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ABSTRACT

The global oceaaccumulates massiy#astic waste, raising concerns over environmental
impacts.Plasticbiodegradatioms a promising solutionhoweverthe efficiency of this
process is highlyemperaturelependentDespite its importancéie comprehensive
understanding of how temperature affects microbial dynamics in plastic degradation

across diverse marine climates, particularly in colder regrensains limited.

This study begins with lteraturereview on temperaturmediated biodegradation of

plastics in marine environments. Evidence suggests that elevated temperatures generally
promote biofilm growth and enzymatic activityold-tolerant bacteria produce

extracellular polymeric substances (EPS) to stabilize biofilms at lower temperatures. At
moderate temperatures, Proteobacteria dominate the initial degradation phase, while
Actinobacteria, Firmicutes, and Cyanobacteria countelto various stages of

degradatia. Psychrophilic and thermophilic bacteria facilgategradation in extreme

climates Enzymes such as cutinases, lipases, and depolymerases facilitate partial
degradation of hydrolyzable plastics, while Hoydrolyzable plastics remanecalcitrant

relying on enzymeenerated reactive oxygen species (ROS) for gradual breakdown.

Additionally, controlled laboratory experiments were conducted to evaluate the
biodegradation of petroleuirased lowdensity polyethylene (LDPE), bisased
polylactic acid (PLA), and polyhydroxyalkanoates (PHAs)jaatoustemperatures (4, 15,
and 22 °C) using a coltblerantAlcanivoraxstrain isolated from North Atlantic Ocean.

Compared to LDPE and PLAgsults showed that PHA films supported substantial



bacterial growth, displayed considerable morphological damage, and released more
microplastics (MPs) and dissolved organic carbon (DOC) across all temperatures

Notably, degradation bgroducts of PHA at 22°C exhibited the highest toxicity/tiorio

fischnert hi ghlighting temperatureds role in bi
risks. These findings from botheliterature review and experiment studies underscore

the critical influence of temperature on plastic biodegradation and provide fantidm

knowledge for mitigating plastic pollution in diverse marine climates.
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To address the research gaps identified in Section 1.2, this thesis investigates
temperaturanediatedmarine plastic biodegradation. It entails two main tasks: (1)
reviewing current research on temperatmauced biofilm formation, microbial
succession, and enzymatic depolymerization, and (2) experimentally examining the

biodegradation of plastic filmsybAlcanivoraxunder various ambient temperatuireshe



north The study focuses on understanding how bacterial activity, particularly enzyme
production and biofilm formation, drives the breakdown of microplastics in marine
environments. By exploring these mechanisms, the research aims to provide insights into

the rok of microorganisms in mitigating plastic pollution.

For the literature review, studies on temperatndeiced biofilm formation, microbial
succession, and enzyme efficacy in the depolymerization of plastics were compiled to
evaluate existing knowledge and gaps. Emphasis was placed on microbial actigsy acro
temperature ranges (e.g., polar to tropical), enzyme function under fluctuating
temperatures, and environmental factors influencing microbial degradation of common
plastics, such as PET and Hmis analysis highlights the critical role of bacteria in

initiating and accelerating plastic degradation through enzymatic hydrolysis and oxidative
modifications. Specifically, it explores how temperature variations influence microbial
metabolism, enzyme stability, and biofilm dynamics, which are key factors in

determining the rate and extent of plastic biodegradatibis. analysis aimed to clarify

how temperature affects microbial behavior and the degradation rates of plastics.

The experimental research utilizAttanivorax a coldtolerant marine bacterium with
demonstrated plastidegrading abilities, to study temperature effects on plastic
biodegradationThe selection of Alcanivorax as the model organism is based on its well
documented hydrocarbategrading capabilities, its prevalence in marine environments,
and its ability to thrive in cold temperatures, making it an ideal candidate for studying
biodegralation in diverse climatic conditionExperimental parameters includedcterial

enrichment on plastic films, morphological alterations, and the release of degradation



products across temperature gradients. Factors such as ambient temperature variation and
microbial succession over time were monitored to assess microbial responses and biofilm
formation.By focusing orAlcanivorax the study provides a detailed understanding of

how specific bacterial strains contribute to plastic degradation and how their activity is
influenced by temperatur&éhe experimental findings provided insights into temperature

dependent microbial efficiency and plastic degradation rates.
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10



degradatiorffeengaraobwuse pl astic types (PET
pol ypr oPF | epombdy st(F$)e,neenzymatic degradati on
mi crobial succession under bot h Ghrabpiteenrt 3an
presents the experi meinhmodde g addctiaiganyiowya xo f
species under different ambient temperatur
mor phol ogi cal changes in plastic fil ms, an
t hroughoutFitrhal Ipyr,o ohsabputdeers 4 he t hesis by s
findings, offering recommendations for fut

applications in marine waste management.
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CHAPTERRRTI CAL REVI EW OF TEMPER

EFFECONS MARI NE PLASTI C Bl GDEGRA

This chapter is based on ExiEnar trionime n(¢upse ctimaa ll yI hsusnudee:
Persistent Toxi g, ASCbhstanabsR&v-Nedi ahed@emMper atuPé ast
Bi odegrbayd atuiaonbrmei Zhang, Yiqgi Cao, Bing Chen, and B:

ifconcept unadtilzoadoloongy, manuscr i pticdornacfetpitnuga |lainzda teidoint,i r
manuscript editiincgon creepvtiveaM;i zBatnigo "Chiesnapeept sabhzaBia
supervision, review, and editing.

12



2.Blackground

Pl astics are indispensable in our daily 1
only about 9% of plastics are recycled, wh
the environment, and between 8emehteont hed
ocean ey6&eyeyeat al . ,. 2T0hle7 ;b iOEIGDy r a2d0a2tdi)o n 0O
functions as a natur al defense mechani sm,

poll utants in marine ecosystems. Bi odegrad
potential solution toghdoralpl isoplcapoil ¢stpro

i s projected to increase significantly, fr

approxi mately 7. 43( Bwirlolp eoann tBoinonpelsa sbtyi ¢2s0,2 82 O

The plastic degradation process in marine
(e.g., composition, material, structure, a
environmental conditions (e.g.s, tkeimpetiad ur

factors, hydrolyéLs,LcateaeltAmdisg ®RRBe2LIne st)e my
critical in shaping microbial dynamics, bi
act i(wWMotyywal et BRIl astkP06283are distributed acro
from tropical waters to more extreme condi
Arctic ice Rdekbnan dedplghgazyhlt8)ng the pres
waste across a br oa2dAQ eimp eproaltaurr er ergainognes ftroo

tropical and(¥VempRossemwaRers$;. Zhi Xiang e

13



Moreover, c¢limate change amplifies the i mp
mechani sms such as ice melting, extreme we
instance, the melting of Arctic se&€a i ce 1s
particles into marine (fypstdems wilthi 202Re ™
2023)Ri sing ocean temperatures driven by cl
degradation processes by (&FE.c eWeeir ae.ti nagl .p,| azC
Additionally, extreme events |ike storms a
frequent due to climate change, disrupt mi
formati on( Sunipll aett Tylp.i,caldd2Z4) hi gher temper
bi odegradation as |l ong as the temperature
and enzymgtSiud hadktairv.iettyoavle ver20@8 ) remel y hig
temperatures may hinder these processes by
mi crobial activity. Thus, understanding th
regions is crucial fopontansdexadi nd pPphasbiacde
wor |l d.

Research is increasingly focused on under s
conventional and biodegradabl esipt@sanads in
| aborbaatsoerdy bi odegradati on experiments. Howe

pliastbi odegradation remain I iGmiatc®amutcai a edi |

2020;
enviro

temper

Khandar e tetl aaclk.s, a2 ObZrlo)ad comparison a
nments. As a result, critical gaps r

atures affect plastic degradation r a

14



concerning seasonal wvariations and extr eme
| ohgegrm i mpacts of temperature fluctuations
i n marine environments. Addressi mgethese g

strategies to mitigate marine plastic poll

Using a systematic | iteratur e prueVii ebvgt metntso
applying the search terms fAocean OR marine
mi crdbegabhdati ono AND dApl asti csf rORm miltce olpd sat
years (FirTg. regfilpeutbhbketecdedd, awtii nlgek ey wor d
ft empe ORt tt e pefrfadiaitrese decreasing number of st
highlights a signi fi(ddmtT or2eastiedarrecshs gtahpi si ng atp
review evaluates current research on the e
bi odegradati on, with representative studie
aspects such as biofilm ddvayhrmgwmendt , micro
depol ymerization under (VFarg..olRu Rt)ydm@p enoateyr ¢
review examines the environment amedndt edol
plastic degradation and proposes strategie

poll ution in marine environments.
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Table2.1 Summary of studies on the temperature effects on biodegradation efficiency of various plastics in marine

environments.

