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AT SO AT B (5 e 2 B TH(P<0.05); +E BRI F R E BT T 1.24 5 ~2.89 £, WRINIBEMRERE Tt
R BE 58 35 (P<0.05) o ASTIFSEAE By FHR I IR VAS I e e S DR B DR S5 AT RE Y e A el AL, SRz e fe e 24575 4 +
Bes S iR SR R SR R AR S

KR 14-ZE; LEERE BRI, LML S

FESES: X53 MHEFRERG: A

Indigenous Keystone Taxa are Stimulated to Resist Stress of 1,4-dichlorobenzene with

Exogenous Degradation Genes and Flora

ZHANG Zhongyun' %, CAI Anjuan®, YAO Keyu" %, ZHANG Shengtian*, YE Mao'", JIANG Xin'

(1 Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China; 2 University of Chinese Academy of Sciences,
Beijing 100049, China; 3 Jiangsu Environmental Engineering Technology Co., Ltd., Nanjing 210019, China; 4 Nanjing
Institute of Environmental Sciences, Ministry of Ecology and Environment, Nanjing 210042, China)

Abstract: Organochlorine pesticides (OCPs) contaminated sites threaten human health and ecosystem safety seriously, therein
high activity of degradation microorganisms is necessary to promote degradation efficiency of OCPs in soil. In this study,
high-throughput sequencing and real-time quantitative PCR (qPCR) technologies were combined to explore the degradation
kinetics of 1,4-dichlorobenzene, the variations of microbial composition and degradation potentials with exogenous addition of
degradation genes (e.g., xyIH, dmpB or catE expressed by plasmid pUC19, 10*-10° copies/ul) and flora (e.g., xylH, dmpB or catE
expressed by E.coli DH5a, 10°-10° CFU/ul). Results show that the degradation rates of 1,4-Dichlorobenzene reach to 38.43%
(genes) and 44.74% (flora), respectively, which are promoted by 1.74-2.41 times compared to the control treatments. Meanwhile,
the proportions of relative abundance of dominant phyla and keystone taxa are facilitated significantly with degradation genes and
flora addition exogenously (P<0.05). Furthermore, qPCR analysis illustrates that the increasing slopes of degradation genes are
better significantly in flora than genes addition, yielding growth rates of 1.24 to 2.89 times (P<0.05). This research is conductive
to verifying microbial response of indigenous flora, especially the response mechanisms of keystone taxa to OCPs with
exogenous addition of degradation genes and flora, which may provide support for regulating and optimizing microbial ecological
outcomes of their remediation process in OCP-contaminated sites.

Key words: 1,4-Dichlorobenzene; Soil indigenous flora; Degradation genes; Network analysis; Keystone taxa
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B P E R TR = IR AR TR
SEH, KA Tk A SCHAGE SR B T L TANZ 2 MH
PLEAR 215 Yedgith, 33 2637 b 1T I ) b ) R 5% e 2
TORIF RN s T i KU T Y b - g e R
Aol N AR A B A 2 e 4, R I R T R ) P 85
TR 1,4- T SR AR T AT IS YL 37 M 3 A9 2k
BREE AP BRI R AR DTS 0, HAeTs Yt
I B G VR B A F 2 340.0 mg/kg, HUA TR IE K 1
FMERE A, @ RAAG, EawsE hE 4,
FEE I AR RAES Rk Wik, FIA
LU B E AR LR TR 1,4-—
BRI B,

