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FEPERRE Pseudomonas sp. JM2-gfp 20 R4S 14 X4 4 #) P& 2 B
BE NEV S o Kk HEEMRFZAEE

BRE AWE FEE
KR T R TRE2ERE L7 Ki%E 116024

i E:A(FTI 20 FRARETLEF O T EAIT LY, TEIEDIRZ IR WEEBRHA LA
. KA & &R R EALMARTTY R AW IR R —F R TATe9 £ ST R, MM R @0t 2 %
o) Fo R RS I AT s IR 6 X . (B 69 ] SRR IE S AEMEH Pseudomonas sp. IM2-gfp 4 20l
wra A RERIBIR G A, WRLADZRECTARBEEIL, AHEIEAART RS E MG
R LIRE. [FE] RARAmMEZIR, &% % &, 4% A N F(Contact Angle Measurement,
CAM)AE &7 M IM2-gfp Bk@miessis, RAMMBRARIZIRETN REDIE, RAPLERE
R %% (Confocal Laser Scanning Microscope, CLSM). 4244 ¥, F £ {4 %%(Scanning Electron Microscope,
SEM)WLIR Fa o4 £ M IE 69 5 M 4F4E, (45 R ] Bk Pseudomonas sp. IM2-gfp A # .45 M) B B K b 4m
fe B, FFREERIESNGL S . IS B G IR ). IM2-gfp BARELA RAT 69 mRIE A AR AL 7,
48 h FEMEMBAE R FHARAME 2515, RIZTARZINA DB IH T, 2d A ME AR KA.
2d NAMEZE LA 32.8 um, £ WL L4k % #F st 2R 4 Fi (Extracellular Polymeric Substances,
EPS), H ¥ BmAKNMEMAE G RASENFH 7468 ug/mL F2 211.9 pg/mL. N EHREZE5HRLZR 4d
&, IM2-gfp BARTT EARRT MASE 6 £ R, Jrit—F RABIRAE . vHAR A, (48] Fb
i8F, Pseudomonas sp. IM2-gfp /&8 & T ABAKRK B M AR EH R AEMIE, MG H LY
%, HAEHAAREE I RIE 69 45 R A FLAE L3R A AT BN AR A RAE T — AP 37 69 AR R %,
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formation of degrading bacteria on the root surface is economically feasible. Bacteria cell properties are
the key factors determining its adhesion and initial formation of the biofilm. [Objective] Our study aims to
investigate the biofilm formation process and identify the features of a phenanthrene degrading bacterium
Pseudomonas sp. JM2-gfp influencing on the cell adhesion and the biofilm formation, to observe its
colonization on the wheat root surface, and finally to provide references for building a control barrier in
the soil-rhizosphere system. [Methods] Methods of petri dish culture observation, crystal violet stain, and
contact angle assay were used to determine the cell characteristics of JM2-gfp. Hydroponic culture of plant
was used to generate the biofilm formation. The structural features of the biofilm were observed and
analyzed by a confocal laser scanning microscope (CLSM) and scanning electron microscope (SEM).
[Results] The strain Pseudomonas sp. IM2-gfp has a flagella structure and hydrophobic cell wall, as well
as strong motility, initial adhesion, self-aggregation ability. It showed good biofilm-forming abilities and
phenanthrene-degrading performance. Compared with planktonic bacteria, our biofilms can degrade
phenanthrene within 48 hours by 2.5 times. The film formation process presented obvious periodic
changes, and the amount of the biofilm reached the maximum at the second day. The thickness of the biofilm
within 2 days was about 32.8 um, and a variety of extracellular polymeric substances (EPS) were secreted on
the biofilm, containing carbohydrate at the concentration of 74.68 pg/mL and protein 211.9 pg/mL,
respectively. After 4 days of co-cultivation of wheat roots and JIM2-gfp, a stable biofilm was formed by
IM2-gfp on the root surface, and further colonized the roots, stems and leaf tissues. [Conclusion] The
phenanthrene degrading bacterium Pseudomonas sp. JIM2-gfp can form stable biofilms and enhance its
degradation abilities. The formation of biofilm on the root surface provides an alternative approach in
future applications to prevent organic pollutants entering into the crops.
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Z 55 # (Polycyclic Aromatic Hydrocarbons,
PAHSs) /& — 28 PR 45 v 53 A7 78 1Y 35 A VA LTS G
Y, HASUE. 3. AR ReE, IEAkE kR
A e [ AR 3 E s HLTE et i 2 e
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[, AIRAS | IR AT BRI M U E e 2
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FAUOL, SR, PAHS BT B 2EVE DM B i B RS A
IR A BE e 1 v AN B A, X HL S AL A TR A
R A AR HEA R L,
HEPIEI R B R — A ES RS, Y B
FEPE L PR TR B IR A 2 A IR A e
SERZEM A YIETE I A A A M A
TR RGBT, T AR B R s K LA SR . &F
TR SR S e R T 5 He
i1, M RS A s s TAY IR F
F25 B BEER SR AT DB, ANkt | B BV
A4 U3 i 0 6 2 1T K B A T
X YIARR TR . AR R, R
F 6 K B 48 A4k (Ultraviolet C, UVC)MEEAE 5]
w N, Hl SR (Pseudomonas aeruginosa)ys
TN T AR K Bt MO e T e sk
W (Candida albicans)IE iAWy IEA ], 40 042 1 57
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DL AN (pH L TREE . ARET Y1) 2s
S0 20 M PO R 2 R A o T

