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B E: [86]) 5B THAEME I (polylactic acid, PLA)FF A fa ), AR LA K4FhFe
Mffds e, AP PLA KA Mo A WG E RAERIE. [ ] #1E 16S rRNA A B 5 7| 5472+
P i ik BAREAT o T A F A E, RA ARG Lot & #4150 K (Fourier transform infrared
spectroscopy, FTIR)G#74&/E 7] /& PLA JE ey infetb F M Rk, [£R]1 KF TR T kK
1F—# 3 7047 B (Bacillus sp.) JA-4, 30 d /& PLA X & £ T34 10.6%. pH 8.0, 30 °CVA Z3EF7 & 20%
BHEMHT, 7d5 PLA 9K TETAT] 5.6%. PR PLA 69 A MM L EILRER, L9
IR LA 3%AE, Hff 10d /B PLA 89K EH X3 23.1%, Sk FE XK G, FTIR 947 &%
BB S KBRS R K I PLA 69Tfg, (441 RFFR A PLA 9 A NIRRT e MAEM T
B, AIRBEF PLA B FM09A & BRAER R .
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Abstract: [Objective] We isolated the aerobic bacteria capable of effectively degrading
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polylactic acid (PLA) and characterized the bacterial growth and degradation, aiming to lay a
theoretical foundation for the bioremediation of PLA contaminated environment. [Methods]
The degrading bacterium was identified by 16S rRNA gene sequencing. Scanning electron
microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR) were employed to
analyze the morphological and chemical changes of PLA films before and after degradation.
[Results] A strain of Bacillus sp. JA-4 was screened from activated sludge, and it caused the
PLA weight loss of 10.6% after 30 days. The weight loss of PLA reached 5.6% after incubation
with the strain at an inoculation amount of 20%, pH 8.0, and 30 °C for 7 days. Gelatin
significantly enhanced the biodegradation of PLA. In the presence of 3% gelatin, the weight
loss of PLA reached 23.1% after 10 days of degradation, and the degradation rate was greatly
increased. FTIR results indicated that Bacillus sp. JA-4 degraded PLA by hydrolyzing the ester
bonds. [Conclusion] This study enriched the microbial resources for the biodegradation of PLA
and provided technical support for the effective degradation of PLA waste in the environment.
Keywords: polylactic acid; screening; biodegradation; Bacillus sp. JA-4; weight loss
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T 2 FhZ i Amycolatopsis sp. K104-1 A
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Bubpachat 25" M\ e RS Y8 o s sh ik T A
T3 PG 55 AU 1 (Stenotrophomonas pavanii) CH1
FIE T A1 B4 T (Pseudomonas geni cul ata) WS3,
B HBM T PLA MRFRRP R, KR
R IR B ARG, 3F HL PLA R E R ALk
ZHR, RHUEABWKES PLA MBEMICEZ
() 5AT — 7 A e

A ] fig SR EROR L KR A Y I AR 1
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XFAZE AW L RETERIA TS R G S g ik
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1.1 HmKIE

PLA AR H L Z< 056 =F SRR A PR S w4
fit, WERE R 20 pm. FEETETEH A IE TG
I AL B4R AR
1.2 EHE

TeHLER B 95 K2 (/L) . MgSO4-7H,0 0.20,
NaCl 0.01, CaCl, 0.02, KH,PO,41.00, K,HPO,
1.00, NH4NO; 1.00, FeCl; 0.05, pH 7.2-7.4,
VNI PLA TE(2.00 g/L) R ME—fIR . 51555
B FETCHLER R R I R INAS [ 2 B A [ e 32
M%)

LB ¥ 5k (g/L): AR 10.0, BEEEHZE

#) 5.0, NaCl 10.0, pH 7.2-7.4. #Ji1 20.0 g/L
B B Ay T A 85 77
1.3 EMHs B

WG M5 e B )2 JE BRI 10 mL, #2
FliZE 100 mL LB #5534, 30 °C. 180 r/min &
iR 1 dJa, BU10 mL B HBOINZE 100 mL JCHL
R PIRG R IR, PLA T HLRTH 2 5%
VWO 4 h, FFE TR T KA, 85577 d
JE W H 10 mL PR H2 28 100 mL A7 6 9 T Eh
Regededh ) 7E 30 °C., 180 r/min FEAFAEACHE S5
B 7 dAEA—k, HARR 3 Kk, AEE 3 E
2o Bifa— BRI B FR R 5. 10,
50, 100 fi5H6 EER R, A48 W B o 3R AT T
LB [{REE IR EaFATEE IR B R AR
gk, REMCEZEJAFLEE, SERIT.

