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problems, posing a serious threat to the environment and human health. Microbial remediation
plays an important role in the remediation of petroleum hydrocarbon-contaminated environment.
Nevertheless, the stress factors present in the environment polluted by petroleum hydrocarbons
limit the effectiveness of microbial remediation. This paper reviews the common stress factors in
petroleum hydrocarbon-polluted environment and the response mechanisms of microorganisms to
these factors. Furthermore, we introduce the methods to improve microbial tolerance, such as
irrational modification, rational modification based on systems biology tools or tolerance
mechanisms, and the construction of microbial consortia. The application of these methods is
expected to improve the viability and remediation efficiency of microorganisms in petroleum
hydrocarbon-contaminated environment and provide new perspectives and technical support for
environmental remediation.

Keywords: petroleum hydrocarbon pollution; environmental remediation; stress responses;
microbial tolerance

AR —FhE A RETR, B2 Tl i
IS NG TN e 7/ N hiEg 1| I Ei e =
A SRR ol it HR A AR Re ke . 2R
beke, 2R, B, 0K TR RHATAY), U
e Hoh 22 IR 55 A 2 i AR S e KR
(1B ANNE S TIN5 o | I ] S PN ( M S SRl s
SN SRR AR X MR 1 MR KRR T A
Tl VAT, Al iz A ™ 58
AOERIE TS g, X A= A5 R GE R N ZEAB AL Il 1T ¥ TE
1

BEXHA TS Y, BB A e E
FEAFEYBE . F BRI L SR,
WA P8 52 S — P AR B RO RO i ke Ts g
G, A nT LA 2 o3 i G il 5 M
MM NACBIEREE, Rk T8 2 B B
LA LY, Ao — A AR FIK S50
FYI, DN S A I I R A R 25 B0 B
HMEE RCR 2 Z RN R, ARG AS
fF . AR MR . ARt A EH A
PRI S5 AT T B THRAE W) o i A i e 0
FBK R, AN R BR 35 DR 2% R e il ol A 0 1)

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

ARG, MMM e S ROR . A SCER
R T R A T X A ke TS e b L i aE
PR3 e i AL, 3598 1 388 e il 2R ks 25 b iy
T TR 32 R 0518, LA R Je et e # fR LA
I A S F o

1 ®WAMETRIEREN
(c &) SR

FEAHTG Y IX, AT A TS ey
FEfRACRA S H A SR PRI ¢, 175
ZRAWER KRN, wiEE" . pH® | &
EP maE . ERsN SkE . A"
SEW REEAE LS ERMEYB R
T rp o Bl 2 TR TR R AR 7 A L ) 1 Y
M, 33 2 0 1 FH 2 O A IR T AR R B A
BB AR R AR A, DN R i R .
O Xof A [ ) AR 55 A 30 A T 17 49 20 i g AL
X i 1 AL o ) B AT B8 AT 9 i v P AR T A7
B, UL A TR TS G IR i e T
S N A e 7 AL AR G 1 R



T % | BRI RS M T R

\ Metabolic

\ pathway Cell membrane

tive \ modification| Sngineering

membrane
engineering

Modification
of antioxidant
enzymes

Special functional
proteins

‘Cell membrane
engineering

Protective
metabolites

Cell membrane
~ engineering

Modification
of antioxidant
enzymes

engineering

1 AHRISRIMEH 8 E F KXt B Y i R AL

Stress factors and corresponding response mechanism of petroleum hydrocarbon pollution.
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green single arrows pointing to the high-tolerance strain in the center represent 3 strategies for getting the
high-tolerance strain. B: Gene regulation tool. C: Systems biology tool (Omics analysis).
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Table 1 The genes related to tolerance were explored by omics analysis tools

Strategy Omics tools Stress Strains Tolerance-related genes/enzymes References
Identifying Transcriptomics ~ Hyperosmotic Zygosaccharomyces HOG pathway: hog, gpd, sin, sho, ssk, [35]
tolerance-related mellis pck, msb
genes from Transcriptomics ~ Phenolic Zymomonas mobilis Genes encoding key reductases: [36]
strains under aldehydes ZM0O1696, ZMO1116, and ZMO1885
different Metabolomics Acetic acid Saccharomyces Transketolase gene TKL1 and [37]
stresses cerevisiae transaldolase gene TAL1

