SCIENCE CHINA PRESS
CrossMark

& click for updates

WLIRISTIH) A= Pl e B AL e LA

Fur, 2w, g, KaE!, BRA kg

1. W EGFE AR 5 A S HE W E A, 75 266100;

2. HHEHERF SEAR N ER LR S, RS SRR RS, Hi 266071
* B &R A, E-mail: jzhao@ouc.edu.cn

2020-10-19 Wik, 2020-11-13 &[0, 2020-11-16 $£3Z, 2020-11-17 MZERRE T
[E % A RPI-FE4:(41822705) INARE HIRRAA T RS (0Q201805) LI ZR & “F 11124 11K (tsqn20190905 1) 7% B

HE BHRETEAZ TWI. sfftdF WA UFERRESER, AEFEFF MR EFE) Z, B 5
AT HINEAFTFINAE KGN TR, RPN EREE W AR T TR ENE L F
e B A A, B, A A AR BR R BRSSP R B INRAT O 2 —, R IO K R R R ST A A0 3E T k. L, 1R
REHEEMEREMBERAELMESENL. AXERFBALE T 04 HW s W Ansexd 2809 £ 4 FE L
2, KRB —F IR ET T B0 A VL. 3 A Fodtidly xd BORH oY 2 4 15 A3 5 B e i fn B Al k. B A
RRBABRKREN R EWE, A5 WSS W R 2 T ERMIMIERS . —RIEHEE®, E
AT DA A 40 1R B R T MK, SR 448 6 A RCO,y CHy HLO%. dhAbh, R STRNAT T % v 2 A Al P S 3 %
WRHEE, BHEEHME, FEUEMERE. REFRRAMEE B SWR, S04 Sk f s oy o F A R Fe i T,
URIEE. SA4E. KEBAETEER. B, Titd T B0 £ AW IEAT A, BRE LN ERE
EWNR TR AR AR B B F AT FARE N ESEFE RE, R R & F M R KRR

FWBAT T AV E, IR R B IR T A R A T R

Kt AR, AR, EAILE, B

SRR —F R ) Z A LR A kR 4
BRIAAEL BT 19504E 19200 7 T4 fin 3 20194E 14945
2, FEAT LA AE2%~3% i ke U, A
B BREE. AERERAE . B0 A, SRR
RT B Ak gUKEEGMRNNTZ 0 H T &5
%% KK AR PR SRR S, i
T AR PR TG P & 7 T Aok D kel i i
A RN SRR T AT AR B T REE, K
B20154F, RERIEEHRINE A IE R R (6~9.9) T T1
Wi, FiF20604F, HEA PR 1 8 RE S ER FERE n
3,

SRREAT DU i 2R s et AR . 1A, LR

BB ERSE T, 6 AR RS AL, B
A, VR TR MK A LR 2
TR EF UL, S0 T TR T e
B, SR AEE MR TR F & TR RIEEAL, ok
HEAZERI IR LR Y BRI, 07—
AP0 R, FREE IR A 3 (K
PG Bk SR . WRRES B S
FONHELT, A VARV T 2 5 sk ft
SEPETRAAET. BN, SRR THBEER N, (7%
AEMTR R, HH R 5 7R, Jf
TR SIS 1 25 R 0 A LA WG R
MR OR<S mm) AR IR R <0.1 )™, A

2020-1347

SUAE: 20T 3, i, SR, 55, SRIBRLEY A MR SO LR BLEEL. RRSER, 2021, 66: 2573-2589
Li X Y, Liu Z M, Xue R Z, et al. Biodegradation of typical plastics and its mechanisms (in Chinese). Chin Sci Bull, 2021, 66: 2573-2589, doi: 10.1360/TB-

© 2020 (PIEREE) A=tk

www.scichina.com  csb.scichina.com


https://doi.org/10.1360/TB-2020-1347
https://doi.org/10.1360/TB-2020-1347
http://《中国科学》杂志社
http://www.scichina.com
http://csb.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/TB-2020-1347&amp;domain=pdf&amp;date_stamp=2020-11-24

