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Abstract:

vegetable roots and accumulated in edible parts, thus threatening human health through the food chain.

[Objective] Polycyclic aromatic hydrocarbons (PAHs) in soil can be absorbed by

Inoculation of endophytic bacteria can reduce the accumulation of PAHs in vegetables, but their effects
on the accumulation of PAHs in subcellular components of vegetables are rarely reported. [Methods] In
vitro experiment was carried out to study the effects of Diaphorobacter sp. Phel5 inoculation on
phenanthrene accumulation in the subcellular components of water spinach as well the response of
activities of enzymes related to PAHs metabolism. [Results] Diaphorobacter sp. Phel5 inoculation
accelerated the degradation of phenanthrene in subcellular components of water spinach stems and
leaves, and the content of phenanthrene in water spinach was significantly reduced, with the
degradation rate in subcellular components reaching more than 90%. In addition, Diaphorobacter sp.
Phel5 inoculation affected the activities of the enzymes related to PAHs metabolism in subcellular
components of water spinach. The activities of peroxidase (POD), polyphenol oxidase (PPO) and
catechol 2,3-dioxygenase (C230) were increased overall at subcellular level, and there was a negative
correlation between enzyme activities and phenanthrene accumulation in water spinach. [Conclusion]
Diaphorobacter sp. Phel5 inoculation improved activities of enzymes related to PAHs metabolism, and
lowered the accumulation of phenanthrene in water spinach. The results provided a certain reference
and theoretical basis for the use of functional endophytic bacteria to reduce PAHs pollution in

vegetables.

Keywords: endophytic bacteria; polycyclic aromatic hydrocarbons (PAHs); water spinach; subcells;
enzymes

Z 5542 (polycyclic aromatic hydrocarbons,
PAHSs) & — 2K Z 73 Aii HAG EAFAE T H AR5
R AR AN Y, E D 2 A S
8 6 AN EUR 5 LB 0T A IR A .
2014 4F (A 05 YeRBLIA A 2R ) PRIR,
A HEREDR DL B AR, B0 X 1
Byl , A AR ERR N 16.1%,
Z IR RALEBR R 1.4%, B Hb 1 BEPR I BT
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WL, SO 19.4%, HPRR. &
FE o RN BTG G s AL HL ] o R 13.7%
2.8%. 1.8%F1 1.1%, ZHHREFENAHIG
Pz —., HALER, ZHFREATE L IE-E
MRS TR, @ EWEEIE AN, P
&R AR T i 4 S N RR o Tao ZEPIEF Xt
b XA SRR, YAl S =
L ESARE 2.6 £, @ik 13.2 pg/kg. e
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AR, FREFRZE L PAHs & EEHE KAk
FasETE 313.10-1 070.45 pg/kg MBS YL K-
JLFI PN . Wang 2P = A ML PAHS 75 44X
PR SRR, X L IEME I —E
FEEE Y PAHs 754%, H PAHs 75 Yt 3 F0/E 4}
M JE RAFTEE R B A . Bk, 3
PAHs 75 Y [n] 1 £ ™ 55 52 Wi % 7= i 2 4 e N T
fl e, el AOHSAE Y T PAHs BB L (R
A7 b WL A UL NBREERE , 0 [ N AR 3R
B ST R 2 — ¢

4 P9 25 20 BT S 8 AR 0 R P 43 5 R 1Y
FEAS RS 490 ) B8 RN AR AIE 11 () BT A8 6% 7 i 5 A
IR N AT e T — 2R, A&t rE &
HEY v AT AT IS, 95 27 A Z A A7
FERAIERR, 5N E N DRe Nk
Y BEAH EL, R P A 2 B R SR A R AR A A A
PERES AR PR, R
PAHs [ fig 2 BE 19 P9 A 41 5 o] DA s fi A 40
PAHs B & RGPS R Serratia sp.
PW7 2 58 5| B 22 Rivp | 78 SR B B 15 YK R
A B A TR R A, I AR P (A R AR H A ZE it
HHEE R E 3 0] BB R T 44.2%F01 42.3%, Yang
2000 Mycolicibacterium sp. Pyr9 E5H#| =
H-EEef, S5IRE B Pyr9 BOALFRAH HL, BERP Rk
Pyr9 [ (4 = I FEHRRIZENT Hh g & A HI AR T
25%-30%F1 33%-42%, Zhang 2 HA £
I IEREfRRE I N AR TR, e R,
¥ KA/ SRR ZE AR 22 FE IR B
FE11%) 16 Fl' PAHs & fit 73 BIBEAR T 46%F1 51%LA
Fo AR, EFHIIEE N A AN TR T A SORAED)
KM PAHs [FLE

