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Characterization of Biofilm Formed by Paenibacillus polymyxa SYX—-1 During the Degradation of Rice Straw
Using Multiple Fluorescence Labeling Combined with Raman Spectroscopy

XIAO Jian, WANG Li-ping, SHEN Qi-rong, YU Guang—hui"

(Agricultural Ministry Key Lab of Plant Nutrition and Fertilization in Low—Middle Reaches of the Yangtze River, Jiangsu Key Lab for Organic
Solid Waste Utilization, College of Resources and Environmental Sciences, Nanjing Agricultural University, Nanjing 210095, China )
Abstract: In this study, Paenibacillus polymyxa SYX~-1 was used to rapidly degrade rice straw. The formed biofilm was characterized by the
combination of confocal laser scanning microscopy( CLSM ) and laser Raman spectroscopy. The distribution patterns of proteins, a—polysac—
charides, cellulose, total cells, and dead cells in rice straw were simultaneously visualized using CLSM after labeling by fluoresceinisothio—
cyanate (FITC ), concanavalin A (Con A ), calcofluor white (CW ), STYO 63, and SYTOX blue, respectively. The results demonstrated that
SYX-1 was colonized on the surface of straw and formed a good biofilm during the degradation process from 0 to 13 days. A lignocellulose
structure was observed obviously in rice straw at 0 day but obscured after cultivation of 13 days, supporting the degradation of rice straw by
SYX-1. The laser Raman spectra demonstrated that the degradation of rice straw mainly occurred at the bands of 1580 cm™ and 1590 cm™,
which is belonged to the stretch vibration modes of amide groups. Therefore, the combination of multiple fluorescence labeling—CLSM obser—
vation and laser Raman spectroscopy could be used as a suitable tool to characterize the architecture and function of biofilm. Knowledge on
the architecture and function of biofilm contributes to our understanding of the degradation and utilization of lignocellulose biomass and pro—
vides novel information for engineering applications and scientific research.
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Mt E 2515, W RS TE T REX MR A T IR 2
(~100 pm )JESIES , HAT PR ot A i i 25 1 5
SRR AL, O 2 I T A RAE A 0 0 2R Ry
FEM ARIZER A BRI A W IR R TS5 F 15 B P
g R AR M B A= M i) FR 1 254415 2., Rl B HLA&
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TR A RS SR ORI I £F 4 2R A L 2
FIFA £ EHOEARICSS & CLSM H AR FIH & ik 4 A
PEATEREFEE , TRAMESE T AR SYX-1 7EET 4 2 [
i 3 AR R T B AR D AR A L IR A B T AR
SYX-1 Hy£F4E R BT

I HRET®
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LFYER AR SYX-1 2k F E 4T Kb S50 T
O s TR FUESR K206 TR L

LB} 555 B M 10 g,NaCl 10 g, [ EHEE 5.0
g, ZE87K 1000 mL,pH 7.0,

ISR 21 2 5 B JR 3 . K, HPO, 2.0 g, (NH,),S0, 1.4
g,MgS0, 0.3 g,CaCl, 0.3 g,FeSO, 5.0 mg,MnSO, 1.6 g,
ZnCl,1.7 mg,CoCl, 2.0 mg,CMC-Na 2.0 g, FifigH; 18

B4R BRI (PCS) : ZE 1k 5.0 g, NaCl
50g, BEEERY 1.0 g,CaC0,3.0 g, Z€0#7K 1000 mL,pH
7.0,

1.2 UERig&

UV-2550 28553 KOG BT s Leica CM 1900 ZUA%
TR DI AL s LR AR PO 2 f4U8% (CLSM ) ZEISS
LSM700, Rl R2zshREBe et Wt &gy
LABRAM 800 ([ JY 28] ), ma 5 Ul K 27 43 A il
HLD L B0 4L BIO-RAD,

1.3 REFE
1.3.1 LF4E R AR SYX—1 L2 Z AR fE 10 2
B SYX-1 T v w4 B e b 7R 5 |, 30 “CHE IR

2d, IR 0.1% 1 mg-mL™ MISRLI% W, Ye 0 1 h,
FEYL, NIGE AR 1 mol - L™ NaCl R ERE 1 h, M5
HHPE B4R (D) M5 BAR(d) .

