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intensive use of plastic, combined with
ue of plastic pollution. Tdhriiseph&ehomaammta
rgencies of t hedopcausnie ncteendt unreyg a twivtieh eweflelc t
syfReematly, the scientific community has
otential strategy for plastic disposal, p
their gut mieXtohiotta@mhi u(s odilkaoppetreionau:s Te n e |
emerged as a promising cahldie dfaitrestf ochampt «
dy explores three key aspects of PS bi ode
e optimized to enhance | arval degradatio
ducted to char acitceartiizoen st hoef sPtSr uacfttuerra |d i ngoed
sence of degraddimeamybgpyocenet svin dhecamy hse
vae's gut. These analyses were per-formed
rier Transform | nftRTalrRR)d aSwpde c Ga ® sMadgS0 mé& M
ctr omevitSr)y Fe@ally, gut mi crobiota comp
abarcoding 4ralgy $i sPacBii mg Hfi rli IDENAggeneing
ni ficant differences wer ef eod slearvweae baert dvete
trol group under different tamptiralmeinnadl ¢
specific bacteriThe sazandncP&Sptmert abot u s es
|l ated from th€edut amvaeobhobagbf eR6i chme
re PS was the sole <carbon Sstoeunrocter.ophloim® r
Il sarmai m DAl 2m/ ccgenaoanther sseqgtuewbbhentco dii chgn't

niesvol veadr ameltlablodn ¢c pat hways responsi bl e

u
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dy confirmed tlkeatodes hatt ¢ehicealenggmemer eq
ogni zed PS deldgrea doavteircan | p a@tihhnwvdaynsg.s of t hi s
o the role of plastivorous insects, part.
ceMdsesresover, t hey open new perspectives

bi otechsol ogoocasustainable plastic waste man
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so intensivo della plastica, combi nato a
bl ema dell i nquinamento ©plastico. Questo
Il ent al i pi ¥ gravi dell oultimo secol o, <con
ugl i FReeccoesnitsetneemit.e, | a comunit”™ scientifi ce
degradazione come possibile strategia pe
eresse per il ruol o degl i | nsgeutetsit op | caosnttievs
hitobi usCodieaoppetreibmi 7i dae)  emer so come |
| a degradazi olnle pdreilmop ocla psittiorleonedi( PfSyyest o
ave della biodegradazione del PS da part
i mizzate | e condi zioni di all evame ptac t per
|l e Illaor veecondo | uogo, sono state condott
i ficazionpolsitm&i$d dajpbi | deldi gesti onegi e col
toprodotti d Umateiglr atdiarze menee @& lo me | cumi | i c
l e | arve. Queste anali si sono state esedg
r osicrofpriaar ossasfor mata -HTI RFoua i €an @Gascron
ttrometr i-MS)d.i Imafsismme ,( Ca composi zione del
|l i zzata mediante tecniche di met &amarhdodi
Bi o Hi Fi DMlAe.l Semae slt6aStean zoes sseirgvnaitfei cdaitfifveer t
|l e larve ali mentate con PS e quello del gi
denziando il potenziale coinvolgiméento di
ondo capitolo si concentra su un ceppo ba
ment ate con PS, tramite colture di arric
nica fonte di carboni §te@Qoesophomdthreasi ond
2m/ c, ~ stato sottoposto a sequenziament
I ficanti per enzi mi coinvol ti ne.i perco
radazione dell o stirene. batgsteudioo cloalidorc

I mi necessartr.i per uno dei due Ipraitshumiatya tdi

compl essivi fdor miuecsdmo snwave prospettive sul

par
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ges

ticolare delnbbep mecrpbooéesasi nttestdegr ada
ono nuove possibilit?” per l o sviluppo di

tione sostenibile dei rifiuti plastici



GENERAL | NTRODUCTI ON

Plasticpollution and waste managemerttrategies

Pl astic pollution is among the mkast @gread suirry
Despitedobemevedt ¢éd toxi c ef f(Buateti oanl ,.g,lpo2o@a O i)bci
production contni nR2We2s2 ,t og | roibsad pl astic produc
million tons, mar king a significantFiigncrleas

(Pl astEtuirop202Bhi s persistent growth can be at

of pl astic material s, I ncluding their | onge
el asticity, strength, durability, (cambasion
al .,. 2DR29e characteristics make plastics in

Among their marmryckagplhigc ateipo ess,@ gtng,do ceamnma f i b o
for approximately BROi% oifagkedeasgpli astficodsep!
chemical s, cosmetics, and detergents, -where

effective, hygfifeindice n(t® hsdosléunteisgnesur ope, . 202 3;
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PhPastics are symplheeig odgdafiaelny md rsi cwintoH eax ulhiegt
mol eavieligrht . Deri ved tfhreoimm ppertirnoacrhye nti ocnapl ossn,ent s
carbon, and various qrSganmndiicguadrS bkiam arhg aernti2cA Radd d
Pl astics can be categorized based on their
thermosettiTrhger molpymsets cs are a <category of
softened by heat @and olwarmdernedkm yt oc dceT hrinegs,h ap
gr oiurpc $madteer i als such as Polyethylene Terepht
Density Polyet hy-Demsi t(yL DP&Il) y e t Hhiydhe ne ( HDPE)
Expanded polystyrcehner(i BIRS)(,PVRCOI,y vPionyylcar bona
Pol ylacdatdi ¢( PLA) and Pol y hyndrcooxnytarlaksatn, o att heesr nfoPs
undgo a permanent chemhegwl cohangt whemahent a
( PUR) , Phenolic resins, Epoxy rediomanal Sielhiyd®
(UF) (Asiasdu €ethealg.l,0b202 Pp)roduction of di ff e
il lustrated in Fig. 2.

0.6%
5.2%
18.9% e
Polymer
6.2% PP
PE-LD, ALLD
PVC
Latl PE-HD. -MD
400 . 3 Mt Mechanically recycled
14.1% in 2022 Other thermosets
8.8% Other thermoplastics
PET
PUR
PS.PS-E
12.7% 8.9% oer
12.2%

Fi g-Pe2centage distribution of dif f(ePrlerstt iplsa.sEtuirm ptey, p ¢

The widespread use of plastics -la<e oprso dnwudttg ,p
|l ed to the generati obh acWMaisare g PON) moolhse sa niPdiven ty

haisnfi lat 1l attedsystems of our planetgcrfadomngeasn



gl obal envinanment.alll.ngrmhiddignagpoopri ate or

manageéeémentf urt her i,ntadnsoiwinneddi d dodt IRPmairetri ttihees
environmeaan wpoesiest for hundreds of years di
propdHuaeds al;Pi vatD @21;Buy ce2t0 2a2 .Whe2a 0 PW) i s accuml
i n the ecodymped umdleamgadfrisl Igs a dtiularl o ufgrha gtnheen taa
of biological, chemical , annd opehpyasaitclacll epsr okcneosy
mi cmaono pl as.fThese( MNB$ude microplastics ( MPs
5 mm, and NEeBYpl wbtcbsr &n@e r fmaantm vall; .t ,Ga2®IB8 n m
al ., . MNPIs8)f unction as carr-censamrnbhnhder snthbi
met al s, brominated fl ame retardanhWasj, nepwsaksat i
Baryga e.it daslewe |22l 2shectdhii&®y accumul ate i n bio
|l eading to har mful consequences,infhammdt nogn
oxidative stress, DNA d@mage@enhoaneéeét matit abol2i0d ¢
201X8u et aThe pROr24Ai)stence of MNPs in the envi
that directly ingest them but also poses ris

food .chains

Currently, sever al strateg-biesdeagrea duasbelde fpolra
(NPW), though some of these methods are stil
met hods can be categorized i nt o ccohnnvoel notgiioensa
(Zhaeg al ., C2Og2éhtional met hods include the
Traditional il ncineration of plastics require

bi odiversity due to -phedpochhsdarcd @Oind iod das end U

compounds | i ke dioxins and furans, heavy me
serious health r(Ssksdetqaal;dZlva d@?2 étr. galmingrmzOl2l1s),
the other hand, are commonly usedmfdegphdat:i

waste iprbdodesl het only MNPs, butpraldsucc ttso xoif

bi ol ogical, chemical, and physical pracesses
Both incinerators and |l andfills haeddequonil e
al ., 2024; Zhang et .al ., 2021, Huang et al .,
To address the challenges associated with ci
towards advanced recycling technologies (Fi

Materials (ASTM) <cl assifies t hehsea rp rtoeccehsnsoe so
char aciOkraenst ia¢ts , PRObha8a)y (ASTM 1|) and second



i nvol ve the mechanical reprocessing of pl as:

materi al properties amar ftohremalnactet eprr opdruocdt usc.i nT
(ASTM 111) recovers valuable chkemgualts,i nwkr
guaternary recycling (ASTM 1IV) relies on ir
advancement s, recycling remains | imited by

poll ution, and tdé®Okmnol @ed.i adl. ,c@m@@A9gxi ty

Al ternativel-pi odaeyraadcdad enoml asti c waste ( NPV
degradation processes, which aim to break d
carbon dioxide and water. These apprdathes
and -boixood e g r(aZchaatnigo ne t Biad d e g r2a0d2alt)i on st ands out
sustainable plastic waste management . 't i nv
down plastic polymers; however, it remains a
typkesghlighting the necessity for d@xem e r roe
bi odegradati on, on the other hand, empl oys

thermodegradation to I mpubvetopli astaiscsokiiad ed
regar dihre possi bl e -gpeocuRitg.OmMA)0d e¢etoxalc. by2021

Advanced Nonbiodegradable Plastic Waste
Disposal Methods

ReCyC“ng
! | l | l |
ASTM |, 11 m Biodegradation Oxo-biodegradation
| ; , |
Physical Energy Resource
Recycling Recovery Recovery
A
[
- - Photo Mechanochemical
Chemolysis Thermolysis
‘ ‘ Degradaﬁon
Thermo Other
Degradation Degradation
\
Y

. e

Fig-Classificatiomi owmde gardvdhaltlead mploaasti ¢ waste disposal

Incineration

!
J

Reuse Directly

Extrusion

Segregation Hydrocracking

bi odegradabiodegegaadadokxkon, with Athaptrettedspetoddw eofs ubltca
al. (2021).



Both conventional and advanced NPW strategi e
approaches, bi odegradati on emerges as the n
solution for plamphiasi wasgetthiespmpalrt ance of
ar.eaVari ous microorganisms and invertebrates
i nvestigated for thei(rSiddli ¢ @D 2 ¢ )Bluad tdii mgd eqir
perspective, this studtyensspeadi fdafcadl peexxpéors

mi crobiota in polystyrene biodegradati on.

