A L B ¥ 4k XEE S/ EMEREN TR
Chinese Journal of Biotechnology

http://journals.im.ac.cn/cjbcn Aug. 25, 2021, 37(8): 2688-2702
DOI: 10.13345/j.cjb.200624 ©2020 Chin J Biotech, All rights reserved

XHZ FELM AELS, RAKY AlE

1 P EBEBEMAEYIR T ERFEEE AL, Jb 100101
2 HEBERBE R, Jbat 100049
3 MIF R AmAlEsbe, KE: 300071

XERE, 2, X, % MR, &Y L4k, 2021, 37(8): 2688-2702.
Liu TY, Xin Y, Liu XZ, et al. Advances in microbial degradation of plastics. Chin J Biotech, 2021, 37(8): 2688-2702.

O BRSO TARGETY, L P2 80%e) WA RMIANE, RARAERAEEER, b TERE
WERE, R EFMERT ERGRETE, B HFARNRRITFOLEF X, (ot B4R FHTER
FEHREBFX., AVWEREARZAFHALEFX, BAERGEASRS. ARG R_FR BB, R
THi. RATH. RAk. RRUHARABX 6 A F A BA G SRR AD B AN EBAF AT T &4, xHB AT
WA MG REBF G A F AT T oM, 3 TR WIS PR R 61812, A A WGP H R ERE
Bl 6y KL R TR AR B R RAR IS A,

D RARX WO oB8, RO, RACH, Rath, RRXH, RAB, &, BELH

Advances in microbial degradation of plastics

Tongyao Liu®?, Yi Xin'?, Xingzhong Liu®, Bing Wu?, and Meichun Xiang'?

1 State Key Laboratory of Mycology, Institute of Microbiology, Chinese Academy of Sciences, Beijing 100101, China

2 University of Chinese Academy of Sciences, Beijing 100049, China

3 College of Life Science, Nankai University, Tianjin 300071, China
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Table 1 Synthesis and application of six most commonly used plastics

Plastics type Abbreviations Symbol

Addition polymerization

Application

N\

Polyethylene 1
terephthalate PET ?—PE‘TA
High density N
polyethylene, HDPE LZ.J n >
0.941~ .
0.960 g/lcm?®

n e
Polyvinyl PVC L% |
chloride =,

Cl

Low density N
polyethylene, 4
0.91- LDPE 4y o —>
0.93 g/cm?® £t

Ay
A A

PP

Polypropylene PP

o as
Polystyrene PS

AR

Polyurethane PUR -

—>

RO o i Mineral water bottles and carbonated
HO—\ on+ — Rhi(:ﬁq« - (o .
O, ‘ 2" beverage bottles for warm or frozen drinks

Film products, daily necessities (toys, milk
bottles, shampoo bottles, water pipes,
household utensils) and industrial hollow
containers, pipes, calendering tapes and

n . .
ligatures for packaging, ropes, fishing nets
and weaving use fiber, wire and cable, etc.

n Raincoats, building materials, plastic films,

plastic boxes, etc.

Cl

Agricultural film, industrial packaging
film, pharmaceutical and food packaging
film, machinery parts, daily necessities,
building materials, wire and cable

11 insulation, coating and synthetic paper,
such as reusable bags, trays and containers,
agricultural film, food packaging film, etc.

Food packaging, candy and snack
packaging, hinged lids, microwave
n containers, pipes, auto parts, bank notes

Bowls of instant noodle boxes, fast food

A 6 » boxes, building insulation, electrical and
z ; z ; electronic equipment, refrigerator liners,
n ———
= O O O O glasses frames, etc.

Light industry, chemicals, electronics,

n R—N=C=0+nROE—> R\ L &3, textiles, medical, construction, building
N o

materials, automobiles, national defense,
aerospace, aviation, etc.

H

1 BREROBES

Y%A (Biodegradation) 5 i i M1
R R i AL i T AU W o8 24k
TR . K. TR A YR, B T DA
Ve RS A R A AR . e MR, ANy
BT ATV A ERM . LRI 50 4
L. 1) A¥B1k (Bio-deterioration): k¥Rt
7% UL R AR Ay R R SRR R & 2 2R 0RO
B 2) fEIER (Depolymerization): fitZE4)
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Table 2 The reported plastics-degrading fungi