Plastic Form Bacteria Temperat Durati  Location Cond Result Assessmen Reference
types ure on itions t
PHB Powder, Shewanel 4°C,15°C, 10days Yaizu, Lab Clear zone on P(3HB) medium was Clear zone Sung et al.,
Film la 25°C, Suruga largest at 15°C, strain grew well at & 2016
30°C, Bay, Japan to 37°C.
37°C,
50°C,
60°C
PHBH, Film Glacieco 11°C, 1 Takasago Lab PHBH and PCL films showed Observatio Morohoshi
PLA, la, 14°C, month  harbor, degradation, with biofilm formation n, 16S etal., 2018
PBAT, Aestuarii  20°C Japan being crucial for degradation rRNA
PBS, bacter efficiency.
PBSA, halophilu
PCL s,
Pseudoal
teromona
S
PHBH, Sheet, Clostridi  25°C 148 Georgia, Lab Anaerobic sludge produced more  Gas Wang et al.,
PP, Flake ales (Room 195 United methane with PHBH compared to  evolution 2018
Cellulose Gemmat temperatur days States cellulose. PHBH had variable GO  (COg,
ales e) production under aerobic conditions Methane)
Phycisph
aerales
Chlamyd
iales
P(3HB)  Film Alcanivo 4°C, 20°C, 5days Microbiota Lab MC1 formed clear zones at 30 to Clear Tachibana
rax 25°C, of cheeses, 37°C, inactive at 4°C. Nutrientch zones et al., 2019
dieselolei 30°C, Japan conditions suppressed P(3HB)
(MC1) 37°C, degradation.
50°C

17



PHBH Film Bacillus 4°C 1 Deepsea Lab PHBH degraded biacteria from Microbial  Kato et al.,
sp, month  sediment, deepsea environments at low compositio 2019
Alteromo Japan temperatures and high pressure. n
nas
Psychrob
acter
P3HB Film - 10°C, 4 Osaka Lab PHAsbiodegraded about 25%, highr BOD test = Nakayama
20°C, weeks  South Port and temperature increased degradation. (lab); etal., 2019
27°C and Osaka field Weight
Bay loss and
molecular
weight
(field)
PET Film Vibrio 25°C, 6 Bay of Lab Plastic bottle waste sample degrade Weight Sarkhel et
sp. 35°C, weeks Bengal 35% by bacterial strains and 22% b loss, FTIR, al., 2020
(bacteria) 45°C fungal strains. Best rate of SEM,
, degradation at 35°C. XRD
Aspergill
ussp.
(fungi)
P(3HB) Film Nocardio 4°C, 15°C, 7 days Okinoshim Lab Optimum degradation at 30°C. Clear zone, Suzuki et
idessp. 25°C, a beach, Biofilm formation enhanced weight al., 2021
OK12 30°C, Japan degradation. loss, FTIR,
37°C, genetic
40°C, analysis
50°C
PHAs Film Bacillus  20°C, 5days Marine Lab Highest PHB degradation at 30°C  Weight Cho et al.,
sp.JY14 30°C, soil, Korea (40% in liquid culture). loss, clear 2021
37°C, zone
42°C
PA4 Powder Pseudoal 15°C 4 days Marine Lab Maximum PA4degrading activity Enzyme Saito et al.,
teromona environme observed after 4 days of incubation. activity 2023
s sp. ¥ nt The purified enzyme successfully — assays,
hydrolyzed PA4 into gamma mass
aminobutyric acid oligomers. spectromet
ry

18



PET Bottle marine 25°C 150 Shuangyue Field Light, high-pressure heat, and humic SEM, Wu et al.,
microbial days Bay in environments significantly affect Elemental 2023
communi Huizhou degradation; higisalt environments analysis,
ty have less effect. Ordinary cleaning tensile test,

(Pseudoa processes are insufficient to remove viscosity
Iteromon inorganic substances.
as 21%,
Alteromo
nas 11%)
PE, Film Pseudom 30 °C £ 3 Lab Light promotes the leaching of SEM, Dimassi et
LDPE (from onas 2°C months harmful additives; microbial activity, FTIR, ICR al., 2024
bottles, aerugino salinity, pH, and aeration OES,
gloves) sa, significantly influence GC/MS
Halomon biodegradation. PE is more
as susceptible to degradation than
venusta LDPE.

PLA, Film (0.15 Marine min: 12 Pohangsi, Field Weight loss rate of polyesters direct SEM, Shin et al.,

PBS, and 0.5 microbial 11.6 °C months South affected by water temperature; molecular 2024

PBAT, mm thick) communi (winter), Korea average rate in summer (23°C) is 1. weight loss

PBSC, ty max: times higher than in winter (12°C).

PBAF 22.8°C No surface modification was

(summer) observed at 4 and 15°C, holes start
to appear on the surface, and these
became larger and deeper with time
at 25°C.
PBS/PB Rope - 4 °C, 18 Brest Lab No significant loss in molecular Tensile Le Gué et
AT 15 °C, months estuary weight at lowtemperatures; higher  test, al., 2023
25 °C, temperatures led to faster loss of Molecular
40 °C, properties. weight
60 °C loss, SEM

19



PHB, Film - 20 °C 331 Seawater Lab Biodegradation halfife varies CO, Lott et al.,
PBSe, (lab), 12 to days taken at and significantly by climate, habitat, and release 2021
PBSeT, 30 °C Seccheto, field  material; LDPE showed no
LDPE (field) Isola biodegradation.
dOoEI bi
Italy
PE, PLA, Particles Marine 5°C and 60 days Pingdingsh Lab Temperature influences catalase an PCR, Guo et al.,
tire microbial 25 °C an, China neutral phosphatase activities; tire  SEM, 2024
particles communi particles increase microbial diversity FTIR,
ty and alter community structure. enzyme
activity
PCL, Film Vibrio Lab: room 1year Odo Zkri, Lab PCL degraded at the rate of 89 Molecular Lee etal.,
PBS, species  temp, Heung and em/ mont h i n a c¢o weight 2024
PBAT dominant Field: 3°C haeeup, field  environment; ranking of loss,
(winter), Buk-gu, decomposition rates was PCL > tensile test,
27°C Pohang PBS > PBAT. After 12 months, SEM
(summer) City, tensile strength of PCL decreased t
Gyeongsan 15 MPa and elongation to almost 09
gbukdo,
South
Korea
PE, PET Film Pseudom 26 °C 4 Huiquan Field Molecular weight loss and surface  16S rRNA, Gao & Sun,
onas, (room weeks Bay erosion observed in both PET and F SEM, 2021
Bacillus, temperatur Qingdao, samples. FTIR,
Vibrio e) China GPC),
XRD,
HPLC-MS
PCL Film Pseudom 4, 20,25, 1week Okinoshim Lab Strain TKCM 64, closely related to PCR, GC, Suzuki et
onas 30, 37, and a coastal Pseudomonas pachastrellae FAME al., 2018
pachastr 40 °C water, degraded PCL film at a rate of 1.39
ellae Chiba, 0.09 mg cr?-day %; hydrolytic
Japan activity induced by PCL and its

hydrolysate éhydroxyhexanoic acid.