Xt HLTS Y ) 55 15 Y W TEAE ) A DY 19 1 40
43 e DR A T4 BT AR 5 S 4y LY, il
1 X 35K 6 ¥ YL W 7 NIV A IS TR A 4 T 0 B A
G, A7 B Tk S Y5 e Wy 1 42 AL

IR DA B BRAF ) (A BTG Y SR PRt — 2 1Y
PRSP

SR, 2 ) B8 B 0 F 5% 5% 40 i K OF 1
PAHs fCIf . il 2 35 Pk e g DA K — 38 22 ] DG & 1Y
SUMAA ARG, LIRS T, 2R
g g ry gy Nk T, HRESHFRET, M
YIRS AN W M R SO SR o, AT AR AR
RB—NERNNELRE, BHEELLZ, A
T WA A L BE ARk A9 8 X TR 4 I 40 i K-
PAHSs {5 WGk B2 . 6T, AR AT
FH—RA S 06 = [T 43 B 0 8 1 A . A R AT
JERF S5 1 1 P BE N AE T Bk Diaphorobacter sp.
Phel5, i (MBI 57 HX 25 0 S5 0 40 i 21
SRR I PAHs FRIAH GRS P (1) 5% i
RFY PAHSs 1] REAC AL LA K A o il 1) 1 FH o

1 #H57%

1.1 i 5

il . JEWg B Aldrich 2 #], 4 KT
ET 98%. WML LERI(PVP) . <F7K
WAIAE . AR BEERER S v (PBS ZE i
W), BERRZE R . AR BOR . A 2LE
W(HNS), LB 133 FICHLER 1 52 3L (MSM) |
AN HFHZE(Amp), AFHHE(Cm), AW,
SIBTERIECbE, il H
1.2 HiXERSEE K

P ER S8 . %5038 (water spinach).

HEIRTR AR A TR R S AR 5256 % I 40 B
ik i — MR HAT JERRBE 71 B4R Diaphorobacter
sp. Phel5, BARMI AR B2 H 0 £ R,
1.3 {RIMKIE

WM FAMERE )G, A TS %
SMNEBRFFETER 14 d, @fok. \B=
B S L BRI, B
TR BE % BN 25, 20 °C, %% 12 h fEFRE;
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It o TR I b B il £ PR AT LB KR 5L ([
1) Je & JER TCHLER BE TR BEXT Phel 5 4716 1L,
Phels MR &S BEARTH", RELKH
—HN O3, KO SEZEM BT RN — 2
N, FREX200 mg MR E T 20 mL JEHREN
2 mg/L PBS "', 24t 48 h, JLHI/K AT
P, BT IJCIER) PBS H, #:F 5% (V/V)IY Phels
MBI (CPR), LAAERAE 25 X IE(CP),
SRIGE THEIRH 25 °C, 150 t/min ¥53%, 2000 F
FFRIEIE5 0. 6. 12, 24, 36, 48, 72 h 5EHIEL
B, MR SR A BRI E 3 A
1.4 HREITHAEE DR

