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Abstract: Biodegradable plastics have been developed as a replacement for non-degradable plastics to respond to climate
change and achieve carbon neutrality and are growing in technological and industrial terms. However, the biodegrad-
ability of biodegradable plastics does not meet what is required from user aspects, and various demands are being made
to control the decomposition speed and initiating time points. Therefore, multiple studies have recently been actively con-
ducted to accelerate the decomposition of biodegradable plastics under aerobic and anaerobic conditions, particularly
research on the discovery and improvement of biodegradable microorganisms and enzymes. In this paper, we aim to pro-
vide information for controlling the decomposition of biodegradable plastics by summarizing recent research on micro-

organisms and the enzymes.
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Figure 1. Global production, use, and fate of polymer resins, synthetic fibers, and additives (1950 to 2015; in million metric tons).”
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Figure 2. Schematic shows biodegradable polymers classification based on their origin and method of production.
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Table 1. Microbials of PLA Biodegradation
Type  Respiration Substrate Strains Temp. (C)  Ref.
Amycolatopsis azurea 1FO 14573 30 77
Amycolatopsis Mediterranei IFO 14843 30 77
Amycolatopsis orientalis subsp. orientalis JCM 4600 30 77
Acanthomyrmex thailandensis CMUPLAO7 30 78
PLLA Amycolatopsis tolypomycina IFO 14664 30 77
Amycolatopsis sp. JCM 4936 30 77
Amycolatopsis sp. strain K104-1 37 79
Amycolatopsis sp. strain SCM_MK?2-4 37 80
Amycolatopsis thailandensis sp. 30 80
Arthrobacter sulfonivorans 111 111-20 (Art) 24 81
PLA Bacillus altitudinis 30 82
Bacillus amyloliquefaciens 30 82, 83
Bacillus brevis 60 84
Bacillus clausii 30 76
PLLA Bacillus lentus 30 76
Bacillus licheniformis 32 71
Bacillus licheniformis PLLA-2 58 85
PLA Bacillus pumilus B12 30 86
Bacillus safensis PLA 1006 30 87
PDLA Bacillus stearothermophilus 60 88
PLLA Bacillus subtilis 30 76, 82
PLA Bacillus velezensis 30 82
Bacteria ~ Aerobe Bordetella petrii 30 89
PLLA
Bordetella petrii PLA-3 30 89
PLA Brevibacillus brevis KACC10857 30 83
PDLA Burkholderia cepacia 30 76
PLA/green coconut fiber (GCF) Burkholderia cepacia BCRC 14253 35+2 90
PLA Chryseobacterium sp. Strain S1 30 72
PLLA Geobacillus thermocatenulatus 60 68
Geobacillus thermocatenulatus strain 41 60 68
PLA Geobacillus thermoleovorans 58 69
Kibdelosporangium aridum 30 77
PLLA Laceyella sacchari LP175 50 91, 92
Lentzea albidocapillata JCM 9732 30 77
LA Paenibacillus amylolyticus 30 73
Pseudomonas aeruginosa strain S3&S4 30 72
Pseudomonas syringae JCM 6844 30 77
Psuedonocardia sp. RM423 58+2 65
Saccharothrix australiensis JCM 3370 30 77
Saccharothrix coeruleofusca JCM 3313 30 77
PLLA Schizosaccharomyces cryophilus JCM 9111 30 77
Saccharothrix espanaensis JCM 9112 30 77
Streptomyces mutabilis subsp. mutabilis JICM 3380 30 77
Saccharothrix texasensis JCM 9113 30 77
Saccharothrix waywayandensis 30 77, 74

Polym. Korea, Vol. 48, No. 4, 2024



350 AR - QA ke - 059 - AET
Table 1. (continued)

Type Respiration Substrate Strains Temp. (T) Ref.

