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Abstrakt

Biodegradabilni plasty jsou stale ¢astéji vyuzivany jako nahrada konvenc¢nich, biologicky
nerozlozitelnych, plasti. Nicméné, zatimco vliv konvencnich plastli a jejich fragmentd na
zivotni prostfedi je jiz rozsahle studovan, vyzkum tykajici se vlivu biodegradabilnich plastii na
pudu je zatim na poc¢atku. Prvni studie v této oblasti potvrdily opodstatnénou obavu tykajici se
mozného vlivu biodegradace na rovnovahu ptidnich zivin, nicméné¢ detailni studie mechanismd,

ucinki na ptidni mikrobiom, a ptfedev§im moznych feseni doposud chybély.

Tato prace si klade za cil tyto mezery alespon caste¢né¢ zaplnit. Z tohoto divodu byla
provedena série experimentl studujicich vliv biodegradace poly-3-hydroxybutyratu (P3HB) na
pudy s variabilnimi vlastnostmi a rust rostlin. Studovany byly ptedevsim vlivy na zménu
aktivity ptdniho mikrobiomu, kvalitu ptidni organické hmoty, tok zivin, néarast a kvalitu
rostlinné biomasy a miru/ rychlost degradace P3HB. Byly také testovany mozné piistupy pro
potlaceni negativniho vlivu P3HB na rist rostlin. Vysledky prokazaly, ze biodegradace P3HB
zpusobuje narist mikrobidlni aktivity a urity posun v biodiverzité, nerovnovahu a zmény
Vv toku zivin vytvarejicich stres, ktery negativné ovlivnil rast rostlin. Jako mozné snizeni stresu

se ukazala aplikace digestatu, ktery zmirnil negativni vliv biodegradace P3HB na riist rostlin.

Biodegradabilni plasty, véetné¢ P3HB, ptedstavuji jednu z moznosti feSeni plastového
zne€isténi, nicméng, ani jejich vliv na Zivotni prostfedi neni benigni. Proto je dulezité dikladné
pochopit jejich vliv na Zivotni prostiedi a pfedchazet tak potencionalnim rizikim pfi jejich

pouziti 1 likvidaci.

Klicova slova

Poly-3-hydroxybutyrat, pidni mikrobiom, pidni enzymaticka aktivita, DNA, biodegradace,
pudni organicka hmota, environmentalni stres.



Abstract

Biodegradable plastics are increasingly being used as alternatives to conventional, non-
biodegradable plastics. However, while the environmental impacts of conventional plastics and
their fragments have been extensively studied, research on the effects of biodegradable plastics
on soil is still in its early stages. Initial studies in this field have confirmed justified concerns
regarding the potential impact of biodegradation on soil nutrient balance. However, detailed
studies into the mechanisms, effects on the soil microbiome, and especially potential mitigation

strategies have so far been lacking.

This study aims to partially fill these gaps. A series of of experiments was conducted to
investigate the effects of poly-3-hydroxybutyrate (P3HB) biodegradation on soils with varying
properties and on plant growth. The research focused primarily on changes in soil microbial
activity, soil organic matter quality, nutrient fluxes, plant biomass growth and quality, and the
extend and rate of P3HB degradation. Potential approaches to mitigate the negative impact of
P3HB on plant growth were also tested. The results demonstrated that P3HB biodegradation
lead to increased microbial aktivity, shifts in mirobial biodiversity, imbalances and changes in
nutrient fluxes, ultimately creating stress conditions that negatively affected plant growth.
Digestate application was idnetified as a promising stratégy to mitigate the negative impacts of

P3HB degradation on plant development.

Although biodegradable plastics, including P3HB, represent a potential solution to plastic
pollution, their environmental impact is not entirely benign. Therefore, it is essential to
thoroughly understand their interactions with the environment to anticipate and prevent

potential risks associated with their use and disposal.

Key words

Poly-3-hydroxybutyrate, soil microbiome, soil enzyme activity, DNA, biodegradation, soil
organic matter, environmental stress.
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1 UvoD

Termin plasty se bézné pouziva pro oznaceni Siroké Skaly syntetickych nebo
polosyntetickych materialt, které se pouzivaji v obrovském a stale rostoucim mnozstvi aplikaci.
Od zahijeni masové vyroby ve 40. letech 20. stoleti se plasty staly vSudypfitomnou soucasti
lidského zivota. V roce 2019 se celosvétova produkce plastii zvysila na témet 368 milioni tun.
Ocekava se, ze do roku 2050 se vyroba plasti ztrojnasobi a bude pfedstavovat pétinu
celosvétové spotieby ropy (www.statista.com). Se zvySenou produkci a spotiebou plastu je
nezbytné spojena i zvySend kontaminace zivotniho prostiedi a dale pak tvorba plastovych
fragmentt, mikro a nanoplasti (MP a NP) — téma, které rezonuje spolecnosti, a které je i pies
rostouci pocet védeckych praci stale jeSté prozkoumano velmi povrchné.

Ptedlozend disertaéni prace se zaméfuje na biodegradabilni plasty, které bezesporu
predstavuji jedno z moznych fesSeni plastové kontaminace. Nicméné, jak naznacuji vysledky
nedavnych studii, jejich vliv na zivotni prostiedi nemusi byt Gplné€ benigni, jak je nékterymi
jejich propagatory naznacovano. Dojde-li v budoucnu ke sniZeni ceny biodegradabilnich plastt
a tim i kK podpofe jejich masivniho vyuziti, je nutné dostate¢né dopiedu prozkoumat i jejich
pfipadnd negativa, aby se spole¢nost vyhnula pfipadnym environmentélnim problémuam.

Tato prace se tematicky zaméfuje na duleZitou ¢ast tohoto problému, konkrétné na vliv
biodegradabilnich plasti na produk¢éni a mimoproduk¢ni funkce pudy. Diserta¢ni prace je
organizovana do n€kolika kapitol. V teoretické Casti se zamétuje na plasty v zemédélstvi, je
popisovan Vliv MP a mikrobioplasti na fyzikalni, chemické a mikrobiologické vlastnosti pudy
a na rust rostlin. V této ¢asti prace jsou brany Vv potaz vlivy jak nebiodegradabilnich, tak
hranice odd¢lujici biodegradabilni a nebiodegradabilni plasty, ii) prolinani biotickych
a abiotickych faktorti vedoucich k tvorbé MP v realnych podminkach, iii) podobnost vlivu na
zivotni prosttedi, pfinejmenSim vV poc¢atecnich stadiich kontaminace a iv) podobnost cest, jakym
ke kontaminaci zivotniho prostifedi dochazi. V dalsi ¢asti jsou pak na zakladé literarni reSerSe
definovany cile disertacni prace a vyzkumné otazky. V posledni ¢asti jsou pak uvedena
a diskutovana nektera zjisténi s odkazem na autorem publikované prace a na praci vV recenznim
fizeni. VSechny relevantni publikace autora jsou pak soucasti posledni ¢asti prace ve formé

ptiloh.



2 TEORETICKA CAST

2.1 Plasty v zemédé&lstvi

V zemédé@lstvi je pouzivana cela $kala plastd Sriznymi mechanickymi a fyzikalné-
chemickymi vlastnostmi. Mezi nejcastéjsi patiéi vysokohustotni polyethylen (HDPE), ktery
nachazi uplatnéni jako material pro vyrobu zemédélskych siti (Castellano et al. 2008)
a mulcovacich folii (Steinmetz et al. 2016), stejné tak jako linearni nizkohustotni polyethylen
(LLDPE) (Espi et al. 2016). Polypropylen (PP) je vyuzivany pro vyrobu netkanych textilii
(Castellano et al. 2008) a spole¢né s polyvinylchloridem (PVC) pak jako material pro
zavlazovaci trubky nebo hadice (Scarascia-Mugnozza et al. 2012). PVC, polyolefiny, ethylen-
vinylacetat (EVA) nebo kopolymery ethylen-butyl-akrylatu (EBA) se také pouzivaji jako Kryty
sklenikli (véetné specidlnich typd, napf. folie blokujici blizké infracervené zareni (NIR)
s kovovymi pigmenty, ultratermické folie, prichozi tunely a kryty nizkych tuneli (Espi et al.
2016; Maraveas 2019). Polykarbonit (PC) a polymetylmetakrylat (PMMA) jsou casto
vyuzivany jako dvouvrstvé (alveolarni) tepelné izolacni kryty sklenikd (Scarascia-Mugnozza
et al. 2012). Polystyren (PS) a polyuretan byly v minulosti hojné pouZzivany pro tzv. coating
hnojiv (Yang et al. 2012; Qu et al. 2019a). Tento seznam neni kompletni, ale ilustruje Siroké
vyuziti plastli v zemédélstvi a ptibuznych oborech, a tedy i potencionélni zdroje kontaminace

pudy (a dalsich slozek Zivotniho prostiedi) plastovymi fragmenty (Jansen et al. 2019).

2.2  Produkce MP

Plastové materidly pouzivané v zemédélstvi jsou bézné vystaveny mnoha vliviim, a to jak
vliviim prostiedi (napf. slune¢nimu zateni, vlhkosti, mikrobidlnimu napadeni atd.), tak i vliviim
souvisejicim s jejich fungovanim (pfedev§im mechanickému namahani). Toto naméahani vede
k postupnému poskozovani plasti a jejich degradaci. Kinetika degradace pak zavisi na tloust'ce
plastu, mechanickych a optickych vlastnostech, teploté a relativni vlhkosti (a jejich fluktuaci),
vétrné a destové erozi ale také zpusobu instalace. Slunecni zafeni, piedevsim pak jeho
vysokoenergeticka ultrafialova (UV-B; 290-315 nm) a stiedné energeticka (UV-A; 315—
plastt (Liu et al. 2019). Degradace ultrafialovym zafenim miiZe byt zintenzivnéna soucasnym
mechanickym otérem (Tian et al. 2022). K mechanické degradaci mlze také vést zmrznuti
a rozmrazeni plasti za spoluptsobeni ptidni vlhkosti (Pal et al. 2018). Rozpad plastti na mensi
casti spolecné s vétrem (Zalasiewicz et al. 2016) zpusobuje Sifeni plastovych fragmenti do
vzdalenéjSich oblasti (Allen et al. 2019).



Plastové fragmenty nazyvané plastovy odpad se obecné dé¢li podle velikosti na megaodpad
(>100 mm), makroodpad (100—20 mm), mezoodpad (20-5 mm) a mikroodpad (<5 mm) (Barnes
et al. 2009). Vsechny tyto velikosti jsou nékterymi autory souhrnné oznacovany jako MP, tedy
ozna¢enim, kterym byly v roce 2004 prvotné¢ popisovany malé plastové Castice v oceanech.
Z divodu nejednoznaéného ¢lenéni dalsi autofi navrhuji i jinou kategorizaci (Pinto da Costa
2018) — jsou definovany i kategorie pro mensi Castice (NP — a to bud’ pod 1 nebo 0.1 um
(Koelmans et al. 2015; Mattsson et al. 2015). Nicméné, tato problematika je mimo zaméfeni
této prace. Podstatné je, ze MP byly nalezeny celosvétoveé v mnoha rtiznych prostiedich, véetné
lidského téla (Thompson et al. 2004) a placenty novorozencu (Ragusa et al. 2021), coz
podtrhuje fakt, ze MP jsou vSudypfitomné a prioritizuje vyzkum jejich efektd na slozky
zivotniho prostiedi.

V zemédélské ptidé 1ze nalézt dveé skupiny MP: priméarni MP, které byly vyrobeny zamérné
a pouzity v kosmetickych vyrobcich a riznych primyslovych odvétvich, a které se do pudy
dostaly naptiklad po aplikaci cistirenského kalu. Dale pak sekundarni MP, které jsou
degrada¢nimi produkty vétSich plastovych vyrobkl nebo odpadi. Ty se dostavaji do pudy
napiiklad rozpadem mulCovacich folii. V soucasné dobé jsou v ZzZivotnim prostiedi
vSudypftitomné jak primarni, tak sekundarni MP.

Zdrojem vétsiny plasta v akvatickych systémech jsou aktivity probihajici na sousi.
Znecisténi zahrnuje plasty vSech velikosti véetné MP (Zubris a Richards 2005; Rillig 2012).
Mnozstvi plastového odpadu, které se dostava do pudy, je vysoké, naptiklad v Evropé se ke
zpracovani (napt. recyklaci) dostalo v roce 2014 pouze zhruba 25,8 milionu tun, coz odpovida
54 % ro¢n¢ vyprodukovaného plastového odpadu (de Souza Machado et al. 2018a). Odhaduje
se, ze celosvétoveé mize zhruba 32 % plastového odpadu skoncit v piid¢€ nebo kontinentalnich
vodnich ekosystémech (Jambeck et al. 2015). Dale pak, prace autorii (de Souza Machado et al.
2018a) poukazala na to, ze na pevniné muze byt 4 az 23krat vice MP ve srovnani s oceanem
(Horton et al. 2017). Orna ptida miize obsahovat vice MP neZ slana voda; v Evropé by se mohlo
do zemédélské pudy rocné dostat 63-430 kilotun MP, v Severni Americe pak 44-300 Kkilotun
MP (Nizzetto et al. 2016b). Stale vSak bohuzel plati, ze studie zaloZzené na spolehlivych
kvantifika¢nich metodach (napt. Choi et al. 2020) jsou bohuzel stale vzacné, nekonzistentni

a datové nehomogenni.

2.3 Hlavni vstupy plasti do zemédélskych pad

Jak jiz bylo naznaceno v piedchazejicich kapitolach, hlavni vstupy plastti do zemédélskych

pud zahrnuyji:



Vi.

Casté pouzivani plastovych materidli a zafizeni, jakymi jsou mulCovaci folie, sité
a nddrze, hadice zavlazovacich systému, kompozity mineralnich hnojiv a bioplastt,
coating hnojiv atd. (Castellano et al. 2008; Espi et al. 2016; Steinmetz et al. 2016;
Maraveas 2019);

hnojeni zemédélskymi kaly, komposty, Statkovym a dribezim hnojem, které jsou
(navzdory metodam t#idéni a screeningu pfed kompostovanim i po ném) stale
kontaminovany MP v koncentracich od 2,38-180 mg/kg (Blasing a Amelung 2018);
jiné zdroje pak uvadi 1,2 g/kg (Gao et al. 2019a);

hnojeni Cistirenskymi kaly (aplikovanymi bez kompostovani/s kompostovanim,
obsahujicimi MP filtrované a koncentrované v ¢istirnach odpadnich vod) (Nizzetto et
al. 2016b; Willen et al. 2017; Ng et al. 2018; Khalid et al. 2020; Milojevic a Cydzik-
Kwiatkowska 2021);

zavlazovani recyklovanou odpadni vodou nebo sladkou vodou (kontaminovanou MP
z komunalniho odpadu) (Corcoran et al. 2010; Mintenig et al. 2017) — MP byly nalezeny
jak v evropskych (Sadri a Thompson 2014), tak i severoamerickych (Zbyszewski et al.
2014) a asijskych (Free et al. 2014) povrchovych vodach;

atmosféricka depozice (expozice miize dosahovat az 280 ks/m? MP za den) (Dris et al.
2016), pricemz dulezitym zdrojem je naptiklad silni¢ni doprava (Baensch-Baltruschat
etal. 2021); a

mén¢ vyznamné, ale nikoliv zanedbatelné, jsou zdroje, jakymi jsou odpadky (littering)

a pouli¢ni splachy (Blasing a Amelung 2018).

V praxi jsou plastové odpady ponechavany na polich nebo podél vodnich tokt, spalovany

na volném prostranstvi, zakopavany do pidy (Zalasiewicz et al. 2016) nebo ukladény na

skladky, odkud se pti nespravném ulozeni mohou $ifit do zivotniho prostiedi (Scalenghe 2018).

Nevhodna likvidace zemédélského plastového odpadu zptisobuje kontaminaci pidy (He et al.

2019) a vody, tekavé latky se uvolituji do ovzdusi (Horton a Dixon 2018) a vSechny tyto zdroje

zneCisténi pak mohou mit za nasledek kontaminaci potravin (Bouwmeester et al. 2015),

zhorSovani kvality piidy a agroekosystému a estetické znecisténi (Kyrikou a Briassoulis 2007)

a také zhorSovani stavu krajiny (Briassoulis et al. 2013). Diky tomu zac¢ind byt pro zeméd¢lskou

praxi doporu¢ovano pouzivani biodegradabilnich plastovych materiali (Vox et al. 2016).

Jak vyplyva z vySe uvedeného vyctu, mezi hlavni zdroje primarnich MP patii Cistirenské

kaly, které obsahuji MP z produkt osobni hygieny nebo pro domécnost (Zubris a Richards

2005), veetné polyesteru a nylonu, hlavnich polymert pouzivanych v syntetickych textiliich,

9



a mikroperli¢ek a tipytek v kosmetice na bazi polyethylenu (PE) nebo PP. Nasledkem toho bylo
v ptidach se znamou historii aplikace Cistirenskych kalt nalezeno vyrazné vyssi mnozstvi praveé
syntetickych mikrovlaken nez v pudach, kde se kaly neaplikovaly (Zubris a Richards 2005).
Synteticka mikrovldkna byla na nékterych polich nalezena i 15 let po posledni aplikaci kala
(Zubris a Richards 2005).

Soucasné predpisy tykajici se Skodlivych latek v kalech aplikovanych na pidu nepovazuji
MP za hrozbu (byt se situace méni), takze mnozstvi MP, které se ro¢né neumyslné¢ dostanou
do pudy, muze byt vyssi nez je odhadovano (Nizzetto et al. 2016a).

Hlavni zdroj sekundarnich MP pak pfedstavuje mulCovani, které se pouziva k ochrané
sazenic a vyhont prostiednictvim izolace, udrzovani plidniho mikroklimatu (Kasirajan
a Ngouajio 2012), teploty (Ham et al. 1993), zabranéni odpafovani ptudni vody (Kader et al.
2017), tpravy propustnosti nebo odrazivosti specifickych vlnovych délek dopadajiciho
slune¢niho zafeni, Gipravy kotenové zony (Tarara 2000; Ibarra-Jimenez et al. 2011) a regulaci
vymény plyntt (Diaz-Perez 2010; Torres-Olivar et al. 2018). Soucasné ptedpisy v riznych
zemich se snazi problém produkce MP z mulCovani feSit, napt. v Evropské unii je povoleno
nahradit mulcovaci félie z konvenc¢nich plasti biologicky rozlozitelnymi plasty (EN_17033

2018). Tato zména, jak je diskutovano dale, vSak nemuze ,,MP problém® uspokojivé vyfesit.

2.4 Transformace plasta v piadé

Pokud se (mikro)plasty z riznych zdroji a vektort (ptidni zmény, voda, rozklad in situ)
dostanou do pidy, je jejich nasledna perzistence vyznamné ovlivnéna pidnim potencidlem
k rozkladu a chemickym slozenim plastového materialu. O rozkladu (mikro)plasti v pudé se
zminuje jen malo vyzkuml (ve srovnani se studiemi o rozloZitelnosti plasti ve vodnim
prostiedi) (Binda et al. 2024, Nikolic et al. 2014; Osman et al. 2017; Roy et al. 2021).

(Mikro)plasty jsou obecné kategorizovany podle piitomnosti nebo nepfitomnosti
esterovych nebo amidovych skupin na hydrolyzovatelné nebo nehydrolyzovatelné. Tyto
vlastnosti a kategorizace urcuji jejich dostupnost pro rizné extracelularni hydrolazy. Podle
(Singh a Sharma 2008; Ng et al. 2018) je pravidlem, Ze biologicky odbouratelné MP maji ve
své struktute heteroatomy kysliku (O), dusiku (N) a siry (S). Tyto atomy, nebo piesnéji vazby
mezi témito atomy a uhlikem (C), jsou cilem pro hydrolytické enzymatické ptisobeni ptdni
mikroflory. Samotny proces biodegradace je pak rozkladem sloucenin (plasti) na jednodussi
molekuly, vedouci nakonec az k mineralizaci mikroorganismy za vzniku CO; a H2O (aerobni)
nebo CO2 a CH4 (anaerobni) (Ng et al. 2018; Ghosh et al. 2019). Ve skutecnosti je anaerobni
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biodegradace plastli ve srovnani s aerobni degradaci energeticky méné vyhodna a trva delsi
dobu, nez dojde k tplné mineralizaci (Gu 2003).

Prestoze vétSina plastii pouzivanych v zemédélstvi je idajné vysoce odolna vici prirozené
depolymerizaci a mikrobidlnimu vyuziti, nékteré studie naznaCuji opak. Piikladem je
polyethylentereftalat (PET), ktery pfedstavuje dalezity materidl v obalovém primyslu. Podle
n¢kterych zdroja (Qi et al. 2021) vyzaduje biodegradace PET mirnéjsi teploty a nizsi spotiebu
energie nez recyklaéni metody, coz ji ¢ini pouzitelnou a slibnou biorecyklacni strategii.
Bakterie ldeonella sakaiensis, ktera byla nalezena (a patrné se zde vyvinula) nedaleko
recykla¢niho zavodu v Japonsku, disponuje PET-4zou, tj. enzymem schopnym hydrolyzovat
PET (Danso et al. 2018). Dalsi enzymy, jako je kutinaza, lipaza, serinesteraza a nitro-benzyl-
esteraza, jsou rovnéz schopny této hydrolyzy, zatimco naptiklad proteaza, kutinaza, amidaza
a hydrolaza hydrolyzuji také polyamid (PA) (Guebitz a Cavaco-Paulo 2008).

Enzymatickd hydrolyticka a oxida¢ni degradace plasti vede ke $tépeni makromolekuly
polymeru za vzniku polymera s kratkym fetézcem a malych molekuldrnich fragmentd (napf.
oligomert, dimerd a monomera). Molekulova hmotnost téchto degradacnich produktt je pak
dostate¢né mala na to, aby mohly projit bunéénou sténou (Chen et al. 2019) a po asimilaci

mikroorganismy pak podléhat intracelularni degradaci (Wilkes a Aristilde 2017).

2.5 Biologicky rozlozZitelné plasty

Chemické slozeni plastt determinuje vyskyt a vznik MP, jejich pienos, perzistenci,
rozloZitelnost a potencialni Skodlivé ucinky. Z téchto diivodi se do centra pozornosti dostavaji
biologicky odbouratelné plasty, které, jak jiz bylo zminéno v uvodu, mohou hrat zésadni roli
pfti feSeni problémd s likvidaci plast z ekonomického i environmentalniho hlediska (Thakur et
al., 2018).

Biologicky rozlozitelné (nebo téz biodegradabilni) plasty jsou obvykle smési biologicky
rozloZitelnych polymert s riznymi ptisadami. Lze je rozdélit do tfi hlavnich skupin: (i) pfirodni
polymery (8krob, celul6za a lignin), (ii) polymery z biomasy, bud’ syntetizované, nebo vzniklé
pti fermentaci (kyselina polymlécna — PLA,; polyhydroxyalkanoat — PHA); a (iii) polymery
syntetizované z fosilnich zdroji, jako polybutylen adipat-ko-tereftalat (PBAT), poly(e-
kaprolakton) (PCL), polybutylensukcinat (PBS) a polykarbonat (PC) (Ng et al. 2018; Gioia et
al. 2021). Biodegradabilni plasty se vyrabéji pfevazné z obnovitelnych zdroji a mohou byt

rozkladany a metabolizovany celou skalou organismu vcetné bakterii a hub (Kale et al., 2015).
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Mezi biologicky rozlozitelné polymery pouzivané v zemédé€lstvi patii napiiklad vyse
zminéné PLA, PCL, PBS, PBAT, PHA, stejn¢ jako celuldzy a Skrob (Ng et al. 2018; Mo et al.
2023). Biodegradabilni plasty se zpravidla pouzivaji jako zemédé€lsky mul¢, ¢asto také jako
obalovy material. Mezi dalsi aplikace patii trubky pro kapkovou zavlahu a stinéné sklenikové
tunely a materialy s prodlouZenym uvoliiovanim pesticid a hnojiv (Mo et al. 2023). Protoze
biologicky rozlozitelné plasty maji obecné horsi mechanické (tuhost, houzevnatost) a tepelné
vlastnosti, jsou bud’ miseny s jinymi polymery (napt. PLA a PBAT) (Colnik et al. 2020), nebo
s ptisadami, jakymi jsou stabilizatory, zmeckcovadla, antioxidanty, oxida¢ni promotory,
povrchové aktivni latky prodluzujici fetézce, kompatibilizatory a dalsi (Cui et al. 2021).

Jak jiz bylo naznaceno, biodegradace v pudé probihd v nékolika krocich a jeji rychlost
zavisi na podminkach prostiedi, jako je teplota, koncentrace zivin, zda jsou pfitomné organismy
schopné biodegradace, vlhkost a obsah a kvality pudni organicka hmoty. Kromé toho hraje
dilezitou roli také velikost a tvar biologicky rozlozitelného materidlu a ptisady pouZité pro
zlepSeni mechanickych vlastnosti. Nicméné¢, vzhledem Kk rychlosti riznych fazi degradace,
biologicky rozlozitelné plasty mohu vytvaret tzv. mikrobioplasty (MBP), analogické castice
k MP, a to dokonce mnohem rychleji v porovnani s MP (Sintim et al. 2023).

Jako ptiklad 1ze uvést studii autorského kolektivu (Li et al. 2023), kteti pozorovali, ze MP
PBAT/PLA vytvéiely v pudnim mikrobidlnim spolecenstvu sit¢ s mensi slozitosti a vice
kompetitivnimi interakcemi nez Castice PE. To bylo vysvétleno jako disledek toho, Ze
mikroc¢astice PLA/PBAT maji na svém povrchu vice mikroskopickych anomalii a vice
kontaktnich mist pro tvorbu mikrobidlniho biofilmu nez c&éstice, které nejsou biologicky
rozlozitelné. Krom¢ toho, vyuziti polymernich sloucenin biologicky rozlozitelnych plasti
zvysSuje mnozstvi dostupného C v ptide a snizuje mnozstvi dostupného N (Zhou et al. 2021a).
To vedlo ke zméné enzymatické aktivity pudniho mikrobiomu v dusledku adaptace
spoleCenstva na tento substrat (Zhou et al. 2021a). Ve srovnani s rozsahem a variabilitou
bakteridlnich druht schopnych degradovat rtizné typy konvencnich organo-polymernich
materialil je pocetnost a roz§ifeni riznych taxond s metabolickymi nastroji pro katabolismus
biodegradabilnich plastd vétsi (Awasthi et al. 2022). Divodem je skuteCnost, Ze fada
biodegradabilnich polymert, jako jsou PLA, PHA a (samoziejm¢) plasty na bazi celulozy,
Skrobu, ligninu, je rovnéZ na biologické bazi a mikrobialné biosyntetizovéana.

Ne vSechny bioplasty vSak lze povazovat za biologicky odbouratelné a stejné tak ne
vSechny biologicky odbouratelné polymery jsou biosyntetizovany (Awasthi et al. 2022).
Napiiklad PBAT vyrobeny z petrochemickych surovin je degradovan houbami Candida
antarctica (Xu et al. 2023) a riznymi bakterialnimi kmeny (Thumarat et al. 2012; Bubpachat
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et al. 2018), Saccharomonospora viridis (Kawai et al. 2014) a termofilnim kmenem
Thermomonospora fusca z kompostu (Witt et al. 2001), které patii mezi aktinobakterie. Dale
pak Bacillus sp. JY35 (Cho et al. 2022) a také zastupci rodu Clostridium, Streptococcus
a Caldicoprobacter, nalezeni v termofilnich reaktorech pro rozklad smési PLA/PBAT (Tseng
et al. 2020). Vedle chemické syntézy se PLA biosyntetizuje také pomoci metabolicky upravené
Escherichia coli (Jung et al. 2010), pomoci lipazy izolované z Candida rugosa (Whulanza et
al. 2018) nebo pomoci Yarrowia lipolytica (Lajus et al. 2020). Velké mnozstvi mikroorganismu
vykazuje schopnosti rozkladu PLA, napf. bakterie z rodu Actinobacteria, rody Geobacillus
a Bacillus (Tomita et al. 2003), druhy Stenotrophomonas pavanii a Pseudomonas geniculate
(Bubpachat et al. 2018), anaerobni Tepidimicrobium xylanilyticum (Tseng et al. 2020), houbové
rody Amycolatopsis (Ikura a Kudo 1999), Aspergillus (Maeda et al. 2005), Fusarium (Torres et
al. 1996), Penicillium (Jeszeova et al. 2018). Polykaprolakton (PCL) byl popsan jako
biodegradovatelny lipazami Candida antarctica (Ma et al. 2020), Pseudomonas cepacia
(Sivalingam et al. 2003), Aspergillus fumigatus (Hakkarainen a Albertsson 2002), Fusarium
(Abe et al. 2010; Jeszeova et al. 2018). Polybutylensukcinat (PBS), syntetizovany
polykondenzaci kyseliny jantarové a butandiolu, je degradovan kutinazami z Roseateles
depolymerans TB-87 a Pseudozyma antarctica JCM 10317 (Shinozaki et al. 2013),
Pseudomonas cepacia (Taniguchi et al. 2002), dale Thermobifida alba, T. cellulosilytica,
T. fusca, Thermomonospora curvata (Gamerith et al. 2017; Pan et al. 2018), Aspergillus
fumigatus (Jung et al. 2018), Fusarium solani (Kitamoto et al. 2011) a Pichia pastoris (Pefas
2023). Polykarbonaty (PC), které se hojné vyskytuji napt. na skladkach, jsou biologicky
rozlozitelné mnoha bakteriemi, jako jsou Pseudoxanthomonas sp. NyZ600 (Yue et al. 2021),
Bacillus cereus a B. megaterium (Arefian et al. 2020), rody Arthrobacter, Enterobacter (Goel
et al. 2008), Duganella, Psuedomonas, Ralstonia, Roseateles, Variovorax, Acinetobacter
(Artham a Doble 2008) a houbami rodt Fusarium, Ulocladium, Chrysosporium, Penicillium,
Rhizopus (Arefian et al. 2013). PHA jsou striktné bakterialné produkované polymerni plasty
(Behera et al. 2022), proto enzymy pro jejich degradaci produkuji predev§im mikrobi schopni
PHA biosyntetizovat. Nicmén¢, PHA degraduje i mnoho dalSich mikroorganismi — rody
Pseudomonas (Mohanan et al. 2020; Manoli et al. 2022), Thermobifida sp.
(Phithakrotchanakoon et al. 2009), Variovorax, Alcaligenes faecalis (Sun et al. 2015),
Streptomyces exfoliatus (Martinez et al. 2015), Bacillus megaterium (Chen et al. 2009).
Degradaci PHA zvladaji i ¢etné houbové taxony, napt. rod Penicillium (degraduji také PLA)
(Gowda a Shivakumar 2015; Jeszeova et al. 2018), nebo zastupci rodu Fusarium, ktefi jsou
schopni degradovat i PVA (polyvinylalkohol) (Abe et al. 2010; Jeszeova et al. 2018).
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2.6 Vliv MP a MBP na ptidu a biotu

Osud plasta v pade a jejich vliv na ptidni prostiedi je v podstaté stale na zacatku, znecisténi
pudniho ekosystému plasty a jeho nasledné negativni dopady jsou ve srovnani s vodnim
prostiedim stale spiSe opomijeny (Chae a An 2018; Schell et al. 2020). Nicméné, nékteré
ziskané znalosti jiz ted’ umoziuji posoudit vyznam pouzivani plasti v zemédélstvi z hlediska
pudni biogeochemie, agronomie a spole¢nosti, a vedou Kk postupnému monitoringu pudy

I Z pohledu plastového znecisténi (Scalenghe 2018).

2.6.1 Vliv na fyzikalni vlastnosti

Kontaminace pady plasty a plastovymi fragmenty (MP i MBP) zhorsuje pidni vlastnosti
¢imZ narusuje rovnovahu celého pudniho ekosystému. ZhorSeni vlastnosti zahrnuje porusenou
puadni strukturu, sniZzeni schopnosti tvofit agregaty, zménu porovitosti pidy a zvySeni
koncentrace znec€ist'ujicich latek v piidnim roztoku (Rillig 2012; Huerta Lwanga et al. 2017b).
Vliv plasti na vlastnosti pudy se 1iSi v zavislosti na typu a velikosti plasti. Napiiklad
k degradaci padni struktury obecné dochazi v dusledku kontaminace makroplasty (Qi et al.
2020), coz dale snizuje infiltraci a negativné tak ovliviiuje vodni kapacitu pudy a objemovou
hmotnost ptid (de Souza Machado et al. 2018b; Kim a An 2019). To miZe nakonec vést az
anoxickym podminkam, které jsou problematické naptiklad pro kofenovy systém rostlin (Liu
et al. 2014). MP interaguji s riznymi slozkami pidy a dostavaji se do pudnich agregatt; volné
agregaty vznikaji po interakci se surovymi (odpadnimi) plasty a hrubé/kompaktni agregaty
vznikaji diky vlaknitym MP (Rillig et al. 2017; Wang et al. 2020b). Pouzivani plastovych
mulcovacich folii v zemédélstvi zpusobuje zhorSovani stability pidnich agregati a brani
provzdusnovani plidy a propustnosti vody, coz v koneéném diisledku ovliviiuje riist kotent
a omezuje produkci plodin (Zhang a Liu 2018; Jiang et al. 2019). Studie autort Wan et al.
(2019) také uvadi, ze plastové folie o tloustce 2, 5 a 10 mm vytvareji mikrokanalky, které
zvysuji rychlost evapotranspirace, a tudiz usnadnuji vysychani pudy s naslednymi negativnimi
ucinky na rist rostlin (Wan et al. 2019). Jednim z mechanismd, ktery usnadiuje rychlejsi vypar
vody je patrné zména konformace supramolekularni struktury padni organické hmoty (Fojt et
al. 2022).

Vliv plasth na fyzikalni vlastnosti piidy zavisi také na typu plasti. Studie de Souza
Machado et al. (2018) uvadi rozdilné uc¢inky ptidavku Ctyt typtt MP PP vldkna, PET vlédkna, PE

fragmenty a PA mikrokulicky) na vodni kapacitu, objemovou hmotnost a vodostalé agregaty
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(de Souza Machado et al. 2018b). Napiiklad objemova hmotnost a vodostabilni agregaty se
vyrazné snizily u pud oSetfenych PET vlékny, zatimco ostatni typy plastll podobné vysledky
neposkytly. Dalsi studie autortt Boots et al. (2019) uvadi, ze ptidavek HDPE zménil stabilitu
agregatli ve srovnani s biologicky rozlozitelnou PLA a odévnimi vldkny (Boots et al. 2019). de
Souza Machado et al. (2019) v jiné studii uvadi, Ze PA a PES zvysily rychlost odpatfovani vody
zpudy vice nez HDPE, PET a PS (de Souza Machado et al. 2019). Zhang et al. (2019) na druhou
stranu uvedli, Ze PET mikrovldkna neméla zddny vliv na objemovou hmotnost ptidy, ale snizila
jeji vodni kapacitu (Zhang et al. 2019a). Takovéto protichidné G¢inky plasti mohou souviset
s koncentraci kontaminujicich MP a vlastnostmi pidy (Kim et al. 2021) protoze napiiklad
srovnavaci studie vlivu podobné smacivych polyesterovych MP, jako je biodegradabilni poly-
3-hydroxybutyrat (P3HB) a perzistentni PET, na vysychani vlhkosti z piidni organické hmoty
(SOM), odhalila jen malé rozdily v jejich nepfiznivych ucincich (Fojt et al. 2022).

Souhrnné tyto studie naznacuji, ze pridavek plastii do pidy ovliviiuje kontinuum ptda-
voda-atmosféra, coz ma v kone¢ném disledku dopad na vyvoj plodin (Wan et al. 2019; Zhang
et al. 2019a). Z toho vyplyva, Ze akumulace plastd v pidé mize ovlivnit kolob&éh zivin
a hydrologické cykly, coz v kone¢ném dusledku mutze ohrozit potravinovou bezpecnost
V souvislosti s globalni zménou klimatu. Zakladni mechanismy, jejichZ prostfednictvim plasty
ovliviiuji spravné fungovani ptidy, jsou vSak stale nedostatecné prozkoumany a tykaji se zmény
zpusobu agregace pudnich ¢astic nebo re-konformace struktury SOM. Vliv ptidavku plastli na
tyto pldni vlastnosti proto poskytuje zéklad pro dal$i pochopeni jejich rizik na procesy

Vv ptudnich ekosystémech.

2.6.2 Vliv na chemické vlastnosti

Plasty maji vliv nejen na fyzikalni vlastnosti plidy, ale ovliviuji i jeji chemické vlastnosti,
coz v kone¢ném dusledku ovliviiuje erodabilitu, urodnost pidy a produkci plodin (Liu et al.
2017; Rillig et al. 2019a; Chen et al. 2020b). Nejvice ovlivnénymi chemickymi vlastnostmi
pudy v reakci na plasty jsou pH pudy, obsah SOM, transport organickych a anorganickych latek
(Casto polutanttl) a obsah Zivin v pid¢. Piidni pH je jednim z hlavnich faktort urcujicich padni
vlastnosti véetné interakci SOM a minerali, dostupnosti Zivin pro rostliny a spravného
fungovani mikrobialnich spolecenstev (Rousk et al. 2009). Ptidavek plastd méni pH pidy,
pticemz rychlost zmény dale zavisi na edafickych faktorech a zptisobech hospodareni.

Naptiklad autofi studie Lozano et al. (2021) zaznamenali zvySeni pH piidy v reakci na
ptidavek MP, které souviselo s obsahem pudni vlhkosti, ptficemz pH pldy se zvysilo za sucha
(niz8i obsah vlhkosti) (Lozano a Rillig 2020). V tomto ohledu jsou hlavnim problémem pfi
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hospodateni se zemédélskou pidou zbytky plastovych f6lii, které maji vysoky potencial pH
pudy ménit. Bylo totiz zjisténo, Ze pti rozkladu plastl se do puidy uvoliuji aditiva i molekularni
fragmenty, které méni chemismu piidy, ovliviiuji ptidni edafon, a tim i ptivodni pH (Wang et
al. 2020b). Pfi¢inou zmény pH je i velky povrch MP, ktery mize ménit rychlost a velikost
kationtové vyménné reakce, coz dale umoziiuje volnou vyménu kationtti s ptidni vodou (Boots
et al. 2019). Kromé¢ toho se ukazuje, ze MP ovliviuji proces nitrifikace uvoliiovanim iontt H*,
coz vede je znacnému okyseleni pudniho prosttedi (He et al. 2021; Wang et al. 2022a).
Nicmén¢, nékolik autord pozorovalo zvySené pH kontaminované pudy. Napiiklad autofi studie
(Yang et al. 2021) zaznamenali zvySeni pH po pfidavku 1 % PLA a 10 % vysokohustotniho
HDPE (Yang et al. 2022a).

Zmény pH mohou mit negativni vliv na biodiverzitu pidniho mikrobiomu, schopnost pidy
poskytovat Ziviny rostlinam, ale i naptiklad imobilizaci AI**, ktery je fytotoxicky. Obecné lze
vypozorovat, Ze pro pochopeni G¢inki plastii na pH ptdy je nutné zohlednit pfedevs§im ptivodni
vlastnosti pudy, typ plastt, koncentraci ale i dobu expozice.

Dalsim z problémi spojenych s pouzivanim plastti v pudé je degradace pudni organické
hmoty (SOM) (Hodson et al. 2017). MP mohou mit rizné u¢inky na SOM, od sniZeni az po
podporu akumulace SOM prostiednictvim zménéné mikrobialni aktivity a dostupnosti zivin
(Cao et al. 2017; Liu et al. 2017; Chen et al. 2020a; Kim et al. 2021). VétSina studii se
soustiedila na rozpusSténou organickou hmotu (DOM), ktera je klicovou soucasti SOM
dulezitou pro kolobéh C v pidg, transport znecistujicich latek a dynamiku zivin (N a P) (Kalbitz
et al. 2000; Feng et al. 2021). Piidavek MP ¢asto snizuje mnozstvi DOM (Yu et al. 2022),
dynamika DOM pfi pfidavku MP zavisi na Cisté bilanci mezi produkénim a mineralizaénim
potencialem SOM (Liu et al. 2017). Jiné vyzkumy naproti tomu uvadi, Ze vysoké koncentrace
(28 % hm.) PP-MP vyrazné zvysuji obsah DOM a dalsich Zivin (N a P) v pudé ve srovnani
s niz§imi koncentracemi (14 % hm.), coz je davano do souvislsoti s vlivem PP na ¢innost
ptdnich enzymu zapojenych do kolobéhu C, N a P (Fei et al. (2020)) prokazali vyznamny vliv
MP na aktivity enzymi kolob&hu Zivin.

