUEYE N AR R o)
#, AT R AEYEE T R EEAE Y,
TEREY) YRS 2L R, PR ER R
AR IS B GO, T AR TR kA
TS Y AR RE 10 TR, FPIAR R AR
L RBAE T A Wl B AR e 33 h YIRS HE
SEINGCE S A s R R L2y, AR T
IR AR AR RSCR O T S is A
PEAT AT QB 5, BHIEA L C ) g i 1k
R BT A I R BE D U E W T R, JERS
HEEfHLHRIRIT T 2G0T 5Y,
YR Z ARG, S350
S QB ERCRZ IR, i b 2 iU Pk iy
PR AE T LB A e . SRR EAN SR DT A
— 7 T R R T BN B i A2 B T, S —
A AR B B RCR ISR AL, MO R
B, i B i L TR 3R 2 48 TH & (Scedosporium
sp.) ZYY fERE T 7 d N A ik R R RO
23.36%, HIHG AP TGRS A A ST R
J& (Acinetobacter sp.) Y2 M2 AW, 7d A
TR R AEAE I T 2 58.61%, KRR A —
PR B T LS AL A, il R IR TR
(Dietzia sp.) CN-3 Fll Acinetobacter sp. HC8-3S 14

WE AR, AMUSEER . ek XI5 e
S e = =T R A <K 7 (WS = R = I S S
7T (120 g/L NaCl) Y £1 i1 B3 i ROR B 8 2% T
R pEE

BNV SR NI PSR R S b L RE R E X1
— MR A T R i e 0 R A £1 BRI (Rhodococcus
sp.) OS62 K — kA 1 B ik 6 71 w553 %) 11 B e A7
J& (Pseudomonas sp.) P35, FEIRIAL 45 KL,
TR B Y A TN A I Y B AR RE T 1
PRk A AR, TR
15 RIS AR L G, Sk
HHREEPRARSEREZ, JRGIEDBE
—AEBERRD, B THERE SRS
TCR (R FR)TEA TG G 32 iy =30,
AWEFEAE RS S EAE AN AR, 530 B 5
—R(0S62. P35) KB AR FAL, A7
V54 AT A 25 d ARG B LR, it
X it v - R AR T . IS A
A YRR 4540 5 Z e T e, BTEWI A
[ B Rhodococcus sp. 0S62 5 Pseudomonas sp.
P35 WhlRMEE il Y iRy, ik
A7 IT5 G A A Y B BRI AE BSR4 5 5
%,

1 AR5

L1 #HiXERRETEREEM

Rhodococcus sp. OS62 M. Pseudomonas sp.
P35 35X 2 R A PR ZH i A5 e -3 rp oy
BRI ARG AR ECR 20% (9 H i O
F-80 °CukAt, (Hi/H PYG HiFR3T 25 °CHiF 40
s .

216 B 18 (Medicago sativa L) F i #E %2 K
PR R B R A SRR A S
1.2 EFRE

PYG Bi3il(g/L): AR 5.0, BEREEY 0.2,
A% 5.0, 42N 3.0, NaCl0.5, MgSO47H,0 1.5,
pH 7.0 FCii AR FREER T ZMA 15.0 g/L B
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BEAY, 121 °CKIE 15 min J5{d .
1.3 EEE

BEIE AL LF B B RR OS62 B2 P35 43 B4 Fh 3|
PYG WRRE S5, 25°C, 180 r/min 535 5 d
J&, 4°C. 8000 r/min &.0> 10 min YCEF AL, #
FHIE K E BRI R EORE, TR
2K, LALBREIARREE YL, SRGH# R E
BT HEKT, FHIH ODei=1.0 ¥l 4 41
TEkR 0S62 H1 P35 AWK AELLHNR G, TENELL
&5 AR
14 ITEHRRXERABSTRIEIE