MG 8 & 2021578 H66% %2 H

2 S EORRME TR AR T, SR A W R it B
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(polystyrene, PS). R N/(polypropylene, PP). & L
J#i(polyvinyl chloride, PVC)&5) [ F-41k i fiie B 2R A4 1, 1k
SEVERUERRE, AR T MELI AR MR fi, & 2
b Wy R B A 2 AT R AL B DL s A ) A 1 A%
%2 i s (a3 FLRR (polylactic acid, PLA). RO A
fi(polycaprolactone, PCL). X} —HIfiR 2 — el
(polyethylene terephthalate, PET). R(C —fR-Xf#& —
A2 T ) (poly(butyleneadipate-co-terephthalate),
PBAT)%). RHKARME(polycarbonate, PC). WL
(polyamide, PA)FIZREZE g (polyurethane, PUR)JSHEALA
SRR B TR ERE B LR L . R AL RIS
KA T 5 TRk . BB &
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(low density polyethylene, LDPE)fU;(F74£<150 pm),
T HE AR SN SRR R ST B 068/ R A2 <50 pm)!
FAMBEER (Euphausia superba) ] LLE S 5 EERIVER, F
FEIRSE 31,5 um B PEXUEMHER i 3 T Y R R
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n, M4l Hi(Tenebrio obscurus). K37 H4)H (Zo-
phobas atratus)~ ENERIEL) R (Plodia interpunctel-
la)~ /NEELY R (Achroia grisella)FIMEIES) K (Galleria
mellonella)#Rv] LANAIE FI% & PE. PSR, Ji-i81d imid
TAE D AE R R f B AR SERE, T I HE IR R 454
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(Anabaena spiroides) i FLIHE B (Navicula pupula)n]
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A& (Pseudomonas sp.)/& i AT MRS ANTA, W E—A~
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Wi R P AU 2 G R Sl A ™. KT,
R AE JCESRME T, ANt n] AR A 8k, HRAAR R
BTG, TG K AR FE )5 Y8 Fh 205 H A1 B
MY K1FEAT AR TC A 5 T FEFRPLA R CO, ™ %
4351 20.23510.025 (umol CO,) (ng DNA)Y ' h', ZEFfT
BB EARMYK27E A A G 54 T I f#PLARICO,
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55 ZEFT I (Brevibacillus - agri). 55 2E KT & (Brevi-
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VIREARROR, A WM R A RS v () S AL A7 3 S 3t
TR

FRENTAISL, FLPREA FEAF IR RE ). BRI
B 224R 53 S Z5F0 AT R R I PR 2E B RE ), TR 2238
Ik Mk R FE R Tt DA T A it SR, (TR TR 43 P
KR R T ARG S T 22 e WOR R T B g 0O
, BREBFERE(Chaetomium globosum)R] LL3E i & 22 F1
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RIS RE e, HAEY AT e s A nPCL, Rk B
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la sakaiensis);= "= 0 P FR 7K At B (G B 1 B AOAZ AT R
FE51 3 51 ISF6_483 1 FIISF6_0224)1] LAY HI/Kfi#PET
AR )= 28 R BRLR 2, TR, A O 28— R (ter-
ephthalic acid, TPA)FIZ —E(ethylene glycol, EG)"”.
B KSR K S g oS, —Se 28 isd B 1 5 TR G I i K
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TN EIBEE AL, AR E M R A PET /K i it
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UEAb,  EERICER 37K AR AL RS b = A SRR A H,
A7 — S K fige il ELAT A L PN [ A N DR R 5 (2R
FRILNRWTRRER)IRE ). N, BB I (Ralstonia
eutropha) ;=4 i N B (PhaZ 2y & 24k 5 B 7K ik
TERPAR3-ZEE T RERIRR Y M ICE L R -B- R TR
(poly-B-hydroxybutyrate, PHB)HE /7, ;= A= F53E T R .
1Z|§[45],

AR R R — R B R TR B AR Re 1, v
Fef#PE. PS. PP. PVCEZEM T A ARG T /K
C-CHUAIRE. 14N, BEEAT LAREIRPE 234 0%
PERSR A TCETE TR, 30 AN TR A1.5%, If
TR AT RER. MnP T PERER, 7= IR .
I, BE. BE. BEREICKE SR KRR
SAALYIRGE(LiP) A M PSFIPVCHIRE 1, B Im 128
IR TR R, FPR A A ™. Rz A,
Befe S AR B R KRR R A WIREE S, ©n]
DA Jot J i 1) R L2 AL R S0 — 2B Ak M IR
1R, AL CO,, R M i A AR RE . 4
ZRAR B T (Pseudomonas  aeruginosa) W LAGmtEAL il Joe
SRR RS RFER, FEA B e i N E W (alkB) 2T
REBREH (rubAl, rubA2)MLLE F LT ik J5 i
(rubB)TT LATE80 dINH45PEH140.8% R E 1k €O,