1.3.2 TR SYX-1 /K RS2 00

FEAF UL R K ARG FF B % 3~4 em 19/NBE, Uk
RN EYRE T 105 CULAE it = E 4.

SERG T SEGG A FH AR FUMREF 4 28 BE R (PCS)
AT R 35 75 B F A A T, IR PR ZH A 3, B b B 3
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mL =i 100 mL PCS K7 143286 , SR 1) B
WA 1 g AbFRGF K FE RS AE (LR 4E R ) , s AF
et ORI 5/ =2 RN RS AT A 2 534k o B o e fey iy 335
TR 121 °C 20 min FHEKE, REGEHE 5% (R
SEOR SRR, E T 35 °C 170 remin™ F2 KR 7 5
Fro ARITRFRIES 0,13 d BURER
L4 BWFHE
1.4.1 ZEIhRC-FEREFOC RS (CLSM) AR

TERSEFF R SIS b, R AR S 0 S W2, 53301 K
JJZHFN CK 4H.,

P REAF OGN YT e et S5 AR L B YL ], 45
DY F 2 AAE I T -20 CKFEIRAEA . 120,
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mL BLAE T, R TR S S — A B K T E (1
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YA T, BT SR S e 25 R 1,
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SR AEHOT B3 (CLSM ) IREEHE i st PRI
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1.4.2 RS e

Gy BB 0,13 d ARG R fERE DI T3 A 1
JEF, BT BB & b VR AR I (%
i R e R AR SRS B R T IE . hrEol
T 2 A5 PR IS 325 nm, Be4E 400 pm, 4361
2400,NUV Shjx15, 34505 0] 60 s, 47 FE 200~2000
em™ 3 HEE 1 em™,
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Table 1 Fluorescence tincture and stain condition

AR et F b S Wl Y (6 il /i
FITC A 23t 1 mol- L™ NaHCO; 60
Nile Red NE i WA PBS buffer 30
Con A - b DA PBS buffer 30
CW RIS e PBS buffer 30
SYTO 63 BNA FARGY DI water 30
SYTOX Blue FEAE %0 PBS buffer 10

4 : PBS buffer, B FRERZZ 1A

R 2 VOERF BB RRIRE K

Table 2 Laser source and conditions of fluorescence staining

I WG R MK/ PO /mm
FITC Ar 488 500~550
Nile Red Ar 514 625~700
Con A He-Ne 543 550~590
W uv 364 410~480
SYTO 63 He-Ne 633 650~700
SYTOX Blue Ar 458 460~500

REIR 2 ), E ATk B i B T XW -1 (Bre—
vundimonas sp.) N 15 =4 4E R S, H D/d=13.12,
TEASZE PN Z U RAR A . AAIET T AR 3 AT,
L AERRER A SYX-1 A D/d=10.64, #38 T 5 )™
YRR XW-1, 1] LB H L 4 P ae 14K
o R DA I R s A (U T S

22 ZERAFICEMAMEZER SYX-1 BEEFEER
EWIBRAFAE

Kl 2y CKo.CKys A1 JJo JJ s # i B9 CLSM 5
(558 3 4P BURZE G 0T ) o A 2 ATLUFE HY, 5K
5 it RS AT thAF R 1 BT IR DT - ZHEFILF4E R
S A —E SRR SEANNE . it 0,13 d BPRIR
AR LSS, RS AT TH B9 R > T RS (B i
a-ZWEMLTYER ) A T &2,

AR 2-A FilE 2-B, BILL CK, Fil CK s A 5 i
F1o3HT 72 0~13 d N, RANTEFE R P AR it ) 2 (.51
Wl sisy L Ul B AR 1 BT A Pt 5 2168 56 B 3
5, U B A IR A 18 B E R R B 0 6 BE s
VLRI AN -2 W5 A Firisisb, A AT RE S R R e BT
FESIX PR SBT3 HO A/ s J ) 5 55 60 R €058
R BB W A2