Tato zjisténi podporuji snahy o vypracovani kritickych mezi pro kvantifikaci €inktit MP
na ukazatele kvality ptidy (Fei et al. 2020). Tato zjisténi také naznacuji potfebu komplexnéjsich
studii zohlednujicich zmény v dostupnosti a/nebo fixaci zivin aplikovanych na povrch piady
vV redlném case. Dosavadni studie navic uvadély pouze u€inky MP na hlavni pidni Ziviny,

V budoucnu by mélo byt provedeno vice studii zohlednujicich t€inky MP na mikroZiviny.
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2.6.3 Vliv na biologické ptidni vlastnosti

Krom¢ vlivu na fyzikalné-chemické vlastnosti pudy ovlivituji MP také biologické
vlastnosti pidy, coz ma v koneéném dusledku vliv na ekosystémové sluzby pudy. V toto ohledu
Bender et al. 2016) protoze transformace a kolobéh pudnich zivin (C, N, P a S) vyzaduje
spravnou rovnovahu mezi strukturou a fungovanim piidnich mikrobidlnich spolecenstev a jejich
extracelularnich enzymi. MP mohou ovlivnit mikrobidlni metabolismus v pudé, coz
v kone¢ném disledku narusuje jeji zdravi a dalsi biologické procesy (Burns a Boxall 2018; de
Souza Machado et al. 2018a).

Mikrobidlni extracelularni enzymy jsou prvotnimi indikatory urodnosti pidy, protoze
jejich aktivita zajist'uje mikrobim dostupnost zivin (Liu et al. 2017), nicméné neexistuje obecna
shoda ohledné koncentrace nebo urovné kontaminace, pti které MP zptisobuji negativni nebo
pozitivni G¢inky na aktivitu pidnich enzymu. Naptiklad studie autord (Huang et al. 2019)
a (Yang et al. 2018) uvad¢ji, ze ptidavek MP mutze vyznamné zvysit aktivitu katalazy, ureazy,
fenoloxidazy a pudni fosfatazy. Naproti tomu, autofi studie (Fei et al. 2020) uvadgji, ze MP PE
a PVC-MP vykazuji inhibi¢ni t€inky na aktivitu fluorescein diacetat hydrolazy (FDAse), ktera
je dulezitym ukazatelem kratkodobych zmén kvality ptdy (Muscolo et al. 2015) a naopak,
studované MP podporovaly aktivitu kyselé fosfatazy a aktivitu ureazy. Kromé toho bylo
prokéazano (de Souza Machado et al. 2018), Ze PP a polyesterova mikrovldkna mohou mit
inhibi¢ni u¢inky na hydrolytickou aktivitu fluorescein diacetatu (de Souza Machado et al.
2018a). To naznacuje, Ze nejen koncentrace/uroven kontaminace, ale také typ plasti mize
ovlivilovat pidni enzymy. Proto je nutny dal$i vyzkum zaméfeny na stanoveni prahovych
hodnot, u kterych Ize hodnotit pozitivni a negativni ucinky plasta.

Plasty mohou ovliviiovat pidni mikrobiom vcetné bakterii a hub (Wijesekara et al. 2018).
vektorem), Sifeni gentli rezistentnich vii¢i antibiotiklim a mikrobidlniho metabolismu (Horton et
al. 2017; Arias-Andres et al. 2018; Bradney et al. 2020). MP mohou mit schopnost pienaset
mikrobialni invazni druhy (Trojan et al. 2024), nicmén¢ uloha znecisténi MP pfi transportu
mikrobil neni dostate¢né prozkoumana. Pouze né€kolik studii se zaméfilo na transport mikrobt
a genetickou vymeénu, napiiklad He et al. (2018) uvedli zvyseny transport bakterii (E. coli)
casticemi PS v kiemenném pisku pii zvySujici se iontové sile. Bylo také zjisténo, ze MP
poskytuji povrch pro vyménu gent a dalSich metabolickych produkti mezi fylogeneticky
nepiibuznymi mikroorganismy, jak jiz dfive ukazali (Sun et al. 2018; Huang et al. 2019). Kromé
neutralnich gent jsou MP odpovédné za Sifeni Skodlivych gent, jako jsou ARG (antibiotic
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resistance genes, geny antibiotické rezistence), ohrozujicich lidské zdravi (Arias-Andres et al.
2018; Imran et al. 2019). Tyto indicie dokazuji, ze kontaminace plidy MP muze ovlivnit
mikrobidlni metabolismus, mikrobialni enzymy a jejich fungovani, coz potencidlné ovliviiuje
zdravi pudy.

Plasty, ptedevsim MP, ptredstavuji kolonizovatelny povrch pro mikroorganismy a podle
svych fyzikdlné-chemickych vlastnosti usnadiiuji mikrobialni adhezi (Ghosh et al. 2019; Miao
et al. 2019). Takovato asociace MP s mikroby muize bud’ zvysit jejich Skodlivy vliv na zivé
organismy (Lu et al. 2019; Wang et al. 2021) nebo umoznit a urychlit jejich rozklad (Orr et al.
2004; Nevius et al. 2012) a rozptyleni v zivotnim prostiedi. Spojeni MP s mikroby v Zivotnim
prostiedi ovliviiuji rizné fyzikalni, chemické nebo biologické faktory. Bylo zjisténo, Ze na
pudni MP se vazou rizné mikroorganismy jakymi jsou houby (Sabev et al. 2006; Cosgrove et
al. 2007; Riithi et al. 2020; Zhang et al. 2020), protisty (Sabev et al. 2006; Oksinska et al. 2019)
a nejcastéji pak bakterie (Bailes et al. 2013; Zhang et al. 2019b; Kavitha a Bhuvaneswari 2021,
MacLean et al. 2021). Pro mikroorganismy je adheze na MP vyhodna, protoze zvySuje piistup
k zivindam akumulovanym na povrchu MP v dasledku zvysené adherence (Tuson a Weibel
2013), coz pak dale stimuluje mikrobidlni riist (Free et al. 2014; Shen et al. 2019).

Mikrobi, zejména bakterie, se na plastové povrchy €asto pfichycuji prostfednictvim tvorby
biofilmu (Free et al. 2014; Shen et al. 2019). Tvorba biofilmu je obecné zprostiedkovana
extracelularnimi polymernimi latkami (EPS) (Douterelo et al. 2014; Ramsperger et al. 2020).
Tvorba biofilmii na MP ve vodnim prostiedi byla hojn¢ uvadéna riznymi autory (Douterelo et
al. 2014; Miao et al. 2019; Wu et al. 2019; Ramsperger et al. 2020; Rosato et al. 2020), pro
pudu jsou vsak dukazy prozatim pomérné vzacné (Mercier et al. 2017; Han et al. 2020; Sarker
et al. 2020; Kavitha a Bhuvaneswari 2021). Tvorba biofilmu miZze vyvolat zmény ve struktuie
a funkcich mikrobidlnich spolecenstev jak v ramci stavajicich mikrobialnich spoleCenstev, tak
mezi nimi (Miao et al. 2019; Yuan et al. 2020). Jedine¢na mikrobialni spoleenstva navazana
na MP byla oznacena jako "plastisféra" (Zettler et al. 2013). Charakteristiky plastisféry se
mohou ménit s velikosti plast, kdy podle Debroas et al. (2017) alfa- a gama-proteobakterie
dominuji na mezoplastech PET a PS (5 mm az 20 cm) ve srovnani s MP (300 um az 5 mm),
zatimco (Zhang et al. 2017) pozorovali obohaceni Actinobacteria na MP (0,1-5 mm) PP, PE
a PS (ve srovnani s mezoplasty, 5-25 mm).

Dale bylo zjiSténo, ze biofilmy zpisobuji strukturdlni a funkéni zmény MP zpisobené
uvoliiovanim enzymii degradujicich/modifikujicich MP, maskovanim povrchovych vlastnosti,
vypousténim vedlejsich metabolickych produktl a degradaci aditiv a to véetn¢ PTE (potentially

toxic elements) hlavné kovll a perzistentnich organickych polutanti adsorbovanych na MP
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(Miao et al. 2019). Diky tésnému kontaktu mezi povrchem bakterii a (mikro)plasti jsou MP/NP
schopny pronikat plazmatickou membranou a hromadit se v zivych mikrobidlnich bunkach.
Protoze MP/NP jsou vétSinou ve vodeé nerozpustné syntetické polymery, jsou nachylné
k fragmentaci a pticemz pii dostate¢né malém rozméru mohou byt mikroorganismy pohlceny
(Beiras et al. 2018). Mezi zpilisoby interakce/akumulace MP/NP v mikroorganismech patii
bioadsorpce na bunécny obal, bunééné vychytavani a biodegradace. Mechanismus bunécného
pfijmu a akumulace MP/NP je ovlivnén jak fyzikalné-chemickymi vlastnostmi syntetickych
materialti (napf. jejich velikosti, tvarem, hydrofobnosti a polaritou), tak vlastnostmi mikrobidlni
bunééné membrany (Mammo et al. 2020).

Kromé¢ pfimych interakci mezi ¢asticemi MP a piidnimi mikroorganismy vznikaji obavy
0 zivotni prostiedi kvuli chemickym latkam, které jsou v MP obsazeny (napt. antioxidanty,
stabilizatory) a také kvili znecistujicim latkam, které se do MP dostavaji z kontaminovaného
prostiedi. Bylo naptiklad zjisténo, ze biofilmy na povrchu MP slouzi jako pfenasece ruznych
znecist'ujicich latek (Wang et al. 2021). MP mohou ptisobit jako nosic¢e riznych hydrofobnich
organickych chemickych latek (HOC, napi. 1,2,4,5-tetrachlor-o-benzenu — TeCB,
pentachlorbenzenu — PeCB nebo hexachlorbenzenu — HCB), usnadiiuji pfenos HOC do bioty
v riznych koncentracich v zavislosti na tom, jaké jsou podminky prostiedi, které fidi (de)sorpci
(Hartmann et al. 2017). Plastisférickd mikrobidlni spoleCenstva mohou také selektivné
zvyhodnovat patogeny a pfispivat k jejich pfezivani a Sifeni v prostiedi. V biofilmech
asociovanych s MP ve vodé se vyskytuji V. parahaemolyticus (Kirstein et al. 2018)
aV.cholerae (Silva et al. 2019) a dalsi pro c¢lovéka potencialné patogenni mikroby
(Aeromonas, Haemophilus, Acinetobacter (Virsek et al. 2017), Pseudomonas monteilii,
P. mendocina (Wu et al. 2019), patogenni Escherichia coli (Silva et al. 2019), pticemz byl
prokazan i rostlinny patogen Pseudomonas syringae (Wu et al. 2019). (Mikro)plastické
biofilmy navic diky zvySené dostupnosti Zivin a vy$$i hustoté bunék piedstavuji "hotspots” pro
horizontalni pienos genti (HGT) (Aminov 2011; Arias-Andres et al. 2018). K HGT dochazi
pfedevsim prostfednictvim konjugace (Aminov 2011; Arias-Andres et al. 2018). Byl prokazan
prenos plazmidi z Pseudomonas sp. na E. coli a z E. coli na Arthrobacter na biofilmech
asociovanych s MP (Arias-Andres et al. 2018).

Z téchto ditvodli mize zvySena HGT v biofilmech usnadiiovat Sifeni ARG v piijimajicim
prostiedi (Suzuki et al. 2017). Dlouhodobé vystaveni bakterii kontaminantim adsorbovanym
na MP, jako jsou antibiotika a kovy, mize ptispivat ke zménam jejich profilu rezistence viici
antibiotikim (Huijbers et al. 2015; Singer et al. 2016; Lagana et al. 2019). V duasledku toho

byly ARG nalezeny castéji na plastech ve srovnani s okolnim prostiedim, coz naznacuje, ze
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plasty mohou hrat zasadni roli ve vyvoji a §ifeni rezistence vici antibiotikim. Autofi prace
(Yang et al. 2019) prokazali 13 ruznych geni ATB rezistence (ARG) v mikrobech
adsorbovanych na plastech a k antibiotikiim rezistentni izolaty Vibrio spp. (Laverty et al. 2016)
a druhti Pseudomonas (Wu et al. 2019; Laverty et al. 2016).

MP, diky své pievazné lipofilni povaze, mohou na svém povrchu adsorbovat rtizné
nepolarni polutanty ze skupiny lé¢iv, polychlorovanych bifenyli (PCB), perzistentnich
organickych polutant (POP), polycyklickych aromatickych uhlovodiki (PAH) a tézkych kovi
(Ni, Ti, Pb, Zn, Cd, Cu) (O'Donovan et al. 2018; José a Jordao 2020). Ve spolupraci
s mikroorganismy tvoficimi biofilm ptisobi MP jako zdroj a vektor Skodlivych polutantti, jako
jsou perzistentni organické polutanty (Pittura et al. 2018) a tézké kovy (Brennecke et al. 2016),
a biofilm méni adsorp¢ni chovani MP (Wang et al. 2020c).

Krom¢ mikroorganismi mohou byt pfitomnosti MP/NP v ptid¢ ovlivnény 1 vyssi padni
organismy. V porovnani s vodnimi organismy, u nichZ bylo v poslednich letech ziskano vice
poznatkli 0 moznych negativnich u¢incich MP/NP ve vodg, jsou vSak environmentalni dasledky
pro pudni mezo- a makrofaunu vystavenou ptisobeni MP/NP mén¢ prozkoumany. Obecné je
0 koncentracich MP/NP v ptid¢€ a skute¢nych urovnich expozice zndmo pomérné malo, ale bylo
zji§téno, Ze pritomnost mikrocastic plastii miize narusovat pohyb ptidnich organismii, jako jsou
napt. chvostoskoci (Kim a An 2019, Maass et al. 2017), zatimco nékteré ptidni organismy, jako
jsou zizaly (Huerta Lwanga et al. 2017a; Rillig et al. 2017), mohou ovliviiovat transport MP/NP
v pude a presouvat je vertikalné€, coz znemoznuje foto- a termickou degradaci, které jsou klicové
pro zmenseni velikosti polymert pied biologickym rozkladem. Kromé toho se v hlubsich
vrstvach piidy mohou vytvofit anaerobni podminky a potlacit oxidacni degrada¢ni procesy
(Thomas et al. 2012). Krom¢ toho, jak ukazali (Huerta Lwanga et al. 2016), bakterie ve stieve
Lumbricus terrestris mohou rozkladat MP, zda se pravdépodobné, Ze ¢astice piijaté na povrchu
jsou v hlubsich vrstvach vylucovany jako mensi ¢astice. Plidni mezo/makroorganismy tedy
mohou alespon do urcité miry ovliviiovat osud MP/NP v ptdé a stejn¢ tak mohou MP/NP
predstavovat u¢inky na pudni organismy. Naptiklad organismy, jako jsou zizaly, by mohly
MP/NP ve velké mife pozfit, coZz mize zplsobit poskozeni jejich stfevniho traktu a snizit miru
jejich preziti (Fahrenkamp-Uppenbrink 2016).

MP/NP mohou také zpiisobovat neurotoxicitu (Qu et al. 2019b), oxidacni poSkozeni a dalsi
nepiiznivé U€inky (napf. poskozeni sttev, (Qu et al. 2019a), reproduk¢ni toxicitu u organismd,
jako je Caenorhabditis elegans, kde bylo prokazano, ze ¢im mensi je velikost plastovych ¢astic,
tim vyssi je expozice bioty (Lei et al. 2018). MP/NP mohou ovliviiovat spolecenstva hlistic,

kde byl pozorovéan negativni dopad (z hlediska pocetnosti) v potfadi: houbami/bakteriemi se
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zivici hlistice (bez vyznamného dopadu) < hlistice Zivici se rostlinami ~ dravé hlistice <
vsezravé hlistice (Lin et al. 2020). Byly pozorovany transgenera¢ni uc¢inky v dasledku expozice
nano PS ¢asticim (Zhao et al. 2017), pravdépodobné v dlsledku translokace nano PS ¢astic do
reprodukcnich organd, jako je gonada, coz potencidln€ nasledné vedlo k ptenosu nano PS ¢astic
na dal$i generaci.

Pro studium ucinkd MP byly nejcastéji vybrany PE a PS mikrosféry, které ptredstavuji
snadno dostupnou kombinaci typu a tvaru plastu. Ty ale tvarem nedorazeji realitu vstupu plastt
do ptidnich ekosystémt, protoze podle (Zhang a Liu 2018) jsou ptevladajici formou plastt
Vv pudéch vladkna, ktera tvoti v priméru 92 %, nasledovana fragmenty a foliemi, které ptispivaji
8 %. Vlakna MP v pidnim prostiedi jsou vSak ale prakticky neprozkoumany. Kromé toho by
se budouci studie mély prednostné zamétit na dal§i MP kromé PET a PS, protoze podle (Xu et
al. 2020) tvotily vétSinu polymerti PA a PP s mens§im podilem polyvinylchloridu (PVC) a PET
v pudéch. Na druhou stranu, pfi studiu G€inki riznych plastii véetné biologicky rozlozitelnych
PLA a polypropylenkarbonat (PPC) a nerozlozitelnych (PE) dospéli autofi prace (Ding et al.
2021) k zavéru, ze pti regulaci reakci zZizal na kontaminaci ptdy je dilezita spiSe koncentrace
MP nez typ plastu. Existuji také dal$i vlastnosti MP/NP, jako je starnuti, povrchova uprava
a prisady, které dosud nebyly dostate¢n¢ zdokumentovany (Biiks et al. 2020). Nicméné i pies
tato omezeni se opakuje vzorec aktivniho pfijmu, po némz nésleduje zména populace v ramci
sttevniho mikrobiomu a nepfiznivé ucinky na rust, metabolismus, reprodukci a mortalitu

Vv riznych kombinacich, zejména pti vysokych koncentracich a malych velikostech ¢astic.

2.6.4 Vliv na rust rostlin

Jak jiz bylo uvedeno vyse, vyuziti plastovych vyrobkt v zemédélstvi se pozitivné projevuje
na vynosu rostlin, nicmén¢ po rozpadu nebo pii jejich zanechani svému osudu kontaminuji tyto
plasty pudu, pfi¢emz rozsah a zavaznost neptiznivych G¢inkti na rostliny vzrasta s klesajici
velikosti plastového fragmentu (Qi et al. 2018; Wirnkor Verla et al. 2020).

MP v zemédélstvi ovliviuji rast a vykonnost rostlin bud’ neptimo nebo piimo (Khalid et
al. 2020; Leifheit et al. 2021; Yu et al. 2021):

i) nepiimo prostfednictvim naruseni struktury pady (praskani, zmény poérovitosti, agregace,
objemové hustoty) (Niu et al. 2016; Wan et al. 2019) a prostiednictvim zmény dalSich
fyzikalné-chemickych vlastnosti (pH, vypar, vodni kapacita, provzduSnéni, elektrickd vodivost
(Niu et al. 2016; Lozano a Rillig 2020; Amare a Desta 2021)) nebo prostfednictvim poskozeni
organismu zijicich v pudé (Leitheit et al. 2021),
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il) pfimo prostiednictvim ucpavani poru semen (Bosker et al. 2019), prostiednictvim
pfijmu pfes kofeny (nanocastic plasti o velikosti <0,1 um) (Teuten et al. 2009; Azeem et al.
2021), transportu do vyhonkt (listd a stonkd) (Su et al. 2019; Li et al. 2020), prichodu
bunéénymi membranami a inhibice nadzemniho i podzemniho ristu ve vegetativnim

i reprodukénim stadiu (Qi et al. 2018).

Nicméné, nepiimé ucinky na rostliny mohou byt jak pozitivni, tak negativni: MP (napf.
mikrovladkna) snizuji objemovou hmotnost pady ¢imz zvysSuji jeji provzdusnéni (de Souza
Machado et al. 2018b), snizuji odpor proti prorastani kofent porporujice rust rostlin (Rillig et
al. 2019b). Mikrovlakna jsou nejucinnéj§i v procesu tvorby agregati: podle Zhanga a Liu
(2018) se az 72 % MP v pud¢ podili na tvorb¢ agregatti (Zhang a Liu 2018). Snizeni objemové
hmotnosti vlivem mikrovlaken v§ak mize byt selektivné prospésné pro nékteré rostliny a ale
Skodlivé pro jiné (roste zranitelnost viici stresu suchem), coz vede k inhibici alelopatie
a zménam ve spolecenstvu a diverzité autochtonnich lucnich rostlin (Lozano a Rillig 2020).
Zmény hustoty a struktury pudy, pfipisované kontaminaci pidy MP, mohou souviset se
zménénou aktivitou pidni bioty, napt. zmény hustoty stén nor zizal (Huerta Lwanga et al.
2017a) nebo zlepseni zasobovani rostlin vodou houbami arbuskularni mykorhizy (AMF) (diky
mensim padnim poram) (Entry et al. 2002). Dale pak, bylo ukazano, ze zvySena mortalita zizal
v disledku PE prasku nepiimo snizovala obsah vody a tim potencialné potlacovala rist rostlin
(Huerta Lwanga et al. 2017b). MP méni fadu ptidnich vlastnosti, které urcuji zivotni prostor pro
AMF, a nasledné mulze dojit ke zméné funkci zprostiedkovanych AMF (ptidni agregace,
transport vody a Zivin), které zmiriuji rust a ovliviluji zdravi rostlin (Leifheit et al. 2021). Dale,
mikrovlakna umoznuji vytvoreni vodnich kanalkt, které vedou jak k rychlému pronikéni vody
do hlubsich vrstev pldy, tak ke zvySené suchosti na povrchu pidy (Wan et al. 2019). Navic,
autofi prace Boots et al. (2019) zjistili, Ze kontaminace LDPE snizuje rust kofend Lolium
perenne (Boots et al. 2019). Kontaminace pidy plasty tedy vyznamné ovliviiuje obsah vody
V piidé€ a nésledné vodni rezim rostlin (Yu et al. 2021) a vyznamné brzdi rlst rostlin a G¢innost
odstraniovani N v moktadu (Yang et al. 2020).

DalSimi vlastnostmi, které se v ptidach kontaminovanych MP (PLA, LDPE) lisily, byly
napf. pH a elektricka vodivost EC (Qi et al. 2020; Wang et al. 2020b). Kontaminace ptidy HDPE
(vysokohustotnim PE) také snizila pH ptdy, coz mohlo mit vliv na mikrobialni st (Bandow
et al. 2017; Boots et al. 2019), sloZeni a diverzitu ptidniho mikrobidlniho spolecenstva (Rousk
et al. 2009). Zejména degradace biodegradabilnich polymeril a tvorba degradacnich produktt

(napt. kyseliny 3-hydroxymaselné z PHBV) miiZe snizit pH a zménit plidni podminky ve
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prospéch specifickych taxonomickych skupin, napt. acidobakterii (Zhou et al. 2021a), a tim
muze modifikovat podminky pro rist rostlin. Kromé toho zvyseni mikrobidlni aktivity
zpusobené biodegradaci P3HB zpilisobuje konkurenci mezi rostlinami a mikroorganismy
0 ziviny, coz vede k potlaceni ristu rostlin (Brtnicky et al. 2022). Mohlo by se tedy jednat
0 domnélou zménu rastovych podminek v piidé kontaminované MP, nicméné pouze ojedinély
vyzkum (Wang et al. 2020a) poukazoval na vyznamnou fytotoxicitu zprostiedkovanou MP
(napt. vysokou davkou PLA nebo jinych degradac¢nich produktl).

Dale se spekuluje, Ze snizena mikrobialni aktivita po kontaminaci MP (nebo NP po dal$im
rozpadu) by mohla mit pfimy dopad na rist rostlin a plodin (Powell a Rillig 2018), co miize byt
ovlivnéno mensi pocetnost a zménou struktury spolecenstva AMF (Wang et al. 2020a). MP
z PLA ovliviiuji nékteré z mikrobialnich druhti (napf. mikrobiédlni oxidanti amoniaku) v ptdé,
coz muze ovlivnit ukladani pidniho organického C a N (Chen et al. 2020a) a také miru
asistované mikrobialni absorpce mineralnich latek a fixace N (Fei et al. 2020). Naopak MP PP
neptiznivé ovliviuji pidni enzymy, jako je uredza, glukosidaza a fosfataza, zatimco vliv na
degradaci glyfosatu nebyl prokazan (Yang et al. 2018).

K pfimému plsobeni MP (nebo NP) na rostliny dochazi v dasledku vstupu a akumulace
MP (o velikosti <100 nm) do téla a bunék rostliny. MP/NP ovlivnily, vétSinou negativng, kli¢eni
semen a to ucpanim port v semenech (Bosker et al. 2019), sniZzenim zivotaschopnosti semen
(Lietal. 2021a), snizenym piijmem vody (Yuan et al. 2019), niZ§i klicivosti (Boots et al. 2019),
snizenim délky kofen béhem kliceni (Giorgetti et al. 2020). Na druhou strany, byl ale také
pozorovan i neutralni u¢inek s naslednym zvysenym ristem semenackt psenice (PS NP) (Lian
et al. 2020). Ovlivnén byl i rist, vySka a biomasa kotene, jak bylo uvedeno u Lepidium sativum
(v disledku akumulace na kofenovych vlaskach) (Bosker et al. 2019), podobné byly MP
extracelularné zachyceny ve slizu kotfenové Cepicky u salatu (Li et al. 2019) nebo se zpocatku
akumulovaly v kofenech pted transportem do nadzemnich ¢asti rostlin okurky (Li et al. 2021b).
Nepftiznivy vliv MP na kofeny byl dale zaznamenan u rostlin ryze (Dong et al. 2020), fazole
mungo (Chae a An 2018), cibule (de Souza Machado et al. 2018a), orobince Sirolistého (Typha
latifolia) vysazeného v mokiadech (Yang et al. 2020), bobu (Vicia faba) (Jiang et al. 2019),
pSenice cestou crack-entry (Li et al. 2020), vodni rostliny Lemna minor (Kalcikova et al. 2017).
Akumulace byla také zavisla na povrchovém naboji MP, kladné nabit¢ NP se hromadily
v kofenovych $pic¢kach, zaporné nabité NP byly pozorovany v apoplastu a xylému Arabidopsis
thaliana (Sun et al. 2020).

Ve vétsing pripadi bylo demonstrovano, ze nejprve doslo k akumulaci NP v kotfenech

a nasledn¢ k jejich distribuci do celého téla rostliny, pficemz nejsiln€jsi dopad mély na rust
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vyhonkti a biomasu (Jiang et al. 2019; Li et al. 2020; Lian et al. 2020). Nicméné&, byl zjistén
I opacné smérovany tok MP s listovym pfijmem a translokaci z listd do kotfent u kukufice (Sun
et al. 2021). Na genotoxické a oxidacni poskozeni, zplisobené v rostlinnych tkanich NP,
reagovaly rostliny zménou obsahu chlorofylu v listech (Kalcikova et al. 2017; Dovidat et al.
2019; Gao et al. 2019b; Mateos-Cardenas et al. 2019; Sun et al. 2020; Wang et al. 2020b)
a aktivitou antioxida¢nich enzymi (Jiang et al. 2019; Sun et al. 2020; Yang et al. 2020). NP PS
zménila hladiny Mg, Ca, Fe v plodech okurek a zvysila obsah prolinu v kofenech v rostlinach
okurek (Li et al. 2021b). Dalsimi ukazateli oxida¢niho stresu vyvolaného MP v porostu
a kofenech rostlin (ryze Oryza sativa L.) byly zvySené hladiny volnych radikala (reactive
oxygen species, ROS), zvyseni bylo zaznamenano po oSetfeni PE mulCovaci folii oproti
biologicky rozlozitelné folii na bazi PBAT (Yang a Gao 2022). Stresovy zpisobeny MP muze
také snizovat expresi transportéri amoniaku a dusi¢nant U ryze (AMT3.3, NRT2.1, NRT2.1)
(Yang a Gao 2022). MensSi pozornost byla zatim vénovana stresovym U€inkim
biodegradabilnich plastt, ackoli existuji studie naznacujici, ze 0,1 % PLA MP vyznamné
snizuje délku kotent s6ji (Glycine max Merr.), coz bylo spojeno jak se snizenim aktivity
antioxidacnich enzymd, tak se zmirnénim metabolické drahy aminokyselin je metabolismus

(Lian et al. 2022).

2.6.5 P3HB

Tato disertacni prace studuje vlivy biodegradabilnich plastti na ptidu a rust rostlin. Jako
modelovy zastupce byl vybran P3HB, zastupce ze skupiny polyalkanoatt, jehoZ vlastnosti jsou
zde uvedeny pouze ve zkratce, diikladnéjsi reserSe je potom prezentovana v jiz publikovanych
pracich.

Polyhydroxyalkanoaty (PHA) pfedstavuji skupinu pfirodnich biodegradabilnich plasth
(BP), které jsou povazovany za perspektivni materialy jedna diky svym fyzikalné-chemickym
a mechanickym vlastnostem, moznosti termoplastického zpracovani (Alcantara et al. 2020)
a také schopnosti podléhat jak aerobni, tak anaerobni biodegradaci (Sehgal a Gupta, 2020; Shah
a Kumar, 2021). Mezi nejrozsifenéjsi a nejvice studované zastupce této skupiny patii
polyhydroxybutyraty (PHB), zejména P3HB a jeho kopolymer poly(3-hydroxybutyrat-co-3-
hydroxyvalerat) (PHBV) (Fuessl et al. 2012). PHB lze nicméné syntetizovat i z jinych
monomeri napiiklad 2-HB a 4-HB coz umoziuje vznik polymert riznych délek monomernich
fetézcu, véetné poly-2-HB, poly-3-HB a poly-4-HB (Sudesh et al., 2000).

P3HB, jako nejcastéji studovany PHA, je syntetizovan celou fadou prokaryotickych
bakterii, v€etné padnich, za podminek nerovnovahy zivin (pfebytek C a nedostatek N)
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(Grousseau et al. 2013; Lee 1996) jako zasobni molekula uhliku a zdroj energie (Alves et al.,
2017), coz jej ¢ini velmi vhodnym pro Siroké spektrum aplikaci (Yu et al., 2006; Albuquerque
et al., 2020).

Biodegradace P3HB probiha v mikrobidln¢ aktivnim prostifedi, v¢etné sladkovodnich
a moiskych ekosystému (Briassoulis et al., 2019), anaerobnich kalt (Cazaudehore et al., 2023),
sedimentt (Eich et al., 2021) a piad¢ (Serrano-Ruiz et al., 2023). Rychla a uplna rozlozitelnost
je klicovou vlastnosti, diky niz jsou PHA, zejména P3HB, povazovéany za environmentalné
piiznivé polymery (Vroman a Tighzert, 2009; Luckachan a Pillai, 2011) a vhodnou alternativu
ke konven¢nim, nerozlozitelnym plastim (Bonartseva et al., 2003). Enzymy podilejici se na
biodegradaci P3HB, jako jsou depolymerazy a hydrolazy, byly identifikovany u nékolika
mikrobidlnich taxont (Kadouri et al., 2003; Shah et al., 2007; Panayotidou et al., 2014; Roohi
a Kuddus, 2018). PHB-depolymerazy jsou zodpovédné za §tépeni polymernich fetézcli na
monomer kyseliny 3-hydroxymaselné, ktera je dale pln¢€ vyuzitelna mikroorganismy (Altaee et
al., 2016; Jendrossek et al., 2002; Kozlovskii et al., 1999).

P3HB v poslednich letech stidle vice zkouman jako polymer vyuzitelny v riznych
zeméd¢€lskych aplikacich. Rostouci zdjem o udrzitelné zemédélské technologie podporuje
vyuzivani P3HB jako zatim sice ekonomicky nevyhodného, ale potencialn¢ ekologicky
pfiznivého materidlu (Ngo, 2020). Nicméné s rostoucim uplatnénim PHA v zemédélskych
aplikacich miize nartst jejich koncentrace v ptidnim prostiedi, pficemz v piipad¢ vyuziti jako
mulcovaci folie, by mohly zbytkové koncentrace ptekrocit 1,5 % (Palucha et al., 2024). To
samoziejmé vyvolava obavy ohledné jejich potenciadlniho dopadu na agroekosystémy.

Konkrétni znamé aplikace P3HB v zeméd€lstvi zahrnuji mul¢ovaci materidly (Kaisrajan
a Ngouajio, 2012), coating hnojiv pro fizené uvoliiovani (Volova et al., 2016), nosi¢ové
systémy pro mikroorganismy (Boyandin et al., 2016), a také pouziti v kvétinacich a vysevnich
pascich ¢i pii aplikaci agrochemikalii s fizenym uvolfiovanim (Touchaleaume et al., 2016;

Vroman a Tighzert, 2009).

2.6.6 Vliv P3HB na pudni vlastnosti

P3HB se z a pfiznivych podminek biologicky rozklada pomérné rychle, a to v fadu tydnii
az mé&sici (Kawashima et al., 2019). Nicméné, pfiznivé podminky se vyskytuji predev§im
Vv pudéch s vyssim obsahem ptidni organické hmoty (SOM), dostatkem zivin, vy$s$i mikrobidlni
aktivitou, a vhodnym nasycenim vodou. Ptirozena koncentrace P3HB v pud¢ kolisa, ptirozené
mnozstvi je v mikrogramech na gram mikrobialniho uhliku (Elhottova et al., 2000). V pude¢ je
P3HB vyuzivan Sirokou skalou mikroorganismi, véetné saprofytickych hub (Altaee et al.,
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2016) a bakterii (Volova et al., 2017), a proto tvoii pfirozenou soucast pudniho potravniho
fetézce (White et al., 2021). Z tohoto diitvodu, nadmérné mnozstvi P3HB ¢astic mize vyvolavat
nezadouci ucinky a to predevsim snizovat dostupnost organické hmoty pro mikroorganismy
(Pathan et al., 2020) ovliviiovat distribuci Zivin (Zhao et al., 2021)v¢etné kysliku (Brtnicky et
al., 2024b) a tim naruSovat pudni potravni fetézec (Rillig et al., 2019), stimulovat ptudni
respiraci a zvySovat emise CO: (Liu et al., 2019), ménit slozeni mikrobialniho spolecenstva ve
prospéch druhti schopnych jeho degradace (Fernandes et al., 2020) a snizovat pH ptudy (Volova
et al., 1998). S ohledem na fyzikalni vlastnosti pidy, MP z P3HB zvysuji rychlost odpafovani
vody a podporuji vysychani pady, podobn¢ jako MP z PET (Fojt et al., 2022) a to zménou
supramolekularni struktury SOM, coz ovlivituje vodni kapacitu (WHC), pohyb vody i jeji
dostupnost pro rostliny. Vyssi koncentrace P3HB v pudé€ proto nejsou bez rizika, jak se diive
piedpokladalo.

Patrné€ nejzasadnéj$im problémem je stechiometrickd nerovnovéha zpiisobena nadbytkem
snadno dostupného uhliku (Brown et al., 2023), vzhledem k tomu, Ze optimalni pomér C:N
Vv pude¢ je ca 7-8,6 (Manzoni et al., 2017; Spohn, 2015). Vysledny nartst tohoto poméru vede
ke zvySené poptavce po N, ktery mikroorganismy ziskavaji z SOM pomoci produkce N-
hydrolaz (Zhu et al., 2021). Timto zptsobem dochazi k intenzivnéj§imu vyuziti zdroju a ke
zptistupnéni N, ktery by jinak byl dostupny rostlinam, s moznymi negativnimi disledky pro
kvalitu SOM (Brown et al., 2023; Serrano-Ruiz et al., 2023). Mikrobialni spoleenstva na
zménu poméru C:N také reaguji Sifenim degradért, ktefi nasledné ovliviiuji strategie rostlin
i sloZeni rhizobiomu. PfestoZze nékolik studii toto téma zkoumalo (Altaee et al., 2016; Serrano-
Ruiz et al., 2023; Volova et al.,, 2022; Zhou et al., 2021a), stdle neni jasné, jak mira
biodegradace, mnozstvi zbytkl plastu a aktivita degradatori souvisi s konkrétnimi pidnimi
parametry a toky zivin.

Schopnost pudy degradovat P3HB do zna¢né miry zavisi na jejim biotickém slozeni — jak
na makroorganismech (napft. zizaly, Sanchez-Hernandez et al., 2020), tak na mikrobialnich
spolecenstvech (Abou-Zeid et al., 2004; Rychter et al., 2006). Pravé struktura mikrobidlniho
spoleCenstva byva oznacovana jako klicovy faktor rychlé a u¢inné biodegradace (Guo et al.,
2010; Vogel et al., 2021). K degrada¢n¢ aktivnim mikroorganismtim patii saprofytické houby
(Sang et al., 2002; Altaee et al., 2016) a bakterie z rodt Bacillus, Paenibacillus, Streptomyces,
Arthrobacter, Azospirillum a Pseudomonas (Ito et al., 1998; Manna et al., 1999; Volova et al.,
2017), v€etné ne€kterych rhizobakterii (Bonartseva et al., 2003; Kadouri et al., 2003; Jeszeova

et al., 2018). Aktivita mikrobt degradujicich P3HB je proto uzce vazana na rovnovahu
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a dostupnost zivin v pudé. Rozklad probihd efektivnéji pii dostatku limitujicich prvk,
predevsim N (Nishide et al., 1999; Sang et al., 2004; Muneer et al., 2020; Zhou et al., 2021c).

Pritomnost PHA také ovliviluje pudni mikroorganismy prostfednictvim zmén
v taxonomickém i funkénim slozeni spolecenstva (Brown et al., 2023; Dey a Tribedi, 2018;
Sang et al., 2002; Zhou et al., 2021a). Dochazi k obohaceni pidy o PHA-degradujici taxony,
jako jsou Alphaproteobacteria (Lian et al., 2022; Liu et al., 2023), Actinobacteria (Lian et al.,
2022; Liu et al., 2023; Meng et al., 2021), Ascomycota (Liu et al., 2023), pravdépodobné
I Gammaproteobacteria (Chen et al., 2020). Tyto zmény vedou k posunim v abundanci
funk¢nich skupin, napiiklad kopiotrofi (Riithi et al., 2020), oligotrofi (Moore-Kucera et al.,
2014), nitrifika¢nich prokaryot (Di Mola et al., 2021) a Firmicutes (Ong a Sudesh, 2016). Mezi
rozpoznané PHA-degradujici houby patii zastupci fyla Ascomycota (Sera et al., 2020; Matavulj
a Molitoris, 1992; Tanunchai et al., 2021), Basidiomycota (Matavulj a Molitoris, 1992)
a Deuteromycetes (Lee et al., 2005). Vyssi zastoupeni skupiny Nitrospirae po pifidavku PHBV
poukazuje na zmény v kolob&éhu N (Zhou et al., 2021).

Jen malo studii (Barak et al., 1991; Boyandin et al., 2011; Palucha et al., 2024) se detailné
zabyva vztahem mezi mirou biodegradace P3HB a rozkladem autochtonni SOM. Naptiklad
autofi studie Palucha et al. (2024) zaznamenali po né¢kolika mési¢nim experiment pokles SOM
az o 15 % v cernici, 5 % v kambizemi a 3 % v ernozemi, coz bylo pficitdno stimulaci
mikrobialni aktivity, kterd vedla k intenzivngj$imu rozkladu SOM.

Navzdory tfad¢ hypotéz vSak zatim chybi cilené a komplexni studie, které¢ by podrobné
popsaly zmény pidniho mikrobiomu v souvislosti s pfitomnosti P3HB. Soucasné poznatky
vSak naznacuji, Ze MP P3HB pfesmérovavaji pidni toky z uklddani C, N a dalSich Zivin do
pudni organické hmoty smérem k jejich zvySené spotiebé, coz ma zdsadni dopad na dostupnost

N a celkovou funk¢nost pidniho ekosystému (Brtnicky et al., 2022).

2.6.7 VIiv P3HB na rast rostlin a rostlinnou biomasu

Nerovnovaha zivin v pid€ vyvolana biodegradaci P3HB muze vést ke sniZeni primarni
produkce rostlin v disledku konkurence o zdroje mezi rostlinami, pidnimi mikroorganismy
a rhizobiotou (Brtnicky et al., 2024b) diky imobilizaci makroZivin, coz negativné ovliviiuje rist
rostlin (Reay et al., 2024). To bylo potvrzeno na pro rast salatu napii¢ bez ohledu na pidni
texturu (Brtnicky et al. 2022), rajcata (Serrano-Ruiz et al. 2023), kukutice (Brown et al. 2023),
a pSenice (Zhou et al., 2021b). Autofi studie Malik et al. (2015) navic uvedli, Ze akumulace

P3HB v semenech transgenni rostliny Camelina sativa negativné ovlivnila kli¢eni, vzchazeni
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I pfezivani semenacku. Fytotoxicky ucinek P3HB na vodni rostliny vSak doposud nebyl
prokazan (Prochazkova et al., 2023).