HEYMEE I e —FRREFENL . FMR | Ab AR AR
FE TG G LR BEOR  FEA PR 25 AE s 2 e
o, RV AR, U TR A S gD
A HLEAR 2 R DA I (R A R
TR B RV GRS | ALY
W B S R I T S A R R R S 1O R
P TR | SR A AR ST, AT LA
AR AR MR AR A WL SR 25 R0 1 )
) JE A AR AR R b 5| AR E DIRE Y E IR ) T
F WA R(10° ~ 108 CFU/ul), A DA AT B4
TR R A WAL, 3858 1 3 TR AT HLTS YL A0 3
N 8 F7 R RS 1O i AR R B, M5+
SR | 4B RIGE  E RERRE Y, S SRR
INATREIABER 2R | ] LR A Wi Ak i+ 18 rh i A=
R, I Has P A R ELAT 98 5 4 ) IR XS A0
FIRHRARE S L RIEE, YRR A LA
AR 2 TE M 5 LR R IR B i, D R AR A SR DR
AR IR AT, B XA i 1
Tl W R e A DG AE 9T, SRR AR IR sk &4 )
TR PGS B - B TR ARE AR S MRS N e fife
K DNA F B 25 DARE I 05 M 1 RIS o BRI
AMIG TN TN o e o DR b 5 oA A R R A PR O, X 3
AP REE AN, . BV ShAS | BRIk R B A8 AR fh A it
A, TRA BT Wy fs 1t sh A28 4k, vl
DARHATAL 35 104 W 1) I B2 A 1 2

ASBIFFE X8 B/ T a8 A A A1 60 38 32K e ft ik AT )
AT ——RIHFHG , LB WRAUR . SR
igp I PR LA TR . B YRR T R = Ay
T 1,4- T RORIG Qe M HE R N TN figp i DR sl A
BJe, PR SRR S 12 AT o0 s K, S5 A
g 100 e PP R R R B R 2% Bk, X SN S AN
fifp i XL IS TR A R T A S O R R E A T 0,
ALY v SOCHE M REG TR AT 5 R)A, il POLRE
i PCR Jp#r - G W v Ko i 22 DY 35 i sh 578
b, R OCTE I Wy R A PR L, URSE U
W v 5 R AR T P B AR 2R o AT 4 SR MR
TN A R TR i - SRR W S A T B e i P Bl 25
e, A B TR A IR 5 A 2 DR R 38 2 S B AR
AHLEAZ 0 AL, Sy EEIiil 1,4- =S5 3
IS A AR SR SRR 2 A

1 MRS

1.1 K05 3 R AN P AR B F /P AR 1 Y 3R EX

P Yy R A VLI VLI T P
1,4- " RTGYe(31°45'N, 120°14'E)., %37
APLVARLGA AT, A 30 ZAERZ 4™
Do, FEAPARATT RPN ZEAR . A
SRR . LIERERREARIZ 0 ~ 20 cm,
ZARIT IRE )G, AN G E Hor
LA4-ZERWR D BB T L R R A
KRR ZW) xylH . dmpB Fl catE 3 FhIE, 7
NCBI(National Center for Biotechnology Information,
http://www.ncbi.nlm.nih.gov/) 35 R 2% T & AT A0 bR 1
¥, A FARETORL pUCTO XX S 5E R AT 40,
RICEN AR EE ] DNA R B (3R 1) IR, R HIR
JAHT B E.coli DH50 X3 S R fif BRI 67 T BN R34
AREUE & A B A SE R BER L0
1.2 SMERMPEFE R/ L HRE

e i5 g HHECE T 25 C HIRATPRIFE 7d, IF
FESANK, BEEBUAE, J3 3 BE SR R A
TR 10° ~ 10° CFU/ul, [ 3L R B0k DNA i
5107 ~ 10° copies/ul, WK ET CKOTHRA).

