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PHC {55 ITRIZ TN R, SRR RIFIERITUR 70 XA B 72 A b + U B R . RS Ah L
Lt PHC SREAAFEFRRIFZIIUE . WA ATR)Z PHC {55 BB R BORRIB A SR AR S0

1 MR5EE%

1.1 SEadRy

S AT 3k AR L X SN IR 2~5 m b, SRAERR RS A 2 mm TR MR
BIFRETAES T, A TRBRA VKA PRRA T IOz MY E , RADUEIRAIS . ARG T A e
SERIEPERR . pH My 8.41; FH/KFE N 2.23%; TOC N 1.44%; BN 2.16%; FEBAR . BRERHSES T4
S350 36.60. 133.42 mg'kg'; THE AL 61.91%, ¥t 37.98%, b 0.11%. 525 BT A IR 40
(NaNO,), Jo/KBRHREN (Na,SO,) B R4l TEC B (CH,,) . —5HbE (CH,CL) ¥ il Balia<
(N, 99.999%); f1ilike (C,g~Cyo) ARHERW (1 mg L™, & AccuStandard A7),

ANMFFE L3 PHC B L& 1o T IR Cy~Cy AR/ EUE (105 C~Cy B9 1.6%), 1
JE SR S T AL A A — e . AR EERTHIREE K ) C1 (C~Cyg). C2 (C;~Cyy). C3
(Cyy~Co) AT IR . AP L ATETs LA C2 450, HIKH C1 4145, C3 414l
Ao HlEA (YT) #LL, KEL (YTS) H C1 A5 Je Rk (35.36%), HOE C2 4153 (33.65%), C3 4
IR (17.33%).

%1 1% PHC RESH
Table 1 Mass fraction of PHC in soil

JEAPHCHEMSY  APHCAMFFEAHPHC  KEHPHCHER/M Y #PHCHLS K £ HFPHC

(mg-kg™") JoT e B L B8/ % (mg-kg ™) Jo i A LA/ %
Cl C0Ci6 184.68+5.21 20.72 119.37£1.52 19.86
Cc2 C,, Cys 626.99+14.69 70.36 416.02+6.55 69.21
C3 C,,. Cy 79.514£2.53 8.92 65.73+£2.84 10.93
C4 C,,.Cyp 14.53+2.08 — 13.25+£1.97 —
XPHC C,0.Cy 891.18+23.86 — 601.12+13.25 —

1.2 HFZETRELIES PHC SREME PR

ARSI LL PHC {5 RE NS, R FTE /4L (500, 1500, 5000 mg-kg ") AUBLIREL . iH
FRER L T2 RSB A HL -2 A% PHC SIERFRAIREI . K 15g PHC V55 885 T 50 mL IMERA, HRn
A 6 mL EEFIK ., bEh . SRR AR IR R AV, KR 0.4:1, HHE P2 iR
H4M0H 0. 500, 1500, 5000 mg-kg ™' K F32 AL BIZHI0/E LS. MS. HS. LN, MN, HN, HNS.
H L, M, NACEHB F2ZIRFER08, 7205900 500, 1500, 5000 mgkg'; S, N. NS {UFEH TZ/4Fh
J, MAABREREL . fHEREL . SRIRERAIRERIR A H T2 S E AU I TSR K B AL B (M) FIA K
B (CK) AEE R R . e IS P2 AR R RN 32 AR B PR B 9 Wk (it 9 ANy .t
et R, HECA L RS SRR 2% A 2R TP e i b B S R T R TR
WEFEFABEANEOLT, B GTFEFAPNRE S, PRI F8REEETE 0.1 MPa LUFRT, X
BRI FFEFANEZORA 30 min [5G FHRRIRNZEZ A RAIER, R385 R Ems s FRAUE
BF, 1R AR SRR N A SRS 30 min, TE Pk Fe 3 WG, 1EE AP NE E
RFEHRE 30 C RS TEDER IR . AR P RE TR T2 AR A B A K PR A B
VESRESCERAE AT, 7EBMEIESE 30, 90, 150 d JEHE TRESRPERCRE (CBRRBENLIGE 3 AN ) I
UFIEARIC. A K FIA KA ERZETE 30, 90, 150 d K 4-35Erf PHC /b4, AR EALFRAHTE 30,
90, 150 d MK reEhr.
1.3 PHC RHZEISNIE