Transcriptomics ~ Furfural Clostridium Two enzymes encoded by Cbei_3974  [38]

beijerinckii and Cbei_3904 belonging to aldo/keto

reductase (AKR)and short-chain
dehydrogenase/reductase (SDR

families)
Metabolomics Salt Zymomonas mobilis Gene ZZ6_1149 encoding [39]
carboxyl-terminal protease
Identifying Transcriptomics  Ferulic acid  Yarrowia lipolytica YALIO E25201g,YALIO B18854g, [40]
tolerance-related YALIO F16731g
genes from Metabolomics Ethanol Cyanobacterium Two transcriptional regulators (TR) [41]
mutant strains synechocystis and one eukaryotic-like protein
phosphatases (PP)
Proteomics Butanol Clostridium Chaperones and solvent formation [42]
acetobutylicum related genes
Transcriptomics, Oxidative Synechococcus The Fe-S proteins on the cell [43]
proteomics and  pressure elongates and membrane were damaged by the
metabolomics Escherichia coli Fenton reaction and the YtfE was
up-regulated for the repair of damaged
proteins
Metabonomics Sub-MIC Resistant Sub-MIC DOX directly influenced the [44]
doxycycline  Escherichia coli and fitness cost of resistant bacteria
susceptible competing against susceptible bacteria
Escherichia coli on the basis of their metabolic profiles
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LT 17 (Bacillus subtilis) 15 A5+ HSPs B:[A],
i HLAE R R S a8 A5 0F R B BE Sy 35
KRR, Xu F%BTE S cerevisiae
Hh 3k Sk B g R 4B FF 1 (Thermoanaerobacter
tengcongensis) () HSPs 2 Atk A U2 11 X 48 =
PRR TR SR LA R AT RSO . U E D an i e o A
HEEAES , ATTEMRN IR B E RS
[, Diep Z17%} E. coli #E47 T oheid, (it
FIRH KX NikABCDE %%z 25 [ 57 5 4 J& Bt
I, SRR, AR RN AR R A N 52
PeEfem 1 7 .

T3 5 AR W6t S s G 20 58 i i 52 e
IF, ANACAT AT Ak B v % ik 38 PR 1 B 4 7K
S IR AT DU I B i A P A 18 52 e D R 52
. gt DNA B2 Fibi A b i r S, e
XL ELDR 163K, G I TG A AN [m] Jpih 38 % 4 s
M, EEBEZ . DNA B
20 B R X B 8 DR Y O B, 7E FL R FLEK A
(Lactococcus lactis) H 1 5 Ui ¢ i + 1% 2L #T 14
(Lactobacillus casei)#) DNA &4 % F RecO i %
P TR R . R AN AL A B i 2 0
Zhu FE E. coli Wit ik gt id AL A
(catalase, CAT)J KL katG. katE 1% it # E 1k
Wy 1% 1k, i (Superoxide Dismutase, SOD) f) 4 [A]
sod A, sodB, sod C, & T iAW i ER 1

WA, A iR R A Tl A ) B T 32 1 — P AR
W Z IR, W 2 i 240, it
- ZFh Ty LA AT DA s A R A v A i
WIEAFTE B ZFp i (0 2 66y, 2R fEge Y
T 1 W B TR A AL R A Y R et AR v s
10 g/L LRk, BT i sk 22 40 248 L B Whaa
M o S, 3 (R P e e iR gt S-RR T FH A
PR 72 TP B R Tt 1) H (] set A4 NAD K
AR 2 B U S TR A TR hstd, [ IREREXT £ 1R
JihiE BT 52 BE 8 T 1 AELL b
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215 EHFRETFNFET

AR TS G PRI B — N R AR A TE Z T b
JH PR A PR, B0 B3 i i PR 0 i 52 1 ) 32
BT MG, TR R T, M
TR, A] DL PR EAR A i B S B AT
M A ) R A ) % T 22 b Miin i B 8 T 2 12
2A). B R R — KR S I R E A — M
g6 T PR IE H 0% 56 PR DURR A 19 98 32 70 R 1Y
I I] 5 25 (] 2R3k 1 2R 1 A1) D2k A
FLAZ AR Wy 3 B P B R 5 S i & IR 2 IR
PEPE 2%, 38 3 BRON S S5 IR - R AR W e s K-
PEFT IR, S B P AR AN [RIFBiE f i 2 1
BERRT, Gao R FIREH LI A -BRIHE S
iﬁ@(random insertional-deletional strand exchange
mutagenesis, RAISE)3 2%} E. coli 4= Jaj 4% A
T Sigma D A F(RpoD) A T3 [ TRkt , #&
e FUTR R o 368 3 7 S IR TR SRk i I 42
R 2 R e s R s, BRAEAR A RO R R ) 52
M RS PR RE A I 2% o (LA S IR IR PR i A2 2
YRR S R 7 T BE TUAR 45 e s Il AR A R —
SEBk R .
22 PRAMEISIRS BT 1