2 BRI A R SR ALER

2.1 AR

BT IR i AR T LAy R LA

e, HAWEEARRE 0 shi 28 SR E &
Y A, o NE A A AR RS L R il RS BN
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PR (I 1-Q). BN, 40 min B[] BE 52 02 5] i 4
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FLIR/EEY, ez i, Bk R SR 45 Bk i 4l R
AIER PSR, IFAE R FR AR AR BB S fg T
LI,

NEL IR 1 SRR e A SR, TETHAL RS
(EE W) Pt — L wiE . shiniE NeEY S
SRR i FE o B AR SR Fr R iw (K1 1-Q),  [RIR43
WAL NGl S ) T AR A R SRR, RSk, IF AR
N TR (EN-B). KEMFTR O X EA BRI RE
TEh(FE RN E . 853 0 SRR RN HR)
H B CE AT A AT, EIURHIRAPUERD
BYHITRSRIE, BB iE Y R R B R, 28
7B IS AL HE ARSNGB TE I B A R AL S, IESE
T B E e SR i R P R EEAE Y. il
n, FEER) Rl PSR R, 118 TR B4 8 TRk
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T A BRI AT P A 22 52 fldn, LAPS ML
Y BORS HR 4T T N A B- P UM R 2R SUK fi
il S5 il G 1 L DA B B i Ry A O e, X
Tk A i B R EE N T, R PSS R E
WEYI RO PR B5E, TG TRXTPSHI L AE 1Y, 1
TE AW 53 U ) JEL A il A PR R ot AR PV E AR 2
2. filn, WEEPSIE, K7 A4 B IE AR 2R
MU (Pseudomonas  aeruginosa)iy-ih 22 G 7K fit BFANS-
FH IR IO H BRI A Tl 1 DR 687K 7 B 38 ), T
il 22 R K S Y 3R 2 IR 40 R A PSR E f ),

e, GaliHCRGNER G SRR =1, —
ST TERSAE P R 03— AR FH R 46 h CO i i P
HEH ARSI B 1-@), — 55354k ) T i A e A P (14
1-®), HARBEMR P RARE A /N RS SRR R DA
ERIE R RSN & 1-©). Filhn, FIPCHRDRIPSIEFE
Wk, R IZ N E M YIS LS 27 PO,
[l P CiR 2t AR RIS IR h,  HE— R T 8
o g L R R A e 0 AR R, BEARA)
WO PERY BT AN S8 MO T . et
AEEMH BN AERE, AR 24 A8 T
PR 55 FH PEFG AL AE U AR DCA RIS ™ 4, U6 PEAF K Sk
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Figure 1 (Color online) The main biodegradation mechanisms of plastics by typical animals'"®). Plastics are chewed and grounded to form fragments
and enter the intestine (). The microorganisms and extracellular enzymes contact with the plastic fragments and wrap on the surface (@) to undergo
oxidative degradation, which reducing their size and forming small molecular oligomers (). Some are further mineralized into CO, and discharged
through respiration (@), some are converted into biomass and stored in the body (®), the rest biodegraded products and undegraded plastic fragments

