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Mechanism of Sodium Linoleate Stimulating Microbial Remediation of PAHs Contaminated Soil
YUAN Jing'?, WANG Qingling®, HOU Jinyu %, ZHANG Jie', LIU Wuxing®", LUO Yongming®

(1 College of Life Sciences, Anhui Normal University, Wuhu, Anhui 241002, China; 2 Key Laboratory of Soil Environment and
Pollution Remediation, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China)

Abstract: Root exudates play a key role in phytoremediation of PAHs contaminated soil, but the effects of separate root
exudates on the removal of PAHs have not been studied. This experiment investigated the effects of sodium linoleate in root
exudation on soil microbial community and PAHs degradation by soil microcosm culture experiment and high-throughput
sequencing technology. After 60 days, the removal rates of PAHs was 40.6% for fertilizer + sodium linoleate, which were
significantly higher than that of fertilization only (17.4%). Primary coordinate analysis (PCoA) indicated that the addition of
sodium linoleate significantly altered soil microbial communities, and soil bacterial and fungal community compositions were
significantly different from those of fertilization only. In addition, sodium linoleate amendment promoted the enrichment of
PAH-degrading bacteria such as Marmoricola, Streptomyces, unclassified_Intrasporangiaceae and Kribbella, as well as the fungi
unclassified Chaetomiaceae, Mortierella and Humicola. LEFSe analysis showed that Streptomyces, Kribbella and Humicola were
the main microbial markers for the addition of sodium linoleate treatment, and the relative abundance of Streptomyces and
Kribbella was significantly negatively correlated with PAHs content in soil. The results of this study initially revealed the
mechanism of sodium linoleate enhanced biodegradation of polycyclic aromatic hydrocarbons in soils.

Key words: Polycyclic aromatic hydrocarbons; Root exudates; Sodium linoleate; Microbial communities
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B P TE BRI B S A R R T, AR R
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R ST & BLBES I F PAHS 8 fi B AE )
HARAR WY RZ5A KBTI, 75 Y11
RSN 5 IV 3 R A ) T A AR 2R S i T LA
PEEE A I [a] S5 Z AT R AR HRT Rk,
W IR BB A5 e -3 P EFT PAHS 1B & 5T
AHXFAR A, R B AR 3] 3 o 5 X6 3 4
T AT AR B 465 4 B R S T B A8 A 0 4 2 i) ot A 7 5
HRi8 . ASWFSE SR B0 PAHSs 15 4% 432 i AGE 2 W0 31
fiR4h, @3k HPLC 434t PAHs SR 46, WFSEUR N0 i
R %T PAHSs 159 38R AE . 38 5 e i a0
SIHHE S i R R MRS AR, 55T Wi AR AN
&5 PAHs y5 4L +HIEMIMLEL, N HABE PAHs i5 4+
B SR FH B LR AR

1 #REFEZE

1.1 X R

M 3R A R KB X R Bk Al B i )2
HE(0 ~20 cm), T JEHBEYIIR R | ARG Y,
i3 2 mm ARG, MRS, R fREENY
e I AR AL BT . pH(H,0)8.24, A HLET
41.84 g/kg, H W 23.53 mg/kg, AL 72.66 mg/kg,
FH S T3 #a i 16.89 cmol/kg . A1 7 I R AH A 3K T 5%
FMER TARAA, T (>95%).

1.2 REigit

RIGBE 3 MR, 3AEE, BT
REHE 150 g B OXFIE(CK); QEALF); Qe
I REM(FSL). 350 ], 30 &K AR AR R
2y 60% Y H A FE/K & o it AT+ T2 7ok R Ak 3 o A
TR ENN 1 000 mg/kg. TTHLEFRE (NH,),SO, il
KoHPO, 8 5 /i 1) it AL A1t AE -+ 7 Rk A B e, il
FIEP AL Ny 250 mg/kg, P R 100 mg/kg. 60 d
Joi, AR I, — 5 IR AR LS R R TR AR
ZETLIGE 15 # PAHS(LMW-PAHs: Z5(NAP), J&
(ACE), %j(FLU), JE(PHE), B (ANT); HMW-PAHs:
P (FLUA), EE(PYR), KJf-[a]#(BaA), JE(CHR),
I [b] 2 BU(BbF), #K I [k]%¢ BU(BKF), “KIf[a]it
(BaP), —ZJf[a,h]E (DahA), EiIf[1,2,3-cd]tE(IcdP)
AT [g,h,i] EE (BghiP)) Y & &t o ) 4% & 43 F7 L7
—25°C VKA T LA
1.3 PAHs %7