H A TR S YL PR BE 0 5 T RN A 2 e,
— BRAILE W0 T A b e T e PR b A ke DX
B EAT TS 2 1 PRI, 8 ] L e — e b
45 T B ful BRI TR — b el O LA
AT TS YL R ST B R 2R I R A 4
TRMSAT IS ORI AR 8 H s N A R
T 2R GE A 1 e 55
2.2.1 RIS

HPERAS I AP 7R 2 — i o PR T O 4R
TR A P 52 P R SRS, T8 3 AR S I — LE LR
LS DBV RAE Y A KA BT, LA A ke is gt
BT R T (B 2A) . AMERAS I H- il 45
BB R, Al LLAY Bh AR M3 A il ke TS G A

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

Brh B & e . WA e T RS TAA
F, ASCAT DRS00 240 i S A T ke T YL 38
BRI, 18 AT DL R DA A 2 A
PGB Y B R A RS A AR AR
15 Y W) IR 55 PN in & — B DU Z R (ethylene
diamine tetraacetic acid, EDTA)SE A7 ki ffi F
TG AR W o AT R, RE A D/ 4 T 110 2
WIARE, B RUAE PR s . X ST 5l
W ERIERE A, I AT AR A MR AR P A A
RUAIE O At R Bk ) RAPRIOR - d ok BE P TR
S5 BeAl LU G A= W A AT 7 A 3 an 43 b T AR
(glutathione, GSH) . H i1 A= 19y 2 i i M 791 56 e
PP 7 A AT R A A i A 52 — e il R T eI
BERPEARE . Qiu AFVLEE T N GSH A B
FLIN(GCSGORYFE LKL, il GSH AL S I 1 3 1%,
fdi e BERERE 7K 32 R 5 40 °CHY R ikt o

Az Wy i (biofilms) 2 H G Az P T Bl Y — b
JEEZH A, HOE AR W AR A b S8 S5 1 4y
HEAE I RPIR L 2, X FPRE R 1) A W 455 /) ] LA
BT ARG YR ss b . LI, 20
WA YR MWl WA N RS
(extracellular polymeric substances, EPS)IE il i
FEALUE . RGEAHIBOIREE M, ZBORE5H AT L
B Bl A 0 A TR TS e R B B T 2 U7 IR
BILE S ST 2 E SRR N A5 EPS 7Rt
FI3E TN, FEARREAN " LRSS, XA RAR 2540 A
BT A bR o HX-2 #Rb S k0%, b imife
g Al TE P S AR T AT SR A3 SRR
222 WEVIEEHAHR

TE WX A7 T Y R 3K o A A 5 2 ) i
iH R R IR, A PR B IA R LR — )
AR, RATEREE RS, AFEFEN Y
E A, A Y Z 181 52 2 i AH BLAE T RE B8 4E 7
BAST-A, DT $2 i R A TR O RS PR N A2
PR, BRI AT DL o) A4 8 el A DR R AR 2R 1) SR ok
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WA 32 H AR (8 2A). Liu 25758 68 AR shiF
(Acinetobacter baumanii) 1 & iR J&
(Talaromyces sp.)*t il H 3 T TR, 225k
LA R, A, baumanii Jl 93, i
O B FF R AT R R ORE 7 R 4R AR I Y
CYP116 JL[H , FfHAREERMIREIUME, A0 =
W MR . EAE PR STAE, MR T A
AR R A, X B T YR
P A 3R AR TE 0 4 PR (B = B FR W 5T ) I 3
RE T FE R o ILAh, A SufiAE Y nl e 2 Ak oA
TR W 7 A ) R HRAE A P T, AR D
S cerevisiae MU EYIIREL, @ T — oS
Vet TARE SAH 03 FI4 Bt H Ik GSH &
BT YGSH 10 20 B 1) Bi R 38 e R e T o 1R
R ERBEEEFET, WEE] SAH 03
() Witk e D O B @A S, T YGSH 10 (93t
i GSH WA A, SIS T A 5 0 40 I A P 4
Y5, A Bh TR SAHO3 2% 3 EE T )
TAER,