A3 BRI T AR 45 TR AR FD T LB WA 57
erp B T30 °C. 180 /min 2K FHRTG SR 1 d,
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ODgoo M 1.0 P E K - B iR BB 2 mL 4%F
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PR EFE. 30 d 5B PLA WK, 28
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FEA, 51¥4 16S tRNA K:[H @ 514 27F
(5'-AGAGTTTGATCCTGGCTCAG-3") Fll 1492R
(5-GGTTACCTTGTTACGACTT-3"), PCR ¥
K& (25 puL): 2xPhanta Max Mix (P515) 12.5 uL,
b FESI#(10 pmol/L)% 1 uL, DNA itk
1 uL, ddH,0 9.5 uL., PCR JZ W 451 95 °CHizs
£ 5 min; 94 °CA 1 30s, 57 °CiBk 30's, 72 °C
FEMf 2 min, 30 MEFR; 72 °CALEM 10 min.
L3 PP aifh . DNA U . R4 He 454
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T#, #id MEGA 7 BAFMRRF TP 51 B3R
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Bootstrap B IREGXE N 1 000 K. B EKT
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B,
1.5 AEIZEHETHEREKEZRNE
1.51 HERHNTHIE

W5 T O 8 TR PR D 8 LB 15 R R AR R R
1 d, BURWEL, 78 RER, FICHKER
A, SRJE I AR H A ODegoo 4 2 1.0 1
R
1.5.2 A KHZ&HNE

HUGE 5 R R A B A B R] pH (Y
TeHLER TR, R 20% (IR FR5340), pH
Ay HEE N 5.0, 6.0, 7.0, 8.0 F19.0, 7 30°C,
180 r/min &% H5 5% 20 d. 7€ pH 8.0, #EFPE 20%
ST, BRI el 15, 20, 25,
30, 35°C, 7F 180 r/min }53% 20 d. 7F pH 8.0 4%
T, BMaEBIEN 5%, 10%. 15%. 20%,
7€ 30 °C. 180 r/min 3% 20 d. FRSZII M1
B 5 d BURED A2 ODgoo, 2l A= 2K
1.6 PLA FEfEEHMRAL
1.6.1 pH. BE. EMERHFHMK

BRIk VB4 T 4 ) 1 AN AT PIr i o g e ER 5 5%
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FBY pH 2 5IBEE N 5.0, 6.0, 7.0, 8.0 F19.0,
RN N 20%, 7E 30 °C. 180 r/min §53% 7 d,
M E PLA BERE R, 76 pH o~ 8.0, R & A
0% 55T, BERIREE A 15, 20, 25,
30, 35 °C, 7 180 r/min &% 557 7 d, € PLA
WA R E R, fE pH R 8.0 AT, &M=
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30 °C. 180 r/min £53% 7 d, % PLA A%
R, AR pH, HiFha REERE,
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1.6.2 FEFIFND

7 100 mL JeHLER G IR, 23l AT &
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dodecyl sulfate, SDS) . BzEEk; | 85 F R AT 2%,
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FEHPIRGEFE 10 d, ME PLA AR E XK,
DA 5 40 1) R i A 2R AR g xof B
1.7 3 $%(scanning electron microscope,
SEM) M 22
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s
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120 min, e BAedh B AR T (284, i@t SEM
L 55 35 T 240 AT T B 1 0
1.8 1§ B Mt T # 41 5 ¢ i (Fourier
transform infrared spectroscopy, FTIR)%3 47

RIS I PLA B JC KIS ML T/
B 2 BRE R IR 4L 0, AR A 10 A A g X
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RIPAEAR R R RR RO . 45 R0 1 Bos,
PLA KRR R IERIE JA-4, KREFRH 10.6%.
2.2 16S rRNA EFFFINER RG L EWN
Mg