Prestoze kyselina 3-hydroxymaselna (3-HB), hlavni degradac¢ni produkt P3HB, ma pKa
4,41 a tedy jeji uvoliiovani nevede piimo k silné acidifikaci (Bruss et al., 2008), mize byt
pusobeni kyseliny zesileno pfidavkem NPK hnojiv. P3HB zaroven ovliviuje cyklus N v pudé
v disledku zmén mikrobidlni aktivity, diverzity a metabolismu, coz mé dopad na vyzivu a rast
rostlin. Vedle pfimého vlivu na rGst rostlin se ukazuje, ze degrada¢ni produkty P3HB mohou
také ovliviiovat molekularni procesy v rostlinnych buiikach. Bylo prokazano, ze kyselina 3-HB
hraje vyznamnou signalni roli v regulaci eukaryotickych bunék (Puchalska a Crawford, 2017).
Mierziak et al. (2020) zjistili, ze exogenni aplikace 3-HB u Inu (Linum usitatissimum L.)
ovlivnila vzorce DNA de-/metylace a tim potencialné 1 expresi genl spojenych
s fenylpropanoidni drahou. Tato drdha, mimo jiné, hraje dilezitou roli v inaktivaci reaktivnich
forem kysliku a odpovédi na abiotické stresy (Sharma et al., 2019). Neddvna studie také
ukazala, ze PHB vystaveny zvétravani v terénu vykazuje silnéjsi inhibi¢ni ti¢inek na rast rostlin
nez Cerstvy, dosud nerozlozeny bioplast (Serrano-Ruiz et al., 2023).

Tyto vysledky =zdiraziiuji potiebu dalSitho vyzkumu zaméfeného na pochopeni
mechanizmi i¢inku PHA v pudg¢, identifikaci ovlivitujicich faktord a vyvoj strategii pro fizenou

aplikaci a biodegradaci téchto materialt v zeméd¢lstvi.
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3 CIiLE PRACE

Jak vyplyva z literarni reSerse, MP z nebiodegradovatelnych plastti ovliviiuji jak vlastnosti
pudy, tak i rast rostlin. Ackoliv maji biodegradabilni plasty témto negativnim efektim plasti
zabranit, prvotni experimenty naznacuji, ze zpusobuji nejen podobné problémy jako
nebiodegradovatelné MP (zména pH, vliv na biodiverzitu), ale i fadu problémi novych. Cilem
této prace bylo primarné oziejmit vliv na produkéni a mimoproduk¢ni vlastnosti piidy, nicméné
béhem feSeni této prace se objevila 1 dalsi témata, na kterd se tato prace pokousi alespon
castecn¢ odpovedét. Déle je tieba také dodat, ze tato prace rozviji prechazejici disertacni praci
Dr. Fojta ,,Studium degradacnich procesii bioplastii*, kterd byla zamétena na studium procesti
biodegradace biodegradabilnich plastli a analyzu jejich rezidui v pid€. Zminéna prace se také
dotkla tématu tykajiciho se vlivu biodegradace P3HB na riist rostlin a prolina se s tématem této
disertacni prace publikaci ,,Effect of biodegradablepoly-3-hydroxybutyrate amendment on the
soil biochemical properties and fertility under varying sand loads* publikovanou v roce 2020
v ¢asopise Chemical and Biological Technologies in Agriculture. Na této publikaci Dr. Fojt
spolupracoval, ptfedlozend disertatni prace pak celé téma biodegradace P3HB rozviji
a prohlubuje.

Jak je patrné z literarni reSerse tykajici se P3HB, dosavadni informace o vlivu PHB a jejich
MP na kvalitu pudy a rast rostlin jsou oproti konven¢nim MP stale neporovnatelné mensi,
i kdyz se situace v poslednich letech postupné méni (coz mimo jiné podtrhuje i aktualnost
zvoleného tématu). VéEtSina prvotnich studii se zaméfila predevsim na biodegradovatelnost
P3HB jako takového, a proto v ptidach bez rostouci rostliny. To pfineslo celou fadu originalnich
poznatkli o vlivu pudnich podminek na biodegradaci jako takovou. Nicméné rhizosféra je
unikatni a svoji podstatou se velmi lisi od okolni pudy. Interakce mezi rostlinami a mikroby
ovlivnénymi nadbytkem labilntho substratu jsou proto zésadni pro pochopeni
environmentalnich rizik spojenych s vyuzitim P3HB, obzvlast vezmeme-li v tvahu fakt, ze
cela fada rhizosfernich mikroorganismii ma enzymovy aparat umoznujici metabolizaci P3HB.
Dale pak pidni mikrobiom rychle reaguje na dostupnost uhliku, coz vede k $ifeni degradért,
ktefi vyznamné ovliviiyji strategie rostlin a tim i rhizobiom. Jak vyplyva z literarni reserse,
touto problematikou se jiz zabyvalo nékolik studii, nicméné nékteré otazky zlstavaji stale
nezodpovézené. Jde predevsim 0 to, zda a jak mira biodegradace, podil zbytkd bioplasti
a aktivita degradatorii souvisi s konkrétnimi parametry piidy, toky Zzivin a jejich pfijmem
rostlinami. Nejasna zlstavaji i néktera témata tykajici se kvality pidni organické hmoty

kontaminované P3HB a také hodnoty kritické koncentrace P3HB v pudé. Na zakladé vyse
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uvedenych uvah bylo definovano nékolik vyznamnych souhrnnych obsahovych vystupi prace

zastteSujicich odlisné tematické celky, které jsou shrnuty v pracich jiz publikovanych anebo

Vv praci zaslané k recenznimu tizeni (viz dale pfiloha této disertacni prace). Konkrétné se jedna

o nasledujici tematické celky, které disertacni prace objasnuje:

1.

Vliv piidavku P3HB na dynamiku zivin v padé a kvalitu pudni organické hmoty ve
vztahu ke zmén¢€ pidniho mikrobiomu.

Vliv zmény ve stechiometrii zivin v ptid¢ na rist rostlin a tok zivin do rostliny.

Vliv ptidniho prostiedi na biodegradaci P3HB.

MozZnosti snizeni negativnich u¢inka biodegradace P3HB na rust rostlin.

Prace, na néz je odkazovano jsou fazeny nasledovng¢:

1.

Brtnicky, M., Kucerik, J., Skarpa, P., Mustafa, A., Siddiqui, M.H., Hammerschmiedt,
T., Naveed, M., Kintl, A., Baltazar, T., Holatko, J., 2025. Dose-dependent effects of
poly-3-hydroxybutyrate on soil quality and maize development: A trade-off between
soil quality and crop productivity. Ecotoxicol. Environ. Saf. 295, 118131.
https://doi.org/10.1016/j.ecoenv.2025.118131

Brtnicky, M., Holatko, J., Hammerschmiedt, T., Mustafa, A., Kamenikova, E., Kintl,
A., Radziemska, M., Baltazar, T., Malicek, O., Kucerik, J., 2024. Effect of stabilized
organic amendments on biodegradability of poly-3-hydroxybutyrate, soil biological
properties, and plant  biomass. Int. J.  Environ. Sci.  Technol.
https://doi.org/10.1007/s13762-024-06061-1

Brtnicky, M., Pecina, V., Kucerik, J., Hammerschmiedt, T., Mustafa, A., Kintl, A., Sera,
J., Koutny, M., Baltazar, T., Holatko, J., 2024. Biodegradation of poly-3-
hydroxybutyrate after soil inoculation with microbial consortium: Soil microbiome and
plant responses to the changed environment. Sci. Total Environ. 946, 174328.
https://doi.org/10.1016/j.scitotenv.2024.174328

Brtnicky, M., Pecina, V., Holatko, J., Hammerschmiedt, T., Mustafa, A., Kintl, A., Fojt,
J., Baltazar, T., Kucerik, J., 2022. Effect of biodegradable poly-3-hydroxybutyrate
amendment on the soil biochemical properties and fertility under varying sand loads.
Chem. Biol. Technol. Agric. 9, 75. https://doi.org/10.1186/s40538-022-00345-9
Brtnicky M., Mustafa A., Holatko J., Gunina A., Ondrasek G., Naveed M.,
Hammerschmiedt T., Kamenikova E., Alamri S., Siddique M.H., Kintl A., Baltazar T.,
Malicek O., Kucerik J. (2025): Soil texture-driven modulation of poly-3-
hydroxybutyrate (P3HB) biodegradation: Microbial shifts, and trade-offs between
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nutrient availability and lettuce growth, Environmental Research, VVolume 278, 2025,
121618, ISSN 0013-9351. https://doi.org/10.1016/j.envres.2025.121618

6. Brtnicky M., Holatko J., Koutny M., Kucerik J., Hammerschmiedt T., Baltazar T., Sera
J., Kintl A., Pecina V. Biodegradable microplastics impact on soil: How poly-3-
hydroxybutyrate alters microbial diversity and nitrogen mineralization processes.

Zaslano do casopisu Chemical and Biological Technologies in Agriculture.

Daéle se pak téma biodegradace P3HB a vliv na piidu diskutuje ve tfech dalSich pracich,
jichz je autor diserta¢ni prace spoluautorem. Tyto prace netvoii zaklad této diserta¢ni prace,
a proto nejsou uvedeny v priloze, nicméné téma s nimi souvisi. Jedna se o nasledujici prace, na

néz je v nékterych castech diskuze odkazovano:

1. Fojt, J., Denkové, P., Brtnicky, M., Holatko, J., Rezatova, V., Pecina, V., Kuéerik, J.,
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4 VYSLEDKY A DISKUZE

4.1  Vliv piidavku P3HB na dynamiku Zivin v pudé a kvalitu pidni organické hmoty ve

vztahu ke zméné pidniho mikrobiomu

Dynamika zivin v ptidé€ a kvalita piidni organické hmoty tzce souvisi s aktivitou a slozenim
pudniho mikrobiomu. Mikroorganismy hraji klicovou roli v kolob&éhu zékladnich zivin (hlavné
C, N, P) a jejich dostupnost rostlinam c¢asto zavisi na mikrobiomem zprostfedkovanych
procesech, jako je mineralizace, nitrifikace ¢i fixace N. Kvalita pudni organické hmoty,
zejména jeji chemické sloZeni a pomér a obsah labilni a stabilni organické hmoty, ovliviiuje
nejen rychlost mikrobialniho rozkladu, ale i strukturu mikrobialnich spolecenstev. Stabilngjsi
formy organické hmoty podporuji dlouhodobou akumulaci uhliku v ptidé (pfedevsim ve formé
organo-jilovych komplexi), zatimco snadno rozlozitelné latky stimuluji mikrobidlni aktivitu
a kratkodobou mineralizaci zivin. Interakce mezi piidni organickou hmotou a mikrobialnimi
procesy tak urcuji jak efektivitu cyklovani Zivin, tak i celkovou ptdni trodnost a ekologickou
stabilitu agroekosystémd.

Na otazku tykajici se vlivu pridavku P3HB na dynamiku zivin v pud¢ a kvalitu ptadni
organické hmoty ve vztahu ke zmén¢ ptidniho mikrobiomu je mozné odpoveédét témito zavery:

Dynamika Zivin v pudé¢ byla ovlivnéna zvySenou mikrobialni aktivitou pfi rozkladu P3HB
vyrazné ovliviiujici kolob&h Zivin, zejména C, N, P a S. Studie ukézaly, Ze P3HB stimuluje
enzymy jako dehydrogenazu (DHA), ureazu (Ure), fosfatazu (Phos), N-acetyl-glukosaminidazu
(NAG) a arylsulfatazu (ARS). DHA je enzym indikujici celkovou mikrobialni aktivitu, protoze
se podili na redoxnich reakcich pfi bunééném dychani a vzhledem k energetické naro¢nosti
tvorby tohoto enzymu jeho zvySend hladina naznacuje degradaci spiSe komplexnéjSich
organickych struktur. Ure je produkovana jak ptdnimi mikroorganismy, tak i rostlinami,
katalyzuje pfeménu mocCoviny na amoniak a oxid uhli¢ity a naznacuje tedy zvySenou potiebu
N. Podobné pak Phos, ktera uvoliiuje anorganicky P z organickych slouéenin, coz je kli¢ové
pro dostupnost P rostlinam. NAG je enzym rozkladajici chitin, ¢imz pfispiva k uvoliovani
N z organické hmoty v pud¢. Chitin tvofi stény hub, exoskelety hmyzu a dalSich ptdnich
organismi, NAG tedy piedstavuje indikator mikrobidlniho metabolismu N a rozkladu
organické hmoty. Podobné ARS, ktera Stépi organické slouc¢eniny obsahujici S a podili se tedy
na jejim cyklu v ptd€. Zvysena aktivita t€chto enzymu proto svéd¢i o intenzivni mineralizaci
téchto prvki, 0 zvySeném toku zivin a vychyleni pfirozenych mechanismi z rovnovahy.

Pomérn¢ zajimavy je v tomto ohledu narust DHA, ktera funguje jako bioindikator rovnovahy

mezi akumulaci a mineralizaci SOM. Jeho vysoka aktivita mize byt vyhodna v produkénich
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systémech s dostatkem cerstvé organické hmoty, ale ve zranitelnych pidach bez obnovy
organickych vstupli miize vést k degradaci pudni kvality. DHA je ¢asto vyuzivana jako ukazatel
celkové mikrobidlni aktivity v pidé, protoZze dehydrogenazy jsou intracelularni enzymy
zapojené do dychaciho feté¢zce mikroorganismi. Tyto enzymy katalyzuji redoxni reakce, pfi
nichz mikroorganismy pienaseji elektrony z organickych substratii na akceptory elektronti
(napft. kyslik nebo dusi¢nany), coz je zékladni proces pro rozklad organické hmoty a uvoliovani
energie. Biodegradace P3HB méni strukturu SOM, Vv nékterych ptipadech zvysSuje podil
stabilizovanych frakci, ale zaroven miize vést ke zrychlené mineralizaci ptivodni SOM vlivem
intenzivni mikrobialni aktivity. Tato ,,C-mining* strategie vede k degradaci kvalitativné cenné
SOM, coz miize dlouhodobé¢ snizovat ptidni trodnost. Zde je tedy urcité riziko, pokud se P3HB
rozklada v ptidnim prostiedi, které je narugené. V této souvislosti se uvadi, ze v Ceské republice
je vice nez 50 % pud ve velmi §patném stavu, celosvétové pak piblizné 33 % (VUMOP, FAO).
Poskozené pldy maji tendenci podléhat intenzivngji pozitivnimu priming efektu (proces
spojeny s degradaci organické hmoty), podobn¢ jak ukazuje prace Palucha et al. (2024).

Na téma P3HB v pudé¢ a pozitivni priming efekt mize zaznit namitka, ze se jedna o polymer,
ktery je syntetizovan pidnimi organismy, a proto by mély priming efekt zpiisobovat i ostatni
pfirodni polymery, které se bézné v pudé vyskytuji. Ve skutec¢nosti tomu tak opravdu je,
pozitivni priming efekt byl pozorovan i u dalSich Cistych latek jako jsou glukdza, fruktoza,
alanin, celuldza, skrob a dokonce i u nékterych rostlinnych zbytkl (napf. slama) (Blagodatskaya
et al., 2014; Blagodatskaya and Kuzyakov, 2011; Conde et al., 2005; Hamer and Marschner,
2005). U priming efektu zpisobeného P3HB (a obecné Cistymi latkami) se jedna piedev§im
0 otazku mnozstvi P3HB, které se do plidy dostane, o rychlost, s jakou je plast degradovéan,
a Vv neposledni fadé i o vyuzitelnost C, tj. zda je P3HB vyuzito vice pro respiraci nebo pro tvorbu
biomasy (z té pak stdva nekromasa, kterd bud’ ptispiva k tvorbé stabilnich struktur, nebo je dale
metabolizovana).

Na druhou stranu se také ukazalo, ze v kratkodobém horizontu miize P3HB nahradit ptidni
organickou hmotu jako C-zdroj, ¢imz dochazi k pfesunu mikrobialni aktivity z pfirozenych
substrati na samotny polymer. Toto bylo pozorovéno pfedevsim u plidy s vysokym obsahem
pisku (nizkym obsahem organické hmoty), které jsou obvykle limitovany na vétSinu Zzivin
véetn¢ C. P3HB jako labilni substrat méni smér mikrobialniho metabolismu, na jednu stranu
stimuluje rozklad ptivodni SOM (priming efekt, viz vyse), ale zaroven ptinasi novy C, ktery
muze docasné zvysit celkovy obsah C v pide.

Velmi zajimavé jsou vysledky pro substratem indukované respirace u piid kontaminovanych

P3HB. V mnoha pfipadech, po ptfidavku jin¢ho labilniho C-substratu (glukéza, trehaldza),
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doslo k nartstu respiracni aktivity oproti kontrole, pfi¢emz zvysSeni také vykazovala i bazalni
respirace. To ukazuje paradoxni situaci, Ze i pfes evidentni pfebytek labilniho C jsou stale
V pudé mikroorganismy, které postradaji zdroj C a jsou patrné v dormantnim stavu.

Rychlost rozkladu, ale pfedev§sim povaha P3HB, zpiisobuje zménu slozeni mikrobidlnich
spoleCenstev. Pridavek negativné ovlivnil nékteré bakterialni rodiny napi. Nitrososphaeraceae,
Xanthobacteriaceae, coz narusuje procesy nitrifikace a celkovou mineralizaci N, v dasledku
¢ehoz doslo k poklesu dostupného NOs-N Vv piidé a inhibici rdstu rostlin. Podobné pak pokles
Gaiellaceae muze souviset se snizenim dostupného fosforu (P). Naopak Oxalobacteraceae,
Sphingomonadaceae a Comamonadaceae byly jeho plsobenim stimulovany (vétSina jejich
zastupcl jsou nepatogenni organismy, nicméné nékteré mohou byt potencialné patogenni,
napi. Acidovorax avenae zpusobuje choroby trav a ryze). Pfirozené nartsta podil P3HB-
degradujicich taxonu (napt. Actinobacteria, Tetracladium). Houbové spolecenstvo reagovalo
podileji na rozkladu organické hmoty, byly siln¢ stimulovany, a naopak relativni zastoupeni
ptivodné béznych rodi Gibellulopsis a Fusarium se vyrazné snizilo. V nékterych variantach
byly stimulovany i Pseudeurotium a Cyberlindnera. Reakce indexti biodiverzity ukazaly mirny
pokles diverzity u variant s vyssi davkou P3HB, coZ naznacuje ekologicky stres a selektivni
tlak.

4.2 Vliv zmény ve stechiometrii Zivin v ptidé na rist rostlin a tok Zivin do rostliny

Stechiometrie zivin v pud¢, tedy pomér mezi hlavnimi prvky (hlavné C, N a P), hraje
klicovou roli v regulaci rlstu rostlin a toku Zivin do jejich pletiv. Rostliny maji specifické
poZzadavky na poméry zivin, a pokud je rovnovaha naruSena, miZze dojit k omezeni piijmu
nékterych prvki 1 pfi jejich dostatecném mnozstvi v ptide. Naptiklad pfili§ vysoky pomér C:N
(ptiblizné nad 25) mize zpomalit mineralizaci N, ¢imz se snizi jeho dostupnost pro rostliny.
Naopak, nizky pomér N:P mize signalizovat P limitaci, kterd omezuje rist kotfenového
systému, a tim 1 efektivitu piijmu ostatnich zivin.

Mikrobialni komunita v pid¢ reaguje na stechiometrii dostupnych zdrojii a aktivné
ovlivitluje kolobéh 7zivin. Pokud je naptiklad v pidé piebytek uhliku, mikroorganismy
intenzivné rostou a konkuruji rostlindm o N a P, ¢imz mtze dojit k jejich do¢asné imobilizaci.
Vyvazena stechiometrie Zivin proto podporuje efektivni mikrobialni transformace a zajist'uje
staly tok Zivin smérem k rostling. Tim je ovlivnéna nejen rychlost rlstu, ale 1 odolnost rostlin

vici stresu a schopnost vyuzivat pidni zdroje v plném rozsahu. Napiiklad nadbytek N pfi
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nedostatku P muze vést k neefektivnimu ristu biomasy bez odpovidajici tvorby kofenového
systému, coz snizuje celkovou schopnost rostlin vyuzivat dostupné zdroje.

Na otazku tykajici se vlivu zmény ve stechiometrii zivin v ptdé na rist rostlin a tok zivin
do rostliny se da odpovédét takto:

V pracich se jednoznacné ukazalo, Ze problémem u variant s rostlinou oproti variantaim bez
rostliny je kompetice o ziviny mezi mikroorganismy a péstovanymi rostlinami. Rychla
biodegradace P3HB podporuje rist mikroorganism, které k metabolismu C potiebuji zaroven
i N a P, tim vznikd mikrobialni poptavka po N a P, ktera neni uspokojena z polymeru
samotného. Proto dochazi ke kratkodobé imobilizaci zivin, mikroorganismy si N a P ,,zabiraji
pro sebe a omezuji jejich dostupnost pro rostliny. Jako relativné bezpecna se zda byt davka
nepiesahujici 0,1 %, i kdyZ jini autofi uvadéji tento limit dokonce o fad nizsi (Brown et al.,
2023). Vysledkem je diive diskutovana mineralizace SOM a ztrata téchto klicovych zivin nebo
jejich forem vyuzitelnych rostlinami (zejména NOs™-N a ortofosfati). V praktickém dusledku
dochazi k vyraznému poklesu obsahu NOs™-N v ptd¢ a k inhibici procest nitrifikace (ubytek
Nitrososphaeria, Nitrospiria), coz dale snizuje tok N k rostlinam. Rostliny tak trpi deficitem
minerdlniho N, coz se projevuje redukei nadzemni 1 kofenové biomasy; u salatu 1 kukuftice byl
pozorovan pokles suché biomasy o 80-99 % a to i pfi relativné nizkych davkach (1 %). Tento
pokles byl nejvyraznéjsi pti vyssich davkach (5-10 %) a v piscitéjSich ptdach, které maji nizsi
pufracni a zasobni schopnosti. Rust rostlin nebyl podpoten ani inokulaci ptidy mikroorganismy
schopnymi fixovat N nebo solubilizovat P, coZ potvrzuje, Ze zména stechiometrie je natolik
silnd, ze prekondva potencialni ptinos téchto mikrobidlnich funkci. Otazkou samoziejmé také
zustava, zda pridavek alochtonnich organismt vyvola takovou zménu v plidnim mikrobiomu,
ktera bude schopna zivinovou nerovnovahu vyvazit.

Co se tyka toku Zivin do rostliny, zasadnim nutrientem se jevi N. Pfi biodegradaci dochazi
k jeho mikrobidlni imobilizaci, vétsi ¢ast N je ,,uv€zné€na“ v mikrobidlni biomase a neni
dostupna pro kotfeny rostlin. To vede ke stresu rostliny, ta se snazi nedostatek kompenzovat
regulaci kofenovych exudatd a naristem aktivity enzymu jako je ureaza, nicméné ani zvySena
exudace nevede k vyssi dostupnosti pro rostliny. Nutno dodat, Ze je to mimo jiné i tim, Ze
rostlina ma i nedostatek dalsich prvkit a musi své potieby prioritizovat (coz vede ke zméné
slozeni kofenovych exudatt).

Obsah drasliku (K) v pudé nebyl identifikovan jako limitujici faktor rdstu rostlin, bylo
zjisténo ze rist salatu byl vyrazngji ovlivnén nedostatkem N a P. Také nebyl zaznamenan pokles
enzymu ¢i fyzikalné-chemickych ukazatell, které by signalizovaly zhorSeny tok K. Ostatni

stopové prvky nebyly sledovany, nicméné je mozné, Ze inhibice ristu rostlin mize byt
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zpusobena nejen nedostatkem makrozivin, ale i mikronutrienty, které¢ nebyly analyzovany, ale
jejich role by mohla byt vyznamna zvlasté pii vysoké mikrobialni konkurenci.

Ptidavek P3HB a jeho naslednd mikrobialni degradace mutize ovlivnit pH pidy, a tim i celou
fadu piidnich procest. Pti rozkladu P3HB vznikaji organické kyseliny (napf. butyrat, acetat),
které mohou lokaln¢ snizovat pH a zpiisobit mirné okyseleni ptidniho prostiedi. Tento jev je
zvlast vyznamny v pudach s nizsi pufracni schopnosti (napf. pisCitéjSich), kde se pH snizi
snadné&ji nez v ptidach s vy$$im obsahem jilu a organické hmoty.

Zména pH mé pfimy dopad na dostupnost zivin, napt. P se stava méné dostupnym pfi silné
kyselém nebo zéasaditém pH kvtli tvorbé nerozpustnych forem. N ve form¢ amonného iontu
(NH4") je stabilngjsi pfi nizSim pH, zatimco nitrifikace (pfeména NH4" na NOs") je omezena,
protoze nitrifika¢ni bakterie (napt. Nitrososphaeria) jsou na pH citlivé a jejich aktivita klesa
Vv kyselém prostiedi. To pfispiva k pozorovanému poklesu nitrifikace a snizeni obsahu NOs-N
v pudé s P3HB. Soucasné doslo k nartistu anaerobnich taxont, napt. Clostridium, coz muze
naznacovat zmeénu redoxnich podminek a nepiimo i pH (kyselé a anaerobni prostiedi ¢asto jdou
ruku v ruce pii vysoké spotfebé O: mikroorganismy).

Byla pozorovana zména pomeéru bakterie:houby. Houby byly v nékterych piipadech po
ptidavku P3HB vice zastoupené (Tetracladium, Exophiala aj.), coz muze byt dano lepsi
toleranci k nizkému pH. Nutno dodat, Ze z pohledu rostlin mize okyseleni rizosféry ovlivnit
I kofenovy rist, protoze nizké pH omezuje pfijem nékterych Zivin (napt. P, Ca, Mg) a zaroven

zvySuje toxicitu jinych prvkl (napt. Al, Mn).

4.3  Vliv pudniho prostiedi na biodegradaci P3HB

Pldni prostiedi ma zasadni vliv na rychlost a t¢innost biodegradace bioplasti, a to véetné
P3HB. Kli¢ovymi faktory, které¢ ovliviiuji rozklad téchto materiald, jsou predevsim teplota,
vlhkost, pH, obsah organické hmoty, dostupnost Zivin a slozeni piidniho mikrobiomu. Vyssi
teplota a dostatecna vlhkost zpravidla urychluji aktivitu mikroorganismit zodpovédnych za
degradaci bioplastli, protoze podporuji riist bakterii a hub schopnych produkovat specifické
enzymy (napt. PHB depolymerazy). Naopak extrémné suché, chladné nebo kyselé/alkalické
podminky mohou biodegradaci vyrazné zpomalit.

Dilezita je také kvalita a mnozZstvi piidni organické hmoty — plidy s vy$Sim obsahem
rozlozitelného C obecné podporuji mikrobidlni aktivitu, avSak mohou zarovenn zpusobit
kompetici o Ziviny, ¢imz se biodegradace bioplastii oddali. Kromé toho mize byt degradace
ovlivnéna 1 typem pidy — napftiklad jilovité pidy s vyS$im obsahem sorpéné aktivnich ¢astic
mohou zpomalovat piistup enzymii k povrchu bioplastu.
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SloZeni a diverzita mikrobidlni komunity hraje rovnéz vyznamnou roli. Pidy bohaté na
specializované mikroorganismy (napt. ur¢ité druhy Bacillus, Pseudomonas nebo Streptomyces)
vykazuji vyssi degradaéni potencial. Celkové Ize fici, ze biodegradace bioplastl je velmi citliva
na podminky ptadniho prosttedi, a pochopeni téchto interakei je klicové pro efektivni vyuziti
bioplastti v zeméd¢€lské praxi nebo pii environmentalnich aplikacich.

Béhem studia vlivu biodegradace P3HB na pidu bylo zaznamenano nékolik zajimavych
vysledku tykajicich se témat, na které piedchazejici prace neodpoveédé€ly, nebo je jejich autofi
nediskutovali.

Padni textura vyrazné ovlivituje rychlost a priabéh biodegradace. Piscité ptidy maji nizsi
sorpéni kapacitu a niz$i aktivitu padni biomasy, to vede k pomalejsimu rozkladu P3HB, ale
soucasné mén¢ mikrobidlni konkurence o ziviny. Pady bohaté na organickou hmotu nebo jemné
castice (jily, hlina) podporuji rychlejsi kolonizaci polymeru mikroorganismy a vyssi aktivitu
enzymil rozkladajicich P3HB. Nicmén¢ existuje urcité ,,optimalni textura ptidy*, ktera zajistuje
lepsi provzdusnéni, patrné i distribuci a zadrz vody. To naznacuje, ze v t€zkych ptidach mize
byt degradace pomalejsi nez v leh¢ich, mize dojit ke snizovani kyslikové dostupnosti a K vyssi
mikrobiadlni kompetici.

Udrzovéani optimdlni padni vlhkosti (~60 % vodni kapacity) je klicové, vSechny
experimenty s fizenou vlhkosti vedly k uspéSné degradaci. V suchych ptidach (nebo pii
nedostate¢né hydrataci pudy) se degradace vyrazné zpomaluje. P3HB je slabé hydrofilni (Fojt
etal., 2022), coz omezuje kontakt s vodnim filmem, degradace mize byt pomalejsi bez dobrého
zavlazovani. PtiliSna vlhkost v§ak mtze vést k anaerobidze, ktera zpomaluje aerobni degradaci
a mize meénit spektrum degraderti (napf. narGst Clostridium). Vysledky naznacily, ze
v nékterych variantdich P3HB stimuloval anaerobni mikroorganismy, coZ naznacuje zmény
v mikroprostiedi (napt. v mikroporech kolem plastu nebo plastisféry (Trojan et al., 2024).

Experimenty probihaly pfi mirnych teplotach (18-22 °C). Vysledky ukazaly, Ze i bez
vysokych teplot lze dosahnout U¢inné degradace P3HB, pokud jsou pfitomny aktivni
mikroorganismy a vlhkost. Vyssi teploty (napf. v kompostu nebo letni polni podminky) by
degradaci pravdépodobné jeste urychlily. V publikovanych pracich nebyly testovany, nicméné
jsou finalizovany dalsi prace, v ramci jejichz experimentd se vliv zvySené teploty v pude
jednoznac¢né projevil.

Puvodni ptidni mikrobiom ma zasadni vyznam, pfitomnost bakterii rodu Pseudomonas,
Bacillus, Streptomyces, Azospirillum, Actinobacteria nebo saprofytickych hub (Tetracladium)
vyrazné zvySuje degradacni aktivitu. Inokulace mikrobidlnim konsorciem (PGPR + N-fixujici

mikroorganismy) vedla ke zrychleni biodegradace (napt. z 46 % na 65 % u 1 % davky P3HB
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za 56 dni), zvySeni enzymatické aktivity (DHA, GLU, Phos aj.), nevedla ale k efektivnimu
potla¢eni negativniho vlivu P3HB na rust rostlin. Studie potvrdily, ze pfi vy$sim podilu pisku
dochazi k relativnimu nardstu poméru houby vs. bakterie, coz mize zménit profil degradace.
Jak jiz bylo zminéno dfive, P3HB mize mirné okyselit pidu diky vzniku
3- hydroxybutyratu, ale ve studiich bylo potvrzeno, ze pti pH neutralni pad¢ (okolo 7,3) to neni
limitujici faktor degradace. Nicméné v kyselych ptidach by toto okyseleni mohlo ovlivnit
aktivitu mikroorganismu i rast rostlin (ackoliv nékteré houby jsou schopny degradovat P3HB

i za kyselejsich podminek).

4.4  MozZnosti sniZeni negativnich ucinki biodegradace P3HB na riist rostlin

Biodegradace labilnich substratt v puadé, vtomto piipadé P3HB, se ukazala jako
problematicka pro rust rostlin. Nicméné labilni substraty (cukry, organické kyseliny), mohou
mit i pozitivni G¢inky. Je to dano predevs§im zvySenim mikrobidlni aktivity a mineralizace Zivin,
protoZze labilni substraty slouzi jako rychly zdroj energie pro piidni mikroorganismy, coz
organické latky a uvolnuje ziviny (zejména N a P), které jsou pak dostupné rostlinam.

Dalsi aspektem je zlepSeni struktury pudy, produkty mikrobialni aktivity, jako jsou
exopolysacharidy, mohou zlepSit agregaci pudy, coz ptispiva k lepSimu provzduSnéni, vodnimu
rezimu a tim 1 podpote kofenového ristu. Nakonec i vytvofena nekromasa piispiva k ukladani
organického C. V neposledni fad¢ je tfeba zminit i stimulaci rhizosférnich interakci, protoze
uvoliiovani labilnich uhlikatych latek mulZe stimulovat symbiotické vztahy, napf.
s mykorrhiznimi houbami, coz dale zlepSuje piijem Zivin.

Jak ukazaly vysledky, negativni vliv P3HB na rast rostlin se objevuje pfedev§im kvuli
kompetici mezi zvySenou mikrobialni aktivitou zptisobenou degradaci P3HB a pozadavky
rostliny pro rust. Vzhledem k tomu, Ze se P3HB jevi jako zajimavy material v zemédé€lstvi, byla
V ramci vybranych experimentl snaha dany proces zvratit jak inokulaci PGPR tak i nékterymi
amendmenty s nasledujicimi vysledky:

Pouziti inokula obsahujiciho Azospirillum, Azotobacter, Bacillus, Pseudomonas apod.
mélo za cil zvysit fixaci N, podpofit mineralizaci P a urychlit samotnou degradaci P3HB.
Vysledek ukazal, Ze inokulace zvysila rychlost degradace P3HB 1 enzymatickou aktivitu pldy,
nicméné jiz nezmirnila negativni dopad na rist rostlin, protoZe rostlinnd biomasa zlstala
snizena 1 pfi ptitomnosti inokulantu. Tento typ inokulace se tedy ukazal jako nedostacujici,
mikroorganismy z aplikovaného inokula samy spotfebovavaji ziviny, coz zvysuje konkurencni
boj o ziviny, tj. 0 N a P. Pfi aplikaci inokula se ovSem nabizi jiz vySe diskutovana otazka
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0 smysluplnosti vyuziti alochtonnich bakterii pii podpoie procesti biodegradace a obecné pfi
vyuziti pro zvySeni Urodnosti. Cela fada autord tuto strategii podporuje, jini jsou skepticti
vzhledem Kk tomu, Zze autochtonni organismy jsou vzdy v obrovském piebytku a je jen otazkou
Casu, kdy po inokulaci dojde k ustanoveni ptuvodni mikrobiologické rovnovahy.

Dalsi strategie pro potlaceni negativnich Géinkt biodegradace P3HB zahrnovala vyuziti
stabilizovanych organickych substrati, jakymi jsou digestat a kompost, pifi¢emz tyto
amendmenty mély zajistit dodatecny N a P, které mikrobialni biomasa potiebuje pro rist.
Vysledkem bylo zmirnéni negativnich G¢inkt P3HB na rust rostlin, i kdyZ vysledky nedosahly
stejnych hodnot ristu jako v kontrole bez P3HB. Nicméné kombinace P3HB s N- a P-bohatymi
organickymi amendmenty, ale i hnojivy, predstavuje nadéjnou strategii pro vyrovnani zivinové
bilance. V této souvislosti je tieba zminit i to, Ze roli hraje patrné i pivodni substrat pro tvorbu
téchto amendmentl. Dale lze piedpokladat, ze zvySeni ddvek by proces biodegradace
kompletné vyrovnalo.

Dalsi moznosti, které se s ohledem na znalosti procestt biodegradace nabizeji, zahrnuji
optimalizaci padniho prostiedi (pH, vlhkost, struktura), vzhledem k tomu, Ze neutralni pH,
dostatecna vlhkost a bohaté organickd hmota podporuji zdravy mikrobiom i rist rostlin. V dobie
strukturovanych a mirné jilovitych pidach byl dopad P3HB méné vyrazny nez v piscitych
substratech. Volba vhodného ptidniho typu a jeho uprava mize tlumit negativni ucinky.

Dalsim faktorem mitize byt aplikacni strategie a nacasovani. Aplikace P3HB pted vysadbou
rostlin (napf. s Casovym piedstihem nékolika tydnl) mizZe umozZnit pocatecni degradaci
a imobilizaci Zivin mikrobiomem a nasledné uvolnéni Zivin zpét do pidy (mineralizace druhé
viny). Tato strategie zatim nebyla testovana, ale mize byt relevantni hypotézou pro budouci

vyzkum.
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5 ZAVER

P3HB ma obrovsky potencial uplatnéni v celé fadé odvétvi, véetné zemédélstvi, kde diky
jeho biodegradabilit¢ v kombinaci s dalsimi vlastnostmi dochazi k jeho nardstajicimu
uplatnéni. Je to pravé rychla biodegradabilita, ktera je podstatnym pfinosem pro tyto aplikace.
V pidée, kde je ur¢ité mnozstvi ptirozené biosyntetizovaného P3HB, degraduje tento substrat
za priznivych podminek také pomérné rychle. Nicméné pravé tato rychlost se zda byt faktorem
limitujicim vstup vétstho mnozstvi P3HB do pudy. Tato situace je analogii vyroku
ptipisovaného Paracelsovi (Philippus Aureolus Theophrastus Bombastus von Hohenheim,
1492-1541) ,,Vsechny slouceniny jsou jedy. Neexistuje sloucenina, ktera by jedem nebyla.
Rozdil mezi 1ékem a jedem tvoii davka.” I zde se zd4, ze vétsi mnozstvi P3HB v plidé (at’ uz
pochazejici z aplikace v zeméd¢lstvi nebo v budoucnu i z jinych zdroji), lze jiz povazovat za
problematické, a ze je tedy mozné oznacit P3HB za kontaminant, ktery narusuje ptidni prostredi
a posunuje jak zivinovou, tak i mikrobialni rovnovahu.

Nicméné pochopeni problému miize také vést k jeho napravé. Aplikaci postupti, které prace
naznacuje, 1ze tyto problémy nejen eliminovat, ale i vyuzit ku prospéchu, napiiklad pro ukladani
C v pudg, ptipadné za Gcelem oziveni ptidniho mikrobiomu. Na zavér lze tedy konstatovat, ze
vyuziti P3HB v zeméd¢lskych aplikacich méa sviij potencial, je vSak tfeba brat ohledy na n¢ktera

rizika spojend s jeho pouzitim.
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6 SEZNAM NEJCASTEJI POUZITYCH ZKRATEK

AMF — arbuskularni mykorhizni houby
ARG — antirezistentnich genii

DOM - vodorozpustny uhlik/rozpus$ténd organicka hmota
EBA — ethylen-butyl-akrylat

EVA — ethylen-vinylacetat

FDAse — fluorescein diacetat hydrolazy
HDPE — vysokohustotni polyethylen

HGT — horizontalni pfenos gent

HOC — hydrofobnich organickych chemickych latek
LLDPE - linearni nizkohustotni polyethylen
MBP — mikrobioplasty

MP — mikroplasty

NIR — blizké infracervené zareni

NP — nanoplasty

PA — polyamid

PAH — polycyklické aromatické uhlovodiky
PBAT — polybutylen adipat-ko-tereftalat
PBS — polybutylensukcinat

PC — polykarbonat

PCB — polychlorované bifenyly

PCL — polykaprolakton

PE — polyethylen

PET — polyethylentereftalat

pH — pudni reakce

PHA — polyhydroxyalkanoat

PHB — polyhydroxybutyrat

P3HB — poly-3-hydroxybutyrat

PLA — kyselina polymlé¢na

PMMA — polymetylmetakrylat

POP — perzistentni organicky polutant

PP — polypropylen

PS — polystyren
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PVC — polyvinylchlorid
SOM — ptdni organickd hmota
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ARTICLE INFO ABSTRACT

Edited by Dr Muhammad Zia-ur-Rehman Poly-3-hydroxybutyrate (P3HB), a biopolymer synthesized by soil bacteria, has emerged as a promising tool for
sustainable agriculture, offering dual benefits as a carbon reservoir and an eco-friendly biotechnological product.