+3Erh PHC (3RBCR AR AR HGE ) FREL 2 g TR 40 mL RIURIEE T, s3mA
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IEC R A H BE% 20 mL AIRAEFIIE T A AL 30 min, &5 (5 000 r-min") Z.0 10 min, HidFEE
B3 BB TR LIRSS e A SO ARAGR A Z 1 mL, HF %2 2 ml fREIIH. RAS
AL (GC, Agilent 7890B ) #47T PHC MUMEEINE , FIFHSMRERIGIAI TE &0, A EEHR
74 HP-5MS (30 mx0.25 mmx0.25 pm). MEAME: SEFEFNEEE 300 °C, Ayitse, M 1.0 pL; #F
FERTEAIRIE S 50 °C, 1445 2 min, LA 40 °C-min”' FFZ 230 °C, FLL 20 °C-min”' FFZ 320 °C, {545 20 min;
Sl NEMAAS 1.5 mL'min', & 30 mL-min"', 25 300 mL-min ',

1.4 YRR A

+1 DNA & | MOBIO Power Soil DNA Isolation Kit %77 & H#2 8, 41 5 590 5 RS2 E i
PCR ¥ #4H AR, DL 16S tDNA FE A #IUEE PR 40 b =F BEEA TR . 4B 51400 338F (5'-ACTCCTACGGG
AGGCAGCAG-3") Fil 806R (5-GGACTACHVGGGTWTCTAAT-3"), HEBtR/INHN 420, Fpisfh: 95 C
S 3 min, 95 °C Z8ME 30's, 58 °C B2k 30s, 72 °C ZE{# 1 min, 35 MEFF. 528 FREAERS, BRI
FESIEDSIGE f: PCR A TN, SERTAE R PCR R8N 92.20% .

WERER S5 AT 2 IR FREY 48U 97k, (1 Fastp 00 a6 D05 e 4 34 7 s, SR
Flash #1790 (/NEEKEN 10 bp, EESX RFA R KESBC A 0.2), {#F UPARSE 347
97% BIFHBLE XA T OTU B0, K RDP classifier /335280445 R A B TR 020 R, Xt
Silva 16S rRNA Fa - THIFERE T (U RIE A 80%), StiT4shrah AN mEiEE 4.

2 #ER5HS
2.1 HFRANHIEP AR E NSRS

AN [RIFh 20 o i B B, T2 AR 398 4 81 d=—130d } 90 d
PR B A S ) e ) AR AR B AR A T 1 TR o i
PHC 75 44 J50 4 (YT) F 40 3 55 PR 4 D% 1g ik
6.28 g, £t 30, 90, 150 d BLAERTFRE, XTHE
20 (CK) - 58 40 B8 PR B i 23 34 n 1 0.10.
021, 030 g (&l 1), RUTEAIMARAFZIRI T
BREASESRIEOLT, T R B R S R
[ B, (ERHH S . BRI FR
PR B T2 R BEEF: 150 d 5, T3 f YTulih, CKUMRAHE; LS. MS. HS, LN, MN, HN, HNSJ
b 3 P % B 4L (CK) AR LR T TR, FHL, MAINAIRH T2 R4, 4250500,

~
fgh
de%~
Y hi.