AR 2-C R 2-D, BILL JJo 1 00 FE SR 3EA T
)Mt AEO~13d N, B HEIHR AR b Sk 25O 6
5, Ul A P SR ot 22 s L A 5O s, DI AR

1 E#k XW-1 1 SYX-1 7£ CMC FE4R_ R Rk B2 B x4tk

Figure 1 The comparison of hydrolysis circle of the degradation

bacterium XW-1 and SYX-1(2 d)
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Table 3 Results of Congo red dying method

Wik 7% HA% d/mm 7% B JE H A% D/mm Dld
XW-1 3.40 44.6 13.1
SYX-1 3.10 33.0 10.6

WA G 52 10, BRI 2O o] AR AL, i
SEA AR IR -2 B2 ST BA I AR AL 5
OHOA Frsdas, YRR A TT 0

FeE P 2-D FHE 2-B, BILL JJi F1 CKs FE i i
Frotir - B ax 2005 5 B R HOA Pinig s, 2 DA
HEABCEY RV B Z Y A A PSR o
BN 2%

CLSM JUi iR .0 d I, F5FFAT 1 R AR 5T
SPYEREE 00 13 d )5 REAT AR TRET 4k R 5 AR 5
15 0~13 d N, NIRRT R I oOeg s, il
SYX~1 W ARAE T A o TR AF R T T e A
W, it FHLHA) 5 o3 BB A Ao A R A 5 AR A SN &2
7% AT 2R TR PR B 1 SR S S B, 234 2%



M S EIOCRICA ARG O I R S M T A RS 0 A P B 857

20 pm

20 pm

(d)
HEHIRE CK,
it
20 pm

A. CK,

20 pm

(e)

1
|

o HE W
20 Mn;tMH% M,

C.Jo

20 pm

20 pm 20 pm

(d)
AR CKy

20 pm 20 pm

B. CKy3

W M,<C3

20 pm

D. 1)

(a)ZE T (FITC), (b)FEAML(SYTOX Blue ), (¢ )B-Z4#( Cal cofluor white ), (d) B (SYTO 63), (e) 51 (Nile Red), (f)a—Z 4 (Con A)
(a)CLSM image of proteins(FITC ), (b)CLSM image of dead cells(SYTOX Blue ), (¢ )CLSM image of f—polysaccharides proteins( Calcofluor white ),
(d)CLSM image of total cells(SYTO 63), (e )CLSM image of lipids(Nile Red ), (f)CLSM image of a—polysaccharides proteins(Con A)

B2 £RERMBETHTFERGHE X63)
Figure 2 The sample of rice straw in CLSM( 0il immersion X 63)
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SR

— BN A & rh P I LB —
ZIAE 1580 em™ Ab, RO G U, BN N RS R A7 545
FA R0 5 55 — A2 7E 1360 em™ 4, FRA D U, A
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Figure 3 Raman spectra of rice straw
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TREE G R T B S A R s R TR 3, 9 FLXRP Gy
RS TS, B P R 2155

PrEGIERe S Bon A e . FREEE AR
DL A% R R AR PR R BN 7, AR RS P R AL, o 2
WA T LA 43 B 2 BT 4 T A R ARAE . s AR SR TE
1230~1250 em™ 4k Hy BE—F AR UG, 220 Sy Pt i T A
N-H 28/ Fll C-N S 45 iR 0™, 36 B 7E R ot # rh
A HEARY N AE RIS SRR

TEPLE g, Z KB A oA 2B
T, JUHAE 1700 em™ LUR &N BEMCRAIE IG5 8 1
JE TG A BR324 HEEE M
Wil 1 St I Aghne s, vl WA A A i = Y
FHOCHE F LA BT B TG LG I A A,

B

®4 BEEARMKHNEE | SERZ I HHE 215 (cm™)
Table 4 The Raman spectrum belt of specific protein conformation

of amide | and amide Il (¢cm™)