Keywords: However, its impact on soil nutrient dynamics and plant nutrient uptake remains underexplored. This study

Biodegradable polymers
Phytotoxicity

Soil enzymes

Nutrients availability
Sustainable agriculture

evaluated the effects of P3HB biodegradation on soil properties and maize (Zea mays) growth in a pot experiment
with five P3HB application rates (0-10 % w/w), in both planted and unplanted soils. Key analyses included soil
PH, enzyme activity, microbial biomass carbon (MBC), nutrient contents in soil and plant biomass, and residual
P3HB (a rarely addressed aspect in previous research). The addition of P3HB influenced soil biota in both planted
and unplanted soils, showing consistent trends across application rates. P3HB reduced soil pH (from 7.4 to 7.1 at
1 % and 6.4 at 10 % P3HB in unplanted soil) and increased total carbon (by approximately 100 % in unplanted
and 65 % in planted soils at 10 % P3HB). In unplanted soils, P3HB degraded more quickly, but enzyme activities
of p-glucosidase and phosphatase decreased by 20 % and 15 %, respectively. Conversely, arylsulphatase and
urease activities increased by 80 % and 200 %, respectively, in both soil variants in both variants. Microbial
biomass carbon increased by 500 % in unplanted soils compared to the unamended control, while planted soils
showed a 10 % increase. Available nutrients (K and P) were higher in unplanted soils compared to planted soils.
In planted soils, competition for nutrients (N, P, K) among maize plants, the rhizobiome, and P3HB-degrading
microbes led to reduced above-ground biomass at higher P3HB application rates (from 5.6 g to 0.5 g per
plant at 1 % P3HB). Statistical analysis (Eta-squared values and ANOVA) revealed that P3HB dose primarily
influenced soil physico-chemical properties and plant parameters, whereas maize planting had a smaller impact,
affecting only pH and MBC. P3HB biodegradation improved soil properties, particularly by increasing MBC and
total carbon. However, application rates of 1 % and above caused slight acidification, increased nutrient
competition, and reduced nutrient availability, ultimately hindering maize growth. These results underscore the
trade-offs between improving soil quality and maintaining crop productivity, highlighting the importance of
optimizing P3HB application rates in agricultural systems. This study provides critical insights into the dual
effects of biodegradable plastics like P3HB, emphasizing their potential as microbial carbon storage polymers
while cautioning against excessive use in crop production.

1. Introduction sustainable agriculture, offering a viable alternative to conventional
plastics and synthetic soil amendments (Trojan et al., 2024). Among
Biodegradable polymers have emerged as a promising tool for biodegradable materials, polyesters are the most preferred candidates,
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represented by polymers such as polylactic acid (PLA), polycaprolactone
(PCL), polybutylene succinate (PBS) (Ng et al., 2018). In recent years,
polyhydroxyalkanoates (PHAs) have also gained significant attention
due to beneficial properties such as biocompatibility, thermal process-
ability, and satisfactory mechanical properties (Medeiros Garcia
Alcantara et al., 2020).

Poly-3-hydroxybutyrate (P3HB), the most widely studied PHA, is
synthesized by soil bacteria as a carbon and energy storage compound
under conditions of nutrient imbalance (Alves et al., 2017). It is biode-
gradable in microbially active environments, including freshwater and
seawater (Briassoulis et al., 2019), anaerobic digestion sludge
(Cazaudehore et al., 2023), municipal sewage sludge (Gutierrez-Wing
et al., 2010), sediment (Fich et al., 2021), soil (Serrano-Ruiz et al.,
2023). These unique properties make P3HB an attractive candidate for
agricultural applications, where it can serve as a carbon reservoir,
improve soil structure, and support microbial activity.

The natural concentration of P3HB in soil typically varies and it is
measured in milligrams of P3HB per gram of soil microbial carbon
(Elhottova et al., 2000). In soil, P3HB can be utilized by a broad spec-
trum of microorganism, including saprophytic fungi (Altaee et al., 2016)
and bacteria (Volova et al., 2017) and it represents a natural part of soil
food web (White et al., 2021).

However, higher concentrations of P3HB introduced through
external inputs are not harmless as once believed. Critical concerns
regarding P3HB contamination in soil include its effects on pH, nutrient
balance and availability (including oxygen levels), soil biochemistry and
the excessive stimulation of microbial activity (Brtnicky et al., 2024b).
P3HB degradation has been shown to both influence and be influenced
by soil pH, as the release of 3-hydroxybutyrate (3-HB) during biodeg-
radation can alter the pH environment (Volova et al., 1998). Addition-
ally, P3HB has been reported to significantly enhance soil respiration
and CO3 emission (Liu et al., 2019), while also shifting microbial com-
munity composition to favor P3HB degraders (Fernandes et al., 2020).
The accelerated rates of carbon mineralization driven by PHA micro-
particles in contaminated soil (Zhou et al., 2021b) have also been shown
to enhance the turnover of other nutrients, particularly of soil nitrogen
content (Brtnicky et al., 2022). Due to high carbon-to-nitrogen ratio,
PHA alters the accessibility and utilization of indigenous organic matter
by soil microbes (Pathan et al., 2020).

This nutrient imbalance also leads to a reduction in plant primary
production caused by competition for resources among soil microor-
ganisms, plants, and rhizobiota (Brtnicky et al., 2024b). For instance, it
has been reported that field-weathered biodegradable mulch added to
soil had strong detrimental effects on tomato plants and completely
inhibited the development of lettuce (Serrano-Ruiz et al., 2023).
Therefore, a stoichiometry imbalance caused by an excess of labile
carbon negatively impacts the soils biochemical cycles (Brown et al.,
2023).

Despite increased awareness of the impact of biodegradable plastics
on soil and plant growth, significant knowledge gaps remain regarding
how P3HB influences microbial activity, nutrient dynamics and avail-
ability. First, most studies have focused on the biodegradation of P3HB
in unplanted soils (Brown et al., 2023; Brtnicky et al., 2022), with
limited attention to its effects in planted systems where plant-microbe
interactions play a critical role. Second, these impacts are
dose-dependent, with the soil-to-bioplastics ratio changing rapidly as
biodegradation progresses. Soil microbiome response quickly to carbon
availability, leading to the proliferation of degraders, which signifi-
cantly influences plant and rhizobiome strategies. Although several
studies have addressed aspects of this issue (Altaee et al., 2016; Brown
et al., 2023; Brtnicky et al., 2022; Serrano-Ruiz et al., 2023; Volova
etal., 2022; Zhou et al., 2021a), it remains unclear whether and how the
degree of biodegradation, the proportion of bioplastic residues, and the
activity of degraders are linked to specific soil parameters, nutrient
flows, and nutrient uptake by plants. Third, the fate of residual P3HB in
soil and its long-term effects on soil properties and plant growth have
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rarely been addressed.

The objectives of this work were to (i) assess the rate of P3HB
degradation and its impact on soil organic carbon and microbial biomass
carbon across varying application rates in both unplanted and maize-
planted soil and, (ii) evaluate the effects of P3HB amendment on
nutrient availability and maize biomass, exploring potential competitive
interactions between plant roots and soil microorganisms, and (iii)
establish links between soil and plant properties to residual P3HB and
determine the optimal rate for soil quality and crop productivity.

2. Materials and methods
2.1. Soil preparation and properties

The soil used in this work was sampled from a depth of 0-15 cm near
the town of Troubsko, Czech Republic (49°10°28”N 16°29°32”E) and
classified as silty clay loam (USDA Textural Triangle) Haplic Luvisol
(WRB soil classification). Soil was air dried and sieved through 2 mm
mesh sieve. Its chemical properties were determined by Mehlich 3
method giving total C (14.0 g-kg™1), total N (1.60 g-kg™1), available P
(0.10 g-kg™1), Ca (3.26 g-kg™1), Mg (0.24 g-kg™1), and K (0.23 g-kg™1).
The initial pH (CaCly) of the soil was 7.3.

2.2. Procurement and properties of poly-3-hydroxybutare

P3HB was obtained in powder form (< 80 pm) from TianAn Biologic
Materials Co., Ltd. (Ningbo City, China) under the trade name ENMAT
Y3000. The contact angle of P3HB has previously been reported between
70° and 81° and the crystallinity was around 49 % (Prochdzkova et al.,
2024). Further information on P3HB characters can be found in (Fojt
et al., 2022). P3HB without additives was used to avoid the influence of
other chemicals as their content in plastics can be as high as 70 %
(Steinmetz et al., 2016).

2.3. Experimental design and treatments

The pot experiments testing the impact of P3HB on plant growth
were conducted in a growth chamber at Mendel University in Brno,
Czech Republic. The growth substrates used for the pot experiment were
prepared by mixing soil with P3HB powder at five weight concentra-
tions: 0 %, 0.1 %, 1 %, 5 %, 10 %. This loading rate was chosen based on
previous studies. Specifically, the range was explained by (Brown et al.,
2023) as representing scenarios such as “homogenous mixing in soil,”
“heterogenous mixing in soil,” “plastic contamination hotspots in soil,”
and “field plastic waste dump sites.”

The experimental variants are outlined in Table 1. Specifically,
plastic pots with a capacity of 2 L were filled with 1.7 kg of soil (negative
control) or the same amount of mixtures of soil and P3HB. No fertilizers
were applied to the pots. Each P3HB treatment was prepared in 10
replicates. These replicates were then divided into two groups of five
pots: one group was sown with maize (Zea mays L.), while the other
remained unplanted.

All experimental pots, both sown and unplanted, were watered with
300 mL of distilled water and randomly placed in a growth chamber
(CLF Plant Climatics GmbH, Germany) under controlled conditions. The
chamber settings included a 12-hour photoperiod, light intensity of
20,000 Ix, air temperatures of 20°C during the day and 12°C at night,
relative humidity of 45 % during the day and 70 % at night, and soil
moisture maintained at 65 % of the water-holding capacity (WHC) by
watering every other day. Ten days after seedling emergence, the
number of seedlings per pot was reduced to the two largest ones.

2.4. Plant analyses

After 90 days, plants were harvested at ground level, and their height
was measured. The biomass from each pot was then dried at 60 °C to a
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Table 1
Experimental variants amended with various doses of poly-3-hydroxybutyrate,
planted or unplanted with maize.

Amendment Doses per 2-L pot Variant Replication
variant . .
Soil P3HB maize (Zea
[g] [g] mays L.)
seeds  plants
0 % P3HB 1700 0 0 0 unplanted 5
(negative 6 2 maize- 5
control) planted
0.1 % P3HB 1698.3 1.7 0 0 unplanted 5
6 2 maize- 5
planted
1 % P3HB 1683 17 0 0 unplanted 5
6 2 maize- 5
planted
5 % P3HB 1615 85 0 0 unplanted 5
6 2 maize- 5
planted
10 % P3HB 1530 170 0 0 unplanted 5
6 2 maize- 5
planted

constant weight to determine above-ground biomass (AGB_dry). Dry
plant samples were prepared for elemental analysis. Kjeldahl digestion
procedure was used for total nitrogen (N) content, while for phosphorus
(P) and potassium (K) content determination was used the microwave
digestion using an ETHOS 1 instrument (Milestone Srl, Sorisole, Italy).
The extracts were analyzed by atomic absorption spectrometry (AAS)
using the system Agilent 55B AA (Agilent Technologies, Santa Clara, CA,
USA).

2.5. Soil analyses

A mixed soil sample was taken from each pot after harvesting the
maize, a part was air dried and a part was stored at 4°C for microbial
carbon analysis. Air-dried soil samples were analyzed for pH
(ISO_10390, 2005) and basic soil nutrients. TC and TN were measured
using the elementar analyser Vario Macro Cube (Elementar Analy-
sensysteme GmbH, Langenselbold, Germany). Available P and K were
analyzed after extraction using Mehlich 3 extraction procedure and
analyzed by using AAS. Freeze-dried samples were used for the analysis
of enzymatic activities (ISO_20130, 2018): p-glucosidase (GLU), aryl-
sulfatase (ARS), phosphatase (Phos), and urease (Ure). The p-nitro-
phenol (PNP) derivatives of the specific soil substrates were measured
using a Vis spectrophotometric measurement (Infinite M Nano, Tecan
Trading AG, Switzerland) at 405 nm (B-glucosidase, arylsulfatase and
phosphatase). Urease activity was determined as the amount of ammo-
nium produced from the substrate urea, detected spectrophotometri-
cally using the cyanurate reagent (at 650 nm). Each soil sample was
measured in nine replicates. Samples stored at 4 °C were used for
determining microbial biomass carbon using the fumigation extraction
method (Vance et al., 1987).

2.6. Thermogravimetric analysis of P3HB residues

P3HB residues were determined using thermogravimetry according
to procedure described in (Palucha et al., 2024). Briefly, soil samples
were analyzed using a thermogravimeter TGA 550 (TA Instruments,
New Castle, Delaware, USA). Approximately 200 mg of soil samples,
previously equilibrated for two weeks for equilibrium moisture, were
heated on an alumina pan from 25 to 700°C, at heating rate of 5 °C per
minute, under a dynamic air atmosphere (90 mL min’l). The analyses
were conducted for all pots, soil in each pot was analyzed in triplicate.

The TG data served for following calculations:
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1. Determination of P3HB residues: the P3HB thermally degrades be-
tween 200 and 300°C, therefore mass losses obtained in this tem-
perature interval for control soil samples (without P3HB) were
subtracted from respective P3HB-amended variants as demonstrated
previously by (Palucha et al., 2024). Mass loss corresponded to the
residual P3HB in respective variant.

2. Carbon content originating from residual P3HB: the residual P3HB
contained carbon, which contributed to the total carbon (TC) content
in soil. To separate these two carbon types, the carbon content in
residual P3HB was calculated. Specifically, a monomer unit of P3HB
has a molecular weight of 85 g mol™! and contains four carbon
atoms, which constitutes of 56 % of the monomer unit. Conse-
quently, this value was subtracted from the total carbon determined
using elemental analysis to isolate the soil organic carbon without
P3HB residues. In this way were obtained TC_corr and consequently
TC_corr/N. The potential contribution from maize root exudates was
neglected in calculation, as the carbon content in planted and
unplanted variant did not differ significantly (Fig. 1C).

3. The carbon in SOC originating from P3HB (P3HB related carbon) for
each amended variant was calculated by the subtraction of the cor-
rected SOC in the control soil from the SOC in the P3HB-amended
soils.

2.7. Statistical analysis

Data processing and statistical analyses were performed using soft-
ware R, version 4.3.2. (R_Core_Team, 2023). One-way ANOVA (for plant
properties) and two-way ANOVA (for all other properties) were per-
formed using a type I (sequential) sum of squares at a 0.05 significance
level (Zar, 1984). The two-way ANOVA examined changes in quantita-
tive dependent variables based on two categorical independent vari-
ables: "P3HB dose" and "Plant." The analyses were conducted using the
"FactoMineR" (Lé et al., 2008) and "factoextra" (Kassambara and Mundt,
2020) packages The size of factor effect on difference among variables
was carried out with help of partial eta-squared (ng) from package ,.Isr”
(Navarro, 2015). Tukey’s honestly significant difference (HSD) test
following ANOVA from package ,,agricolae” (de Mendiburu, 2023) was
used for calculating factor level means, also at a significance level of
0.05. “Treatment contrast” was applied to calculate the mean with SEM
for each treatment. Package “ggplot2” (Wickham, 2016) was used for
creating graphs. Pearson’s correlation analysis was performed to mea-
sure the linear dependence between soil properties. Correlation coeffi-
cient (r) was interpreted as follows: 0.0 <r < 0.3 (negligible
correlation), 0.3 < r < 0.5 (low correlation), 0.5 < r < 0.7 (moderate
correlation), 0.7 <r < 0.9 (strong correlation), 0.9 <r < 1.0 (very
strong correlation) (Hinkle et al., 2003).

3. Results
3.1. Soil chemical properties

Fig. 1 illustrates the impact of P3HB amendments on various soil
physico-chemical properties. Fig. 1A shows that soil pH remained rela-
tively stable across different P3HB treatment levels, with minor varia-
tions among doses. Maize-planted soils tended to have slightly higher pH
values compared to unplanted soils at all P3HB levels. A slight decrease
in pH was observed with increasing P3HB concentrations. The microbial
biomass carbon (MBC), depicted in Fig. 1B showed a marked increase
with higher P3HB doses, especially at 5% and 10 %, where maize-
planted soils consistently exhibited higher MBC values than unplanted
soils. Significant increases were observed among P3HB doses, with MBC
progressively rising from the lowest to the highest P3HB concentration.
Total carbon (TC), which includes also residues of P3HB (Fig. 1C), also
increased significantly at higher P3HB levels, with the highest values
observed at 10 % P3HB, regardless of planting conditions. Maize-
planted soils generally showed slightly higher TC levels compared to
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Fig. 1. Effects of poly-3-hydroxybutyrate (P3HB) application on soil physico-chemical properties in unplanted and maize-planted soils. (A) Soil pH, (B) microbial
biomass carbon (MBC), (C) total carbon content (TC), and (D) corrected total carbon content (TC_corr, excluding carbon from P3HB residues). Panels (E) and (F)
show the carbon-to-nitrogen ratio (C:N) with and without P3HB-derived carbon, respectively. Data are presented as mean values + standard error of the mean (error
bars). Uppercase letters indicate significant differences based on the first independent variable, "Treatment" (P3HB dose), while lowercase letters indicate differences
based on the second independent variable, "Plant" (presence or absence of maize), as determined by two-way ANOVA and Tukey’s HSD post-hoc test (p < 0.05).
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unplanted soils at each P3HB rate. Fig. 1D reports corrected total carbon
(TC_corr; TC without residues of carbon from residual P3HB gradually
increased with P3HB amendments. Maize-planted soils had significantly
higher TC_corr values than unplanted soils at 5% and 10 % P3HB.
Across all P3HB doses, there was a clear progression in TC_corr,
reflecting the influence of P3HB addition. The C:N ratio increased with
higher P3HB doses, indicating that P3HB amendments influence the
carbon-to-nitrogen balance in the soil. Maize planting contributed to a
higher C:N ratio, especially at the highest P3HB doses (Fig. 1E). Simi-
larly to the C:N ratio, the corrected C:N ratio (which excludes P3HB-
derived carbon) increased with P3HB amendments, with maize-
planted soils generally showing higher values Fig. 1F. The corrected C:
N ratio was highest at the 10 % P3HB level, suggesting that increased
P3HB additions, along with maize planting, enhance carbon retention
relative to nitrogen.

3.2. Soil enzymes

Fig. 2 presents the activities of soil enzymes such as p-glucosidase
(GLU), phosphatase (Phos), arylsulfatase (ARS), and urease (Ure), in
both unplanted and maize-planted soils amended with different doses of
P3HB. GLU activity, generally increased with higher P3HB doses
(Fig. 2A). At 5 % and 10 % P3HB, maize-planted soils exhibited signif-
icantly higher GLU activity compared to unplanted soils. Among the
P3HB doses, significant differences were observed, with the highest
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enzyme activity at 10 % P3HB. On the contrary, Phos activity (Fig. 2B)
remained relatively stable across most P3HB levels, with only minor
increases at higher doses. Maize-planted soils tended to show slightly
higher phosphatase activity compared to unplanted soils, particularly at
5 % and 10 % P3HB. Differences among P3HB doses were significant,
with increased activity at higher P3HB concentrations. Fig. 2C depicts
the results of ARS activity that showed a clear dose-dependent increase,
particularly notable at 5 % and 10 % P3HB, where maize-planted soils
displayed significantly higher activity than unplanted soils. Among
P3HB doses, ARS activity was significantly higher at the two highest
levels, indicating enhanced sulfur cycling potential with P3HB amend-
ment, especially under planted conditions. Urease activity (Fig. 2D)
exhibited the most pronounced increase with P3HB addition, with peak
activity observed at 10 % P3HB. Maize-planted soils consistently had
higher urease activity than unplanted soils across all P3HB levels. Sig-
nificant differences were seen across P3HB doses, with a clear upward
trend as P3HB concentration increased.

3.3. Soil nutrients

The TN content (Fig. 3A) remained relatively stable across different
P3HB doses, with minimal variation between unplanted and maize-
planted soils. No substantial changes in TN levels were observed
across P3HB treatments, suggesting that P3HB amendments did not
significantly impact total nitrogen in the soil. Contrarily, available
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Fig. 2. Enzyme activities in unplanted and maize-planted soils amended with varying doses of poly-3-hydroxybutyrate (P3HB). (A) p-glucosidase (GLU), (B)
phosphatase (Phos), (C) arylsulphatase (ARS), and (D) urease (Ure) activities. Data are presented as mean values =+ standard error of the mean (error bars). Up-
percase letters indicate significant differences based on the first independent variable, "Treatment” (P3HB dose), while lowercase letters indicate differences based on
the second independent variable, "Plant" (presence or absence of maize), as determined by two-way ANOVA and Tukey’s HSD post-hoc test (p < 0.05).
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Fig. 3. Soil nutrient content in unplanted and maize-planted soils amended with varying doses of poly-3-hydroxybutyrate (P3HB). Mean values =+ standard error of
the mean (error bars) are shown for: (A) soil total nitrogen (TN), (B) soil available phosphorus (P), and (C) soil available potassium (K). Uppercase letters indicate
significant differences based on the first independent variable, "Treatment" (P3HB dose), while lowercase letters indicate differences based on the second independent
variable, "Plant" (presence or absence of maize), as determined by two-way ANOVA and Tukey’s HSD post-hoc test (p < 0.05).

phosphorus (Fig. 3B) showed a decreasing trend with increasing P3HB
doses, particularly at 5 % and 10 % P3HB, where phosphorus content
was notably lower than at lower P3HB levels. Maize-planted soils had
consistently higher phosphorus levels compared to unplanted soils,
especially at 0.1 % and 1 % P3HB, indicating that maize planting may
help retain phosphorus under certain conditions. The available potas-
sium content increased with higher P3HB doses, especially at 1 %, 5 %,
and 10 % P3HB, where maize-planted soils generally showed higher
potassium levels than unplanted soils (Fig. 3C). The upward trend in
potassium availability with P3HB amendment indicates that P3HB
positively influences potassium content, with maize planting providing
an additional boost.

3.4. Plant characteristics

Plant nitrogen content (N_biomass) (Fig. 4A) in plant biomass
increased significantly with higher P3HB doses, particularly at 5 % and
10 % P3HB, where nitrogen levels were the highest. This trend suggests
that higher P3BHB amendments enhance nitrogen uptake by plants. Plant
phosphorus content (P_biomass) (Fig. 4B) in the plant biomass also
increased with P3HB additions, with notable increases from 1 % P3HB
onward. Phosphorus levels plateaued at 5 % and 10 % P3HB, indicating
that these doses maintain consistent phosphorus availability for plants.
Plant potassium (K _biomass) content showed a variable response to
P3HB (Fig. 4C), with the highest levels recorded at 1 % and 5 % P3HB.
At 10 % P3HB, potassium content significantly decreased, suggesting an

optimal range of P3HB amendment for potassium uptake exists, beyond
which potassium availability declines. Fig. 4D shows that the highest
aboveground biomass was observed in the control and 0.1 % P3HB
treatments. Biomass significantly decreased at higher P3HB levels
(1-10 %), indicating that high P3HB doses may inhibit biomass accu-
mulation. Plant height (Fig. 4E) followed a similar pattern to above-
ground biomass, with the tallest plants observed in the control and
0.1 % P3HB treatments. Plant height significantly decreased at P3HB
levels of 1 % or higher, suggesting that while low P3HB levels do not
affect plant growth, higher P3HB doses may restrict growth.

Table 2 presents the nutrient uptake calculated as a flux from soil to
dry aboveground biomass. The results show a decrease of the flux with
increasing dose of P3HB for all the determined nutrients.

3.5. P3HB residues

The residues of P3HB in soil after 90 days of experiment are reported
in Table 3. The negative value for unplanted variant amended with
0.1 % P3HB indicates a complete biodegradation and loss of mass in the
interval 200-300°C after biodegradation. There is a general trend that
planted variants have always higher residual content of P3HB compared
to unplanted variant. In addition, the content of residues increases with
increasing amendment dose. The negative value in the unplanted 0.1
P3HB variant is caused by the fact, that the P3HB completely degraded,
which caused also a small depletion of a labile pool of soil organic matter
compared to unamended variant.
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Fig. 4. Plant nutrient content, biomass, and height in maize grown in soils amended with varyingdoses of poly-3-hydroxybutyrate (P3HB). Mean values + standard
error of the mean (error bars) are shown for: (A) plant nitrogen content (N in biomass), (B) plant phosphorus content (P in biomass), (C) plant potassium content (K in
biomass), (D) aboveground maize biomass (AGB), and (E) plant height. Letters indicate significant differences based on the independent variable, "Treatment" (P3HB
dose), as determined by one-way ANOVA and Tukey’s HSD post-hoc test (p < 0.05).
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Table 2

Nutrient uptake calculated as a flux from soil to dry aboveground biomass in
variants of maize-planted soil amended with various doses of poly-3-
hydroxybutyrate.

variant Nuptake Pyptake Kuptake
[mg-plant~'] [mg-plant™'] [mg-plant~']
P3HB 0 % 7.83+22a 8.05+1.79a 123.16 £23.71 a
P3HB 4.74 £ 0.72b 855+1.26a 118.59 £ 1251 a
0.1 %
P3HB 1 % 0.67 + 0.06¢ 1.27 + 0.16¢ 20.05+1.7b
P3HB 5 % 0.83 £ 0.2¢ 0.81 + 0.22¢ 9.3+ 1.92¢c
P3HB 0.54 + 0.1c 0.68 + 0.17¢c 538+1.01c
10 %

Displayed are mean values ( + standard deviation) of nutrient content in
biomass mean aboveground biomass yield; lowercase letters show differences
among the variants (calculated by one-way ANOVA and Tukey’s HSD posthoc
according the independent variable, factor “Treatment™) at a statistical level of
significance p < 0.05.

Table 3
Residual content of P3HB and content of carbon in total microbial biomass.
P3HB content (%) 0.1 1
Variant planted unplanted planted unplanted
residue (%) 28+ 3 —-14 + 1~ 54+2 44 + 2
P3HB related carbon 0.04 —0.01 £0.01 0.25 0.18
(%) + 0.01 + 0.05 + 0.02
P3HB content (%) 5 10
Variant planted unplanted planted unplanted
residue (%) 67 +2 63+ 2 67 +2 63+2
P3HB related carbon 0.52 0.67 + 0.06 0.52 0.67
(%) + 0.08 + 0.08 + 0.06

" it comes from the negative value of the subtraction of mass losses

Table 3 also reports the carbon originating from P3HB (P3HB related
carbon). Similarly, as for the residue, in unplanted variants, for the
0.1 % variant the value was negative due to the absence of residual
P3HB, in 1%, 5% and 10 % P3HB variants can be observed an
increasing trend. In planted variants, the trend was also increasing with
smaller values compared to unplanted variant.

Fig. 5 illustrate the connection between P3HB-related carbon and
P3HB residues with microbial biomass carbon (MBC), respectively.
Specifically, Fig. 5A depicts the relationship between P3HB-related
carbon and MBC for the planted variant, while Fig. 5B shows the same
for the unplanted variant. In both cases, the dependence clearly dem-
onstrates a linear relationship. Fig. 5C and D present the relationship
between P3HB residues and MBC for the planted and unplanted variants,
respectively. While the relationship appeared linear for the planted
variant, the unplanted variant showed that the lowest dosage of P3HB
was an outlier and, therefore, was excluded from the linear correlation
analysis.

3.6. Relationship between soil and plant characteristics

Figures S1 and S2 report Pearson’s correlation of properties in
unplanted and planted variants. The correlation coefficients (r) are
calculated on the statistical level of significance: p < 0.1, * p < 0.05, **
p < 0.01, *** p < 0.001. The analysis revealed a number of correlations
between analyzed parameters discussed in relevant parts of the text.

4. Discussion
4.1. Influence of P3HB biodegradation on soil pH
P3HB, like other polyhydroxyalkanoates, is biodegradable in both

soil and compost environments (White et al., 2021) decomposing under
anaerobic and aerobic conditions (Altaee et al., 2016). During P3HB
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depolymerization, 3-hydroxybutyric acid (the protonated form of 3-HB)
is released and further oxidized by the dehydrogenase enzyme to acetyl
acetate (acetic anhydride) (Kanesawa et al., 1994). Acetoacetate is a
reactive compound that hydrolyzes in water to form acetic acid or it is
used to react with p-ketothiolase generating acetyl coenzyme A, which is
involved in cell regeneration (Kobayashi et al., 2005).

The production of 3-hydroxybutyric acid (pKa ~ 4.41) and poten-
tially of acetic acid (pKa ~ 4.76) (Haynes et al., 2014) may explain the
observed decrease in soil pH with increasing P3HB application rates in
both unplanted and maize-planted soils (Fig. 1A). Similar acidification
effects have been reported for degradation products of poly-
hydroxyalkanoates in aquatic environments (Sikorska et al., 2015).
However, the effects of biodegradable plastics on soil pH are not uni-
versally negative. For instance, Dissanayake et al. (2024) conducted a
field experiment and found that the degradation of PLA and poly
(butylene adipate-co-terephthalate) (PBAT) mulch films did not signif-
icantly alter soil pH, with values remaining relatively stable around 6.0
and 5.9. Similarly, Liu et al. (2025) observed that despite the theoretical
potential for biodegradable microplastics to lower soil pH, their treat-
ment resulted in an increase in soil pH, likely due to microbial activity
that neutralizes acidity. However, our experiment showed a decrease in
pH despite enhanced microbial activity, as evidenced by increased
enzyme activities such as Phos and ARS (Fig. 2). In addition, the pH
decrease was proportional to P3HB content in soil, as reflected by
Pearson correlation (Figure S1 and S2), which revealed a strong negative
relationship between P3HB residues and pH (Figure S1). This indicates
that higher initial P3HB concentrations result in greater residual P3HB
in the soil, with microbial degradation continuously producing acids
that contribute to pH reduction. Therefore, it can be assumed that the pH
decrease may be only temporary and when biodegradation terminates, it
can increase as in other studies. In other case, continued degradation
would gradually lower pH, especially in soils with limited buffering
capacity and acidification could lead to nutrient leaching (e.g., Ca*,
Mg?*), reducing phosphorus availability, and reduction of microbial
diversity. Therefore, the long-term effects of biodegradable plastics on
soil health, including pH, remain an area requiring further investigation.
This aligns to conclusions of Zhang et al. (2022) who recently empha-
sized the need for more comprehensive studies to understand the
long-term impacts of biodegradable film mulching on soil properties,
including pH and microbial dynamics.

4.2. Influence of P3HB biodegradation on soil organic matter and P3HB
derived carbon

Consistent with findings of Palucha et al., (2024), our study showed
that unplanted soils with 0.1 % P3HB achieved complete biodegradation
within 90 days as evidenced by thermogravimetric analysis (a negative
value in Table 3). This likely reflects the depletion of labile SOM fraction
due to a priming effect from enhanced microbial activity. In contrast,
planted variants retained higher P3HB residues, highlighting the role of
rhizosphere interactions in altering degradation dynamics.

Bioplastic amendments to soil increase organic carbon concentra-
tions (Santini et al., 2022). However, residual P3HB is rarely quantified
due to a lack of suitable analytical techniques (Fojt et al., 2020), which
can lead to misinterpretation of results. Residual P3HB contributes to
total carbon (TC), potentially inflating C:N ratio, especially at high P3HB
doses. Corrected TC values reveal more realistic C:N ratios (Fig. 1F) and
show that TC and C:N ratios of soil organic matter increased with P3HB
doses in both planted and unplanted variants, except at 0.1 % P3HB
(Fig. 1D, F). Lower values in planted soils likely reflect lower MBC (and
count of microorganisms), which have low C:N (Kastner et al., 2021).

4.3. Microbial incorporation of P3HB carbon

Consistent with previous reports by (Folino et al., 2020; Zhou et al.,
2021a), MBC increased proportionally with P3HB content. The
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Fig. 5. Relationships between microbial biomass carbon (MBC) and P3HB-related carbon or P3HB residues in planted and unplanted soils. (A) Relation between MBC
and P3HB-related carbon in planted soils, (B) Relation between MBC and P3HB-related carbon in unplanted soils, (C) Relation between MBC and P3HB residues in
planted soils, and (D) Relation between MBC and P3HB residues in unplanted soils. Data represent relationships in soils amended with varying doses of poly-3-

hydroxybutyrate (P3HB).

incorporation of carbon into microbial biomass is reflected in Fig. 5,
which shows that the higher P3HB related carbon (from Table 3), the
higher was total microbial carbon (MBC). The planted variants showed a
steeper MBC increase (slope = 5.2) compared to unplanted soils (slope =
3.3), suggesting greater microbial incorporation of P3HB-derived car-
bon in rhizospheric environments (Fig. 5). The soil in pot experiment is
likely to be dominated by rhizosphere interaction, and therefore, the
soils planted variants will lead the primarily plant-microbe interaction
(Brown et al., 2023). This may reflect the dominance of rhizosphere
interactions, where biota preferentially utilize P3HB degradation prod-
ucts (Musa et al., 2016) or to higher involvement of P3HB in controlling
metabolic and physiologic processes of rhizobacteria, e.g. Ny fixation
(Wong and Evans, 1971). Additionally, rhizospheric biota may favor
P3HB metabolism over storage due to plant-driven resource competition
(Wang and Bakken, 1998).

The rhizosphere microbiome, shaped by plant activities and in-
teractions, acts as a key mediator of nutrient uptake and stress resistance
(Zhang et al., 2017). Excess P3HB disturbs this balance by altering
carbon availability, nutrient dynamics and microbial competition,
potentially enabling pathogen proliferation (Trojan et al., 2024).
Recently, it has been demonstrated that microbial inoculation with plant
growth-promoting organisms failed to mitigate the negative effects of
P3HB, which could only be alleviated with soil amendments like
digestate (Brtnicky et al., 2024b; Brtnicky et al., 2024a). The planted

soils consistently showed higher P3HB residues, supporting the hy-
pothesis that maize growth was constrained by nutrient competition,
leading to lower microbial biomass carbon (MBC) values in planted soils
compared to unplanted soils at higher P3HB doses (Fig. 1B).

The relationship between residual P3HB and MBC highlights the
broader impacts of P3HB on soil biota. Fig. 5 shows that the relationship
is linear in the presence of P3HB in the planted variant. In unplanted soil
(Fig. 5D) complete P3HB biodegradation significantly altered microbial
community trajectories. Given to the length of the whole experiment, it
is likely, that this change can last days to weeks, as suggested by results
of Inubushi et al. (2022).

Statistical analyses (Table S1) further confirmed that P3HB treat-
ment levels are the primary drivers of soil physico-chemical properties
and plant performance, affecting parameters such as pH, MBC, TC, ni-
trogen (TN), nutrient ratios, and plant biomass. In contrast, the presence
of plants had a smaller but measurable impact, primarily on pH and
MBC, underscoring the dominant role of P3HB amendments in modu-
lating soil fertility and plant productivity (discussed in next paragraphs).

4.4. Influence of P3HB biodegradation on soil enzymes

A starvation-survival lifestyle is a typical physiological state of soil
microorganisms (Morita, 1997) indicating that only some microbes are
active, while others experience arrested activity or enter dormancy, but
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still retaining the biochemical machinery necessary to rapidly respond
to substrate availability (Hobbie and Hobbie, 2013). As P3HB is intro-
duced into the soil, microbial populations produce specific enzymes that
catalyze breakdown of P3HB into monomeric units (3-HB causing a pH
decrease Fig. 1A). The enzymes include P3HB depolymerase (Yoshie
et al.,, 2002; Zhang et al., 2010) and oligomer hydrolases (Kobayashi
et al., 2003), whereas the 3-HB is then cleaved by 3-hydroxybutyrate
dehydrogenase (Lu et al., 2014). In biodegradation are involved both
fungi (Altaee et al., 2016) and bacteria (Volova et al., 2017), while some
of the alter are rhizobacteria with plant-growth-promoting potential
(Jeszeova et al., 2018).

Biodegradable bioplastics can modify soil microbial communities’
structure and diversity (Brtnicky et al., 2024b; Lian et al., 2022; Wang
et al., 2022b), although some reports found no significant effects
(Bandopadhyay et al., 2020). These changes are primarily linked to
disruptions in soil nutrient stoichiometry, leading to nutrient imbalance
and alleviating carbon limitation (Qi et al., 2020). This leads to a pref-
erential nutrient immobilization in microbial biomass as observed by
(Brown et al., 2023) and reflected in Fig. 4. Additionally, a shift in pH is
also likely to have significant impact, with a more pronounced effect on
bacteria than on fungi (Rousk et al., 2010). These changes are often
accompanied by an increase in microbial biomass, as microbes adapt to
utilize the substrate more effectively along with alterations in soil
enzyme activity (Altaee et al., 2016).

Soil amendment with biodegradable plastics has been associated
with an increased p-glucosidase (Santini et al., 2022; Yang et al., 2022)
and phosphatase activities (Zhou et al., 2021a). However, both reported
trends contrast with our results (Fig. 2), likely due to differences in
experimental conditions, such as soil type, microbial community
composition, bioplastic types, and environmental factors like tempera-
ture and moisture. These results indicate that the influence of bioplastics
on soil microbial activity and community structure may be more com-
plex and context-dependent than previously thought.

The divergent patterns observed in p-glucosidase and phosphatase
activities may also be attributed to differences between unplanted and
maize-planted soils, i.e. (micro)plastisphere versus rhizosphere condi-
tions (Zhou et al., 2021a). In pot experiment, rhizosphere interaction,
primarily plant-microbe interaction, are dominant (Brown et al., 2023).
Since B-glucosidase activity and phosphatase activities correlated with
P3HB dose (Fig. 2A, B), it is likely that the enrichment of
P3HB-degrading microbes enhanced soils capacity to depolymerize
plant necromass and mobilize phosphorus. Notably, available phos-
phorus levels in unplanted soil were generally higher than in
maize-planted soil, except at 5 % P3HB (Fig. 3B). Although soil phos-
phorus content declined with increasing P3HB doses, sufficient organic
phosphorus reserves and P-solubilizing microbes likely supported
enhanced phosphatase activity.

On the contrary, the lower available phosphorus levels in maize-
planted soils (0.1 %, 1 %, 10 % P3HB) and the steep decline at higher
P3HB levels (5 % and 10 %) suggest competition for phosphorus among
plant roots, rhizobiome microbes, and the microplatisphere community
leading to reduced phosphatase activity (Fig. 2B). The direct relation-
ship between soil phosphorus and plant biomass (AGB dry) indicates
that reduced plant uptake, due to stunted plant growth, did not
contribute to phosphorus stabilization in the soil.

In contrast to p-glucosidase and phosphatase, arylsulfatase and ure-
ase did not exhibit strong differences between unplanted and maize-
planted soils concerning P3HB dose (Fig. 2 C, D). Although sulfate
availability was not measured, the increase in arylsulfatase activity
between 0 % and 1 % P3HB variants—coinciding with a decline in
pH—suggests sulfur mineralization may have contributed to soil acidi-
fication. In contrast, the 5% and 10 % P3HB unplanted variants
exhibited stable arylsulfatase and pH levels, potentially indicating sulfur
immobilization, as previously reported by Vong et al. (2003). In
maize-planted soil, the progressive increase in arylsulfatase from 0 % to
5 % P3HB suggests enhanced microbial sulfur mineralization driven by
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both microbial and plant sulfur demands under acidifying conditions. A
similar stimulation of arylsulfatase activity during biodegradable plastic
degradation has been reported by Sarka et al. (2011).

Urease activity showed a direct dependence on P3HB dose in both
unplanted and maize-planted soils (Fig. 2D, S6E), in agreement with
previous findings for soils amendment with PE microplastics (Yang
et al., 2022), biodegradable PLA (Feng et al., 2022; Wang et al., 2022a)

and P3HB (Brtnicky et al., 2022). This trend reflects increased ni-
trogen demand in response to elevated labile carbon availability (Roscoe
et al., 2000). Despite a shallower increase in unplanted soils, urease
activity remained comparable between unplanted and maize-planted
variants across all P3HB doses aligning with the similar total nitrogen
(TN) content in both conditions (Fig. 3A).

4.5. Influence of P3HB biodegradation on soil and plant nutrients

4.5.1. Nitrogen uptake by maize in the presence of P3HB

Previous studies on nitrogen dynamics during bioplastic biodegra-
dation have yielded mixed results. Palucha et al. (2024) observed no
nitrogen loss in unplanted soils with P3HB over ten month, whereas
Feng et al. (2022) reported decreased NH}-N and NO3;—N in soils
contaminated with heavy metals after P3HB microplastics addition.
Similarly, Liu et al. (2023) observed declining NO3—N, rising NHZ-N
and reduced nitrogen content in maize leaves and roots with increasing
PLA microplastics doses. Brown et al. (2023) noted NHZ-N depletion
with increasing poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(P3HBV) concentration, but inconsistent NO3—N trends. Notably, the
plant biomass observed both by Liu et al. (2023) and Brown et al. (2023)
decreased with increasing bioplastic dosage, similarly to the trends
observed here.

In our study, total nitrogen (TN) initially decreased in soils with 0 %
and 0.1 % P3HB, suggesting higher nitrogen flux to plants compared to
higher P3HB doses (Fig. 3A). Elevated MBC in high-dose variants likely
led to microbial nitrogen immobilization, reducing plant uptake and
lowering plant biomass (Fig. 4D). Consequently, nitrogen uptake from
soils with low P3HB doses was significantly higher (Table 2). Nitrogen
efflux showed an exponential decrease with increasing P3HB suggesting
a threshold between 0.1 % and 1 % P3HB for safe application, con-
trasting with (Brown et al., 2023), who proposed a P3HBV below
0.01 %. Our results indicate that 0.1 % P3HB had an insignificant effect
on maize biomass, whereas 1 % P3HB significantly reduced growth.
However, as presented by (Palucha et al., 2024), the application of P3HB
(or fast biodegrading polymers in general) in the form of mulch could
lead to local hotspots, with concentrations exceeding 1 %, which makes
those considerations situation-dependent.