AR SR A A B VY 4 1R T R X R
ARG Y 3, AR TS 20 H
i, VENHIER 1 HE(CK). K iE A ThIE T AT
ik P B TS, S R EIR AT R M TR
5 O w111V e ol Y G111 e
ARV A TG g F (IS AW E R
5 000 mg/kg). T Rhodococcus sp. 0S62 L) fiF
A ME— ZOIR IS 0 £ 3 R A s T LA S R
e — R, PRI 3 P A TR A SR A i U
WU TS G BT NS AR A AR TR AT
SRS 50 500 mg/kg, 1ENIGEEE A
5 Y HE(CS). wiih RIS R AmIE Yt
S RRAL BT AL . WA LR . B A
BHAE . B HTR R B VEE B R A
YR AT BR A R AT I 5 498 Tl 2 0
D5 S OOk 1418517 . P0hs 4 K ihis e+
SRR PRI E T S A T B L 1
1.5 BEIEERIEE T

B 16 MAE A, %A AT Y + 1
1 kg, FFFAAE S REIEE TS, INAGE B2 IR Al
TR EYAERFTE 15% 2247, B4 A5 e 35,
BTN ODgoo=1.0 1) 0S62 B 10 mL,
Y5 N RT; P4 %, BEI2IIMA ODg=1.0
1 P35 BAW 10 mL, w5 A PT; FHL 4 %5,
YISMA R G W BB 10 mL, 45 4 MT;
FA 4 FATINGER, AE XTI, 85k PCS,
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#=1 MBRTERESERAMITRITIERLMR
Table 1

and petroleum contaminated soil for remediation

Physicochemical properties of initial soil

Indices CK CS

Organic matter/(g/kg) 2.57+0.18 7.62+0.80
Dissolved organic 10.48+1.79 50.00+5.51
carbon/(mg/kg)

NH; -N/(mg/kg) 1.93+0.59 2.09+0.22
NO; -N/(mg/kg) 4.18+0.15 596.23+£56.41
Electric conductivity/(us/cm) 113.8344.29 650.00+36.51
Total nitrogen/(g/kg) 0.16+0.01 0.68+0.06
Total carbon/(g/kg) 12.07+0.17 17.90+0.62
Oil content/(mg/kg) 46.86+4.93  5382.25+146.31

YRTE S TSNS E T aEE ,
RGP A TId bk, i R K
AERFTE 15% 2ot 20 TESS 10 KRGS A RT10.,
PT10, MT10, PCS10). % 20 K (%i5 N RT20.,
PT20, MT20., PCS20)F1%5 25 K (4“5 N RT25.,
PT25. MT25. PCS25)HGE f 3, HIF 1R
e TR R R S5 A A

RAFEMBIRE SAER, AR
FE I T SRR i T A L A TR,
RIS GG R — T . A T e BT
e AR A R A w3 R S
SE M FlashSMART JGZE 51X (ThermoFisher
Scientific 2~ F)PEAT4MHT; - 3EA P 5%
PR B - Vi ok 2 A I AR AT I, T R R
Titrette ji% & {X (Brand A Fl); SR . MAZM
WA A A SRR PRE R HUS . ) Auto
Analyzer 3 (SEAL A D)7 E . LA WS
T E T S RO 141647 o HERE T i 3
&AL R FERH A A w5 k1T
W, T A Em ., AR, 2R
ALBEBCO110)FIE i .
1.6 SBEENF

14 DNA $2HC, #0, PCR Y1 . UM
I B EELEDRHH A RA A #HT. K
JH 16S rRNA K V3-V4 X 5[4 338F (5-ACT
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CCTACGGGAGGCAGCA-3") #1 806R (5'-GGAC
TACHVGGGTWTCTAAT-3")i47 PCR 4 B #E %
{8 H Tllumina NovaSeq 6000 platform {5 17 &
. WP, TFYIAREE . YRh R AR T AR
By b st E 1 AR YR BRA ml AR 3
o FUREAERAT T NCBI M3 SRA 95 12,
#5450 SRR29243594-SRR29243658
1.7 #iEALIE