H AT XT T A 100 5 T ) B oY AR v
TENMRAS B R (A5 2 14), (X AR e 10
AR TR0 AT S L SR 28 3 M 0 1) e AT R
f#TH Pseudomonas sp. IM2-gfp FHF5E x50 5
FEILR AR IZ S RHE . WIRRRG T RE T . A0 H B3R
LERETT . AN MRE G K S A R B A L IR
1 B R R L R [ B A TR 2 Y R o
A WIIEIY URE T B FE R, 1T AN AR R
FRARRE ST, AN AE SRS Gk HH A I i R A 7 A
PR BE A7 o AR (e 5%
1 tHEt5h %
1.1 EERFAE

e # Pseudomonas sp. IM2-gfp AR SLIG %=
A BTG G Tl X A= 38 v DL Ay M — il Y 228 91
b i DR AL A DR A 110 o 200 % ik T bR 5 R iR TR
Pseudomonas sp. JPYR-1 A [6]—{5 Yt i ve Y4k |
PRAF I EE B R R BRI A 5 Paeruginosa sp. PAL HH K
TR B 4

INEFPF(CRIR T), B AR LB TSR
fefit,
1.2 EZIRFIFLER

BEREE . IR, 20% PBS b . 1%45
PnER Y . R BE . Brandford, JbRTEREFEFR}
FABRAE KBy W, K Kb 2=l
I FE, Rm BERARHEARA R PR
kg, ECkE, dbntE REFHCARA

BT R, Hitachi AH]; Rl
AL, Agilent A7 kO RS, HAKK
oAb AT] B, KRASS 2w fHEM
ZLAMEIEAL, Thermo 24wl WOGIL R A BT,
Olympus A Fl .
1.3 ZABEHIFAEN E

(1) JEASFHER WL

2.5%)% VA R E 5 IM2-gfp A 1 h, PBS

G WPRIEEIE 3-5 WK VEE ARG I 8 uL PRIV 2 I
FE, T, FJCH/KZ R BEEREN ), % 0.5%
BRESIR, JEAUN T, BTSN T BT T,

(2) BEEEPERNYK ShPE 2

IM2-gfp BIHRIESA 1.5%BU80 LB [ iAks 35
FE P TR R SR o BIBCH A 0.3%BU 51 0.7%
IERY LB AR IR, T I0 0 40 M vk sl v
BEEEVE . U A B BUR R VR R AR, T
B 30 min 5, BT 30 °C 534S 12 021,
1.4 HRE#I4A AL B 88 11 ZE

¥ IM2-gfp AR E] LB Wik IR,
30 °C. 170 r/min #4355 12-16 h (T [A]). B PBS
e PR BE R ODgoo M 0.1, 88 2 mL I ARAE 24
REFRIMA, 30 °C %5 30 min, JH PBS 2% il vk 2=
ARBE P RIAA, RSB AT 1945 i S g il e 6,
FENF B AR T g s it 25 5 LUK B 20 B o 41 g
SEE SRR
1.5 ‘MiEERERNNE