#1 BEFIIRHEERIGE

Table I Gene sequences and their degradation function

SEH izl JF 3K B (Bp) W& fi T ik

dmpB NC_000913.3 1476 A ke, FKR. KHERE: . WK RZHBESFIHRLS YR
xylH NC_002695.2 1182 RN . W REFF AL G VIR

catE NC_000964.3 1116 SOk, FA. KHIREY, ZHR | KOIGESFIHRILE Y
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PL-1(xy/H JFiki DNA). PL-2(dmpB JFiki DNA).
PL-3(catE J5iki DNA). BA-1(%% xyIH H#E). BA-2(&
dmpB HRE). BA-3(& catE WREEE 7 MabHd, I
SRS 0, 30, 60, 90, 120, 150, 180, 210 K[
TR T 1,4-ZEORWREE , [RIBPRE BT A SRR AR
WET 4 C UKARAE . 14- TR R S A
TR A, LIRS T 64.7% ~ 77.1%.
1.3 +TEDNARHRESEENRF

{di Fil DNeasy PowerSoil i3 £ (QIAGEN){2 B Fir
A HHERES DNA, —80 'C Fh#fFE, JH01 ] Qubit 3.0
M5 DNA FESREE, Sk B ER 5 M A lumina
Truseq Nano DNA LT Library Prep Kit 37| & 17 3¢
JER R Miseq - & #6471 8 3 . 717 A Barcode
HIERSEPES | WA REAS 16S tRNA HEATY 19 . RS |9
7 341F(5’-CCTAYGGGRBGCASCAG-3"), 15| ¥
7 806R(5’-GGACTACNNGGGTATCTAAT-3). ¥
15 E 1Y PE reads 1 SGHRYE overlap C R THHE, [A]
X P 471 Jo e A T AR A, I8 Usearch 44
F1 gold B )% , K H denovo Fll reference 454 ) =
ERRIAA, 153 31 790 ~ 46 643 ££JFH(5 2), &
M 97% HMRIPEXTEHEEZ P HIH T OTU 2, K-
RDP classifier DI 75X OUT 1R TP F#E1TH Fh
VA= TI

Fz2 TEEBNFFTKEDbp)

Table 2 Illumina sequence length of soil indigenous flora
Jb B e S (C))
0 30 60 90 120 150 180 210

CK 45766 39579 3292733931 40 688 3839237 54244 517
PL-1 48 056 43 335 47 711 35528 47 481 49 41752 75333 806
PL-2 41727 37 641 47951 41 623 49 828 46 89330 40741 585
PL-3 37311 31026 53 58241 328 34812 3760145 75241293
BA-1 34554 35894 38726 47278 39165 316224573748 179
BA-2 40005 32445 42209 32 887 41370 46 92341 62351 065
BA-3 42184 42132 37336 31226 35425 43 70644 23033 960

1.4 WESHRIEFEHE

FIH Cytoscape 3.9.0 T CoNet B iEXHERY)
P 22 JR1 M 56 2R S A TR RS eI A 2 T
XA REARFAT RIS, BREDT 13 HEARTPIEER Y
B, SRIG TR YRR S BE  J T AR D 2% 7
FE R A Z BRI AE S HER G R, MM
15 A Pearson Al Spearman, P/ ASFIPE BE i 58 K
Bray-Curtis 1 Kullback-Leibler. i i #E8EAH R 5L
A WA= Y 1000 N EL AT IE ST, FERTA G
REATAR AL B, A 1 000 YRIEAR, IR EME

XA EE A 99%!", #+ Cytoscape AbFH5E AL A EIE
Excel k&5 A Gephi 0.9.2, XFMZF-XEE | S84
KU | PRI REEF A TRRALIT S, R Hrp
AHLEE <05, BHPOHE=05, EEE =3
(PRI E R SCEEYI RN 2 B f5 R Gephi %14
"1 Fruchterman Reingold #fi J&) /7 X% W 24 73 B Il 647
AR
1.5 EERHKEE PCR S

