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Mixed Organic Pollutants in Soils: Progress and Perspective
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Abstract:  Polluted soils contain a mixture of contaminants. The microorganisms-mediated degradation processes and
mechanisms appear to be more complicated than those in a controlled lab environment given that the soil microbiota is diverse
and versatile in ecological functioning. In recent years, many researchers have highlighted the adaptation mechanism of the
microbiome, biotransformation processes, design of synthetic microbial systems, in sifu remediation by microbiomes in mixed
organic pollutants contaminated soils, which are important for an understanding of the processes and mechanisms underlying soil

remediation. The degradation of mixed organic pollutants is believed to be mainly controlled by the soil microbial community and
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influenced by their complex ecological networks. Due to the advantages of microbiomes (metabolic synergy and functional

complementarity), this paper systematically analyzes the research progress and development trend of microbiome-mediated

transformation and remediation mechanisms in organic pollutant co-contaminated soils and presents an outlook on the

development of microbiomes in green and sustainable in situ bioremediation of mixed contaminated soils.

Key words: Contaminated soil; Mixed organic pollutants; Soil microbiome; Co-metabolism; /n situ-remediation

T IEE LR G TG G R T i ok i) H 2 PR )
Z 2 B R R R IR A TS Y e —Fh
g R RN E Ik, BA T AN
AR Y A EEIIREZ R, AL
SETCER Y ER A AR R 515, T HE
15 YW 9 B L R AR D R IR DT AR R, fE
Nature, Science FFHH| L RRZMILL, NEER
Ry Sl I A 5 A S A A o) i b A= ) b R A 2
Fad RE A IR S AL T T Y A v Bl A W B R A
B R T e 22 BRI - S el A ke i b A 25
RGICR JFE . IRk B ook, 7RSSR
TG Y R IET AHUE G TS Y YR B A I R REC L
) A%, B BEE AR EACE B AME . B R
VEF 52 BT5 Y i 5 B0 Rk, SR TF R
1 BB B2 C A PR 1 875 Y 5 AR Wi R G
RS

1 FE AT IR Kot 3

AR, 154 HERRUEYIE 5 S R
Uit AR A A ) S A A . DR —GZE
) B R AR . N LR 4 2 ) 7 AL 2 . B
— V5 Ye e Ak 3 R 1) 28 U AN D[R] TS Y EE A
L, M 2 4E B E R U E M AL RME 5 G £
B ERALEIY BRr, R HLE
T W R T E B 28 AN A LA
A5 Y = HEh A P 40 5 T G v ey A R
g e B AL L B R S
2 ol R SRR B iR A S B ML A L Al B 0 1k
PR A T A [ P IS TV AR
1.1 ANEETHTEMEMHEESNELEN

5i& My

FEATA WL A5 Y AR P TE 0 A A 45
S5 R 538 AL R A A B E R SR . R
BLT5 J ) B e — KM B i ad . 480

YR 2R, A EARN MY S AR EE,
IEREfA DL Y. ENSPEE X R — A LIS )
X A HEGIAE I RE TR S5 R 0 s e e T T )iz RS .
MEZHIG R, ZRBREAIERYMET, +
B A YRR LA L R L o o AR A A AR
o2 B R, SRR IR SR R AR
EVERIBEVEIT, SR, FESCBRIE Y b, 2
G5 R WA 2 A o B RAFTE S A AR EAE T, fil
PR T BE A YA A5 . DhRE M BAE A AR 2% A
TR B E RIS s U [ 2005 A, P
KRBT, BHFEE R MR- IRk 2t
BhREBE UK ( DGGE ). BEfENRIIER ( PLFA ) J3#
GOk, RMZEWARE R, EEBE /T4
8 ORI A R s A 2 R0
Wil e W P BOR 1Y e, RS R A% TR 2 b
200 52 A5 5 e AR AT TR W i U A 2 T R R
DA B e A RIS Yy i B v i T B
SRR AR W 2 ) T RN T RE AN A2 B i S LR
SR B A B A 2T, LR T A 2 4 A 0 R
HEER . Y oy F A A R T W R VR S5 A Y
HEREE,  FR [ PR AAE Py A 25 0 ) W 9 T o
EA IR PIER A Gk A i b R B
HFREWAA N, TR E A YR ) A
SHAREX ., R mHHm, DS Rans . 1
FENT A s M 2l . BEAER R, ATk —
A i 3 H R D SRR SR AR B B R A A T BE A MR 1L Y
B A 2EHE (keystone taxa ), FLAERLA P4t
TR E RN RS T BE P AT R R PR O AR FR Y
W28 A A | FRE PRI K oR R . 2 A AR St
FBOT AR EE , (75 53 A Ak Py e A 1) 5 A
X CHEAE YR S BB 2 T e K 1k AT
RE, NZERIRABFETE G 3 A P 0038 R HL
Hl PR iy kN SRk, R E A
ek A 255381 (co-occurrence networks ), HLIE X}
R 4r#T ( canonical correspondence analysis ) %544

http://pedologica.issas.ac.cn



1086 + b1

=

58 &

FRENT I, MEWIFIE . ZRABRFGY L
S R A MR T A ) b R 3 A REAE S A ) A AR
RAESAT T RGEWR AT, HZ HENPRE T
PRSI AR, ey IR SE 24T i — 5 Y WA A
A, (U EEMRESBE S AV-E4)R
S5 T5 G e A MR Vi 1 3 e A L S R 2% S A
ORI AR RE. Teh . SR Gl +
gerpr, WRRAEKES S0, B IR 2= AL L
JE S 14 S S Bl A= D 26 RS I R AR LB T
Xt Bl A AV S R s SR T O R A R R
VS ERALAr F t Z A AE 0 A Y R A ML
3G 15 G I A MRV AR A 48 G54 S 5 L
fil, PR R RUEE FB . A A N PR
WAL, UTAER B E BRI I, L e 1 5
AN FIE 52 it A 38U 38 v A WU RV I 2% Ry
P R O S SRR Y T R
12 TEFENESHEYHMEYERLTERE
55 FHE