I 50 mL B3R IM2-gfp Wik, 5 000 r/min
B0 10 min, 3% EJf, PBS ik EHERE A, 11
BEIEAE (10 mmx70 mm)H I 3 mL AR, Eik
S/ R 24 o 200 pL B INE] 96 FLARH,
W& ODgooo H BNERAEA 7 H(A%) 4% I Mangwani
S D
1.6 ¢AAEEEER /K%M E

(1) AW 2 35 ik & Ak & 9 15 (Miicrobial
Adhesion to Hydrocarbons, MATH)

¥ 4 mL AW (ODgoo=1.0)5% % IR AL P15 11
P (d=10 mm) ", A 1.5 mL RS WRAE
KAPUH, WIERAG, #E. )2 ENE T2
TKAHI AAE K 600 nm), XfBEZH A; A INATHL
M, FESVRE 3 DNEE . MRS KR (%)=
(Ai—Ap)x100/4;. BiKPEIEEP: 67%—100% K &b
K5 33%—67% M EEEK ; 0-33% K55 K .

(2) HefilfflE72(Contact Angle Measurement,

CAM)
IM2-gfp B 5 000 r/min Z5.0> 10 min, fH PBS
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GERE IR ODeoo M 1.0, Bl FIFLAE A 0.45 pm
MHIRAT AL R B g . A UB I E T LB BRI
b, DR TR, R I G A T e Y
1.7 F{BREE 1N E

B IM2-gfp H T LB J5 3530 1:100 HLfH
B, HL 200 uL FERIMA 96 FLEFFRHH, 30 °C 1
7% 1-4 d, JH PBS 2 MR 0 LIRS, FF A
SR 5 B 0.1%45 25 44 W (100 pL) 4 (4
30 min, PBS ZZMug byt LdiEa, KT/EMA
200 puL 95% P, Trsbm e 2nia, e
595 nm WOE(E(4s), DL LB K533 R X I8 (4c). AN
TR MRS e SR As<dc NWICLEMIIEA R
Ac<ASS(2xAc)y MARLEYIIEA: 735 5 (2xAc)<As<(4xAc)
SR IR A 7R 5 (A Ac)<As Dk A I AR
e
1.8 HHIIRREUE

(1) PEIH:H £ I 75% (Confocal Laser Scanning
Microscope, CLSM)M4E

IM2-gfp WIHRAE LB R Fr kb i I 4, A LB
FRFRAELL 1:100 B9 He IR RE, B3 mL fERA 06
KiFRMH 30 °C 557 2 d. PBS 28 il e 25 17 e 4
WA, 16 25% N B h 20 REE 4 h, T
CLSM W22,

(2) 4 B F I % 5% (Scanning Electron
Microscope, SEM)Mi%¢

1 emx1 em 237 & T IM2-gfp WK H#EE
48 h BEFRLEWIIE . ] PBS 28 VR IR BRI H L 2.5%
N EERWEE 4 h LLE, BTN 30%.
50%. 70%. 90%. 95%M) LEE MK, BEIK
KBS TE] R 20 min, 5 F 100%iERS 7K 2 .
X B B4 b B FH T SEM Wigg el
1.9 40 B8 4M & R (Extracellular Polymeric
Substances, EPS)& £ &4 Y& #R 5 1 ZE

IM2-gfp K5 LB 15575 1:100 HLBR G,
AR TCHE B RS ER (2 mmx2 mm) 152 H .
30 °C HEWFE 48 h, PBS 30k, IRFIRIER L)

R BB R 5

(1) EPS &

5 mL ARAES T 4 °C. 6 500xg Bl
10 min, _E3§ S BUEATREY 90%1% LRHR A
4°C EE 18 h, 4 °C, 10 050xg &.0> 10 min, UK
HUTHE, 60 °C THE P T4 5 KBr #y Ak U
1:100 FBIEST, (A7 AR 2T S Fourier Transform
Infrared Spectroscopy, FTIR)Ji {3 & B GE A 2H
. Bradford AR RER LA EPS AR H AR
KA P,

(2) AW R A RE ST &

5 mL AR SO A R FRIC L ER 55 57 5
(% 50 mg/L 9F), 30 °C BESWFH 7d, WImEAM
IE ke 2 BOA HLAR . RO A 835 15 (High
Performance Liquid Chromatography, HPLC)l 5& 5%
FE ) o T A e JRE 0 2 A O N A T R
24 g ST