PAHs Z3H7 )5 ARYE 1SO 13877—1998 #rifEsk
1To B2y 3.0 g BT EHERE S (60 BS54 R H
I TCK BRI A SR R A R B TR IR
WA, JF7E 54 °C KT 70 ml & e 2R L
24 hy FIBERE 78 RARZEL T, BB R
BT 2 ml B ke KAy 0.5 ml B C e
S 1 g IEPERERE(200 ~ 325 AR 1 em ZHTAE;
A1 1miEC ke« Z PR G TR 5
FEWIM 0.5 ml PEMGIR , PV v i 7% 21045 20 B ik
B It AR 1 ml, A S (520 E 258 2 ml;
PR HAKE] 1 ml, E258 2 ml; H 0.22 um AL
JEAS LIRS B T AR AR

i FHBC A AR 2% (RE-10AXL) Y Class-VP
HPLC % %:(Shimadzu, Kyoto, Japan)53#7 15 Flt PAHs
WREE, i FH AL 2 C18 RAHAE(VP-ODS 250 x 4.6 mm
LD., Hifd 5 pm), FEFA- B PHRARAE 32 C.
HPLC i PAHs BOTEAN (38 450, S0 Ni 20171,
1.4 SEENF

FRECA- R 0.5 g, AT 1335 DNA $2HUK
# 4 FastDNA® Spin Kit for Soil $2Ht DNA #£ 5. fdi
FHB1% 515 F 5'-GTGCCAGCMGCCGCGG-3' 1 907
R 5-CCGTCAATTCMTTTRAGTTT-3' XJ4H7# 16S #%
WA RNA FEH ) V4 ~ V5 X347 PCR 47345 (5|
) ITS1 F 5'-CTTGGTCATTTAGAGGAAGTAA-3' Fll
ITS2 R 5-GCTGCGTTCTTCATCGATGC-3' ¥ 1%
ITS2 X, EAARRM I S8 f5 | i it i b [ it
K Y 2R A B AR A AR Hou 2Py 5

http://soils.issas.ac.cn



950 +

2

52 %

ISR AT PCR P78 | 1G4 ORI Y 152
BARALA T . XEFRAFESPRE 12 502 Z%405
JEHIRI 51 434 S 1R)P 5, flHEA 97% AHUME#L
1E{E ) UPARSE(MA 7.1)X #-1E 23248058 (OTU) i
782, F#H UCHIME #4751, {#H RDP
R BE A 70% B AE BT X Silva
(SSU123)16S rRNA Fl ITS rRNA i #1704 o
ZrEMFE%0h MOTHUR 3148, F 2445 Shannon,
Ace. Sobs il Chao #5%k. i FAHR5THT(PCoA)
FII ] Bray-Curtis [ 255 (453 B b B R HE AR B V% 25 57
f#iFH LEfSe ZURASI - $0 2 F B AT 35 1 25 R0 6
AWERE, RAZAEH 3BT (LDA) AL A Fh = B
Xof 2 SRR RE M () R
1.5 Sitsatn

HL] ANOVA 43 M Ab B 2 [6] i) 22 5%, F38 8 LSD
MERTE 5% PRYKE T B E . H Excel.
SPSS 21 Fil Origin 9.1 F A AT 5 7347 o