250 S A ML 2 A9 1) 43 8 U7 12 IR Kang
A3 AT S, B 0.5 g BB AS O SERE S B T
fFER T, A S mL AN ERBUR T, FEAHRA
JE RS , BB W 100 pm J2 e 40 5 LA 25 B
A4r, KHIEWE T E.0E T, AR 5
BT (1) dAIREZ 73 (cell wall, CW):
TEM 2 500xg B0 5 min, YUTET S B4 o B 2
s (2) dHARZL 43 (cell organelle, CO): H4
B FERE R E.OE ST, 10 000xg 2
> 30 min, PLHEFAFENANEAILALSY; (3) M
J52H 43 (cell membrane, CM): K(2)A )5 I
THIRCE T = B OHLF 10 000xg 5.0 30 min,
DUUVE TR 3 BV A B ZH 435 (4) 20 ML 2H 45 (cell
soluble, CS): (3)HE§ Lo J5 1 L35 BP 4y 20 Jf v
2H 43 (cell soluble, CS).
1.5 MERIEZENE. BXPHARHENE

2502 ZE M N S R TR AR B I A < (1) T
KIS VRAE R, FJE 75%C BRI TR VE
5 min, FHICHEKMHUE 2 G (2) HabF s
PRI, A K R ek, A 10 mL
THEATFOEE S5 (3) MRBARIIR 1 mL (2)
AT A, FREIR AT T A i A R py [ A
LB Hi Tl -
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WAL R 22 v (PBS) Hh T R T 50 i DU 7
HEEWE PBS, MR A

Fr BT AE R B4R LB, %A 100 mg/L
AN HEHR(Amp)Y 10 mg/L S E HR (Cm),
1.6 IREITHAMAEASF PAHs SED

WAL 5 PAHs $2HC. FREGA kT 1
J& 2853 B AT B 0 A0 M 41 43 St . A 5 mL
AR BERNIE QBRI (VIV, 50/50), #REAHL
30 min, HX 3K, HSEHEYFEERA/EXT PAHs
PEAFIREY . HPLC 1 45 1F Bk 2% Chen
%[15]O
1.7 IRIEEMIE A AELE 5 P ERIE N E

eI N O A B R R N A W
(polyphenol oxidase, PPO) Fl i & 1k ¥ 1§
(peroxidase, POD)J 14l iE 2% Shah 1'%, m%
At . FRE0.1 g FEPIFESL, A 0.05 g RO
WIS BEER (PVP)AT 3 mL pH {4 7.8 AYBERR
G (PBS), T KB A S, WS T
10 000 r/min 250> 10 min, 75 & RIAR 4 4K il
W 2%MREN, B AN gL 5y i 1 F
H, BAYZREOR B TTEMA 3 mL PBS,
F 10 000 r/min 55FF &0 15 min, IR ED
R 2 BELRE | A g A A LR R BB, A
R ] B30 52 W . POD I PPO i 14 72 43 5]
S A SR 75 v S O

ARR T 2,3-BUMAABE(C230) & :
BWAETINA 4.9 mL FEHH . 0.1 mL ) 10 mmol/L
ARIK iy, BARFA S mL, FEIRMEE Y 1 h,
SRJE PSS R BT HIN E HAE 375 nm AbfY
OD ffi. W& /1 (U/g-min) i & X k45434
FEE (D E)HE M 0.01(AK 1),

T E=ADXA/(0.01Wxt) A3 (1)

K, AD: RNEFEIN D ER AR, A:
WA AL, W: FESLEETEL(g), t: RNIETE]L,

it A Ak ) 57 Ak i (superoxide dismutase,
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SOD) R AE « >R FH v WG4 ST 1 0 TS 7
6 FH R T A 1 1Y) B AR A ) B AL T (T-SOD) il
WA (A001-1), 1 A b =l (catalase, CAT)AYI
SR ATRT DG, 3 T et i) it A
b S B (CAT)MA £ (A007-1-1).

2 X504

2.1 ERZE{KA Phels =T

&SR EE T, PBS HAYINALIRERE Phels
AT AREIRIN . Qi 1 o, 7E 96 h
MIEEFRIIN , 250 R A NI REDS Phels
B 50 S B SR N BRI A R B, B TESR
72 h ik RMH, 539028 7.72 log CFU/g (LAfif
HiT)F1 8.07 log CFU/g, %50 3ZEM-ERIIREH
Phel5 &L M N> . PBS H I 41 T4 45
o 2 B SR G BRI g, Sasi ezt
ORI, 7E4 12 h i85 KAE, M 6.58 log
CFU/g. VI 255K, DIRBIN A4 Phels
A DU R0 FEAE 25 0 ST R A N
2.2 $EH Phel5 X iR ZE M4 A 5
ERENEN