20



PLA, Bag strip 22.86x4.2 6 Hong Field All marine plastic samples show Weight Cheung &
PVA/star 8°C months Kong notable biofouling growth and loss, SEM, Not, 2024
ch fragmentation. PLA and PVA/Starct FTIR

blends, blends show larger mass losses by

LDPE to 100 % than the LDPE.
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2. Zemper &t ueoerBiso f Delvie | o p ment

Pl astic pollution in marine environments w
the North Atlantic Ocean, where plastic pa
per (Kmjw & ThompsPolnast2i0cls4d )of ten undergo phy:
weat hering before and after entering the o
oNPE1 nmmjp Which have garnered significan
i mpacts on marine ecosystems aGRd Linteetacal .
2020)Mi croorgani s ms$ wrofl aocne sz,e ftohremsien gMPbi of i | |
pl ast ( sph2atet | er .etThhds e RIORfOi)I ms enhance s
stable microbial consortia, horizontal gen
from toxi tSeabsyakaomar Wethah.th0gRastisph
mi croorgani sms colonize the plastic surfac
fragmenting the plastic into smaller piece
Secondary col omitzreaceltlhelnarp rpBER)® e Mfiod msubst
more irreversible attachments of biofil m.

various enzymes secreté¢duwet h.ahTher edoBraptfiidr

each step varies; initial colonization occ
devel opment may take months, am@MDufemadl m,in
2022)

Hi gher temperatures generally promote the

accelerating the growth of pioneer coloni z

Gammaproteobacteria. These pioneer organis

23



Ssubstrates, which support the devel opment

(Dang & Lovdlelspi2@1@his, | ower temperature
by accumul-aiEMmP,g acyscddacnd messenger that r1ec
motility, an(RERISI pgoeéiscéll d wsa03hald)erdcn ema Fe d
cycdicMP | evel s at | ow temperatures enhance
formation, creating a more stablLenmetrabia
202B9r i ns ttaonl ceer,a ncto Ebdaycttherrbibaa eltibkeeen s hown t c
colonize PS and (FOBbeirm ewwaktnearnsi i deft i a7 &&hno 2 61 8 ¢
form more complex biofilms at | pwewnsleenper
& Yil di.Rserddd)havembrerasn observed to produ:
t emper atPwreausd,o momada sf ocaremnsu gd ennossear bi of i | ms un.
temper at ur(eBicsohntd ietti Aadig.i,tyi@dh@BMP ypl @ys a cCcr uc
role in flagellar regulation, downregul ati
Besides, temperature fluctuations can al so

attachment struMaeawaleset i &le. fl2a@23;)] aSu et al
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However, curbeonfitemséarcmhbhtoon and its rol e

sever al l i mitations. Most studies are cond
capturetemm dymgmics of biofilm devel opment
exampl e, whilzatiomint aald dolodm Il m stabilizat:
weeks, the complete mineralization of plas

depending on environmememtatudioasli ane®nseedo®ad
understand how bmefanddnshew otl veei roveampgasi ti c

influence plastic degradation rates.

Anot her challenge is isolating the effects
factors, such as salinity, pH, and nutrien
these factors often interact i n commxlidd cwa
contribution of temperature to biofilm for
| aboratory experiments, while useful, may
readrl d marine ecosystems. Fut pr dyresearch
combining controlled experiments with fiel

understanding of biofilm dynamics under va

Besides, the diversity and structure of ma
ability to adapt to temperature changes. M
tolerance are typically more dominant i n <c
Vaous studies have explored the influence ¢
devel opment, such as seasomnmnal ietxypy,erti ennapme rsa th

provided valuable insights into thMi icol og
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& Covazzi Harri ague, 20F9r Pnsesmhehke& Turne
(202@6&ported the critical Il mpacts of season.
investigating sole temperature effects on

trials often have complex conditions such

I n summary, temperature plays an essenti al
biofil ms on marine plastic surfaces. While
early stages of biofilm formation, | ower t

through mechani sms such as -di&®MR eraesgeudl aEtPiSo np.

However, the full extent of temperatureds i
concernteagml| phgsti c degradation, remains i1
gven the complexity of microbi al communi t i e
Further research is needed to unravel how

degradation process and to betterbiuonfdielrst a

resilience and plastic breakdown in divers
wi || require ateombshatien, ohdbvanged analy
interdisciplinary approaches tlomadsec auretd f o

plastic degradati on.

23Temper dtnurubdiecdr oSnicalk ssi on

Temperature is a key driver of microbi al S |

marine environments, profoundly influencin
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communities. Phylum Proteobacteria dominat
t emper(aStowrreesyakumar Besi dbes, paGgPp Actinobac
Cyanobacteria further contribute to plast:i
temperatures shape microbial communities d
col der waterss Wwlaklee otvleer mop wialr-enea blegadclons
and whi tEAtsanmn&ksowa.Taee &bl ] oddBf) secti ons de
temperature effects on microbial successio
il lustr @4,edvhiimc hFihg.ghl i ghts the temperature

degrading bacteria across different phyl a.
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23. Proteobacteri a

As one of the |l argest bacteri al phyl a, Pr o
with notdalklge apli @agticapabilities i n marine e
diversity and adaptability to varil®us envi

from the Bet aprlodeeoonbealcltaprrsiaakailiedrgssirsexs ogni z e

ability to de(gheandaer oP EeTt aatl .3,0 A200 2 0)

Among the Gammaprot e ahlaptterdi a,pexe wesr &lt amalr
pl adéegrcadi ng abi |Ailtciaess.p @fcaine si,n sat avni ctea, | me mb
hydrocarbonocl astic clade, have been shown
of (PDEel acuvell epillg hgtdr @aXRyhbBUZG DAY Ehang, et &
and(RP8 et wnder 2@Rdler at e temperatures. Not e
ambient temperatures can enhanceptbeuces$ ea
during the br AakadmndvnRi&sa PiEyyorPakang .et al .,
Studi edegmaadihng bacteAl aahsypercalksofiroom @toeé
enviroh@eintest. allt s @Q®dlldt)adaptati on aids pl a
PP demonstrated more efficient breakdown a°

envirohkKneinkes et al ., 2023)

Anot her member of t Ree Gdomacpaans tseuorbvaicvtee raita,t
frdMC t ¢LABAQve & .Walrtgohaf20Me€en shown to d
plastics in marimel goaapr(B@mentcoea sgwad h wad er

(Suzuki et al ., 201.8;1 tW8 | rkeetsa l&o IAiIr¢ st ed dat i |
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degrading PET, has -beancobdierivends uwideh ki@l
temper(aRt.urLesu et MatBRope@d@m) n a sd iaseprluagyi endo stah e
hi ghest cell abundance on PE a(nMio udaefgor adat i
Tamnou et. aMi.x,ed2 Rakt)y domenasanBerewvgibaasa&ri un
degraded LDPE, with weight | oss of 5.22% a
temperatures, with 4. 14% I|(oDswsi caatni3a0.fAe@ aanld. |,
These findi mlPese uidndnpeaise st maty achieve optim
degradation at moderate temperatures aroun

temperatures i ncrease.

The gveambd® monstrates varied responses to te
thriving bet wee2n)430whiinlde 307tAlCe r((sFiegx hi bi t mor

inverse(Bbactkhoas Nalt abl 20 2 BYiuldsi peesc ireesv efao r n

more substantial biofilm biomass at 25AC t
PY Leighton. eBealdes20BBdfilm formation on
degradation and increases their dispersal
nature Vofbosmenyes and their ability to trav

publ i c h(eanaih et s#ils. gl 028) oc eanbmaegomper at ur
present increased challenges, with war mer

degradation and t he (s heiakdh oet paalt.h,0g2enad ) s

Mari nodbpedice s, bel onging to the Al ter omona
capabilities in degrading PE across a wide

environhBreaancshu .etAdadi.t i ®&madl7)y, Al teromonada
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primary degraders of PHAs in biofilms on p
show that increasing seawater temperatures

PHA degndaéti ede&r.dloshi. et al ., 2018)

Il n cold environment sPsyslchbapthel sespbai2?
Antarctic sea ice, plays a cruci al r-ol e in
adapted enzymes such as | accase. This enzy
bet ween 10 and 20AC while BRI)BA.rEhangi ey

202R3ychrabadcobéher psychrophilic bacteria
modi fying the composition of their cell me
proportion of wnhsaatnurfaattetdy aancd dssh,orwhi ch hel
fluidity atesowThiesmpadapuati on preserves C
nutrient transpo(rNogan.d 2ntzeomee ra,c tpisvyicthyr op hi
al so polesthweccek [(Crspptoeisntsabi | i ze RNA structur e:
and ensure stable protei@Paslyintdéntesatsua,nza0rhn)
mai ntaining membrane fluidity and the prod

bi odegradati on by psychrophilic bacteria i

23. 2ct i nobacteri a

Actinobacteri a, a prominent phylum recoghni
demonstrate a wide range of temperature ad
for their ability to break downRatehtarod eautm ¢