Biodegradation ofpolystyrene byplastivorousinsects andheir gut microbiota

Polystyrene (PS), commonly known as Styrofo

Si mon. It is a high molecular weight ther mop

and is synthesized fr o(bhoettheals.t,y r2e0nle8 )mon o mer
CH CH, CH CH,4 CH, CH,

I-"":-'" = -1-—'" i -"'-- S "--..-"-- S
[r’”‘*:r-. — [ 23 [/L:: W [LL
~ T f’:J L #J

Fi g-Che&mi cal structure of phitypsyhleaki nhiPS3d mo Ret g/l @

organic.al stirenel/

The primary forms of pol ystyfmpaumrgoasedol gst
(GPPS) , expanded polystyrene foam (iBEfWpSac,t e x
polystyrene (HIPS), andChyuwlet roa la\wt ie2t0 Ja@® |. yy s 2\
GPPS iIis widely wused in the production of 1ite
containers. EPS foam is commonly employed in
|l i ke grape or fish boxes,seawaesi msulaattehde r prean

buil ding and construction applications, whil
cold drink cups, | sdsyi a@opleduadd | et2dall8.s,i nY(
SPS, on the other hand, S utili zed i n aut



connectors, and consumer products | i ke bakin
resi stance(Schohelwa@&rnphen®d® QS 1 s widbhploused

advant age o uasn dnecchipeainm ipcedaltt ci lebsd, g hg mol ecul ar wei g

durability, shock absorption, insul ating cap
However, these same properties, particularly
bi odegrtasduaetth acan .. , 2023)

To explore the possibility of PS biodegr adeze

degradation of petroleum hydhesarpanbBbwhpyeal
because petroleum hydrocarbons have a chemi
fragments, which cl osellyn rtehsiesmbd cerst & xhta,t moifc rp
pl ayr mcohke in the bi.bddgerddanumerpuscessdies
the ability of der thaior dqmedd ad reglaoreinsyms on ment
| oechpai-anl kranes as .d&inBonprocessce occur s throu
hydr ochyebnoznysmes such as &ikane t hedrsdxwlca uesa
bet ween PS and petmoll aummeydabodarcbpas hways a
al so support (R8ethbiaoldHpg t2a0d2dH;$s o@th 181, We n etk I3 ;

al . )Th0G7resembl ance has | ed to the hypothes
could serve as a carbon ¢dHor ed f&Rerc esn®d ckidfui.dci
have further confirmed thad polmemeéras,t eusian g e
energy source and breaking them dowilhheseo si
di scoveries open up new avenues for researc

environment al i ssudBaedawmded Ry2pl)asti c waste

A novel area of stoldg bdfassywmliiustida tomctdiieoir g a
gut @obfasti voBhouasndi ntsheactt scoul d play a role in
pl agqSiiddatqual . ns2@24), initially identified a:
pol ymer s such as cable insul apliamnmes flabwaih
i nsu)] ahage demonstrated a notable capabil it
pol ysByrceme al .Thiz02ad)i |l ity has bleamvplaritngtud
certain insect species bel ongi(ngu teot itlBea ,L eZp0
et al).T,hexz®24 arvae have shown, tared cmaipmaeri alyi zte
pl astfitpoass sihmrgugh t he Tihntse gptriorceels st riascts.t r ongl
symbiotic relationship between the | arvae an
in plastic(Daodeg)r.adati @®24



Thensecfugaotisorm@ms biwhredwad thorp,hysi cal and bi oche

contr iph wtsd itco.d elghreasdemdisriodnlctad e on and i ngestion
with intestimdalcrobnténtas,t i anXteyt wailt).hionr2edt2hde
speci,ficcbmehdhget bani sm of pl asmisechisoadcaqr ddckatsiu
I ntloseed uerntdips)( S5ddt gal ., 2024; Asiandu et al
1.Bi odet er duari antgi otnhi s i nitial phase, the p

mechanically broken down through <chewing

facilitates the adhesion of gut mi crobi o

formati on of atiionfg | ms spedi alriezed bi osph
Apl astisphere. o Tha bbombwihtenht ifdoir ength b, a
environment @ff otmoe eisnd®exdctdati on and initia

during which bactbkein psemahg palpbmer saasr

2.Bi of ragmenltnattihoen second step, extracell ul:
as hydrolases and monooxygenases, break
ol i gomer s, di mer s, or monomer s. Thi s en

mol ecul ar wgmght pfotheipgl si mpler compou
i nto bacterialscd&treatndal;i Hpaudpu mdert, 202

3.As s i mi/mianteircan:i z atthheon s mal | er compounds

bi ofragmentation are transported into the
membr ane transport systems, where they s
processes. Througheactiasocadet bésenagysnami k
progressively broken down into environmer
carbon dioxide (CO ), met hane (CH ), nit

concluding the b(Adiegalhud, ad@i Oo2gnii parlo.c,e s2s0 1 8)
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Regarding polystyrene, most insect species i
the order Coleoptera, spec(ibarc aeltl ydle.0e t2hes 4 )a.t
have demonstrated the ability at oprocrmsEemd han
widely investigated due to its podweartdlals tendi
have | dcdegmtbiifoitad Dbtaltda eguta withhase | arvae as
degragavniceddese micametr glamd lisynest yu €ineg it as

source for their growth and devel opment

One of the earliest significant studies on
evidence of this capabiTénehri Reoméhiotvbemea!| oo g
could effectively c¢h(efvM ca.n dB ycAénnsruinceh ipnod ycsutlytruer
the guts eofedpollayrsvtayer,entehey successfully isol

Exi guobaptestumin YT2 emerged as the dominan

N M



ability to form a biofilm on the surface of
et 2a0ll1.5)) .

A subsequent study in 2019 invelshepbisedrarot
(dark meal wor mexhamdtfeadumd stulpatr iiotr abil ity t
pol ystyreneT.c omgldntgarT k6o sB )fsu rutsllygrgest ed t hat

mi crobi ot a, parti cul agEnr tye rboaccoScpcrar caepafea,® meart do @ e &
Enterobactprawedaa significant role in facil
closely associ athrad ediPkelbnga ap)ol ya0g¢Bene

Beyond Tenebrionidae, ot her beetl e species |
degrade polystyrendriAo2020m csaddfalnedenbeé¢ilked
of chewing and consumi ng( Faexgt.r uagre@) ypsoilsy sdfy r ¢t
mi cr obiTome aeffeadn eounm pl ast i ¢ Alce dh ett @ ptalcd tew o ha AT
1, which exhibited significantetpodlysty2@®an® d

Researchers hawe haolbag sadpreattwoflsinesd) as anot her
i ngesting and contri but(imigg .t ok TpRod maanifitrern e o
obsc,urubki s species bel ongs t2d0s ttthckey Treeedali oa

superworms notSt gnblywddmsms uimege st | arger guan
meal worms, | i kel yNduaebtyg, tphbelystargeae mbkecu
structur al changes after pasesilmaggt WPrSo ucghhai tnt
depol ymerized into shorter fragments with a
mi neralized into CO . Further mor e, t he admin
super wor ms' abil ity rteo nbfroeracki ndgo wi nh ep oclryusctiyarl e n

i n this peto2al2B9 (fYylamtgher i nvestigatZe talhe arn alse

subsequent research focused on identifying s
degr adatiisorn.ed t o Ptsheeu didbinsocncavse tayeaoufg i M a5007 1
| arvaeds gut, marking the first time this ba
PS degradation. Pt was c @ibsedsaaed achat o and
polystyrene film surfaces, indicatimeg iats, al
2020

Si multaneousl! vy, aMml oet shieorp hit eneatl Imea ss padehosiioedsif,so u n d
polys{¥#¥rgnebBUE) her mi crobi al analysis identdi
biofilms on the PS surface, actively facil:i

cl assiSeresdpt.asstrai at W8W..( wWaoe 20

NN



Fu;ruro;m-criﬂng

Control

n Polystyrene
.| Biofilm of biodegradation
" Acinetobacter§p. AnTe-1
. -on polystyrene

Fi gi.Tehhebrionidae species identified)Tesepradvstamobrerodos

consuming poEyistyolkaetemitami n YT2 i deYanigf ieetd. aals. ,a 2k0e!

B)Tenebri ocobswcmirug poleys2ayr®)if.ei(bBeéngm masstaineg mextru

polystyrenAc( XPE9hbaws ttHaiimoAmTiced febvonRa0i2t@Zgphol) &ang

atrédsuperworms) consumti n2g2pE)P.ye(s yophehékKadgndaondi s
pol ystyreenza0l® Wo o

These findings demonstrate that the ability
species but is instead widespread in nature
these mechani sms-fecowelhd | yr gwilt dydr ieanme dpad p alt i on.

=z
111



Alphitobius diaperinugPanzer, 1797)

Another insect model of i nterest Alnphihteo bciouns

: a member ofl i Kehghbr i
originaSaebdaranssAtmroiwcadi str Moupéeod!| Agi Idawipbege .i nt
presents distinct characteri sti

di apefli@esser meal wor m)

CS across it s

<=

bl ack or brownish bl ack, with A9 .| elrhget H aa fv aae|

exhibit an elongated abdusefgihemmeatbddy, de
7. BD)Dunf ord & Kaufman, 2006)

Distance 6272.238 um

Distance 8955.454 um

000

wrl ggg 6611 @ouElSia

1000 gm

A B

Fi g-Al phitobi uvast diiadperriemuus devel opment al stages. (A) D

el ongated, segmented body.

A 2001 study provided &. ddtiaiplead abik areavetl erpi

identifying the presence of eight distinct |

capsule size for ea& hDestRrgadddq,Tad00L) (Franci

NO



Larval i nWidth of cephalic

| 0.22m8. qQIN9 2)

Il 0.288 (N 0.02
L1 0.348 (N 0.04
|V 0.478 (N 0.04
\Y; 0.721 (N 0.02
VI 1.061 (N 0.05
VI 1.208 (N 0.07
VI 1.339 (N 0.04

Tab-Aver age tvwdeadpgthaloifcAcppstubbi déardkthaepeeFm@amaemsco & Do
Prado .(2001)

Adi apeird nuarticularly known as a widespread

i ndustry. It acts as aorwtercitlout ifrogg tpoo utlhhe ys p
di se(@Bwmsf ord & KaAwWwfdmanon2a00¢) . its presence i
structur al damag@upad alcoacsyvae yi setamheihr fpresui

by chewing through materi al s such as pol yu
commonly used inThosl tegt hoaosevwabéebaviour r

costs and expensé& vizo rRrpaada,s ACF0dlanci sco

A. di alpees i amluso been investigated for (Ftg. pot
8)A previous study specifically examined th
hi ghlighting not only its capacity to iIingest
bacterial Mmt ababicomeng analysis revealed tha

exhibited substantial differences in their g
fed a svtetgedatted(Cddien al). $ub2s0e2q0a e rstelcyoond st u
conduc2tOezmhalnheegut bacteri al commu+siat Rk.n@s soc

di apeafinaursenr i chment phas& Sisn tah emesdoi | uem ccaornbt oan
wi tth mited chemiAfatlerc otmrpwom s mthimeinde of eewmirtt s ob
t hr oug k ecpuelntduernet and mol ecul ar analysis indic
strains bel ongKlnegb sHegsed tli Hae, mg@madso tofopG@weniomia se t
al . ,. 2022)
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modélbadvancing pekgatghemen, bioddegr aadgath mtnh

rel evance and a concrettemdexeper itthentpalesfemun
i nvestigate its Dbiodegradation potenti al t h
chapter, the research wil/l focus on: ) opt
mi crobiota tdhmeu@ghaadwvhEhing amall wsiiss;of t he ¢
the plastic polymer before and after di gest
polystyrenepdoeguadst uesnnlgy di fferent chemical
the geneti cprpevoifousel yofi shaheantoe d olpdn o tmesniaw@m nn d |
DAl 2f/Cauci ni ewi lall .hbe 2i0rkR2gsti gated through g
identi f-gnemaiymg@ genes involved in the intrac
for smogmemer biodegradation. Al resul ts pre
publ i shed $ni d@rmtei f{idmeRapbdbrts2025) .
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CHAPTER 1