WiE 1 R, R Phels wl A SUBAKES O
AN RS AN AL A R AR R, A0k
I 45 STV 40 A 243w T 1 5 i o Ach B8R (1] £ 428 <

F1 BHRBERTOLRZEMN Phel5s AEHEL L

M R o $EF PhelS X/ [] S0 401 ffd 26 43 JE Y
TR e I figt 52 W) AN (], AS [R) I 200 it 20 43w R 1
TREE M > B > 40 RE > 20 i -
TEAH [F) 35 TR sF (B P, 4 T 2 JE R B e i A
TXTRRZE, 25 96 h B 25 .0 3 25 i 4 I 24 i 241
Gy AERE R R IITE 90% A 47 . A RE T, FE R4
FUNT REZH X ) B i e AR BOM ], 1938 20 3
L, AERIRI IR R R R 2 R, BT S R
PR, MR R, 55 48 h ZAT, 4L
MR HE R AR R A 22K, 565 24 h AR 2 3
H92.06%F1 42.37%, 55 48 h o 2 J5 2 1R 4 AN
Xof HEZH JE R fff SR AR T, YRR R KT 4
FORSE e, 2 B 2H 0 R A R L R 2 TR R
%5 48 h B, XA REMRARR R WA,
g TT.21%F1 78.52%, 5 96 h N, XFRELH
TR ZH XoF FE 19 [ A 232 08 B o KABIYAE 85%LA |5
MR T, 422 TR 4 AR S 3 ) S T FE A A e B
fife 3, WA TSI I I3 0, B et R
B, X IR AER AT SE R BE R AR, 55 72 h
SRR AT, LA EgE R R, A TR
HE, D D BE N A= 40 TR PhelS AT 25 .00 3%
2RI 40 B P AR R AR, DR R AE 25 0 S 2R
MR

Table 1 The cell counts of strain Phel5 in PBS and water spinach

Counts of Phel5 in water spinach/(log CFU/g f.w)

t/h Counts of Phel5 in PBS/(log CFU/mL f.w)
The surface of the leaf The interior of the leaf

6 5.53%+0.16 6.69°£0.05 6.23%£0.11
12 6.58°+0.01 6.7040.16 6.2140.03
24 6.08°+0.07 6.96°£0.02 6.94°+0.07
48 5.49%£0.11 7.57°£0.04 7.42°+0.04
72 5.80°+0.25 7.72°+0.10 8.07°+0.25
96 5.35%+0.14 6.73%£0.06 6.64°+0.21

Different letters in the same column indicate significant differences (P<0.05).

http://journals.im.ac.cn/actamicrocn
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Concentrations of phenanthrene in subcellular components of shoots of water spinach degradation

rate. CW: cell wall; CO: cell organelle; CM: cell membrane; CS: cell soluble. ** and * represent significant
differences (P<0.01 or P<0.05). CP and CPR represent no inoculation and inoculation treatment, respectively.

2.3 IEME K Phels WIRSEI 4 R0E 5 &
filg 2 75 1% B 82 M

e 2 B, 7EWANHE/KF-, PAHs i
FH G 2R I MEXT DI RE 9 A 40 B4 PhelS Wi i A
Mo H0 6 h 5, 250345 WA fiZH 73+ POD
WPEXIMRT X R, 6 h 5 BRANIE AL 40, Higy
3 AN AR A4 POD TG PHEX i T X HR 4 . B
R R E K 4 4 2 4 b POD i 1
BRI m R R s, I HAEAL RS
B, 2 TR AR R HE A G 24 Ak F IR -
PR AL RS AS 24 h, 41 EE A0 L5 H POD i
P e, T 4 A SR 28 BV POD & MEAE B 1A
JE5 48 h ikd i i, DL RgS SRR, Mg
N A= 41 18 Phel5 AT AT R S48 P14 N POD i R
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T