Wi 45 SAE NCBI $di JEE4T BLAST e
X, RIVSHREE JA-4 FIPETE 99%LL YN
AR E (Bacillus), H Ptk JA-4 5 mHizF
FAT B (Bacil lus altitudinis) A AHUPE B ik 100%.
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MRGEBR(E 2)WATEH, Hk JA-4 5255
FFEA R A FRE MR R o TR, wT R P i
TR ERE JA-4 & Bacillus H1ig— 61, JFHETE
GenBank H i (& 5k PP.594155.1), TEAHF
FE ik Hifiv 4% A Bacillus sp. JA-4.,
2.3 Bacillussp. JA-4 Ry <45

TEANIA B0 6 pH A IR EE AR 25 T,
¥ Bacillus sp. JA-4 & T-LA PLA JJyME—fic i 14 JC
LR R AL i T A K i el . anl&l 3
7N, TE pH 5.0-9.0 JE N, pH 8.0 J&i% A M) fcid
K pH (8 3A), 75 15-35 °CIREETE RN, 1RJE
B AR A TR A AE R, 30 °CHI 35 °CRiA:
K52 22 504 /M& 3B). Bacillus sp. JA-4 [
A K B D B R R R (B 3C). I,
Ja SEBF oS S LE R B 20% . pH 8.0, 30 °C4%
R #AT .

abc
bed

cde defg def

I T I T T I T
N Y ™ X H b A

1 PLA 7£ 18 #RIFIAHEIEA THIKRER
Figure 1
differences between groups (P<0.05).
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Weight loss of PLA by 18 screened bacteria. Different lowercase letters indicated significant
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B2 ET 16S rRNA EEFIIERIEK JA-4 REL BN

Figure 2 Phylogenetic tree of strain JA-4 based on 16S rRNA gene sequences. *: Labeled the strain screened.
The serial number in brackets is the GenBank accession number of the strain, and the value of 0.01 represents
the sequence deviation value. The number on the branch point represents the confidence value.

0.0 ¢ : : : = 00L : - - — 00T : : : :
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

t/d t/d t/d

3 AREIFHT Bacillussp. JA-4 B4 K HhZk

Figure 3 Growth curves of Bacillus sp. JA-4 under different conditions. A: The growth curves under different
pH. B: The growth curves under different temperature. C: The growth curves under different inoculation
amounts.

2.4 Bacillussp. JA-4 Xt PLA RURE #4514 TL R B 0 A K R ERE T, R B PLA
24.1 pH. RE. BEMHEFERMERHZN E’J[ﬁﬂﬁ’% &o FEFE IR E 4 180 t/min 4%

PLA MRS A5 B B i3k ﬁ:? PR U AR B 57 pH A ?EF*F%HEEFF
PRI, 2 BEa0 pH (B R . Bi3R %”ﬁ X BB R X [ A PLA AO520 . 2e0d 7d
FRF [ia) LA R A o 2 DR 28 (10 5 ) X 4 PR 230 E’Jiﬁ‘%F A PLA 2 AN 4A— 4CFﬁmo
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Figure 4 Effects of different factors on PLA degradation by Bacillus sp. JA-4. A: The effects of different pH.
B: The effects of different temperature. C: The effects of different inoculation amounts. Different lowercase
letters indicate statistically significant differences between groups (P<0.05).

HH &l 4A FAL, 35 35 540 B pH (BT Bacillus
sp. JA-4 [Efi PLA H AWM., £ pH
5.0-9.0 Y [Fl 4, PLA B 119 2Kk 35 5 e 14 K5 0/)N
7t pH 8.0 B R E AR K, Fy 5.6%, HLAl I,
H kst m#f sl Bacillus sp. JA-4 X
PLA AW R, i EL Smai 1 1 PR 5% o 1) 5
PLA WyFf#. K 4B /R, £ 15-25 °CHYIRE
TLEN, TR IS AL X PLA Az 8 B it 1 5% i 9
ANEE, MAE 30 °CHl 35 °CHf PLA Y4 8%
FHUBE, 35 °CH} PLA AT REF T
4.8%. XEHIXS T Bacillussp. JA-4, &1
JEAFIT PLA A5, hIE 4C ATIL, B
BHEMEN S%IEME 20% (K550, PLA
R EE R B B B R A . YRR E N
20%I1, Bacillus sp. JA-4 % PLA P& R B 4T,
Wfie 7 d JG R TR 5.0%, T HABRER R 4
PR RRES,