2 #HR

2.1 PAHs £

60 d J& il 25 b 2 A 3R P ) PAHSs SRR .
X 3 (CK) 44 PAHS (93 2 921 pg/kg. M
B F PR e PAHs HARMEET CK ARHFRL T
17.4%, {HZTCiE M PAHs, b2 2 ~ 3 IS T i
(low molecular weight, LMW)PAHs il 4 ~ 6 ¥R (175 43
“Fim(high molecular weight, HMW)PAHs &, 5
CK HHHLH% A W& 255 . FSL Ab#Erf Ay & PAHs.,
LMW-PAHs #l HMW-PAHs 3% T CK &b, 4341
W/ T 40.6% . 46.5% F139.9%(1 1),

4000
I PAHs
HMW-PAHs

- LMW-PAHs

5 3000 ab

Ej,[-) ab

g;‘ 2000 $

e

= 1000}

a

CK F
b3
(CK: XFHE, F.: Jtift, FSL: HAL-+IEINEREN ; 1R 224 Fmbrifiln
#(n=3), #4E Duncan B LV REIREL, EF/NEFRARR LR
P ] 2% 55k P<0.05 KT FRIE)
1 AE4&ESE PAHs. HMW-PAHs #1 LMW-PAHs
H%BE

Fig. 1 Residual contents of PAHs in different treatments

22 SBEENF

D7 BHEAE P AN ARAL IS 345 3 448 209 2% 241 1 Fil
746 578 SLELRITAH . BRAFE b A A T 8 097
YIBE 3 9 37 351 45(12 502 ~ 106 068 45)F
62 215 2F51(51 434 ~ 72 373 %) 5 97% JKF-R 5
() OTU 7E Bray-Curtis AHRIPEE & FkAT T F4ebR 50
Hr(PCoA), LUE/RA AL BRI A YRR 22 5. a0
B2 Btz , & BUAR A AL BRERE 5L R AE—iiS, AR TRIAbHE
B B FE S AE T T 4540 LA B Ay o A Y
PCoA FE/R T CK. F Ml FSL AZbBLAY 4N i A= Wi
KEA 25 HEM PCoA I, Sh—Hlris Uit AT kb
B F A1 FSL AbBHAJF, 55 — 5Ky CK A FSL b3y
o WAEREE 2R | B, CK AR+
HEAM B AEY% 1Y Shannon. Sobs fl Chao 840 &= T
F Fl FSL AbBE , B HEVE AT 502 5 5 A0 vk
L, M EEREBEEN P, FSLALFRY Ace 8%t B
FILT CK.
23 WEMSEFER

X} 4% A B A W RETE T 80% B A BE K kA T3
Mr, PIEARE T4 40 AN 101 AN, HE
FEHI4R 7 A1, 24 A4 RRIACEER S GE A
BCARARL, TR TS A A A A RN (B 3), 156EH
ANTRI A BT AN [ GRAE RE0 7 HE T AN IR R BE 5 )

B T A S B ELR T F 91, A P RV 208
S MR, A8 JE T 1] (Proteobacteria) . i £k I ]
(Actinobacteria) . FRFT [ ](Acidobacteria) . 2825 ]
(Chloroflexi) fIJEBE B ] (Firmicutes) & T 43 Ab # v 1Y)
SAEZ], HEETFIIE 82.7% LU L(E 3A), A
PR, FSL A B Jie 2 T T FHSEBE BT 1T A4 AF X = B2
5 CK M1 F AbBEAH oAy 4l i . v, FSL b #E i
LTI BRI 29.3%, Thi7E CK Al F Ab
B, R T TR RS 18.5% Hl 19.5%. 4k
P23 80 FSL AbBH41 5 CK Ml F AbBEZL 40 i V%
A AR 25 5 1Y) R BERUR K R TR T A P i — 28 A
J& K5 % B, FSL AL FE R Y Marmoricola(3.81%)
Streptomyces(3.39%) . unclassified Intrasporangiaceae
(1.65%) 1 Kribbella(0.48%)¥] ¥ m T CK 1 F Ab3
(Kl 4A).