% Bl 2y 8 P9 A 40 B 6 R [R) S 40 B A 4y
PPO G PERZ I NI, 42 PPO TG PE % i o
G, AR 240 iR PPO 36 PEZEREA Ak
IR 2 ESE ETHE R R, M
TXTHRZH 20 AR 20 L T PPO TG PETE 4R T
SEFRFS S 12 h IR B AR . I 5 48 h (i
FH R (P<0.05), 4/ T 124.12%, A0MIH P
PPO I PEA3R S 7E 55 72 h FIES 96 h ik ) @ 3K
F-(P<0.05 8 P<0.01), Z3ilfdm I 43.58%7F
17.62%. T 20 i B F0 41 At #5 H PPO T P22k e
A 2%, A EE PPO IS PEZEALFR)S 24 h i fx
LA 72 h BB E(P<0.01), 25 T 187.42%,
T2 M FP AL B 24 h Bf o, $20 T 50.41%.
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Figure 2 Activity of POD, PPO, C230, SOD, CAT in the subcellular components of shoots of water spinach.
The control was non inoculated strain and the inoculated strain is Phel5. CP and CPR represent no
inoculation and inoculation treatment, respectively. CW, CO, CM and CS represent cell wall, cell organelle,
cell membrane and cell soluble, respectively. **: P<0.01; *: P<0.05.

BTN & WA 4] 4y C230 JEMEMIE  C230 MiE M Ab TR . dniiE g, BRAs
W55, SHAM AR AR L, g EE R 12 h Ab, RETE RS Y T IR, Hop A 48,
EWEE. SOMYEML, FESE 72 h 9% h 72, 96 h fFEERZEES, 8IEH 150.47%.
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34.31%. 51.21%; ZHffies, AbHEH 6. 12,
24 h FE R LB IE AT X BAL, 25 48 h A,
PR ARG = T RE AL, H A 96 h A AE B
HEF, FH 80.67%; AT, % 6 h, Xt
HEZH TG S0 = T AL, BRES 6 h Ah, #EE
B TE m TXTIRAL, Forh, 58 48 h AFTEAR B
FES, EHAIEZE 303.89%; AW, 6.
24, 96 h FE TR A FHG & T ATIRZE, Hidr, 55 24 h
W TR, w5 24.23%, HACRAERE],
22 TR 2H S P T 0 B
FERDIHBEN A= 41T Phels X A [H) 37 41 it 40
53 SOD TEEsZ AR . A fuREH, A S
X HEZHAH L, 20 M BE rh R 5 96 h SOD i 1
i, 5512, 24, 48 h BHEMECT X IR, 26
12 h fEAE B 25 22 5, HOX) BRZHAIR 30.87%; 4
Magsr, 55 12 h B, 2 D 24 B S 2 v T X R
A, mH102.37%, PIEEEFESS 24, 72 h M
VT, PETHABHETESS 6. 48, 96 h IR TXF B4,
HLrfef 96 h AFTEM B 2 22 5, B TR AL I EL X
REZAAIR T 28.43%; AL, 55 72 h 341
Xof REZH BTG PR AT, 25 6. 24, 96 h, XTHR
WG = THE A, HrP2s 6 h BHE7Em i 2%
25, wiih 40.82%, 5% 12, 48 h B, BRI 41
G TXT R, 45 48 h fAEREER, &l
47.45%; NI, TE RS SRAT B IR) 22 TR 4L R
M4l Z [0] SOD IG M AR, TR EZER.
B ZH 43 v CAT TG PE ST e % .
FEAN I RE T R TA AL BRA CAT 3 M T X A 4,
9506 h AEEN I 2 5, HE DA LR TS = X R
4H 132.00%, 45 72. 96 hfFAfE R EXLER, #HE
ZH TG 0 ) X IR 2 32.13% . 26.64%; FE TR
AbEE 24 h N, AR R CAT 36 M Hos 5
REZH, 25 48, 72 h AR T XA, 565 48 h
MR E2ZS, X IRAMK 30.62%, % 96 h
TEAEN B 225, X IR 56.97%. TE41E
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fErb, BETR AL BRES 12 h A1 72 h S M T AR
H, FEWRBEEZS, 2ulmth 53.38%7F
54.38%; FEAMMEWE Y, 5% 6 h B, FEER DR
Z 5, Ab PR BEG H T PR 2 TR A 41.10%, S5
SLIE 7 0] N £5 SR A I ) 35 TG 5 25 R Ak