{ifi F 77 2243 F (analysis of variance, ANOVA)
PEAT IR B E G 0 M 22 7 s (IR
(redundancy analysis, RDA)PEAL 41 6 B 7% 5 R 5%
T I8l i 5& & 5 fdi ] Simper 43 #7 (similarity
percentage analysis) i 126 % £% 2H 22 5 PE vk 50 K
14 34 -7 Jy 51 A8 /& (amplicon sequence variants,
ASVs); T Bray-Curtis HE TR 245 R
J& (non-metric multidimensional scaling, NMDS)%3
Mrs T F IR FR(Pearson)AH ¢ 2502 i 1 S B,
+ N - BE TG 0 A& N Mantel test 3By
oz 5 32 ZE W Fh 5 A e RRAK DR A TR A9 RE DG
KB FEVEAK o UL Lot LRz BITE R EH
(R 4.4.0)H 52

K FH Bifi AL 65 [ )5 3 (random matrix theory,
RMT) A& AN [R] PRBERE i A PR LB R 4, 10 2% 1
2 B KAl ok i B ) 7E Integrated Network
Analysis Pipeline (iNAP) (https://inap.denglab. org.
en/) b SERI . SRR R TR A5 sl S AR A
AT HAT S b, SR 0.76 (9 IR {E 15
4 PRI LE BRI 26 2880, SRSl Gephi 0.10
AT 2% AT ARAE

2 ZER504T
2.1 TREIRIE S IR 01 R R BE M

AL

NG RuN Lt k¥ PR NS I
W1 Ak Ts g oAl Y R (oil) R
(5 382.25+146.31) mg/kg, &t 10d BE )G,
4 FPORTRI AR 347 & A TR AL, Hop

5000 | E

4000 |

30000 S f fg
1 I

2000 |

1000 |

HoO
Ho.
o,

Residual oil
concentration/(mg/kg)

[«]

IR B

Residual oil concentration in soil under

E1l TAREAESXTIREPHE
Figure 1
different treatments. Different lowercase letters
indicate significant differences (P<0.05) based on
one-way analysis of variance (one-way ANOVA),

followed by a LSD test.

245 TE R AL FREE B (MT10) 5% B2 47 o ok ¥ #
%, N (3 638.95£150.65) mg/kg; 1M A 7 M ik
AW i SRR S (PCS10) 5% B4 1 T e 75 e v
(4 991.36+114.77) mgkg., &t 25 d B &
G, WSINE A BB AL B A MT25 #E 5L AR R G
ok A K, M (1 973.17£169.29) mg/kg ,
2 FE AKX T I i 40 BR B (Rhodococcus sp.) 0S62
A B RT25 [(2 468.79+148.22) mg/kg]. ¥R AN
11 B4 Bt 18 (Pseudomonas sp.) P35 Ab B i PT25
[(3 508.78+£192.59) mg/kg] M A ¥ Al i Ab 3 1
PCS25 [(4 214.33+122.71) mg/kg] (P<0.05), ik
GEREN, h 0S62 M P35 W E S RREEA
A AT g R EROR, MAAURIMAR
HPCS)IMEE BRI 25, T P35 IYA i b fid
AE 4esg, R P35 gRAT A ihis e 3
IR LES T 0862,

ANME & 1 7 38 P P o T 0 S
R 20 TIEBEYIR BAACH B A — & i G
PR, e AMAEYIRE R R, PEREE KA
PRI ARE 1O MT25 ff) 5% (total nitrogen, TN)AI
A NOS -N)HFERZ , MWIAATITE e 1158
(680+£60) mg/kg F1(596.23+56.41) mg/kg (& 1)F#IL
F] (158.66+15.17) mg/kg 1 (115.78+15.71) mg/kg
(GR2). LIERUEY E 2 R R X i A
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=2

PNEALIE T IRIR N R K Bl

Table 2 Physicochemical properties and enzyme activities of soil under different treatments