2021) n addidteironv,e dnaAcitnenobacteria not only
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plastics |i ke LDPE and PS but can al so wuti

bi odegradabl e( @HAv éii rogqa | elishtiadc.sa d &2p0t2a2b)i | i t vy,
mesophilic conditions, underscores the eco
facilitating marine plastic biodegradati on

Wi t hi n t hNeo cfaarndii laycheedddgoednoucsotcacnrudsss out due to

remar kabl e temperature adaptability.- It ca
5 to 50AC, opg?2naXilagngptet3 7BMG i(dF@9H 22 he abi l
Rh o d o ctooc cduesg r-cahdaei n oanlgk anes and ot her recalc
reinforces their significance(PBte&gelkatin
2021) n col d Rehnovdiorcesopceteunse s, conti nue to pl ay
Rhodococc,usi sspl.atlJecGB3 from the Antarctic Dry
observed to grow a5ACempriratwoled tcl ¢ vanaes
attributed to gene expression adaptations

homeostasis (P8¢ ekcel daismRHe@W2YyYh)c c @t $ oimasci a
Antarctica has been reported to produce bi

hydrocarbons | ike hexadecaft®aamdrkei.gphemayl ,

Nocardi ameoitsher crNotciacrad,i afceesaueb efemomdent i fi e

efficiency in plastic degradat iNomr aundd erp sme
isolated from marine sedi ments, was found
and grew efficiently on PHB and its copoly
(Ghanem et Addi t i2oal)!l v, it demoaposltyr(a3t ed si

hydr oxy §Ru(t3ypifBa)tt enls and f ormed biofil ms on P(
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optimal growth occurring at 30AC, although

(Tabl(eSRzuWwkhki , Tachibana, Taki zawa, et al .,

23. Birmicut es

Within the phylum Firmicutes, BamefFrbascseape
family, are kndwgradrnghabr | pt2a)edsi Tahe 2¢e rn ws
Baciilsl unsi del y st uBRlda eidl. | HoDr3 ndneshmitaeneceed, a r e ma
98. 71% degradation of PHB film w(ttkebon £itve
al . ,. 292@8B)d airlllyy$4spa thermotol erant strain
from 20AC to 42AC, with th¢Thbygee@Ra 1etf falc.,
2021)Thi s adaptability underscores its pote
with fluctuating Baecmpladrruast bsaredw sl Amsoih @glsli e ep | ¢
degradation abiliti ewmsl,y (deentoynlsddren ta phigp leadceait ve
(PBAENd PCL anml ddar gdiefPgB)Istu caAd M&.t eThe cl ea
expansion was sl ower at 42AC than at 30AC

moder ate t(eSmped.atkurneset al ., 2022)

23. Lyanobacteri a

Cyanobacteria, a diverse group of photosyn
recognized rol e i n Omaciilnlea tpd laisa p scu bdbeger Vaialsa It
effective at degradi( ®8gr mhhs &i.ReAWidri a éhCnBa)l tl oy
filamentous cybhepbacigembgBBaicim| dgisum

Prochl pretnduicat bai ze plastic debris in reg
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degr

ood

| ast

al so sl ow de

ranges ¢

ri sks by
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pl astic

degr

h an®Rotglee sNert tSe laAstol naardt2i@ch i f t s a
and activitRseddaoaphtesmidhdicteqm i t
films on PS Pgnecoblhesoommeswar me
nt in cooler conditions, i nflu
alWwi, t RoORi2s)i negmper atur es, Cyano
adation and nutrient regulatio

webs and biodiversity.

his together, temperature is a
i c degradation, influencing wh
tics. Proteobacteria whilte at e

I a, Firmicutes, and Cyanobacte
varied temperatures and furthe
psychrophilic and theamophilic
ments, respectively. Seasonal

a, Pweutdomphanswdesawulineakeeacus ng

|l es. Rising global temperature
gradati onemper dagteropt wma h ae
educe their effi gihdreany.e chlod doigtiict
ilitating the spread sogfstpanshog
g -dtrhievseen tneincpreorbaitaulr edynami cs i s

adation pathways and environme
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2 . EhzymasR dasDeipol ymewindRitrfi fogie mpér at ur es

Enzymes catalyze the breakdown of compl ex
facilitate microbial degradation and assim

influenced by temperature and(Vaelestsafgni

2023)Pl astics are broadly classif-ied into t
hydrolyzable plastics. Each one exhibits d
plastics, including PET, PCL, PLA, and PHA

due et oprtensence of cleavable ebBydrobyzami de
plastics |i ke PE, PP, and PS resist enzymai
Here, we selected representative plastics
deop ymeri za22) oand Taebéeresulting morphologic

temper at2abyes (Fi g

Whil e hydrolyzable -ptaditeds Bnhe -depgrnbadati g

hydrolyzabl e plastics remains poorly wunder

The recalcitrant nature of PE and PS, coup
chall enges for biodegradation. Current res
|l omgrm studies and a |l imited understanding
Addressing these gaps is criticapl asotri cdeve
pol l ution.
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Table2.2 Key enzymes in marine plastic degradation and their temperature.ranges

Enzyme

Pl astic Observed
Temperatur e

DeRol éDeigm adati on

Cutinase PET, PC 3670 Hydrolyzes ester bonds
i nto terephthalic acid
PHA Depol ynPHAs 4-4 0 Depol ymerizes PHAs by
producing hydroxyal kan
Proteinase PLA 460 Hydrolyzes ester | inka
into lactic acid monom
Li pase PCL, PH287 Breaks down PCL by hyd
PLA particularly at interf
Laccase PS, PE, 360 Catalyzes the oxidatio
facilitating microbi al
Al kane Hydr PP, PE 250 Il nitiates oxidation of
breakdown of PP and PE
MonooxygenaPE, PP, 3@85 Generates ROG,bwomnxddifzo
breakdown
Ri Hydroxyl iPS 285 Cleaves the aromatic r
Di oxygenase partial degradati on.
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Figure2.5 Morphological changes of various plastics under different temper
ranges.

(SEM images of PRVang et al., 201,8°E:Dimassi et al., 2024; Eich et al., 2015;
Guo et al., 2024PS:Syranidou et al., 201 PLA: Guo et al., 2024; Zhang et al.,
2024 PHA: Cho et al., 2021; Kato et al., 2019; Wang et al., 2018; Y. Zhang et ¢
2024 PCL:Suzuki et al., 203,8PET:Gao & Sun, 2021; Sarkhel et al., 20BBS:Le

Gué et al., 2023BAT: Shin et al., 2024
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2. £olyethylene terephthal ate (PET)

PET i s among the most widely produced ther
and textile production due to its durabil:i
initiates at 70AC, theoreticall ybglrowvdidngqg
chain mobility and (eDmamamc ed drbaneme? 0glcotaicvhii te
these conditions in marine environments is
pl aadegrcading enzymes and pelagic condition
than in terregPansalekechbyco@®&B8)r egions | il
temperatures near O0.5AC, PET degradation p
approxi mately 162 years for 50% depol ymer.i
around 35AC, PET achi eevagg St abh#ecahe g r @a da i e in,

2021)

PET depolymerization typically undergoes t
two primary intemometi2dt esyby hPENHE)aendpht ha
bi s-i ydr oxyet hyI(BHBHB)Ie rTehpensteh ail mtteer medi at es ar e
i nteoepht h(@PRamdahcyilde n € Gg hy oamlgh t he acti on of

as MHETase and cuti nase(, Tomhrincihe rc.!| ecfai viaead I.tl, hye2 O

mi neralization occur s, -tonriperrabdyuncgt si,n ttehromegdh
process may be inhibited in marine environ
t emper(altowrrend er. et al ., 2023)
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One notable enzyme I1INRBEPTERTS ed e medmroadadidzabtyi o n
sakaiLehsi €xhibits a high degradation capac
alignsawnthg el ec(SEdMnb ame rcvy atsicompe, whi ch shc
degradation on PET films at | ower temperat
smoothness, with ¥igih)lbRaerSichalc kestFadld .d,rev 222 ()
MHETase exhibits optimal activity at moder .
transforming the PETTolbrgoemereBesaldAs 2I0@ 3¢
carboxylic estPereuldydromlass esasfteucdmeieqr i dent i f
hydrolyze PET f{Bmbkl ahgar oé&b diaRETAG20 2 0)s e s
functionality at higher teMmMPper vd uhieda daite &/l
To overcome this(20émplactyieodn ,a Sroant iectnaall .pr ot
strategy to enhance its thermal stability,

PET under broader temperature ranges.