Degradation efficiency

Plastic type Strain name . Incubation time Strain source References
(weight loss)
PE (HDPE) Aspergillus flavus 3.9025%+1.18% 28 days Galleria mellonella [18]
PEDX3 intestinal contents
Penicillium oxalicum  24.18% 30 days Plastic garbage dump [19]
NS4 (KU559906) 43.73% 60 days near Mohanpur campus
55.34% 90 days
Penicillium chrysogenum 17.06% 30 days Plastic garbage dump [19]
NS10 (KU559907) 48.00% 60 days near Mohanpur campus
58.598% 90 days
PVC Chaetomium globosum Spores and hyphae beginto 28 days Standard strains [20]
(ATCC 16021) absorb PVC purchased
Mucor rouxii (PVC modified with glycerin 30 days Polymer recycling site  [21]
and urea) began to degrade
Phanerocheate 11% 28 days Plastic garbage dump [20]
chrysosporium
PE (LDPE) Aspergillus oryzae strain 36.4%+5.53% 16 weeks Dandola landfill soil [15]
A5,1 (MG779508)
Zalerion maritimum 56.7%+2.9% 14 days - [22]
Rhizopus oryzae NS5  8.4%+3% 1 month Lab isolate [23]
Accession No.
KT160362
Penicillium oxalicum  16.72% 30 days Plastic garbage dump [24]
NS4 (KU559906) 26.70% 60 days near Mohanpur campus
36.60% 90 days
Penicillium 19.32% 30 days Plastic garbage dump [25]
chrysogenum NS10 33.33% 60 days near Mohanpur campus
(KU559907) 34.35% 90 days
PP Phanerochaete 5.8% (iPP/PLA/nCaCO3 28 days Soils from campus of [26]
chrysosporium Nanocomposite) India
Aspergillus niger and  0.62% (PP) 30 days - [27]
Paecilomyces variotii  2.32% (PP/PET/thermoplastic 30 days
co-incubation starch blend)
Phanerochaete 9.42% (UV pretreatment) 1 year Plastic dump [27]
chrysosporium NCIM ~ 18.8% (UV pretreatment) 1 year
1170 (F1)
Engyodontium album
MTPO091 (F2)
Lasiodiplodia 1.2% 90 days Plant endophytes [28]
theobromae Psychotria flavida
PUR Aspergillus tubingensis 90% 2 months Dumping area in [29]
Islamabad, Pakistan
Chaetomium globosum 15%-16% 130 days - [30]
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Table 3 The reported plastics-degrading bacteria

P,:;ch Strain name Degr?\?v?atilgr?t el,\gfslg)lency Incﬁl;?é'on Strain source References
PE Streptomyces spp. (S. iakyrus, S. aveblanens, 28.5% 4 weeks Nile Delta [31]
S. warraensis, S. humidus, S. parvullus, (tension change)
S. aburaviensis, S. nigellus, S. misioensis)
Alcanivorax borkumensis 3.5%+0.34% 80 days  Seawater samples of [32]
northern Corsica (Calvi Bay
in the Medliterranean sea)
Kocuria palustris M16 1%+0.033% 30 days - [33]
Pseudomonas sp. MMP1, Acinetobacter sp. 3.75% 6 weeks Junkyard in Northern  [34]
MGP1, Bacillus sp. MMP10, Bacillus sp. Ibadan
MGP1 (mixed flora)
Bacillus sp. 14.7% 60 days  Abandoned landfill in  [35]
Paenibacillus sp. (mixed flora) Incheon, South Korea
Brevibacillus sp. and Aneurinibacillus sp. LDPE: 58.21%+2% 140 days Abandoned garbage dump [36]
(mixed flora) HDPE: 46.6%%3% in Karnataka, India
Bacillus cereus strain A5, a (MG645264) 35.72%+4.01% 16 weeks Dandora junkyard [15]
Brevibacillus borstelensis strain B2,2 20.28%+2.30% 16 weeks Dandora junkyard [15]
(MG645267)
PVC Pseudomonas citronellolis 18.58%+0.01% 30days - [16]
Erysipelothrix sp. (KX156777), Uncultured 11.7%=+0.6% 7 months Marine [37]

CFB group bacterium (FJ024711),
Bacteroidales bacterium CF (CP006772),
Psychromonas sp. (NR116830), Cupriavidus sp.
(MG948149), Pleomorphochaeta sp.
(NR134177), Sporobacter sp. (KT183425),
Clostridium sp. a-nd (FN397991),
Dethiosulfovibrio sp. (NR029034),
Acetobacterium sp. (NR074548), Cohaesibacter
sp. (KT324976), Desulfovibrio sp. (KU892724),
Fusibacter sp. (KJ420408) (mixed flora)