RZN IR B3 HLE &5 Y W i i A w41 5%
A R 5 o LS A W AUE i e . AL
PO E YRR B A, RS2 L RN A
RESCI el b 150 I G LG e Wi i At
PR Z &M MA YRR S0, AR TR
SESE RO R R A YA ALTE e A R &2
FEPE T -3 W TR G R 2 A ALROP R B
I RE R 2% (L I AR R . AN S8 A5 ),
PASEERG A LTS G i e il L Dl et 2 9 )
KB, L X 4 ¥k Bacillus spp. ( ZFHFTHE ) B R
Fa U W A AT A T R A SE 56, &3 Bacillus spp.
Jas PN 5 5 T 1) TR R 22 T X el e i 2 B2 R Bk Dy
[FAEFEVE S SR, JREATA B bk 45 1 25
P XA LTS G ) B350 o L, B Bacillus sp.
S2 il Bacillus sp. S3 F4 LA A W1 4H B4 XF S ke Fl 5
K V18 56 iR 23 03 ) 5 T R i R BRI T 55.3%
39.0% , I 1 [ TR 2k i 1) %A Jln e fie e i e
THIVER o BLAh, I3 A TR AR R HC At ) 6 Y 4 B DA e
] R 56 FR AT G R v R n
[E 37 K 2% Nagarajan F1 LohP* % B 3 &L {5 A i 1
( Pseudomonas putida F1 ) Fljifi (& B A M &
( Pseudomonas stutzeri OX1 ) e 43 B R ff £ B —
FHOR, 3 o 2 3 TR R AR R ] SRR B 2R R
G0 = B o o3 T . AT Y Z 1R A AR

FHA BT IR 5 G BT G R g pL3E A TA R
EEE.27/ R 3 & N 87 S R A =R 7 T =
VER R, WAz 3A7 T 38 vh HAb 15 e W i sl o BF
FRW, ARG YL i B ik ok B EAH OCHE Y, 45
Fa AR ) 52 6 15 G W BE 45 . 4 1 25 6 92 o B A AR
R AR R PR A L, DT R A 0 R A Dh e Y &
FEDS A R AR A 0 2% v A BB L, OB A
Bt 2EL B . 5B L M T LA R R i A 5
A B E T I 6 IS Y ) I iR R T S5 AR
PR ARCT F AR LR A R e &
K7 O A A OGS LA, {2 B R K
ok ik A 7 el 2 2= DO RE AR 2 LR R o I 4R
K, PHRJRIY I . R s N R A A A
HEERR, S5 GR35 T A T B ALY
FooR, AT LLGE BRI 8 0 5 5 S o1
TR S e RECY, IR AR SR B A B o
AR IE S AL AT e A R . R
HAEPLRIARAE 7RI RE . AR MR R R A RIR B HOR
DNA-SIP ( DNA-based stable isotope probing ) Bk&
PIGFM PR AR S ZAHFHAR, CEB AR A
Yt S SO Re A A A I TR, i 6e
Wl FARIE Th R UE Y 5T e HE AR R, IS
O b TR Hh A R ER B T A D BT AE W s S A I RE R
BRI A ) Rl e S R Re L A 5 B, 7
ARG W AR By T B A SRR . BETE
P A 2 E ) X PR e R 0 375 % B 5 v T ok
[ A EAE DG ZR, T 48 7R G A ) % B — V5 L W 1
R mALE . BFoEl VR, BRI RER Rtk S
HoAth itk Z 1] i B R A (A B sc e ) 1 3548
S| SIS A EH] 5 v & S AN TS A
FEfRTERE AL . TR SHHEAERCR . LI A
Wk ipp R D AT AR, AP 3 55 R T 2 i PR 2 2
T SR A 2 R E AR 2 R R 38 i TR 43 B
WE, BT DR TR W R AE U A A AN (] B
W 9 VE R A Wbk Z A e R AR
5. AR EEE D T AR AT %
il T B AR R AR S LS . A B RO T A
AR o R i A LTS e o H 25 5 R OCTE, 1
KT PRHE PN A A a2k A8 S ML oAb T ke 25 B B
A 19 DO 58— R BR T N A 1) T PRl A )
W, BETAAT SR A ILE A5 s L b Y
FEVR TS ey ) AR R L AN R B R 18] i A B