2. o2 ycaprBClactone (

PCL is a biodegradable plastic with a | ow
transition t-@émpéyatane KiTghacrystallinity,
in biomedical applications. OptimaBOdagdad
60A®arten et Colmpar2@03) other bioplastics
pol y(butyl emreutsywlcen ¢ 8BaSN PCtLe )demonstrates f a
enzymatic degradation rates i n mgrTiarbé eenvi
2. ANakayama .etP@U .has20all9s)o been used as a n

due to its | esSsuzadkmp ledgoxb gdetrrvueceitOutréea.t t he pri
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was very smooth and beFciagme. 2n8i8cvhe rraolu gehnezry naet s
including esterases, | ipases, and carboxyl
catalyzing the breakdown of the ester bond
or gani s nss esuudcohmoansa st yapeircuaglilnyo ssashow opti mal a
and 40AC, with peak (claaeadert i & .FgAfdEddtit,é 00l 24)
new strategies, sudleraseidnpooperirasi ngt malPiC
have shown higher degradation rates at 20A

nutrients fofKmiY¥ocohhirggamanetsmasl ., 2024)

2. o3 ylactic acid (PLA)

PLA, one of the most widely used biodegrad
medi cal devices. Its degradation i s primar
| i pases, esterases, and cUBShalbemset B&édli ch o
hi gher temperatures (40 to 60AC), enzyme a
t o i mpr owvseudb setnrzaytnee i nt eractions and greater
PLA degrades rapidly under compostiang cand
cooler marine enviBragmment eotb Jaemv efd2 Dmhgy )i, g n i
mass | oss of PLA aft erChdaOnba sd aeyte sail n. ms(e2a0dalt) &
although PLA degrades about 20 times faste
Il i mited degradation in marine environments
mor phol ogi cal changes on PLA souwnrtffhassggs 2b &t w

(Guo et al ., 202 4Ro0oyYer Zentarngh oett( &l 213,90 20 Zy4dn)s
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degradation after prolonged 428 days 1in th

indicating sl ower depolymerization in col d

Not abHeung & BNbse(26d4p different outcome,
di sintegrating within one month at an aver
coast al waters, (oablpe m2heiymihrygp ot DRE i zed t ha
more stable seawater in Asian subtropical

environment for PLA hydrolysMedicoenpraareean o

cli mat es.

Mor eover, Proteinase K emerges as a critic
particularly effective urfddmral e@emt iegmadanldc gintdsi0O
efficiency and thermal stability in PLA hy
near (R0A®uang et al ., 20.20Embleodkdiwag &P rCatl aibi
PLA matrices has been proven to significan-
weight | oss of PLLA.f iHunasn gw.ildte h i@l . | .20@R2D0 L 4
demonstrated substantial weight |l oss in PL
underscoring the enzymeds potential to enh

environment s.

2. o4 yhydroxyal kanoates (PHAs)

Bi oplastic PHAs synthesized naturally by o
bi oplastics due to their comp(Z2heubeéebdalbra

2023)PHAs exhibit significant biodegradabil
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various marine environmeat sr , i-smacall urdeegei|go ncso a
(Suzuki, Tachiband@8he&akasage, d2g2adation r
settings is estimated to be between 0.04 a
Om thidlasRdAwater bottle could take appr ox

bi oded DadHodf § man et al ., 2019)

Early stages of PHAs degradation involve e
primarily medi at PHAbdepokmes asadloxyd est er
and |(@axceest. alThe 802vimnati ¢ shyosctheamenn dt hf er
PHA(s ePHAanmMe di-amaiennH f(mc-PHAs BHIA depol ymer as
operate optimally across a broaBHAemperatu
depol ymerases are most (eUrfbeacnteikv ee tlPdat3viieBde n2 032
the most common PHA produced by microorgani

bet ween 3¢fSandki55ATachi bana, & Kasuya, 202:

The enzyme efficiency of PHA degradation g
as enzymes become more flexible and effect
Several studies found that abundanttiltact er
surfaces. The surface became porous, and p
and tempFergat.u2rFebsr Dienm ot am®c et omamd tROW4)

pol y hy dr o ybyudtryorxayttred Breggtreaded signi ficantly
seawater at 40AC compared to 4 or 25AC. In

sl ows considerably in colder marine enviro
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activity and | ower microbial (mMEkamlheKkldtsdm i n

et al., 2019; Sekiguchi et al., 2011)

A distinctive featuwpe codfucPRBAssmhvtad omelgaas

(ba@)and MPs, as deimensit maceodciosmsbkBowdi es. T
influences the extent of this release. Stu
pordug)(,2rB8sulting in a more significant r

PLA or PE at temperatures of 4, 15, and 22.
acceleratéYthZsamngl e®Rb&als. al 3024 1l elasteed xi d
fragments wi(thaon eat .faelwh edsa@yOsdhdi ngs highlig
critical role in accelerating PHA degradat

MP particles entering the marine environme

2. £09 yet hyd relthoel y(pPrEoPpRy | e ne (

PE and PP are among the most widely produc
durability and chemical stabilit-y. This st
hydr olcg z hobahrefC&cChb ackbone and the absence of

as ester bonds, which make them inherently
hydr oflGeswiesrt et Falr. ,i nZG@lam)ce, the PP surf ace
incubation of FLgy.84%s mari a4A€n¢ironments,
PE and PP dependesaacr itvlee ofx(®@Qpe nspradagals by

enzymes S uUepherasx icdaatseel,asceat al ase, superoxi de

anal kane mondolxiyBdren@Zdang.efThakse, RDG22pnci |l it
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oxi da
by fo
degr a
t hat

(Andr

can u

tive changes within the polCymearc kdtorntec
rming hydroxyl and carbonyl groups to
(Bt @OWRILI ght et Thlese 202¢Mmes produce m
are smaller, more accessible, and mor
ady etAadepr 9&r2t) atAll vcea nmavroirnaex shpderecki uense

tilize ROS to oxidize the PE and PPO6s

enzymati c (absesliantiulvaetliloenr i e et alTypi2®ddl9l;y Koi

el eva
proce
pitti
chang

Fi g) .

Howeyv
envir
obser
i seed
over

mar i n
of PE
studi

down

ted temperatures can accelerate the e
sses i n mashyamed& vd.aokmame n@B82BP1 e, cr ac
ng appeared on the PE surface at | owe
es, such as small holes and grooves,

2.5

er, the omediadted ednpger ad atrieon rate of
onments remains | imited, as most stud
vation periodstewmicédmperat oon&dseftthect :
ed to establish a more comprehensive

extended periods i mpact the biodegrad
e edddystemal l y, the enzymatiact inbenc han
and PP are not fully wunderstood, par:
es should focus on identifying and ch

these plastics under a wider range of
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2. Lobystyrene (PS)

PS i s another commonly produced plastic th

degradation due to i t-€ baokhone. rEnmi bar ut:

ROS initiates the enzymatic degradation of
energy input and progresses slowly, even un
cytochrome P450s, alkane hydroxylases, and

degradati €nbatkBfae &CMaj umdveorr,eo®21) t he ar
in PS makes enzymatic depolymerization par
PP. Only -hydi 0oyl aiingg di oxygenases in cert

can cleave PS side chag,nsbraemak iorxg diitz ei nthe s

manageabl e( Gampegodst al ., 20.14; Hou & Maj
Based on current knowledge, predicting an
degradation of PS remains challenging due

incomplete understanding of the biochemica
enzyf@aby a few studies have shown the pote
Syrani dou uetti lailz.ed( 2nDalr7i)ne consortia to degr
the signs of biodegradation, such as fissu
after 6&imaont2hsh (addi ti on, I ndi genous marine
PS poll utant.s7 3% odve qar &d &6t6i on r atRe dati u2 88AC ac
2023)Cool er marine temperatures (15 to 25AC

efficiency of ( PBabi ejiveBg.I aKdian® 0e2t8 al . , 2024)
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A Recalcitrant olefins B  Hydrolyzable polyesters
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Figure2.6 Steps required for recalcitrant (a) and hydrolyzable polymer degradatio