WRACHAF Primer 6.0 B2 FEH L — M54, 1
ANIERERBLT T 4 X514, JFA PCR #4514
XRE A s SR L — M, SR IR I ROR B L %
HT 5T BT 18— X 5 [ R AT S 98O0 E 3 PCR ISR
(quantitative polymerase chain reaction, qPCR)(F% 3),
BN ZRTE 96-fLtk B HES , BREMIES 3 - FAT.
fE 25 pl fRZH, T 10 ul TB Green Premix
(Takara, T li RNaseH Plus 2x), 10 pmol/L Hij%t5 |4
5551945 0.8 ul, DNA #5#) 2 pl, StepOnePlus
Real-Time PCR system(Applied Biosystem)H T qPCR
SEHL, PHIRFWR: 95 C Atk 30 s, 95 C 4E
fifi 5 s i1 40 MEFR, 60 T KAEMH 30 s, £HENH
PRUEFRL DNA BEZERRFE(107 ~ 107)BL il brifih 42,
LUK Ct (B4 P DU KA RES, Ct (AR T 34
B, BRI SR 2 15 Y,

®3 ERE5MFT

Table 3 Gene primer sequences

FEIH HiEI#(5°-3%) JE51#1(5-3%)

dmpB CGCTCTGATTGGTTGC CAACGCCAATACCGCC
ATCA AATA

xylH TTTCGCGGCATACTCA AGAGGCCGGAGACTG
TTGG TAAAC

catE AGCACTTCCGAACGAT TAATCCGCTGGCATTT
ACCA GTCG

1.6 BUEES

H T A IR E L PreRE L PR AR 4l
GraphPad Prism 8.0.1 SZFLnl Ak, AH 56 R0 4550
i RStudio 3.6.1 By corrplot 5L SZ L AT AAL .

2 #R

21 TEFI14-ZSENBEBEHNZE

SRR G AN IR i 32 R R A AL AR 2y
FEMRRCERC N, AT 20 50E 1 A8 210 d H 1,4-
THEIRMIRE S 1A 1), fEXIRY CK Y, 1,4-
TR R RS, RN 18.59%; SMETR
TnEf# B DNA Fr Bob#4H vh(PL-1, PL-2, PL-3),
BHLEL LR N 32.35% ~ 38.43%, &N} HE 4 [
BRI 17405 ~2.07 %5 SNBSS e ik 5 7
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Fig. 1 Degradation of 1,4-dichlorobenzene

REAL A T (BA-1, BA-2, BA-3), 1,4- S MR
i, N 43.10% ~ 44.74%, SN FRALFEMRRAY 2.32 fi%
~2.41 8% LA FE LB, AN N R A ik DR TR A
DNA FH B 1,4-—GORMSR, AN g

22 SMNERMEBERNEHELIEREDEN

5@/ atHh

XA TR] A= 498 A B2 A7 e 3 Y, & AR 14
PARE R Ran i 280 1k TR RN A RV S IRl ERZH e
ML 5l 2z 5 W (& 2). 5 0 KREF, 7ETKF
I, £ AR PRZE R AL E AT 5 M 3 R AR
JEWI [ T(Proteobacteria) . AT &[] (Bacteroidetes) . i
2T ] (Actinobacteria) . FRFT [ ] (Acidobacteria) FllZf
PAMITE ] (Gemmatimonadetes); 2F 210 K, £5-4b3H
TR AL T 5 IMEFE AR ]2 Proteobacteria |
Acidobacteria. £¢75 i1 J(Chloroflexi). Bacteroidetes
FPEAE T (Verrucomicrobia)(B 2A) FES AL BRA]
[%: PL-1 7" Proteobacteria 11 Acidobacteria %I, H.4x4b
PR GE TTA T2 0 REERIB TR EER
(P<0.05). [RIBF, AHASTXTRRAL, MG 0 R A 3L A
HRFE DNA Fr B, IR 2 HEE 5 E0(Simpson
FRED) . & R B(Chaol)JF %A K AR 35 % (B
2B, £ 4). IKEEREM, SNEES N Er A L R B R
B # DNA FBras i o HIErh R #R ], (H 14