http://pedologica.issas.ac.cn



5 1) JBg

B4 AL TS P M A AL S g e ke 1087

ERZR . BRI AL HL A DR 2+ =
v i i — 2P
1.3 SHEBERBEMANZITERE

1 R R A A U E W 4 ( synthetic microbial
communities, SynComs ) M5 H 2L HA HL
HETHERTIEMEDHBE N EET B, & 80ME
WA R T A A, DS B
o FEIE, M B R DIRE R R AE , AT SE il 2
MR TS EE, EAEYER . AEBEEZS
UK EA T R R 0 SR E AT AT
1028 T -2 2 A - D B BRI - S B0 2T 1
W7 gm0 = A B Tk,
FEXHEE H B, 13 A A 0 5k i Ak
PR s Hk, R — MR DT e B AH
DIBERITR PR s e, 7 N T A A 2 Wbk LR
£, IR IR A AR I 28 AR B A, A Al
FeE ey, YRk . th B PUR . REAR
BHLE R O SRR R AL, A
AP BAT A SO A . B (A
AR RA YR T A R R P B BA — s i
PE ST )L AT | AT AR | R M R DY
W1 R A Th A Y R bR Z I AR BAE R DGR (it
AL TES . RS ) MR IIREM L, RITHEZE
PRACE o> TR MG M HE IR R LAl )
., BN O ( quorum sensing, QS ) FEAfE
AR W A 25 AR G v A M ) S ) e AL, O
FhT (2K N TR ) 1= A Rk
N o A VIR R Z AL L o . T EOR BS i AR
For, FIWT TR R R A AR A, YRR
RF|—ERBES , 3SR — R 5B B iy R
ik, PG ARG S I, DAERFIE KPRy
YRR MW, S T, SRR ERTE
AR MR SR . ARG R IRE SRR B
S SR A, RS S V5 Qe
AAR AR | 2 [A] AR TR S X A I A A O Ak 2R 1) o fi
DIRE G WIS S T A AT, BT I B0 A A
FER AR IS4 I 28 FNAH BLAE T, AT AG) 5T A
WIAE R DREM T D REE ™. BRI B AR
B G B A W A AR S e B A A el b B R Y
VU0 BT R [ AR A A LA T
+ 57 R TE AR AR A R, Romero 4R
A RS R A i, Wi B0 1B R AE YR bR

TAE RS R M AR, AR R AL )5 A
MR, RO e Y AR SRR B R
BORMPE PG . Xu FE0E O TI5 Y H R
YRS, a2 W AR, kA RE
o SR BT R R RO R W BT, B 5
Wl HE 2 6] P (] 2% B e b BT R B BILAR] o AT A
14 51 6 2 AU A 25 AR 40 T SR Bl & U A 413K
R, JraiaPLas Bk E R AR
GEA LSR5 15 L — 2 W 52 e i A 4
HAEFIIhRER) ERIRB N ER, AT BB Ak A 1 Bk
GEL7/EiRE 8 s

H T IS A KRG TR, B, Y
M T 1 GE AL ) 6 58 15 TR 0 U 1B 3RAT 1Y i i 2
PR A BRI T RSO A E R AR
PR3 SRR W TR P 2R BT R, R A R UKL 73
TR T O R | kChip 45 2 L Jr v A
TP, BATRRL. PRI SRR SR
Bl A 2P R TR, EL AT 5 9 W B 1 RE AR R, A
AR (EVSEIE €5 HEEE7/L s 1ok 7/ ISR IR IR S k= SN
PRAEIRBTRE by b A 28000 1 B A R E R Ak D E A 2
SO0l N AR 3 5 AT AN W B 5
FLAR IR RE dh R A 0 B H ARGl .
R IRV AN 0 0 A 00 0 P B T g A pE e B
PSR B RAEBORINEE T, XA e A i
PRETREAR AR | o R — g (il s L RS
15 SN N 5 = N 1IN v S M N TR =R S
A Hinty, RARBSERE, mARE, €&
e AR, A EY = Al i, i
i e AR AL T Y A Y Tiang SEUTR 6
DL I P I RN 2 BT e e e R oy
B R R R I R bR . SR, HRTSE T R
e H 7 1 A A AT AR O AT 0 1o Ak TR AR B B, R
TR LA G N T A RREW AR &, BT
APLTG R IR B E T
14 BHESSRIESHREYMARMESE

2. AERERESTE TN

I P 5 IS 2 A 2 D AR A O e A 0 7 D L
K JEATHLI G 95 Gl L B A Wy AL I 18 52 T vk i 2L
WG ORI, SR B Y i R 2
IKSCHBR 26 . LB S Z R 29, &
SCRMELLTIN o I, 4R IR AE M SRR
Rl s PR ¥ e - SR W 18 S AT ik 20T e DR 1) S A )