Those steps that are most likely carried out by abiotic and biotic processes are
highlighted. Blue lines represent polymeric chains and red circles represent oxyge

groups. Hydrolytic enzymes are represented in bréwapted from Wright et a{2020.
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| brief, the degradation of hydrolyzable pl

moder ate temperatures, facilitated by enzy
depol ymé&n sTeh2 s process results in notable
including surface erosion and increased po

hydrolyzabl e pla€tbaskwoné mekrgsohienty@es
monooxygenases amar ptee oROS atsleast tionigtei at e 0)
breakinyg melme ima o monomers for( Ffi2@r.t fieesenzy
pol ymers generally retain [Dues nooo tthheeri rs usrlfoav
bi odegradation rates and | imited biodegrad
process are nMorreobevhyedppameert atures typ
degradation rates and increase the release
temperatures may sl ow degradation, it stil
marine emtvi rGummrent -séwochi esf eat $ hef | bamgper :
plastic biodegradation remain | imited, whi

how temperature variations may i mpact degr
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25Summar y

This study underscores the critical role o
i mpacting biofilm formation, microbial suc
reveal that higher temperatures geaemngl |y
mi crobial col onization. I n specific cases,
stabilize Dbtiolfarlamst floactcerlida. Hydrol yzabl e

most effectively at moder ate ttieemper, atriersaud t
significant morphol ogi cathydlrtodryataibdre. pd®m stt
on oxidative modifications initiated by RO
degradati on. Despite thbespersssght €uyrsemner
often | imited to short observattieonm peri ods
degradation dynamics and morphol ogical <cha
the sole effects of temprelraatworedioni adreg riam\ac
interacting environmental factors.-. Additio
degrading potential, opti mal activity is t

30AC, with specigtiicedesbl t @ani veToa aa didsrweeses t

these gaps, future research should adopt a
interplay between microbial communities, e
Comprehensi ve rattieditense steh dtacitotresg wi | | provi

t he mechanisms driving plastic biodegradat

effective waste management strategies.
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Expanding reseaerfcihe cainsitnecmperoatadrieng speci al
communities tailored to specific plastic t
management strategies, enabling more effic

in diverse m&rirne xampd st smudi es shoul d ex

consortia, interact with plastics under va
reflect the complexity of natur al mari ne e
coegst and coll aborate in degradation proce:

The future of marine plastic biodegradatio

temperalt ated i mpacts, especially as c¢li mat
seasonal wvariability, and extreme environm
daabases and machine | earning holds i mmens
degradation across diverse thermal condit:i
pl aadegrcading enzymes and metabolic pathway
enabl egmhcsmerto thrive in temperature ext
increasingly warm tropical seas. These ins
consortia tailored to degradation processe

regi mes.

Machine | earning can complement these effo

their environments and optimizing microbia

under temperature fluctuations. By model in
|l eang can inform enzyme selection or engin
cold and warm marine conditions. Tools | i k:
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enabling the devel opment of thermally resi
plastic types i n diFsotri ncnts tnaanrcien e neancvhii rnoen nhee
could be used to predict the optimal tempe

potenti al modi fications to enhance their s

As c¢climate change drives shifts in ocean t
advancements will be critical for developi

oceans may enhance enzymatic activity and

pol ar &mred& eceepronments demand i nnovations
temperatures. By addressinffothesd sbauleong
contribute to more effective plastatepol |l u

safeguarding marine ecosystemsUIftriomatt édley ,gre
mul tidisciplinary approach that combines m
science, and computational modeling will b
pl astic biodegradation and depled sotpiion gp cslulsut

marine environments.
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CHAPTERXBERI MENTAL ANALYSI S OF

PLASTI C Bl ODEGRHADERI WARI OUS

TEMPERATURES

2The chapter is based on a published article: Zhang
Marine biodegradation of pl asti ct efmplemsa tbuyr efsl:c aBnaicvtoer
enrichment, morphol ogy alter atSoinegn caen do fr etl heea sTeo toafl d
170527 https://doi.orglCbdtiOdahkpmeeinebtbheogdva [200Ry4,. 17
experimentation, datad taendayltyasmidsi,c ynagreypsCearailptzati on, mq
editing, reviewce Bi mgl Chaeni on, isepérw sandnedGui mga
Zhdoeview and ediitciomgepBaiayu zAaAahamgp, supervision, r e
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3.Blackground

Gl obal plastic production reached about 39
over half of all (Pl astics Eodb.pgArha PEMRSNEt €
9.5 million metric tons of pl-@sbhmmp, pli ast u:
enter the ¢(teanetanalihés@O0RONventbhiasreal) (or |
plastics will take millions of years to de
environment al i s s ubeass e Remll aascti inags pweittrho | beiuarp |

bi odegradabl e pl ast i cosni shiansg (bskeaehnd &ri eecho gani. z e

and the gl obal production capacity of Dbiop
million tons in 2022 to appPEwxopnadare!| Bi &p l9&:
2023)Al'l these plastic wastes will experien
processes in marine environments. Therein,

approach to combat theWayhmahe&gHhisemanmp)| a2 0:

Marine biodegradation is intricately inter
and surrounding environmental co-ddgtadnsg
bacterAlacqdri.yar,ax, M®P®eetdompnabav¥®i been repc
the surface of plasssaecci an@Rouaguda rh ade s ohnen epnl s
2019)These microorgani sms wi || colonize pl a
and chemical properties. Meanwhil e, the pr
Il i ke MPs -raenldatpelda scthiecnfiReanl =tl.MaRe ,O@W@ 2d3 )absor
other contaminants (e.g., polycyclic ar oma

antibiotics) for increased environment al t
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modi fi
mi crob
proces
enviro
Bell as
DOC ar
appr ox
mi crob
condit
typica
rates

2020)Si
wastes

t he ma

Gi ven
di stri
i mpact

ed envirfpoAmeht al ep rFobre d &8 2aln)c e, MP s
ial popul ation and affect aquatic fo
ses in théYangaceti;caMPnsy iwooudlade natl so agg
nment al stressors, such(8srwatcer &ci
, 2021; .CBasgdets,al t, i20223) i mated th

e |l eaching (fRom@apsita sltlioc,se ttamahnl u. a1 12y0 1 8)

i mately 60% of the released DOC is b
i al act(iBEwiekigesni mu s h et oMiokraeno v2edr2,2)envi r o
ions will affect the biodegradati on

l'l'y considered oligotrophic, and res

o f-b pseeg o ogd ;eluyytmer scaae th amwedmainnash theeti lod
nce the ocean acts as the wultimate p
, these concerns have raised extensi

rine biodegradation processes of wvar

that the gl obal ocean has broad and
buted from pole to equator with vari

s, the temperature is a critical env

bodegr adat (i Wine rpa oete dagl .wi 1210 2alf)f ect t he phys

mi cr oo
(Soori
promot

| onger

rgani sms and the rate of enzymatic r
yakumar Eeevated 2@6mpEratures can enh
e the assimilation of plastic monome

persistence of MPs (aXnd FposMeigredatadr.
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Zadj el ovic etowaelveyr ,2md3)t studies are condu

temperature, while plastic marine degradat
natural temper at wrpdds magdarctoinadultarolnys tla kseull o
(Matjagil et al., 20Ba&ar XnsfFanWe| MPsahavye

neaurface seawater across the European and
Nort h( PPoosdse et. dlt. ;i s2hzk)essary to answer whi
bi odegraded in cold regions and to eluci da
|l ifecycle of plasticsd marine biodegradati

(Urbanek et al ., 2018)

Taking all these factors together, in this
various plastics under different ambient t
commercially-based pdotRBeldbiPm A, and nksHAss pl a
target plastic wastes. TAHe amamience xpss yi cshorl catt
from the North Atlantic Ocean was chosen a:
accelerated bi qdCaprnadataingAl pao@eéasaglRkoRa2l)l y
di stributedegyddiocgrbaoateria in the-ocean,
degrading bacteria found within the plasti
pl agtbieaaar o et-LallLi &€028F. W. 2019; Nauendor f
Sonnenschein, 2019:;WeZad/jsdleanaitd ceatl | &yl .e,v ad b2a
bi odegradati on processes, including bacter

release of degradation products. We al so hi
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temperature on marine biodegradation and r

marine resiliency to plastic wastes.