W BN A AL BB AL P, A LR 2 AR PR W REZ RV TT B0 R R A B3 Tl TR

(A) 0.08
o
0.02 1.00 - 0.209

0 0.757
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Fig. 2 Variations of composition and diversity of soil indigenous flora
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Table 4 Variations of diversity index (Chaol) of soil indigenous flora
Jb B FRKH()
0 30 60 90 120 150 180 210

CK 41552 35736 29 775 30 460 36 021 33 646 33069 39 741
PL-1 40 604 37539 40 087 29 342 40 027 42369 45171 28 305
PL-2 36723 33 144 41 664 36 874 43 346 41113 26 687 37 181
PL-3 36723 31724 26 494 45370 34 930 28 873 32174 39497
BA-1 30 192 30369 32458 39993 32 896 26 761 38474 40 523
BA-2 33 840 27702 36 465 28 189 35321 41 041 34429 43392
BA-3 38 421 37159 33 189 28 636 31807 39211 38 446 32136

2.3 SNEIRIBEFEE SR AR TG S

P HEAS [) b LA PP BRI L B 45, i) AVR B DA
NIRRT A i DR A 2475 e - B v B A B S R Y
WTESZM (] 3). DAXTHRZH rh & s Z (Rl A7 5
KEF T ELVE B, AN ML N S, IR R
LA RSN T 10.85% ~ 40.06%(DNA)FI
36.64% ~ 58.46%(FIHE); LS TV, SMIE IS N R4 i
SRR, PR ) A7 G 2 & A AR 3 v o IR
rhL R R R AR (P<0.01); JFH., SNBSS
Wt A S DR BRI DR () A7 DG R BN i 2 0 3 5 1
DTN A I R A B A AL P4 (P<0.05). [RIR, 5%} &

PL-1

e

A7 F=4533%

o KHEYF
o HAbYF
HER LR
— HEXR
o~ D A
A7 K F=61.94%

AL, 25 A0 ERA AL 25 R, A0S 2 4 1
FPFEp A ot BE SR I 3 T REGR 5).
2.4 SMERIMBEMAEES R AR T IEX RS
ST ILI A BT 5, AW AERT B4 L SN
Ref A7 5 DK DN S 10 R &1 75 oA 6 81 B AR i Ak
T E R 24 Fh . 24 ~ 68 Bl 38 ~ 32 FhoCHE
YiFp (& 4). FERRILNH A, 3K B Y Rl A G 2
A7 LT AEZE R 0.87% ETHN 1.77% ~ 2.41%(4NJR
R i L P DNA AR FHZH ) FI 1.86% ~ 4.24%(4 MR &5 Wit
L A RE AL PR ), Forp, ZEXTRRAL T, s SCHEY)
BT Proteobacteria(0.39%). Chloroflexi(0.15%).

HAFK F2=63.49%

A7 K F=65.00%

HAFEKF=71.83%

(FEMZ R, RS EERAR RRE, Rak @R T R, K QAR TR SORMUER TR A Bl 2 (R R IE R L
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Fig.3 Co-occurrence networks of soil keystone taxa
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Table 5 Eigenvalues of co-occurrence networks of soil indigenous
flora

AEE PR SR EESP O PERATROE P

CK 2.15 0.34 16.50 0.005
PL-1 2.72 0.43 20.78 0.004
PL-2 1.14 0.25 1.47 0.004
PL-3 1.25 0.25 2.40 0.003
BA-1 1.80 0.31 7.20 0.003
BA-2 1.71 0.35 3.01 0.004
BA-3 2.24 0.36 9.28 0.005

Verrucomicrobia(0.12%) . Gemmatimonadetes(0.11%) .
Acidobacteria(0.046%) . & FT I# ['] (Latescibacteria ,