Groups TN/(mg/kg) NO;s-N/(mg/kg) NO,-N/(mg/kg) CAT/(U/g) PPO/(U/g) LPS/(U/g) DHA/(U/g)
RT10  454.11£21.70de 371.01£13.46cd 16.48+2.77g 0.84+0.22¢ 16.86+2.14de  31.38+4.36fg  31.42+6.86f
RT20  296.66+17.06g  230.11422.08¢  46.11+3.60cd  2.71+0.38¢ 20.13+2.60cd  40.78+3.57c 40.47+2.71cd
RT25  264.97425.21h  173.39+£18.90f  49.80+4.25bc  3.24+0.27c 23.214£2.69bc  45.9942.58b 45.94+3.36ab
PTI0O  556.19+29.26b  473.26+17.91b  12.9842.39gh  0.94+0.15¢g 15.4942.66¢  27.53£1.90g  29.94+2.11f
PT20  475.69+19.61d  375.22424.18c  37.62+4.83e 2.87+0.39cde  19.78+1.67cd  32.95+3.67ef  32.42+3.03ef
PT25  435.55+20.23¢  352.82424.99cd 43.36+5.62de  3.1440.26cd  21.43+3.27bc  39.26+2.32cd  36.72+4.27de
MTI10 387.33+26.98f  341.47+25.56d  39.87+5.20e 1.35+0.10f 17.57£1.92de  36.59+4.69cde 34.25+4.51ef
MT20 229.72414.50i  152.61+32.95f  54.11+2.15ab  4.30+0.35b 24.35+1.76b  49.29+£3.51b  44.86+4.90bc
MT25 158.66+15.17) 115.78+15.71g  58.14+6.62a 4.91+0.23a 29.27+3.79a 55.32+2.98a 50.69+2.01a
PCS10 592.89+18.84a  526.91+25.09a  10.44+5.81g 0.84+0.24¢g 14.89+1.99¢ 20.70+2.29h 29.86+2.27f
PCS20 529.13+12.98c  469.21+37.98b  24.58+3.20f 2.53+0.28¢ 16.7344.08de  29.82+2.00fg  33.94+3.15ef
PCS25 474.79+£17.32d  457.52430.09b  25.53+3.87f 2.86+0.33de  22.3242.20bc  36.18+2.65de  36.78+2.44de

The lowercase letters in the table represent the indices of different treatments at different timepoint was significant different at

P<0.05 level based on one-way analysis of variance (one-way ANOVA), followed by a LSD test.

RAEATA, FEdbad f b & 7= 24— i A9 WA
AEU, R A R A E AR R S
RMAENEIELAAR, 7655 25 K, MT25 AT
THAANO, -N) & s, H(58.14+6.62) mg/kg,
B T HAD 3 4H(P<0.05), FiRGEHEFE, A
THT R fift BE 7 8855 19 P35 BENE B [R) A3 i A it i
0S62 e =AM MEE e ), WA TR
RERS A L bR g i AThTE .

A W8 52 1) AR o 2 3 2o — 2R 8 A2 2 1
W15 Y AR o R SRS ARBF ST R T
4 Fh S5 MAYIERRAI DGR, MBS R
BTG A AL b AT T e . 30 AL A i (catalase,
CAT)FESS 10 RETHYRGESLEAMS, 45 10 2% 20 KX
ZThE, 520 215 25 K ETHEE, Hidh MT25
FESh CAT FiEG e, M(4.91£0.23) U/g, RT20,
PT20. PCS20 iX 3 /ML Y CAT i JC i 3 2=
S, RT25. PT25. PCS25 3% 3 LS [RIFE TG i
T, LIRBSIRERY], MMATEEEXT CAT BE
Y HE IO T 50— R MR B i RT25 Fll MT25
FE & 1) 1 338 I 0B (dehydrogenase, DHA) I 14 fi
W, N(45.94+3.36) U/g Fl1(50.69+2.01) Ulg, 7F
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AHIE A AE B E] R, PT 5 PCS AbFE A DHA [
WG 2R, (HEYEEMT RT & MT 4
B, X} DHA BG5S RM, INAE & R
(MT)%F DHA G i 42 &5 5 st A 0S62 (RT)
FAR—F, RS T HMANA P35 (PT) R ANLER
TS 25 B AL FE(PCS)., MT25 k& Y 58 i s il
(lipase, LPS) & Pk 5y, 4(55.3242.98) U/g, I
Fm T HABAE 5 (P<0.05), XF T45 20 K M55
25 RIWFES, MT 4109 LPS [ & 3% & T RT
4, I RT 4183 T PT 41 % PCS 41, MT25
FE A 0 338 22 105 S8 AL B (polyphenol oxidase, PPO)
TR, N(29.27+3.79) Ulg, & T HA
FE & (P<0.05). X T2 20 K K5 25 KEIFE S,
MT Z11%) PPO [l i &k 35 i T HoAth 3 Fhib 3, Jf
HHA 3 FhgbFE ) PPO BETE JC #5255 . 4 Fil
it 15 7 16 SR R 3 B 0 T s, TEER
25 K, 4 ik BH G RS 38 W R T AR 10 K.
MT25 FE I 4 PPl fem, HB 3% o T L RE
fi (P<0.05), 2% BH R RE 9 4 i 3 4R v 1 4
it
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22 SREMNFER
221 [RIAHURALIE