1. I1INTRODUCTI ON

Recent studies have i ncAlepahsiitnogbliyuish odpi aaspgedrtiwpnnue

bi odegradati on, emphasizing its ability to i
action of | arvae and their gut microbiota (C
this insect has revelanl edeasrommeg csryisttiecnasl bcahsaeldl
di et , a significant reduction in | arval we i

These findings rienadriicnagt ec otnhhdaitt i tomessear e si gni

addi tional chall enges for planning new expe
process. In response to these | imitations, t
ai meadvertcoming these challenges and expandin

| . Optimization of: rearing conditions

This first research | ine focuses on
determining whet her al |l l ar val i nstar
polystyrene. This step 1is essenti al f

ensuring the planning of future experi

I I .Chemical: anal yses
The second research I ine focuses on ¢
understand the mechanisms involved in
p Mi ccFourier Transform I nFTlaRedwiSlplechh e c
to analyse frass (fecal pel |l et) t o
demonstrating its i1ingestion by | arva
of the polymergcopampamatdetoalt hprovi dec
p Gas Chr onmdMaegr aYpheyct iMSnNet ay al(yGLCe s Wi
performeeddrared rleaerzveae fed with polyst

products of polymer degradati on.
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Il I ITMet abarcodi:ng anal yses

The third area of research is focused
deeper insights into the gut microbi ot
anal yses wil |l i nclude an increased nur

condi ti ontsi,cuiarh fao usy on:

p Exploring the differences in gut mi
|l ar val i nstars;

p lnvestigating the gut microbiota com
the gastrointestinal tract (foregut,
fed with PS compared t ebatsheods edifeetd (aCT:

NT



1 . MATERI ALS AND METHODS

The | aAr.v ade aopkeerd niuns t hi s study were sourced f
reared according to the factory protocol, S
5,000 | arvae were reared wunder cont-houf ed e
| i gahrtk dcyt0% ; R0 at the Department of Life S
The expanded polystyrene f oam, ch®;mmer avii d Ihl ya
density of 0.01 g/ cmj, was purchasedi tf/fr)om T
According to the supplier, the material did

To determine thA. | Giralmarrviamsduasre dofi nt tehe expet

the classification described by Francisco an

the measurement of cephalic capsule size, wh
l ar val in)s.t aUsi (gratbhese data, in the present
main categories for the experiments, as show

GROUP LARVAL | NST/#

L1 l, b, 1

L2 VvV, V, VI

L3 Vi, Vil

Tab.-Cl.alssi fAlcphi babiofisardviasep ernitroust hree main groups ba
size and | arval instar classification descri

1. Dpri mization of rearing conditions

I n this first part of Ahedsalpamy ad fiteo go@mtl i

rearing conditions. Specifically, the pri mar
exhibit the same capacity to ingest PS or if
i nstar | arvae.stlTioomsddrtelses fthlelsewigug pr ot ocol

NY



a)Fi v
con
gro

b)The
br a

c)Eve
and
ste
pi e

d)Af t
D',
i f

e)The

e i dentical rearing setups (replicates
tained approximately 240 | arvae, wi t h
up (L1, L2 and L3);
| arvae in each rearing setup were pro
n, and a piece of polystyrene;
ry three days, the polystyrene pieces
t he |l arvae found inside were measur
reomicroscope (Fig. 1.1). The rearing
cesi ntuoe ctohnet procedur e;
er measurement, the | arvae were transf

and E') wi
e cycle by
entire procedure was repeated five

1000 gm

Fig.-Céphalic

t hout PS to monitor thei

reaching adult stage;

Distance 1319.829 ym

capsul e nnsetaagru r(dLnBa)peerr voeheu swarsd e r

stereomicroscope.
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r
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1. Zh2Zmi cal anal yses

Chemical anal yses were performed to cAnfirm
di apelrarnvuase. Two techniques WMases wpedtirGamet Ct
MS) for detectpngddegs adat il am Wwboyur t ies s ufea a,n s §
I nfrared Spe€fTt®&3copycodPmicrm the ingésthisen o

(fecal pellets), and to evaluate mol ecul ar c
the |l arval gut.
1.2.2.1Rearing setup

For both chemicailnsanaal ylsaersv,aeon(lly3 lgarsccup) wer
polystyrene fed eragamigng anysttdrm (cm®arriong)r,e awhi
was maint ai nela oend adivetgedarbdiest i Bgclhfr damainna@
initially included approxi mately 300 | arvae.

ensuring regular removal of emerging adults

1.2.2.2Micro -Fourier Transform Infrared Spectroscopy (micro-FTIR)

For frass collection, only | arvae froeuanrdi nignsi
To maintain uniformity in the collection pro.
selected-rfaaorm ndhesyCslTt em. TheesildamnVa®SWETe po A
compressed air and placed in two clean boxe
foll owing day, frass was carefully collectect
mi crotubes. Sampl-20AGTlries tphremc esd wrreedwas r epe:
three weeks (Yang et al ., 2018). Visual veri:
was carried -Boatr iwert hTraamd fcoromed | nfrared Spe
i N10 MX Iandgirmg eMi drrmoscope, Ther mo SciFd@ntRi fi c)
spectra of al/l particles were r'swédamdeadcion!tel
ti me of 45sscamsd flo2r8 ecaoch measur ement! nd@he sp
the aperture si zem waosl 5ainlrsEQgeen doifngl 0dnM 0t he si
For the analysis of the chemical composition
Li brary) was created by acquiring the chemic
variations par ttihcel edsi.g efgdirdeidt n ®thabimgnt blui bt ar i
Additives and Plasticizers, Wi zard Li brary,

M



verification and analysis of the obtained ¢
considered acceptabl e.

Mi ccF DI R analyses were conducted on the follo
p Original feedstock materials: bran ar

diet; wvirgin polystyrene provided as

p Undi gestedoflrlexd:edf fasosan | arvae in th

and the fe@ldysgtryoruepne( Fr as s PS) wi t ho
treat ment .

p Chemically treated samples: virgin pc¢
to digestion with 1) 10% potassium h

hydrogen peroxide (H O ) solution.

For each sample type, five particles were ra

measurements were perfor med.

1.2.2.3Gas Chromatographyi Mass Spectrometry (GG MS)

The -MBC was used to-pdetdaicctt spateesmutlitalngby rom t h
of PA. bgi alpearvaas Chl oroform antMetthyldsatrydrse n
(098. 5%, Acetophenone U,-@p the-§E®wuimyBe m2 ermérroé t) h
2 -hit et yl phenol (DTBP) (9940 dmwieacte 9P.rro.vli.dedM:

For themerpe the | arvae were selected foll ow
i n th€TmiRcamoal ysis: onl ypitelces avefreeund &iems ihdje n
system. The | arvae were collected over a peée
coll ection, lragaraiendg eamd b@QT y PSems were | yop
described by Tsochaltyaophielti asdd a&mM@RI0e of 200
| arvae was placed in a 2 mL vial and 500 Ol
homogeni sed with an | KA Labortechni k T25 be

Ger maTnhye) .s amp | e awnads svoonritceaxteedd at 25AC for 30
batBandel in Sonorex, ®meargatnidngugatin, a GeAéhgagnc
centrifugation at 2500 rpm for 5 min, supern
recovered. Finally, samples were filtered wi
were performed with a VariCPa4G0B3&upad rcltoama
to Varian Saturn 2000 MS/MS ion trap mass sp

111
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samples were analysedbmstwi ahctapel t afrlyowiohagn
X 0.25 mm ID, 0.25 Om d.f. (FactorFour, Vari
a splliedspilnjtector at 250 AC iof slpl5i tmiLe sng nmd

i njection &ol Udhe wa®nl program was the foll o\
for 2 min, ramp (7 AC minil) up to 202 AC, r
1 min). The tot al runsbol menwwadelR&8y mi nmei ot |
El ectron I mpact Il onization at 70 eV. Mass an
range from 40 to 400 amu. The identificati on
the NISTS5 | i brary.

1. Me3 abarcoding anal yses

Met abarcoding analyses were conductedA.t o i n\
di apeundieurs di fferent experimental conditions
how the microbiota varies across | arval i nst
1.2.3.1Rearing setup

The findings from the experi ment described
conditionso were critical for the design an
results offered Ilwalvadblbe hiawvs iogit sanidntfeeedi ng

essential for establishing the rearing setup
di vided into four distinct rearing groups:
p L1 CT: a group of L1 | arvae fed on a
p L2 CT: a group of L2 | arvae fed on a
p L3 _ CT: a group of L3 | arvae fed on a
p L3 _PS: a group of L3 | arvae fed excl:
Approxi mately 250 | arvae were included in e

before dissection and DNA extraction, the | a



1.2.3.2Sample preparation

The | arvae were externally sterilized by i mm
and then rinsed five times with sterile wat
anterior and posterior ends wemwmeedemevadl!| os

—+

extraction

Mal pi ghi an
met abarcodi
h ai

t he

researc
i nstar s;
section

The fir

i nstars

st

p The e
Each
p Sampl

©

five

The
the gut
L3 _)P.S

second

p The ¢
hi ndg

p Each
Si

p Sampl

mi |

five

of
t ubul

ng
ms :
s (Fig.

anal ysi s
(L1_CT,

anal ysis
(foregut ,

The
t he

ent i extracted
foll
anal ysests

t he fi

ai

t he re gut.

ng
wavoe dpséparcéd,saempcteh

es, O Wi protocol d

charact

ng

r st focused on

second me d at assessi mi

1.2).

cr

med to he

L3 _CT

ai i nvestigate t

L2 CT, and L3_PS).

ntire coll ected and

tube

gut was pl a

contained a pool of three

es were processed in

L1 _CT, L2 _CT,

guintuplic;

each for L3 _CT, ar

focused on evaluat. mi

ng

mi dgut, and hindg3tgsand b

di ssected into three s
(Fig. 1.2).

pl aced in

ut was
( HG)
section

t he

ec
ut
was
fi
processed in

FG_CT, MG_CT,

a separat ¢

ar to rst analysis, each t

es wer e guintuplic;

each for HG _CT, F C



Proventriculus Malpighian tubule

Ventriculus

Crop

Pharynx \ \

\ \ — Anus
\ \\Rectum
/ Esophagus _ lleum
Mouth Midgut Caecum Pylorus
Foregut Hindgut
Fig.-Sthgmatic representation of the insect gut segmer
hi ndgut (HG). Sour ce: Siddiqui et al . (
1.2.3.3Extraction and sequencing of bacterial DNA
Bacteri al DNA was extracted using the QI Aamp
manufacturer's protocol. The final DNA conce

ND100OOV spectrophotometer (NanoDrop Technol o
fluorometer (Life Technologies Corporation,
assessed by 1% agarose gel el ectrophoresis t
The extracted DNA samples were sentl boaBéedmte
Bi 0z, -KrodhWeagn 4 2, 48149 M¢inster, Ger many, f o
sample quality control (QC) , l i brary prepara
of 50 sampled engtd®BNAEPGe red udmpl i con sequencin
CCS mode (Hi Fi reads) . -Femngt DNeAL GgBepniei,f itchaet ifoon

pri mers were used:

p Forward pr rAMRRGT(T2ZT/GAT:Y NSTaGEE T CA G
p Reverse pri rAASGAHDPAER)T.T STOFAG GACTT

The sequencing was performed with a-quaftgeéety o

data for subsequent analyses.