http://pedologica.issas.ac.cn



1088 + b1

=

58 &

o MR E 7, & A 4 LAGUE
PIREOR A AR U IR e D) e AN A BT A %
BATG Y FIEAEE A ORGSR L R
b, AT RRUE R S BRTE T AR
TR W 2 0T 4 5T YL B S W 5 I g A T S B A Y
B, XGMSAE AN EAIEEROR . AR MR
FH i 28 R 1) LI S 3 0 o R S B N f
MBS T, S mil A YA, R E W)
VEESYEUDA 3 -REE e st Li0ES SSANI= 2 @ I DI E S S 2l i
IR RMG o OC T W8 &2 Ak 9T H A 32 24X
Y5 ey, GnE R . AL B, B TR
RYEAEE, DR R A AL, %
fF Can-seKksy . R EaErE ) Skt Y M
YRR o Bl 2 75 e ) A ) o Bk b 2 1 B AN A A A (it
1) T S TR GO R o A AR AT AR PR A
FERMEY BUE A 72X, SRR TT 41 R AR PR 2
RETR M, BB TR Ay . HsmAhal BAE . &
B HE R F R A Oy LA B 75 Y AR IR IR B, 4ERETS
Ye 6 PF R HE R 398 FR G0 (1 T BE I B AR e D,
KL, ARBRGUAE P20 A 1 55805 G A= M8 52 Sk
Y B ST R, I PN O TR 9 S [ PR oK OF 25
PRI K o BIFSE 3R FHMIA . 4 S R AR ) AR R 1
SEARAA, SINIE P B2 Ak 1) B8 P A4 A TR I 2 S5 DR TR PR
AR AL Qe T D 2SR . SH ORI E
BRUOS Fe s A NI AT i, 23R4l
Tt Sk 21 A I AR 45 R S s R ) 3 3 AR B g W el A
MRBRIS A YA AL |« FE7E B Rt sl M EAE
21, interactome ), MIM{E#EE & F# Thomas
FEPUR R MR R AR D MR R A s, R
FET5 Y A e IR 18 5 AR X AR BRAS AT 3 75 i R
RIS A R, 4 715 G PR BRI A M 2
it 5 R B S A D RE BAE I AR o AR IR SR A
Al LI, R ARG EABE 52
WA S . PR SR AL &5 O T AT .
WAL, RGEMSEAYME EHAR RS 1
RHEE W K, 2R P TS e IR B R A
FIREE R BT . M2 RG E BETERT,
30T A A S 3 T R A 2 AR AR - AR
A 25 RS DA 5007 BF 5% 2 32 T A 0 o 7K1 1) By
S . RGFEEANA S RGOKFAHY, M5 IA
ANE A Y BA miE S TR E A S R G Y
IF, T T3 B R B O AR A A A AN

NS Y AL A E SRR I AR . AR SR S 2%
TR, S HARIME TP IR S R e 2, U
HE . ARSCBBURME . BIEEATERT . BUEYIN R
85, LRI Sl AR T M LA ST SN A
T 70 (4 A IR A 25 2R e 2 R R TR i 2 B IR
IR EYE B i B P AN E AL S AR 135
MAEYIXR (B, 20 BERA) MAER
Ge 2 DIRE LR B T HENT G K, R A
B AR D A METAR 1 T AL ML
PR LT XA BT 1, AR R B
IR SR JH Ak T8 S i A b 4 A i TR B T SRS IEA OR
g (O3 T AR R MR IR T RE . R T RE A
DRI 2 ) BB L, 2385 T o R AR S5 4
NIT/RIA TSI SIR U -RE € /N A |
I, AR ZA A YL G5 e L 5 R
Y diAe 52 e i A i R A AE AR Y, iR
44 25 22 Ve VAL S48 B 7 SRR BERHA K 3 .

i bprd, HEr SIS RYBUIEY R 5B R
I ENE E AR T T A W) 2R B — 75 Qe ) B i
IS 3 D BIL A B AR W ) B — e AR AR AT DT I, T
BRSSP MU A s G B R U A AL S
A DB A U T ST BE R B 55 o RIS AN
PURA AR Bl R 1 B D e L AME RO AR M 4L o DDA
s, RN EERA . RUETERIN R T
AR AR CUGE TG SOR . TR (R
PR | Aot i Rs ) SFuiE TR, RGEEA
WETEA MU &5 e I M AE M X S S5 B
M RO RO ML, AT LR AL S S R
A SEACEE B AN 2 T L], AR IR E R B R
WA, 7RG A YA R A S R SRR
SR AL, M TS G LS UM A A A i
FE AR S T AN AR, R R A5 e
AT RFSE I A W18 S BRI A1l

2 MRERE

BEOor e [ HE i X s g R R A S e |
AR AT . PR = PR R AR R, LA
o K CRVTEPR . st s e %
BR=Af sia e, ARt SR T E AR BTG G
) MABHHLE SR PTG, g L
AL EHEY (s g 28050

http://pedologica.issas.ac.cn



5 1) JBg

WA AL SIS Y W AL S R . e R

1089

ZWTFIE-Z AWK K RY). 2057 R-2
ST RZGARE T IPIRAR . ALK -Z T
fedE ) g, IESEAPLE G150 HIRMEY

AR v o 1o AL A - ol A 0 2 e Al i -5 TR W 2
TS A M ALAE ST I R G5 (18 1), B
S TF LU

! — "B T [ AIRES |,
:‘ PAHs-;rMU%] ‘ PAHs-PCBs e ’ pais i

JEUE A 50 H -

GC-MS. HPLC-MS/MS. "

| ATHUE s R L A U |
I

T B SR

7
— BT
PCR, BC-DNA-SIP, ZJt4E [ Rl

v
WE T

o

e

TR S B0 % 4 AT
TR, G ARl
SRR AW LRI ATV N N 4 S
MAIFRIA L b IRGE AT

e

VIR S0 2 I«
|l N o e E s & NN R L)

2

>

>

PP L ] ‘ G UK e ] Dl L

[ LH i A R B AL LR S TR |
[l

2
’ {i}%ﬁ’l{%é’ﬂﬂiﬂﬂwfﬁ

17
(C@R /IRl

7
BUR/EINI R EP Y
HAFEHL

B e (L i 7

D [ A s e S R L e
i ¥ ¥ Y :
;Wm%m@%aw% ‘@m%mgmwwﬂ ‘ H A ]

AT B 9 D CLAZEREN

[ v
[

2 . i ALt
’ r'%ﬁ/|g@m>(aggu|ﬁu“v3ﬁh'vi\] :§>

K NanoSIMS., FasE P [l
EVIN' . o
L J 1) GBI 2
p
JEAVE IR «

[ ﬁmgermime&ﬁm%mmm%gaﬁww%mw]
|

HPLC-MS/MS. GC-MS. #"##

Tl T UL
S e N S

5 v
> ;‘gmm%w%znmqem

e B E L]