From the plant-uptake perspective, nitrogen content in maize
biomass increased at 5 % and 10 % P3HB doses, likely due to nutrient
accumulation in stressed tissues (Fig. 4A). This contrasts with Liu et al.
(2023), who attributed nitrogen reduction to the PLA biodegradation
products supporting microbial proliferation and fixation, reducing the
uptake of essential nutrients. Brown et al. (2023) reported increased
foliar C:N ratio in P3HBV-treated soils, with stress markers indicating
inefficient energy production and/or nutrient imbalance and potential
P3HBV-induced root hypoxia. Given P3HBVSs chemical similarity to
P3HB, differences in nitrogen dynamics may stem from variations in
metabolic products (i.e 3-hydroxypropanoic acid and 3-hydroxypenta-
noic acid for P3HBV), warranting further investigation.

4.5.2. Phosphorus uptake by maize in the presence of P3HB

Phosphorus is critical for plant metabolism, root development
(Panchal et al., 2021) and stress tolerance (Shrivastav et al., 2020).
Similar to nitrogen, phosphorus efflux from soil decreased with
increasing P3HB doses (Table 2). However, unlike nitrogen, soil phos-
phorus availability did not increase with P3HB amendment in either
unplanted or maize-planted soils (Fig. 3B). A significant phosphorus
decline was observed only at 5 % and 10 % P3HB in unplanted variants.
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Therefore, the phosphorus flux to plants does not correlate with soil
phosphorus content, contrary to what was observed for nitrogen
(Fig. 4B, S2).

Phosphorus solubilization depends on optimal pH (6—7) and mi-
crobial activity (Spohn and Kuzyakov, 2013). Additionally, dilution of
initial phosphorus levels by added P3HB mass may have contributed to
lower phosphorus availability. These results align with Sigmon et al.
(2023), who found that PHA coatings on phosphorus fertilizers
enhanced phosphorus uptake and reduced run-off. Similarly, Zhang
et al. (2023) reported reduced available phosphorus in paddy soils
amended with poly(butylene adipate terephthalate) (ranging from
0.1 % to 1.0 %) due to phosphatase inhibition. Our results suggest that
the reduced run-off may be associated with the immobilization of
phosphorus by enhanced microbial activity and MBC.

Phosphorus plays a critical role in stress tolerance such as drought,
high salinity, or extreme temperatures (Raghothama, 1999; Vance et al.,
2003). Consistent with this, maize phosphorus content increased with
increasing P3HB amendment (Fig. 3B), likely due to enhanced plant
demand under stress. However, Pearson correlation did not confirm an
increase in phosphatase activity (0.32; Figure S2). Instead, pH decrease
due to P3HB degradation (-0.67***; Figure S2) likely contributed to
increased phosphorus solubilization (Zhang et al., 2021) and uptake.
These findings suggest that phosphorus flux in P3HB-amended soils is
governed by pH changes, microbial activity, and plant demand, and
likely also moisture shortage, which can occur in P3HB hotspots due to
elevated desiccation (Fojt et al., 2022).

4.5.3. Potassium uptake by maize in the presence of P3HB

Potassium plays a central role in plant stress response (Cakmak,
2005), water transport and nutrients uptake (Panchal et al., 2021;
Shrivastav et al., 2020). In unplanted soils, available potassium remined
stable across P3HB treatments (Fig. 4C). In maize-planted variants, po-
tassium uptake decreased with increasing P3HB doses (Table 2). While
0 % and 0.1 % P3HB showed similar values, amending with 1 % P3HB
significantly increased available potassium accompanied by higher
plant biomass potassium content, suggesting that higher microbial
biomass likely enhanced potassium retention in the soil. However, at
5 % P3HB, soil potassium peaked, coinciding with a sharp decrease in
plant potassium content, which dropped further declined at the 10 %
P3HB dose.

P3HB effects on potassium are poorly documented, but susceptibility
to desiccation stress (Xu et al., 2021) suggest that high P3HB doses (5 %,
and 10 %) may have induced drought stress reducing potassium uptake.
P3HB also significantly reduced maize aboveground biomass at higher
doses (Fig. 4) mirroring trends observed in grasses (Thinopyrum junceum)
(Menicagli et al., 2023), soybeans (Glycine max) (Li et al., 2021) and
lettuce (Lactuca sativa) (Brtnicky et al., 2024b). These studies attributed
the biomass loss to plant-microbe competition for nutrients.

As observed for phosphorus, drought stress may have exacerbated
potassium deficiency at high P3HB doses. Potassium deficiency is known
to impair water status and stem diameter dynamics making plants more
vulnerable to drought (Kanai et al., 2011), whereas adequate potassium
availability improves water-stressed plant growth (Bahrami-Rad and
Hajiboland, 2017). Maize biomass (AGB_dry) and plant height declined
at higher P3HB doses, potentially due to inhibitory effects of P3HB
degradation intermediates, similar to PLA-induced stress reported by
(Liu et al., 2023).

Last, fluctuating potassium content in plant biomass (Fig. 3C) sug-
gests nutrient prioritization under stress (Richardson et al., 2011; Vance
et al., 2003). Even at low doses (0.01 % and 0.1 %), both conventional
and biodegradable microplastics can alter root exudation and rhizo-
sphere function by inducing nutrient deficiencies (Zhou et al., 2021a).
Potassium deficiency triggers sugar-based root exudation (glucose,
ribitol, fructose, maltose), while phosphorus and micronutrient de-
ficiencies (e.g., zinc, iron) promote organic acid exudation (Panchal
et al.,, 2021). P3HB-indiced pH reduction likely favored uptake of
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nutrients other than potassium, as evidenced by correlations between
enzyme activities and biomass nitrogen/phosphorus but not potassium
(Figure S1B). Nevertheless, further research is needed to elucidate how
biodegradable plastics reshape rhizobiome composition and dynamics.

5. Conclusions

Although pot experiments have certain limitations compared to field
study (which are rare in the literature), the results of this study under-
score the dual impacts of excessive P3HB on soil health and crop per-
formance, highlighting a critical trade-off between soil quality
improvements and crop productivity. While P3HB amendment
enhanced soil microbial activity, organic carbon content, and enzyme
activities, higher application rates (>1 %) triggered nutrient competi-
tion, limiting the availability of essential nutrients for plants and ulti-
mately reducing maize biomass.

Therefore, although P3HB biodegradation can improve soil quality,
its agricultural application requires careful management to avoid
detrimental effects on crop productivity. As biodegradable plastics
represent a valuable strategy to reduce persistent plastics fragments in
soil, a balanced approach that considers both soil health benefits and
crop needs is crucial. In particular, future research should focus on i)
optimizing P3HB application rates to maximize soil quality improve-
ments without compromising crop growth, ii) understand the long-term
impacts of P3HB on soil-plant-microbe interactions and, iii) developing
strategies to improve carbon use efficiency of biodegradable plastics and
to amplify their positive impacts on soils chemical, physical and
microbiological health.
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Abstract

Poly-3-hydroxybutyrate (P3HB) is a biodegradable polymer with a potential extensive use in agriculture. However, while
P3HB biodegradation boosts microbial enzyme activity, it significantly reduces plant biomass due to nutrient competition.
In this study, we test the hypothesis that these detrimental effects can be mitigated though the co-application of nutrient-rich
organic amendments, such as compost and digestate. A pot experiment with lettuce (Lactuca sativa), grown in soil amended
with P3HB lone or combined with either compost or digestate. Six variants were tested: Control, Compost, Compost+ P3HB,
Digestate, Digestate + P3HB, and P3HB alone. We evaluated degradation of the P3HB polymer, biological soil properties,
and both the dry and fresh biomass of the lettuce. We observed that adding P3HB alone enhanced dehydrogenase and
urease activities, as well as all types of respiration, except for L-arginine-induced respiration. However, it strongly and
negatively affected the biomass of lettuce (both aboveground and root). The strong adverse effects of P3HB on plant
growth were also observed when compost was co-applied, although this combination enhanced all enzyme activities except
for suppressed f-glucosidase. Conversely, co-applying digestate with P3HB alleviated the negative effect of P3HB on
both the dry and fresh biomass together lettuce. Additionally, this combination increased the activity of several enzymes
(dehydrogenase, arylsulfatase, N-acetyl-f-D-glucosaminidase, urease), and enhanced all types of respiration, except for
L-arginine-induced respiration. The use of biodegradable plastics in agriculture is on rise, but it may be compromised,
because their biodegradation my negatively impact plant growth. The results showed that co-application of digestate is an
effective solution to alleviate these effects, while co-application of compost failed. Generally, organic amendments seem to
be an option to alleviate the negative effects of bioplastics biodegradation, and offers options how to handle the treatment of
waste bioplastics or their residues, but further investigation is needed to understand the underlaying mechanisms involved.

Graphical Abstract

1 soil respirations
1 dehydrogenase
1 urease

+ poly-3-hydroxybutyrate
s 4 J plant biomass

Control 4 dehydrogenase
/ arylsulfatase
. 1 N-acetyl-B-D-glucosaminidase
Digestate e
1 soil respirations
Compost J plant biomass

1> most of enzyme activities
J L plant biomass

Editorial responsibility: Samareh Mirkia.

Extended author information available on the last page of the article

Published online: 27 September 2024 w @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-024-06061-1&domain=pdf
http://orcid.org/0000-0001-5237-722X
http://orcid.org/0000-0003-4156-4673
http://orcid.org/0000-0003-1621-2019
http://orcid.org/0000-0003-2741-9672
http://orcid.org/0000-0002-0031-083X
http://orcid.org/0000-0002-3526-5944
http://orcid.org/0000-0001-5381-257X
http://orcid.org/0000-0002-8791-4344
http://orcid.org/0000-0001-9083-4866

International Journal of Environmental Science and Technology

Keywords Biodegradable plastics - Stabilized organic matter - Soil degradation - Microbial activity - Soil enzymes - Soil

respiration

Abbreviations

3-HB 3-Hydroxybutyric acid

AGB dry  Dry aboveground lettuce biomass

AGB fresh Fresh aboveground lettuce biomass

ANOVA Analysis of variance

ARS Arylsulfatase

BR Basal respiration

Cinput Amount of carbon added to soil with
amendments

Co Compost

DHA Dehydrogenase activity

DEHP Di(2-ethylhexyl)phthalate

Di Digestate

GLU p-Glucosidase

EOM External organic matter

IR Substrate induced respirations D-glucose
(Glc-IR), D-trehalose (Tre-IR), N-acetyl-
p-D-glucosamine (NAG-IR), L-alanine
(Ala-IR), L-lysine (Lys-IR) and L-arginine
(Arg-IR)

MFD Microbial functional diversity

NAG N-Acetyl-f-D-glucosaminidase

Ninput Amount of nitrogen added to soil with
amendments

p p-Value

PHA Polyhydroxyalkanoates

P3HB Poly-3-hydroxybutyrate

Phos Phosphatase

r Pearson’s correlation coefficient

SOM Soil organic matter

Ure Urease

WHC Water holding capacity

Introduction

Increasing production of biodegradable polymers provides
a broad range of materials, including the biopolyesters
belonging to the group of polyhydroxyalkanoates (PHAs)
(Sudesh et al. 2000). PHAs are produced by numerous
prokaryotic species during fermentation of carbohydrates,
usually under growth-limited conditions such as nutrient
deficiencies (Grousseau et al. 2013; Lee 1996). Their
physical and chemical properties make them suitable
substitutes for conventional nonbiodegradable plastics
(Bonartseva et al. 2003). PHAs are biodegradable,
biocompatible, and thermoprocessible (Medeiros Garcia

* @ Springer

Alcantara et al. 2020). In agriculture, they can be used for
mulching (as cover films), in pots and containers (as bands
for sowing), and for the controlled release of agricultural
chemicals (Touchaleaume et al. 2016; Vroman and Tighzert
2009).

Nowadays, among the most notable PHAs belongs poly-
3-hydroxybutyrate (P3HB), which serves as a bacterial
intracellular carbon (C) and energy storage polymer.
The complete degradability of PHAs, especially P3HB,
is a characteristic that has made them widely used and
environmentally friendly polymers (Vroman and Tighzert
2009; Luckachan and Pillai 2011).

P3HB has been found to biodegrade under both
anaerobic and aerobic conditions (Nishida and Tokiwa
1993; Sharifzadeh et al. 2009) in soil, compost, and water
bodies (Deroiné et al. 2015; Savenkova et al. 2000; Altaee
et al. 2016; Bonartsev et al. 2018). Enzyme activities of
P3HB-depolymerases and hydrolases have been identified in
several microbial taxa (Kadouri et al. 2003; Shah et al. 2007,
Panayotidou et al. 2014; Roohi and Kuddus 2018). The soil s
capacity for the P3HB degradation is largely determined by
the biota structure, which includes macrodegraders, mostly
earthworms (Sanchez-Hernandez et al. 2020) and microbial
community (Abou-Zeid et al. 2004; Rychter et al.2006).

Indeed, the microbial community structure is often
referred as the key factor in the rapid and efficient
biodegradation of P3HB materials in soil (Guo et al.
2010; Vogel et al. 2021). However, the activity of P3HB-
degrading microbes is influenced by balances and nutritional
state at various levels of soil metabolism. The rate and the
soils * microbiome capacity to degrade P3HB depend on
the availability of limiting nutrients (Nishide et al. 1999;
Sang et al. 2004; Muneer et al. 2020; Zhou et al. 2021a)).
Nitrogen, a crucial nutrient in the decomposition medium
(Corréa et al. 2008), must be supplied during soil P3HB
degradation, either via co-application with compost
(Eya et al. 1997) or through pre-degradation of P3HB in
composted organic matter (Eya et al. 1997; Rosa et al. 2023).

Due to the origin of P3HB, the non-toxicity of its
particles and degradation products is assumed. Nevertheless,
this assumption is increasingly being challenged by available
studies. Only a few studies have assessed the effect of PHA-
amended soil on plant growth, and they reported negative
effects (Zhou et al. 2021a; Dahal et al. 2020). For example,
in our recent work (Brtnicky et al. 2022) we tested the impact
of P3HB addition on biological properties of a wide range of
nutrient-restricted soil substrates and lettuce growth. It was
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observed that P3HB addition increased dehydrogenase and
urease activities, and basal and substrate-induced respiration
in nutrient-restricted soils. Furthermore, it appeared that in
those soils, P3HB can temporarily replace the SOM as a C
source for microbial communities. Nevertheless, the addition
of P3HB to all soils, tested in cited work, showed a negative
impact of biodegradation on lettuce growth.

On the contrary, the potential negative effects of
P3HB degradation products on terrestrial or freshwater
organisms are well recognized (Gonzélez-Pleiter et al.
2019). In addition, the P3HB degradation product such as
3-hydroxybutyric acid (3-HB) has been reported to play a
significant signaling role in the global regulation processes
of eukaryotic cells (Puchalska and Crawford 2017). In a
previous study, the amendment of exogenous 3-HB to flax
plants (Linum usitatissimum L.) resulted in changes to the
DNA de-/methylation pattern, which potentially impacts
the expression of genes involved in the phenylpropanoid
pathway (Mierziak et al. 2020). Changes in the biosynthesis
of phenylpropanoids, which help to inactivate reactive
oxygen species, may alter plant responses to abiotic stresses
conditions (Sharma et al. 2019). Malik et al. (Malik et al.
2015) further reported that in transgenic plant Camelina
sativa, where the P3HB constituted up to 15% of mature
seed weight, there were negative effects on germination,
emergence, and survival of seedlings. Therefore, there
are compelling reasons to evaluate and investigate the
factors, strategies, and management practices for controlled
biodegradation of P3HB-based plastics in the soil.

In addition, soil hydrophysical properties are among
the traits known to be affected by poly-3-hydroxybutyrate
and other plastic residues. Wan et al. (Wan et al. 2019)
referred that the addition of plastic to soil creates channels
and alters water movement, leading to negative impacts on
water evaporation. De Souza Machado, on the contrary,
observed an increased water holding capacity for polyester,
and no effects for polyacrylic and polyethylene fragments on
soil properties in a five-week experiment (Souza Machado
et al. 2018). The authors hypothesized about possible
connection with the impact on soil aggregation. Fojt et al.,
(Fojt et al. 2022) demonstrated that poly-3-hydroxybutyrate
particles changed the soil organic matter by altering its
supramolecular structure. Such behavior of plastics in soil
affects water holding capacity (WHC) and dynamics, which
could impact plant-available water, plant growth and fitness.
However, applying organic amendment, such as compost,
to P3HB-enriched soil may aid in restoring WHC values
as well as providing nitrogen supplementation to preserve
degradation capability and activity (Rosa et al. 2023; Suzuki
et al. 2007).

In this work, we continue our previous research
(Brtnicky et al. 2022) that enabled understanding the
issues related to the impact of P3HB biodegradation on

soil under various content of soil organic matter and soil
texture. The main issue appeared the competition between
soil microorganisms and plants for nutrients, which cannot
easily be solved by inoculation of soil by plant growth-
promoting rhizobacteria and N,-fixing microorganisms,
as shown recently (Brtnicky et al. 2024). Apparently,
this issue can be solved by a direct supply of nutrients,
the most feasible is the addition of either a fertilizer or
a nutrient-rich amendment. However, NPK fertilizers,
particularly those with higher nitrogen content in the form
of ammonium or urea, tend to decrease soil pH over time
(Hao et al. 2020). Although the P3HB-related acidification
is not the primary factor inhibiting plant growth (released
3-hydroxybutyric acid has pKa of 4.41) (Bruss et al. 2008),
addition of NPK fertilizers may worsen this issue. On the
contrary, the application of stabilized amendments such
as digestate or compost generally increases soil pH, and
possibly counterbalance the effect of 3-HB and the nutrient
shortage during biodegradation. In addition, use of such
amendments is more sustainable and less demanding
to soil heath compared to application of synthetic NPK
fertilizers (Panuccio et al. 2019).

To the best of our knowledge, this approach has not
been tested up to now. However, understanding the effects
of organic amendments sources on the degradability of
P3HB and the overall soil microbial and physico-chemical
properties is vital for strategies for bioplastics waste
disposal and also application of fast biodegradable plastics
in agriculture, which is on rise (Santagata et al. 2017)
in applications such as mulching, fertilizer coating and
delivery of active compounds (Touchaleaume et al. 2016;
Vroman and Tighzert 2009).

Therefore, this study aimed to evaluate the effect of
solely applied poly-3-hydroxybutyrate (P3HB) and P3HB
co-applied with stabilized organic matter (compost or
digestate) on the biological properties of soil and the
biomass of lettuce (Lactuca sativa).

It was hypothesized that:

1. P3HB is utilized as a readily catabolized energy and
carbon source in soil, resulting in enhanced degradation
and respiration, but it reduces the intrinsic utilization
and transformation of soil organic carbon.

2. Plant aboveground and root biomass is decreased in
P3HB-amended variants compared to unamended ones,
due to competition from metabolic active and abundant
soil microorganisms with plants for nutrients and due
to the negative impact of P3HB on soil hydrophysical
properties.

3. Organic amendments provide more nutrients, enhance
the transformation and mineralization activities of soil
organisms, and increase respiration rate. They can

* @ Springer
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improve plant biomass yield compared to both control
and P3HB-affected plants.

4. The organic amendment, by improving soil properties
and nutrient status, will accelerate the degradation of
biodegradable P3HB.

Materials and methods
Experimental design and treatment description

The study was carried od as a short-termed pot experiment
under controlled conditions in growth chamber. The soil used
for preparation of the experimental substrate was an arable
Haplic Luvisol (WRB soil classification), silty clay loam
(USDA Textural Triangle) (WRB Soil Classification 2021).
It was a topsoil (0-15 cm), collected at field near Troubsko
town, Czech Republic (49°1028" N 16°29'32" E), with the
following properties: pH (CaCl,) 7.3; total C 14.0, total N
1.60, S 0.145, P 0.097, K 0.231, Ca 3.26, Mg 0.236 g kg~ .
Before use, a sieving (through a mesh) to size <2 mm was
done (Hammerschmiedt et al. 2022). This sieved soil was
mixed with a fine quartz sand (0.1-1.0 mm; >95% SiO,) in
weight ratio 1:1 to gain an experimental substrate. One kg of
experimental substrate was mixed with additives (Table 1)
and put into 1-L plastic pots (height 13 cm, top diameter
11 cm, bottom diameter 9 cm) (Przygocka-Cyna et al.
2018). 3 replicates (pots) were prepared for each treatment.
Commercial CMC compost (Fertia s.r.0., Czech Republic; in
fresh matter C 127.9, N 11.8 gkg™!, C:N 10.8) and digestate
(in fresh matter C 14,2, N 1.59 g kg_l, C:N 8.9) obtained
from agricultural biogas plant were used as additives.

The pots were seeded with lettuce (Lactuca sativa L.
var. capitata L.) cv. Brilliant, 3 sprouted lettuce seeds per
each pot and cultivated in growth chamber under controlled
conditions (as follow): photoperiod 12 h (Cervera-Mata
et al. 2018), light intensity 20 000 1x (Bankole et al. 2018;
Zhang et al. 2018), relative air humidity 70% (Chrysargyris
et al. 2018), night/day temperature 18/22 °C; soil moisture
was ~60% of water holding capacity. The one most robust
plant was left in each pot after 10-day-growth of seedlings.

A randomized placement of pots in the growth cham-
ber was used and once per week, the pots were variably
rotated (Iocoli et al. 2019). After 8 weeks from sowing, the
plants were harvested by cutting the shoots at ground level
(Trinchera et al. 1041). The roots were released from soil,
cleaned gently and washed with water. The fresh lettuce
aboveground and roots biomass was weighed on the analyti-
cal scales. The dry biomass was determined after drying the
shoots and roots at 60 °C to a constant weight and weighting
on the analytical scales again.

Poly-3-hydroxybutyrate (P3HB) used in this work was
obtained from TianAn Biologic Materials Co., Ltd. (Ningbo
City, China), grade ENMAT Y3000, powder with particle
size <63 pm. The particles were of spherical shapes with
density of approximately 1.20 g-cm~> (Hohnemann and
Windschiegl 2023). The crystallinity of the polymer was
49% (Prochazkova et al. 2024). Further specifications of the
used P3HB is reported in Fojt et al. 2022 and Y3000P 2023
(Fojt et al. 2022; Y3000P 2023).

Soil analysis

A mixed soil sample was taken from experimental sub-
strate of each pot after harvesting the lettuce. Samples were
sieved on mesh to size <2 mm and used for determination
of soil properties, with 3—6 analytical replication (accord-
ing to measured property) per each sample replication. The
soil pH of air-dried samples was determined (ISO_10390
2005). The samples used for determination of dehydro-
genase activity (DHA) (Ranamukhaarachchi 2009), soil
basal respiration (BR) and substrate induced respirations
(IR) were stored at 4 °C. Soil respiration analyses were
detected using MicroResp® device (The James Hutton
Institute, Scotland), which performance is regularly verified
according to the instructions of the provider. The tests were
carried out according to Campbell et al. (2003), with fol-
lowing induction substrates—D-glucose (Glc-IR), N-acetyl-
p-D-glucosamine (NAG-IR), D-trehalose (Tre-IR), L-lysine
(Lys-IR), L-alanine (Ala-IR), and L-arginine (Arg-IR). The
values of induced respiration were used to calculate the

Table 1 Experimental

reatments (and amendments Treatment P3HB [g] ][?Iii:]state Compost [g] Cinpm [g-kg"] Ni“pm [g-kg_l]
doses added to 1 L of soil)

Control - - _

Digestate - 32 - 0.45 0.05

Compost - - 32 4.09 0.38

P3HB 5 - - 2.33 -

Digestate + P3HB 5 32 - 2.78 0.05

Compost+P3HB 5 - 32 6.42 0.38

C N;,,u—amount of carbon and nitrogen, added to soil with amendments (P3HB, compost or digestate)

input> *Vinpu
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microbial functional diversity (MFD) according to Iovieno
et al. (2021) as a Shannon’s index according to equation:

MFD = —Zpilnpi (1)

pi=the activity on a particular substrate with respect to the
sum of activities on all substrates.

Enzymatic activities were measured in the freeze-
dried samples: p-glucosidase (GLU), N-acetyl-p-
D-glucosaminidase (NAG), phosphatase (Phos),
arylsulfatase (ARS), urease (Ure) (ISO 2013 0:2018).
The p-nitrophenole (PNP)-derivatives of the specific
soil substrates were used for Vis spectrophotometric
measurement (Infinite M Nano, Tecan Trading AG,
Switzerland) at 1 =405 nm (#-glucosidase, N-acetyl-
p-D-glucosaminidase, phosphatase, arylsulfatase).
Urease activity was determined as an amount of
ammonium produced from the substrate urea, detected
Vis spectrophotometrically by the reagent cyanurate
(A=650 nm). Using enzyme activities, nutrient acquisition
ratios were calculated, based on the formulae presented in
Cui et al. (2022):

acquisition ratio = In (DHA + GLU)/ In (DHA + GLU + NAG + Ure)
@)
N acquisition ratio = In (NAG + Ure)/ In (NAG + Ure + Phos)
3)

When demand of soil microbiome for carbon increases
and more carbon utilizing enzymes are secreted to obtain
C, this results to higher C acquisition ratio. Similarly,
when soil microorganisms are deficient for nitrogen, they
produce additional enzymes catalyzing N decomposition,
resulting in higher N acquisition ratio.

The theory of enzymatic stoichiometry (Moorhead et al.
2016) was used to compute the vector length and angle
in order to estimate the microbial resource limitation.
Microbial C limitation aggravates with the increase in the
vector length. While the vector angle of <45° indicates
microbial N limitation, the vector angle > 45° indicates
microbial P limitation. The following formulae based on
(Moorhead et al. 2016) were used, ARCTG2 refers to arcus
tangens:

In(DHA + GLU)\"  (In(DHA + GLU)\*
Vector length = —_— | + | ———
In (Phos) In (NAG + Ure)
4)

In(DHA + GLU) In(DHA + GLU)
In(Phos) " In(NAG + Ure)
(%)

Vectorangle(rad) = ARCTG?2

The quality control (QC) and quality assurance (QA)
of the used devices and obtained data was performed as
follows: QC: Analytical equipment used for enzymatic
assays, respirometry, balances and thermogravimetry are
regularly calibrated and verified, to ensure accuracy in
measurements. In some cases (enzymes, respirometry),
we also incorporate positive and negative controls in
experiments, i.e. positive controls ensure the assay is
capable of producing a positive result when expected, and
negative controls confirm the absence of contamination
and non-specific signals. All measurements are done at
least in triplicate or more to assess the reproducibility of
the results. In addition, standard curves for quantification
in enzymatic assays and respiration are used to ensure
linearity of the detection range and to validate the assay's
sensitivity and specificity. QA: We keep all detailed
documentation of all protocols of standardization and
procedures used in the experiments to unsure that the
procedures can be repeated under the same conditions
and produce similar results. All personnel involved in
the experiments are properly trained and competent
in the specific techniques and equipment used. We
implement a process for checking the raw data for errors
or inconsistencies before analysis, i.e. cross-checking data
entries, verifying calculation methods, or using software
for data integrity checks.

Thermogravimetric analysis (TG)

The thermogravimetric analysis was conducted in order
to analyze residual plastic in soils after termination of the
experiment. The instrument was calibrated for temperature
using Curie point of alumel, nickel and iron; mass loss
was controlled by calcium oxalate degradation. These
values were verified regularly each month to assure the
accurate performance of the device. The analysis was
conducted using thermogravimeter Q550 TA Instruments
(Delaware, USA). The homogenized soils were placed to
the pre-weighed alumina pans and heated from laboratory
temperature up to 650 °C, with heating rate 5 °C min~!
under the dynamic air atmosphere enriched by water vapors
to 43% relative humidity, flow rate 90 ml min~!. The TG
records were elaborated using TRIOS from TA Instruments.
Measurements of each variant were done in triplicate, the
obtained mass losses were averaged. To obtain the residual
P3HB, the TG data were treated according to the procedure
reported recently by Palucha et al. 2024 (Palucha et al.
2024). Briefly, as the pure P3HB thermally degrades in
the interval from 200 to 300 °C, mass loss obtained in this
temperature area of the control sample was subtracted from
the respective sample containing P3HB and adjusted for dry
mass by considering the moisture contents (100% minus
mass loss in the interval 25-200 °C). Results of repeated

* @ Springer
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measurements were averaged and standard deviation was
calculated.

Statistical analyses

The Software R, version 3.6.1. (R_Core_Team. R 2020)
was used for the following data processing and statistical
analyses to detect statistically significant difference among
factor level means through methods of one-way analysis
of variance (ANOVA) type I (sequential), using sum of
squares at 5% significance level (Zar 1984), Tukey’s HSD
(honestly significant difference) test and “treatment contrast”
to calculate factor level means for each treatment. The linear
dependence between all soil properties was determined
by Pearson’s correlation analysis to reveal the mutual
relationships between individual enzymes, IR and yield of
plants. The interpretation of Pearson’s correlation coefficient
(r) was as follows: 0.0 <7< 0.3 (negligible correlation),
0.3<r<0.5 (low correlation), 0.5 <r<0.7 (moderate
correlation) and 0.7 <7< 0.9 (high correlation), 0.9<r< 1.0
(very high correlation) (Hinkle et al. 2003). After all
statistical analyses the assumptions of selected models was
also checked at significance level of 0.05. For testing the
normality, it was used Kolmogorov—Smirnov test and for
testing the homoscedasticity, it was used Bartlett’s test of
homogeneity of variances. Besides, the model checking was
also performed using different diagnostic plots.

Results and discussion

Effect of P3HB on plant aboveground, root biomass,
and enzyme activity

The application of P3HB significantly reduced the
abovegound fresh and dry biomass (AGB fresh, AGB dry)
of lettuce when applied alone or in combination with com-
post (Co) (Fig. 1a, b). Compost alone did not enhance AGB

M P3HB W Control M Digestate + P3HB

40 a 4
I
a
30 3 T
2 b
b
e 2 I
1 _-H—_
0 L= <
AGB fresh [g] b AGB dry [g]

fresh and AGB dry compared to the control, while diges-
tate (Di) notably improved lettuce biomass, both alone and
when combined with P3HB. Moreover, digestate co-applied
with P3HB mitigated the decline in AGB fresh and AGB
dry caused by P3HB alone, even surpassing the biomass
in the Co-only variant (Fig. 1a). However, both P3HB and
P3HB + compost treatments negativelly impacted root bio-
mass (fresh and dry) compared to the control. In contrast, Di
co-applied with P3HB improved root dry biomass, though it
remained lower then in the digestate, compost, and control
treatments (Fig. 1d). Fresh root biomass varied significantly
across treatments (Fig. 1c), with the highets fresh biomass
observed in the digstate-amended soils.

Soil degradation activities, as indicated by dehydrogenase
(DHA), increased across all amended variants compared to
the control, particularly in the Di+P3HB variant, highlight-
ing enhanced carbon mineralization (Fig. 2a). Conversely,
p-glucosidase (GLU) activity, another carbon mineralizing
enzyme, was suppressed by P3HB with significant enhance-
ment only observed with digestate addition (Fig. 2f). P3HB
presence in the soil reduced carbon transformation effi-
ciency, as indicated by lower C acquisition ratios (Table 2).
Higher vector length values (Table 2) in P3HB-unamended
variants indicated greater C limitation.

Arylsulfatase (ARS) activity increased across all
treatments, particularly in the Co+ P3HB variant (Fig. 2¢).
Enzymes involved in nitrogen mineralization, such as
N-acetyl-p-D-glucosaminidase (NAG) and urease (Ure),
were mainly elevated by P3HB, whether applied alone or
with digestate or compost (Fig. 2b and d). The co-application
of P3HB with digestate further boosted NAG activity, with
the highest increase seen with digestate alone, while the
combination P3HB and compost led to the highest Ure
activity (Fig. 2d). Phosphatase (Phos) activity was enhanced
under combined treatments, most notably in the Co +P3HB
variant (Fig. 2e).

Statistical analysis (i.e. the correlation matrix in Fig-
ure S1) supported above-statements and revealed P3HB

Digestate @ Compost+ P3HB 1 Compost
6.0 0.8
a
a T
4.5 0.6 I a 1
3.0 04
15 0.2 b [
Root fresh Root dr
" (g] d y [g]

Fig. 1 Plant biomass of treatments with P3HB, compost, digestate and combination Plant fresh (a) and dry aboveground biomass (b), fresh (c)
and dry root biomass (d), lowercase letters indicate the differences between variants on the statistical significance level p <0.05

o
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Fig.2 Enzyme activities of the W P3HB & Control

M Digestate + P3HB

Digestate @ Compost + P3HB Compost

soil amended with P3HB, com- 10.0 a 6.0 8
post, digestate, and combination
Dehydrogenase activity (a), 45 6
N-acetyl-$-D-glucosaminidase ’
(b), arylsulfatase (c), ure-
ase (d), phosphatase (e) and S0 .
p-glucosidase (f) activities.
Lowercase letters indicate the 15 2
differences between variants on
the statistical significance level 0 0
o-1.h-1 o~ lomin-!
p<0.05 3 DHA [ug TPF-g™"-h™"] b ¢ ARS [nmol-g™"min™"]
24 48
a
18 36
c
12 d 24
d BT
6 12
0 0
d Ure [nmol-g™"min™"] e Phos [nmol-g™"-min™"] GLU [nmol-g™"min~"]
Table2 The carbon and C, N, P limitation
nitrogen acquisition ratios and
C, N, P limitation indicators variant C acquisition N acquisition  Vector Angle ° (angle degrees)
in the soil amended with ratio ratio
P3HB, compost, digestate, and
combination P3HB 0.83 0.77 1.39 0.84 48.24
Control 0.88 0.67 1.53 0.94 53.86
Digestate + P3HB 0.86 0.74 1.46 0.88 50.44
Digestate 0.89 0.68 1.60 0.93 53.23
Compost+P3HB 0.82 0.76 1.33 0.86 49.15
Compost 0.88 0.66 1.55 0.94 54.12

treatment strongly correlates with reduced aboveground
biomass (AGB) and root biomass, as indicated by signifi-
cant negative correlations with glucose (r=—0.48 for AGB
fresh) and glucosamine (r=—0.62 for root dry). Conversely,
dehydrogenase activity (DHA) showed a positive correlation
with glucose and trehalose respiration (r=0.64 and 0.67,
respectively), highlighting P3HB’s impact on carbon cycling
enzymes. Next, microbial activity, particularly S-glucosidase
(GLU) and arylsulfatase (ARS), appeared to be inversely
related to plant biomass under P3HB treatment, with signifi-
cant negative correlations with root dry weight (r=—0.53
and —0.22, respectively).

Effect of P3HB on soil respiration

The introduction of stabilized organic matter (compost or
digestate) did not significantly enhance basal respiration
(BR) or substrate induced respiration (IR) compared to the
control. In fact, digestate reduced all respiration indica-
tors, and compost specfically decreased Glc-, Tre-, NAG,
and Arg-IR relative to the control (Fig. 3). On the contrary,
P3HB alone stimulated all forms of respiraton except Tre-
IR and Arg-IR (Fig. 3c, g). The co-application of P3HB
with compost generally reduced (BR, Tre-IR, Lys-IR)
or mainained (Glc-, NAG-, Ala-IR) respiration levels
compared to P3HB alone, though Glc- and Ala-IR in the
P3HB + Co were higher than in the control. When P3HB
was combined with digestate, it significantly enhanced
all types of IR except for Arg-IR, which was higher in

* @ Springer
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BR [ug COxg™"h™]

Ala-IR [ug COx:g™"h™]

Lys-IR [ug CO,-g™h™]

Fig.3 Respiration of the soil amended with P3HB, compost, diges-
tate and combination Basal respiration (a) and substrate-induced
respirations—Glc-IR (b), Tre-IR (c), NAG-IR (d), Ala-IR (e), Lys-

Table 3 The microbial

3 ” . Variant MFD
functional diversity (MFD)
in the soil amended with P3HB 1.623
P3HB, cqmpost, digestate, and Control 1.672
combination
Digestate + P3HB 1.637
Digestate 1.603
Compost+P3HB 1.632
Compost 1.636

the P3HB + Di variant than in P3HB alone, but still lower
then in the control (Fig. 3e). Interestingly, BR was more
elevated in the P3HB treatment than in the P3HB + Di
combination (Fig. 3a).

The interactions among various respiration types were
evident, as demonstrated by strong positive correlation
between Glc-IR and other types including Tre-IR,
NAG-IR, Ala-IR, and Lys-IR, with correlaton coeffiients
of 0.8, 0.88, 0.92, 0.83, respectively (Figure S1).
Additionally, Glc-IR correlated with NAG (r=0.82),
indicating interderdence among these respiration
activities. Depite these correlations, the independence
of these respiration types were reflected in the microbial
functional diversity (MFD parameter), which showed any
amendment reduced the functional diversity of the soil
microbiome. Suprisingly, the sole addition of digestate had
the most pronounced negative effect on diversity, while
all three PHB-based treatments displayed comparable
reductions in MFD (Table 3).

* @ Springer
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Fig.4 Thermogravimetry records of soil amended with P3HB, com-
post, digestate and combination, measured from laboratory tempera-
ture to 650 °C with indicated temperature range from 200 to 300 °C
for determination of residual P3HB

Thermogravimetry results

Figure 4 presents exemplary thermogravimetric (TG)
results, showing mass loss percentages as the tempera-
ture increases in an oxidative atmosphere, ranging from
laboratory temperature to 650 °C. According to Palucha
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et al. 2027 (see Sect. "Thermogravimetric analysis (TG)"),
mass loss, particularly between 200 and 300 °C, corre-
sponds to the degradation of P3HB together and the labile
components of SOM, as indicated by dotted lines in the
Fig. 4 (Palucha et al. 2024). Among all soils tested, the
control exhibited the least mass lost, with progressively
greater losses observed in soil amended with compost and
digestate, and the most significant loss in soils treated with
P3HB.

Residual P3HB content was quantified post-heating,
revealing 0.37 +£0.05% (from the original 1%) residual
P3HB in the control soil, reduced to 0.22 +0.05 and
0.23 +£0.04% in soils amended with digestate and compost,
respectively.

Discussion

Effect of P3HB on plant aboveground and root
biomass, and enzyme activity.

Effect on plant aboveground and root biomass

The effect of P3HB (applied solely or with compost) on both
abovegound and root fresh and dry biomass (AGB fresh,
AGB dry, Root fresh, Root dry) of lettuce was strongly
negative. Brtnicky et al. 2022 (Brtnicky et al. 2022) reported
a similar deleterious impact of P3HB on plant growth in
both soil and soil-sand substrates (Brtnicky et al. 2022). In
general, the adverse impact of P3HB on plant growth can be
explained as the enhanced turnover of SOM and competition
of highly active microbial biomass in degradation hotspots
(Zhou et al. 2021b) and plants for nutrients (Zhou et al.
2021a). This competition subsequently enhances nutrient
transformation and reduces their sequestration for plant
nutrition, particularly phosphorus and nitrogen. It has been
reported that a similar increase in the input of easily available
carbon (C) into the rhizosphere (Kuzyakov and Xu 2013;
Nguyen 2003) may escalate microbiome-plant competition
due to higher microbial abundance, activity, and growth in
the rhizosphere (Blagodatskaya et al. 2010). Consequently,
this drains off the remaining nutrients available to plants
due to higher microbial uptake and immobilization (Zak
et al. 2000). This explanation is supported by the negative
correlation between AGB fresh, AGB dry, Root fresh, Root
dry and indicators of nitrogen mineralization such as Ure
(r values were —0.61, —0.73, —0.94, —0.94) and Ala-IR
(r values were —0.5, —0.56, —0.43, —0.71). The P3HB

variant showed a higher nitrogen value acquisition ratio in
comparison to the control (Table 2), which corroborates our
hypothesis #2.

Morevover, the amendment of compost did not effectively
nourish the lettuce, as its application increased signficantly
only the root fresh biomass compared to the control. On
the contrary, solely applied digestate had a positive impact
on both dry and fresh AGB (Fig. 1a, b), albeit it showed a
slightly negative effect on root fresh biomass (Fig. 1d). When
applied with P3HB, digestate alleviated the deleterious
impact of bioplastics on all determinants of lettuce biomass
yield and even incerased the AGB fresh biomass more than
the compost amendment. The properties of digestate, such
as higher water content and readily available ammonium
nitrogen, were presumably responsible for mitigation
the P3HB-mediated repression of plant growth, despite
potentially lower total nitrogen input (Table 1). These
findings partially (in the case of digestate) confirmed our
hypothesis #3.