111
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1.2.3.4Data analysis

The raw reads were analysed entirelnplusiomg

sequence variants (ASVs) and remove sequenci
t hBADARackage (Cal |l ahRmi metr aslequer®dd) wer e

RemovePrimers(), and reads were filtered and
parameters: sequences with |l engths between 1
poor gwaaxlEBEB IO ,hl=enn200) or ambhkdudluswdrnes easx ¢
Dereplication (derepFastqg()) and error model
ntify true Dbiological sequences and di st
uences wer e identifiedmeanadDenemofyepd. uSa
i gnment was conducted using the Slldawal v13

sshbeceksclassifications were obtained wi

BT I I ]
@ < S5 u o
cC 0O S o »w o o

ctGiovnesnu steh eolf e nfgu INDNAG6 §eme sequencing wit|

~+

hnol-ogygopl bt gbn amplicon sequence variants

stering ftdilrlecvhiodainsd efddoiroasnsi stency with

o O
Q
—

a presentation, the term "OTU" (Operat.

taxonomically assigned ASVs.

The relative frequencies of genera (genus

di stribution and proportion of each genus wi
of genus distribution across t hegmrlpaitpXage wa:
(Wi ckham, 2016) . For downstream anal yses, t
met adata were phytl opegtce d psyhgaeakhaege ( Mc Mur di
Hol mes, 2013) . Al pha diversityon nidndieses,i nu
calcul ated using phyl.maeg@grdiechnhesacrsessomhet
significantly differed betwWaéhi @xpesit mevnatsalry
separately for each i ndexRSutsudhigoat e khuelalol
0. 05 was used to det eBremmian @ isvteatsiisttyi avals sivgd iu
Curtis distancephnyeljorsiefghédsepanate( pniaf micro
experiment avli sgpgradu e dwasi ng Principal Coordir
out puts speci figogallloyS2daetsiisgniecdalusdiinfgher ences |
were t esPRERIMAWNSOWA)r mut ati onal Mul tivariate An
pairwi spplAdloanges ( Martinez Arbi zu, 2020) . Si gt
per mut at ivaansu,esamdkerpep adjusted for +Hwicthibplrg t
correction. Differential aDEH&BS dpgalcckea gaenaa(l Lyosvies ¢

P



2014) to identify taxa significantly enriche
were filtered to inclYaddeesn(pattpxa<wdtO5adpu
genera were visualizedggplpmgXmagre fgIW tck hame a t2
presence and distribution of OTUs across ex
di agr ams genvernantDad g gwiktaitg et {eChen, 2022). The t
uni que OTUs among the grmdpsavdmi me@SWati le

i nterpretation.
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1 RESULTS

1. Dprti mization of rearing conditions

The measur ememtps udfe ovapdhal ireveal ed that the

PS across all rearing replicates and samplin
1.339 mm). These results were consistgnt acr
Following their extraction from polystyrene,

( AG , Bo, Co, D6, E6) to monitor their progr e

| arvae successfully pupatedga®d 7Be da e nad ulstu
n =51 n=54 n =56 n =47 n=36
1600
. Vil
Vil
1200 1
£
g L
800 1
4004
A B z b £
Repl

Fig.-BaxBl ot showing the distribution of cephalic cap
across different rearing replicates and sampling ir
di stinguishing | arvfalcamisemarscf bRsamdcionice h& Dd aBisado |
red |ine corresponds to the cephalic capsule size th

each box indicate the total esumhet hef di &f eaenexsnamp
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1. xhZzZmi cal anal yses

1.3.2.1Micro -Fourier Transform Infrared Spectroscopy (micro-FTIR)

Mi ccFE DI R spectroscopy was performed to asses
evaluate potential molecular alterations in
gut. Several comparisons were conducted: con
with frass from | arvae f edl.wdi.tA) ;t hvei rcgoinnt rpooll
in comparison with frass from PS fed | arvae
frass from PS fed | arvae, both digested in
from PS fed | ark@k, ( Piog.h Hi4geBrt.edFom each <co
the <cl osest match to the average similarit

measurement s) was selected for visualizatio
deviation fom eaehrepmparidsi n Tab. 1. 2.
Comparison Mean match p
Bran & Carro'rtha(sEeq 78,37 N 3,
Virgin PSTFFaedqu 91,813, 91
Virgin PBr asis OP% (‘ 87,807, 9
Virgin REr@aKOHPS (‘ 91,1 46

Tab.-Me.ah match percentage (KRTlsRasnpactdr aleadrmds ondi foff

compari sons.

111
<



Frass CT

= 20
IS
ICrca 2c
401
[
= Match:78.32
201
3500 3000 2500 2000 1500 1000
Wavenumbers (cm-1)
Frass PS
B 80]
= 60]
=x
401
1004PS verg 1a
Match:91.05 \ﬂ‘/\\ﬂ
S
S
501
3500 3000 2500 2000 1500 1000
Wavenumbers (cm-1)
Frass PS (H202)
C 401
5
X
20
PS verg H202 4b
404 Match:86.42
s
X v
20
3500 3000 2500 2000 1500 1000
Wavenumbers (cm-1)
Frass PS (KOH)
D 60
5
S
401
60+PS verg KOH 3¢
— 401 Match:92.59
IS
201
3500 3000 2500 2000 1500 1000
Wavenumbers (cm-1)
Fig.-MLcEBDI R spectra comparing the chemical compositi
across different conditions. The wupper spectra corre
represent referdNt&SIspktihrmamaytoonh t her cent age indicat
reference. (A) Control diet components vs. Frass CT.
vs. Frass PS after digestion in HsOion(Dh ¥YOHgi n



1.3.2.2Gas Chromatographyi Mass Spectrometry (GG MS)

A suitable analytical met hod was carried out
o f polvyetwptede metabolites. Met abol i tes wer e
perfor med mallistoecrhat zi s et al ., 2020) . The |
analytes, and the |imit of detection (LOD) r
cumyl alcohol. The rec®3%ries &rlomthédeamatlkyi

The -MC anal ysis confirmed the presence of se
main metaboliteTemdbrpoCygseklyipteamrea i Tsochatzi
I nter dsneit gl gtyrene (Fig. 1.5) andlphinylobalus
di apefreidnuwsi th PS but not in the groups fed wi

not detected.
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1. Mel3 abarcoding anal yses

Met abarcoding analyses were performedA.t o i n\
di apeunacears di fferent experi ment al conditi on:
anal yses: the first examined microbiota com
L2 CT, L3 _CT, L3 PS), while the secoadi dopsus:
(foregut , mi dgut, hi ndgut) and between the t
the first anal ysi-gpualai ttyd sthilweio ér edadd 6 aHdh@Bmlhe ght
range of 20,207 to 27,445. Horml i he BeEEbndea
obtained, -saowia@agr angerof 20,434 to 27,378.

1.3.3.1Analysis of gut microbiota across larval instars

Al pthiaversity indices (Shannon and Simpson)

richness and evenness across | arval i nstars
summarized in Tab. 1.3, i1llustrate tnhge tdief f e
gr owHpswvever, no statistically signi-vataat =di

0.901; Svarpwsen= @. 452) .

Group Sampl e Shannon Si mpson
CT L1 2.53 N 0.83 K
CT L2 2.51 N 0.88 N
CT L3 _CT 2. 60. &9 0.85 K
PS L3 _PS 2.59 N 0.90 K

Tab.-Alpha diversity indices (Shannon and Simpson) ac

standard deviation.

Beta diversity was-Cmeassr a@dssgssimngg atheyBmayri
vi suali zed t hrough PCoA. Two |l evel s of con

compari son was based on differenti@€Ciirpnand

O
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To visualize bacteri al genus distribution ac
1.10) . The heatmap displays the relative ab
among the different instars (L1 fGT,e Lb2 oQToqgi
replicates per group. Only bacterial gener a
the same genus, which reduced the total numb
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ZOR0006 4
Weissella
Vagococcus
Thauera 4
Stenotrophomonas
Staphylococcus 4
Spiroplasma
Pseudoxanthomonas 4
Proteiniphilum 5
Plesiomonas
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Lactiplantibacillus 4
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Hydrogenophaga
Halomonas
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Genus

L1ACT
L1BCT
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L2DCT
L2ECT
L3ACT
L3BCT
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L3DCT
L3ECT
L3APS
L3BPS
L3CPS
L3DPS
L3EPS

Larval instars

Fig.-1He@Gt map displaying the relative abundance of b

axis represents the 20 individual samparss(Fisgstesrept
identified bact erradaile ngte nreerfal. e cTthse tchod oabuwndance | evel :
Di fferential abundance analysis was conducte
compositions between the experiment al group
mi crobi al composition among diffl€Ten£TLAar val

L2ZCT v&£LTh3and evaluated the 1 mpa€lT wo#SBES at
(Fig. 1.11). The results were f-vrhteesd(poad,j]
0. 05.

OoP



L1I-CT v2sCTL

A

IS
@

Genus
.Enterococcus

Plcitiiameria

B vat robesumbac

Change

o

Lactococcus
Bl Morganeita
.Vagococcus

LoxyFol d

40

-8 0

L2-CT V3L TL

124 B

109
o
[=2]
f=4
©
=y
o Genus
50
o° .Hafp()ibasumbac
° B Lactococcus
%a Morganel | a
S .Vagococcus
0-
506
L3-CT v3sP SL
a0
@
o
c
©
=
© Genus
- BWenteroc
° B iactoco
<3 Morgane
j .Vagococ

A o
e

Fig.-Blarllpl ots showing bacterial genera differentiall

conditions. (A) Differentlahhy2,;8nH(tBYd a0lLd3 LCETGIEF a&libkt we e

P4 3. Positive | og2afel decésnaglen v(iaA)mBe dCBi) nldIa@(dC)R S
whil e negative values -Lind(iAMa&t CBY eln3am@C )eCilr i ched i
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1.3.3.2Analysis of gut microbiota across gut sections

Al pha diversity indices (Shannon and Simpsor
and evenness across gut sections (Foregut, M
and PS). The results highlightrutchardaei fbfed rwerec
sections and c8ndttsonsalTgbsi gn#édjicant diff
pval=ued. 0053 ;pv&i=mpl.onGC08) , i ndicating that ir

varies according t oedanagt ocnoincdailt iloonccati on and

Group Sampl e Shannon Si mpson

CT Foregut 2.99 N 0.92 K

CT Mi dgut _  2.48 N 0.84 K

CT Hi ndgut 2.85 N 0.90 K

PS Foregut 1.58 N 0.66 K

PS Mi dgut _  2.30 KN 0.78 K

PS Hi ndgut 3.11 N 0.94 K
Talk.-Al pha diversity indices (Shannon and Simpson) a
polystyrene (PS) conditions. Values are presen

Beta diversity was-Cmeasosr edd sssimng atheyBmayr i

visualized t hrough PCoA. Two l evel d evél cor
comparison, focusing solely on theldilRf &) ent
reveal ed statistically significant di fferen

PERMANOVA results (p.adj < 0.05). The second
mi crobi al communi ties aCQT,o sMG a®IG -H&d i-AMEGd u a |