KT EEBEEAL, bR T A % B 2R P
Y|, 5T Y9 (Sordariomycetes) . HU%E # 44 (Eurotio-
mycetes). x4 (Agaricomycetes) 3% 5 T 4
(Zygomycota) &AL HE Y 4 DFEEHNAE, L
RFF) 83.5% LI E(E 3B). Hi FSL(68.3%)
FESCH A F R T CK(46.0%)F1 F(41.8%).
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Fig. 2 Community compositions of soil bacteria(A) and fungi(B) in different treatments
F1 TRLEMNEEMEEEREFIINS SRR
Table 1 Diversity indexes of gene sequences of bacteria and fungi in different treatments
A pog:il Shannon Ace Sobs Chao
M CK 6.98+0.18a 8200+4 070 a 2974+ 556a 5932+2165a
F 6.40+0.10b 3540+92a 1897+29b 2887+60b
FSL 6.39+£0.04 b 3333+451a 1858+31b 2880+112b
LA CK 290+0.21a 194+£10a 607 £ 61 a 761 £ 58 a
F 236+0.20b 143+£3b 368+ 14b 503+3b
FSL 1.09+£0.12b 99+27b 36670 b 473+90b

i : Shannon g ZAEMEAEEL, Shannon fRECHOR, TR ZHIERE BB ; Chao, Ace HfF-F AL, Chao. Ace fEEUBIK,
FORYIFFIRME L 5 Sobs TR F & ESChRINE; RPRUEh 3 RERZ M-I LARMEZE, RYE Duncan M2 FREY, [R5 HHE/)
By AR F R A BN 22 57 ik P <0.05 BE K.

® others

(A) unclassified
100 Tectomicrobia 100 & others
] Nltrosplr_ae m unclassified
| M Gemmatimonadetes L | N Tremellomycetes
80 = 80 ! Y
Planctomycetes Leotiomycetes
= = Bacteroidetes - & Dothideomycetes
S 60 Chloroflexi S W Ascomycota
i Firmicutes = = Zygomycota
40 8 Acidobacteria 40T / = Agaricomycetes
pod m Actinobacteria{ = Eurotiomycetes
= 0k = 3-proteobacteria E 5l Sordariomycetes
| = y-proteobacteria
A B-proteobacteria

a-proteobacteria

JSE]
(TE AT b TR A A T = BE <1% A9 AR B ek LR VA0 “ A, ek MR E A I F R geas 2 R )

3 FENHNAKFRBLEREZENNKTSINRMAERFEQ)URNKT EEREFZ BRI LR

Fig.3 Comparison of bacterial community(A) at phylum level or classes (only for Proteobacteria) and fungal community(B) at class level
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BERT CK M F QB4 (K 4B). A HNTE

FSL Ab¥poAxf F 5 h 10.7%, TifE CK Ml F of

G3R 0.83%. 3.15%. 5i4b, @KV R MRS

WA Mortierella WIAIXTFE R E ST CK Ml F

VLB

HE— 2R AN R Ak B B R 4 lis JH R T LDA
B/ LEFSe 34T, Horb b iy Z= A 5 i 158 el 357 e
128 W2 G0N  FEAN R 532900 E i BE—A> /N B
BRFIZKE T I — 002, /MR B AR KN 548
XERER/NRIE . 22 55 Y (biomarker)fR B4 17
F, T SR RAEL AL (F) ke 2 5 2R
PITAE SR, W AT R SRR TR E (A 4L 0 (FSL) i
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Fig. 4 Genera of bacterial(A) and fungal(B) communities with increased relative abundance in different treatments
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Fig. 5 Least discriminant analysis (LDA) on effect size taxonomic cladogram to compare samples collected from different treatment
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R 2R 43 1 e 3 o G ) R A A o e At A LIS
TSP JEEE PAHs 15 LI E 2 ez — 7
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AR PR A E 5, (R R, |
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PRI R , X PAHS BEfEUE DI FE e B A
5, R AR AR ST P S e A A OR AN B E
T VA NI 7 PR 44 (FSL) AL BN = T LMW-PAHSs
RfR AR, R & T HMW-PAHSs A9 R ff 5508
(K 1),