Saccharothrix sp. MY1 37 93

PLA Serratia marcescens 30 94

Serratia plymuthica 24 81

Aerobe Sphingobacterium sp. Strain S2 30 72

Stenotrophomonas maltophilia LB 2-3 37 95

Bacteria PLLA Stretoalloteichus hindustanus JCM 3268 30 77

Thermopolyspora flexuosa DSM 43186 58 70

) PLA Pseudomonas geniculata WS3 30 73

F:r?;lelﬁl)t];\e/e PLLA Pseudomonas sp. DS04-T 50 96

PLA Stenotrophomonas pavanii CH1 30 73

Anaerobe PLA Methanosaeta concilii 37 97

PLLA Aspergillus fumigatus 25, 50 98

PLA Cladosporium sphaerospermum 30 94

Cladosporium sp. (KC762235) 25 98

PLLA Doratomyces microsporus 25 98

Fennellomyces linderi (KC762227) 25 98

PDLA Fusarium moniliforme 30 99

Fusarium solani (KC762228) 25 98

PLLA Lecanicillium saksenae (KC762230) 25 98

. Mortierella sp. 25 98

Fungi Aerobe o

PLA Penicillium chrysogenum 30 94

PDLA Penicillium roqueforti 30 99

PLA Rhodotorula mucilaginosa 30 94

PLLA Thermomyces lanuginosus 50 98

PLA Trametes versicolor 25 100

Trichoderma viride 28 101

Trichoderma sp. (KC762229) 25 98
PLLA Tritirachium album 30 76, 102

Verticillium sp. (KC762236) 25 98

PLA. 370l w2} PLAVE EsllH = B 2 27 I
= ol A=A 85tk PLA
T pH, &%, F&, 2§57 T s 840 o8 FFS
flas=
PLA®] 3ll= Al 58S 7= vA= 7 wi%k
slo o] Fo]ZTH(Table 1) IWHH o2 27} Z71glol u}
2} PLA A3 7F 3T Psuedonocardia sp. RM423+=
WAHOE PLA Al A1E Axt EYellA] PLA AIE 3]
7t T2 2EET 594 204 o wEA EThs
ol PLA®| 7FrRal|eh o] vt wd=ol ols) Eail 7}
o]Fofx|7] Mol F=& 3}8H4 7t 2 Q13 PLAS 22
JEARe] b A et o] %ol web bkl
o} 2o Eue] i F2S Fe 7Rl el 1
e F=tH 5G4 2=0X Geobacillus thermocatenulatus

]
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strain 41,8 Geobacillus thermoleovorans,” Thermopolyspora
flexuosa DSM 43186™ o] lom, 54 Lol Bacillus
licheniformis,”" Pseudomonas aeruginosa strain S3&S4,”
Stenotrophomonas pavanii CH1”°] PLAE £33l 58
7YAI AL Y}, B8 Saccharothrix waywayandensis= 44 7]
100 mg PLLA €52 95 mg o)’ &3l skt

PLAE #3l3t= v EC] 84S HolE 4+ protease,
lipase, cutinase 5°] ATHTable 2). ZZ & PLAE E3lsl=
nAEo] /Mg B E4S Hols 4 E protease®] TF”
PLA 3] ujAE-o §A48A0) 23] 71553l7F Lolut ester
AHS A5, lactic acid A1 S A4S} Protease=
n-butyl, ethyl-d, L-lactateS 7}2-3 S = A=315) th2A),
PDLA= &/ 790 782 7+ gIAY, acyl 84 TS
RS 7] wiEol] PDLAE 7Rl 7t B7Fssteh vt
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Table 2. Enzymes of PLA Biodegradation

Enzyme Substrate Ref.
Amylolytic enzymes PLA 81
Catalase PLLA 68
PLA 73, 94, 103
Esterase PLLA 78, 104
PDLLA 105
PLA 94, 106
Lipase PLLA 96, 107
PDLLA 108
Lipase PS PDLA 76
Lipolytic enzymes PLA 81
Pectolytic enzymes PLA 81
Proleather FG-F PLLA 76
Protease PLA 73, 93, 94, 103
PLLA 65, 74, 78, 79, 80, 109, 114
Proteinase K PLLA 76
Savinase 16L PLLA 76
Savinase CLEA PLLA 76
Serine protease PLLA 91
Urease PLLA 80

M, lipase= PLLAXT} PDLACIA &4 H915 2 212)5P]
wj#o] PDLAS U] WA Bad 4 et

Table 3. Microbials of PHA Biodegradation

SR uE 9 24 Ve 351

PHAs. PHAS] 7HY 583F B2 =2 AEallAd 3 13
FAHEo] FEAolgkE Aot

5 = o
T, 25 pH nE A, A g ﬁ%i}E TES .
ole] P& W= ek PHAE 3714 2 @714 =
AellA fsﬁﬂ 7Fest, 9 M= WEA e