HGPS) (Fig. 1.12.B) . Significant di fference
Specifically, PERMANOVA results indicated st
CT anBSFGp. ad]j < 0. 6C5T) aanrd®AS MGepOwee@edn) <M o si gni
di fferences wereCdbseBSelGpbatdweenOHGS5) . I ntr
revealed no statistically significant differ
group, significant diefnf #®Senao@dS H@pradpbsebvebs

oT



as bet wREnanvdlsSS HGp. ad| < 0.05). AII PERMANOVA
Tab. 1.5. Comparisons with p.adjusted < 0.05
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Fig. -Plr.iln2ci pal Coordinates Analysis (PCoA) plots vi
communitieplotA)l PCesArating the clustering of microt
polysfgede(©PS) groups. (B) PCoA plot showin@Tmi-dG&obi al

CT, -(HG -PFSG -AV8G -PHSG .
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Compari s p-val ue p.adjust

CT vs PS 0.001 0.001
FGCT vsP&FG 0.012 0.028125
MG-CT v s-PMG 0. 006 0.028125
HGCT vsPSHG 0.069 0.09375
FECT vsCMG 0.087 0.10038461!
FGCT vsCTHG 0.073 0.09375
MGCT vsCTHG 0.075 0.09375
FGPS vsPSMG 0.102 0.10928571:
FGPS vsPSHG 0.008 0.028125
MG-PS Vv sPSHG 0.015 0.028125

Tab.-PERMANOVA results for beta diversity wwarhparsi sons
and adjvaswued gp.adjusted) are reported. Statistical
values, with a threshoild mdl &.0. 05, and are

The genus distribution across samples is di:
corresponds to one of the five-ClTep®INMGca®&s f ¢

CT, -PESG -PAVBj5 a&) HGand the col or edi weganenn da ma
of identified genera.

(OX )



Percentage

Genus Distribution Across Sampl es
100. I . =
||
||
|
||
75 i
—
50 || II
iI I
25 I I
| |
II it 0 ul
0- |
L&A & & & LA A AN A AAL 00 HOHHHHH OO O E D
PSSR SE S S SR LS S X LS &
FFFF I FFFFFLIFLFLLETFLL LS
Sampl e
Genus
[Cl os tFiindiowwm um group.Candidimon.GraciIibacillus Lu(eoliba'PaenarthrobacSCEGC A B-BO 4
.Acetoanaerobium CastelIani.lHadeibesumbacteriuynsinibaci.BarapusiIIimoSmasphylocow

.Acidi bacter
.Aci netobacter
.Aeromonas
.Alterococcus

Aquicell a

Arachidicoccus

.Archangi um
.Areni monas
[Bacitius
.B[l—7c| ade
.Bllyﬂ

Bl astopirellula

.Blautia

Bordetell a

. Breznaki a

Cerasicocc. Haliangium
.Chuiai bact er Hydrogenophaga

[perftia

| 84

.Dubosiella Ketobacter

.Edwar dsi eI.KI uyvera

ElIS51@

Meisoar

Enterobact. Lactococcus

Lactobacillus

T~

.En(erococc.Lacunisphaera.Ni
Eschershchgifll aawsonia i
[ estretia [Hies Y

Ezakiella .Legionella

Blravisoribactenil

.Moel lerel I. Prevotella
.Morganell'Pricia
.Lactipl an(ibac.Musicauda.Protei ni ph.LMngococcus

Nannocyst il Pseudennyg [lmyeial 1 oner 1«

Noviherbaspl Raml umacter

actobaci I.chanococlRBtl

. Lysobacter. Parasegeti bacSteerr oi doba:
Marinobacl. Pbmtobacteri usitreptococ:
.Cupriavidu.lgnavibacteriu. Me mbr ani col aPi4tineage

Subgriolu p

.Microbulbi.Pl esiomona. Terrimonas

[ ookdoner 1 ol sTBsHarine benthiMNmroup

Thauer a

.F'olyangi um

T Ma

[ luss140

astel |l a.Pseudomona. Weissella
(rosomo'PseudoxanthorMbmeasei a
lrosospi'Psychrobac.rYokeneI I a
trospira .Zeaxanthinw

Zobellella

[ zoroos

Pui a

0
di
1

Blcurknocarai beaoabuar k fl0) ®leaviatal eafll Luteibacter [ 0ikopleura Rhodanobacter

.Candidatus Berkiella.Fontimonas Lutei monas .ONG(NOFB)CIa. Ri kenell a

Candidatus Udaeobact.Fusibacter.LuteitaIea .PSOB42 .Sandaracinus

Fig.-Tla.xla3 bar plot of genus distribution across
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A Number of OTUs (CT) B Number of OTUs (PS)

Foregut CT Midgut CT Midgut PS

Foregut PS Hindgut PS

Hindgut CT
Fig.-Venin4d di agrams illustrating OTU sharing among gut
OTU distribution among the foregut, midgut, and hin

among the same gut dedt igoP® pi nNutnhbee rpso liynsdti ycraetnee t he OT

exclusive to each section.

To further explore the distribution of bact
generated (Fig. 1.15) . The heatmap visuali ze
and unique bacterial gener-@T,acM®B sHG alPFSGexper
MGPS, aR&)H&nd their respective five replica
Only bacterial genera were considered, <clust

reduced the total numbiegi ndl tdatasempared to
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renti al abundance analysis was conduct
hed or depl eted across experiment al gr
bi ota composition between tdhmap T doretwa
ed on microbiota composition across the
econd analysis examined microbiota diff
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1.4 SCUSSI ON

The widespread use of plastics, combined wit
to plastic pollution, one of the most ©press
effects of plastic poddaud memtoendn,apamdi ¥ &es ietxy
of new strategies to resolve this issue. One
the breakdown of plastics through the combi

associated microMiieaedpahabuathiracteendt eéxitt er est

i n polystyrene biodegradati on, as previousl|
However, expanding research IS essenti al t
capabilitiesrane tiam uvadliisddtielidt s To achieve t

on three main areas of study.

The first area of research focuses on opti mi

Cucini et al. (2020), who observed high mort
systems. The results pr eseanet ecdh eiwii nFi gan dl .i3n gi
whose cephalic capsules were measured, were
the thresholds reported in Tab. 1 (Introduct
from PS exceedeedd tvhiet hv atl huee faisnsaolc ilaar v al i nst
vali date these observations, | arvae were tra

E6) after their extraction from PS. W thin 1
andWecame adults, while the remaining 9.7% di
|l arvae in the |l ast instar (VIII1I) exhibit a p
| ocation for pupation and aduwl te xtprean sntnitsn .i n
di apeirn ntusi s context, i1t is crucial to consi
systems. These findings | aid the foundati or

subsequent areas of research.

The second research | i ne fFoldWRs each ad ry scetse miea el
to confirm the Aingdesatpirain paufal BE&t y structur al

pol ymer after passing through the | arval gut
a comparison between the original feedstock
chemicall yt wor edaitfefde rmeintth sol uti ons (H O and K

variations across téaei fdiddlelrye,ntt lceo mpraa 9§ ss ofnrsa

group diet (bran and carrots) showed an aver

npe



feedstock (Fig. 1.4. A). I n contrast,6 -ftelde cor
| arvae) and virgin polystyrene (Fig. 1.4.8B),

and KOH (Fig. 1.4.D), showed 6&G60%i |l andt 91 pé]
respectively. These findings confirm that po
expell ed, retaining approximately 90% of 1its

the gut. Al though omaritni alh,e tphoilsy neelri' gsh ts ta lutce r
the action of digestive enzymes or, mere | ik
MS analyses were conducted to identify poten
pol ystyAr ede alpaerrvianeu.s Two metabolites, I n part.i
Umet hyl styrene and cumyl al cohol . The chrom
compounds exclusively in the | arvaeofseed fwidt h
with the CT diet (Fig. UmeShyFBgyréné). aTher

associated with the depolymerization of PS,

within the polymer. Thi s Tob smeorlei@doirtoend ald y ghsso
et al. (2020), WhetrteylItshtey feomrenawad onatotfri but ed
activity within the gut. Similarly, t he det

suggests a gradssl wdegeadatdahi peooe enzymat
the polystyreneds transformation.

Finally, the third area of research of this
and extensive experiments aimed at identifyi
PS groups under sever al e X peneit mdratr&lodc ogdiatr
focusing on | arval i nstar s, the alpha diver:
significant differences in microbial di ver si
1. 3hnhis was conf i niwedld sbSthatsilipeo @krue@ K0 1 ; p- Si mp s c
val=uels2), i ndicating that mi crobi al richnes

l ar val d Hoevleovpmentsl i ghtly higher alpha diver
PS group, suggesting a marginally more compl
| owest values w&€rTe gdTehteecbteetda idni vtehres iLtly anal y s
PCoA plot s, focused on microbi al community
di etary conHiig.i ohs7. A,n tththee compari son bet wee
parti al separation of mi crobi al community [
variation between the two dietary conditi ons:s
SsupporPtEeERIMADNWVOVA. Simi |l arly, whe@TaLCll'2 €KHPer i me
and-PS3 were compared together (Fig. 1.7.8B),

nz



i nstars or di et . I n fact , no statistically

composition were identified among the experi
The taxa bar pl ot (Fi g. 1.8), whiclcroeperes
replicates and experi ment al groups, further

di stribution appears relatively stable acr os
early devel opEntand sdragierserfaedsae iPibn tgh paitpB f iTdh
observation is also supported by the Venn di
among al l groBfsgrwbpl exbhhlkei L8d the highest
and t-@® drloup di spluaey e@T Wsn.l yT hle7s eunfiigndi ngs ¢
mi crobiota remains stable among all di fferel
Al t hough, the polystyrene diet appears to er
heat map ( Fidge.s 1a. Inlo)r eprdoevtiai | ed vi suali zati on

the genus |l evel. Unli ke OTUs, which are more
of fer a gener al perspective of the microbial
reults observed in the previous analyses, sh
experi ment al groups, and a slight i ncrease

particul afISy girmuphe cbdtraryhéeseinesuhbht segpasn
hypothesis that the PS diet promotes the pro

heat map, it is also possible to identify pot
in Iline with theaB#4 ©xXpsrsmanéedl agoongps as s
(Fig. 1.869r1 alilnicd awadlea, Enterobacter, ,Gianld ame
Vagococtaoasfurther i nvestigate and identify I
abundant nidntiooe compared to another, a dif
perfor med. Thi s anal ysi s hi ghlights only s
composition. I n Fig. 1.11, sever al compari s

Bactlkelimangi ng Eoat éhetacthesg acHadsOba sumbact er i
were found to be the most abundant and <con
devel opment of | arvae in the CT groupi,nfrom
the heat maYagacdescgwesngisi ficantly present acr
i ncluding the PS group. Notabl vy, i n the <comp
with diffe€CeEnvP&)l8t s heMbragdmeeasli lpanedomi nant [

group.

Regarding the second metabarcoding analysis

i ndices (Shannon ehdarsi mpsonpesrawmeabgedhe gr

nT



1. hese differences we-Wal cbsaft e seal( Bd a=h hOs.nKO
Si mpswallue = 0.0008), indicating a statistic

and e

r e mad

venness depending onlhothea&@plgamodpVel 9

el atively constant across tvhad atelsree & eglut

in the foregut (FG) (Shannon: 2.99eNPS. 1t pu:

S hew

mar ked i ncyr ealsceng nt hdefvieorgge sthevbeoweatt ya

FG (Shannon: 1.58 N 0.02; Simpson: 0.66 N 0.