HARGE 4 PN A Y R S R
XF e B REVR BUSZ IR, O3 SR AR AR FRES 10,
20, 25 KAy SRS T E s T . R IR
Yl (raw reads)Ze i s . o UE . PR LRSI
oG, 3454 %% 5 (clean sequences). 475K
J¥ %3l i usearch-unoise3 Ab# f5 3K15 ASV, 4R
JE{# SILVA (v123) 5 B e 20, bk
PESy e SRR I Sy S NSy TR NN R 2T
A AR DL B H A A 188 (kingdom) 7K - | G 1 B
) ASVs. $& JREARKFE i 09 5 90 B 17 o
V5 B L P 81 Bl R 34 356,
222 TEMEROESEMERKE o ZHEM
T

- FE i B9 41 5 38 (domain) [T 7K (phylum) Ff
AL 2A 0 ZFAUFT R S (Bacillati) 4L [
(Actinomycetota) TE JJT A F i vl o5 A 2 L3
AH X FE BE N (57.6£5.3)% (RT10) - (75.6£8.1)%
(PCS20); HK AR PP 1 5t (Pseudomonadati) 1
B 1B PR B4 1] (Pseudomonadota), #1%) =
(11.3+4.0)% (PCS20)—(19.1+1.8)% (PT10); FEIK
2 BB TR S P B BR AT TR 1] (Acidobacteriota)
B AbFRER 20 KNS 25 FAE S R H T
AR E A 22N, (EZI 0 T4 10 RAE A
i BB R T RN R AT B 1) AE X = B A A2 Ak G L 5
T T IM o 254 & 7K - (genus) 1Y 2 T #f
EA WL 2B, NE 2B H AT DL 2R R
A J& (Nocardioides) 5 4 XTI 3, A X =F B4
(36.44.5)% (RT10)-(52.9+9.2)% (PCS20). iy
FE RN 2] 1 2L BRTE & (Rhodococcus), 18
XF 3 B SR (1.90£0.03)% (PT10) — (4.40+0.08)%
(RT20). FEATAALFR, 25 20 KA 25 KL
o SR G e R BR B e AR = R S TR
10 RAEES . X —B b S kw22 L&
P—% . fF RT 1 PCS 417, {5 20 i i )8
(Pseudomonas) 1 A X 4= BEAR K, A 24 (0.07+

0.06)% (PCS25)—(0.23+0.12)% (RT10); TIfii /£ PT
FOMT @, B B B AY 3 B RE % 1k 3
(1.8+0.4)% (PT10)—(4.2+1.3)% (MT10), = K& &
RE A% EL L S5z AN ] Acb 281 ) 200 1 0 2L Il 2 5
KMEZME 2C). MWK 2 T LIE H 4 Fpib 2
A ASVs 1097 4>, 5 ASVs S 71.9%;
RT HAF A1) ASVs {Uh 8 4>, MT Al 2 14>,
PCS M 174>, PT A0 11 4 L4 REBIA
[FIAbEER ASVs AU A 25, (H2TEDFP LAk
FEREARK, HHA ASVs H48 R ZH(71.9%),
4 P TRERA ASVs U 38 1M(2.5%)