3.Materi aMes hand

3. Maxr eri al s

The petrasleddumDPE plastic films were commer
food cont ai n ebra speadc kpa gaisntg .c-FBMO0® Onks5 (P)L Aaf MEBRBA
(BV301025) were pArdhiaslked Allo mfiSli msnawer e s
et hawmolcuaninto the size of 1 cm squares us

the used plastidts are | isted in Tabl e
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Table3.1 The properties of used plasticstie experiment

Pl asChemicé¢é¢Thi cDensiProperties ApplicationReferenc
structiness(g/licr
LDPE [/, 4 Appr0O0. 91t FlexibilityfY Foedfe ba(inGoodf e
Ll ximal. 00 q Lowrystalli waterproofPolyhydr
(. y3 6 1 Lowermeabil packaging,rate /
o Om Ay er el I mpact resi packaging Polyhydr
0 92:97 Comtf fectivel Extrusion rate (PF
economical ,T Wire and ¢92/PHV 8
recycl abl e 2023; nlL
Density
Pol yethy
(LDPE), o
PLA 50 €1.00 9 Bi-origin (mYy Food conte¢(AOvervi
{J\WO} 2. 47 renewabl e r medi cal deMateri al
0 such as corq 3D printirPolylact
" Aversz ¢Cane) Medi cal ir(PLA)
1.28 T Can be solvy Compost beBiopolyn
(such as wi packaging,zozwhah
dichl or omet di sposabl e¢epl @a? (ev
1T Low heat re and fobse YOU need
1 Comparative packaging kngwo 2
strength Di sposabl ¢
feminine |
product s,
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3.2.2 Biodegradation experi ment

The biodegradation of the plastic films wa
covered with tin foil caps. | mteadh itzeedt ma
m neral s é@&@MStN&a|lmendgi wnt h a single piece of s
The MSM per I|iter copSQOst3s. 401y 204 N Cl , 5

KeHP @ 38, 1. 024 38MgBEO000£L868g & 800.5 mL trac
(0.51649 0Zm23H0O g0 .CRECIL 598, CWOS Q2 24 4.8)( ra®I, Kang,
et al. ,PlA&xd2iacd i nghl darcitwo-l2 88i sol ated from t
Atl antic Ocean was used for (Che,mZhang, bied
2022)Briefly, the cells were enriched using
suppl emented with sodium pyruvate (1%) for
MSM and adpptsitceadl (Qpatasn6 09 nm of 1.5. Then 1
wasMdadt anwasr axided to each test tube. AIIl t
groups and i ncdiba2 eAdC.atOm,ddys &, 30, and ¢

culture medium were subjected to respectiyv
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Figure3.1 Diagram ofplasticsmarine biodegradation experiment.
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323Characterization of bacterial growth

Bacteri al abundance on plastic surfaces an
Pierce bici(mCMomntiani cceddiud Aadjpeloa wii.on Taisesaly.
entire test tube of the medi um mli nkallucdoinn g

tube, which was centrifuged at 6000 rpm fo
without disturbing the celll pel Iwaatt,erand ott la
cellul ar protein wassoexttmadoed€ecDsy sigé fl ame

buffer (HCI MmBMuTfies with 2% [wt/vol] SDS) f
30 MOmerholt. eSampl es2@&6¢ sonicated for 2
6,000 rpm for another 10 min. Total <cell ul
foll owing the BCA protein assay protocol (
the enhanpedtoest wulbéd an operating range

curves of BCA analysis3oB each day are sho:
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(aahy 7

300
250 y =183.44%20.67
200 R2 =0.987
150
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al
o
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o
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Absorbance

(Day 30

300
250 y =130.8% 19.604
200
150
100

al
o o

Concentration |fg/mL)
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Absorbance

(ccDay 60

300

250 y =145.32%21.651
200 R2 = 0.986
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al
o o

Concentration jgg/mL)

0 0.5 1 1.5 2
Absorbance

Figure3.2 BCA standard curve used for total protein assay on (a) day 7, (b) day -

day 60.
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32. 4 Characterization of plastic fil ms

The plastic films were collected from the
60), then rinsed with distilled water befo
drying at room temperature, the aslsiedesamewd r,
including optical 1 magind®Atteonmnutad etd d4modlad a

Foustiramsf orm i nf (AdfeTd)Ehme atcrteesd @myt i on.

The plastic films were first subjected to
mi crogCamext. alThe 268dtLact angle analysis w
previously devel oped st at2i5cS sgeosnsiiolnee tderro p( Knk
Sci entYiuf ied) .alBr,i ef0l2y2,) a 5 OL distilled wat e
each plastic film. The-sahglde maremddaclet we &
Il n addition, for SEM chawaatedi vatihom, tham
gol d t ot heanpeloeveet ri cally conducting propert.i
surface of the films and the morphol ogy of
650FEG SEMvaauamhmagde ofp&anagi ag althes ARTER2 1)
FTIR characterization was car#4i0®d' emt over

(FTIR, INVENC®p Btukbkr) 2021)

32. 5 Characterization of water phase

32. 5.1 Plastic particle size and count

After 60 days of biodegradation, the i mage

particles were analyzed using I mageJ v. 1.5
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SEM magni fication and subsequently measure
defined boundari es. The detailed scheme of

shown 3.n3 Fi g.

Mor eover, we quantified the plastic partic
a hemocytometer integrated with |Imaged sof
Fig. 3.4. A hemoecyhtaonmbeetre rd eivsi cae cuosuéndt Sfnogr c o

and has been used to(€buveéal Pguen . .evthhnhal. s a;
brief, the hemocytometer 2cowptrhi sae sh eniignhet qouf
which results in regiog(gMawathi a. eatame, oRO

injecting 10 OL medium into the hemocyt ome:

hemocytometer under the optical mi croscope
on the images were quantified us{Xg BRBn Wait
et al., 2021)
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Figure3.3 A diagram showing particle size measurements from SEM images using

ImageJ. The example was taken using the PHA plastic film after marine biodegra
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(@)

=

- - | Image] automated counting
Under microscope

Figure3.4 The scheme of particle counting procedures.

(a) The red square is the counting chamber
the water phase. (b) counting chamber is o
on the microscopic Iimages are quéamntified u
|l magelJ.
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32. 5.2 DOC analysis and acute toxicity assé¢e

DOC is the indicator of available carbon s
tot al or gamoifanalaylboening et. aBr.i,ef210y2,2)phosphor.i
added to the medium samples to ensure the

was measured by Mhbei Spensngeoxntdaared abso
the Shi nadlizou allocOr gani ¢ QaAlbtauvrAosbyzleer wi M

water was set as a control

Il n addition, the acute toxicity of the wat
500) analyzer after 60 days of biodegradat
naturally in samples exYiolsrido)t fiodndyle esitiu mil n g

2021)The | umi nomet dri nerad anodtedndverce lusged t c

percent | ight |l oss in the test bacteria ex
val(uDeong et. al ., 2021)

32. 6 Statistical anal ysi s

All experiments were conducted i4watyri pli ca

analysis @NOVWanmnidalToa&eyods signifalcaemt<d0 fO =)y

OriginLab 2021 and were expressed as means
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33 Resul t s

33.1 Bacterial gr owt h

Bacteri al growth was evalwuated within 60 d
di fferent plastics (i.e., LDPE, PLA, and P
22AC, respectively. Since bacteriudleoul d a
clumps, their growth was evaluated by tota
di fferent growth behaviors among plastic t
LDPE and PLA accounted for si miggl/andllg | ow p
was slightly aff ec3tabd .by rtoemrmpdearya t7u rteos d(aFyi @3
cell concentrations in LDPE and PR3 A&AB)Y emain
After 60 days, we observed a slight increa
protein | evel in PLA samples remained cons
PHA, the total proteins were stromgl(yFiignf I
3c. On day 7, the bacterial abeumdamce iwt

the highessg/ Iméyelach24ve83.anded®n2@ALC FF, gPH

enriched the bacteri al abundance under bot

22AC 3(@i.g.The decrease under 22AC implies t

be exploited thoroughly within a short per

relatively high t otga/lmLp ruontdeeirn 2c8oAnGiLeamatd dogfi7 . 25

15AC. Itthe elmichileelstegl mkeln o & r34cBH5.ArQOM E,i gwe
observed continuous bacterial growth wunder
15AC) when grown on PHA. The stable bacter
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identified the cold adaptation of this bac