2.4.2 FES% PLA £ 4IRS0
R EGHE S Y% Bacillus sp. JA-4 [4f# PLA

AIRZIR, CEHCT IR .+ bR B4 (SDS) |
Wbk . SR RAEE S . FEE 10d

Joi , £ RIS 5T PLA A= IR A5 I A ] SAL
5B R,

MK SA FIEH, S5XTH CK ({7 PLA i
FIICHLERRE SR ML, 5 MBS YIE A A FERE
¥R PLA MR RS A PE R . et
VER B 2 s W2 WIEE, 10 d J5 PLA R
REHRNEET 18.5%, ii%?ﬁ{ﬂziﬁ%%ﬁ
PLA AWK fgs2m, 55X REAH ook 21 48
T 12.7%, Al 4 RSP PLA éiz%ﬁ%’q’:
AP VR FHACSS

T PLA WA W5 fd A7 B B A 1F
YER, R TG e & PLA RERRCR,
55T B S (R A () s I 2 B B e o e i 1R R v
U EXT PLA RERFZM . B IHRBE 4351 A
0%. 1%. 2%. 3%, FEMEERIECH 10 d.

K 5B AU, 5N S BIR RS RAR LG, 78
AU IA R T, 551 K PLA fRE R
BRI T, B 2% B 4 AT AR R RS R i 3
BB HAE S, A LB, SRR R i A
Bl W B O34, PLA B9k R WA It
R MRS N 1938 % 3%, 26 10 K
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E 5 ES4%f Bacillussp. JA-4 [&fR PLA HOS20H

Figure 5 Effects of inducers on PLA degradation by Bacillus sp. JA-4. A: Effects of different inducers on PLA
degradation by Bacillus sp. JA-4. B: Effects of gelatin concentrations on PLA degradation by Bacillus sp. JA-4.
Different lowercase letters indicate statistically significant differences between groups (P<0.05).

REFRE|T 23.1%, HETX A, 5 T4
1.5 £ o MSLme 45 5 i — 2 $E = PLA JE 1 R i
WO BE T A 2587 o
2.5 [#RBT/E PLA JRRORERRT

K SEM X PLA JEETE A 1l J 2 HE A Y
AL HEATIEAL , AERIE S AL . FLIRTE A 2Lar
Asdk, DLHSREGIE PLA AYAE Y REMRACR . N
Kl 6 fiizn, il SEM AXRES, W LI M b 2]
PLA TERFEMERT G LA TIRA2EA5b . B 6A Hhok
RS PLA KOG, M7E Bacillussp. JA-4 (1)
YERIE, PLA JESRIHAEREME 10 d 57215 AHRE A
IF# (B 6B), W] PLA JEC WA FEMR . [
fif 20 d J5 FR I U VAR (K] 6C), RAE%L
HWBWN L. R 30 dJ5, Fm T2
290, FEE ek, H 2= R AL & 6D).
XS R THIE N A4k 5843 R W] T Bacillus sp.
JA-4 %F PLA JEEEA B B R RICR -

Wit SEM XFFEME 20 d J5 PLA 85 2 1Hi Y
G REE T OLHEA T 5 530, S5 RN 7 Fr
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7Rl TA B Bacillus sp. JA-4 RERSELTE PLA
LR E I BRI . NI 7B TR LUE F,
FEE A TR I M K EMEER T PLA
W B R L, S5 6C Fr2MAIEA—
B, X—455% 0 PLA 7& Bacillus sp. JA-4 /EFIF
(IR AR AL T U
2.6 [&IRAHIE PLA BLZEEHOH

FIH FTIR Y63 208 PLA 164 ¥ A i I
HAb a5t A8tk (K 8). FEIH 1 260, 1 127
11 080 cm™' WEELEA O-C=0 fHLfha!,
1708 cm ™ AbJEFRIE C=0 HIHRFHEIR I, 2 950 cm ™
Ab R HIE CH; SRR AR PR 504, 873 em ' J&
O-CH-CH; &4k shige®”, 737 em™ 4b e )i F
CH, 1T N FEAZ R sh g2 SR @mTA L, 78
23k Bacillus sp. JA-4 F&fi# 30 d Ji, X SL4RAEIR
WS Py 5 JEE 24 T . BEAh, %K 3398 em!
bR —OH FFAEM I, et A E YIRS, TRl
WA SEAR S, X TR AR R PLA 201
Firse W, (1550 22 B2 Sl e B 022
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c SE(UL) 12/18

==, % i = . i \
A 2 cgulus 3.0 kV 18.4 mm x5 8/202:

Regulus 3.0 kV

6 PLA [RGB A3 BERE
Figure 6 SEM images of PLA film at different degradation time. A: SEM image of PLA film before

degradation. B: SEM image of PLA film after degradation for 10 d. C: SEM image of PLA film after
degradation for 20 d. D: SEM image of PLA film after degradation for 30 d.