As mentioned above, the increased water evaporation/
drain-off, leading to decreased water content should be
considered in P3HB-amended soil. The P3HB is a water
insoluble material with a reported contact angle between
70° (Bonartsev et al. 2013) and approximately 81° (Pompe
et al. 2007), thus, it slightly increases water repellency. Niu
et al. (Niu et al. 2016) noted that the evaporation coefficient
increased with higher doses of residual plastic film in soil,
suggesting a decreased water holding capacity. Wan et al.
(Wan et al. 2019) reported an increased rate of soil water
evaporation with a higher amount of plastics in soil, and Fojt
et al. (Fojt et al. 2022) observed a decrease in evaporation
enthalpy after the adition of P3HB particles to soil organic
matter. On the contrary, digestate amendment to soil could
have a positive, evaporation-mitigating effect on soil and
enhance the availability of water for plants, as referred by
some authors (Beck-Broichsitter et al. 2020; Nabel et al.
2017). This feature, along with the reported beneficial effect
of digestate on plant growth and the abundance of plant-
promoting rhizobacteria (PGPR) in soil (Siebielec et al.
2018), might explain why the Di+ P3HB variant did not
exert any significant negative effects on plant biomass.

Effect on soil enzymes
DHA was enhanced by all tested soil amendments, but
more significantly with P3HB and digestate, and to a lesser

extent with compost. The addition of P3HB induced soil
degradation as this compound was primarily utilized as a
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carbon and energy source by microbes (Bonartseva et al.
2003; Rizzarelli et al. 2004), and the results correspond to
previous findings (Brtnicky et al. 2022). An even higher
induction of P3HB-derived carbon mineralization was
expected under conditions of higher nitrogen access (and
also other nutrients) in the variants co-amended with
P3HB and stabilized organic matter. However, only the
P3HB + Di amendment lead to higher DHA compared to
the sole P3HB addition, as shown in Fig. 2a. There was
a markable tendency towards higher carbon limitation in
P3HB-unamended variants compared to those supplied
with bioplastics (Table 2). This difference in nutrient
availability and the interplay between bioplastics, P3HB-
degrading microbes, and the plant rhizobiome presumably
mediated the enhanced DHA activity in a similar manner as
observed recently (Bai et al. 2020) when di(2-ethylhexyl)
phthalate (DEHP) promoted increased biodegradation under
soil bioaugmentation with PGPR and changes in dominant
genera (Allorhizobium, Neorhizobium, Pararhizobium,
Rhizobium, Caulobacteraceae) in the consortium. Similar
changes in the microbiome composition can be inferred from
the differences in the microbial functional diversity (MFD),
which significantly varied mainly between the control
and all P3HB-based variants (Table 3). This presumption
was supported by the observations that several types of
respiration showed positive correlations with DHA: Glc-IR
(r=0.64), Ala-IR (r=0.67), Lys-IR (r=0.67, Figure S1).

In contrast to DHA, other enzymes (especially GLU)
were more likely involved in the transformation of intrinsic
SOM (or external organic matter, EOM, of compost and
digestate amendments). GLU was lower in the presence of
P3HB than under amendment of digestate or compost, or
without any amendment (Fig. 2f), suggesting that P3HB may
mitigate the mineralization of cellulose and its derivatives
in soil. This observation aligns with findings from Brtnicky
et al. 2022 (Brtnicky et al. 2022) and with reports of P3HB
being used as a single carbon and energy source (Bonartseva
et al. 2003; Rizzarelli et al. 2004), which is preferred over
organic C from either SOM and extraneous organic matter
(EOM) of stabilized organic amendments (compost and
digestate). This assumption could be related to suprisingly
unchanged values of of the C acquisition ratio (Table 2) in
P3HB-supplied variants. In these variants, values of the ratio
were relatively decreased due to the mitigated carbon uptake
from intrinsic SOM, as most of the utilized carbon was
derived from P3HB. This finding verified our hypothesis #1.
Significant GLU enhancement was achieved only with the
addition of digestate, which possibly also provided higher
inoculation with cellulolytic microbes.

Although ARS activity was induced by all tested
amendments (most significantly by P3HB + Co), it only
showed a weak correlation with other enzymes, except
for Ure (where r=0.59, Figure S1). Poly-3-hydoxybutyre
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did not significantly stimulate ARS compared to the solely
applied digestate or compost. Therefore, no P3HB specific
impact was ascribed to the results, aligning with the findings
of Brtnicky et al. 2022 (Brtnicky et al. 2022). The highest
ARS value (Fig. 2c) was presumably due to the highest
available sulphur content in the compost, as shown by Prasad
et al. 2022 (Prasad et al. 2012), and the increased microbial
biomass due to the supply of P3HB.

NAG, an indicator or fungal biomass degradation and
turnover, was found to be significantly increased in all P3HB
variant (compared to the control), similarly as referred in
Brtnicky et al. 2022 (Brtnicky et al. 2022). However, the
combinations of P3HB + Co and P3HB + Di were even more
beneficial for NAG activity (Fig. 2b). It was observed P3HB
in the soil contributed to the multiplication of saprophytic
fungi, similarly as reported e.g. by the study (Janczak et al.
2020), and these fungi exhibit the ability to catabolize
P3HB (Altaee et al. 2016; Sang et al. 2002). The significant
increase in NAG, whether due to P3HB-, digestate- (alone or
with P3HB) or compost, also indicated an enhancement of
nutrient (including nitrogen) mineralization due to increased
depolymerization of P3HB. The mutual relationship between
nutrient uptake due to partial organic matter degradation
and related fungal biomass turnover was documented by
a positive correlation between DHA and NAG (r=0.67,
Figure S1).

Furthermore, another nitrogen mineralizing enzyme,
urease (Ure), was induced by the addition of P3HB to sail,
whether applied alone or in combination with digestate
or compost (Fig. 2d). The highest Ure value was found in
soil amended with P3HB and compost, presumably due to
the highest nitrogen dose provided by compost (Table 1).
These results, similar those Brtnicky et al. 2022 (Brtnicky
et al. 2022), aligned with reports of higher early losses of
available nitrogen in soil amended with either compost or
digestate (Nicholson et al. 2017). However, the enhancement
of Ure activity was significantly related to the simultaneous
application of P3HB, as neither the Ure values nor the
nitrogen acquisition ratios of the digestate, compost,
and control differed markedly. The related enhanced N
acquisition ratios in P3HB-amended variants were found
to be significantly higher than in the unamended variants
(Table 2). The relationship between Ure and catabolism
in SOM (and carbon mineralization) was documented by
a positive correlation of Ure with either GLU (r=0.63)
or Al-IR (r=0.54) (Figure S1). The results of NAG and
Ure (and partially also ARS) determination corroborated
Hypothesis #3: i.e. organic amendments provided more
nutrients, enhanced their transformation mineralization
activities.

Phosphatase activity, similar to the results in Brtnicky
et al. 2022 (Brtnicky et al. 2022) and to ARS, was mostly
insignificantly affected either by P3HB or stabilized
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organic matter, with the only significant effect detected
in the P3HB + Co variant (Fig. 2e). This was due to the
presumed highest phosphorus availability in this blend,
an assumption that aligns with reported general levels of
phosphorus in various stabilized organic matters (Prasad
et al. 2012; Manasa et al. 2020). Values in Table 2 showed
that biodegradable plastic played role in higher nitrogen
acquisition, whereas P3HB-unamendment variant appeared
much less limited by nitrogen than by phosphorus. The
Angle values (Table 2) indicated that increased degradation
of organic matter in all amended variants was likely the
reason for phosphorus limitation (compared to the weakest
limitation in the control), but this limitation was least severe
(lowest value) in the P3HB + Co soil. Again, presumably
the highest phosphorus content led to significantly higher
Phos activity.

Effect of P3HB on soil respiration

Among all three amended materials, only the P3HB
amendment lead to an increase in respiration potential
compared to the control (as previously was reported in
Brtnicky et al. 2022 (Brtnicky et al. 2022)), indicated by
stimulated respiration of all types except for Tre-IR and
Arg-IR (Fig. 3c, g). These results might also be presumably
due to a P3HB-derived amplification of aerobic degraders,
which corroborates our hypothesis #1. On the contrary, the
digestate amendment decreased all respiration indicators,
presumably due to the second lowest input of organic C
in external organic matter (Table 1), which likely also had
higher recalcitrance than the more labile P3HB-associated
organic carbon. Moreover, the minimal respiration activity of
the digestate and compost variants, coupled with the lowest
carbon mineralization, was caused by carbon limitation (with
the lowest values being 1.6, 1.55, respectively, as shown in
Table 2). Compost added to the soil decreased Glc-, Tre-,
NAG, and Arg-IR compared to the control (Fig. 3).
Co-amendment of P3HB with stabilized organic matter
(compost or digestate) further altered the respiration
potencial (and likely the abundance of aerobes) in
comparison to the single P3HB amendment (Fig. 3).
When P3HB was co-applied with compost, it decreased
BR, Tre-IR, Lys-IR, despite the presumed availability of
nutrients (nitrogen, sulphur, phosphorus) inferred from the
values of enzyme activities (NAG, Ure, ARS, Phos). Some
adversely acting factors could be assumed, such as low plant
root biomass and assumed lower water content (compared
to the digestate-treated variant), which slightly negatively
effected microbial respiration in the soil compared to the
impact of sole P3HB. The important role of soil mositure in
the degradation of plastic residues in soil has already been
described (King et al. 2015). The study by Almethyeab
et al. (Almethyeb et al. 2013) showed how amplified PGPR

and root symbionts significantly affected plant growth and
nutrient uptake, and in return, increased soil respiration. In
contrats, the P3HB co-applied with digestate was presumed
to cause the most significant amplification of aerobic soil
degraders, as indicated by the enhancement of all IR types
except for Arg-IR. The most significant decline in Arg-IR
(in comparison to the control) across all IRs in P3HB,
P3HB + Co, and P3HB + Di variants (Fig. 3g) possibly
indicated that the functional fraction of the soil microbiome,
capable of utilizing L-arginine (Arg) utilization, was also
affected by plant—microbe competition for amino acids, as
described in study (Owen and Jones 2001). This competition
was expected to be highest particularly in P3HB and
P3HB + Co variants. Therefore, the results of respiration
determination led to the partial rejection of Hypothesis #3,
that posited that organic amendment(s) should enhance
both nutrient transformation (mineralization) activities and
respiration rate, as the respiration types in sole compost- or
digestate-amended variants were mitigated. The variability
in the response of each respiration type to respective
amendments was best documented by the parameter MFD
(microbial functional diversity, Table 3), which as it showed
that each amendment reduced functional diversity of the
soil in comparison to the control, leading to a less diverse
microbiome in P3HB-treated soil and the lowest diversity in
the digestate variant.

Effect of organicamendments on P3HB degradation

As demonstarted by this and previous works (e.g. (Zhou
et al. 2021a; Brtnicky et al. 2022)) the biodegradation of
polyalkanoates is connected with a demand for nutrients, in
particular nitrogen and phosphorus. In addition, the presence
of plastic residue accelerates moisture evaporation (Fojt et al.
2022) thereby stressing plants due to a lack of moisture. The
TG results obtained here suggest that biodegradation was
incomplete when the experiment ended, with both P3HB
degrading organisms and residues of P3HB still present in
the soil. In addition, it was obseved that the rate of P3HB
degradation was higher in soils amended with compost
and digestate, while it was lower in control soil. This
supports the Hypothesis 4 that the amendment accelerates
the degradation of biodegradable P3HB. However, the
degree of degradation in compost and digestate correlate
neither with the enzyme content nor with the AGB results.
In particular, compost apeared to be a good substrate for
P3HB biodegradation, but, at the same time, did not support
the plant growth. On the contrary, digestate supports both
biodegradation and plant growth. Considering that Ure
levels were higher in compost and Phos were comparable in
both variants, we can only speculate that this may be related
to the mechanisms of nutrient fixation in both substrates and

a
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their differing impacts on soil physical properteis (porosity,
density).

To the best of our knowledge, no study has compared
those amendments in terms of their influence on the rate
of biodegradation. On the contrary, the effectiveness of
digestate comparing to compost in promoting plant growth
and enhancing soil biochemical processes has been studied
and the authors obtained various results (Aguilar-Benitez
et al. 2020; Tambone and Adani 2017). We conclude that the
specific effect would depend on feedstock for compost and
digestate production, technoogy used for their production,
soil type and many other factors, which were not included
in this study. Thus, understanding this problem requires
futher research involving different composts and digestates
obtained from various feedstocks, various soil types mainly
in terms of soil texture and soil organic matter contest,
various temperatures and moisture levels. Nevertheless, in
light of the results obtained in this study, the application
of an amendment providing nutrinets and water and
suporting the soil aeration seem to be necessary to mitigate
the negative effects of bioplastic biodegradation on plant
growth.

Conclusion

In this study, we addressed the issues connected with
nutrient demand of biodegradable plastics biodegradation
in arable soils and their negative impact on plant growth.
Applying compost alone boosted the root dry biomass of
lettuce, but has limited effect on aboveground biomass.
Application of digestate showed, that alone, it enhanced
both aboveground biomass (dry and fresh) and specific
enzyme activity (f-glucosidase), indicating a beneficial
impact on lettuce growth and certain soil biochemical
functions. The application of P3HB alone strongly reduced
both root and aboveground biomass, indicating a detrimental
effect on plant growth. However, it increased activity of
dehydrogenase and urease enzymes and various types of
respiration, which implied enhanced microbial activity in
the soil. The co-application of compost and P3HB enhanced
all tested enzyme activities except for B-glucosidase, which
suggested that compost can mitigate some of the negative
effects of P3HB on biochemical processes in the soil. The
most effective combination was digestate and P3HB, their
co-application significantly countered the negative impact
of P3HB on lettuce biomass and further enhanced certain
enzyme activities and types of respiration. This combination
appeared to be the most effective in supporting both plant
growth and soil health.

In fact, both digestate and compost are valuable organic
amendments that can improve soil health and plant growth,
the compost seemed less advantageous for the purpose
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of mitigating possible adverse environmental impact of
microbioplastics. Apart from lower impact of anaerobic
digestion on the environment, digestate may offer additional
advantages, likely due to its degree and mechanisms of
organic matter decomposition, nutrient composition,
moisture content, and the nature of its microbial activity.
These factors make digestate particularly effective in certain
agricultural contexts, though it is important to monitor
conditions like salt content and potential over-fertilization.
Further research is needed to optimize the use of digestate
for support of bioplastic degradation in specific soil types,
climates, and cropping systems to harness its full potential
effectively. Nevertheless, the implications of our findings
are significant for agricultural practices, particularly in
managing soil health and plant growth in environments
impacted by biodegradable plastics.

Furthermore, this study also confirms recent observations
that integrating biodegradable plastics into agricultural
practices requires a comprehensive understanding of how
these materials interact with soil amendments, particularly
in terms of nutrient availability, microbial activity, and water
retention. These findings advocate for further research and
development of best practices for the use of biodegradable
plastics in different agricultural systems, ensuring that their
environmental benefits are maximized while minimizing
potential negative impacts on soil health and plant growth.

In summary, while biodegradable plastics offer a
sustainable alternative to traditional plastics, their
integration into agriculture must be managed carefully. The
strategic use of organic amendments like digestate can play a
vital role in this process, supporting both the degradation of
bioplastics and the maintenance of healthy, productive soils.
This approach is essential for the effective management of
bioplastic residues, particularly in the context of global
efforts to enhance sustainability in agriculture.
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which was directly dependent on the amount of bioplastics added, was coupled with the preferential utilization
of P3HB as a carbon (C) source. Due to the increased demand for nutrients in P3HB-amended soil by microbial
degraders, respiration and enzyme activities were enhanced. This indicated an increased mineralisation of C as
well as nitrogen (N), sulphur (S), and phosphorus (P). Microbial inoculation introduced specific bacterial taxa
that further improved degradation efficiency and nutrient turnover (N, S, and P) in P3HB-amended soil. Notably,
soil acidification related to P3HB was not the primary factor affecting plant growth inhibition. However, despite
plant growth-promoting rhizobacteria and Np-fixing microorganisms originating from MI, plant biomass yield
remained limited, suggesting that these microorganisms were not entirely successful in mitigating the growth

inhibition caused by P3HB.

1. Introduction

In 2019, the world's production of plastics increased to nearly 368
million metric tons (Statista, 2022). The safe and efficient disposal of
used plastics and preventing their intrusion into the environment are
global challenges (Zheng and Suh, 2019). Due to its toxic additives and
long-term persistence in the environment, plastic pollution has become a
focus point of research these days (He et al., 2018).

Biodegradable plastics can play a critical role in solving plastics
disposal problems from both economic and environmental perspectives
(Thakur et al., 2018). Biodegradable plastics are mainly produced from
renewable resources and can be decomposed and metabolised by many
organisms (Kale et al., 2015). Hence, instantly increasing the production
of biodegradable plastics provides a wide range of polymers, including
biopolyesters, such as polyhydroxyalkanoates (PHAs), among which the
most important is polyhydroxybutyrate (PHB). Polyhydroxybutyrate is a
bacterial intracellular carbon (C) and energy storage polymer that exists
primarily as poly-3-HB, but other monomers — 2-HB and 4-HB - are also
possible in variable lengths of monomer chains, including poly-2-HB,
poly-3-HB, and poly-4-HB (Sudesh et al., 2000).

Polyhydroxyalkanoates are characterised by technologically prom-
ising properties such as biodegradability, biocompatibility, and ther-
moprocessibility, as well as favourable mechanical qualities (Medeiros
Garcia Alcantara et al., 2020). For example, PHB biodegradability has
been demonstrated in aerobic and anaerobic conditions (Nishida and
Tokiwa, 1993; Sharifzadeh et al., 2009). Therefore, biodegradable
polymers are commonly used as mulching films, in bands of sowing, in
pots and containers and other horticulture materials and tools, or for the
controlled release of agricultural chemicals (Touchaleaume et al., 2016;
Volova et al., 2022). Owing to their decomposability and degradation,
the micro-bioplastics may be rapidly released into agricultural soils (Fojt
et al., 2020).

However, until recently, only a few studies evaluated the effect of
PHB amendment on soil and plant growth. Fojt et al. (2022a) studied the
effects of poly-3-hydroxybutyrate (P3HB) particles on water status in
soil organic matter (SOM) under arid conditions. They concluded that
contamination of sapric histosol by only partially wettable P3HB parti-
cles supported moisture loss by disrupting the SOM structure, mainly by
interaction with aliphatic moieties. Similarly, Wan et al. (2019)
observed that microplastics increased the rate of soil water evaporation
by creating channels for water movement. Brtnicky et al. (2022)
observed changes in pH of soil and soil-sand mixtures after P3HB
application; P3HB-related acidification was observed when the sand
content increased by >40 %. Zhou et al. (2021) even speculated about
the possible negative impact of poly(3-hydroxybutyrate-co-3-hydrox-
yvalerate) (PHBV)-related soil acidification on plant growth. Further,
they observed an increased microbial activity and enrichment of specific
bacterial taxa around the PHBV particles. A ten-month experiment by
Palucha et al. (2024) demonstrated that biodegradation of P3HB may
cause a priming effect in various soils, including Cambisol, Chernozem,
and Phaeozem.

The effect of PHAs on plants seems to be even more significant. In
summary, an adverse impact of PHBV, PHB, and P3HB on plant growth
was recently observed for maize (Zea mays L.) (Brown et al., 2023),

tomato (Lycopersicon esculentum Mill.) (Serrano-Ruiz et al., 2023) and
lettuce (Lactuca sativa L. var. capitala L.) (Brtnicky et al., 2022),
respectively. Moreover, adding PHBV ultimately resulted in wheat
(Triticum aestivum L.) death after 25 days of exposure (Zhou et al., 2021).
These negative effects of PHAs or PHB and soil degradation are valid
reasons to investigate related mechanisms and influencing factors to
develop appropriate management strategies for the controlled use of
PHB-based plastics in agriculture.

The latest research suggests that field-weathered PHB has a stronger
inhibitory effect on plants than pristine bioplastics (Serrano-Ruiz et al.,
2023). To a lesser extent, PHB degradation in the soil is determined by
the PHB-polymer formulation, chemical modification, and abiotic con-
ditions (e.g., light irradiation, temperature, and mechanical disintegra-
tion). However, the length of persistence and dissipation of bioplastics in
the soil is more significantly moderated by the soil's capacity and ability
for their degradation. This is greatly determined by the soil biotic part, i.
e., the composition of macro- (mostly earthworms) (Sanchez-Hernandez
et al., 2020) and especially micro-degraders (Abou-Zeid et al., 2004;
Rychter et al., 2006). The microbial community structure was referred
to as the critical factor in the rapid and efficient biodegradation of PHB
material in soil (Guo et al., 2010; Vogel et al., 2021). Some of the
essential microorganisms with the ability to catabolise PHB belong to
the groups of saprophytic fungi (Sang et al., 2002; Altaee et al., 2016)
and bacteria — e.g., Bacillus, Paenibacillus, Streptomyces, Arthrobacter,
Agzospirillum, and Pseudomonas — (Ito et al., 1998; Manna et al., 1999;
Volova et al.,, 2017), including rhizobacteria with plant growth-
promoting effect (Bonartseva et al., 2003; Kadouri et al., 2003; Jes-
zeova et al., 2018).

A recent study suggested that one of the main threats during the
biodegradation of P3HB in the soil is the boosted microbial catabolic
activity, causing a shortage of nitrogen (N) necessary for plant growth
(Brtnicky et al., 2022). This may limit the use of P3HB and, generally, all
biodegradable agricultural polymers that do not contain metabolisable
N in their structure. Therefore, applying a microbial consortium con-
taining plant-beneficial bacteria (e.g., N-fixing) for promoting plant
growth (Hussain et al., 2020; Yaghoubi Khanghahi et al., 2021) and
degrading P3HB residues in soil (Manna et al., 1999; Jeszeova et al.,
2018) can be a promising solution.

There are studies investigating the impact of soil inoculation with
plant growth-promoting rhizospheric bacteria (PGPR) and fungi on
poly-lactic acid (PLA) and polyethylene terephthalate biodegradation
efficiency in soil planted with selected plant species and their growth
(Janczak et al., 2014; Janczak et al., 2018). As far as we know, no study
has been published yet evaluating the combined effects of microbial
inoculation and P3HB on a soil-plant system. Therefore, this study aims
to investigate the impact of simultaneously using P3HB and inoculating
with microbes, the latter having potentially beneficial effects on both
plant growth and P3HB degradation (such as Azospirillum, Bacillus, and
Pseudomonas). The conclusions of the work can be an important foun-
dation for the management of P3HB bioplastics in agriculture. We
hypothesised that:
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1. P3HB-related acidification is not critical for plant growth inhibition
in pH-neutral soils since the pH changes recorded so far had the
character of a secondary phenomenon rather than a primary cause.

2. Microbial inoculation with N-fixing microorganisms will overcome
the N shortage caused by P3HB degradation and, thus, will mitigate
the adverse effect of P3HB on plant growth.

3. P3HB degradation in soil will be enhanced by microbial inoculation.

4. Microbial inoculation will further enhance increased microbial ac-
tivity as an indicator of nutrient turnover coupled with P3HB
degradation.

2. Material and methods
2.1. Experiment design

The silty clay loam (USDA Textural Triangle) Haplic Luvisol (WRB
soil classification) was collected from a depth of 0-15 cm near the town
of Troubsko, Czech Republic (49°10'28" N 16°29'32" E). The growth
substrate used for the pot experiment was obtained by mixing (1:1, w:w)
a fine quartz sand (0.1-1.0 mm; >95 % SiO,) with arable soil sieved
through a sieve with a mesh size of 2 mm (Hammerschmiedt et al.,
2022). The chemical composition of the soil was as follows: total C 14.0
gkg™!, total N 1.60 gkg™!, P 0.097 gkg™!, S 0.145 g-kg™!, Ca 3.26
gkg™!, Mg 0.236 g-kg™!, K 0.231 g-kg ™!, and pH (CaCl) 7.3. Water
holding capacity of soil was determined using a pressure plate method.

Poly-3-hydroxybutyrate powder (ENMAT Y3000) was obtained from
TianAn Biologic Materials Co., Ltd. (Ningbo City, China). The specific
weight was 1.25 g-cm 3, crystallinity approximately 49 % (Prochazkova
et al., 2024). Other parameters of the P3HB were summarised by Mel-
cova et al. (2020) and provided by the manufacturer. The particles in the
powder were spherical, ranging from 200 nm to 80 m and with a contact
angle of ~70°-81°, making them slightly hydrophobic (Fojt et al.,
2022a). According to the provider, the powder did not contain co-
polymers. Also, the recent work of Prochazkova et al. (2023) in their
ecotoxicological study revealed that the powder and its water extract
were not toxic for aquatic plants except for a very high dose, which
showed a small effect in case of water extract.

Poly-3-hydroxybutyrate content in agricultural soils with P3HB
mulching sheets can range from approximately 0.5 % to 1.5 %, but it can
be probably even higher in the future (Palucha et al., 2024). Therefore,
1 kg of growth substrate was mixed with a defined dose (0 %, 1 %, and 5
% w/w) of P3HB to prepare experimental variants and filled into
experimental plastic pots (volume 1 L, top diameter 11 cm, bottom
diameter 9 cm, and height 13 cm). Inoculated variants were enriched
with 80 pL of the commercially available microbial inoculant (MI)
Rewital Biogen Pro+ (BIO-GEN, Poland) diluted in 50 mL of deionised
water. The composition of Rewital (from the provider) is reported in
Table 1. Variants without inoculation were watered only with 50 mL of
deionised water. To summarise, the following experimental variants
were prepared: control, MI, P3HB 1 %, P3HB 1 % + MI, P3HB 5 %, P3HB
5 % + MI. Each variant was readied in three replicates (pots).

The pot experiment with crop lettuce (Lactuca sativa L. var. capitata
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L. cv. Brilliant) took place in growth chamber Climacell Evo (BMT,
Czech Rep.) under the following controlled conditions: white LED
lighting, intensity 20 klx; photoperiod 12 h; temperature 18 °C/22 °C
(night/day) and relative air humidity 70 %. Lettuce seeds were pre-
germinated on wet filter paper for two days and then sown to a depth
of approximately 2 mm in the experimental pots. After sowing, each pot
was watered with 50 mL of distilled water. The 10-day-old seedlings
were reduced from five to a single most robust plant per pot. Pot
placement in the growth chamber was randomised. Soil moisture was
controlled gravimetrically, and the water content was maintained (two
to three times a week) at approximately 60 % of the water-holding ca-
pacity during the experiment. Specifically, 1 g of soil was regularly
sampled and the water content was determined gravimetrically.
Accordingly, calculated volume of water was dosed to the pot to keep 60
% of soil water holding capacity. Pots were variably rotated once a week
to maintain homogeneity of growing conditions. The plants were har-
vested eight weeks after sowing.

The lettuce shoots were cut off at ground level, and the roots were
gently cleaned off of soil and washed with water. Lettuce shoots and
roots were dried at 60 °C to constant weight; dry aboveground biomass
(AGB) and root biomass were determined gravimetrically by weighing
on analytical scales.

2.2. Soil analysis

After harvesting the lettuce, a mixed soil sample was taken from each
pot. The soil samples were homogenised by sieving through a 2 mm
mesh sieve. Air-dried samples were analysed for pH (ISO 10390:2005).
Freeze-dried samples were used for analysing enzymatic activities:
B-glucosidase (GLU), urease (Ure), N-acetyl-p-D-glucosaminidase
(NAG), arylsulfatase (ARS), and phosphatase (Phos) (ISO 20130:2018).
The samples stored at 4 °C were used for the determination of dehy-
drogenase activity (DHA) (Doi and Ranamukhaarachchi, 2009), soil
basal respiration (BR), and substrate-induced respirations (IR) - b-
glucose (Glec-IR), D-trehalose (Tre-IR), N-acetyl-p-D-glucosamine (NAG-
IR), L-alanine (Ala-IR), i-lysine (Lys-IR), and L-arginine (Arg-IR)
(Campbell et al., 2003) — using MicroResp® device (The James Hutton
Institute, Scotland).

The share of biodegraded P3HB was determined as follows (Fojt
et al., 2022b): the homogenised soil samples were air-dried and exposed
to 43 % relative humidity to ensure uniform conditions for all soils. After
two weeks, the samples were analysed using thermogravimetry analyser
Q550 from TA Instruments (Delaware, USA). Approximately 200 mg of
soil was placed on an alumina crucible and heated from 25 °C to 650 °C
under a dynamic atmosphere of air (flow rate 100 mL min~1). TRIOS
software (TA Instruments) was used to evaluate the mass loss between
200 °C and 300 °C, where the residual P3HB thermally degrades (Fojt
et al., 2022b). Soil from each pot was analysed in triplicate. The share of
biodegraded P3HB was calculated as follows: thermogravimetrically
recorded mass losses for P3HB-free samples with and without MI were
subtracted from recorded mass losses of respective P3HB-amended
variants (either 1 % or 5 %) in the range 200 °C-300 °C as

Table 1

Taxonomical composition of microbial consortium (10® CFU-mL™!) in the microbial inoculant Rewital Biogen Pro+.
Species Gram Family Oxygen demand Characteristics
Agzospirillum lipoferum Positive Rhodospirillaceae Aerobic N,-fixation, PGPR
Lactobacillus acidophilus Positive Lactobacillaceae Microaerobic Produces lactic acid
Lactobacillus plantarum Positive Lactobacillaceae Microaerobic Producer of lactic acid
Bacillus subtilis Positive Bacillaceae Aerobic PGPR, P-solubilisation
Pediococcus acidilactici Positive Lactobacillaceae Microaerobic Producer of lactic acid
Pseudomonas fluorescens Negative Pseudomonadaceae Aerobic PGPR, and producer of lipases and proteases
Ruminococcus albus Positive Ruminococcaceae Anaerobic Rumen microorganism
Cellulomonas cellulans Positive Cellulomonadaceae Aerobic Cellulose hydrolysis
Azotobacter vinelandii Negative Pseudomonadaceae Aerobic PGPR, N,-fixation

More details are available at: https://www.procam.pl/landing/biogen-rewital-pro/.
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demonstrated by Palucha et al. (2024). For example, the residual P3HB
was determined as follows: 1 % P3HB variants gave 0.54 + 0.06 %,
which, divided by the number of days in the experiment, gives an
averaged P3HB mass loss rate of about 0.08 + 0.01 g-kg '-day .
Notably, as demonstrated by Palucha et al. (2024), the priming effect of
P3HB on soil occurs after complete plastic degradation; therefore,
possible mass loss of SOM in the range 200 °C-300 °C was not consid-
ered during the calculations.

2.3. Sequencing analysis of the soil microbiome

The total microbial DNA was extracted from 0.5 g of freeze-dried soil
sample using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, USA). Then,
DNA was used to amplify specific regions of the rRNA genes of fungi
ITS2 (18S) and bacteria V3-V5 (16S) by utilising the primers F357 (5
CCTACGGGAGGCAGCAG-3) and R926 (5-CCGYCAATTYMTT-
TRAGTTT-3"), or ITS3F (5-GCATCGATGAAGAACGCAGC-3") and ITS4R
(5-TCCTCCGCTTATTGATATGC-3), respectively, with barcoding and
the universal overhang. Illumina sequencing adaptors were introduced
in the second PCR, all in accordance with the standard instructions
(Illumina, 2013). The products were evaluated by agarose electropho-
resis, quantified with a fluorimetric, AccuGreen™ High Sensitivity
dsDNA Quantitation Kit (Biotium, Inc., CA, USA) and pooled into a li-
brary. Sequencing was conducted on a MiSeq unit (Illumina, Inc., CA,
USA) running the reagent kit v2 and paired-end 250 nt reads in an
external laboratory (SEQme s.r.o., Czech Republic). To decide whether
the bacteria strains introduced in MI could influence the procaryotic
community's composition, the available sequences were searched for the
genera present in MI and their relative abundances were compared
among the variants.

2.4. Data processing and statistical analysis

Data processing and statistical analyses were performed using R,
version 3.6.1. (R_Core Team, 2020). Principal component analysis
(PCA) and one-way analysis of variance (ANOVA) type I (sequential)
sum of squares at a 5 % significance level (Zar, 1984) methods were used
for characterising the relationship between the variants and selected soil
properties. To detect the statistically significant difference among factor
level means, Tukey's honestly significant difference (HSD) test and
‘variant contrast’ were used to calculate factor level means for each
variant. The results were graphically presented with a Rohlf biplot for
standardised PCA. Pearson correlation analysis was performed to mea-
sure the linear dependence between soil properties. Pearson correlation
coefficient was interpreted as follows: 0.0 < r < 0.3: negligible corre-
lation, 0.3 < r < 0.5: low correlation, 0.5 < r < 0.7: moderate correla-
tion, 0.7 < r < 0.9: high correlation, and 0.9 < r < 1.0: very high
correlation (Hinkle et al., 2003).

The data from the soil microbiome sequencing analysis were further
processed with the DADA2 R package (Callahan et al., 2016) and
visualised by the phyloseq R package (McMurdie and Holmes, 2013) and
microeco R package (Liu et al., 2021). Taxonomy was assigned for the
bacteria according to the SILVA 132 SSU NR 99 reference database
(Quast et al., 2012) and the 8.3 release of the UNITE reference database
(Koljalg et al., 2020) for fungi.

The a-diversity of the procaryotic and fungal microbial communities
was determined by the Simpson and Shannon diversity indexes.

3. Results
3.1. Influence on pH

Microbial inoculant and a low dose of P3HB did not affect soil pH.
However, their combination, as well as a high dose of P3HB applied

alone, significantly decreased pH (Table S1). There was a noticeable
decrease in pH in variants with 5 % P3HB, where pH decreased from
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7.34 £ 0.01 to 6.83 £ 0.02 (without MI) and 6.72 + 0.03 (with MI).

3.2. Influence on plant growth

Microbial inoculation solely stimulated AGB and root plant biomass
growth (Fig. 1a, b; Table S2). However, the presence of P3HB in the soil
significantly suppressed biomass production in all variants, including
that with MI.

3.3. Influence on microbial activity

The key studied indicators of soil microorganisms' degradation ac-
tivity were DHA and respirations (Fig. 2). Dehydrogenase activity
increased with an increasing P3HB dose in both uninoculated and
inoculated variants (Fig. 2a). Co-application of MI with P3HB at a high
dose indicated a synergic positive effect on DHA, undetectable at a low
P3HB dose.

Soil BR and most IRs (Fig. 2b-h) demonstrated similar trends as
DHA: positive direct dependence on P3HB dose (except for Tre-IR and
Arg-IR at a 1 % P3HB dose). In addition, the stimulating effect of P3HB
on respiration values increased even with inoculation. When used solely,
MIs showed a positive impact on BR and a negative effect on Glc-IR and
Tre-IR, while IRs by the remaining substrates were unaffected.

Relative average values of DHA, BR, and all types of IRs were higher
in combined than in P3HB-only variants (Table 2). The relative positive
contribution of MI on the enhancement of P3HB-stimulated degradation
activity was at a similar level at both doses of P3HB except for DHA and
Arg-IR (the last two rows in Table 2). The results suggested that MI
stimulated degradation activity occurs more efficiently at high P3HB
doses. Moreover, MI was more beneficial than the 1 % P3HB amendment
for Arg-IR. Similar trends and relationships between these characteris-
tics were also reflected statistically as DHA and all respiration types
correlated positively with DHA and among each other (Figs. S1 and S2).

The combination of high P3HB dose with MI increased activity of all
enzymes involved in C, N, S, and P cycle with respect to control and with
respect to the low dose P3HB addition with or without MI (Fig. 3a—e). MI
significantly increased the activity of Phos, ARS and NAG at the high
P3HB dose, of GLU and NAG at the low dose, and only of ARS for the
control without P3HB addition. Conversely, 1 % P3HB decreased GLU
values, with MI suppressing this negative effect (Fig. 3a). N-acetyl-$-D-
glucosaminidase activity increased in a P3HB dose-dependent manner,
and this was further enhanced by MI (Fig. 3d). Poly-3-hydroxybutyrate
caused a dose-dependent increase in Ure activity with no effect on MI
(Fig. 3e).

Arylsulfatase was stimulated by both P3HB and microbial inocula-
tion in original soil (Fig. 3c). Unlike the previous microbial properties,
the activity of Phos in the solo P3HB 5 % variant was significantly
decreased (Fig. 3b), while the only positive effect was reached by a high
dose of P3HB supplemented with the MI. Phos correlated only weakly
with other properties (Fig. S1).
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Fig. 1. Lettuce (a) aboveground (AGB) and (b) root plant dry biomass of the
variants amended with different doses of poly-3-hydroxybutyrate (P3HB) and/
or with microbial inoculant (MI). The lowercase letters indicate significant
differences at p < 0.05.
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Fig. 2. Soil (a) dehydrogenase activity, (b) soil basal respiration, and respiration induced by (c) p-glucose, (d) D-trehalose, (e) N-acetyl-B-D-glucosamine, (f) L-
alanine, (g) 1-lysine, and (h) L-arginine in the variants amended with different doses of poly-3-hydroxybutyrate (P3HB) and/or with microbial inoculant (MI). The

lowercase letters indicate significant differences at p < 0.05.

Table 2
Relative average values of dehydrogenase activity (DHA), basal respiration (BR),
and all types of induced respirations (IR). The relative values were calculated as
a ratio between the absolute values of each property in the amended variant and
control.

Ratio DHA BR Gle- Tre- NAG- Ala- Lys- Arg-
between the IR IR IR IR IR IR
variants
1 % P3HB: 2.38 1.31 117 1.05 1.46 1.52 1.33 1.11
Control
1 % P3HB + 2,60 226 1.83 1.83 2.35 2.35 2.01 2.11
MI:
Control
5 % P3HB: 3.33 1.98 1.75 1.69 2.28 2.65 2.32 3.00
Control
5 % P3HB + 590 329 288 2.83 3.43 4.06 3.61 7.78
MI:
Control
MI: Control 0.92 1.31 0.78 0.80 0.93 0.94 0.91 1.28
1 % P3HB + 1.09 1.73  1.56 1.74 1.61 1.55 1.51 1.90
MI: 1 %
P3HB
5 % P3HB + 1.77 1.66 1.65 1.67 1.50 1.53 1.56 2.59
MI: 5 %
P3HB

3.4. Influence on microbial community diversity and taxonomic
composition

The procaryotic community responded to both additives and their
combinations (Figs. 4a, S3a). Although MI and 1 % P3HB amendment
had an almost identical weak effect, their combination and 5 % P3HB
dose showed a relevant change in the community.

Families Nitrososphaeraceae, 67-14, and Gaiellaceae were negatively
affected by P3HB (Fig. S3a). On the contrary, Oxalobacteraceae, Sphin-
gomonadaceae, and Comamonadaceae were stimulated by it. Relative
abundances of Pseudomonadaceae, Nocardiadaceae, Microbacteriaceae,
and Caulobacteriacea increased after the combination of P3HB and MI.
At the genera level, mainly Azospirillum and Azotobacter were enhanced
at both combinations of P3HB and MI but usually without statistical
significance (Fig. 5a, c, e), with significantly reduced abundance for 5 %
P3HB + MI only (Fig. 5b) and with significantly increased abundance for
5 % P3HB + MI only (Fig. 5d and f).

Fungi communities responded more strongly even at the low P3HB
dose (Figs. 4b, S3b). Saprophytic fungi Exophiala and Tetracladium,

related to the decay of organic matter, were highly stimulated by P3HB.
On the contrary, the relative abundances of the originally common
Gibellulopsis and Fusarium significantly decreased. Pseudeurotium and
Cyberlindnera were stimulated only by the variant 5 % P3HB with MI.

The Simpson index showed a slight decrease in diversity only in the
variant with 5 % P3HB supplemented with the MI (Fig. S4a, c). The
Shannon index indicated similar results (Fig. S4b, d). Both bacteria and
fungi communities followed a similar trend, with a slight diversity
decrease in response to the P3HB increase.

3.5. Residual P3HB

Fig. 6 reports exemplary thermogravimetry records. The presence of
residual P3HB caused a sharp mass loss in the temperature interval
200 °C-300 °C compared to the P3HB-unamended soils, where the mass
loss was only moderate. As mentioned in the Experiment design section
of this work, in this temperature interval, the degradation of both re-
sidual P3HB and labile fraction of SOM occurs, which was used to
determine the residual P3HB in soils. Accordingly, the variants P3HB 1
%, P3HB 1 % + MI, P3HB 5 %, and P3HB 5 % + MI exerted following
losses of P3HB (per a kg of soil substrate, in average) after 56 days of the
experiment: 4.6 + 0.6 g, 6.5 + 0.9 g, 12.4 + 1.1 g, and 21.2 + 1.3 g,
respectively, which equalled approximately 46 %, 65 %, 25 %, and 40 %
of the starting amount of added P3HB. Furthermore, the 1 % P3HB
variants without and with MI resulted in an averaged P3HB mass loss
rate of approximately 0.08 + 0.01 and 0.12 + 0.03 g-kg l-day !,
respectively. The 5 % P3HB produced an averaged P3HB mass loss rate
of nearly 0.22 £+ 0.01 and 0.38 + 0.03 g~kg’1-day’l for soils without
and with MI, respectively. Therefore, variants with microbial inocula-
tion exhibited more intensive degradation than those without microbial
inoculation.