Bacillus sp. AlIW2 0.26% 90 days Marine [38]
PP Stenotrophomonas panacihumi PA3-2 20.3%+1.39% (molecular 90 days  Solid waste open-air [39]
weight 10 300) dump in South Korea
16.6%z1.70% (molecular
weight 19 700)
Bacillus sp. strain 27 4.0% 40 days  Sediment samples of  [40]
Rhodococcus sp. strain 36 6.4% Matang mangrovein in
Peninsular Malaysia
Co-culture of Bacillus and Pseudomonas 1.95%+0.18% 12 months - [41]
Brevibacillus sps. and Aneurinibacillus sp.  56.3%+2% (PP band) 140 days Sewage treatment plant [35]
(mixed flora) 44.2%+3% (PP board) and waste disposal landfill
Pseudomonas azotoformans, P. stutzeri, 2.5% 12 months Plastic waste dump soil [42]
Bacillus subtilis, B. flexus
PS Enterobacter sp., Citrobacter sedlakii, 12.4% 30 days Landfill [43]
Alcaligenes sp., Brevundimonas diminuta
Pseudomonas sp., Bacillus sp. 23% 30 days  Soil samples in plastic [44]
waste landfill area
Pseudomonas aeruginosa, Bacillus subtilis, Bacillus subtilis has  — Soil samples [45]
Staphylococcus aureus, Streptococcus pyogenes the highest degradation
efficiency
Acinetobacter sp. 12.14% 60 days  Tribolium castaneum  [46]
gut of larva
Serratia marcescens, Klebsiella oxytoca, - - Tribolium castaneum [47]
Pseudomonas aeruginosa gut of larva
Exiguobacterium sp. strain YT2 7.4%=0.4% 28 days  Mealworms that feed  [48]
on plastic
Pseudomonas aeruginosa strain DSM 50071 - - Zophobas atratus gut  [49]
PUR Bacillus subtilis MZA-75, Pseudomonas Co-cultivation has higher 30 days - [50]
aeruginosa MZA85 degradation effect
Bacillus amyloliquefaciens 30%-44% 1 month - [51]
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Table 4 The reported PET degrading microorganisms and enzymes

Strain name Enzyme Reaction o Incubation time Degradatllon S References
temperature (°C) (weight loss)

Pseudomonas aestusnigri PE-H (polyester 30 - - [60]
VGX014T fiber hydrolase)
Thermobifida fusca Hydrolase 55 3 weeks 49.7%+1.0% [56]
DSM43793
Fusarium solani f. sp. pisi Cutinase - - - [61]
DSM 62420
Saccharomonospora Cutinase (Cut190) 63 3 days 27% [57]
viridis
Ideonella sakaiensis ISPETase 30 24 hours 1% [62]
Thermobifida fusca TfCut2 70 120 hours 97.0%+3.0% [63]
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PRI 9708 e T Pl 2 25 i, 4t PET AV IR 25
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PET 254 104 20k, 24 PET REEIEIRY 454 5B 0L
BF, Ak O BT A 20 R 6 25 W56 7 df A S
Frh ] A FE G, IEY) PET 3 AL G0,
BB B TS VEOL RO OK R, KIS P AR R I
i 4 g

PET MRS . BEME THeE 54 PET [
it XA W R (Terephthalic acid, TPA) Fl1Z —
fiz (Ethylene glycol, EG), a7 AS5E 2K M
YR - LK) XK ZHEREE  (Mono
(2-hydroxyethyl) terephthalate, MHET)FIXL (2-5%
LEE) X AR W R EE  (Bis (2-hydroxyethyl)
terephthalate, BHET)!"®!, MHET #] ) 7 MHETase
Ve FI R 4k Sk il TPA R EGPZ, 2 5 TPA #l
EG Al AR, &3 — R YVEE 2 1R 5 LR IR LA
i, PEAZ=FRERIGIR (Tricarboxylic acid cycle,
TCA cycle), M5 Ak 9 A i ke k0oL,
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N ak 2L &%) (k%Y 20 DRI ) mT LA H %
B EI AN AR, RIS R,

2.3 PS YRR R ML

Tischler S5 1 Z A4 A G, BN T R O
Rt (B 2). RO FtER O A Y
TER T AEREMAR T, RIGEEMR T
WA A A S B, PR 2 I Ut () A A=
W TRIRTR, 5 24 LR AR TR I 24 W i T
A EIRBBRIGA P R R O, T A
Vg BRI . X R EE AR G iR AR e R M AR

fip i H WL R AS, MRV RE | IR R
Jei P TR 3R R i 1O,

2.4 PUR & #Ip& R #1318

K PUR Bl 2 2050 . BREGFI & A, &3
R T HATBEAIVE LS o Cregut 25Xt PUR [ fig
ML HEA T 7 157 B o MR 22 7 PUR R A I 7] 43
R B2 A RN Sy I Y S 2 B R4 fish I K B A
PUR Fifi, H UL/ #2034 H iR LWk, B PUR
Fr Bl A X AL PUR, TURR il K 11
IHIBERRI AR, SRS A TR PUR.
For B S5 IR 45 B RCRIE R, vl A
PUR 3 findz il i FL, $2m M5 PUR 45 A R0%,
TEHERE AU, Do Canto VP 257 F [] I A R 4 A |
R T 5 R A ) = RS, R

O
0 | |
X
SMO SOI PAD PAA# i
— & > > > TCA

Styrene Styrene oxide

2 PS HfR R

Phenylacetaldehyde

Phenylacetate

Fig. 2 PS metabolic pathway"™®. The involved enzymes comprise styrene monooxygenase (SMO), styrene oxide
isomerase (SOI), phenylacetaldehyde dehydrogenase (PAD), and multiple enzymes of phenylacetate degradation (PAA#)

leading to intermediates of the tricarboxylic acid cycle (TCA).
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Fig. 3 Possible sites of PUR degradation enzymes!’.
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tunneling microscope, STM)ak & i1 71 & i 85
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SR AL, AR R RS W N AR s )
XTSRS DL S SR A R s e, A v
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LESE e e AN AT Zg Y, PR SRR el R
SeiE T B SR B SR EA TR AT . TR AN
B %E