R T PP ARS 2S 0 SEZE A L 2
Jy¥¥ POD., PPO. C230., SOD. CAT EtEY
PAHs 5% B fr i Z (B O R, X5 64T T AH G
PEobT, SRR 2 Pin. BECKRE, 0%
LM% V40 fiZH 4> POD. PPO. C230 kY
PAHs & it Z [A S 30 A DGR . o, 7E38%
Fu, LHES 6 hif, KRGS PAHs
5% BA T i Z M AR DG G R AN, 6 20 B s
POD it PAHs AR 8 & & 5 B # IE /¢
(P<0.01), ZHffazst PPO &5 PAHs 5% &
5 F IE AL (P<0.05), ZRfBEH CAT J5 1
5 PAHs 5k B & 2 2 B F A (P<0.01), 15
HER AT A DG A A R . AESE R
BIZS 24 h A1 48 h BF, V40 it 2H 43 v 45 i 2 006
5 PAHs 5% & it 22 1] (8 RH S 1 AL A A P
Hasezanth—5,
3 9tk

PRSI BE AT LS AR e A B, o]
DL AR IR IR SR HE ST T I A B0l 4 . AR
RSN, RS TR IIREN gl
TERTTE EAEYIR N B FEALRE . XA YR N FE
P14 oG AR A8 RE L XA P A DAY 4 A S e i A DG il 3R
TEHER 2 A N2 o ARIFGE LAZS 038 0 B An s
3%, VA Diaphorobacter sp. Phel5 1A H br i# #k
SR UR RPN A S N Sl bR A O RN

, SR AR Y a0 3R, AT A ) AE 3
R ARN o KRR YL OB RN H UL
BT, VRS 1R kP R e R T
TPy, IRBEE R B 1. A 55D



Mg | MAEWEN, 2022, 62(9)

3445

=2

TOREMHETMAMLE S PAHs 22 585F HHEX M

Table 2 Pearson’s correlation analysis between enzyme activity and concentrations of phenanthrene in the
subcellular components of shoots of water spinach

th Subcellular Enzymes
components POD PPO C230 SOD CAT
6 CW 0.976%** 0.329 -0.325 —0.128 —0.920%*
CcO 0.636 0.881%* 0.802 0.766 —0.441
CM 0.958%* -0.129 0.802 0.876* 0.943%%*
CS 0.573 -0.565 -0.372 -0.462 0.811
12 CW ~0.833* 0.414 —0.847* 0.876* -0.654
Cco 0.270 0.194 0.337 -0.716 —0.654
CM 0.771 —0.930%* —0.458 -0.729 0.950%*
CS -0.084 -0.747 0.166 -0.072 -0.262
24 CW 0.066 -0.246 -0.590 0.570 0.792
Cco —0.988** —0.921%* 0.481 -0.113 -0.403
CM -0.758 ~0.583 ~0.462 0.400 0.011
CS —0.892% —0.742 —0.854* 0.094 0.279
48 CW —0.688 -0.502 —0.745 0.164 -0.702
Cco -0.530 -0.613 —0.403 0.452 0.875*
CM -0.215 -0.016 -0.191 —0.489 0.047
CS —0.784 —0.758 0.669 0.671 0.022
72 CW —0.832% —0.973%* —0.856* —0.606 -0.717
Cco -0.325 0.337 -0.361 0.060 0.449
CM 0.455 -0.276 -0.514 0.071 -0.753
CS -0.777 —0.941%* 0.795 -0.534 0.829%
96 CW —0.546 —0.907* -0.729 -0.529 —0.911%*
Cco -0.451 0.492 —0.744 0.459 -0.785
CM 0.436 0.724 0.267 0.746 0.500
CS 0.185 —0.749 -0.795 -0.084 0.870*

*: P<0.05; **: P<0.01.
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