I efg
T fgh

T cde

T ef

T TNVede
MW bed
I
MY

T bed

YT P2 DL g /g
(=)}

0

1 500415 000 mg-kg™; S. NHINSUFRHL T2 RAFIZE o R iR Ek |
0.38~0.70 NECESY, FHBE S FINAR T2 Eﬁ%ﬁgﬁﬁ;ﬁ%i% AR FEARRFR ARG LR B

gt T IR AR R (B 1), B3EFmA
AN T o 2B R R S 0 BB H 32 PR B AR 3R 30,
90, 150d J5, HIEPAEEES 0d (YT) Hitk
I T 0.12~0.39, 0.30~0.49. 0.67~1.00 4
B, RPN T2, b Aupd =F R R SR T A Inimig 4 (p<0.05).

I AR R RN T2 AR E R 150 d 5, BilRihabPEsH LS. MS. HS +H3Erh4apE
FEPR R S IRZE (CK) FHEEIEIN T 038, 0.57. 0.58 MEURS; fHFRERALIHZE LN, MN., HN 3P40
FEPR R SR IRZE (CK) AHHEEISIN T 0.47. 0.57. 0.70 NMEZ%; IREH T-21KZH HNS It st =
XTHEZL (CK) AHEEIEIN T 0.60 DM (K 1), Sk, PHC V55 IR ins 2R AH R, 24006
F=BE I T SZ AR A A S TG I s SN SZ AR ORI, AR R s BHE T RSk b
PREA>TR A ML T2 AR A FRA > R R A At

IR [RIRDSS AN B0 T2 R %) 3 e T 1K BRI S4B AR (b &l 2 R, SR+
(YT) 38 m R 2 0282 B ] (Proteobacteria, 35.59%) . JZKH ] (Actinobacteria, 31.80%) FI/EEE ]
(Firmicutes, 24.69%). [1] PHC 154% -3 rin AR [RIRD RN i 73 800 B 32 (RS AUG 5% 30, 90 d AT 150 d
J&, SRR FRE ] R L (CK) HIErP AR S S5 AH L, 2848 30, 90, 150 d SR4ASEFR IR 32 (R4

E1 AERFZEFEHTORPAEFEENL
Fig. 1 Variation of bacterial abundance in soil under different
electron acceptor conditions
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SR SRR BT TR B TS , = Gommatimonadota. SProteobactara  Caomers
T A= BER AT BRI (150 d 9 HS AbFRLL g P304m0 41500~
BRoh), AT TR R T s, b s A N R E R T R AR
JF 4 (YT) FiZeid 150 d BAHFRAIRLL (CK). i Wl NN B SN
T ARA IR VP AR LS T R bR sy £ e o

M7 (Principal Co-ordinates Analysis, PCoA)(I4] 3). g 20% 1 AT ARATBEN T arA A e
SERFEW], i (YT) SXHZL (CK) . T2kt )

O 2 ) e B LS AT AP AR ol

W25 X IR (CK) A 32 AR Ab#ilZ 2 | 1 0% e nnaz ZZZPLNDDRZ 22T
N ST .. N o3I d ASEZzOAZTOSEZ
SRR A LR AR (151 3). = =

BRE ST PHC M T8 g T2 H ] 2 TR FEAFH T HRNHEESEEDEL (TI7KP)
(Proteobacteria) FI/EBE ] (Firmicutes)!' >, 7« Fig. 2 Changes of bacterial community structure in soil under
WEoe . BeAERE 2 150 dJE R 41 (CK) i different electron acceptor conditions (phylum level)

) (] o A AR E

Proteobacteria F1 Firmicute J&[E#5 DU = 1g (HM 6.42¢", 5565 0 d AHELAIE N T 0.36 MRS, B4
Fig% 150 d JE B R R AL # 4 (LS. MS. HS) FifiHREL AL FEZH (LN, MN. HN) 14t Firmicutes il
Proteobacteria [FEEUE 1gN B IR (CK) 207340 T 0.39, 0.53. 0.58 MECEZLAM 0.47. 0.58. 0.70 M4k
w4 ; HNS 4ZbF 43 Firmicutes il Proteobacteria HY B4 1gN %) FRZH (CK) 437340 T 0.60 N
Ge. GERFN), HHHEPN AR TR AFISHIRN , £ PHC Wb 2 R i 5o
TR AR T2 AR5 B SO, 38 PHC W7 b -F I A B B s . 1RG T
SR BRRE:

1 + YT
4 T
. Mg HNS
0.5 vH
_— ZIN HN H—
, _—— ¢ MN
. ' i - HN MN H
S * HNS
2 0 LN -
o™
o
S/ os HS l‘l]i
&= MS HEH
Ls I
-1
CK — -
Tt -
000505020200 0 M2 o2 0h o5 0k 025 —0.2 —0.15 0.1 —0.05 0 0.05 0.1 0.15
PC1(61.51%) PC1
(a) PCoA A Fl (b) PCoAFH BRI

3 FREFZHFFETHRDMERFELEDM PCoA 24 (IM7KkF)

Fig. 3 PCoA analysis of bacterial community structure in soil under different electron acceptor conditions(phylum level)

2.2 HFRZAITIES TPHC BREMEREIIEN

BEEIEFE 150 d i, KL (MD) R KFLEEE (CK) 4% SPHC Fi1 C1. C2. C3 [ ibinid 4
fim e TEREALFEH, SPHC Al C1, C2. C3 BRI KMIT 8.85%, AW E UL PHC 1Y 2=k
(p<0.05); TMiAKFEALFEH, TPHC Ml C1, C2. C3 /A BRI ZIRER (p<0.05) (& 4), FEfiR5)5E 1
(YT) AMHEHEAN T 11.25%~18.48%, W] PHC 7EBIERETE 150 d RLE T AR, AALTS Yzt +IgErh s
A E TR . AWFFE IR+ (YT) I AE 7 13 (Proteobacteria A1 Firmicute) K5 D14 1g {H-N
6.06 g o BLAl, RSRRELAGTERE: (I VE NS NG e YIREfR r HL T2 (A0 S AT T4 b iR
| BRRRER A TR R 36.60 mg-kg ! A1 133.42 mg-kg ' H T AR VR A T R TR A
BESE 150 d ARTHIRACFRZE Fh & A2 T PHC BREEESE .

WA 4 Fiw, WIS RIFR2EF T 500 F 722 R R i 3% 150 d J5, B3 TPHC A1 C1., C2.
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Fig. 4 Changes in residual rates of ZPHC and C1, C2, C3 in soil under different electron acceptor conditions

C3 HAMIE S CK MM I T 3.91%~21.50% 1 0.76%~29.67% . 4.44%~19.01% . 7.00%~22.14%,
BB AEHE T PHC AYBREREAR (p<0.05). WA 1 F1& 2 FhAf LA il PHC 152 IR I ABRRREL . iR
IRV AASE TR 150 d 5, RIET IR ERE AR R S 1gN 5 CK AN T 0.39~0.58 ., 0.47~0.70 45
9%, fedk T LR E R E YRR, T PHC YRR R B F 2 MR AG  A as nyg . ik —
ARG 3R PHC R SHUEIZ RINER, &P ZPHC F1 C1, C2. C3 44rmkmRI b+ 40
FEEFITETE PHC AR - EESE I N, PHC BEAfR S T h 4 G 42/ HE PHC BRI F AR IE ARG
KEF (18 5).

AW, BRERFE 150 d JEMARERALFRZ] (LS. MS., HS) FIAEERERALFRZ] (LN, MN, HN) f-3Erp
YPHC A Rfie CK /T 3.91% ., 7.61% . 13.89% F1 7.13% . 11.28% . 21.50%, f# C1-C3 414y
W fi R B CK 43 9 88 i T 0.76%~7.00% (LS). 6.27%~c13.46% (MS). 11.59%~19.53% (HS) Fi
4.56%~7.41% (LN). 13.68%~13.92% (MN). 19.01%~29.67% (LN)(I&l 4); HNS &b3 4-33th SPHC #1 C1.
C2. C3 HAMRIFEHARE CK AN T 11.59% F121.69% . 14.19%. 20.55% (1€ 4). IWAEHEE, w6
[FIFPE A L T2 AR T 3 SPHC F C1. C2. C3 dAMRBE IR, PR T 2 R
OGN A BRI R R T2 R 118 SPHC #1 C1. C2. C3 A/ MkEfiR i =2k
STRAREIRES . IRA 2. fiiRE:.