2
ZIFRAL & Y
YUBK IR s

12
ey I A A
STk

™
N
h
LE
HE

{E: PAHs: ZF354%8; PCBs: ZHIKA; GC-MS: A @il -Bikk Ak ; HPLC-MS/MS : i BGR A (i - R 1K B il ; DNA-SIP:
Feoe M A AR H5 K 5 NanoSIMS : 92k W B T 5 8. R . Note: PAHs: Polycyclic aromatic hydrocarbons; PCBs: Polychlorinated
biphenyls; GC-MS: Gas chromatography-mass spectrometer; HPLC-MS/MS: Liquid chromatography-mass spectrometry; DNA-SIP: DNA

Stable-isotope probing; NanoSIMS: Nano-scale secondary ion mass spectrometry.

1
Fig. 1

TP L BT G IR A A L - R BRI SR A R

Research framework of microbiome-mediated transformation mechanism and regulation principle of organic pollutants in

co-contaminated soils

DWFFE LR XA WL 5 75 G H S i vk 4l
W SRS 2R, RIARFZEEIAHLE i+
SR IR T I PP L s TR AL B T5
TIERRUE Y o T A S RS AR AR IR, S E
DA WA v LA TR S B Bl A WO 2SR, O W T 23R
BN 5 PUE N A HLE S T5 4 SRR R
WA, I D RE A PR A R L S5 5
£ A SO 385 17 5 A3 [) E AR AL

25 L3P HLE B 15 R W W e A

PITIRESEN | SCHERE M AR AE, R LIERUEY
X AR RIS R s A ILE A5
TSR R AR Y, o Gl A W A ) ) S
. REEEACHE . R BB, fE s AR AL
5 AR T S R I 4 Pl R L R AR
BLA, ) B SRl A e e A 2 £ D E 19 201 BIL TR
HAGA PG5 YW 0 e RO i A, s Ak
Py AR 2%

3) BRI LR 515 G LAY 3SR A ATS e W)

http://pedologica.issas.ac.cn



1090 + b1

e 58 &

L, BT EGTGY LR RULEY > T MR L5 K
TSR YA R, B AR ) A A 2 R 45 145G
SEPEHNT 5 B R A B Y g e R
R A% DRETCE Y, T S G A A A - 0 R T o
BRI 5 45 i DR 2 - O i il - QR 1 I 455G AR i
TR RS R E AL P& A Pl
XA L 515 G B W A e e A AL L], LAk ik
A WILLEEHE , R LI 5 T e v SRR A TR
EX 7/

4)BERSAN R 2 BY SR 5T 5 775 e b HEYS Y ARAIE %
AR, WFIEE BB DA - 5 A AL
B 15 Y T AL A A 2 I 2% DG e 4 e ) T
TRk, WIS A S 5 5 e A R Y
EERMEER, BREMMEYAN LR E 5
QW rEZHLE] s PR R R I ( R 4R
A PR R SR BRI AL AT ) X G U B ALE S Py
ISR ACHLE], PPAG S B AR Y 2 58 4B 52 07 1 AR
EVERME AR, Earis R LIS M A B
AR L AV AR, M@ ST R
frs A A=W 3Tk

BT BRSCHEPL R, RARWT ST N
TR HLE BTG R R P A e AL 5 e 4
JEH, BRI E G5 R A0 T A iR X 2 5
TS 0 S Y PR EEALR, DA A
PLEGT5RY A A A B 5 0 L, )
IR X A HLE 515 R 018 2 25 e
4, s 2 R SR A My 4B 52 AT D
AP A5 R IR M e e, At
A LR G 15 G i BT 5 5 LR W S HOR e e A3t
R R

S %3 Hk ( References )

[ 1] LiuZ P, Liu S J. Development of bioremediation in
China- A review[J]. Chinese Journal of Biotechnology,
2015, 31 (6): 901—916. [XZHs, XUBL. FET5 Y
T IEAYE BRI & BRI £ TR E R,
2015, 31 (6): 901—916.]

Luo Y M, Teng Y. Regional difference in soil pollution
and strategy of soil zonal governance and remediation in
China[J]. Bulletin of Chinese Academy of Sciences,
2018, 33 (2): 145—152. [k, Feni. & E 3605
ey X B2 5 5 0 DOVR BB SR [J]. b AR B B
T, 2018, 33 (2): 145—152.]

[ 6]

[7]

[8]

[9]

Atashgahi S, Sanchez-Andrea I, Heipieper H J, et al.

Prospects for harnessing biocide resistance for
bioremediation and detoxification[J]. Science, 2018, 360
(6390): 743—746.

Davoodi S M, Miri S B, Taheran M, et al. Bioremediation
of unconventional oil contaminated ecosystems under
natural and assisted conditions : A review[J].
Environmental Science & Technology, 2020, 54 (4):
2054—2067.

ZhuY G, Shen R F, He J Z, et al. China soil microbiome
initiative: Progress and perspective[J]. Bulletin of the
Chinese Academy of Sciences, 2017, 32( 6): 554—565.
[RACHE, WA=y, ML, . hE - EHEYDH .
RS RED]. PEPEBERE T, 2017, 32 (6):
554—565.]

Bahram M, Hildebrand F, Forslund S K, et al. Structure
and function of the global topsoil microbiome[J]. Nature,
2018, 560 (7717): 233—237.