L P e
Regulus 3.0 kV 19.2 mm x5.00 k SE(UL) 06/11/2024 10.00 pm

Ll 1 i 1 T
/2024 5.00 um

7 PLA ERHEAEME B ILE SEM
Figure 7 SEM images of bacteria attachment on the surface of PLA membrane. A: SEM image with higher

magnification. B: SEM image with lower magnification.
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—— PLA after degradation for 30 d

0.4

1708 7 !
1080 1
737

1 L Il s 1 L |

4000 3500 3000 2500

2000 1500 1 000 500

Wavenumber (cm™')

8 [&FEEI/S PLA B9 FTIR &

Figure 8 FTIR spectra of PLA film before and after degradation.

3 WwE5&#

S R LR (PLAYE g — B A 1 m] [ A 48
B, AHIEAERREE T B ARRE R AR R T 218
0N 1) R i 1o 2R TR AT 1 I i 8 B Ry 1 24
PLA JZ WM CEER R Z —, Bk, PLA [%
il T 1A RGE B LR AT PLA A YR
FebEmiFse, X FHESh PLA () Z A EA &

AR SE DT 75 U Hh i Hh— R A R AR
PLA fE 1R bk Bacillus sp. JA-4, Z1d 30 d Y
KM, PLA BZREARN 10.6% (PLALHT) . XT3
AT JEXT PLA WM E A RIE, Wang %52
BRI T A B T —Fh PLA FEFR I U0 AR
E T B (Bacillus safensis), i H#k7ES PLA
JESLRIEE 30 d 5, R L 8%AYKLE R, Yu
& PYRE 5T T fiR Y€ R ZE B AT B (Bacillus
amyloliquefaciens)Xt PLA AR ERIE , 1% 15 5
PLA BEIL[E S F 3RS, 60 d J5 PLA ik
HRN T8%A AT« AW A it —42E 1 Bacillus
sp. JA-4 XF PLA HUFEARRE T , WHZ TR A9 A= K e
KRRt R T T HIF9E

Bacillus sp. JA-4 7£ pH 8.0, IR K 30 °CLL
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FAEFIER 20% M) 50 A KARBLECAT . Bacillus
sp. JA-4 W A K pH Ry 8.0, FIZE WM T
FER B 0 R 5T AR B S0 R R IR T AR X
Wi, EZUEHEN PLA fE R REYIK
MERLE AT, T PLA SCRMUZE M4 KRy
—BRi, TR e PLA A SRR 1 2L
PRBE . SCIREE AR, AR Wi Bl A R Y b
KiK.

5201 Bacillus sp. JA-4 [ PLA i) F 2 H &K
FLFERIUG pH A . LA fERpR . Bacillus sp.
JA-4 1£ 30-35 °CIf X PLA FIFEMRSCRIRIT, X
— 4 S EAE 30-35 °CIFl N B2 Kok
DUHA TEARSCHE . AT IR Y, 35 °C
B PLA Y 2 H1 238 R ik i 2 1 8 B B AR AKOF o
Wit B PP N 5% E] 20% (AF5340), PLA
() B R S B R i 1 A 45 25 45 Bacillus sp. JA-4
P AR R AT A0 0T, X — IS B2 T
R A i3 2 T