HPLC #&ill 254 AitE: C18, 4.6 mmx
250 mmx5 um; AEiR: 25°C; FERER. 10 ul; K
DUESA] : 10 ming s AH:HIEE: 7K (85:15, 1AFHLL);
i : 1 mL/min,
110 /NERRIEFBEEMEEE

(1) /NELEHEFR

W R BN AR TR F] 1/2 Hoagland 771K
H, BESREMRIEE 16 BR/ANE, B TOLIRER SR
W95 15 d (16 h JGIE/8 h BAIS, 2543 °C), 4 KA4b
FEEFW, FEW AL E

(2) YR RS M

N B R B A IM2-gfp T8 B
(ODgoo M 1.5)A9 1/2 Hoagland & F2 ', HREF5E 4
R, 1-7 d B REEPLIEBUNZARER, 1] pH 7.0 (1)
10 mmol/L PBS i t)m , RILTE 4% 2R IR
Wb 4 oC B, HAIGETBE . AR BOE IR
FE BT, 0 HIFE 40 600 fi555 T WL BRI (4
KIEK: 488 nm, AHHHH 515-535 nm), Rz FE
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TSR B/ INZE Wy LR A SRy %o B

(3) /NEZRNIERE i T T R ST

TCRRK M B/ N AR IO TRIR AN TR, B4R
Wt FREE, PR HCE T S mL JCHE KA B0
b, FONIRTIEIRY:, PSRRI A VIR TR
TCHKIE DR 525 . 3R, uRAN T, FRE,
MR TAEG RIS, IR 55 e
Wio & YRR, B 100 uL A T APUER
f LB [E ARG %L F(Amp: 100 mg/L;Kan:50 mg/L),
30 °C fHIE R FF 1-3 d, X HAREEEET 14
1.11 LB S0

S5 45 S DLV B8 7 i 22 12 X o
i F] SPSS19.0. Origin9.0. Image J #f4%f A
BE SR 50 T 19 A2 ) RO B o R T i S A R
TP BRI 00T o DL P<0.05 1E A HAT i &k

SbRAE

B 1 JM2-gfp BEFEE RIIEH 45T

Movement radius (cm)

2 HR5WR
2.1 HREIE BN FAFIEXT SERERRER JM2-gfp FBLAE
EEEA

20 A 3 A BOAR R B A B A R s B A
MR s, RS . Tkah.
& AT AN s — R LR IM2-gfp
TR AR 1) L AR LS 25 T I BT AR 200 A A ) A i
B, BB s - EE1IA) . — Bk, HEEess T
UK 5y BP0 i TR AT AR H 3 Ao e Ak R A R
) vk g, LA K 2420 TR e 2R TP T AR i
o HIESA 0.3% AR R IR FE M 0.7%F:
RARZAE B TR I, IM2-gfp BRIPR /R H 55000 1) i
Tkiz sh A 71 (FNB) A B BFEET TR (BI1C), Tksh
HAEKTF 3em, HEZHERLKT 1 em (E1D),
TEA I K B AR ks sh LSR8 o & ¥ T
SRR AR | ZEART R . N . KT

Swamming Swimming
The motility traits of IM2-gfp

Figure 1 Movement characteristics of JM2-gfp degrading bacteria

TE: A: MIBZ; B: Wrkizdh; C. #fEizg); D: @iz

Note: A: Bacterial flagella; B: Swimming movement; C: Cluster movement; D: Movement radius
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BT EC A RN AS T TR 45 40 T 4 R S B
B BEE A Y
2.2 YMARFREFFEITIEREARE JM2-gfp RBRREE
oAl

FI R4S S Y TR VR THEOEXT IM2-gfp
PRI A0 ) h R B RE 1A T T o T 2A
SCUIRGHE TR R I A K A A, BT
B R B IZ R RI IR T 22 2.63%+0.22%