BE XTI A W W i SR AE (R [R) R, AT LA LA
TSI T RAIFSE : 1) R SRR P ) e 3
S TN R R IR AT A R, B
AT DL RE R P 5 vh R 308 %) B e 301 AR ) B
U5, [RIES 0K H B R FRATT Ik e i 7 5 145 1 2%
. 2) MR R . RIHEDE RS> TBE S
BB AR i, KA H A AR A e T
WRE . U Cregut 25 356F H BB A BUAY SRR A 1k
AP AR DG DR, I T B S R B R AR N 1 — i
B, X 500 ZFh ] e HAT PET FEfRE J1 1Y
PRI T T R WA T 4 B ) PET K At
B T — RS AU T T . 3k, il 2 5
AT — O F R AR M A % ke, EE AT
N D] A P 7 35 A D S ARk e e R AR AN T 3%
F& AR Wy s i o 3) SRR AR (Syncom)
i 3 Eg AR A o DN TFRATTXT S A M i A 00 R A ) F
GOV B, AR 22 o RS 1oL R W R
[FIVE T, 38 7 2k R A R A SEORL A TR, RIS 45
G A AN F I, TS R R SR A= )
KFR . 4) WEYRERAURLEE . SRR SRR E Y
mor AR, B R A A, AR
MR Ao SR AU SE IR IY B DG RE I S
FLATLR 308 o X o frp DX il ) A AT o3t 4 v T
PEFIF= 5, DA 2 SRR AR AL, IR 9
Wk ik SPRLE 1] S . 5) PRI IR W fige 20 84 1
HoAR . TEBVRHRN Ao Tl B ER SR, BRORIE
i R iR AME, EHAE G 2 TR .
BN Brunner S5 T AT LR SR AE PR R FROIA

. cjb@im.ac.cn



2698 ISSN 1000-3061 CN 11-1998/Q =¥ T #2244k  Chin J Biotech

LA R A fife SRR BB T A TR 9 SRR N Y T
BRHE 3E 22 5 5K SO K il i ok R e, RPAT
finh 2% A6 - 1) A= B RO bR A VR, DA TG e A
L, BEWE R TR, SORSUE R E R
BEH R APESERRCL 6) OB T W R A . I
AERAR Z A SR HUE I T SO X B AR PR Y ™
e 2 7890 i o FR S A A i T 5 b A
AT B, IRFCOB R A YRR, X TR 2D
R () T A R g T 50 0 R S AR 5 e ) .
HEKMWE L,

i F 8RN Yo FE s BT, AERFST W] = AL
ok it SR R TRV B, A b7 > G 3 /b 93 R f) f J1 o
R TR R B ASCR 1 7 i, IRk
FBE AR 1 o A= ] G ik SRR AR Wy T R A
(ENEELY/ B o0 G BS54 S S E SR 5 Y/ v
BEEAREE , X IRBE AT o 9040 2R 7R B s i R i
(Polyhydroxyalkanoates, PHA) 1R £ 41 i 41 i 4=
B — RN R, BAZRTE R Y1k
Ferk, JOF HEA YRR . RS <
PRARBGPE 0 AR B AR AR 2
TER—KAEY), ATTERE SR A AR BRI 22,
HRAEU MK YR T 2214 . £ Bayer il
Mclntyre ) F L B Ak B il 25 R 22 AR BE S0 RE (FR FR
“BE s YR RL) R RGEA) 37. T Ecovative Design LLC
AT =R BT, R T 88 s SR
WEHRCR, BETA T2 RA A L TR
FRAEM B BT R SEIERET, Flank
SRRSO EERT N S H TG S e
A T A A L,

REFERENCES

[1] Rodrigues MO, Abrantes N, Gongalves FJM, et al.
Impacts of plastic products used in daily life on the
environment and human health: what is known?
Environ Toxicol Pharmacol, 2019, 72: 103239.

[2] Ryu HW, Kim DH, Jae J, et al. Recent advances in
catalytic co-pyrolysis of biomass and plastic waste
for the production of petroleum-like hydrocarbons.

http://journals.im.ac.cn/cjbcn

(3]

(4]

(5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Bioresour Technol, 2020, 310: 123473.

Taghavi N, Singhal N, Zhuang WQ, et al.
Degradation of plastic waste using stimulated and
naturally occurring microbial strains. Chemosphere,
2020, 263: 127975.

Velis CA. Global recycling markets: plastic waste. A
story for one player—China. ISWA Globalisation and
Waste Management Task Force. Vienna: ISWA,
2014.

Danso D, Chow J, Streit WR. Plastics: environmental
and biotechnological perspectives on microbial
degradation. Appl Environ Microbiol, 2019, 85(19):
€01095-19.