XT 4 i Ak BN [ B () R s R 40 TR o Z2RE 1
OIMTEE R 3. 4 FhANERAE 3 AN HORER ] 25 1Y
Observed_species T8 8547 TR s, Hi HA
PT25 & MKCT PT10, HAWZLAE IR A ] 5 Y 2
SIFAEE . RT 4HAY Shannon $5%0%%E F %A
Tt, HEZSAEE; PT 449 Shannon 1541 H
ATk, (HEERIFNEE; MT Ml PCS
Ab PRAE A [R] B 1] 25K 55 7Y Shannon 48 207G i 2%
#5 . RT 5 PT 4L FHY Gini-Simpson 8 20 2 A
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Figure 2 Distribution and Venn diagram of bacteria in the remediation process of petroleum contaminated soil.

A: Bacterial community composition at phylum level; B: Bacterial community composition at genus level; C:
Venn diagram.
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Figure 3  Alpha diversity index of soil microbial community. The lowercase letters in the graph represent the

indices of different treatments at different timepoint was significant different at P<0.05 level based on one-way

analysis of variance (one-way ANOVA), followed by a LSD test.
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Figure 4 Non-metric multidimensional scaling (NMDS) analysis (A—C) and Simper analysis (D-F) based on

Bray-Curtis distance.

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



2784

GUO Yidan et al. | Acta Microbiologica Sinica, 2026, 66(6)

25 K, MT 5 PT /N &, {5 RT J PCS
fie F7 UIX 4 (stress=0.079, R*=0.384, P=0.002).
55 10 XL 2E FoTikaT 10 s 0h . JahR
K& (Nocardioides) . fREHITRE(Pseudomonas).
ZEHUFT TR & (Bacillus) . 1. 3R 1 J& (Rhodococcus) |
AT & (Lysobacter) . - 75 2 K J& (Dongia) .
Wi K& (Nocardia) . WERRAT & (Acidibacter).
2K [ AT 5 & (Steroidobacter) . Subgroup 105 H:
H iR IR & bR E DTk R s o 197, H
VOB MR N 17.4, Hoth)Jm bR vE 5K A
IR T 5.0 25 20 X2 [H] 2= 5 ST R 4 (1)@
5510 Kiy—3, Hrphis R R JE bk ik ok
AR 44.3, ORI R E R 8.3, 41
REJER 5.8, FAFTHIER 2.8, 5 25 KX
410 22 5 oTRKET 4 BORE 555 10 KA 20 KR
— 2, i RREE . P REE . 3
FF e . LT, HoAs Ak 57 Bk =3 55 )
H 377,95, 3.0, 6.4, ZfFfRR, AR AL
XA TG e G B rh A W R R A
HmEEW, K RREE . RREEE .
R JE . LD EK T JE R 45 Ak 3 2 S B A
RITHR
224 HIEARRESESHMSEAREFHEX
EP Ry

HT RDA iR 5% LI B B A v s
Yy e o B A TR REVR s, 2SR UL
Kl SA. 55 — A AR il (RDAT) AR — A A5 il
(RDA2) X 1 5 3Lk DX+ 5% i (%) figt B8 B 2 il Ay
30.7% F112.2%. MIE SA PRI, Tk
AT (0il) VA & HE(TN) . EASAE & HE(NO; -
N IEME, 5 4 Fifi§ {5 (CAT, LPS. PPO,
DHA) A AS A & 1 (NO, -N) 2 ARG, 14
eH A S 43 DA 1) B A0 e SR Ak 2 B A A R
AR, RIS R R A BB WA A AU
AU R TN, NO3™-N 5 NO, =N £ ik
Fo [FBF, IERGHE 2Ok A LIEMEY, M
TR A K B E AT AR FIH,
I SRR R VAR, b RO W B