IM2-gfp FMREAT FRAERE ST, 1] 2B g R
T, K 4 h I, IM2-gfp AR E R 2N
68%, 8 h LU RAERIEINE] 75%, T 3CHkh 4
(14 U RE 7 5 1) HR 2 A PRI BT N6P6 ™ Bl
BAMITA NP103 [ IERAERIRES T, EA 15310 18%-38%
1 19%—43%2 ) HAAEER L, HAT R A BETT
R B AR B A 40 B (B8 B 2828 kK A, brasilense)
T T 5AYETE BLRE AR S, BRI A
YRR R TE BB B, X 1568 [ SR AL RE 1A T4l
BRI ST — N O R L e O

211 b0 2 THT 0 7K 4 2 2 ) 200 BT 4 45 b b R T
KRR F 2N 2, R H P K L PR AR
VE 22 T 2Z 180 8 7K JBE, - DA 58 4% B B 6% & 26 1
R, R, 290 M 25 1 i A 2 ) ) B
SEAT R RERVEIE B BRI R . AR R,
AT [ ff g 7K M AL & W 0 A R 2 AT e K
PEBH . ARWFSEE ] CAM B MATH V543 51 58
THISHB BT PAL, JEREMETE IM2-gfp FITERE
fir# JPYR-1 B4R ME K E . CAM A &Y
3 RNl AR 29k 48.4° . 89.7°F1 92.8°, FH
2 R AR fFt T 00 R A 4 T I 2K P S R A A B
i PALPY (K] 2C), MATH 3E#E—2HiFH] 2 bk %
IR I I firt DA R i /K M R T2 T, ) A1 B TR
PAL s /KPE S RE R N6P6 4 B 2% 1 5t /K 1k
35.33%HHM, B THB/KIER (& 2D, b,
AR AR IR BRI R TR S SR R R A
S A, 2 A 20 6 THT P 6 /K AR, DAL TTT 5 1 40
A H At 2 T 0 B2 A0 A

o]

Cell aggregation (%)

Contant angle
o )
[ S

T T

o

(=)
[«
T

N
[ws]

PAL IM2-gfp  JPYR-1

o

o

=]
1

D
(=]
T

Hydrophobicity (%)
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S S

PAL IM2-gfp

JPYR-1

2 IM2-gfp BHRARERE L F 4T E LR

Figure 2 Cell surface chemistry of JM2-gfp

. A IM2-gfp WHRTERR A EERMAIAKERE; B: A
RAERETTs Co ARIEAMA LI 5E 240 0 A0 ML BE B /K 1% 3 D: MATH
T AN R AN BE KM . SR T EE e, bYFRAREEARN R
& (P<0.05)

Note: A: The initial adhesion on polystyrene; B: Automatic
aggregation ability; C: Determination of bacterial cell
hydrophobicity by water contact angle method; D: Determination

of bacterial cell wall hydrophobicity by MATH method. Different
letters indicate significant differences between samples (P<0.05)
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2.3 FEFRFRE IM2-gfp RURK IR A

FI RS AR Y R X FE R R I IM2-gfp | 4R
BRI PAL FIEEREM#IE JPYR-1 AR AE J1 1k
ATIE (B 3). SCEaE K], 3 MaiEAER 2 d
JeE ¥R B E PR A . SRR S PAL B
W AVE A YR e R A B, L )5 A
ODsos 1 0.565+0.048, KT IEERHE( 0.3281,
JERR AP P Y SRR IM2-gfp Yefa)R
) ODsos H 0.382+0.035>0.328,, [l AL &8 T 5 4E My Ji
e BERERTE IPYR-1 B T &4 YL =,
ODsos 2 0.279+0.038, AT 0.246 F1 0.328 Z i,
B (LB B3 9255/ ODsos 47 0.082,
2.4  JM2-gfp B #RAE M8 B L5 A fR AR

XF IM2-gfp WARTE SR R L R I A
Yy o R AT A . B R R B WO AR A B
A YRR TR BT R B BE RS 2 R B i
KA (K 4A-4C). BEMEBEWMAESS 2 RikFlR K
{8 32.843.80 um, HZET4S A ER AL R—2.
51 RIS 3 K AN TR 2% B R R B 3/ F
2K, JEREEARAIN 9.8+0.24 um 1 7.440.96 pum
(¥l 4D—-4F). (HAFEEMZ, 415 IM2-gfp 7 AU
RIS KA T AR, OB 1 R KAF
R, ZEEBAN, ZRBRE., G0 EH
Paenibacillus lautus NE3BO1 15T a4 ¥ i 2 31