Amaral-Zettler LA, Zettler ER, Mincer TJ. Ecology
of the plastisphere. Nat Rev Microbiol, 2020, 18(3):
139-151.

Kitahara KIl, Nakata H. Plastic additives as tracers of
microplastic sources in Japanese road dusts. Sci Total
Environ, 2020, 736: 139694.

Pérez-Albaladejo E, Solé M, Porte C. Plastics and
plastic additives as inducers of oxidative stress. Curr
Opin Toxicol, 2020, 20-21: 69-76.

Hermabessiere L, Dehaut A, Paul-Pont I, et al.
Occurrence and effects of plastic additives on marine
environments and organisms: a
Chemosphere, 2017, 182: 781-793.
Oehlmann J, Schulte-Oehlmann U, Kloas W, et al. A
critical analysis of the biological impacts of
plasticizers on wildlife. Philos Trans R Soc Lond B
Biol Sci, 2009, 364(1526): 2047-2062.

Ignatyev IA, Thielemans W, Beke BV. Recycling of
polymers: a review. ChemSusChem, 2014, 7(6):
1579-1593.

Plastics-the Facts 2019,[online]
Available:https://www.plasticseurope.org/en

Singh B, Sharma N. Mechanistic implications of
plastic degradation. Polym Degrad Stabil, 2008,
93(3): 561-584.

Kyrikou 1, D. Biodegradation of
agricultural plastic films: a critical review. J Polym
Environ, 2007, 15(2): 125-150.

Muhonja CN, Makonde H, Magoma G, et al.
Biodegradability of polyethylene by bacteria and
fungi from Dandora dumpsite Nairobi-Kenya. PL0oS
ONE, 2018, 13(7): e0198446.

review.

Briassoulis



IE S EYIEREERRHE 2699

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Giacomucci L, Raddadi N, Soccio M, et al. Polyvinyl
chloride biodegradation by Pseudomonas
citronellolis and Bacillus flexus. New Biotechnol,
2019, 52: 35-41.

Sanchez C. Fungal potential for the degradation of
petroleum-based polymers: an overview of macro-
and microplastics biodegradation. Biotechnol Adv,
2020, 40: 107501.

Zhang JQ, Gao DL, Li QH, et al. Biodegradation of
polyethylene microplastic particles by the fungus
Aspergillus flavus from the guts of wax moth
Galleria mellonella. Sci Total Environ, 2020, 704:
135931.

Nupur, Bhumika V, Srinivas TNR, et al.
Flavobacterium nitratireducens sp. nov., an
amylolytic bacterium of the family

Flavobacteriaceae isolated from coastal surface
seawater. Int J Syst Evol Microbiol, 2013, 63(7):
2490-2496.

Vivi VK, Martins-Franchetti SM, Attili-Angelis D.
Biodegradation of PCL and PVC: Chaetomium
globosum (ATCC 16021) activity. Folia Microbiol,
2019, 64(1): 1-7.

Singh R, Pant D. Polyvinyl chloride degradation by
hybrid (chemical and biological) modification. Polym
Degrad Stabil, 2016, 123: 80-87.

Paco A, Duarte K, Da Costa JP, et al. Biodegradation
of polyethylene microplastics by the marine fungus
Zalerion maritimum. Sci Total Environ, 2017, 586:
10-15.

Awasthi S, Srivastava N, Singh T, et al.
Biodegradation of thermally treated low density
polyethylene by fungus Rhizopus oryzae NS 5. 3
Biotech, 2017, 7: 73.

Ojha N, Pradhan N, Singh S, et al. Evaluation of
HDPE and LDPE degradation by fungus,
implemented by statistical optimization. Sci Rep,
2017, 7: 39515.

Shimpi N, Borane M, Mishra S, et al. Biodegradation
of isotactic polypropylene (IPP)/poly (LACTIC
ACID) (PLA) and IPP/PLA/NANO calcium
carbonates using Phanerochaete chrysosporium. Adv
Polym Technol, 2018, 37(2): 522-530.

De Oliveira TA, Barbosa R, Mesquita ABS, et al.
Fungal degradation of reprocessed

&: 010-64807509

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

PP/PBAT/thermoplastic starch blends. J Mater Res
Technol, 2020, 9(2): 2338-2349.

Jeyakumar D, Chirsteen J, Doble M. Synergistic
effects of pretreatment and blending on fungi
mediated  biodegradation  of  polypropylenes.
Bioresour Technol, 2013, 148: 78-85.

Sheik S, Chandrashekar KR, Swaroop K, et al.
Biodegradation of gamma irradiated low density
polyethylene and polypropylene by endophytic fungi.
Int Biodeter Biodegr, 2015, 105: 21-29.

Khan S, Nadir S, Shah ZU, et al. Biodegradation of
polyester polyurethane by Aspergillus tubingensis.
Environ Pollut, 2017, 225: 469-480.

Oprea S, Doroftei F. Biodegradation of polyurethane
acrylate with acrylated epoxidized soybean oil blend
elastomers by Chaetomium globosum. Int Biodeter
Biodegr, 2011, 65(3): 533-538.