0.040%) . Actinobacteria(0.0037%) F1 S B [
(Crenarchaeota, 0.0071%) ; 7E4MNE TN I %A 36 DNA
Fr BAC B BT L3R 7 AT TR 1A A
TS S B o R SR J TS AL IR THE A ] (Nitrospirae, 0
~ 0.32%) . Bacteroidetes(0 ~ 0.14%), H&tRATH ]
(Rokubacteria, 0~ 0.039%), 2KE: ] (Elusimicrobia,
0 ~ 0.014%)F1 % 4l 1% (Cyanobacteria, 0~ 0.0061%);

550 RRALAR L, 70 S IR TR0 25 e ik 5 R TR A BHL2H
h, CHEY) R A S JE T Rokubacteria(0.011% ~
0.53%) . Nitrospirae(0.0085% ~ 0.40%). Bacteroidetes
(0 ~ 0.035%) . B 40 i | ] (Patescibacteria, 0 ~ 0.016%)
FIEEER ] (Firmicutes, 0~ 0.0071%)X 5 NHEET ],
[T, SRARILI S RAEEA L, SR 171y
HEAERE | B TP ORI B3 ETHP<0.01),

5~

(=]
O
—_
(]

*

0.874
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. e
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(=)
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aam 1

SR TG BEAE R 2 R R (P<0.05, & 6),
28 i R R A B AR o AR U, SR R 2%
FROHA AR G IR LU, SRR S A A 2 )%
FERE TRy KBRS R SCHEY A, R iR &
AR, R DG B oL D9 286 v 7R HR 25 AR LA
25 SMNERMEBEERSEHEEIEERBGEERS
=T

O A g R A 5 DN Sl A AR A A Bl TR 2B A
TS I 3 A R DRI X T 4 3 R R R A D B A W AE S il
AT A Kb B T R K] 210 d N B AR Ak
T TEE, Hi, xplH, dnpB M catE 3 FpwIEE
e JBAE T TR LR A | JC IR SR T
fift. TEXTREZLA, 555 0 KAAEL, 7655 210 KX 3
Pl R R A W3 LV, xylH . dmpB Rl catE 535
BT 59.48%. 67.54% M1 51.53%; FEAMEAINFE
fifHE K DNA Jr Besb B 26 210 KARXS T4 0 K,
xylH . dmpB F catE 73 HIYEK T 73.55%. 108.13% Fl
82.66%; IMES M N5 Kk fife 3 A T A AL B ey, AT
TH 0 REF, 3 FEERALESS 210 REF4HIGK T
171.66% . 110.76% Fl 126.46%(P<0.05), [}, &
AMIG TN TIN5 S S5 DR A 3 e e e o DR 3 3 L X R A
FFT 1.24 ~ 1.60 ADECEE G5 SMIT IS I Ak R R AL 3
g, AR I DR AR FE X IR T 1.64 ~ 2.89
BRI AREE AV, SIS TR figp 5 DR B R i o
WZE, TEWR TR N A 0 Tt
R LI A I I e B R 19 DA RS8R T I 5 (P<<0.05)
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Fig. 4 Histogram of relative abundance of soil keystone taxa
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Table 6 Eigenvalues of co-occurrence networks of soil keystone
taxa

AT CERGERE PHEEDOE PR TG
CK 3.82 0.76 0.02 0.004
PL-1 3.56 0.72 0.01 0.003
PL-2 4.12 0.73 0 0.034
PL-3 4.05 0.75 0 0.013
BA-1 3.87 0.73 0 0.004
BA-2 4.12 0.72 0 0.014
BA-3 3.90 0.78 0.03 0.004

26 THEMR. XREEHSEEEENZEER
N T BRI A SR R A6 Ak I P P B2 DR 3%

PEAMLEALRL] . AR 0T . OGS B A AR A S 1A
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Cyanobacteria 54 ] Z M2 B EFFMHLLR, 5
3 ol i R DX DS, 2 0 I EAR DG OC &R 5 7E R R
BiHF, 1-HE NO3s-N il NH;-N #5546 24 iR >
] S FUHDCOC R, 34 pH, A ML & i Fll CEC 2547
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