R T 25 T AN NS I R B X S Y S 1B
SEHLEE, B8 2o o 3 T R AR RS T A
THCE W REE AL AR, LIRA T 718 52 1)
PAHSs [ E) A Wit 72 . 3T OTU 48AY PCoA 44T
(F 2)i 7R, FSL ACHRY CK Al F 22 [7] (i 40 3 FEC
BETE 5 0 55 o A1, AR R EC B 1) 2R M B I
FSL 4b ¥ () Shannon ,Sobs Fll Chao #5% ii Z Ik T CK
WFR(ER 1) XAEER GRATZ AP S RARL,
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Fig. 6 Correlation between abundances of Streptocymes, Kribbella, Humicola and PAHs in soils

R 2T AR RE G R IV e P 8 - 5 el A
H3E 45 508, Horh a3 A AT PAHSs BRI P
B, XA EIE R E R, XA YE S A Th 20
B

e MR A - 3 PAHs T2 i R )y 3120
CRIR S 50 Jm B9 40 B ECR A R PAHs BIRE
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giaceae 1 Kribbella %532 [ HMEANHE B & = £ (K
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Kribbella 7 FSL A B (A bR 109 (K] 5). A OCTK
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FRITE PAHSs {544t 5 48 , FLAA RS PAHS YRE 20,
AW, Streptomyces BIAMHXT 5 PAHs 7E+
ey 5k A i 22 SAH O (K] 6) o unclassified_Intra-
sporangiaceae AMEHI BRG], 7T AWIE KR
F Intrasporangiaceae [ Intrasporangium . Terrabacter
spp.. Janibacter spp. 1 JY11 %5, Y95 PAHs ) [#f
MISCPT2, Kribbella Je +3Es 3 AR R UL 4H
WL ARSI R e ok iy ik e rh e e 4R, HR
B AR B0 ARBFSE R, Kribbella BRI
F 5 PAHs 78 3 sk A i 2 A COC R (K 6),
Ut PAHs YR 1T RE 51 AR X =F BE IS KA G
AN, ZIETETT . BRATTRTT . SRS TR [ RS RE T T
AR REVE BRG], XL 1 2EH0 & H PAHs [
GREDI]

B — il o A R B R SR HMW-
PAHsP*, WFFE R, FRET RIS YT Ry 3
B, B AL LBk LMW- PAHs I HMW-PAHSs
By e S BT ARBESEH, Sordariomycetes #44(J&E T
TR )2 A B iy =220 (8 3, K 4),

SISV MR AN . 5 42 5 T Sordariomycetes HYAH X
J&, Sordariomycetes J&—ZH EL IR, ALAEAHN F 12
A8 B 2B W unclassified_Chaetomiaceae F1 Humicola,
I H e T R 1 S A PAHs R B 530 s i
FRENAL Y FSL AbEE, $EE AN Mortierella #H
XPE R YN, BFR RN Mortierella ELAG [ f#
A LTS P WA R SR RE S O s g LR
N TN 70 PR ik 003 A2 T T AR ) AR O 2 R S R DA
55 PAHSs FEAfRAH DGR A=, N3 55 158 PAHS
(AR A 8%

4 #ig

AT 8 1o T A DL B R AR TS AR 2R )
IR PAHSs 753 3R RUE LB EST TR
it HPLC X} + 4 PAHs 4153347255 00T, 4523
T, BRI LMW-PAHs FI HMW-PAHs
P 3 P R AR AT S B o e ) 8 0
N X — BRI RCR S, SRR ZREETOE,
17175 5 2 R AR A v —F HE AR AR O o AR TR T I R
HUALBE Y, PAHs [RF#ACIIHER Marmoricola .
Streptomyces .  unclassified Intrasporangiaceae .
Kribbella . unclassified Chaetomiaceae . Mortierella
M Humicola B AH XF 3= B & 25 3% fn , H o,
Streptomyces . Kribbella F1 Humicola J2 V. JM B2 Ak ¥
T3 R EMAEYARICY , H Streptomyces . Fl
Kribbella fXF 42 5 1 PAHs S GG 1%
RGN 1 LR 45 16 11 PAHSs A= WA 1)
AR, RIS R IRATIEGETT PAHS T55¢ L
SERIESE PR 22 NS TE PAHS FEAAH S T Wi i

S 30k
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