El-Shafei HA, Abd El-Nasser NH, Kansoh AL, et al.
Biodegradation of disposable polyethylene by fungi
and Streptomyces species. Polym Degrad Stabil,
1998, 62(2): 361-365.

Delacuvellerie A, Cyriaque V, Gobert S, et al. The
plastisphere in marine ecosystem hosts potential
specific microbial degraders including Alcanivorax
borkumensis as a key player for the low-density
polyethylene degradation. J Hazard Mater, 2019, 380:
120899.

Harshvardhan K, Jha B. Biodegradation of
low-density polyethylene by marine bacteria from
pelagic waters, Arabian Sea, India. Mar Pollut Bull,
2013, 77(1/2): 100-106.

Kunlere 10, Fagade OE, Nwadike Bl. Biodegradation
of low density polyethylene (LDPE) by certain
indigenous bacteria and fungi. Int J Environ Stud,
2019, 76(3): 428-440.

Park  SY, Kim CG. Biodegradation  of
micro-polyethylene particles by bacterial colonization
of a mixed microbial consortium isolated from a
landfill site. Chemosphere, 2019, 222: 527-533.
Skariyachan S, Patil AA, Shankar A, et al. Enhanced
polymer  degradation of polyethylene and
polypropylene by novel thermophilic consortia of
Brevibacillus sps. and Aneurinibacillus sp. screened
from waste management landfills and sewage
treatment plants. Polym Degrad Stabil, 2018, 149:

B<: cjb@im.ac.cn



2700 ISSN 1000-3061 CN 11-1998/Q :# 1.#22%#k ChinJ Biotech

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

52-68.

Giacomucci L, Raddadi N, Soccio M, et al.
Biodegradation of polyvinyl chloride plastic films by
enriched anaerobic marine consortia. Mar Environ
Res, 2020, 158: 104949.

Kumari A, Chaudhary DR, Jha B. Destabilization of
polyethylene and polyvinylchloride structure by
marine bacterial strain. Environ Sci Pollut Res, 2019,
26(2): 1507-1516.

Jeon HJ, Kim MN. Isolation of mesophilic bacterium
for biodegradation of polypropylene. Int Biodeter
Biodegr, 2016, 115: 244-249.

Auta HS, Emenike CU, Jayanthi B, et al. Growth
kinetics and biodeterioration of polypropylene
microplastics by Bacillus sp. and Rhodococcus sp.
isolated from mangrove sediment. Mar Pollut Bull,
2018, 127: 15-21.

Aravinthan A, Arkatkar A, Juwarkar AA, et al.
Synergistic growth of Bacillus and Pseudomonas and
its degradation potential on pretreated polypropylene.
Prep Biochem Biotech, 2016, 46(2): 109-115.
Arkatkar A, Juwarkar AA, Bhaduri S, et al. Growth
of Pseudomonas and Bacillus biofilms on pretreated
polypropylene surface. Int Biodeter Biodegr, 2010,
64(6): 530-536.

Sekhar VC, Nampoothiri KM, Mohan AJ, et al.
Microbial degradation of high impact polystyrene
(HIPS), an e-plastic with decabromodiphenyl oxide
and antimony trioxide. J Hazard Mater, 2016, 318:
347-354.

Mohan AJ, Sekhar VC, Bhaskar T, et al. Microbial
assisted high impact polystyrene (HIPS) degradation.
Bioresour Technol, 2016, 213: 204-207.

Gupta A, Thakur IS. Study of optimization of
contaminant along  with
extracellular polymeric substances (EPS) production
by a thermotolerant Bacillus sp. ISTVK1 isolated
from heat shocked sewage sludge. Bioresour
Technol, 2016, 213: 21-30.

Wang Z, Xin X, Shi XF, et al. A
polystyrene-degrading  Acinetobacter  bacterium
isolated from the larvae of Tribolium castaneum. Sci
Total Environ, 2020, 726: 138564.

Urbanek AK, Rybak J, Wrébel M, et al. A
comprehensive assessment of microbiome diversity

wastewater removal

http://journals.im.ac.cn/cjbcn

[48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

in Tenebrio molitor fed with polystyrene waste.
Environ Pollut, 2020, 262: 114281.

Yang Y, Yang J, Wu WM, et al. Biodegradation and
mineralization of polystyrene by plastic-eating
mealworms: Part 2. Role of gut microorganisms.
Envir Sci Technol, 2015, 49(20): 12087-12093.

Kim HR, Lee HM, Yu HC, et al. Biodegradation of
polystyrene by Pseudomonas sp. isolated from the
gut of superworms (larvae of Zophobas atratus).
Envir Sci Technol, 2020, 54(11): 6987-6996.

Shah Z, Gulzar M, Hasan F, et al. Degradation of
polyester polyurethane by an indigenously developed
consortium of Pseudomonas and Bacillus species
isolated from soil. Polym Degrad Stabil, 2016, 134:
349-356.