A MR AR 20T LA R KSR A MR T
RN THAEYREIRR . BRF P HRIARR
AYITRER R, WnEKEEE S T i H ok
FEE LR R TIRG R QZ-10, MEY
TR AT 22 68 D vty v 1) B TS0 A AR A 1 B AR
BRI F ARG e N TRUEYNR
PRI 22 R AR T MR TR R A S A S 3 A R
SRV T T AR 2R R S I () PR R BN T A
HEADRTE, SRBRMAEWIREERZRML, A
T TR R R AR R B 43 T, M
SRR T LUK i R s R TR TR A B Ok
B v S 0 PR T A2 e A T B TR TR
A 72 1) 445 1 f 52 AR I A2 A A He Ak 2 2B R
fbo B AN THAEYNR IR R T LIEF iRk
TF R ARG R BB B R S A o
A JEI ) B N T A TR R R A7 2 Fl

&: 010-64807509

e, A — MR NRREMCEY A, A B R
SRURYWEAEINT PSS R TR e SRS i E NN I S
I D BREVE Sl A MU TR 5 5 e ANl
Prrg G AR A, AR i g A R A
P, RAEE MR, Bk 28R
R0 TR A T 52 N AR A TR TR R R A S i
ik B BN 05 BT A AR Y i kR Al
WFFEN B REIT & A i LTk, IR E T
TR0 A: W 2 (R A P 24 st A= A EAE

A2 SUMR SR R A JEROSE S N TR 2E TR T A
F 2 Bl RO TR AN R R S IR R
U] AT AR ) 2 )7 A S 2% (R A ELAROR A |
TREELRR, il Vg sl Z [ A I CR
SR AR E MR e S A OISR . Yu A5
N AR 2% S B0 RE R S i o 28 1 b A s 5 1
IR A 4L SeMeCos FRE, & BLE B
A8 FETRE TR BB A A7 AR U T v AU
e, BETI T RS B SR AT R 25 W 52 71 o IRk
R A A A8 T A PR, DS) ake FH 200 I e TR
AN QS Wi b FR GEA A 15 A i A AR SG IR ]
Ik, HEMTAE & R4 . PR,
22 W)l D Xk PR 38 A4 HK T RE T 58 T L)
MEEMIIE, QS ZRGEn] Yl WA W) 2 18] B AR B A
M, TS AR AR, 15 e ey
i TS Y R A AR RE

A= TR AR 3 I 25 T o0 A A R T TR
Z IR Y55 580 o TR I8 5E A2 — i RGN
A I3 LT, 0T i g A ol A il e TS e PRI
fR i 2 P BA E A L i 25 e A n] DL i
WBEA 5B . Johnston T & 1 —Fi R 1Y
IKBEIBAE A — BT B B, T AN TRE YR
TR 28 8T 72 A o ST BB JEE A {SUAS 52 W 24 1T ) )
A, i BT A DR R, AT LORE AR
SMFIE IR A R S U R AR R P RA
AN TR PR35 23R A A 1T LR AT AE A [R] ) 7K BT
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t, JF BKBER TR G AN S BB e AT T A AR .
223 HitbSREg

R T DA W2 £ B B A W i R T
YLIREE R 2 LA, A — LR AWy T Bl LU
FHF 8 = A ) B T T G R B it 52 68 T
P 18 R A Ak B GUCAE ) , 49 0% 25 200 ] 7 PR
23 (8], Sl W m e B SR PR v A HE A A I [ B
K, XTI pH H LA K SN A T 4 15 YL AR (Y T 37 14
SHSR, HAT SO R RE 71 (8] 2A). Zhang
LTS B W15 22 B3 P75 78 (activated sludge,
AS)HY Z AL, SR J5 R4 T 7K Ab 25 TR R 28k
A W %) 2 Y P 22 LT 14 75 U (oleophilic porous
activated sludge loading with microorganism,
OPAS-M)Hil % , i1 T H A& 1) ZFLA A
TERRAE, A B A TS Y (IE 7508 AT LAk
PRI ISCE OPAS-M B, SRJ5 T LA 7 2%
(A W YR, OPAS-M R B R AT Fa e
PEFIMN 52V, TERRTEFNGRAPEIREE T, FEARRRAT)
REAREE 54%LA b KoL, EREXBEMBELE
AT TS G T H0A ] 200, TEi A Yy ik B e
4B Cr(VDEY, 304 W 13 % 4k 3 R (microbial
immobilization technology, MIT)#& & T A= Wy %t
Cr W32k, RIBdseilk 7 AYIE R HARX Cr
i 52 1 22 1 e o %0 i w3 2 D T 52 e 1 S s
I IZAR P FLAR A R H BRI ) 2B, I
H AT ReFT L4565 L TR SRR T Btk —
Ao B SR A P B