3.112 N 0.11; Simpson: 0.94 N 0.01). The mid;q
(Shannon: 2.30 N @.083wi tSh mpnstoenr: me0d. i 7adt hed sv@a.l u e
findings suggest that the effect of pol ysty
along the gut, with a particularly hemdigahed
ectTihoen .beta diversity analysi s, visualized

ot ab

i st
1.5),
Regar

l e differences in microbial community

s
n
comparison between the CT and PS growuwse (Fi
d

nct clusters. This separation is statis
which i1identifies a significant differe

ding the comparisons akrbxasB)al lasexpenfi

PERMANOVA tests (Tab. 1.5), significant di ff
the two dieCarySPLEF@ppadj F&-CO. 08BMFam.dadfG = 0.

However, i n the compari somn tdcdfe miGe rboeltiweele nc oOMp
the PCoOA plot suggests a partial separati on,
(p. adj = 0.09). About ‘the intragroup compar
among the gutt hseecQT ognrso uwi t(hpi.nad j > 0.05) . I n
significant differences weP® viPSHdGNESMEGmsart i
HGPS (p. ad]j < -R0S OvbsPSM@vemhsnlg@ifomant (p. ad)]
1.5). Thesdemosnsstrate that the PS diet has a
composition, i nducing | ocalized changes in
section. Additionall vy, bet ween the ddvot hda et
devel opment of specific microbial taxa, | eac
counterparts (FG and MG) in the CT group. T
observations. Notably, the nkiScrgorboiuapl esxphe cbiietss
to the CT group. This increased heterogeneit
di agram (Fi g. 1.14). Among the PS samples (F
OTUs (339), maki ngtiaontdofe moest guti veAsrotsaltl €

ny



group, the core microbiota shared among al/l
W number compared to the OTUs-P&ni quRI y MEGr e
39), -P&nd 6MG. When compared to (tMhieg.Vebhnld4i 4

-~

0
3

he di fferences between the two dietary cond
ore microbiota is much | arger, comprising 4
ut sections are -GTgokeefLrtcamv2ily ,-CTawed 2HGF GT h i
0
h
e
e
u

0O «Q O

mpari son suggesatsse dt ateta maa qidtada mlse a mor e

~—+

e different gut sections. Il n contrast, the
ading to grkbatweehegerogeoaei ogys. This is ¢
sults, which showed no significant differ.e

substanti al di fferences were observed in the

The heatmap il lustrates a complete represent
only within the same group but al so between
mi crobi ot a, common across all ga ocotueprsi,a ivee reev i
identified in the first tmetabarodediarsg karn/a lcyos
gut mi crAobido tagp eArmmomuws t he mo s tEnrtelragWémty,ege aer
Haf®Obasumbalcaeromodwadsec.Odcparticul ar interes
composition observed in the midgutMGDPX i on
sampwhees ever al ot her generAmr ewd rireoynsaash, & catreedd |

Lut ei,moallals bel onging to the Lysobacteriaceae

Stenotroghsmossaed in the second chapter of
associated in the I|literature with the degra
Tourova et aét L, alkR02020GA4Kk-ehhis observation |
may harbour mi crobi al communities with an e
Future research could aim to establish enric

compt ments and to apply dutSaltyt idedle edteergghoriaydpu g

metabolites produced dHioowenvge rmi ctroo bg ailn deagea @me
bacterial genera that show st atcirsotsisc alxlpye rsiinge
conditions, a dardfdleysing iwmds abamrdiaendt eout . I n
bet ween CT and PS groups (Fig. 1.16) , t he r

Morgama@lplears to be the most dComiand din$n cioad rad h e
prevalent in the CT group. When analysing th
(Fi g.Mdrdagehtsastently emerges as the predomi
group (FG, MG, and HG), whil e it is entirel

no



comparisons involKviuyyetrlaé sdGsamgaoi HGcantl y mo
samples. These fi Morggaaellbgymesy apglhay droudi al

the microbial response to PS diet.

A comparative evaluatianmlytswsbhkeed wdi sneit abtar p
dynamics of t.hel nguthemifairesiti ocamaad lypsh asneatnrdi chset a

no statistidial il gwesnegeo bssuegragvedsdt,i ng t hat | ar va
i nshtaassr a | i mited i mpact on t hel mveoatata assa ccornodb
analysis, focusing on gut sections, identifi

compart me rmtaasl | mafitleuceimmiec roomi ot a Ilcnomploiss t icom.t
di fferenti al abundance analyses were perfor
responded to polystyrene expMerug aeaeeddlruaysyse rkaot
emerged as Kkey genkeeada e o.nMoiotgiedwessh dfeoru nRIS t o
significantly more abundant both across dif1
whiKleuysbkbowed a notable enrichment pa-fedcul at

| ar Vhier. priers ethnftee gutA.midirppeprairtrmussiul arly in P

with findings reported in the I|iterature, V¢
Morgawab| adebot haenead yisnns across | arval i nstart
sectiremws osuPudi es have highlighted its signif

i nsects exposedopbobpadvpmgrnehéwamordanti fiec

key component of the gut microbiota, showing
expanded polystyrene (EPS). I nterestingly,

vitamins further increads% d nif t€x¥V Cd rae waalee macned, 5r
those fed on EPS (Urbanek etabhtsdemd@®r2i4g . mal is
where t he Mdrughawanscleooufnd t o i ncrease when the
subjected to specific aging treatments, such
al ., ReOg2adrydlimnygv eirtas presence was specificall

analysis, where it afpedck altadvpanam.bea skall@au ynhdaisuds i n
been documented as playing a significant rc
abundant i m lexrpvaada efded EWwiSt) and extruded poly
fed exclusively on oatmeahi hhbpgbtenat din2Da:/«
gener a,Mosrugcaha e&kid ay,ymarya pl ay <cruci al roles in

within the gALt dmiacpreorbiinoutsa o f

I n addition to these microbial community ob

genlitsenotr ophprmowmiacsus!l y i sol ated. f diap ehtaiesn g

P M



been associated with polystyrene degradatio
i nvestigated to confirm itsheegeadathapt enpe
Stenotr opéowemsh arso t detected at statistically
community analyses conduPc® ed Inaorrv dieans tshtowsdy ,
vegetbalsleed di et. Thi sStemsoamoamdspoumpodtastr € prleae nt
or dominant member Aof dtilagpugetr mher el petr amehnt

tested, or that it was present at | evels too
first study bwnStCuncotnriog@dmdh)agetpalt yedf gdiene
|l i braries but was also not statistically sig

due to its presefnek dgrmo wbpst K hpe Saedaj o d>s @JF. v0a5t)i.o n
t h@ttenotrompday moe asd t raabnusnideanntc eo rmelnobwver of t he
A. di apewhomaues rel ative abundance coul d i nc
condi tisaurcsh as prolonged exposure to polysty
(2022) d e moaStt @ rald vemdo ptalsaat nl d be | solmotneadh af't
enri chment culture wusing pal yFsurytrleeremoalsl, t the
di scussed in t,ne sfudblslegqwiemd cohapgtyer( Zaarfrtaeret
one year of stor asgep mltewiednd eopno | aygsa sya pkhaetad sn | m

S

w a able to nearly completely degrade the su

Alt hobgh&éerostrowdso mmntasdet ected through met ;

present studgol tdetsievdlimdsumggest that its pr
within the gut mi crobiota are strongly I nf
condifthromwsgh the application of the rearing

n this study, and by applying alternative ¢
i solation and characterizati onc aopfa ba dediietvieasr a |
0

pol ystyrene degradati on.
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e dar kIAll pdhi bedt luksa sdienpeerrgendusas a promi si ng
vestigating polystyrene (PS) biodegradatio
at | Ar vdeafoegd i wush PS foam exhibited sign
crobiota compared to a chasedl di( €T) Me D al
alysis revealed i mportant differences in r

oups, gsuha@aestsipreci fi c vbeacat eariwdi atla xrao Iceo uil rd

bsequent study by Cucini et-asadaci(a2t0e2d2 )b afc
mmuniA.i edsi abppfeerrM aneusf ed with PS by setting ur
a | i gfuriede chaarsbaoln medi um with | imited c¢hem
rved as the sole carbon source. Af t-er t wc
pendendl exrud am anal yses, t hr ee Kolaechtseireilalla
eudomod@radsnotomPpDwen ni et al ., 2022) . Notab
xon demonstrated the ability to adhere to
|l tured in a synthetic medium with PS, but
enotropmomosnalsate. After a prolonged incub
s degradative capabilities, producing a vi
i's chapter focuses on the degradation po
enotrophomsethmanai nnBDAtamfcx Through comprehe
udy investigates the strainbs genetic ar s
tentioentcodemgymenes involved in intracell

dedaphyl ogenetic analysis was performed tc

plore i1its evolutionmaay relationships with

-
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Fig.-P3.Lilm degradation and bacterial growtHhHremr agar
Basal medi um (LCFB) agar plates after 110yemg) wherag:
transferredod|Mreomo 28ogfymowmlatsur e in LCFB at the concl
reported by Cucini et al. (2022). b) Growth on LB af

rubbing PS film remains with a sterile c¢
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2 MATERI ALS AND METHODS

2.2.1Bacterial strain isolation and culturing conditions

Routine bacteri al cul tBerrasanwe r(e Bna ibrrtoa ihn e dl %

0.5% yeast extract, 0.5% NacCl, distilled wat
unl ess stated otherwise. Thes barcitgirnall vtiraao
an enrichment phase in a medium with | imite:
sour ce -fferdom aPrSv adei aoBfasedusn t he parti al sequ
gene (474 bp), the baciteenatnrovmaspmarzanial ( Quec
2022) . A fortuitous observation revealed pe¢
Stenotropmomdm/as (~9. 0110 attached cells) a
recover the bacterial popul ati on, a sterile
urface of PS film remains and usepdi gnoe nstterde a
rowth (Fig. 2.1.B) | i KSdleyn oit m & ip tCs@ime d2and cp u rye

memt amais one of the characteristics previ

o @ O

wn by DAI 2m/ ¢ on LB agar. I n addition, ph

obic/facult@aitiucesandedmendjsegdrenmiecaas ag,

cC O u S 9 W T Q@ u
' ®© @®© =
-

gative bacterium (Cucinil eentgtahl .1,6 S2 Or2CPNA sTec
i ngl eStcon @oinyespls@gmomsa rain 2m/ c was suspende
i stilled water and incubat egle md e AcCmp loirf i5
ni ver sal eubacteri al primers and sequenced
Genomics (Padua, I taly) (Tang et al ., 2006) .
et al ., 1990) , and ehewaspdepedi Led97V nbphsesedl

dat abase under the accession number OL470964
the isolate was <cultured on VIA (Vancomyci n
medi um, commonl y uisocenbtodmmttropphpmdheppBEefir cat al
Growth characteristics were recorded after 4