Rafiemanzelat F, Jafari M, Emtiazi G. Study of
biological degradation of new poly
(ether-urethane-urea)s  containing  cyclopeptide
moiety and PEG by Bacillus amyloliquefaciens
isolated from soil. Appl Biochem Biotechnol, 2015,
177(4): 842-860.

Yoshida S, Hiraga K, Takehana T, et al. A bacterium
that degrades and assimilates poly (ethylene
terephthalate). Science, 2016, 351(6278): 1196-1199.
Austin HP, Allen MD, Donohoe BS, et al.
Characterization and engineering of a
plastic-degrading aromatic polyesterase. Proc Natl
Acad Sci USA, 2018, 115(19): E4350-E4357.
Zimmermann W, Billig S. Enzymes for the
biofunctionalization of poly (ethylene
terephthalate)//Nyanhongo G, Steiner W, Gibitz G,
Eds. Biofunctionalization of Polymers and their
Applications. Berlin, Heidelberg: Springer, 2010,
125: 97-120.

Then J, Wei R, Oeser T, et al. A disulfide bridge in
the calcium binding site of a polyester hydrolase
increases its thermal stability and activity against
polyethylene terephthalate. Febs Open Bio, 2016,
6(5): 425-432.

Miuller RJ, Schrader H, Profe J, et al. Enzymatic
degradation of poly (ethylene terephthalate): rapid
hydrolyse using a hydrolase from T.fusca. Macromol
Rapid Comm, 2005, 26(17): 1400-1405.

Kawai F, Oda M, Tamashiro T, et al. A novel
Ca’*-activated, thermostabilized polyesterase capable



IE S EYIEREERRHE 2701

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

of hydrolyzing polyethylene terephthalate from
Saccharomonospora  viridis ~ AHK190.  Appl
Microbiol Biotechnol, 2014, 98(24): 10053-10064.
Moog D, Schmitt J, Senger J, et al. Using a marine
microalga as a chassis for polyethylene terephthalate
(PET) degradation. Microb Cell Fact, 2019, 18: 171.
Su LQ, Hong RY, Wu J. Enhanced extracellular
expression of gene-optimized Thermobifida fusca
cutinase in Escherichia coli by optimization of
induction strategy. Process Biochem, 2015, 50(7):
1039-1046.

Bollinger A, Thies S, Knieps-Griinhagen E, et al. A
novel polyester hydrolase from the marine bacterium
Pseudomonas aestusnigri—structural and functional
insights. Front Microbiol, 2020, 11: 114,
Alisch-Mark M, Herrmann A, Zimmermann W.
Increase of the hydrophilicity of polyethylene
terephthalate  fibres by  hydrolases  from
Thermomonospora fusca and Fusarium solani f. sp.
pisi. Biotechnol Lett, 2006, 28(10): 681-685.

Wei R, Song C, Grasing D, et al. Conformational
fitting of a flexible oligomeric substrate does not

explain the enzymatic PET degradation. Nat
Commun, 2019, 10: 5581.
Wei R, Breite D, Song C, et al. Biocatalytic

degradation efficiency of postconsumer polyethylene
terephthalate packaging determined by their polymer
microstructures. Adv Sci, 2019, 6(14): 1900491.

Glas D, Hulsbosch J, Dubois P, et al. End-of-life
treatment of poly (vinyl chloride) and chlorinated
polyethylene by dehydrochlorination in lonic liquids.
ChemSusChem, 2014, 7(2): 610-617.

Das G, Bordoloi NK, Rai SK, et al. Biodegradable
and biocompatible epoxidized vegetable oil modified
thermostable poly (vinyl chloride): thermal and
performance characteristics post biodegradation with
Pseudomonas aeruginosa and Achromobacter sp. J
Hazard Mater, 2012, 209-210: 434-442.
Arkatkar A, Arutchelvi J, Bhaduri S,
Degradation of unpretreated and thermally pretreated
polypropylene by soil consortia. Int Biodeter
Biodegr, 2009, 63(1): 106-111.

Muthukumar A, Veerappapillai S. Biodegradation of
plastics-A brief review. Int J Pharm Sci Rev Res,
2015, 31(2): 204-209.

et al.

&: 010-64807509

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

Vargas-Suarez M, Ferndndez-Cruz V, Loza-Tavera
H. Biodegradation of polyacrylic and polyester
polyurethane coatings by enriched microbial
communities. Appl Microbiol Biotechnol, 2019,
103(7): 3225-3236.

Zafar U, Houlden A, Robson GD. Fungal
communities associated with the biodegradation of
polyester polyurethane buried under compost at
different temperatures. Appl Environ Microbiol,
2013, 79(23): 7313-7324.

Gautam R, Bassi AS, Yanful EK. Candida rugosa
lipase-catalyzed polyurethane degradation in aqueous
medium. Biotechnol Lett, 2007, 29(7): 1081-1086.
Bhaskar T, Matsui T, Uddin MA, et al. Effect of
Sbh,O3 in brominated heating impact polystyrene
(HIPS-Br) on thermal degradation and debromination
by iron oxide carbon composite catalyst (Fe-C). Appl
Catal B Environ, 2003, 43(3): 229-241.