), ol= al MM E EalEe As onigitt o8 &
3l PHA= Sl al& 7]21A] &L A #7171 7hsste]
Ta3 AEsd STRsEo

PHAE Fallohe PIAE2 -9 oheab, vland] w2 2
oA A&7} 7sst AL ERISIH T (Table 3). Alcanivorax
sp= B%F E‘L—ri PHAS gt k4902 Alg-3lod 15 T}
22 CollA] 60 &< sl Al &3l AHEo] UE=1aL, SEM
< B3l W] FEjsH WskEs eI EYelA welE
Streptomyces spIN12 30 ‘Col|A] P(3HB-co-3HV)E &3l 5=
thermoalkanophilic P(3HB-co-3HV) esteraseZ A 4Hgl o} 12
A7 Aeshe W AEE S8l 7HXI3SE @ dyAE s
T Aok SR Aeld aEAe] 71 Aslel AHE

n A&l Heir = 3714 Aol vis) @ A=A
Ilyobacter delafieldiir= 5521 37174 A ENA 2= A
3, HxE FEE 9714 PHA w8l 5oy Blas v
5220 T oJahllA 80% o’de] EaE HIATE™ ]9l
%=, PHB 8714 &3l 452 Enterobacter sp.2} WE A4t
o] #A U= Ao] A=A

PHA®| &4 Alisf wlAUSS nlAEelA EHE PHA
depolymerase”’} PHAS 84 229} T2 Hafs)
= Zlo]H(Table 4), &3l AHEo] Al2E oA oufr|de=z

1-['1

Type  Respiration Substrate Strains Temp. (C) Ref.

PHA Alcanivorax sp 15, 22 119

PHB Alcaligenes faecalis AE122 55 124

PHBH, PHB Alphaproteobacteria 25 125

PHA Bacillus subtilis DI2 40 126

PHB, P(3HB-co-4HB), P(3HB-co-3HV) Bacillus sp. JY 14 20, 30, 37, 42 121

PHA Enterobacter sp. IBP-VN1, IBP-VN4 27~30 127

Aerobe PHBH, PHB Gammaproteobacteria 25 125

Bacteria PHA Pseudomonas aeruginosa 37 128
o-PHB Pseudomonas lemoignei 37 120, 129

P(3HB) Pseudomonas stutzeri YM1414 30 130

P(3HB-co-3MP) Schlegelella thermodepolymerans 30, 50 131

P(3HB-co-3HV) Streptomyces sp. IN1 30 132

PHB Thermobifida fusca 30, 40, 50 133

PHBH, PHB Deltaproteobacteria 1.5~25 125

Anaerobe PHB Enterobacter sp. 38, 55 122
P(HB-co-HV), PHB Ilyobacter delafieldii 15 120, 123
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Table 4. Enzymes of PHA Biodegradation

Table 6. Enzymes of PGA Biodegradation

Enzyme Substrate Ref. Enzyme Substrate Ref.
Alpha/Beta hydrolase PHB 134, 135 PGA-hydrolase PGA 140-142
Cutinase PHB 133
Lipase PHA 126
LB 4 PLGA. PLGAE 23llsh= =2 obd B2 A77F A
PHA depolymerase P(3HB) 130 ig%;q (‘E—i _;igif o1, dhe =4 _‘3—! %}i f\]é‘%ﬂ-‘j =
polBeotty) 136 Fo7h $33e) olF Aol ALgE el wEAE
awske A7 e
PHB depolymerase P(3HB) 137 PBS. PBSZ Ealahs n]AEo 574 sloladqt uzo)
PHB depolymerase A o-PHB 129 =R} =dl(Table 7), Phyllophora antarctica®) 23 PBSZ &
PHBV depolymerase PHBV 138 & gk F o)A 6T 60% FA A 7F e TS

Al thAbEITE

PGA. PGAE= 71x3 3714 I35 Adeiold e 70 CollA
W=l erokont, 70 T 53 270l PGA AZe] &
= 70 Co] EollA] AlZe] E3llof fAket £l =7t
o= EES BATY A Fo| #571(FE)7t
PGA F3lle] =8 RloH, 257 =375 3l o] 7t
£3lEo] PGAS] 7|7 B o] dEEth= AMS &
T Ak

PGA®] F3ll= FE S7]AolA o] Fo]xItH(Table 5).
Flavobacterium polyglutamicum= PGA 7153 &4 (Table