KIRETYE R KRB FE a7 AT 2R B, KAR
FE ) EF LS5 HE) R - 32 A7 2 2 LU SR AR RN EF 2 45
FERISZIm, FEA Y A RE T 2R RSy F IR LASS
i XIURITE S T8 X AR A 2R R ALY . 45 S X N 2T 4E
FHEFAUHES , T T DX P i 53— HE R P45
2, T YER MBI SR e R 25 L IX T 5 1 L
A S SRR FOR™, W T RIREYEZOR, 45 b
CrI( Crystallinity Index ) A : Crl%=[T us:/( 11451+ 162) ¥ 107,
Hor Tug) 7R85 it XL BOGIER T, Tue RNAELE i
X iR,

K5 CK LA T 4URE S T R o P rh 2T 4 K
ZhanEE Crl 197284k, CK AR dh i THRIR G h 4/
201 HE R AR FE RS FF R £F 4R 410 i K, 2l /N 01
SRR LT AELH 23 AR, P 8 A0 /N 70 %o it P
BOF Tt A A P P AC £ B2 73 S0 8e Fir LA 13 d
PRSI A, B GG BN Crl B
G T RES TP IR B, oI LT 4R
i T, Bt TRk P ST 1) PO B, 21 4 3R 45 W B T T v
FHRETAE o XUEH] 1 7 4L R MR 21 2 3R (0 PR 3222
RAETETCE T X NG, i X 3R -

RS FUERERE CIHEN
Table 5 Evolution of cellulose Crl

(E P 1 Tt iz 10 oA R e
B-#r& 1665~1680 1230~1245 1020~1060
a1 1645~1658 1264~1310 890~945

ToRLE: h 1660~1666 1242~1250 —
3 3T

AW A HAT AN 5 S AR ST ST
FEAE /K RE AT ] SR A Al A P 240 e B HC3es 3l o3
FEAE AN A ) (Extracellular polymeric substances,
EPS)™l, FHCHITE R, A9y EPS T2l 24k 4R
FIo IR AR AWT5E 73 3 9O CRET bR
AR RSN RS R (FITC, 285 JE2EY)
Jii(Nile Red, #{5,) .a-Z W5 (Con A JRE0) LF4ER
(CW, ¥ () AT (SYTO 63, £ {5 ) FIFLAN it (Sytox
Blue, 284 ) , BRI IEAT 2Pk HO R PR S
KA4LE B2 Tt b 2R AR, (AN RS
P2 18] BRI AR EL S e AR AR A B 25 b BIR ™, 25
T — S B R B AN BB , 5 B HAB R AR
AR , A RE S AF T SR

PUER R i — R, (35 C, L Cx A
BRI ATHE Y G, AR 2T A R AL o wfle o 2 %
S RIRETHER W) BREE Y 20 LR ) G A 254 2T 4
AL L o3 AT 2T A6 2R il 2R 2H R R 21 2 Rl )

e Crl%(0 d) Crl%(13 d) Ak,
CK 50.4 49.0 FEAIR
1] 48.9 49.5 Tt

P2 YR AR LS CLSM iy R —3k.
D) AL B R, 5 s B RS
1230~1250 em™ &b H B e 10499 oy g 55— 3%, HL 3
BN BV S G AN O B A G 31

JH CLSM S fUB8 PR 2 063 (%) 5 AR 45 G 58
RIREFYE R BEARHLIR T 15 I SL g 2 R 78 /1]
PIRNR AR 255 AT LS TR ARG £ 4 25 [ 1)
O B A P ARRAE LA R M — 25 R T A ) 2T 2 1t £
HLI A 380 5

4 g

(1)L B A0 S (CLSM) Y31l 45 S s
XFF J7 FE S (IR MR B SYX—1 4038, 0 d B f5FF 3
TSR B4 B B LT 4E R 454,13 d J5, FEFFIAR
JE AT Y R A5 FROR , 2T b 10 2R (1 2840 o B S 44
T, S BB RE SYX-1 ZERSFFRIETE B T AE M, S
FFRTYI R AE1F 2%, FLEAR SYX-1 203 T A
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YR A TCE T COMZE Ah X SR
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