Crowther T W, van den Hoogen J, Wan J, et al. The
influence on

365 ( 6455 ):

global soil community and its

biogeochemistry[J]. Science, 2019,
eaav0550.

Vila J, Tauler M, Grifoll M. Bacterial PAH degradation in
marine and terrestrial habitats[J]. Current Opinion in
Biotechnology, 2015, 33: 95—102.

Podar M, Gilmour C C, Brandt C C, et al. Global
prevalence and distribution of genes and microorganisms
involved in mercury methylation[J]. Science Advances,
2015, 1(9): el500675. https: //doi.org/10.1126/sciadv.
1500675.

Dvoték P, Nikel P I, Damborsky J, et al. Bioremediation
3.0: Engineering pollutant-removing bacteria in the times
of systemic biology[J]. Biotechnology Advances, 2017,
35 (7): 845—866.

Xu X H, Zarecki R, Medina S, et al. Modeling microbial
communities from atrazine contaminated soils promotes
the development of biostimulation solutions[J]. The
ISME Journal, 2019, 13 (2): 494—508.

Worrich A, Musat N, Harms H. Associational effects in
the microbial neighborhood[J]. The ISME Journal, 2019,
13 (9): 2143—2149.

Yu K, Yi S, Li B, et al. An integrated meta-omics
approach reveals substrates involved in synergistic
interactions in a bisphenol A ( BPA ) -degrading microbial
community[J]. Microbiome, 2019, 7 (1) 16.

Jiao S, Chen W M, Wei G H. Resilience and assemblage
of soil microbiome in response to chemical
contamination combined with plant growth[J]. Applied
and Environmental Microbiology, 2019, 85 ( 6 ):
€02523-02518. https: //doi.org/10.1128/aem.02523-18.
Ren G D, Teng Y, Ren W J, et al. Pyrene dissipation

potential varies with soil type and associated bacterial

http://pedologica.issas.ac.cn



54

B NAE. REEPHPLE S

1SR A AL S P Js . Ef 5 e R 1091

[ 16 ]

[ 17 ]

[ 18 ]

[ 19 ]

[ 20 ]

[ 21 ]

[ 23]

[ 24]

[ 25]

[ 26 ]

community changes[J]. Soil Biology and Biochemistry,
2016, 103: 71—8S5.

Zenteno-Rojas A, Martinez-Romero E , Castafieda-
Valbuena D, et al. Structure and diversity of native
bacterial communities in soils contaminated with
polychlorinated biphenyls[J]. AMB Express, 2020, 10
(1): 124.

Jiang L F, Luwo C L, Zhang D Y,

Biphenyl-metabolizing microbial community and a

et al.

functional operon revealed in E-waste-contaminated
soil[J]. Environmental Science & Technology, 2018, 52
(15): 8558—8567.

Teng Y, Luo Y M, Shen R F, et al. Research progress and
perspective of the multi-medium interface process and
regulation principle of  pollutants in site
soil-groundwater[J]. Acta Pedologica Sinica, 2020, 57
(6): 1333—1340. [JEn;, %KW, wA=J7, 455 S
- R KIS e A BUR R G PR ST R S
JEYA[T). LIEER, 2020, 57 (6): 1333—1340.)
Teng Y, XuL, Zou D X, et al. Changes of soil microbial
structural diversity in polychlorinated biphenyls mixed
polluted soils[J]. Ecology and Environmnet, 2007 (6 ):
1688—1693. [0y, #RAT, 4RFEM), 55 ZREBKAE S
154 LI BUE MR S 2 AR AR AR D). AR AR,
2007 (6): 1688—1693.]

LiM Z, Liao Q, Dong Y P, et al. Effects of copper and
sulfadiazine combined pollution on soil enzyme activity
and metabolic function diversity of microbial dommunity
[7]. Soils, 2020, 52 (5): 987—993. [Z=HI¥k, BITR,
HCNS , S T e A2 3 Yk L SR T S
AYIREE DI RE L AR IERYSE I [T]. RJ%E, 2020, 52 (5):
987—993.]

Wang J W, Liu T, Sun W L, et al. Bioavailable metal
(loid ) s and physicochemical features co-mediating
microbial communities at combined metal ( loid )
pollution sites[J]. Chemosphere, 2020, 260: 127619.
Jansson J K, Hofmockel K S. Soil microbiomes and
climate change[J]. Nature Reviews. Microbiology, 2020,
18 (1): 35—46.

Xun W B, Li W, Xiong W, et al. Diversity-triggered
deterministic bacterial assembly constrains community
functions[J]. Nature Communications, 2019, 10 (1):
3833.

Angulo M T, Moog C H, Liu Y Y. A theoretical framework
for controlling complex microbial communities[J]. Nature
Communications, 2019, 10 (1): 1045.

Jiao S, Chen W M, Wei G H. Biogeography and
ecological diversity patterns of rare and abundant
bacteria in oil-contaminated soils[J]. Molecular Ecology,
2017, 26 (19): 5305—5317.

Sun WM, Xiao E Z, Xiao TF, et al. Response of soil

microbial communities to elevated antimony and arsenic

27

28

29

30

31

32

33

34

35

36

37

38

contamination indicates the relationship between the

innate microbiota and contaminant fractions[J].
Environmental Science & Technology, 2017, 51 (16 ):
9165—9175.

Sun X X, Kong T L, Xu R, et al. Comparative
characterization of microbial communities that inhabit
arsenic-rich and antimony-rich contaminated sites :

Responses to two different contamination conditions[J].
Environmental Pollution, 2020, 260: 114052.