Fusarium sp. FS1301+= 214 %] PBSS] ZE A F3F|
A 80%2] FALAE BHITEH SEM Adollr Be vy
S 7k RS HO5, DSC #Alef wheh pBSS] AA A
AP e BE £4S 9A RS S 5 IO
&1, Cryptococcus sp oI A28 lipased] 218 7241743} 16
Al7bolgk e & 717F Mol PBSS} PBSAZE 4413 Hal e
RS E3) lipase”} PBS Haflo)] #Hodshs aheh= AL &
¢18 <= SItK(Table 8).'*

PBAT. PBAT= Qa4 83 e 718 Zo| ARgE]o],

Table 8. Enzymes of PBS Biodegradation

Enzyme Substrate Ref.
6)E °l83tel =714, 28 T, pH 7J‘1_Zj°ﬂ/\1 jqzj'g] wahs PBS 144, 145, 148, 150
g2 BoH, Myrothecium sp= 27173, 37 C, pH 5Z74 Cutinase PBSA 145
oA PGAE lishs e HATE M & O nAlER=
B. licheniformis 994527} & = 1o 3714, 37 CollA Lipase PBS 146, 147, 149
PGAE 71 2 Rallshs Ao maHe] grh® PBSA al
Table 5. Microbials of PGA Biodegradation
Type Respiration Substrate Strains Temp. (C) Ref.
PGA Bacillus licheniformis 9945a 37 142
Bacteria Aerobe PGA Flavobacterium polyglutamicum 28 140
PGA Myrothecium sp. 37 141
Table 7. Microbials of PBS Biodegradation
Type Respiration ~ Substrate Strains Temp. (C)  Ref.
Aspergillus oryzae 58 145
PBS, PBSA Burkholderia cepacia PBSA-1 and Pseudomonas aeruginosa PBSA-2 (bacteria) 37 146
Cryptococcus sp. 25 147
Bacteria Aerobe Fusarium solani 50 148
PBS Pichia pastoris 50 144
Stenotrophomonas sp. YCJ1 37 149
Thermobifida cellulosilytica (Thc_Cutl) 65 150
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Table 9. Microbials of PBAT Biodegradation
Type Respiration Substrate Strains Temp. (C) Ref.
Bacillus pumilus 30 151
Bacillus subtilis 50 154
Clostridium botulinum (Cbotu_EstA and Cbotu_ EstB) 50, 60 155
Humicola insolens 50 153
Knufia chersonesos >21 156
Bacteria Aerobe PBAT Pelosinus fermentans 60~65 157
Pseudomonas pseudoalcaligenes 28 158
Thermobifida cellulosilytica 50 153
Thermobifida fusca 60~65 159
Trichoderma reesei 50 160
Tritirachium album 50 160
Fungi Aerobe PBAT Candida Antarctica 45 152
Candida Rugosa 50 160
PBATE Bl gl= =2 42 @48t o] A Hafo Table 10. Enzymes of PBAT Biodegradation
Hsto] Fasit. PBATE Fallehe 5714 2 dikE e Enzyme Substrate Ref.
E°‘= oM A TH(Table 9). Cellulase PBAT 160
= Bl Bacillus pumiluset BASE o] 1= 37H<] Cutinase PBAT 153, 159
I;BA: "iOH a5 NKCﬁ]_VB_ZO], NIiCM3202 2 NKCM3101 Esterase PBAT 154-158
= e °}(*?E}' °l O_d?_t 27173 S27d HEleiote] PBAT Lipase PBAT 149, 151, 152, 161
7hrEsl &l gk AR Bareke Sl ©]e)7) k!
Proteinase K PBAT 162

F7AA B @3 Stenotrophomonas sp. YCI1S lipase
AYakslo] PBAT 58 Eallske 222 YeRdTtH(Table 9).'¥
olefol = A& Aol dFS WIXA] AL PBATE W3l
Candida antarctica®t TFFS A& Zo|2] PBATS &E3l|e
A= Humicola insolens 2 Thermobifida celluloszlytzca-/]

cutinases®l] 2Jaf 718 7F ojubs A0 2 epgte) 92158

Table 11. Microbials of PCL Biodegradation

A7 WIS Clostridium botulinum ATCC 3502(Cbotu_EStA
2 Cbotu EstB)2] esterase= PBATE 7135, &714
3ol A Jaol 98t 7kl 7F PBAT Aislo] 2 v
AYEole2l A3t (Table 10).'