2.2.2Genomic DNA extraction and sequencing

Genomic DNA was extracted wusing the WizardE
(Promega Corporation, Madi son, Wil , USA) foll
concentration was measured using a Qubit 4.
Scientific, Singapore) with the Qubit 1X dsDT
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Scientific, Eugene, Oregon, USA). DNA qualit
NanoBrmpe/ OneC MicNVNbsolSpmet U¥phot ometer ( Nan
Madi son, Wi USA) and 1% agarose gel el ectr
whodenome sequencing vyieadbath IOXIfwmidnaNasnlero
( ONT)-rephdgt for ms. rlelalduminda Oxli@rtd Nanop-ore Te
read sequencing were perfor med aat sle@AReencchi n(gl
| i braries were BpDNAfSergekiusi(mMg GENI,erSan Carl os
manufacturerds instructions. Library quantif
(I'nvitrogen, Carl sbad, CA) , and quality ass
Bi oanalyzern vHt gh DSAnsaistsay (Agil ent technol o
l i braries were sequenced on & nhovidIe goep0 Ondo d(el
| omgad sequencing, DNA | ibrakt&es4 wergatmgieomr k
sequenced on a Promethl ON ( OxPfROO1dlL 4Nva nfd ppom ec)e |

2.2.3Genome assembly and annotation

'l umina raw reads were processed for base ¢c

Il'l'lumina BCL Convert v3.9. 3. Read tri mming w
2018) under defaul t settings. OORT1r éhdep wre
par ameter: 9 Cho;t pavdi/lgablhebatom/ rrwick/ Filtl

empl oy e fngopevniomme assembly wusing Flye v.2.8.1
iterations and pl asmid fas sgeemmbolnye rweassc uteh eonp tri e

dnaA gene using Circlator v.1.5.5 (Hunt et al

three iterations of Pilon v.1.24 (Walker et
General asswmbkeycatatul atedsusing stab®Esh (a
Joint Genome Institute. BBTools.), while a gi
GenoVi (Cumsill e et al ., 2023) . Assembly <co
agaitrmset cl| os eXdn tahvoamol naabdichel teasb adsddb 1 Q0 Wat er house
Annotation was conducted using the NCBI Pr ok
v. 207148 (Tatusova et al ., 20LCepaanegt e NOG

Additionall vy, prophagengegqhen PHASWESE i( PHADIe
with Enhanced Sequence Translation) web serv

origin of replication-F(ondéeWV) (@as &eZédanhgd v
algorithm (Al tschul et al ., 1990) was appli
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bacteriophage Lambda synthetic construct ( K
cassette from bacteriophage Lambda that enc
ybcS), and endopeptidase (Rz or ybcT) (Campb

2.2 Aldentification of styrene degradation pathways

The set of orthologous enzymes associated w
(KEGG entry: map00643) was obtained from the
(KEGG) pathway database. Il nitially, igientehse an
Stenotropmomdmiac eggNOG functional dat aset w
curation process was conducted for each enzy
validate in silico annotati bongsandoamgetindtndg ¢
enzymes based on the presence of specific Pf
styrene degr adaft ¢ oean wed ewictr o sRsrhoet Udnai t Par boat skeB,/ S
results for the ki ngtdeodn PBfaacmt eda naa iannsd wehree arse
Each Pfam profile was independently pressed
transl ated codi n§i mseiquatintigxs HYEB™S) v.o3. 3. 2 (Ed
anvB|l ue t hr-@®&s.hgodliodn offurltener i nsights into the
styrene degradation and to enhance the KEGG
applied using the EAWAG Biocatalysis/ Biodegr
(Gao ei10),l .whi2®dh was or iRdhiordalcloyx cals dNrCahdtBeorcihz a
13259 (War hurTshti seti natle.g,r alt94n) .provi ded a mor
styrene degradat ipaar apaehwaya comparative g
St e pdtormo nap . 2m/ ¢ and tiéeneteophombpgieamadr
DAI F1, NCBI accession number: CP037883.1) (F
BLAST Ring | mage Generator (BRI G) v.0.95 (A
identity and gedegr aedicrogli enlrgz ysmhe/gy.ene

2.2.5Phylogenetic analysis

A totaKanonf ha@md(naaldsao eksnown as Lysobacterial es
avail abl e-Gemomee dd€Bbase (as of March 2024)
compari son. Compl et eness anal ysis was asses

xant homonadaasl ess _mafbd®epgeor Shogbgs (scOGs; N
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genomes were extracted and indiwvedtual pgr ameg
(Katoh &Toh, 2008). AlignmenGwst iwermrree 2 re-tmmeald.
aut omated1l) and c o mbmanterdi xi nwi d h s vcaaig llsaebqgl see p e t
https:// github.com/ ChrisCreevey/ catseguences
TREE2 v. 2.2.0 (-Bi 26nmd @MF Pa)l .a,n d2 Ov2 Osuaatl Iri iezlger da r uys i

v3.12.0 in the R environment (Yu et al ., 201

2.2.6Data availability

Code and protocol s have been provided with
https:// github.com/ ESZI|I ab/ Stenotrophomonas i
contained codes for genome assembly and annc¢
SRR9926346, SRR29926347 under SttreemoBr opPhome«
i ndi cgaetnroinxe was submitted t o GenBank using
CP168152.1, CP168153. 1.
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Pfam profiles

Styrene Enzyme
degradation| Commision | Pfam entry Protein family relative to Pfam entry
pathway | (E.C.) number
1.14.14.11 PF17885 Styrene monooxygenase A putative substrate binding domd
*5.3.99.7 \ No Pfam available
1.2.1.39 PF00171 Aldehyde dehydrogenase family
*1.14.14.54 \ No Pfam available
PF08028 Acyl-CoA dehydrogenase, C-terminal domain
PF02770 Acyl-CoA dehydrogenase, middle domain
PF02771 Acyl-CoA dehydrogenase, N-terminal domain
PF00296 Luciferase-like monooxygenase
PF07883 Cupin domain
PF01494 FAD binding domain
PF00970 Oxidoreductase FAD-hinding domain
PF00111 2Fe-2S iron-sulfur cluster binding domain
PF00037 4Fe-4S binding domain
PF01613 Flavin reductase like domain
PF00743 Flavin-binding monooxygenase-like
PF14518 Iron-containing redox enzyme
PF03241 4-hydroxyphenylacetate 3-hydroxylase C terminal
PF11794 4-hydroxyphenylacetate 3-hydroxylase N terminal
PF19298 3-Ketosteroid 9alpha-hydroxylase C-terminal domain
PF19301 LigXa C-terminal domain like
PF05834 Lycopene cyclase protein
PF13434 L-lysine 6-monooxygenase/L-ornithine 5-monooxygenase
PF02964 Methane monooxygenase, hydrolase gamma chain
114.13.- PF02406 MmoB/DmpM family
< PF00175 Oxidoreductase NAD-binding domain
= PF13450 NAD(P)-binding Rossmann-like domain
E PF13454 FAD-NAD(P)-binding
S PF03460 Nitrite/Sulfite reductase ferredoxin-like half domain
PF01936 NYN domain
PF00067 Cytochrome P450
PF05138 Phenylacetic acid catabolic protein
PF02332 Methane/Phenol/Toluene Hydroxylase
PF04663 Phenol hydroxylase conserved region
PF07976 Phenol hydroxylase, C-terminal dimerisation domain
PF07992 Pyridine nucleotide-disulphide oxidoreductase
PF14759 Reductase C-terminal
PF00355 Rieske [2Fe-2S] domain
PF00848 Ring hydroxylating alpha subunit (catalytic domain)
PF02915 Rubrerythrin
PF13577 Snoal-like domain
PF06234 Toluene-4-monooxygenase system protein B (TmoB)
PF19112 Vanillate O-demethylase oxygenase C-terminal domain
PF09722 Antitoxin Xre/MbcA/ParS C-terminal toxin-binding domain
PF04945 YHS domain
PF04209 Homogentisate 1,2-dioxygenase C-terminal
1.13.115
PF20510 Homogentisate 1,2-dioxygenase N-terminal
PF02798 Glutathione S-transferase, N-terminal domain
5212 PF13410 Glutathione S-transferase, C-terminal domain
PF13417 Glutathione S-transferase, N-terminal domain
PF14497 Glutathione S-transferase, C-terminal domain
** 3.7.1.2 \ no pfam available
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PF11723 Homotrimeric ring hydroxylase
PF00970 Oxidoreductase FAD-binding domain
PF0O0111 2Fe-2S iron-sulfur cluster binding domain
PF00042 Globin
0 114.12.- PF19301 LigXa C-terminal domain like
2 PF00175 Oxidoreductase NAD-binding domain
2 PF00355 Rieske [2Fe-2S] domain
E PF00848 Ring hydroxylating alpha subunit (catalytic domain)
PF00866 Ring hydroxylating beta subunit
PF13577 Snoal-like domain
1.3.1.19 PF00106 short chain dehydrogenase
1.13.11.2 PF00930 Dipeptidyl peptidase IV (DPP IV) N-terminal region
3.7.1.9 PF00561 alpha/beta hydrolase fold
2.8.3.12 PF01144 Coenzyme A transferase
= 4.2.1.54 PF06050 2-hydroxyglutaryl-CoA dehydratase, D-component
> PF01144 Coenzyme A transferase
E PF02515 CoA-transferase family Il
© 2.8.3.1 PF02550 Acetyl-CoA hydrolase/transferase N-terminal domain
a PF04223 Citrate lyase, alpha subunit (CitF)
PF13336 Acetyl-CoA hydrolase/transferase C-terminal domain
S 4.2.1.80 PF01557 Fumarylacetoacetate (FAA) hydrolase family
2 PF00682 HMGL-like
E 4.1.3.39 PF03328 HpcH/Hpal aldolase/citrate lyase family
g PF07836 DmpG-like communication domain
Tab.-PF¥.alm profiles (kingdom BRraterdatabasde heotmeée Ppon &
involved in the styrene degradati onSpaenbwagphBmamanp!
ndi aatrilxabell ed in bold font. 8famnared&di hdscavedf wut
boxes. * indicates enzymes with no-PassodiadtabdbdskeRf am*pr
enzymes identified through f unctd oPnfaalm apnrnooftiatei oinn (t
Uni Prot KPBr/oStwidsast abase.
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2 RBESULTS

2.3.1Genome features

The nearly complSeeeosequpmomdm/iaaée 1®HE r DNA gen
obtained through Sanger sequeqen mmge anaq ufeunrct
exhibited 100 %t @ ndeetnrta pt hyo mwsnttafsa i inn dD AlaRlr i Kk CP O
(Friedrich et al ., 2021) . Based on this res:i
Stenotrophomebhaai hn®dAtamfcx To further suppo
the selective VI A adar i mekdtiowdD AW/ ¢s i Wwi. t 2
devel opment of dark green colonies after 48
and phyl ogenetic analyses, which classified

Fig.-GRo®&tSht emfot rophomenhaai hnBActamfrexon VI A selective

incubation at 27AC, the strain developed d

'l umina DNA sequencing produced a trodad of
seqguencing generated 354.5 thousand reads, b
coverage. The genome assembly reSu| 468 bp wi
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a GC content of 65.76%, alongside a plasmid
(Fig. 2.3, Tab. 2.2)
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Features Chromosome Plasmidelike DNA
Number of circular contigs 2
Coverage 100%
N50/L50 (Mb) 4.651/4.651
Single complete BUSCO 99.7%
Single duplicated BUSCO 0.2%
Fragmented BUSCO 0%
Missing BUSCO 0.1%
Total size (bp) 4,651,465 7,081
GC content 65.75% 43.39%
Genes (total) 4,245 14
CDSs (total) 4,158 14
Genes (coding) 4,123 14
CDSs (with protein) 4,123 14
Genes (RNA) 87 -
rRNAs 5,4, 4 (5S, 16S, 23S) -
Complete rRNAs 5, 4,4 (5S, 16S, 23S) -
tRNAs 70 -
ncRNAs 4 -
Pseudo Genes (total) 35 2
CDSs (without protein) 35 2
Pseudo Genes (ambiguous residues) 0of 35 Oof2
Pseudo Genes (frameshifted) 17 of 35 0of2
Pseudo Genes (incomplete) 20 of 35 0of2
Pseudo Genes (internal stop) 6 of 35 2
Pseudo Genes (multiple problems) 6 of 35 -