Xiao E Z, Krumins V, Xiao T F, et al. Depth-resolved
microbial community analyses in two contrasting soil
cores contaminated by arsenic[J].
Environmental Pollution, 2017, 221: 244—255.

Cai X X, Yuan Y, Yu L P, et al. Biochar enhances

bioelectrochemical remediation of pentachlorophenol-

antimony and

contaminated soils via long-distance electron transfer[J].
Journal of Hazardous Materials, 2020, 391: 122213.
Louca S, Polz M F, Mazel F, et al. Function and
functional redundancy in microbial systems[J]. Nature
Ecology & Evolution, 2018, 2 (6): 936—943.
Niehaus L, Boland I, Liu M H, et al. Microbial
coexistence through chemical-mediated interactions[J].
Nature Communications, 2019, 10 (1): 2052.

Wang J N, Shi Y'Y, Zheng L Y, et al. Isolation and
identification of petroleum degradation bacteria and
interspecific interactions among four Bacillus strains[J].
Chinese Journal of Environmental Science, 2015, 36( 6 ):
22452251, [EAEM, AWt I, . mPEE
TR 53 B S B 4 BRZFMOFT TRRD (AL (0], PREE R},
2015, 36 (6): 2245—2251.]

Kenny D J, Balskus E P. Engineering chemical
interactions in microbial communities[J]. Chemical
Society Reviews, 2018, 47 (5): 1705—1729.
Nagarajan K, Loh K C. Formulation of microbial
cocktails for BTEX biodegradation[J]. Biodegradation,
2015, 26 (1): 51—63.

Busch A, Lacal J, Martos A, et al. Bacterial sensor kinase
TodS interacts with agonistic and antagonistic signals[J].
Proceedings of the National Academy of Sciences of the
United States of America,2007,104( 34 ):13774—13779.
Yang Z G, Jiang W K, Wang X H, et al. An amidase
gene, ipaH, is responsible for the initial step in the
iprodione degradation pathway of Paenarthrobacter sp.
strain  YJN-5[J].
Microbiology, 2018, 84 (19): e¢01150—01118.

Yang H X, HuS L, Wang X, et al. Erratum for Yang et

Applied and  Environmental

al., “Pigmentiphaga sp. strain D-2 uses a novel amidase
to initiate the catabolism of the neonicotinoid insecticide
acetamiprid”[J]. Environmental
Microbiology, 2020, 86 (12): e02425—02419.

Crits-Christoph A, Diamond S, Butterfield C N, et al.

Applied and

Novel soil bacteria possess diverse genes for secondary

http://pedologica.issas.ac.cn



1092 + o IR 58 4
metabolite biosynthesis[J]. Nature, 2018, 558 ( 7710 ): [ 50 ] Wang X Z, Zhao X H, Li H B, et al. Separating and
440—444. characterizing  functional alkane degraders from

[ 39 ] ZhuT, WuB. Synthetic microbiome: When “synthetic crude-oil-contaminated sites via magnetic
biology” meets “microbiomics”[J]. Chinese Science nanoparticle-mediated  isolation[J]. ~ Research  in
Bulletin, 2019, 1764: 1791—1798. k¥, =i, & Microbiology, 2016, 167 (9/10): 731—744.
MBI SRR L R R (0] [ 51 ] Ma F Q, Yang G Y. Ultra-high-throughput screening
BR2E R, 2019, 64 (17): 1791 —1798.] system based on droplet microfluidics and its

[ 40 ] Lawson C E, Harcombe W R, Hatzenpichler R, et al. applications in synthetic biology[J]. Biotechnology
Common principles and best practices for engineering Bulletin, 2017 (1): 83—92. [, b 5. &

P SR Fke 325 4% N0 B ¥ AT
microbiomes[J]. Nature Reviews. Microbiology, 2019, VLT TR 7 3 A S T S A AR A £ R )
17 ( 12 ): 725—741. %EPE/‘JEFH[J] E%&/ﬁiﬁ?&, 2017 ( 1 ): 83*92.]

[ 41 ] FenglJ, LiRF, Zhang S S, et al. Bioretrosynthesis of [ 52] YinJ, MaAZ, SongMY, etal. Research progress in
functionalized N -heterocycles from glucose via one-pot synthetic microbial systems [J]. Microbiology China,

A o Tz fE e st

tandem collaborations of designed microbes[J]. Advanced 2020, 47 (2): 583—593. [J1H, S, KT, 4.
N ZETA ] A JO

Science, 2020, 7 (17): 2001188, ARG ) AR BTICE REL. BUER) AR, 2020, 47

[ 42 ] Trivedi P, Leach J E, Tringe S G, et al. Plant-microbiome (2): 583—593.]

interactions : From community assembly to plant health[J]. [ 53] WangBB, TengY, XuYF, etal. Effect of mixed soil
icrobi 1 and th f th

Nature Reviews Microbiology, 2020, 18( 11): 607—621. foicroblomes on pyrene removal anc the response of the
soil  microorganisms[J]. Science of the Total