4. Discussion
4.1. Influence on pH and plant growth

Zhou et al. (2021) speculated that PHBV induced soil phytotoxicity
due to the acidification effect of its degradation. The change in pH
observed for P3HB (Brtnicky et al., 2022) highlights its potential sig-
nificance for bioplastics impact assessment. However, although these
authors rejected the hypothesis of the phytotoxic effect of PHB-related
acidification, they could not directly confirm it.

Our results indicated that soil acidification caused by a high dose of
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P3HB can be intensified when co-applying P3HB with MI (Table S1)
although under specific conditions, MI may mitigate this problem
(Msimbira and Smith, 2020). The increase in the production and release
of 3-hydroxybutyric acid due to the increased activity of P3HB-
degrading microorganisms may be the reason. However, as plant
growth deteriorated even in the 1 % P3HB variant with unchanged
neutral pH, the first hypothesis was confirmed that the observed acidi-
fication is not responsible for plant growth inhibition in pH-neutral soils.

Although acidification probably did not directly affect the soil-plant
system (Figs. 1b, ¢, 2, 3) due to originally pH-neutral soil, it may be a
threat in acidic soils. It can affect soil quality in the long term, disrupt
the supply of nutrients to plants due to leaching, and reduce crop yields
(Goulding, 2016).

With the first hypothesis confirmed, the other results seem to support
the assumptions of Brinicky et al. (2022) that the microbial processes
coupled with the degradation of P3HB might lead to nutrient depletion
in soil and have a substantial adverse effect on lettuce growth and yield

(Figs. 1b, ¢, S1, S2, S5). As the microbial inoculation with PGPR with
potential for nitrogen fixation (A. lipoferum and A. vinelandii) and sol-
ubilisation of phosphorus (B. subtilis) did not mitigate the adverse effect
of P3HB (Fig. 1b, c), the second hypothesis was rejected. The alternative
explanation is also may be the lack of another micro-nutrient, which
related-enzymes were not analysed in this work. This conclusion aligns
with the results of Zhang et al. (2023) who observed the nitrogen defi-
ciency in soil during the biodegradation of biodegradable microplastics
such as P3HA, polybutylene succinate and polylactic acid. The biodeg-
radation was accompanied by priming effect and authors concluded that
stronger degradability caused greater priming effect in soil. The con-
clusions of our work of those of Zhang et al. (2023) are also supported by
other authors investigating the effect of labile, fast biodegradable sub-
strates with high C:N ratio, on plant growth. For example, Jonasson et al.
(1996) studied the effect of slowly degrading sawdust and microbio-
logically labile sucrose amendments in growth of herbs and shrubs. In
the case of sucrose, the authors observed a reduction in soil inorganic N
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and P and an increase in N and P in the microbial biomass while the
biomass production of herbs declined to about one third compared to
control soils. In addition, a declination of N plant biomass was observed.
These effects were not observed in sawdust emended variants, which
indicates that the effect may also indirectly depend on the rate of
amendment biodegradation. As the P3HD is a fast degrading bioplastic,
the negative may be related also to the fact that fast degradation con-
nected with fast proliferation of microorganisms (i.e. fixation of nutri-
ents). This can negatively impact the nutrient balance in soil resulting in
a plant stress. Similar results observed also Schmidt et al. (1997) who
studied the effects of addition sucrose, fructose and glucose combined
with high and low levels of N and P on growth of Festuca vivipara. In all
variants, sugar addition reduced plant growth. The inhibition of plant
growth was lower in the soil, which was sterilized prior to the

experiment. The authors, concluded that this was likely due to a slow
recovery of the microbial populations immobilizing the nutrients.

Therefore, the main reason of inhibition of plant growth is the
deficiency of micronutrients. Nevertheless, influence of other stressing
factors, potentially less important than micronutrients, cannot be
rejected. Fast biodegradation of labile material can lead to the depletion
of oxygen in soil with a negative impact on root system, as demonstrated
on biodegradation of plant residues (Siedt et al., 2023). However, the
negative effects of labile materials were observed under both aerobic
(Schmidt et al., 1997) and anaerobic conditions (Adachi et al., 1997),
therefore, this effects needs to be further investigated. Next, an
increased water evaporation or drain-off in the P3HB-amended soil
because P3HB is an insoluble material with poor wettability (Fojt et al.,
2022a). In particular, Niu et al. (2016) reported that the evaporation
coefficient increased with the increment of amended residual plastic
film in the soil, indicating a decreased water-holding capacity. Wan et al.
(2019) observed an increased rate of soil water evaporation due to
plastics in soil. Fojt et al. (2022a) stated that adding P3HB negatively
influenced the strength of water binding. Nevertheless, the pot soils
were regularly measured for their water content and irrigated accord-
ingly in this work. As a result, the impact of stress caused by moisture
shortage cannot be investigated easily, and further research is required
to verify this hypothesis.

Other factors to consider may include the ecotoxicity of degradation
products. As previously mentioned, the biodegradation of P3HB pro-
duces 3-hydroxybutyric acid. As shown in previous studies, incorpo-
rating 3-hydroxybutyric acid into Linum usitatissimum L. resulted in
changes to DNA de-/methylation patterns, potentially impacting the
expression of genes in the phenylpropanoid pathway (Mierziak et al.,
2020), which can result in a change in plants respond to abiotic stresses
(Sharma et al., 2019). Furthermore, there were reported also negative
impacts of P3HB on germination, emergence, and seedling survival in
the case of transgenic Camelina sativa. Also, the inhibitory effect of
butyric acid was reported for rice planted under anaerobic conditions
(Rao and Mikkelsen, 1976). On the contrary, some other authors re-
ported that 3-hydroxybutyric acid can be utilized by soil microorgan-
isms which would decrease its harmful effect on plant growth (Kozlovski
et al., 1999; Jendrossek and Handrick, 2002). However, as aforemen-
tioned, the negative impacts of biodegradation have been observed for a



M. Brtnicky et al.

wide range of labile substrates, which do not produce 3-hydroxybutyric
acid, but other metabolites. Therefore, the effect of 3-hydroxybutyric
acid cannot be ruled out, but it is probably not the main reason.

The efficiency of P3HB degradation depends on the state of the
plastisphere (Peng et al., 2022) and the availability of nutrients, water,
and oxygen (Brtnicky et al., 2022). A higher rate of P3HB degradation
(per unit mass) was observed in the variants initially containing 5 %
P3HB compared to those with 1 % P3HB. This indicates faster degra-
dation both in the presence and absence of MI. The fastest degradation in
5 % P3HB compared to 1 % P3HB samples can be explained by a Monod
model describing the growth of microorganisms and substrate use
(Alvarez-Ramirez et al., 2019).

The third hypothesis has been validated regarding the findings
demonstrating a more pronounced P3HB degradation in microbial
inoculation (as discussed in Section 3.4). Other studies reported a
similar percentage of bioplastics losses via biodegradation, but after a
longer time: 48.5 % of PHA after approximately 40 weeks (Gomez and
Michel, 2013) and 55 % of PHB after approximately 15 weeks under the
effect of Siberian soil from under the larch (Boyandin et al., 2012).
However, the experiments reported in the present work differed in
conditions and methods for determining biodegradability. In particular,
Gomez and Michel (2013) used closed jars without regular irrigation. In
contrast, Boyandin et al. (2012) conducted the experiment under natural
conditions, which included variations in temperature and water regime
(as discussed later). Therefore, the differences in those results clearly
demonstrate that the variability of conditions is decisive for the rate of
bioplastics biodegradation.

4.2. Influence on microbial activity

4.2.1. Microbial activity coupled with soil C dynamics

The dose-dependent increase in degradation activity with increased
P3HB addition (Table 2) indicates that the C in P3HB was the prefer-
entially utilized energy source (Brtnicky et al., 2022). The addition of
labile C substrate to soil is frequently accompanied by a general increase
in SOM turnover (Zhou et al., 2020). The lower than expected stimu-
lation of p-glucosidase activity (Fig. 3a) aligns with Zhou et al.'s (2021)
presumption that PHBV stimulates the breakdown of other common soil
polymers (i.e. cellulose).

Enrichment of soil microbiome with bacterial species from MI was
expected to positively affect C mineralisation and P3HB degradation as
different microbial groups participate in the latter (Bonartseva et al.,
2003; Rizzarelli et al., 2004). When used in isolation, MI stimulated only
BR in all variants (Fig. 2) and for DHA for the 5 % P3HB variant, with no
benefit to the C mineralisation rate (Table 2), probably because it spe-
cialises in a specific soil substrate. As the ability to degrade the added
substrates for IR was not enhanced by MI, they are possibly not diverse
enough to cover a wide range of degradation functions. In contrast,
P3HB and MI co-application enhanced C mineralising activities
expressed by the respirations at both doses of P3HB and by GLU and
DHA at one (Figs. 2, 3). This finding originates from the increased
abundance of potentially P3HB-degrading microorganisms (Figs. 4, 5d)
and the wide availability of C sources represented by P3HB particles.
These results confirmed our third and fourth hypotheses. Previously, a
similar increase in the bioplastic degradation in soil inoculated with
microorganisms was reported for poly-butylene succinate (Abe et al.,
2010), PLA (Janczak et al., 2018), and the plasticiser di(2-ethylhexyl)
phthalate (Bai et al., 2020) mainly due to the application of specific
species adapted to the given conditions. The specific adaptation to the
given conditions was also decisive in this case (Figs. 4, 5) and was
mainly conditioned by the content of P3HB.

4.2.2. Microbial activity coupled with soil N dynamics

The positive correlation of N mineralisation indicators such as NAG,
Ure, NAG-, Ala-, Lys-, and Arg-IR with C mineralisation indicators (DHA,
GLU, and respiration types; Figs. S1, S2) suggested that similar
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mechanisms as described above (which boosted C mineralisation) were
involved in the enhancement of soil N mineralisation potential. How-
ever, in the absence of an additional N source, the availability of readily
utilisable P3HB likely promoted N mining and coupled SOM degrada-
tion. This probably resulted in the increased release of SOM-bound N,
which was associated with the activity of soil fungal biomass (indicated
by NAG and NAG-IR), as reported previously (Brtnicky et al., 2022). This
supports our fourth hypothesis.

N-acetyl-p-D-glucosaminidase highly correlated with Ure (Fig. S1),
P3HB presence in soil-derived urease increase, but without any further
accessory effect of MI (Fig. 3e). It was hypothesised that the microbial
consortium containing, among others, N-fixing bacteria Azotobacter
vinelandii and Azospirillum lipoferum (Table 1), could contribute to higher
rates of Ny assimilation in the soil and subsequent increased turnover of
bacterial biomass-related N. However, despite the indicated stimulation
of Azospirillum and Azotobacter abundance by combined P3HB and MI
(Fig. 5a, f), microbial inoculation probably increased only fungal
biomass-accompanied N mineralisation (Fig. 3d).

Microbial inoculant-derived increased soil microbial abundance and
P3HB-enhanced microbial degradation likely led to a higher demand for
N. This could stimulate competition for this element between plants and
microbes and subsequently cause a significant deficit of N available to
plants. In conclusion, we may speculate whether the MI did not exac-
erbate the unavailability of N for plants. However, the results do not
definitively confirm or reject this speculation (Fig. 1).

4.2.3. Microbial activity coupled with soil S and P dynamics

The significant positive relations between ARS and DHA, GLU, BR,
and IRs (Figs. S1, S2) suggested that increased P3HB-derived C miner-
alisation was coupled with higher S mineralisation in the soil, as already
reported by Brtnicky et al. (2022). Higher P3HB doses further activated
and multiplied soil microbiome and promoted higher demand for S in
the available form for both plants and microbes. Niknahad Gharmakher
et al. (2008) referred to S mineralisation as being predominantly driven
by heterotrophic microbial activity in the soil. The positive effect of
microbial inoculation on ARS (Fig. 3c) confirmed an enhanced nutrient
transformation rate in the MiI-treated soil, in line with the fourth
hypothesis.

However, the Phos results (Fig. 3b) were not entirely in line with the
assumption, as its values demonstrated indirect dependence on P3HB
doses. This may indicate that the content of available organic P in the
soil was insufficient and was readily exhausted due to the increased
demand under more induced nutrient acquisition at 5 % P3HB dose. The
presumed low abundance of phosphate-solubilising bacteria accompa-
nying the shift in the microbial community in the P3HB 5 % variant
(Fig. 4) was indicated by the presence of Bacillus (Fig. 5b). However, this
trend was likely counteracted by the MI enriching the soil microbiome
with the progressive P-solubiliser Pseudomonas (Fig. 5d).

4.3. Influence on microbial community diversity and taxonomic
composition

Despite the changes in the communities induced by P3HB and MI
(Figs. 4, S3), o diversity was primarily stable, indicating the limited
effect of the amended doses on microbial diversity (Fig. S4).

Changes in the microbiome associated with P3HB were likely related
to nutrient availability. Poly-3-hydroxybutyrate-related decrease of
relative abundancies of Nitrososphaeraceae, Xanthobacteriaceae, and
Gaiellaceae (Fig. S3a), among others, could reflect the reduced avail-
ability of N and P depleted during P3HB biodegradation (Wang et al.,
2022). The increase in relative abundances of several taxa (Figs. 4, S3) is
possibly linked to P3HB-related C. For example, Tetracladium was
abundantly present in the soil contaminated with biopolyester poly
(butylene succinate-co-adipate) and was recognised as involved in its
degradation (Purahong et al., 2021). Black yeast representatives, such as
Exophiala oligosperma R1, E. xenobiotica, or E. jeanselmei, were shown to



M. Brtnicky et al.

degrade various C substrates (Rustler and Stolz, 2007; Radwan et al.,
2020).

The co-application of P3HB with MI had specific responses (Figs. 4,
S3). For example, the abundances of Pseudomonadaceae, Nocardiadaceae,
Microbacteriaceae, and Caulobacteriacea were enhanced. These taxa are
important plant symbionts (Duan et al., 2021); however, at least some
can also be labelled as copiotrophic, profiting from the readily available
C substrate (Chiba et al., 2021).

The results of microbial community diversity and taxonomic
composition indicate the need for a study devoted to a deeper insight
into the changes in the soil microbiome and related processes in
response to P3HB.

5. Conclusions

The pot experiment established efficient P3HB degradation, with the
degradation rate directly dependent on the amended dose of the bio-
plastic. The added P3HB enhanced soil microbial activity, indicating a
higher mineralisation rate for C, N, and S caused by increased SOM
turnover due to higher demand for nutrients in the P3HB-amended soil.
Most microbial activity indicators were significantly positively related
to increasing the dose of P3HB and the inoculation with the microbial
consortium. Microbial inoculants provided functionally specific bacte-
rial taxa, which partially positively responded to P3HB in soil and
further enhanced the degradation efficiency as well as the turnover of
nutrients (N, S, and P) in P3HB-amended soil. Higher P3HB concentra-
tions strongly deteriorated lettuce growth, which was not ascribed to
P3HB-related soil acidification. The plant growth inhibition was not
mitigated either by PGPR with expected N availability support. The
extensive use of P3HB in agriculture (e.g. in the form of mulching sheets)
remains a threat even with microbial inoculation of soil aimed at
reducing P3HB-related adverse effects. Nevertheless, the results indicate
the potential of using microbial inoculation to decontaminate P3HB-
burdened agricultural soils. However, there are still risks such as i)
further regeneration processes connected to restoration of natural soil
microbiome and ii) insufficient nutrient content (due to accelerated run-
off), necessary for the sustainability of agricultural production, as soils
disturbed like this exhibit a persistent reduction in yields. In future
research, it is necessary to focus in more detail on (i) soil nutrients and
their availability in soil affected by P3HB and (ii) the long-term devel-
opment of the soil microbiome affected by P3HB and related time
necessary for complete P3HB degradation.
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Abstract

Background: Poly-3-hydroxybutyrate (P3HB) is a bacterial intracellular carbon and energy storage polymer, used as a
thermoplastic polyester in a wide array of industrial and agricultural applications. However, how the soil microbiome
and fertility are altered by exogenously applied P3HB has been relatively unexplored. This study aimed to assess the
effects of P3HB addition to nutrient restricted soil: its biological properties and lettuce (Lactuca sativa L. var. capitata
L.) biomass production. The experiment was designed to evaluate impacts of spatial arrangement of the relatively
organic-rich (soil organic matter, P3HB particles) versus poor fractions of the matrix with confounding factors such as
variable microbial biomass, inherent nutrient/energy status, different water relations (due to variable hydrophysical
properties of soil augmented by sand at different ratios).

Results: The results revealed that P3HB in soils induced inconsistent to contradictory changes in the microbial
abundance as well as in most enzymatic activities. The differences were conditioned by the sand content both under
P3HB presence or absence. On the other hand, dehydrogenase, urease activities, basal and substrate-induced soil
respirations were mostly enhanced by P3HB addition, directly with increasing sand content (several respiration types).
Nevertheless, P3HB significantly inhibited lettuce biomass production.

Conclusions: P3HB introduction to soil boosts the microbial activity owing to the preferential utilization of P3HB as
C source, which depletes soil N and strongly inhibits the plant growth. Enhanced microbial activity in P3HB-amended
soils with high sand content (60-80%) suggested that in nutrient-impoverished soil P3HB can temporarily replace
SOM as a C source for microbial communities due to the shift of their structure to preferentially P3HB-degrading
microbiome.
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Background

The non-degradable polymers derived from fossil fuels
are in routine use worldwide. In face of the climate
change and its environmental implications, the use of
biodegradable polymers has been advocated recently
[1, 2]. This has resulted in the increased production of
various biodegradable polymers, such as polyhydroxyal-
kanoates (PHAs) and the most common type, poly-3-hy-
droxybutyrate (P3HB, for purpose of this publication),
with presumably little or no negative effects on the envi-
ronment. P3HB is a bacterial intracellular C and energy
storage polymer, belonging to a family of biopolyesters
polyhydroxyalkanoates (PHAs) [3]. PHAs are character-
ized by technologically promising properties such as bio-
degradability, biocompatibility, thermoprocessibility and
flexible strengths [4]. PHB depolymerase enzymes are
responsible for the biopolymer degradation [5] to mono-
mer 3-hydroxybutyric acid which is completely microbi-
ally utilized [6, 7]. PHB has been further characterized as
biodegradable under both aerobic and anaerobic condi-
tions [8, 9], which adds a further plus to its utilization in
a wide range of applications.

Given their advantages, biodegradable polymers are
commonly used in agriculture [2, 10] as cover films
(mulching), bands of sowing, in pots and containers and
other horticulture materials and tools, for the controlled
release of agricultural chemicals [11] and fertilizers [12,
13]. Owing to the wider use in daily products, other
sources are similar in case of conventional plastics (i.e.,
compost, sewage sludge, irrigation, street runoff, litter-
ing and atmospheric deposition) [12—14]. By their degra-
dation, the bioplastic particles are released into the soil,
where their non-toxic character is assumed. However, up
to now, the information on the influence of the PHB on
soil quality and plant growth is scarce which demands
further studies.

Zhou et al. [15] studied soil microbial community struc-
ture, growth, and exoenzyme kinetics in hotspots formed

around microplastics of poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate) (PHBV). They observed that the addition
of PHVB increased microbial activity and enriched spe-
cific bacterial taxa. Similar results have been observed by
Deroiné et al. [16] in marine aquatic and sand environ-
ments. On the contrary, Sang et al. [17] observed reduced
microbial activity in both environments.

So far, only few studies have focused on the effect of
PHB amendment to soil on plant growth. The studies
reported harmlessness of PHBV to maize (Zea mays L.)
[18]. However, Mierziak et al. [19] found that an increase
in the content of degradation product of PHB such
3-hydroxybutyrate (3-HB), in transgenic flax (Linum usi-
tatissimum L. cv. NIKE) or after control plants treatment
with 3-HB resulted in upregulation of genes involved
in chromatin remodeling and activation of DNA de-/
methylation. These changes were targeted to structural
genes such as the phenylpropanoid pathway. Phenylpro-
panoid biosynthetic pathway is activated under abiotic
stress conditions as the phenolic compounds attenu-
ate the harmful impact of reactive oxygen species [20].
For example, drought stress in maize is accompanied
by accumulation of phenylpropanoid [21]. Therefore, it
may be considered an impact of excessive 3-HB in the
soil environment on the plant ability to respond abiotic
stress. In transgenic plant C. sativa designed to produce
PHB in the plastids of seeds, high (up to 15% of mature
seed weight) PHB production had varying effects on ger-
mination, emergence, and survival of seedlings; however,
the survival was predominantly reduced [22]. Such find-
ing also indicates the potential adverse impact of higher
PHB levels in plants.

Under favorable conditions, the biodegradable plastic
degrades fast within weeks to months [23]. These con-
ditions occur mainly in favorable areas having soils with
higher content of soil organic matter (SOM) and nutri-
ents, higher microbial activity and C turnover, and water
saturation. However, in regard to current spreadout
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of soil degradation and SOM deficiency in soils, plas-
tic particles may promote undesirable soil aggregation,
which reduces the accessibility of organic matter to soil
microbes [24], changes the proportion of soil nutrients
[25], and subsequently could decrease plant primary pro-
duction due to negative influencing of soil food web [26].
As a result, soil quality and productivity decreases, which
includes a decrease in microbiological activity, decelera-
tion of nutrient turnover and a decrease in SOM con-
tent [27]. To continue the biodegradation of bioplastics,
which are composed mostly of C, H and O, the degrad-
ing organisms presumably exploit other sources of nutri-
ents in soils including those normally used by other biota
including plants. The scenario of bioplastics degradation
under changing conditions of soil is hard to predict or
model and only partial information on these processes
are currently available, especially the soil textural dif-
ferences for plastics biodegradation should be further
considered.

Therefore, the aim of this study was to test the influ-
ence of introduction of P3HB into the arable soil and its
effects on the soil quality and fertility at different levels of
sand load. Increasing sand content represents a trajectory
of soil degradation—a decrease in SOM, nutrient con-
tent, and different hydrophysical conditions represent a
model of declining soil quality. Therefore, using sand, the
number of biodegrading microorganisms and fungi in the
arable soil was diluted and the conditions for biodegra-
dation were changed. The study aims to answer the fol-
lowing questions: (a) How and to what extent soil fertility
and microbial communities are affected by the P3HB
amendment? (b) Does the dilution influence soil fertil-
ity and microorganisms’ activity proportionally? (c) How
will the increasing sand proportion influence the activity
of the microorganisms after P3HB amendment?

Materials and methods

Experiment design

The growth substrates used for the pot experiment
were prepared by mixing a fine quartz sand (0.1-
1.0 mm; >95% SiO,) with an arable soil. The soil was a
silty clay loam (USDA Textural Triangle) Haplic Luvisol
(WRB soil classification) sampled (0-15 cm) near the
town Troubsko, Czech Republic (49°10'28”N 16°29'32"E).
The soil properties were as follows: soil macronutrients
(g-kg™")—total C 14.0, total N 1.60, P 0.097, S 0.145, Ca
3.26, Mg 0.236, K 0.231; N forms (mg-kg™")—N, ;i eral
62.8, N-NO; 56.8, N-NH, 6.04; pH (CaCl,) 7.3. Poly-
3-hydroxybutyrate (P3HB) material ENMAT Y3000 (par-
ticles < 63 pm) in the form of microparticles was obtained
from TianAn Biologic Materials Co., Ltd. (Ningbo City,
China). The particles had spherical or spherical-like
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shapes. The contact angle of P3HB was reported between
70° and ~81°, which makes it slightly hydrophobic. Fur-
ther specification was reported in Fojt et al. [28].

To remove the coarse particles, the soil was sieved
through a sieve with mesh size 2 mm. The sieved soil was
mixed with the sand in the following weight ratios: (I)
100% soil; (II) 80% soil+20% sand; (III) 60% soil +40%
sand; (IV) 40% soil +60% sand; (V) 20% soil +80% sand;
(VI) 100% sand. Each treatment was prepared in two sce-
narios: (A) with 1 wt% P3HB; (B) without any amend-
ment (control). The content of 1 wt% P3HB was chosen
in according to results of previous experiment with P3HB
[28]. In total, 6 treatments were prepared. One kg of each
thoroughly mixed growth substrate type was used to
fill experimental plastic pots (volume 1 L, top diameter
11 c¢m, bottom diameter 9 cm, height 13 cm). Each treat-
ment was carried out in 3 replicates (pots).

The pot experiment with crop lettuce (Lactuca sativa
L. var. capitata L.) cv. Brilliant took place according to
the following controlled conditions: cultivation in growth
chamber Climacell EVO (BMT, Czech Republic)—full-
spectrum LED lighting, intensity 20 000 lx; photoperiod
12 h; temperature 18/22 °C (night/day); relative humid-
ity 70%. A 2-day sprouting of the lettuce seeds on wet fil-
ter paper preceded sowing to the depth of approximately
2 mm in each pot. After sowing, each pot was watered
with 100 mL of distilled water. The 10-day-old seedlings
were reduced to only one plant (the most robust) per
pot. Pot placement in the growth chamber was rand-
omized. Manual watering of each pot with 50 mL of dis-
tilled water was done every other day. Soil humidity was
controlled, and water content was maintained during
the experiment. The pots were variably rotated once per
week. The plants were harvested 8 weeks after sowing.

The lettuce shoots were cut at ground level, and the
roots were gently cleaned of soil and washed with water.
The lettuce shoots and roots were dried at 60 °C to a con-
stant weight, and dry aboveground and root biomass
were estimated gravimetrically by weighing on the ana-
lytical scales.

Soil analysis

A mixed soil sample was taken from each pot after har-
vesting the lettuce. Soil samples were homogenized by
sieving through a sieve with mesh size 2 mm. Air dried
samples were analyzed for pH [29]. Freeze-dried sam-
ples were used for the analyses of enzymatic activities:
B-glucosidase (GLU), arylsulfatase (ARS), phosphatase
(Phos), urease (Ure) and N-acetyl-pf-D-glucosaminidase
(NAG) [30]. The p-nitrophenol (PNP)-derivatives of the
specific soil substrates were used for Vis spectropho-
tometric measurement (Infinite M Nano, Tecan Trad-
ing AG, Switzerland) at =405 nm (p-glucosidase,
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arylsulfatase, = phosphatase, = and  N-acetyl-pB-D-
glucosaminidase). Urease activity was determined as
an amount of ammonium produced from the sub-
strate urea, detected Vis spectrophotometrically by
the reagent cyanurate (A =650 nm). Each soil sample
was measured in nine replicates. The samples stored
at 4 °C were used for determination of dehydrogenase
activity (DHA) [31], soil basal respiration (BR) and sub-
strate-induced respirations (IR). DHA was measured
by 2,3,5-triphenyltetrazolium chloride (TTC)-based
method. Respiration types—BR and induction with
D-glucose (Glc-IR), D-trehalose (Tre-IR), N-acetyl-B-
D-glucosamine (NAG-IR), L-alanine (Ala-IR), L-lysine
(Lys-IR) and L-arginine (Arg-IR)—were measured using
MicroResp® device (The James Hutton Institute, Scot-
land) and spectrophotometer (Infinite M Nano, Tecan
Trading AG, Switzerland) [32].

DNA Extraction and Real-Time qPCR: DNA was
extracted from 0.5 g of freeze-dried soil sample using
the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, USA).
Isolated DNA was quantified using Nanodrop One
(Thermo Scientific, USA). The SYBR-Green platform
was used on a CFX96 Real-Time PCR detection sys-
tem (Bio-Rad Laboratories, USA). Real-time PCR was
performed to quantify partial bacterial (16S rDNA)
and fungal (18S rDNA) genes coding for ribosomal
RNA, and gene phaZ (coding for polyhydroxybutyrate
depolymerase) in soil DNA extracts. The primers used
were 1108F (5 ATGGYTGTCGTCAGCTCGTG 3)
and 1132R (5 GGGTTGCGCTCGTTGC 3') for bacte-
ria [33], FF390 (5" AICCATTCAATCGGTAIT 3’) and
FR1 (5" CGATAACGAACGAGACCT 3') for fungi [34],
PHBf (5" CGTCTACCGCAACGGCACCAAGG 3') and

Page 4 of 13

PHBr (5' TGGGCGTAGTTGCTGGCCGT 3') for phaZ
(35].

Statistical analysis

Data processing and statistical analyses were performed
using freely available software R, version 3.6.1. [36]. For
characterization the relationship between the treat-
ments and selected soil properties was used principal
component analysis (PCA), multivariate analysis of vari-
ance (MANOVA at 0.1% significance level) and one-way
analysis of variance (ANOVA) type I (sequential) sum
of squares at 5% significance level [37]. For detection
the statistically significant difference among factor level
means, it was used Tukey’s HSD (honestly significant dif-
ference) test and “treatment contrast” to calculate fac-
tor level means for each treatment. The results were also
graphically presented with Rohlf biplot for standardized
PCA. Pearson correlation analysis was performed for
measuring the linear dependence between soil proper-
ties. Pearson correlation coefficient was interpreted as
follows: 0.0<r<0.3 (negligible correlation), 0.3<r<0.5
(low correlation), 0.5<r<0.7 (moderate correlation),
0.7<r<0.9 (high correlation), and 0.9<r<1.0 (very high
correlation) [38].

Results

Soil microbial communities

As expected, the effect of P3HB on 16S rDNA was vari-
able depending on the sand content (Fig. 1A). At 0—-40%
of sand, the P3HB effect was neutral to negative, while at
60-100% sand content, the effect was neutral to positive.
In control, the effect of soil dilution by sand on 16S rDNA
was significant from 60% of sand. The similar patterns
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Fig. 1 A Bacterial (165 rDNA), B fungal (185 rDNA), C PHB-degrading microorganisms (phaZ) gene markers in the growth substrates; the lowercase
letters indicate significant differences at p < 0.05
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were found for 18S rDNA (Fig. 1B), however the neutral-
to-negative effect of P3HB prevailed until 60% of sand. In
control, the effect of sand was more significant as already
20% of sand significantly reduced 18S rDNA. Presence of
P3HB had neutral-to-positive effect on PHB-degrading
microorganisms in all growth substrates (Fig. 1C). Fur-
thermore, presence of P3HB alleviated the negative effect
of increasing sand content (up to 80%).

Soil enzyme activities

DHA was significantly higher in P3HB-amended vari-
ants (Fig. 2A). The only exception was 100% sand variant
with barely detectable DHA regardless of P3HB presence.
The increasing proportion of sand predominantly led to
a decrease in DHA despite its moderation to stimulation
by P3HB between 60 and 80% of sand. The effect of P3HB
on ARS was ambiguous depending on the sand content
(Fig. 2B). At 0-40% of sand, the P3HB effect was neu-
tral to negative, while at 60—-100% of sand, the effect was
neutral to positive. In the case of NAG, the P3HB effect
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was not clear as well, however, it was rather positive as
four P3HB-amended variants had significantly increased
NAG values (Fig. 2C).

P3HB increased Ure in all the variants (Fig. 2D).
Decrease in Ure values related to increasing sand-
soil ratio was noticeable in controls; less steep but still
decreasing trend in Ure values indirectly related to rais-
ing sand content was found in the P3HB-amended vari-
ants. P3HB-amendment decreased GLU at 0-60% of
sand (Fig. 2E). The effect of P3HB on Phos was differenti-
ated depending on the sand content (Fig. 2F). At 0-40%
of sand, the P3HB effect was neutral to negative, at
60—100% of sand, the effect was positive. In general, the
increasing proportion of sand caused a significant grad-
ual decrease in ARS, NAG, GLU and Phos (Fig. 2).

Soil respiration

P3HB amendment significantly increased BR at 0-80% of
sand (Fig. 3A). In addition, BR increased with increasing
sand content (up to 80%) in the presence of P3HB. Except
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Fig. 3 A Basal, B p-glucose, C N-acetyl-3-p-glucosamine, D p-trehalose, E t-alanine, F L-arginine and G L-lysine induced respiration in the growth

substrates; the lowercase letters indicate significant differences at p <0.05
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for pure soil and sand variants, P3HB had a positive effect
on Glc-IR (Fig. 3B). In contrast to the control, the pres-
ence of P3HB stabilized or even increased Glc-IR with
increasing sand content up to 80%.

P3HB significantly increased NAG-IR in all variants
containing soil (Fig. 3C). In addition, the negative effect
of increasing sand content on NAG-IR in the control con-
trasted with P3HB-amended variants up to a sand level
of 80%. The same trend was visible in Tre-IR (Fig. 3D) as
both respirations highly correlated (Additional file 1: Fig.
S1). P3HB effect was positive as well, except pure soil and
sand variants. The results’ trends of Ala-IR and Lys-IR
(Fig. 3E, G) followed the results of Glc-IR and Tre-IR as
is also reflected by their positive significant correlations
(Additional file 1: Fig. S1).

Arg-IR slightly differed compared to other respirations
(Fig. 3F). The effect of P3HB was neutral to positive as
well, however, the respiration increase with increasing
sand content in the presence of P3HB was not recorded.
Although there was a significant increase in Arg-IR at
20% of sand, further sand content increase was followed
by unchanged or decreasing Arg-IR.

Plant biomass

Fresh and dry aboveground plant biomass (Fig. 4A, B) as
well as dry plant root biomass (Fig. 4C) were seriously
negatively affected by P3HB as all soil containing vari-
ants showed significantly lower values compared to the
control. The only exception was 100% sand variant, which
had similar negative effect on plant biomass production
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regardless of P3HB presence. In control, decreasing plant
biomass production followed increasing sand content;
in P3HB-amended growth substrates, this trend was
suppressed.

Discussion

Effect of P3HB on soil microbial activity

The microbial behavior after addition of P3HB was simi-
lar as after PHBV addition [15] with specifics caused
by dilution of soil or SOM by increasing sand content.
The effect of P3HB on 16S rDNA and 18S rDNA was
ambiguous, as P3HB addition reduced, increased, or did
not affect bacterial and fungal content (Fig. 1A, B). The
results suggest that the mechanism of their interaction
and resulting effect may be related to changing physical
and chemical properties of soil (see further discussion).
PHB-degrading microorganisms (Fig. 1C), on the other
hand, were predominantly positively affected by P3HB
addition to soil. This increase is probably directly related
to the supply of the preferred energy source in the form
of a biodegradable polymer [5, 39]. Due to the suppres-
sion of the influence of P3HB in the sandy (100%) sub-
strate due to the assumed negligible content of SOM and
microbiota (Fig. 1), we do not discuss this variant in this
chapter.

The individual enzymatic activities shed light on the
processes occurring in soil after addition of P3HB. Ure
is an important extracellular enzyme that hydrolyzes
urea and regulates the early nitrification process in soil
and is closely related to the SOM content [40]. Therefore,
it is related to the N availability. Ure is the only enzyme

that showed disproportional decrease with increasing
sand content (Fig. 2) as in soils without P3HB. This indi-
cates that the P3HB increases activity and abundance of
nitrifying microbes which cause enhanced Ure activity
independently of SOM content. Thus, P3HB can replace
(temporarily) the SOM in sandy soil.

The P3HB is composed of C, O and H, therefore the
immobilization of essential nutrients (mainly N and
P) is necessary for microbial degradation [15, 41]. This
comes from the notion that an optimal C:N ratio in
soil is around 25.0 [42]; above this value N is immobi-
lized and below this value is N mineralized [43]. In this
work, P3HB application increased soil C:N ratio. Dur-
ing biodegradation, this increase caused N shortage
around PHB particles, and the microbes immobilize
N from their environment [44]. This generally results
in a decrease in plant-available N in soil. If there is no
N to immobilize, microbial growth is slowed down. By
addition of P3HB is the C:N disturbed, while the dis-
ruption seems to be the most pronounced in samples
with low content of SOM. Noteworthy, the imbalance
in C:N ratio influences the soil organisms in a different
way; fungi have wider C:N ratios in their tissues than
bacteria and archaea and therefore, they can grow more
efficiently on low N substrates and will thus mineral-
ize N more readily. This is also the case of PHB, which
is biodegraded preferably by fungal communities at
the phylum level dominated by Ascomycota [45]. The
product of urea hydrolysis is CO, and NH,*; the latter
is either used by plants or microbes, which can even-
tually convert it into NO,- via nitrification processes
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[46] However, nitrification rates are typically low as
the nitrifiers are relatively poor competitors for NH,"
in the soil solution and occurs when the NH," supply
exceeds plant and other heterotrophs demand [47]. As
the plant growth was largely suppressed under P3HB
addition (Fig. 4), it can be anticipated that majority
of NH,* was used for growth of soil microbes, espe-
cially of PHB-degrading microorganisms (Fig. 1C).
This enhanced consumption of ammonium nitrogen
putatively more decreased the content of plant avail-
able, inorganic nitrogen, similarly as referred to poly-
lactic acid (PLA) contaminated soil during vegetative
state of bean [48]. This hypothesis is supported by the
enhanced Ure activity (Fig. 2D) and high correlation
of Ure activity with the total degradation level indi-
cated by DHA and PHB-degrading microorganisms
(Additional file 1: Fig. S1). In addition, Zhou et al. [15]
reported an increased activity of Acidobacteria and
Verrucomicrobia phyla in soils degrading PHBV. In fact,
neither Acidobacteriota [49] nor Verrucomicrobia [50]
are involved in soil N-cycle processes such as nitrifica-
tion, denitrification, or nitrogen fixation. Thus, it can
be concluded that N (or its vast majority) is used for
growing of microorganisms’ population.

This finding confirms the earlier assumption of
Hoshino et al. [51] who explained better correlation of
the biodegradable polymers degradation with the total
N content than with the total C content by the necessity
of soil N for the degradation by microorganisms as it is
absent in bioplastics.

Importantly, unlike the Ure the phosphatase activ-
ity showed proportional results in terms of sand con-
tent (Fig. 2F). Phosphatase is an extracellular enzyme
that mineralizes organic P into phosphate by hydrolyz-
ing phosphoric (mono) ester bonds [52]. Similarly to all
extracellular phosphatases, enzyme expression is induced
by P deficiency [53]. Notably, Fig. 2F shows higher
demand for P in soils containing P3HB and high sand
content comparing to soils with lower sand content.

DHA is a basic indicator of microbial activities coupled
with SOM degradation in soil [54]. The most important
function of DHA is the biological oxidation of SOM,
achieved by transferring protons and electrons from
organic substrates to inorganic acceptors [55]. For this
reason, DHA positively correlates with SOC and C,,
as it reflects the activity of living cells and not of DHA
stabilized in soil complexes [53]. This explains its posi-
tive correlation with other microbe-related soil proper-
ties (Additional file 1: Fig. S1). In addition, significantly
increased DHA values in P3HB-amended variants
(Fig. 2A) assumed that PHB addition enhanced soil deg-
radation rate due to its utilization as an energy/C source
[15, 56, 57]. This assumption was confirmed especially by
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the prevailing increase in PHB-degrading microorgan-
isms (Fig. 1C) and their high positive correlation with
DHA (Additional file 1: Fig. S1).

ARS is involved in the S mineralization process which
cleaves organosulphates [58] and is used as a measure of
soil health and soil microbial activity [59]. ARS activity is
correlated with soil microbial biomass and the rate of S
immobilization [60], pH and SOC [61]. Here, similarly as
phosphatase, its activity is elevated in sandy soils (>60%
sand) with P3HB (Fig. 2B), which reflects higher demand
for immobilization of S in less buffered system.

NAG is an enzyme catalyzing the hydrolysis of termi-
nal 1,4 linked N-acetyl-beta-D-glucosaminide residues in
chitooligosaccharides, i.e., it is involved in degradation of
chitin, the key polysaccharide of fungal cell wall [62]. Its
activity was enhanced in most P3HB-amended variants
(Fig. 2C), which underlines higher demand of degrading
organisms for N acquisition from available sources, but
different than Ure, as suggested by their low correlation
(Additional file 1: Fig. S1). Enhanced NAG activity sup-
ports the view that plants or microbes may use N-con-
taining monomers and not only inorganic N [63].

GLU is an enzyme that catalyzes the hydrolysis of
terminal 1,4 linked B-D-glucose residues from [-D-
glucosides, including cellulose oligomers and thus it is an
indicator of SOM degradation and soil C utilization [64].
Its activity was either the same or even lower in soils with
P3HB (Fig. 2E). This may be attributed to either prefer-
able cleavage of PHB rather than cellulose or a high C:N
ratio [64].

BR is a key indicator of aerobic catabolic activity in soil,
and accessibility and degradability of organic C in SOM
[65]. The P3HB application positively influenced BR
(Fig. 3A) according to the mechanism described above
in the DHA-related part. Substrate-induced respiration
is used to measure the activity of specific microorgan-
isms responding to addition of substrates with specific
composition. Response induced by Glc, NAG, Tre, Ala
and Lys corroborated with results of BR (Fig. 3). Similar
mechanisms and involvement of the same organisms is a
probable reason of the grouping of all these respirations
(Additional file 1: Fig. S2) and their positive significant
correlation (Additional file 1: Fig. S1). On the contrary,
arginine substrate showed slightly different results com-
paring to them.