ANFIREE R pH (H 2T UL I i S A A D
CIRDARSESRTE S i B e 2 (R R Gtk 3
HMREEFIRINRE T SR IL, TERIEAE T
Bacillus sp. JA-4 [%f# PLA e IAIXT IR, 8K
M, TERPERE T, FRi27E pH {0 8.0 i 5%
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T, ZERXT PLA REARBE I KR4 . 1R
F—FHR W s, PLA A i - 2 e 2 1
JCHIE B 22 2 PR B U, TE PLA Ffigid #2
FEI R R ARG PE D AR R SRR PO R
FEAERUESS, BRI T SRR A A R A
PLA 73 FH R/, MATIINGE PLA #) 7K i
HERR o A GE Y 3K — 45 SRl R BB A BT BT 0 T
1) B 2 1 T P PR 5 R G b A R LTS
A S, R, SRS T PLA MAE R REfR A
A RESEHK i A K S P RV E A AE R, x4k
M55 Mistry 5P IF5E HA—2, SR17, Bacillus
sp. JA-4 BER R A T T2 uEst,

B RU I INATEARIFLEE 3% PLA (4
YR i A SRR AT, oA W R A AR T B
W oM ER AT RER A PN JT T, H G,
T PLA B> 450 a5, TEXEFR0I PLA A5
BRI AE Ry A KR BRI, g5
A AR A 1 AR KW BT A Ak U8, AT
e T A AR . BOCE EP R 5T RE
WUESE TIMARE . BEAME RS S, BER
ZEAE T (Bacillus megaterium) . Al B 2F f 4T &
(Bacillus subtilis) fil f# 1€ ¥y 2F £ #T B& (Bacillus
amyloliquefaciens) i) 3 5% Wik H I 1AV 2 34 4 i
P Hk, MEAEGEPIMIRER, K
Y RE A R A A7 A B 22 I AR AR I , X o i
RERE L PLA [f%, M4 & B 3
WAL, X PR AR A R AT B2 Wk B AR 7Y, RG22
FERE R M BR BE T A BB s B A PLAPY, FEr
FEH) 5 R E Y, IR PLA AR YRR Y
PEHEAE AL T HoA 5 ) o 1X — A 5 H Al A5
HHRGEM— . AR ERRE RS
PLA TEZ5HE_F WAL AT BB FEXT s A= 1y e fie
PLA HAESFIEMMCHNERZ — SLRiEk
W, TE—EWBEEEN, WREnE"YS PLA
HIREARBE ST | R R 2 A A A AR TE AR OC M .

SCERIE, WIHEA S L-INE AL,
XRS5 PLA H L-FLIRR BRI TRk ST (R 1L
SN EAY A XA AT S B0 IR X 2
F14 8 SR Tt Fg 7 A BT

W BEEE R I, WEA R R R P I
PLA ZRI1H H IR (4 St VA i i AR A A R 22
AL, B2 T PLA RYFREMSCR . 1L
Hb, B MERBNTERE Rt #Erh, Bacillus sp. JA-4
SR E PLA VRS 2R 1HITE B4 P -1 i
T, IESE T Bacillus sp. JA-4 FIFEARRE ST .
FIFH SEM WS RS 1) 2 ek 1, anvei g
AL . ECRFLIRIE R, I8 R
JEFA M PLA [REFERREE, E—FREWAYIE
fE I PEAN vk o SO PR 9 B R 2 AT
B (Bacillus megaterium)%f PLA [ F&fif bt &
B, XHAESAE PLA MERmAE K, TRt
YRR A CIEE L, PLA WEAS G . X FTIR
LLAMETEIEAT 3BT R B, BEAR i 1) — SRR AE IR A
WIS % A T AR Ak, R R R A R A 0 A i L
JERK . X—BE T LA, fEREM R,
PLA s FiiBst e A, ImBm 2
(¥R, FTIR B AE R A i e 1 28 AR AN R
Bacillus sp. JA-4 [ PLA $&4it 73FEHE, M B
HLEE FUEBH T PLA (R AL R IH B F e i)
Wz

AWFFE TG PE TS U8 i AR TS — bk PLA F%
fi# 74 Bacillussp. JA-4, WF5T AP pH. I JE Fl4%
PP SE R ZE XS PLA WAEYI AR A — 5 152
M, pH 8.0 Fl 30 °CA4 T FEFERCRET, MiE
AR ISR PLA BRERE LI EH i
WRPIMAE R, AMURKIES T PLA 1
REfRCR, T EINPR T AR . SEM LA
FTIR i/, Bacillus sp. JA-4 REME A %L
AL PLA A PRS2, AT SCBNT PLA 1 R
UPRERR . AT IR PLA Wi IR
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