are excreted by feces(©®)
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Figure 2 (Color online) The main biodegradation mechanisms of plastics by microorganisms. Microorganisms attach on the plastic surface to form
biofilm (@), in which the microorganisms with plastic degrading ability secrete enzymes and other substances to attack the plastic surface (@). Some
long chain polymers break to form oligomers and oxidize under the influence of oxygen to form carbonyl, carboxyl, hydroxyl and other oxygen-
containing functional groups (®)). Some oligomers release into the environment, and some are ingested (@) and assimilated by in vivo metabolism
mechanism (mainly B-oxidation mechanism and citric acid cycle) by microorganisms (®). Finally, these oligomers are mineralized to form CO,, CH,
and H,O and release into the environment (©)
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Figure 3 (Color online) Biodegradation mechanisms of plastics by different enzymes. (a) Biodegradation mechanisms of polyester by hydrolases
(lipase). (b) Biodegradation of PET and PEF by hydrolases. The dot line represents the endo-type degradation of PET by PETase, thus reducing its
molecular weight (n>m) and causing the exo-type degradation of low molecular weight of PET™. The long line represents the degradation of PET by
PETase™. The full line represents the direct degradation of PET by MHETase into monomer TPA™L. The double line represents the degradation of PEF
by PETase, which is a new alternative to PET"". The single dot long line represents the degradation of TPA and EG, the monomers of PET, by other
enzymes, and further mineralization in the tricarboxylic acid cycle[m. The double dot long line represents the enzymatic degradation mechanism of
FDCA, which is the monomer of PEF, is not yet clear. (c) Biodegradation mechanisms of polyolefin by oxidoreductases (manganese peroxidase)
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Figure 4 (Color online) Main factors that influence the biodegradation processes of plastics mainly include plastic properties, biological species, and
environmental factors. On the one hand, the biodegradability of plastics is regulated by the species and the properties of different organisms. On the
other hand, the types, 7,, surface hydrophobicity, additives and other properties of plastics will affect its biodegradation process. In addition,
environmental factors also indirectly affect the biodegradation of plastics by affecting the life activities of organisms and the structural properties of
plastics
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Biodegradation of typical plastics and its mechanisms
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Due to excellent properties such as ease of processing, transportation and storage, as well as outstanding chemical stability,
plastics are widely used in daily production and life, which induce the possibility of plastics entering the natural
environment and long-term staying in the environment. Plastics could release into different environmental compartments
such as sea, lake, soil and sediment through various ways, and have toxicity to organisms through ingestion and
bioaccumulation. In particular, the physical and chemical properties of plastics can be changed by biotic and abiotic factors
in the environments. Biodegradation is one of the inevitable environmental processes of plastics, and it is also an eco-
friendly treatment for plastic waste. Therefore, exploring the biodegradation of plastics has great practical and ecological
significances. In this review, the biodegradation process of plastics by animals, plants, microorganisms and enzymes were
summarized and analyzed, and the biodegradation mechanisms of plastics were revealed. Animals (e.g., insects) could
physically crush plastics by gastric grinding and chewing, and also change the chemical properties of the ingested plastics
under the complex biochemical reactions in their bodies. Current researches on the biodegradation of plastics by animals
mainly focus on insects and their intestinal microorganisms. Limited investigations focused on plants, in which the
colonization of plants (e.g., algae) on the plastics surface was observed. The biodegradation by plants could be attributed to
the enzymes existing on the surface of stems and leaves or secreting by roots. Therefore, it can be concluded that the
biodegradation of plastics by animals and plants is closely related to microorganisms and enzymes. It is noted that the
microorganisms from animals, plants and external environments showed similar pathways on plastics biodegradation. The
microorganisms could first colonize on the plastics surface to form a biofilm, and then secrete extracellular or intracellular
enzymes to contact with the plastics and decompose the plastics into low molecular weight oligomers, dimers or monomers
through catalysis of their binding sites. These generated oligomers, dimers and monomers can be absorbed by
microorganisms as a carbon source through in vivo metabolic mechanism (e.g., the assimilation of organisms). Finally,
plastics can be mineralized to CO,, CH, and/or H,O. In addition, this review deeply analyzes the factors that affect the
efficiency of plastic biodegradation, including plastic properties (e.g., plastics types, glass transition temperature, surface
hydrophobicity, types of additives), organism species (e.g., insects, marine animals, plants, bacteria, fungi) and abiotic
environmental factors (e.g., temperature, oxygen content, solar radiation, physical abrasion). In addition, the environmental
behavior of the products after plastics biodegradation was discussed. The small-sized fragments, oligomers and plasticizers
released after the biodegradation of plastics could further show different effects on organisms and ecosystems. In
conclusion, challenges and future research perspectives for the plastic biodegradation were suggested at the end of this
review. Further investigation on the biodegradation mechanisms of plastics and the degradation and fate of plastics
additives are suggested. More efforts are recommended on the environmental behaviors and possible biological impacts of
the degraded microplastics and nanoplastics. The unified measurement standards and characterization methods should be
explored. This review will provide forceful scientific supports for better understanding the environmental fate of plastics.

plastics, biodegradation, degradation mechanism, environmental risk
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