PHA.
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| (a) LDPE (b) PLA (c) PHA —=—4°C
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Figure3.5 The bacterial growth oAlcanivoraxin studied plastics (a) LDPE, (b) PLA,

and (c) PHA measured by total protein assay on days 7, 30, and 60.
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33. 2 Plastic films characterizati on

33. 2.1 Optical I maging

To assess the surface characteristics of t/|
mor phol ogy using an optical mi croscope. Th
bi odegradati on3.a6rWe sfhouwnd ilnDAFE gwas f |l oated
due to a | ower9 3d#nysdictnyt h(eO . wat er, whil e PLA

bottom with -de@§5Pagnice sil.dAfB31g./xim pec Biabel y ( Fi

and.)/Naser et al., A2D2ér 6GaGstdays @D2B)odegr
observed at the bottom of all samples, whi
degradation products | i ke3pf aaBn)dic Whreang me n't

comparing the results among different temp
observed under a higher t®2)peAitaerebéadcCy
from the madiwed,amdtdi LDPE and PLA fil ms r
|l imited noticeabl e3gdBynsBygfcdegradati ohe(P
became excessively sof3fModeseriausley defag
provided, including observational phot os o
4AC, 15AC, and 22AC) o3v)enr &9 wWalyls an @ @tsitc

i mages of 3)UBPL(BR)iQF.ijacn.d PHRAO ( Fi g.
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LDPE

PLA

Figure3.6 Plastic film samples in medium-@, after air drying (¢f), and

under the microscope -y after 60 days of biodegradation.
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Figure3.7 Observation photos of incubation tubes for LDPE (first column), PLA (second
column), and PHA (third column) before (first row) and after 60 days of marine

biodegradation under 4°C (second row), 15°C (third row), and 22°C (fourth row).
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LDPE Day 7 Day 30 Day 60

4°C

15°C

22°0

Figure3.8 Optical microscope images (magnification 10 x 40) of LDPE after marine
biodegradation under 4°C (row a), 15°C (row b), and 22°C (row c) on day 7 (column a),

day 30 (column d), and day 60 (column g).
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PLA Day 7 Day 30 Day 60

4°C

15°C

22°C

Figure3.9 Optical microscope images (magnification 10 x 40) of PLA after marine
biodegradation under 4°C (row a), 15°C (row b), and 22°C (row c) on day 7 (column a),

day 30 (column d), and day 60 (column g).
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PHA Day 7 Day 30 Day 60

4°C

22°C

Figure3.10 Optical microscope images (magnification 10 x 40) of PHA after marine
biodegradation under 4°C (row a), 15°C (row b), and 22°C (row c) on day 7 (column a),

day 30 (column d), and day 60 (column g).
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Optical mi croscopy analysis revealed that

surfaces during the degr3agah® o0& 80t LVWEPE an
al so observed the presence 03.g®i | whaygéar snag
due to the generation of intermediate al ka
bi odegr(akKdhaatnidoanr.e .etBea&li des2 @2 X)aneprodubes de
such as fatty acids, ester group of alcoho
t he degr adatHsoenu doofsnplaleisEy sbwy et . aBy ,c @20tlr2g st ,
observed numerous hol eg8. 6mntghCe Thwer fmead e ra fa l
exhibited-la kseo ftteexrt,urgel utehat posed chall enge
contact angle and SEM imaging. The results
assay indicated that hiagler baemeen adt uaeti v
fragmentation of plastic films when grown

LDPE and PLA degradation were not signific.

33. 2.2 Contact angle analysis

The water contact angle is an indicator of
contact angle indicates a h(i@hhaema sh yedtr oaplh.i,l|
Han et .alln t2W0i20Y)study, all three pristine
than 9GAa@®i)y2.Specifically, LDPE had the nh
followed by PLA (78.53A) and PHA (72.40A),

LDPE than bioplastics.
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https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pseudomonas

Marine biodegradation of LDPE | ed to a I im
bi oplastics types. The contact anglee nof LD
(60 days) biodegradation under 15A@, reach
3.d)l. The contact angl es ©6f2.PIL9A prleagsatridcl edsesc
degradation ti me3ath)t. tBynpcamttruaset ,( Ftilhge cont
decreased significantly (p < 0.00@1)33A day
and 19.79A, BedpecBéwviedgs ,(Ftilye contact angl
significantly alon@.d)jlt hStnme thdesudABCcCEF
was severely damaged after biodegradation
contact angles under these scenarios coul d
indicated that the pladegradandenwehtt deste
particularl vy, PHA film experi eme eat hmeorr et véa

types of plastics.
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(a) LDPE (b) PLA (c) PHA

120
105 o
Pristi
— 189.77 i WL
Lgo-%-- T e _g__i' 7853 |
@ X Pristine
En 75 . = ! - STttt i_ ___________ {7240 _ _ _ _ _ - -- JETEHES
< = ! = — mm — = — K =
- -— . ]
%] L]
E 45 . 4
g 30 T ]
&)
15 1 q
I - I 1soc [ 22C

=

Day 7 Day 30 Day 60 Day 7 Day 30 Day 60 Day 7 Day 30 Day 60

Figure3.11 The measured water contact angle on (a) LDPE, (b) PLA, and (c) PHA

surfaces within 60 days of marine biodegradation.
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Pristine Day 7 Day 30 Day 60

.
o
‘
‘

22°C

15°C

22°C
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Figure3.12 The droplets of water contacting the plastic surface during the contact angle

D

assessment.
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3323SEM anal ysis

We applied SEM characterization for a deep:
changes. These represend.alt3iBwed oirma de O derge agd
plastic surfaces weard3réapBax.nlg3e!l mnadmdod vhteh edl
sharp and3cd® ar3 GFKdg.s. The BDBE)ILGFPOA (Fi g.

3.-B7)19 and PHAOREBimaged under different ten

included i.n this section
For LDPE, compared with the pristine surfa
significant alteration (Fig. 3.14b); howeyv

surface (Figs. 3.14 and 3.16), anti5j1l aknng

particular, the edge of LDPE became roughe
mi crobial adhesion after 60 days wunder all
Similarly, for PLA, the temperature had a
(Figs. 3.13f and 3.17). lts surface was co
undul ation over time (Fig. 3.17). Bi odegr a

silghtly roughean@@FBgd48)3. Pagticles and fi be

observed on the surface under all temperat
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Surface Edge
Pristine Degraded Pristine Degrad
; . &

s

ed

LDPE

Figure3.13The representative SEM i mages of
60 days of marine biodegradation.

(a) Pristine and (b) biodegraded LDPE surface, (c) pristine ankigdggraded LDPE
edge; (e) pristine and (f) biodegraded PLA surface, (g) pristine and (h) biodegrade:
edge; (i) pristine and (j) biodegraded PHA surface, (k) pristine and (I) biodegraded

edge.
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Surface
Day 7 Day 30 Day 60

Figure3.14 SEM images of LDPE surface under 4°C (row a), 15°C (row b), and 22°C

(row c) on day 7 (column a), day 30 (column d), and day 60 (column g).
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Figure3.15 SEM images of LDPE edge under 4°C (row a), 15°C (row b), and 22°C (row

c) on day 7 (column a), day 30 (column d), and day 60 (column g).

84



Microplastics Fibers

4°C

15°C

22°C

Figure3.16 SEM images of degradation products from LDPE under 4°C (row a), 15°C

(row b), and 22°C (row c).
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Surface

Figure3.17 SEM images of PLA surface under 4°C (row a), 15°C (row b), and 22°C (row

c) on day 7 (column a), day 30 (column d), and day 60 (column g).
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Day 7 Day 30 Day 60

15°€

Figure3.18 SEM images of PLA edge under 4°C (row a), 15°C (row b), and 22°C (row c)

on day 7 (column a), day 30 (column d), and day 60 (column g).
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Figure3.19 SEM images of degradation products from PLA under 4°C (row a), 15°C

(row b),and 22°C (row c).
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