BRSPS AT 50 B 32 R B A2 T PHC MR (11 4), {HETA4bEEH SPHC Fil C1
C2. C3 HAME 30 d INHSHFEAR; THREEIRIHERS (535 90 d J5), &AbFR4E T PHC BYMAREERER I B,
Bl (& 5). AN LIRS T — MK RIS R, AL, g,
e A | W oy e I 7 LU /)| £ 3 A 41 £ 7 B A . 7)1 B N =0 -4 3 & N S At
FIH, MELIIE—25BR ) HIL, FeXsseaiiia g YR R PHC nIREE 2 Wi bk, SR FRm)
JEIBTBE (AnR5EFE 90 d JF)PHC FlIFE AR 41 I (o ot sl 22 1 -
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40%
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SPHCRE A%
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CIEH SRR
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40%
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C2HH S

15%
10%
5%

30d, y=—348.17932+56.07547x, 1*=0.95936
90d, y=—345.41566+55.02109x, 17=0.96423
- 150d,” y=—202.37986+32.43584x, r*=0.72463

\ 5
;{:.

OCdP>DOoO4A PO
25

LA T
- H - -904d
~ 1504

\
w
(=}
[=N

63 64 65 6.6 6.7 68 69 7.0 7.1 7.2 7.3 74
(a) VEFTEPHCHE i T ZE R 5 D B g i/ g

~30d, y=—640.29214+101.77408x, r*=0.96989
90d, y=—481.82754+75.33879x, r*=0.86625
r 150d,” y=—328.88061+49.29861x, °=0.47208

g

odpo«drom
st
Z

6.3 6.4 6.5 6.6 6.7 68 69 707172737475

(c) VEAEPHCIA A B 56 B 5 D Bg (/g

- 30d, y=-250.97511+40.95621x, r*=0.94186
90 d, y=-293.28426+47.26432x, r*=0.96374
150d,” y=—167.25165+27.6158x, *=0.77577

Ty

%%

odpPo«POm
)
z

L ---150d

6.3 6.4 6.5 6.6 6.7 6.8 69 7.07.172737475

45%
40%
35%
30%
25%
20%

C3ZH SRR

15%
10%
5%

(e) MAHEIEFE T g /g

y=—348.75148+56.24051x, 1>=0.90038
y=-340.88103+54.25505x , 1>=0.96986

30d,
90d,
150d,” y=—229.03248+36.25617x, 1°=0.88587

63 64 6.5 6.6 6.7 68 69 707.17273747.

(2) ANATEEIR TS DL RgfE/g

SPHCA AR

CILH YRR

—10%
6

C2LA S A

C34 /R

50%

45%

40%
35%
30%
25%
20%
15%
10%

5%

55%
50%
45%
40%
35%
30%
25%
20%
15%
10%

5%

0%
—5%

45%
40%
35%
30%
25%
20%
15%
10%

5%

45%
40%
35%
30%
25%
20%
15%
10%

5%

30d, y=—315.82122+53.37502x, 7=0.95288
90d, y=—318.95728+52.27424x, ”=0.95143
150d,” y=—194.36783+31.97544x, r*=0.70117

----150d

6.2 6.3 6.4 6.5 6.6 6.7 6.8 69 7.07.1727.