081,
[_Jck CTipYR-1 A IM2-gip EZZA PAL

?
y

o
o

Biofilm growth (ODx,;)
= =
o ES

54
=

2 3
t(d)

3 IM2-gfp BEAEE R RIS 2

Figure 3 JM2-gfp degrading bacterial biofilm formation
¥: CK £/" L LB

Note: CK means sterile LB

BRIE AR 2 PR AR, 33X 2 20 38 o 96 78 S5 o P %of
IR RIS I, A B T A LR 25 ) 2R 1A
22 I8 AR AR P,

FHERBERIE T IM2-gfp BMRAE Y IR il
FE, 5 CLSM MEMERALUE 4G-4D), bk
IM2-gfp 3555 2 d Ja A USRI AE IR, AR TR A%
I TA) B ARG B, O EL 08 0 IR S5 44 Fir g, T
RE S FH 40 B 40 WA 0 BT+ L ) L A BE e M 5 . EPS
XF AR PR S R R B AT e VR T, B an s s 2R
RIS Tk . DR | $ik v AR TR PR SR WA
P2 2 Wy FEE XA 0 %) W 86 LA B 8 3 ) Jo ) MR e
AR
2.5 HEYNEEFTIERIPERR

R T B Py B ) B i e DL T TR A R,
E T 0-84 h N AW EE MR BCR (8] 5). Hir,
AP 48 h S AT REARZY 52.8%RY3E, R iIFT
AN KA RE IR 2.5 544 . Mangwani S5 L4 E
THIRIR R A5 R, A=K1Y Stenotrophomonas

20 pm

4 IM2-gfp BHREMIRF 2

Figure 4 The formation process of JM2-gfp biofilm

F: A-F: CLSM FAE IM2-gfp BitkAEWIEIE it G-1:
SEM KL IM2-gfp 1 bR PRI L

Note: A—F: Characterization of JM2-gfp biofilm formation by

CLSM; G-I: Characterization of JM2-gfp biofilm formation by
SEM
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Figure 5 Biofilm degradation of phenanthrene

acidaminiphila NCW-702 53¢ 7 d J& XHHERI R R
LA 38.7%+2.5%, TE R AE 9 IR A0 A fit 2R i 2k
71.1%%3.1%28, [k 48 h & IM2-gfp BikkA: 9 i
AR KA, FTLL 48 h J5 A Wy AR U 4 A
i R A 22 T D o AR T IR AN R, AR
(1% 7o R A A BB 0 AT RE DR LA A i A R, —
Ji T, EPS VR4 BB AU A 40 TR A
7 L3 G T A0 B R A B i, AR X A
(PR IR AR R S — T, A
FEZS B B4 KT A0 -5 8 K P R 9 = [8) 1) S T
mA, B TAERAE YT R, AT A R TR
B S R L Ak
2.6 JM2-gfp BEHKEYIIELR AN B RLA X

A T e R e, AR A K SR T B A 43
WZFYIF . R Bradford FIA MR 5 1k,
MG IM2-gfp BIRRAE Y I AP L T 8 (5 R
211.9 pg/mL, WKALEY) BN 74.68 pg/mL.

FTIR Z3#71 T EPS 1A RE I A A9 6 1% 40 5
(K 6). &K EXF F-COC—. PO,~. —NH, A
—CH,—'H REF AR I AH, 69 EPS & A 28 .
Bk . EAFEANE ST, Hdr, 1372-1041 cm™
= (8] A B R 09 H AR IE, 3 500-2 921 cm ' Z i)
(G R EPS WAFAENR IR, MKILE Y
1750 cm ™' #1 1 625 cm™' Z[A] l—COC—Hifh @R,
751 643—1 372 e ' Ab IR T BRI , 2 ] EPS
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Figure 6 The composition of the extracellular polymeric
substances
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Figure 7 Biofilm formed by phenanthrene-degrading bacteria JM2-gfp on the surface of wheat roots
TE: 40 B8 PSS, FRIUCK 800 pm; 600 f5455 FWEE, FRRA 20 pm
Note: Observed at 40%, scale bar=800 pm; Observed at 600%, scale bar=20 um
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Figure 8 Distribution of phenanthrene-degrading
bacteria JM2-gfp on the root surface and in the root and
the shoot of wheat plant as determined by plate counting
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