Tab.-G2.nd mi ¢ fSetaetnuorterso pchfomenmaai nnBAk2aml ¢ X

M
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The BUSCO statistics indicated a high | evel
duplication (0.2%) and missingness (0.1%), w
anal ysi s dredlextted gpdmgesequences tion adp dreangitm
extrachromosomal DNA (Fig. 2.4) . At t he anrt
identified betweX.n itrmhdiAdadtmroicno & o dneasea faetread gpehnae
i ncluding holin S (pgappgreppt00O®R3EB678, apngda petnndpo |
pgapt mp_pPd@daptz2mMp 001183, pgapt mp_001870, pgap
pgapt mp_002084, pgaptmp 002088, pgapt mp_002
pl asmi d har boured seqgquences sharing identii
pgapt mp _0042408s e nRlz e(hpdgoappetpmp d0O04241, pgapt mj

partially complete sequences homol ogous to h
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Hypothetical_protein

S
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Bacteriail Trac
Phage RQgeéshipn
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Bacterial Genes
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—Phagde lpg ot ein
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Fig.-PRPophage regi oftéemothephpd@masmaai mdhBDAc2mmfFcxspannin
(start: 1, stop: 6943), identified throughelabédgsis
proteins involved in Iysis or envelope functions, as

the plasmid. b) Linear representation of
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2.3.2Styrene degradation pathway
The i1 dentification 03%$. oirn ddéd &tgréicxs ggeaoene , | e

eggNOG annotations, revealed the presence of
styrene degradation pathway (Fig. 2.5. a): p
homogent-disaxggeln®se [ EC:al.eltd.alktle.tXm]t,e masloemer a
fumaryl acetoacet ase-oxpopdeemdo.art.el. )y, dr aatnads e 2 [ E
Additionally, manual curation based on Pfam
wi t hiSn tihnedDiAd 2tmr/ icx qaeg n cemehitbh t domai n composit
styrene desgroadatieadn enzymek,Ri(hHy dgr.ocb,&nh Hd b ¢ :
dehydrogenase [ EC:=-dli.o3x.ylg.eln9a]s,e c[-aByGe cllo. aly3mAlcld mi2g t
semi al dehyde hyldr odlastea-f cEeCa 83& e/ Cd & 9, subunit
| acCoWAl dehydr at ase subunit al pha-t r[ &nCs: f4e r2a sle

[EC: 2.8.3.1]. However, during the manual ann
be associapkd ®fam dcdaoamains, i ncluding two o
classification ECECG: 14dAByad4boxxyoval erat e al i
[ EC: 4. 1. 3. 39] (Fig. 2.5.b). Bhe i s eddAdinr/ fco r
genome revealed only partial orthologous cor
and 2 out of 3 domains, respectively. Althou:
genetic ebBementA¢ &imf ex ort hol ogs, an slwbmat aarst |
were identified, suggesting that t hese func
compl ete | i st o f Pfam profiles is reported

[ EC: 1. 14. 140.x1lild]e, isstoymeernaese [ ECe% alBy®192 Xy | a saer
[EC: 1.14.14.54] were not detected, ei ther i

manual Pfam domain inspection.
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Styrene Styrene
Pathway A Pathway B Pathway A Pathway B

-

(s)-Styrene oxide Styrene-cis-2,3-dihydrediol (s)-Styrene oxide Styrene-cis-2. 3-dihydrediol

e o b ks
Phenylacetaldehyde 3-Vinylcatechol Phenylacetaldehyde 3-Vinylcatechol

2 ok RE o

Phenylacetate 2-Hydrexy-6-oxoocta-2 4 T-trienoate Phenylacetate 2-Hydroxy-6-oxoocta-2, 4, 7-trienoate

o o i =

2-Hydroxyphenylacetate _Acrylale 2-Hydroxypenia-2,4-dienoate z Hydmxyuheny\acelaie [ Acrylate Z-Hydmxypenla-z,d-diem
o [ o o
Homogentisate Acrylyl-CoA 4-Hydroxy-2-oxovalerate Hnmugenlwsale Acrylyl-CoA 4-Hydroxy-2-oxovalerate

[
VY

Acetaldehyde Pyruvate
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A alew acetoacetale

zd Remuyied
zd Aemuyjed

1)

E E 4-Maleylacetoacetate
Acetaldehyde Pyruvate I

Fumalylal:emacelate L Laclate Fumarylacetoacetaie L-Lactate

L]
]
[l
Fumarale Al:elnacetale Pyruvate Fumarate Al:etnacelate Pyruvate
metabolismy metabolism

Propanoate Propancate’
metabolism, netabolism

Fig.-R2pbesentation of the S$ttemnmetnreo pdheogmsatdeastii homD Aplkaz tihfwea;
foll owing the original map00634 available in the KEGC
a) The styrene degradation map obtained through autc
groups via egrgeNmeG;d ebgr alchet isdry map derived from manua

f

Lactoyl-CoA Lactoyl-CoA

Pathway B1
Pathway B1

|.___

domai ns. I n both automatic and manual -aehateadi enszy meée.
are represented by blue and pink boxes, respectivel

enzymes with partial retrieval of Pfam j

Al | findings are consolidated in a single f
annotations, providing a detailed overview
identities (Fig. 2.6)
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Styrene
Pathway A Pathway B
1141411
styrene monooxygenase j
(s)-Styrene oxide Styrene-cis-2,3-dihydrodiol

1.3.1.19

5.399.7

styrene-oxide isomerase cis-1,2-dihydrobenzene-1,2-diol

Phenylacetaldehyde 3-Vinyicatechol

113112
catechol 2,3-dioxygenase

12139
phenylacetaldehyde dehydrogenase

Phenylacetate 2-Hydroxy-6-oxoocta-2,4,7-riencale

1.14.14.54 3.7.1.9

phenylacetate 2-hydroxylase 2-hydroxymuconate-semialdehyde hydrolase

2-Hydroxyphenylacetate

I Acrylate 2-Hydroxypenta-2 4-dienoate
2.8.3-12 42.1.80 .
glutaconate CoA-transferase, subunitA 2-oxopent-4-enoate hydratase L
} E
=
Homogentisate ‘2
Acrylyl-CoA 4-Hydroxy-2-oxovalerate =,
= N
113115 m 42154
homogentisate 1,2-dioxygenase % lactoyl-CoA dehydratase subunit alpha
=
S
4-Maleylacetoacetate o
a Lactoyl-CoA
Acetaldehyde Pyruvate
5212 2831
maleylacetoacetate isomerase propionate CoA-transferase
—
Fumarylacetoacetate L-Lactate
]
]
3712 '
fumarylacetoacetase
Pyruvate
Fumarate Aceloacelale metabolism
"

Fig.-R2pbesentation of the Sttemnmcetnreo pdheogmsaideaatii homD Aplkaz tinfwea;
foll owing the original map00634 available in the Kyot
dat abase, and the Styrene Pathway Map presents in thi
This styrene enpmpatrieprordfs dwhteomatti ¢ and manual annot a
styremelmagpd enzymes are represented by blue and pir

retrieval of Pfam profiles are indicated |

A comparative genomic analSysi s ¢darmd und dDeAdl Fuls i
reference, confirmed t heenpgroads enrgc egemfest Heor s
degradation pathway i n bd&thintDiAd i2rimd .ic xTelxeh i goa nt
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sequence identity ranging fronb.91li% dbicd &8 % xwl
(Fig. 2.7)

® coszim W s. indicatrix DAIZm/c
® ECc13.1.19

o o S. indicatrix DAIF1 (CP037883.1)
@ Ecaris »

@ Ecariz2 I 100% identity

@ ECcs5212 . . D ) 90% identity

@) g | IR : 70% identity

() Ec283.12 W g

@ Ec 1132 P \‘\ — : “ )

O EC4.2.154 . ” ‘

@ Ec1.21.39 . .

@ EC 113115

1000 kbp -

S. indicatrix DAI2m/c

- 3500 kbp =
4,665,174 bp | E

1500 kbp /&

\ 3000 kbp

2000 kbp
2500 kbp

NS

Fi g.-CRr@ul ar representation of t3teercotmpaphhdmorea g einrod
strain DAIt2Zm/oec rapdhomenasai nhnBDAcBELri Xhe BLAST Ring | mac
used to visualize genomi &. si miDIAd &kilt ises vamd aisf ftdremed
The rings represent the genomes of the two strains.

each ge®.e imbDiAh&ELri xompaBedi hdttadbmeDiAh2m/ c. Speci fi

of interest involved in the styrene degradation path
(excg utdhmse in the yellow boxes, see Fig. 2.5.b and F
enzyetmecodi ng genes are as follows: 4.2.1.80 (96%), 1.

(96%), 5.2.1.2 (9319).,2 2(.986.98).,1 24 .(29.51%)5,4 1(.9183%) , 1. 2. 1.

2.3.3 Phylogenetic analysis
The phylogenetic analysis of all the availab
of 368,075 amino acid positions, supported

paraphyl etic RhodanobacteraceXan(hogoonadad8reh
recovered as sister group to one Chpyeayiifiivd ragr
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fl aam@lgui monas |wan aieint al | vy, two species belo

Pseudol ysobacatnddrs eamioamact nouwearas faurnbesmla i de
outliers (KagthompnawWiiatmplpler t ed and rel ati vel
corresponé&tegotioogéiremsesnasas identified, enco.l

recognized species. STheopanatWwhiemictept ushemwad
Xant hopmoynlaegr oup, rai sing quesltacoennse natb.o uTth ei tr
sequesSncadcdhditcai ni DAl 2m/ ¢ was correctly positi
family and 8senhgnedpédmmahae&Bhyl ogenetic recon
close r 8l at inaebnAd &Fdlr i (XGCF _004551575. 1), Swith a
|l acti(tG&€HFi_900188015. 1), further supporting

Stenotrophomongbh the phyl ogenetic reconstruc
this studytemnioltIr owih@ememfatghe Xant homonadaceae
have |l ed to the reclassification of Yuhi& f arm
Wang, 2024).

Family @ Rhodanobacteraceae @ Xanthomonadaceae

Fig.-UBrB8oted phylogenetic reconstruction of the orde
families are colour coded. Supported nodes (UFB > 95
taxonomic position. Then Befdi aditoai inh DiIAC 2mé £ tPphaesipoD

detailed representation is provided in t
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Fi g-RhyYl ogenetic reconstruction of the order Xanthol

Rhodanobacter c¢clade accordingly to Naushad et al . (2C¢
nodes (UFB > 95) are éeédeati édweidn avi ¢St aisngditesya tjghmisx. t Ao
DAl 2m/ c.
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