(b) Y EPHCIE SR R [ 75 U B g /g !
30d, y=—544.01887+89.22647x, r>=0.95755
90d, y=-428.12222+68.91716x, °=0.82554
150 d,” y=-313.15307+48.07733x, °=0.44668

,_%_1

Odpo4Penm
)
Z

R —30d

6.2 6.3 6.4 6.5 6.6 6.7 6.8 69 7.0 7.1 7.2 7.3
(d) W AEPHCRFF T 3 48 DU gff /g

30d, y=—230.8162+38.79332x, °=0.94656
90d, y=-273.96004+45.42009x, 7=0.96148
150d,” y=—160.78676+27.27266x, *=0.75335

- -90d
_--; 150d

6.2 63 6.4 6.5 6.6 6.7 68 69 7.0 7.1 7.2 7.3
(f) W FEPHCREfife A 3 R 45 DL ¥ g /g

30d, y=—323.67379+53.67633x, °=0.91149
90d, y=-310.63946+50.93615x, ”=0.96215
150d,” y=—223.88125+36.30015x, r*=0.87261

a%%

SdD>DOoO4P>onm
-
z

6.1 62 63 64 65 6.6 6768 69 70717273

(h) VTR PHCIRE Ak T 2 D95 DL K fE g

5 FTREREFEFFGTTRDME. BE PHC EFEFES TPHC. C1. C2 1 C3 HNMMERXAR
Fig. 5 Relationship between abundance of bacteria and potential PHC-degrading bacteria in soil under different electron
acceptor conditions and biodegradation rates of ZPHC, C1, C2 and C3 components
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mE 4y~ 4(d) Urs, TN [FEFPRT B B0 L T2 (R B 37 150 d J5, H3Eh C1LFn 2,
C3 A/ BRI e HN A PR e (PR 40.92% 1 37.48% . 34.87%), HS AbBRZARAR (iR
h130.78% £ 30.07% . 31.70%), HNS AbERLAT 8 2 00] (FHF R 32.94% 1 32.67% ., 33.28%). HilL
AFDLIEL B ZERT A 5 000 mg-kg ™' AbFErp, BEEGRECAHMN, PHC ZBRFRMAL, 41455 PHC REffHE N
C1>C2>C3, XRYI UL/ PHC WS REIRSCR 5 AR B L. C1 5 BAT itk
AR T, HeokMss . Z8EmAR, R 255 30.78%~40.92% (& 4). Bi#E C2.
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Effect of electron acceptor on anoxic biodegradation of petroleum
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Abstract Anoxic biodegradation is an attractive approach to the removal of petroleum hydrocarbons (PHC)in
soil. At present, the biodegradation of PHC is mostly focused on aerobic conditions. There are fewer studies on
anoxic biodegradation of PHC, and the law of anoxic biodegradation of PHC is still unclear. In this study, the
effect of electron acceptor (nitrate, sulfate and mixed electron acceptor)at different mass fraction (500, 1 500, 5
000 mg-kg ")on anoxic biodegradation of PHC in subsurface soil were investigated. Dynamic changes in the soil
bacterial abundance and community composition were also examined. The results showed that after 150 d of
anoxic incubation, the abundance of bacteria and potential PHC-degrading bacteria (Firmicutes and
Proteobacteria)in the soil treated with the same types of electron acceptors increased with the increase of
electron acceptor concentration; the abundance of bacteria and potential PHC-degrading bacteria in the soil
treated with the same concentration of different types of electron acceptors, in descending order, were nitrate,
mixed electron acceptor, and sulfate, respectively. The biodegradation rates of XPHC (C,,~C;,)and C1 (C,,~C,(),
C2 (C,4~C,;), and C3 (C,,~C, )fractions in soil treated with the same types of electron acceptor added increased
with the increase in the concentration of electron acceptor added; the biodegradation rates of PHC and C1, C2,
and C3 fractions in soil treated with the different types of electron acceptor added at the same mass fraction, in
descending order, were nitrate, mixed electron acceptors, and sulfate, respectively. There was a positive
correlation between the anoxic biodegradation rate of PHC in soil and the abundance of bacteria and potential
PHC-degrading bacteria. The results can provide technical support for the development of remediation
technologies for petroleum hydrocarbon contaminated soils.

Keywords electron acceptor; petroleum hydrocarbon; anoxic biodegradation; microorganism
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