3 REERE

A W 52 A I RGO ROR 22 %2 B S 2 36
SERIRL R, T B BT AP BERS (e E 2R W K
AR R SRR, AR R PR N R AT RE 2
RELAS Bl A 00 8 A AR 1 o AR SCZ IR T A W]
PRI 38 DR X (ol A A B2 AR 7 A s i 4 £
FRATLA K Aol 40 %68 1O 1) Jole 3 i SO AL, 3F48 1
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AR I SR s, A e 32 A e A
Y S MGE SR AL T —E MEE S5 AThTE
YL IR (U W18 2 22 8 2 R A 55 TR R 1 1Bk aa
SO, FEMIHREE . pH. HHE . B4R SN
JoriE R, AR A R | AR L A
L PN A0 B4 40 S A2 i A5 A T B R AR A 0 TR T AR
R RN 25 A 3 2 32 BN R RR B ()5 i), AL
il AT BEVS AW K165 BUZBH . DNA FIEE 1
BB Re 1B « M AR T . A A 1
S TPV SR A R s, B R P A2
PR IS B IE IR G ST R
T H B SZ AL DA TR O A A R TR
KRR, ILAh, d2FmPr THSIFPETY T HE
Bl S50 FH A vl A A A AT T 2 5 PR 1 42 41
s R . AESCPR T, DR R AT A
APV G D RG E N 2 Wtk . S 51R2F
Flr. ALE Fl M s o] DASRAR = 32 B bk
ST POEA S k=3 o Tl W= R g T B 1 a0 K 1 D
CRISPR 45 T HXF A 6T} 37 3 (001 7 4, DT
AT TN 32 B AR o I8 ] 36T 2T SZ AL, #)
N T IR 8 & AR5 R i 2 P A, JE ) 2
2O AT AE A LT 32 AL, X e i R A5 L DR i
TR, P ITARAS S i 32 Bk

FRAE, ST& A A FE, DI
U T 52 68 10 B, R TS e R )
TR ISR B T B A AN vk il ad R R A
AN S eI B oS R NI Y e i 4]
B R E T RE MR W R, S0 A W i
ZURETCIF AP | R, v AR R RE
FEAEYMEE T 26T . XMRUEI bR,
RBERE R MR IEA T AL, U SCRaMbLE
ReSCuES HHFSE, 701G 5 4H I 0 P15 A i 52 1
S5 T & 2 U A R R o G A W 5 HA,
SRR G R R E K A B shik
G BACE AR, IR B AL B T4
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AR, BRI E TN REE, AT LAXT N 32
NRECPFRI SR A Tz . b Dfe et
MEEIR Py 1 2 19 450 558 = T it H S AR A
1R AR IR T 52 D RE LA o “A Rkl DA gk DR A A WA
KRR AL 18 A0 S B A e 7 58, A7 Bl TR
ST A WS 52 4 1) B ve AP PR AE S 100 D)5 T
e

WA, XA A s 15 Sy ik ) S A R
T 1A ZR BT 5T R 2248 FR e IR v 20 B 1 R AR
PUEVTRERR L. EH VN, ATHEYIRE
PR ZEARAMITE T 11 o B A TRE RIS AR
Py P R, A I E MR TR R R s R
R BRI Xt PRIE JHM 8 B 32 BE T, DA S 2R 3R T v
APRE I S SR AL OB R iR AR R U E MR R iR
Z 00 M e TRAL R o AT A, A T B A e
¥, HEHX AR R N A 2, W HA
SR AR A RO B DR RO I I A it — B TR (BB
EMRMTERIRA , N LHE YR A R R iR
PRI BE 3 R 52 AR A 1 A i A i A
2 LDIAGE

Pl A 18 2 BORAE A ke 75 e BT 2
RN TN, FBEG T —E R, REE
22008 HVF 2 BERE R A1 i S B AR B L (EL R
KT AR YW PR35 AN (R il 3 DR % (o A
P8 S ORI 52 MR AL LA % B v A o s o i ok
AWt 2k B AGE AR A FERK, BEE XS A
TR AR AR A 0 O T 32 LR R A 0 1
Py BRI A A JE , Tl A My PR A8 S B AR
— B oEE MR R, ks e pia PR AL Hn
AR 5
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