[ 43 ] deLorenzo V, Prather K L J, Chen G Q, et al. The power

. . . e Environment, 2018, 640/641: 9—17.
of synthetic biology for bioproduction, remediation and
. . [ 54 ] Thomas F,Corre E, Cébron A. Stable isotope probing and
pollution control: The unsustainable development goals . o
. . o metagenomics highlight the effect of plants on uncultured
will inevitably require the application of molecular : . . .
) : phenanthrene-degrading bacterial consortium in polluted
biology and biotechnology on a global scale[J]. EMBO .
soil[J]. The ISME Journal, 2019, 13 (7): 1814—1830.
Reports, 2018, 19 (4): e45658 . i .
[ 55 ] GonzalezE, Pitre F E, Pagé AP, etal. Trees, fungi and
[ 44 ] Romero M, Gallego D, Blaz J, et al. Rhizosphere . L . .
bacteria : Tripartite metatranscriptomics of a root
metagenomics of mine tailings colonizing plants : . . . . L
) ) i ) microbiome responding to soil contamination[J].
Assembl?n-g and  selecting syntl.letlc .ba.cterlal Microbiome. 2018. 6 (1): 53.
communities to enhance in situ bioremediation[J]. [ 56 ] Khan Z, Roman D, Kintz T, et al. Degradation,
bioRxiv, 2019, DOI: 10.1101/664305. phytoprotection and phytoremediation of phenanthrene

[ 45 ] MuD S,Liang Q Y, Wang X M, et al. Metatranscriptomic by endophyte Pseudomonas putida , PDI[J].
and comparative genomic insights into resuscitation Environmental Science & Technology, 2014, 48 (20):
mechanisms during enrichment culturing[J]. Microbiome, 12221—12228.

2018, 6 (1): 230. [ 57 ] Doty SL, Freeman J] L, Cohu C M, et al. Enhanced

[ 46 ] Zhang D Y, Berry J P, Zhu D, et al. Magnetic degradation of TCE on a superfund site using
nanoparticle-mediated isolation of functional bacteria in endophyte-assisted poplar tree phytoremediation[J].
a complex microbial community[J]. The ISME Journal, Environmental Science & Technology, 2017, 51 (17):
2015, 9 (3): 603—614. 10050—10058.

[ 47 ] JiangCY, Dong LB, Zhao JK, et al. High-throughput [ 58 ] Legault EK, James C A, Stewart K, et al. A field trial of
single-cell cultivation on microfluidic streak plates[J]. TCE phytoremediation by genetically modified poplars
Applied and Environmental Microbiology, 2016, 82( 7 ): expressing cytochrome P450 2E1[J]. Environmental
2210—2218. Science & Technology, 2017, 51 (11): 6090—6099.

[ 48 ] Kehe J, Kulesa A, Ortiz A, et al. Massively parallel [ 59 ] Yergeau E, Sanschagrin S, Maynard C, et al. Microbial
screening  of  synthetic microbial ~communities[J]. expression profiles in the rhizosphere of willows depend
Proceedings of the National Academy of Sciences of the on soil contamination[J]. The ISME Journal, 2014, 8( 2 ):
United States of America,2019,116( 26 ): 12804—12809. 344—358.

[49] LiJ B, Luo C L, Zhang G, et al. Coupling [ 60 ] Yergeau E, Tremblay J, Joly S, et al. Soil contamination
magnetic-nanoparticle mediated isolation ( MMI ) and alters the willow root and rhizosphere metatranscriptome
stable isotope probing ( SIP ) for identifying and isolating and the root-rhizosphere interactome[J]. The ISME
the active microbes involved in phenanthrene degradation Journal, 2018, 12 (3): 869—884.
in wastewater with higher resolution and accuracy[J]. [ 61 ] Wang KL, MiaoF, ShiK, etal. Research advances in

Water Research, 2018, 144: 226—234.

eco-toxicological diagnosis methods of soil pollution[J].

http://pedologica.issas.ac.cn



54

B NAE. REEPHPLE S

1SR A AL S P Js . Ef 5 e R

1093

[ 62 ]

[ 63 ]

[ 64 ]

Soils, 2019, 51 (5): 854—863. [TH ¥k, Wik, s,
S RIS AR SR RIS W kBRI (D], R,
2019, 51 (5): 854—863.]

Fang H, Deng Y F, Ge Q Q, et al. Biodegradability and
ecological safety assessment of Stenotrophomonas sp.
DDT-1 in the DDT-contaminated soil[J]. Ecotoxicology
and Environmental Safety, 2018, 158: 145—153.
Lemming G, Hauschild M Z, Chambon J,

Environmental remediation of a

et al.
impacts  of
trichloroethene-contaminated site: Life cycle assessment
of remediation alternatives[J]. Environmental Science &
Technology, 2010, 44 (23): 9163—9169.

Dong J Q, Zhang HZ, Lei Q S, et al. Review of LCA
procedure  and

models for contaminated site

remediation[J]. Environmental Pollution & Control,

[ 65 ]

[ 66 ]

2016, 38 (12): 89—95. [#E Bk, HKLLHK, TAKFE,
V5 eI M e O A i T A R ) 5 AL () B 5 3k
JR[1). TG 556, 2016, 38 (12): 89—95.]
Hou D Y, Li G H. Green and sustainable remediation of
contaminated soil in China : Core elements and
development direction[J]. Environmental Protection ,
2016, 44 (20): 16—19. [FHEX, 2778, S
LR OISR S BN S R R TT 1 AT (D). BREAR
2016, 44 (20): 16—19.]

Hu X T, Zhu J X, Ding Q. Environmental life-cycle
comparisons of two polychlorinated biphenyl remediation
technologies Incineration and base catalyzed
decomposition[J]. Journal of Hazardous Materials, 2011,

191 (1/2/3): 258—268.

(REHE: HRA)

http://pedologica.issas.ac.cn