P4 actamicro@im.ac.cn, 7 010-64807516

RGO, X R T TR 5 TN
NO; -N S FAHKIK R . AP A i R 5
T2 P 1B R R B ARG, PR i A 3
MR, B R AR T, AR R oil 5
TN, NO;-N 2IEAH, 15 -5 E K& NO, -
N 2K, PCSH S PT HA —ESLLE, 1M
PT #15 RT 1 MT A —E 3¢5, PCS 415 RT
MT 41JC55 4, R PCS AU E YR IE 451
5 RT Ml MT 4 22 B0k PCS 4145 oil, TN,
NO;™-N A EGE Y IEAHSCE R, 1 MT 45+
B AT NO, N AHGRIVIEAH O FR . LiRkss
FW], MT AFEa i S IERE YE AR, XF
PERTIR] eaiy v et =

J TR EEMEY RS AL 1
ZIER R, AT EE . R
JE AR IRE 8 3 D % =5 IR A
THKFRPEAT Mantel 73047, ZR LK 5B, AFA
Fp A LU, oil 5 TN, NO;™-N £ & 3% 1E A
KK, IR NO, -N £ i 3 A 6
#, X450 5 RDA 734k —3. Chaol 45
#0 % Shannon $5 %05 - el H A CHER S
1175 240 B JEE v 25 # (BCS,  PCoA 43 M o — Ak b
il 5+ HEE T & NO, N B IEME, 5 TN,
NO;. oil i EMAHIC, LLBREEJE 5 P +
PR 5 B A0 B 75 A A AR A G, 5 ol
(Mantel’s r=0.48, Mantel’s P=0.001), TN
(Mantel’s =0.52, Mantel’s P=0.001), NO; -N
(Mantel’s =0.51, Mantel’s P=0.001), LPS
(Mantel’s 7=0.41, Mantel’s P=0.001)F P45 .
i B TR 5 i R PR S TR I 4 A 34 T
WEMM. K RINEE S CAT KA v
SR BB, (AR, S o
Z FE % (Chaol . Shannon 8 %%) & & 25 5 AH ¢ .
FIRGIREY], LR R e s g LB R
e b BAT B AR
23 OFESHE S

BT A AR ASV Bt AR AL HE T +
HENE R o TAES M, g5 0LE 6A. M4



F—PF A5 | SRR, 2026, 66(6)

2785

Nocardioides

o Pseudomonas

Rhodococcus

A LPS
NO,
0.4}
& CAT
&
o 00+
S
3
® 04t
oil
EPCS ®RT EPT EMT
TN IN03 CIS 1 1
-0.5 0.0 0.5 1.0
RDAI (30.7%)
B
Mantel’s P N
— <0.01 NO,
—0.01-0.05 g,
>0.05
, CAT
Mantel’s PPO
— <02
—02-04 LPS
->0.4 DHA
peareon oil |
ealrsoon sr Chao 1 D
R 0.5 Shannon [m]
0.0
0 °e m~5@gg
) e '
fgcsit z

Shannon
BCS

E5 AELEBAMTRIIRAREZHES TIRBAREFREERNAEX S S

Figure 5 Correlation analysis between bacterial diversity and soil physiochemical factors and enzyme activities
in petroleum contaminated soil under different treatments. A: RDA analysis; B: Mantel test. TN: Total nitrogen;
NO;: Nitrate nitrogen; NO,: Nitrite nitrogen; LPS: Lipase activity; DHA: Dehydrogenase activity; PPO:
Polyphenol oxidase activity; CAT: Catalase activity; Oil: Residual oil concentration; Chaol and Shannon: Alpha
diversity indices; BCS: Bacterial community structure obtained from the PC1 of principal coordinates analysis

(PCoA) based on based on Bray-Curtis distance.
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Figure 6 Analysis of molecular ecological network (A) and node topological role (B) of bacterial community in

petroleum contaminated soil under different treatments.
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