Type Respiration ~ Substrate Strains Temp. (C) Ref.
Alcaligenes faecalis 30, 60 167
Acinetobacter seifertii 30~40 168
Micorbispora rosea subsp. 50 169
Bacteria Aerobe PCL Pseudomonas pachastrellae JCM12285 30 164
Streptomyces thermonitrificans PDS-1 50 170
Streptomyces thermoviolaceus subsp. thermoviolaceus 76T-2 45 163
Thermomyces lanuginosus (KT365229.1) 50 171
Aspergillus fumigatus 25, 37 171
Fusarium solani (KR527135.1) 25 171
Fungi Aerobe PCL
Neocosmospora ramosa 25 171
Pullularia pullulans 30 172
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Table 12. Enzymes of PCL Biodegradation
Enzyme Substrate Ref.
Lapase PCL 173, 174
PCL depolymerase PCL 167, 168
PCL depolymerase_chitinase PCL 163
PCL depolymerase cutinase PCL 164

PCL. PCLS Hallehs d5= 57] 2719 thekst 2o

|7} o] Fo A, Bl BE|E Penicillium 2 Aspergillus
T A2 o] Fol 9l sl Etk(Table 13)."° PVA
54, FE 54, 71448 B S22 Qe H2 FEEA
AE A eIt} " Munzer Ullah 7769l 2814, PVA
= O|A7IA] RAER] k2 Stenotrophomonas sp. 5l 2]
3 4wkl 90%7kA] Ei7t 7Fs e Yrith!” EE PVA
waflo] AREEE EaAe dAe] T 4T U =2 il
82 AW Jianping Huang 979 7127 0] ofd
7] ZANM Betaproteobacteria 771 40 ColA PVA £

W2 EQTHTable 11). PCL B2 1go] T48 wixe ot 87} 71582 Qzaiin™
B w3l Streptomyces thermoviolaceus subsp.
thermoviolaceus 76T-291 I3l 6A17Hdol| ks8] Eal| = At ZE ¥ Mo
Pseudomonas pachastrellae JCM12285 4+ PCLS Z U
1.39+£0.09 mg-cm >day ' $=2 Halst oM, 4] 2t 718 e ZEfEe] =& oA E wpedt Ao s
28 Zhefoll A welaldl #Hzo] PCL Zall o]t ol @i ST H71ES 717 S FAFHo] 9] dllo]
FollM o] ZekiY ®all 7Fsde BoEth ™ §7] S2A HAek. ol5 A8k, A& 7hsd o AAlE vET] 2
oA PCL 231E 213 977k UAAR ARa7E Al A o) ARl Sekagel] tie Bl 716, 98 a7
ofuA] = AAE Sl §7] 210l ¢] PCL Eall= ol W= S7Fskal Atk 2y AEelA SekEe 42
w2 WRTE'® PCL Ealloll #ofshes a4 thiE esterase®] A A7) Yol o]¢] H7 = Fallol teFet 370l &
AFO = lipase®t cutinase 5(Table 12)°] SAT}.'%+1% TEAU, Ui 22 AEER Q8] ArgedA 8+3h=
T8N M DEXL PVAcE T2 3714 2764 AR EAJo] Wolx|= EA|7} Al7|= a2 Yt old] wal, AEs)
Table 13. Microbials of PVAc and PVA Biodegradation
Type Respiration Substrate Strains Temp. (C) Ref.
Achromobacter cholinophagum SB98 28 179
Alcaligenes faecalis KK314 30 180
PVA Alphaproteobacteria 25 178
Pseudomonas 0-3 30 180
Pseudomonas boreopolis 30 181
PVAc Pseudomonas mendocina 28 182
) Aerobe Pseudomonas putida VM15A 30 180
Bacteria
Pseudomonas sp. A4l 30 183
Pseudomonas sp. VM15C 30 180
PVA Sphingomonas sp. 30~35 184
Sphingopyxis composta 30 185
Stenotrophomonas sp. 30 177
Streptomyces venezuelae GY 1 30 186
Anaerobe PVA Betaproteobacteria 40 178
Starch-g-PVAc Aspergillus niger 20+£2 187
Aspergillus sp. 22~25 175
Fusarium solani 28 182
Fungi Aerobe PVAc
Geotrichum candidum 38 188
Humicola insolens 28 182
PVA Penicillium sp. ASH02-21 30 175, 189
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