Yang Y, Wang JL, Xia ML. Biodegradation and
mineralization of polystyrene by plastic-eating
superworms Zophobas atratus. Sci Total Environ,
2020, 708: 135233.

Kawai F, Kawabata T, Oda M. Current knowledge on
enzymatic PET degradation and its possible
application to waste stream management and other
fields. Appl Microbiol Biotechnol, 2019, 103(11):
4253-4268.

Han X, Liu WD, Huang JW, et al. Structural insight
into catalytic mechanism of PET hydrolase. Nat
Commun, 2017, 8: 2106.

Ronkvist AM, Xie WC, Lu WH, et al. Cutinase-
catalyzed hydrolysis of poly (ethylene terephthalate).
Macromolecules, 2009, 42(14): 5128-5138.
Albertsson AC, Erlandsson B, Hakkarainen M, et al.
Molecular weight changes and polymeric matrix
changes correlated with the formation of degradation
products in biodegraded polyethylene. J Environ
Polym Degr, 1998, 6(4): 187-195.

Lenz RW. Biodegradable polymers//Biopolymers I,
Ed. Advances in polymer science. Berlin, Heidelberg:
Springer, 1993,107: 1-40.

Tischler D, Eulberg D, Lakner S, et al. Identification
of a novel self-sufficient styrene monooxygenase
from Rhodococcus opacus 1cp. J Bacteriol, 2009,
191(15): 4996-50009.

B<: cjb@im.ac.cn



2702 ISSN 1000-3061 CN 11-1998/Q =¥ T #2244k  Chin J Biotech

[79]

[80]

[81]

[82]

[83]

[84]

Cregut M, Bedas M, Durand MJ, et al. New insights
into polyurethane biodegradation and realistic
prospects for the development of a sustainable waste
recycling process. Biotechnol Adv, 2013, 31(8):
1634-1647.

Do Canto VP, Thompson CE, Netz PA.
Polyurethanases: three-dimensional structures and
molecular dynamics simulations of enzymes that
degrade polyurethane. J Mol Graph Model, 2019, 89:
82-95.

Satti SM, Shah AA. Polyester-based biodegradable
plastics: an approach towards sustainable development.
Lett Appl Microbiol, 2020, 70(6): 413-430.

Hahladakis JN, Velis CA, Weber R, et al. An
overview of chemical additives present in plastics:
migration, release, fate and environmental impact
during their use, disposal and recycling. J Hazard
Mater, 2018, 344: 179-199.

BROEST, sk, @R, 55w a0 RO
TR ORI IR IBRL BN A I 18 T RE S 1. Tl
HY~#iE ik, 2017, 44(9): 2011-2018.

Chen GZ, Zhang BL, Ji MM, et al. Gut microbiota of
polystyrene-eating  mealworms  analyzed by
high-throughput sequencing. Microbiol China, 2017,
44(9): 2011-2018 (in Chinese).

Danso D, Schmeisser C, Chow J, et al. New insights
into the function and global
polyethylene terephthalate (pet)-degrading bacteria
and enzymes in marine and terrestrial metagenomes.
Appl Environ Microbiol, 2018, 84(8): e02773-17.

distribution of

http://journals.im.ac.cn/cjbcn

(85]

[86]

[87]

(88]

[89]

[90]

[91]

PR, FIEX, R, . SR 5 SRR A
T o A b A R RE T S SR A AT SE, 2019,
17(2): 94-102.

Li YF, Li ZF, Dong GF, et al. Dynamics of bacterial
communities of agaricus bisporus compost. J Fungal
Res, 2019, 17(2): 94-102 (in Chinese).

Brunner I, Fischer M, Ruthi J, et al. Ability of fungi
isolated from plastic debris floating in the shoreline
of a lake to degrade plastics. PLoS ONE, 2018, 13(8):
€0202047.

Yuan JH, Ma J, Sun YR, et al. Microbial degradation
and other environmental aspects of
microplastics/plastics. Sci Total Environ, 2020, 715:
136968.

Chai B, Li X, Liu H, et al. Bacterial communities on
soil microplastic at Guiyu, an E-Waste dismantling
zone of China. Ecotoxicol Environ Saf. 2020, 195:
110521.

Gouin T. Toward an improved understanding of the
ingestion and trophic transfer of microplastic
particles: critical review and implications for future
research. Environ Toxicol Chem. 2020, 39(6):
1119-1137.

Zhang X, Li ZH, Che XM, et al. Synthesis and
characterization of polyhydroxyalkanoate
organo/hydrogels. Biomacromolecules, 2019, 20(9):
3303-3312.

Binder L.“Ecovative design: Making magic out of
mush rooms”[EB/OL]. [2009-05-11]. https://earth911.
com/in spire/diy/making-magic-out-of-mushrooms/

(K354 AR T7)