The results of Arg IR, an indicator of fungal respiratory
activity in soil, suggest neutral-to-positive effect of P3HB
as well (Fig. 3F). However, a slight deviation in the trend
of values from the results of other respirations is visible
(Fig. 3) and evident also from the PCA (Additional file 1:
Fig. S2). The respiration decreases with increasing sand
content. This indicates the relation of Arg-IR to soil tex-
ture. In sandy soils, the pores are better aerated, water
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content and water holding capacity are significantly
reduced. These conditions probably limited the use of
arginine substrate by microorganisms.

Effect of P3HB on soil fertility

The results clearly indicate an adverse effect of P3HB on
both above- and below-ground biomass production of L.
sativa (Fig. 4). These results are in accordance with pre-
vious works that degradation of biodegradable plastics
might negatively affect plant growth [66, 67]. In general,
for biodegradation of P3HB, two major explanations
may be attributed to the observed effects: (i) phytotoxic-
ity of P3HB microplastics or their degradation products
and (ii) the effect on soil properties and/or inhibition of
nutrients.

Alternative (i) was thoroughly discussed by Zhou et al.
[15] who observed similar results as in this work by test-
ing PHBV, which is a common derivative of PHB. The
authors speculated about possible phytotoxic effect of
PHB biodegradation products due to acidification of
soil caused by released of 3-hydroxybutyric acid dur-
ing PHBV degradation, but this speculation was in the
cited work rejected. The rejection of the hypothesis
is partially in line with our results showing the result-
ing pH above 7 in soil without P3HB (in other soils was
probably increased due to sand content). Moreover, the
pKa of 3-hydroxybutyric acid is 4.41 [68] indicating that
the acidification effect of this acid is very low. Influence
of 3-HB effect on the phenylpropanoid pathway regula-
tion related to reaction on abiotic stress [19, 20] was also
mentioned. Liwarska-Bizukojc [69] used S. saccharatum,
S. alba and L. sativum as phytotoxicity bioindicators of
PHB and found no effect on seed germination even at
concentration as high as 11.9% w/w. Nevertheless, the
presence of PHB in soil caused root growth inhibition
mainly on Sinapsis alba and Lepidium sativum. On the
contrary, Dahal et al. [18] did not find any significant
effect of PHBV on plant growth. Possible adverse effect
of PHB due to reduced seedlings survival was indirectly
suggested by [21].

Alternative ii) was discussed by Silveira Alves et al. [70]
who stated that the role of PHB in plant-bacterium inter-
actions is still poorly understood, however, their study
suggested that PHB metabolism may contribute to bac-
terial plant growth promotion and that deletion of genes
involved in the synthesis and degradation of PHB reduce
the bacterial ability to enhance plant growth [70]. Here,
despite the prevailed P3HB-related promotion of micro-
organisms’ abundance and community structure, the
suggestion of plant growth promotion must be rejected.
Furthermore, due to the hydrophobic nature of PHB
[71], a higher water repellency and increased drain-off
may be expected in PHB-amended substrates. Zhou et al.
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[15] concluded that PHBV addition increased microbial
activity, growth, and exoenzyme activity, changed the soil
bacterial community at different taxonomical levels and
increased the alpha diversity, which most likely led to the
enhanced mineralization of native SOM and negatively
influenced the growth of Triticum aestivum L.

Our results, i.e., serious P3HB-related growth inhibi-
tion of L. sativa (Fig. 4) and enhanced microbial activity,
are supported by the results reported in [15]. As indi-
cated by the low negative correlations between plant bio-
mass and BR, Lys-IR and Ure, respectively (Additional
file 1: Fig. S1), growth inhibition could result from an
adverse consequence of plant-microbiota interaction,
such as competition for nutrients. The most likely sce-
nario appears to be competition for N, which was prob-
ably utilized by PHB-degrading microorganisms (as
discussed above). Similarly, suppressed growth of com-
mon bean shoots and roots in PLA-treated sandy soil,
reported by [48], was likely caused by significant deficit
of plant available (mainly nitrate nitrogen) and dispro-
portion in dissolved organic carbon (DOC) and nitrogen
(DON), leading to increased C:N ratio. Noteworthy, in
our case, we can exclude the negative effect of drought
stress caused by hydrophobicity of PHB as the design of
pot experiments (i.e., regular irrigation) exclude the pos-
sibility of shortage of moisture in soils due to regular
irrigation.

Effect of P3HB under changing SOM content
as an implication of soil degradation
The results of multivariate analysis of variance
(MANOVA) showed significant (p<0.001) differences
among experimental variants in all determined proper-
ties confirming the importance of increasing sand con-
tent in arable soils for the use of P3HB in agricultural
soils. However, the consequences were variable, as they
were positive, neutral, and negative.

16S rDNA and 18S rDNA (Fig. 1A, B) were very
highly positively correlating (Additional file 1: Fig. S1)
and followed similar pattern of overall decrease in both
P3HB-amended and control substrates. Despite clear dis-
proportionality, the decrease was probably caused by the
decrease of the SOM content and number of soil micro-
organisms and fungi following soil dilution by sand. This
also negatively affected all enzymatic activities, which
showed a similar overall trend (Fig. 2). Therefore, the
progressive deterioration of soil quality by the increase in
the sand fraction will have a negative impact on microbial
and fungal biomass and enzymatic activities, whether the
soil is contaminated with P3HB or not.

However, the degree of sand influence is significantly
affected by the presence of P3HB. Compared to con-
trol, bacterial and fungal biomass content (Fig. 1A, B)
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followed similar pattern of initial stagnation or decrease
after P3HB addition replaced by stagnation or growth
at higher (>60%) sand load. In PHB-degrading micro-
biome, the negative effect of increasing sand content
was alleviated by presence of P3HB (Fig. 1C). Moreover,
the results suggest that presence of P3HB together with
increasing sand content (up to 80% of sand) can even
stimulate PHB-degrading microorganisms. Thus, the
partial increase of 16S rDNA and 18S rDNA was prob-
ably related to this part of the microbiome. The reason
may be better aeration of the substrate accompanied by
the necessary presence of the P3HB energy source sub-
stituting declining SOM content, resulting in the boom-
ing of PHB-degrading microorganisms and overall shift
in microbiome structure. This hypothesis is supported
especially by the similar phenomenon in DHA (Fig. 2A),
increasing respirations with increasing sand content
(Fig. 3) and the grouping of these factors in the PCA
(Additional file 1: Fig. S2).

Some other enzymes (ARS, NAG, Ure, GLU, Phos) also
showed partial deviations indicating a different effect of
P3HB depending on the sand content (Fig. 2). For exam-
ple, at lower sand content (0—-40%), the effect of P3HB on
ARS (Fig. 2B) and Phos (Fig. 2F) was neutral to negative,
while at higher sand content (60—-100%), the P3HB effect
was neutral to positive. This suggests that the expected
PHB-degrading microorganisms boom related to the
increased aeration had a positive effect on these enzy-
matic activities as well. Therefore, although P3HB acts
as a potential selective microbial inhibitor in a favorable
state of soil due to the dominance of different (natural)
functional groups of microorganisms, in unfavorable
conditions of increasing sand content, P3HB can main-
tain or even stimulate the activity of some enzymes asso-
ciated especially with the PHB-specific microbes as an
alternative energy source.

As already mentioned, predominant stimulation of BR,
Glc-IR, NAG-IR, Tre-IR, Ala-IR and Lys-IR with increas-
ing (up to 80%) sand content in P3HB-amended sub-
strates (Fig. 3) was probably caused by better aeration
coupled with P3HB utilization. This phenomenon could
also be explained by the increasing rate of preferable
utilization of P3HB with the increasing portion of PHB-
derived C regarding the total soil organic C. This feature
might be comparable to the observation of Kuzyakov and
Bol [72], who described a metabolism switch from the
hardly utilizable recalcitrant C in SOM to the easily avail-
able carbonaceous compound leading a positive priming
effect. The study carried out with bean-planted PLA-
contaminated sandy soil also showed increasing values
of readily oxidizable carbon (POXC) with ascending con-
tent of plastics (up to 2%) [48]. However, this can be con-
sidered as a necessary side effect rather than a cause, as it
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would have a similar graded positive effect on the other
characteristics studied.

The increase in sand content significantly reduced the
production of plant biomass in the control (Fig. 4), how-
ever, the presence of P3HB suppressed this phenomenon
and limited biomass production to a minimum. There-
fore, the gradual degradation of P3HB-contaminated
arable soils by increasing sand content is not determining
for L. sativa yields; P3HB presence limits the growth of
L. sativa to the same extent as growing in pure sand. It is
important to keep in mind that the possible contamina-
tion of soil by 1% of P3HB is realistic in the case of appli-
cation PHB-based fertilizer coatings, delivery systems
and mulching films. The SOC content in the soil was
14 g kg%, therefore, applied dose of P3HB is very high
in terms of SOM-to-P3HB ratio. As the P3HB is easily
available substrate, we speculate that even significantly
lower dose may have an adverse effect on plant growth. A
decrease in SOM (represented here by sand dilution) can
worsen this adverse effect .

In summary, the effect of changing sand content is
also well reflected in the PCA (Additional file 1: Fig. S2).
Sand’s dominant property, high pH (Additional file 1:
Fig. S3), is clearly related to the sandy variants, which
form one separate group of substrates unsuitable for soil
organisms and plant biomass production. The absence of
P3HB and high soil content are clearly the most impor-
tant factors for high L. sativa biomass production. High
soil content is key for high level of bacterial and fungal
biomass, as well as most enzymatic activities. The pres-
ence of P3HB and a more balanced soil:sand ratio is both
crucial for high soil respiration and content of PHB-
degrading microorganisms.

Conclusions

The changes in the microbial abundance and community
structure after P3HB addition were variable; however,
there was a growth and amplification of specific PHB-
degrading microbial population. The results of enzymatic
activities were also ambiguous depending on the sand
content. The basal and substrate-induced respirations as
well as DHA were mostly enhanced by the P3HB addi-
tion, which seemed to be preferable source of C and
energy for soil aerobic microbes. In conclusion, although
P3HB acts as a potential selective microbial inhibitor
in a favorable state of soil, in unfavorable conditions of
increasing sand content (approximately 60-80%), P3HB
can maintain or even stimulate the microbial abundance
and community structure as well as enzyme activities
and soil respiration. However, these potentially posi-
tive effects on the soil microbiome were contrasted by
the significant adverse effects on the plant growth. The
results show that soils may have the capacity to degrade
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the bioplastics, but at the cost of nutrient availability to
plants and negative impact on their growth. This capac-
ity may be affected by a gradual nutrient-related dete-
rioration of soil quality. Moreover, at low SOM content
(increased sand-to-soil ratio), the P3HB can replace the
SOM as a main substrate, which shifts the composi-
tion of microbial community towards this only available
substrate. We conclude that, although the biodegrad-
able bioplastics are C neutral, further research should
answer if they do not induce positive priming effect on
SOM, as the overall activity of soil organisms were dis-
proportionately boosted in P3HB-amended sandy soils.
Most importantly, future studies should find the condi-
tions under which can biodegradable plastics enter the
soils without any adverse effect on soil fertility and other
properties.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540538-022-00345-9.

Additional file 1: Fig. S1. Correlation matrix of soil properties; numbers
indicate the Pearson’s correlation coefficient r. Fig. S2. Rohlf PCA biplot

of individuals and variables. Fig. S3. pH in the substrates; the lowercase

letters indicate significant differences at p < 0.05

Acknowledgements
Not applicable.

Author contributions

Conceptualization, TH, JH and MB; methodology, TH, JH and MB; software, TH,
TB, JF; validation, VP, MB, AM, OM, AK and JK; formal analysis, JF, TB; investiga-
tion, JH, AM and MB; resources, JH, TH, and AK; data curation, TH, MR and JF;
writing—original draft preparation, JH, MB; writing—review and editing, VP,
TH, JH, AM, JK and MB; visualization, TH and AK; supervision, JK, VP; project
administration, JF, JH, MB, AK; funding acquisition, MB, AK, JH, JK. All authors
have read and agreed to the published version of the manuscript. All authors
read and approved the final manuscript.

Funding

The work was supported by the Ministry of Education, Youth and Sports of
the Czech Repubilic, project Kvalitni internf Granty VUT EF19_073/0016948
and project FCH-S-22-8001 and by the Ministry of Agriculture of the Czech
Republic, institutional support MZE-RO1218 and MZE-RO1722.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
"Faculty of Chemistry, Institute of Chemistry and Technology of Environmental
Protection, Brno University of Technology, Purkynova 118, 612 00 Brno, Czech

Page 11 of 13

Republic. 2Department of Agrochemistry, Soil Science, Microbiology and Plant
Nutrition, Faculty of AgriSciences, Mendel University in Brno, Zemedelska 1,
613 00 Brno, Czech Republic. *Agrovyzkum Rapotin, Ltd, Viyzkumniku 267, 788
13 Rapotin, Czech Republic. “Faculty of Science, Institute for Environmental
Studies, Charles University in Prague, Benatska 2, 128 00 Prague, Czech Repub-
lic. > Agricultural Research, Ltd,, Zahradni 1, 664 41 Troubsko, Czech Republic.

Received: 14 July 2022 Accepted: 6 October 2022
Published online: 28 October 2022

References

1. Dahman'Y, Ugwu CU. Production of green biodegradable plastics of
poly(3-hydroxybutyrate) from renewable resources of agricultural resi-
dues. Bioprocess Biosyst Eng. 2014;37(8):1561-8. https://doi.org/10.1007/
500449-014-1128-2.

2. Luckachan GE, Pillai CKS. Biodegradable polymers—A review on recent
trends and emerging perspectives. J Polym Environ. 2011;19(3):637-76.
https://doi.org/10.1007/510924-011-0317-1.

3. Sudesh K, Abe H, Doi Y. Synthesis, structure and properties of
polyhydroxyalkanoates: biological polyesters. J Progress Polym Sci.
2000;25(10):1503-55.

4. Alcantara JMG, Distante F, Storti G, Moscatelli D, Morbidelli M, Sponchioni
M. Current trends in the production of biodegradable bioplastics: the
case of polyhydroxyalkanoates. Biotechnol Adv. 2020;42:107582. https.//
doi.org/10.1016/j.biotechadv.2020.107582.

5. Altaee N, EI-Hiti GA, Fahdil A, Sudesh K, Yousif E. Biodegradation of dif-
ferent formulations of polyhydroxybutyrate films in soil. Springerplus.
2016;5(1):762. https://doi.org/10.1186/540064-016-2480-2.

6. Jendrossek D, Handrick R. Microbial degradation of polyhydroxyal-
kanoates. Annu Rev Microbiol. 2002;56:403-32. https://doi.org/10.1146/
annurev.micro.56.012302.160838.

7. Kozlovskii AG, Zhelifonova VP, Vinokurova NG, Antipova TV, lvanushkina
NE. Biodegradation of poly-beta-hydroxybutyrate by microscopic fungi.
Microbiology. 1999;68(3):290-5.

8. Nishida H, Tokiwa Y. Distribution of poly(3-hydroxybutyrate) and poly(e-
caprolactone) aerobic degrading microorganisms in different environ-
ments. J Environ Polym Degrad. 1993;1(3):227-33. https://doi.org/10.
1007/bf01458031.

9.  Sharifzadeh M, Najafpour G, Younesi H, Eisazadeh H. Poly(3-hydroxy-
butyrate) synthesis by Cupriavidus necator DSMZ 545 utilizing various
carbon sources. World Appl Sci J. 2009;7:157-61.

10. Vroman |, Tighzert L. Biodegradable polymers. Materials. 2009;2(2):307-
44. https://doi.org/10.3390/ma2020307.

11. Volova TG, Demidenko AV, Kiselev EG, et al. Field study to assess the
efficacy of slow-release formulations of the tribenuron-methyl herbicide
in spring wheat. Public Health Toxicol. 2021;1(Supplement 1):A2. https://
doi.org/10.18332/pht/142036.

12. Schopfer L, Schnepf U, Marhan S, Brimmer F, Kandeler E, Pagel H. Hydro-
lyzable microplastics in soil—low biodegradation but formation of a
specific microbial habitat? Biol Fertil Soils. 2022;58(4):471-86. https://doi.
org/10.1007/500374-022-01638-9.

13. Touchaleaume F, Martin-Closas L, Angellier-Coussy H, Chevillard A,
Cesar G, Gontard N, et al. Performance and environmental impact of
biodegradable polymers as agricultural mulching films. Chemosphere.
2016;144:433-9. https://doi.org/10.1016/j.chemosphere.2015.09.006.

14. Fojt J, David J, Prikryl R, Rezacova V, Kucerik J. A critical review of the
overlooked challenge of determining micro-bioplastics in soil. Sci Total
Environ. 2020;745:140975. https://doi.org/10.1016/j.scitotenv.2020.
140975.

15. Zhou J, Gui H, Banfield CC, Wen Y, Zang H, Dippold MA, et al. The micro-
plastisphere: biodegradable microplastics addition alters soil microbial
community structure and function. Soil Biol Biochem. 2021. https://doi.
0rg/10.1016/j.50ilbi0.2021.108211.

16. Deroiné M, César G, Le Duigou A, Davies P, Bruzaud S. Natural degrada-
tion and biodegradation of poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) in liquid and solid marine environments. J Polym Environ.
2015;23(4):493-505. https://doi.org/10.1007/510924-015-0736-5.

17. Sang Bl, Hori K, Unno H. Comparison of the degradation characteristics
of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) in water and soil by


https://doi.org/10.1186/s40538-022-00345-9
https://doi.org/10.1186/s40538-022-00345-9
https://doi.org/10.1007/s00449-014-1128-2
https://doi.org/10.1007/s00449-014-1128-2
https://doi.org/10.1007/s10924-011-0317-1
https://doi.org/10.1016/j.biotechadv.2020.107582
https://doi.org/10.1016/j.biotechadv.2020.107582
https://doi.org/10.1186/s40064-016-2480-2
https://doi.org/10.1146/annurev.micro.56.012302.160838
https://doi.org/10.1146/annurev.micro.56.012302.160838
https://doi.org/10.1007/bf01458031
https://doi.org/10.1007/bf01458031
https://doi.org/10.3390/ma2020307
https://doi.org/10.18332/pht/142036
https://doi.org/10.18332/pht/142036
https://doi.org/10.1007/s00374-022-01638-9
https://doi.org/10.1007/s00374-022-01638-9
https://doi.org/10.1016/j.chemosphere.2015.09.006
https://doi.org/10.1016/j.scitotenv.2020.140975
https://doi.org/10.1016/j.scitotenv.2020.140975
https://doi.org/10.1016/j.soilbio.2021.108211
https://doi.org/10.1016/j.soilbio.2021.108211
https://doi.org/10.1007/s10924-015-0736-5

Brtnicky et al. Chem. Biol. Technol. Agric.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33

34.

35.

36.

(2022) 9:75

isolated soil microorganisms. Oostende: European Symposium on Envi-
ronmental Biotechnology; 2004. p. 327-30.

Dahal S, Yilma W, SuiY, Atreya M, Bryan S, Davis V, et al. Degradability

of biodegradable soil moisture sensor components and their effect on
maize (Zea mays L.) Growth. Sensors. 2020. https://doi.org/10.3390/52021
6154.

Mierziak J, Wojtasik W, Kulma A, Dziadas M, Kostyn K, Dyminska L, et al.
3-Hydroxybutyrate is active compound in flax that upregulates genes
involved in DNA methylation. Int J Mol Sci. 2020. https://doi.org/10.3390/
ijms21082887.

Sharma A, Shahzad B, Rehman A, Bhardwaj R, Landi M, Zheng B.
Response of phenylpropanoid pathway and the role of polyphenols in
plants under abiotic stress. Molecules. 2019. https://doi.org/10.3390/
molecules24132452.

Yang LM, Fountain JC, Ji PS, Ni XZ, Chen SX, Lee RD, et al. Deciphering
drought-induced metabolic responses and regulation in developing
maize kernels. Plant Biotechnol J. 2018;16(9):1616-28. https://doi.org/10.
1111/pbi.12899.

Malik MR, Yang WY, Patterson N, Tang JH, Wellinghoff RL, Preuss ML,

et al. Production of high levels of poly-3-hydroxybutyrate in plastids of
Camelina sativa seeds. Plant Biotechnol J. 2015;13(5):675-88. https://doi.
0rg/10.1111/pbi.12290.

Kawashima N, Yagi T, Kojima K. How do bioplastics and fossil-

based plastics play in a circular economy? Macromol Mater Eng.
2019;304(9):1900383. https://doi.org/10.1002/mame.201900383.

Pathan SI, Arfaioli P, Bardelli T, Ceccherini MT, Nannipieri P, Pietramellara G.
Soil pollution from micro- and nanoplastic debris: a hidden and unknown
biohazard. Sustainability. 2020;12(18):7255. https://doi.org/10.3390/su121
87255.

Zhao ZY,Wang PY, Wang YB, Zhou R, Koskei K, Munyasya AN, et al. Fate of
plastic film residues in agro-ecosystem and its effects on aggregate-asso-
ciated soil carbon and nitrogen stocks. J Hazard Mater. 2021;416:125954.
https://doi.org/10.1016/jjhazmat.2021.125954.

Rillig MC, Lehmann A, de Souza Machado AA, Yang G. Microplastic effects
on plants. New Phytol. 2019;223(3):1066-70. https://doi.org/10.1111/nph.
15794.

Conant RT, Ryan MG, Agren G, Birge HE, Davidson EA, Eliasson PE,

et al. Temperature and soil organic matter decomposition rates—syn-
thesis of current knowledge and a way forward. Glob Change Biol.
2011;17(11):3392-404. https://doi.org/10.1111/j.1365-2486.2011.02496 x.
Fojt J, Denkova P, Brtnicky M, Holatko J, Reza¢ova V, Pecina V, Kucerk J.
Influence of poly-3-hydroxybutyrate micro-bioplastics and polyethylene
terephthalate microplastics on the soil organic matter structure and soil
water properties. Environ Sci Technol. 2022;56:10732-42. https://doi.org/
10.1021/acs.est.2c01970.

1SO_10390. Soil quality—Determination of pH. Geneva: International
Organization for Standardization; 2005.

1ISO_20130. Soil quality—Measurement of enzyme activity patterns in
soil samples using colorimetric substrates in micro-well plates. Geneva:
International Organization for Standardization; 2018.

Casida LE, Klein DA, Santoro T. Soil dehydrogenase activity. Soil Sci.
1964;98(6):371-6. https://doi.org/10.1097/00010694-196412000-00004.
Campbell CD, Chapman SJ, Cameron CM, Davidson MS, Potts JM. A rapid
microtiter plate method to measure carbon dioxide evolved from carbon
substrate amendments so as to determine the physiological profiles of
soil microbial communities by using whole soil. Appl Environ Microbiol.
2003;69(6):3593-9. https://doi.org/10.1128/AEM.69.6.3593-3599.2003.
Amann RI, Ludwig W, Schleifer KH. Phylogenetic identification and in situ
detection of individual microbial cells without cultivation. Microbiol Rev.
1995;59(1):143-69. https://doi.org/10.1128/mr.59.1.143-169.1995.

Vainio EJ, Hantula J. Direct analysis of wood-inhabiting fungi using dena-
turing gradient gel electrophoresis of amplified ribosomal DNA. Mycol
Res. 2000;104(8):927-36. https://doi.org/10.1017/50953756200002471.
Sei K, Nakao M, Mori K, ke M, Kohno T, Fujita M. Design of PCR primers
and a gene probe for extensive detection of poly(3-hydroxybutyrate)
(PHB)-degrading bacteria possessing fibronectin type lIl linker type-PHB
depolymerases. Appl Microbiol Biotechnol. 2001;55(6):801-6. https://doi.
0rg/10.1007/5002530100658.

R_Core_Team. R: a language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2020.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Page 12 of 13

Zar JH. Biostatistical analysis. 2nd ed. Englewood Cliffs: Prentice-Hall, Inc,;
1984.

Hinkle DE, Wiersma W, Jurs SG. Applied statistics for the behavioral sci-
ences. 5th ed. Boston: Houghton Mifflin; 2003.

Rychter P, Biczak R, Herman B, Smylla A, Kurcok P, Adamus G, et al.
Environmental degradation of polyester blends containing atactic poly(3-
hydroxybutyrate). Biodegradation in soil and ecotoxicological impact.
Biomacromol. 2006;7(11):3125-31. https://doi.org/10.1021/bm060708r.
Roscoe R, Vasconcellos CA, Neto AEF, Guedes GAA, Fernandes LA. Urease
activity and its relation to soil organic matter, microbial biomass nitrogen
and urea-nitrogen assimilation by maize in a Brazilian Oxisol under no-
tillage and tillage systems. Biol Fertil Soils. 2000;32(1):52-9. https://doi.
0rg/10.1007/5003740000213.

QiY,Yang X, Pelaez AM, Huerta Lwanga E, Beriot N, Gertsen H, et al.
Macro- and micro- plastics in soil-plant system: effects of plastic mulch
film residues on wheat (Triticum aestivum) growth. Sci Total Environ.
2018;645:1048-56. https://doi.org/10.1016/j.scitotenv.2018.07.229.
Nannipieri P, Eldor P. The chemical and functional characterization of soil
N and its biotic components. Soil Biol Biochem. 2009;41(12):2357-69.
https://doi.org/10.1016/j.50ilbi0.2009.07.013.

BaleZentiené L. Hydrolases related to C and N cycles and soil fertility
amendment: responses to different management styles of agro-ecosys-
tems. Pol J Environ Stud. 2012;21(5):1153-9.

Sander M. Biodegradation of polymeric mulch films in agricultural soils:
concepts, knowledge gaps, and future research directions. Environ Sci
Technol. 2019;53(5):2304-15. https://doi.org/10.1021/acs.est.8005208.
Sera J, Serbruyns L, De Wilde B, Koutny M. Accelerated biodegrada-

tion testing of slowly degradable polyesters in soil. Polym Degrad Stab.
2020;171:109031. https://doi.org/10.1016/j.polymdegradstab.2019.
109031.

Kaur-Bhambra J, Wardak DLR, Prosser JI, Gubry-Rangin C. Revisiting plant
biological nitrification inhibition efficiency using multiple archaeal and
bacterial ammonia-oxidising cultures. Biol Fertil Soils. 2021;58(3):241-9.
https://doi.org/10.1007/s00374-020-01533-1.

Robertson GP, Groffman PM. Nitrogen transformations. Burlington: Aca-
demic Press; 2007. p. 341-64 (10.1016/B978-0-08-047514-1.50017-2).
Meng F, Yang X, Riksen M, Geissen V. Effect of different polymers of micro-
plastics on soil organic carbon and nitrogen—A mesocosm experiment.
Environ Res. 2022;204(Pt A):111938. https://doi.org/10.1016/j.envres.2021.
111938.

Kielak AM, Barreto CC, Kowalchuk GA, van Veen JA, Kuramae EE. The
ecology of acidobacteria: moving beyond genes and genomes. Front
Microbiol. 2016;7:744. https://doi.org/10.3389/fmicb.2016.00744.
Navarrete AA, Soares T, Rossetto R, van Veen JA, Tsai SM, Kuramae EE.
Verrucomicrobial community structure and abundance as indicators for
changes in chemical factors linked to soil fertility. Antonie Van Leeuwen-
hoek. 2015;108(3):741-52. https://doi.org/10.1007/510482-015-0530-3.
Hoshino A, Sawada H, Yokota M, Tsuji M, Fukuda K, Kimura M. Influence of
weather conditions and soil properties on degradation of biodegradable
plastics in soil. Soil Sci Plant Nutr. 2001;47(1):35-43. https://doi.org/10.
1080/00380768.2001.10408366.

Nannipieri P, Giagnoni L, Landi L, Renella G. Role of phos-

phatase enzymes in soil. Berlin: Springer; 2011. p. 215-43
(10.1007/978-3-642-15271-9_9).

Kandeler E. Physiological and biochemical methods for studying soil
biota and their functions. In: Paul E, editor. Soil microbiology, ecology,
and biochemistry. London: Academic Press; 2015. p. 187.

Wolinska A, Stepniewska Z. Dehydrogenase activity in the soil environ-
ment. Dehydrogenases. 2012. https://doi.org/10.5772/48294.
Stépniewska Z, Wolifiska A, Lipifiska R. Effect of fonofos on soil dehydro-
genase activity. Int Agrophys. 2007;21(1):101-5.

Bonartseva GA, Myshkina VL, Nikolaeva DA, Kevbrina MV, Kallistova AY,
Gerasin VA, lordanskii AL, Nozhevnikova AN. Aerobic and anaerobic
microbial degradation of poly-beta-hydroxybutyrate produced by
Azotobacter chroococcum. Appl Biochem Biotechnol. 2003;109:285-301.
https://doi.org/10.1385/abab:109:1-3:285.

Rizzarelli P, Puglisi C, Montaudo G. Soil burial and enzymatic degradation
in solution of aliphatic co-polyesters. Polym Degrad Stab. 2004;85:855-63.
https://doi.org/10.1016/j.polymdegradstab.2004.03.022.

Kumar AB, Spacil Z, Ghomashchi F, Masi S, Sumida T, Ito M, et al. Fluori-
metric assays for N-acetylgalactosamine-6-sulfatase and arylsulfatase B


https://doi.org/10.3390/s20216154
https://doi.org/10.3390/s20216154
https://doi.org/10.3390/ijms21082887
https://doi.org/10.3390/ijms21082887
https://doi.org/10.3390/molecules24132452
https://doi.org/10.3390/molecules24132452
https://doi.org/10.1111/pbi.12899
https://doi.org/10.1111/pbi.12899
https://doi.org/10.1111/pbi.12290
https://doi.org/10.1111/pbi.12290
https://doi.org/10.1002/mame.201900383
https://doi.org/10.3390/su12187255
https://doi.org/10.3390/su12187255
https://doi.org/10.1016/j.jhazmat.2021.125954
https://doi.org/10.1111/nph.15794
https://doi.org/10.1111/nph.15794
https://doi.org/10.1111/j.1365-2486.2011.02496.x
https://doi.org/10.1021/acs.est.2c01970
https://doi.org/10.1021/acs.est.2c01970
https://doi.org/10.1097/00010694-196412000-00004
https://doi.org/10.1128/AEM.69.6.3593-3599.2003
https://doi.org/10.1128/mr.59.1.143-169.1995
https://doi.org/10.1017/s0953756200002471
https://doi.org/10.1007/s002530100658
https://doi.org/10.1007/s002530100658
https://doi.org/10.1021/bm060708r
https://doi.org/10.1007/s003740000213
https://doi.org/10.1007/s003740000213
https://doi.org/10.1016/j.scitotenv.2018.07.229
https://doi.org/10.1016/j.soilbio.2009.07.013
https://doi.org/10.1021/acs.est.8b05208
https://doi.org/10.1016/j.polymdegradstab.2019.109031
https://doi.org/10.1016/j.polymdegradstab.2019.109031
https://doi.org/10.1007/s00374-020-01533-1
https://doi.org/10.1016/j.envres.2021.111938
https://doi.org/10.1016/j.envres.2021.111938
https://doi.org/10.3389/fmicb.2016.00744
https://doi.org/10.1007/s10482-015-0530-3
https://doi.org/10.1080/00380768.2001.10408366
https://doi.org/10.1080/00380768.2001.10408366
https://doi.org/10.5772/48294
https://doi.org/10.1385/abab:109:1-3:285
https://doi.org/10.1016/j.polymdegradstab.2004.03.022

Brtnicky et al. Chem. Biol. Technol. Agric.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

(2022) 9:75

based on the natural substrates for confirmation of mucopolysacchari-
doses types IVA and VI. Clin Chim Acta. 2015;451:125-8. https://doi.org/
10.1016/j.cca.2015.08.010.

Taylor JP, Wilson B, Mills MS, Burns RG. Comparison of microbial numbers
and enzymatic activities in surface soils and subsoils using various tech-
niques. Soil Biol Biochem. 2002;34(3):387-401. https://doi.org/10.1016/
S0038-0717(01)00199-7.

Vong PC, Debourge O, Lasserre-Joulin F, Guckert A. Immobilized-S,
microbial biomass-S and soil arylsulfatase activity in the rhizosphere soil
of rape and barley as affected by labile substrate C and N additions. Soil
Biol Biochem. 2003;35:1651-61.

Goux X, Amiaud B, Piutti S, Philippot L, Benizri E. Spatial distribution of the
abundance and activity of the sulfate ester-hydrolyzing microbial com-
munity in a rape field. J Soils Sediments. 2012;12(9):1360-70. https://doi.
org/10.1007/511368-012-0555-4.

Parham JA, Deng SP. Detection, quantification and characterization of
B-glucosaminidase activity in soil. Soil Biol Biochem. 2000;32(8-9):1183—
90. https://doi.org/10.1016/50038-0717(00)00034-1.

Schimel JP, Bennett J. Nitrogen mineralization: challenges of a changing
paradigm. Ecology. 2004;85(3):591-602. https://doi.org/10.1890/03-8002.
Ferraz-Almeida R, Naves E, Mota R. Soil quality: enzymatic activity of soil
-glucosidase. Global Journal of Agricultural Research and Reviews 2015;
2437-1858Vol. 3 (2).

Anderson JPE, Page AL, Miller RH, Keeney DR. Soil respiration. In: Page AL,
editor. Methods of soil analysis. 2nd ed. Madison: ASA and SSSA; 1982. p.
831-71.

QiY, Ossowicki A, Yang X, Huerta Lwanga E, Dini-Andreote F, Geissen'V,
et al. Effects of plastic mulch film residues on wheat rhizosphere and soil
properties. J Hazard Mater. 2020;387:121711. https://doi.org/10.1016/j.
jhazmat.2019.121711.

Zhang X, Kuzyakov Y, Zang H, Dippold MA, Shi L, Spielvogel S, et al.
Rhizosphere hotspots: root hairs and warming control microbial
efficiency, carbon utilization and energy production. Soil Biol Biochem.
2020;148:107872. https://doi.org/10.1016/j.50ilbio.2020.107872.

Chun AY, Yunxiao L, Ashok S, Seol E, Park S. Elucidation of toxicity

of organic acids inhibiting growth of Escherichia coli W. Biotech-

nol Bioprocess Eng. 2014;19(5):858-65. https://doi.org/10.1007/
$12257-014-0420-y.

Liwarska-Bizukojc E. Phytotoxicity assessment of biodegradable and non-
biodegradable plastics using seed germination and early growth tests.
Chemosphere. 2022;289:133132. https://doi.org/10.1016/j.chemosphere.
2021.133132.

Alves LPS, do Amaral FP, Kim D, Bom MT, Gavidia MP, Teixeira CS, et al.
Importance of poly-3-hydroxybutyrate metabolism to the ability of
Herbaspirillum seropedicae to promote plant growth. Appl Environ Micro-
biol. 2019. https://doi.org/10.1128/AEM.02586-18.

McAdam B, Brennan Fournet M, McDonald P, Mojicevic M. Production

of polyhydroxybutyrate (PHB) and factors impacting its chemical and
mechanical characteristics. Polymers. 2020;12(12):2908. https://doi.org/
10.3390/polym12122908.

Kuzyakov Y, Bol R. Sources and mechanisms of priming effect induced

in two grassland soils amended with slurry and sugar. Soil Biol Biochem.
2006;38(4):747-58. https://doi.org/10.1016/].50ilbi0.2005.06.025.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1016/j.cca.2015.08.010
https://doi.org/10.1016/j.cca.2015.08.010
https://doi.org/10.1016/S0038-0717(01)00199-7
https://doi.org/10.1016/S0038-0717(01)00199-7
https://doi.org/10.1007/s11368-012-0555-4
https://doi.org/10.1007/s11368-012-0555-4
https://doi.org/10.1016/s0038-0717(00)00034-1
https://doi.org/10.1890/03-8002
https://doi.org/10.1016/j.jhazmat.2019.121711
https://doi.org/10.1016/j.jhazmat.2019.121711
https://doi.org/10.1016/j.soilbio.2020.107872
https://doi.org/10.1007/s12257-014-0420-y
https://doi.org/10.1007/s12257-014-0420-y
https://doi.org/10.1016/j.chemosphere.2021.133132
https://doi.org/10.1016/j.chemosphere.2021.133132
https://doi.org/10.1128/AEM.02586-18
https://doi.org/10.3390/polym12122908
https://doi.org/10.3390/polym12122908
https://doi.org/10.1016/j.soilbio.2005.06.025

PRILOHA E



Environmental Research 278 (2025) 121618

Contents lists available at ScienceDirect

Environmental Research

o %

ELSEVIER journal homepage: www.elsevier.com/locate/envres

Soil texture-driven modulation of poly-3-hydroxybutyrate (P3HB)
biodegradation: Microbial shifts, and trade-offs between nutrient
availability and lettuce growth

Martin Brtnicky *"“®, Adnan Mustafa ™~ @, Jiri Holatko "®, Anna Gunina®,

Gabrijel Ondrasek ‘®, Muhammad Naveed ¢, Tereza Hammerschmiedt "®, Eliska Kamenikova ?,
Saud Alamri”, Manzer H. Siddique”, Antonin Kintl >'®, Tivadar Baltazar"®,

Ondrej Malicek "®, Jiri Kucerik”

2 Institute of Chemistry and Technology of Environmental Protection, Faculty of Chemistry, Brno University of Technology, Purkynova 118, 612 00, Brno, Czech Republic
Y Department of Agrochemistry, Soil Science, Microbiology and Plant Nutrition, Faculty of AgriSciences, Mendel University in Brno, 613 00, Brno, Czech Republic

¢ Department of Landscape Ecology, Landscape Research Institute, Lidicka 25/27, 60200, Brno, Czech Republic

94 Key Laboratory of Vegetation Restoration and Management of Degraded Ecosystems, South China Botanical Garden, Chinese Academy of Sciences, Guangzhou,
510650, China

€ OWL University of Applied Sciences and Arts, Hoxter, Germany

f Faculty of Agriculture, The University of Zagreb, Svetosimunska c. 25, 10000, Zagreb, Croatia

8 Institute of Soil and Environmental Sciences, University of Agriculture, Faisalabad, Pakistan

1 Department of Botany and Microbiology, College of Science, King Saud University, Riyadh, 11451, Saudi Arabia

! Agricultural Research, Ltd., 664 41, Troubsko, Czech Republic

L))

Check for

updates

ARTICLE INFO

Keywords:

Bioplastics

Plant growth reduction
Nutrient acquisition
Soil microbes

Soil texture

ABSTRACT

Poly-3-hydroxybutyrate (P3HB) is a promising alternative to persistent conventional plastics, capable of bio-
degrading within months. However, its microbial-driven degradation raises concerns about nutrient immobili-
zation and impacts on plant growth. The biodegradation process occurs in multiple stages, during which shifts in
the microbial community can alter soil properties and influence utilization of both intrinsic and polymer-derived
organic matter.

This study employs a novel approach to investigate how nutrient dynamics during the late stage of P3HB
biodegradation affect lettuce (Lactuca sativa var. capitata cv. Brilliant) growth. Soil-to-sand mixtures (100_0,
80_20, 60_40, 40_60, 20_80, and 0_100 ratios) were spiked with P3HB, allowed to biodegrade for eight weeks,
and then planted with sprouted lettuce seeds, which were cultivated for another eight weeks.

P3HB addition inhibited plant growth and root development in all soil-sand mixtures. However, increasing the
sand proportion enhanced plants’ nitrogen content by 13-45 % compared to 100 % soil + P3HB. Depending on
the sand-to-soil ratio, P3HB stimulated most enzymes involved in carbon, nitrogen and phosphorus acquisition.
Basal and substrate-induced respirations were 9-209 % higher under P3HB addition compared to P3HB-free soil,
likely due to an increase in the stabilized soil organic matter fraction.

Residual P3HB analysis revealed that diluting soil with 20 % sand accelerated biodegradation, despite a
decrease in bacterial abundance. In the 80_20 variant, the microbial community shifted toward higher fungal
abundance, 19 % more than in 100_0 soil. While microbial proliferation was observed, it effect was outweighed
by negative impacts on dry aboveground and root biomass. The highest P3HB biodegradation rate occurred in
the 80_20 variant, underscoring soil texture as a critical factor in P3HB biodegradation. While microbial
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communities can degrade bioplastics, this process may compromise plant nutrient availability and hinder plant

growth.

1. Introduction

Bioplastics, a class of polymers derived from renewable and biode-
gradable sources, offer a promising future for improving agricultural
and environmental conservation practices. Their adoption, primarily
due to their non-toxic properties, holds the potential to revolutionize
farming and environmental sustainability (Luckachan and Pillai, 2011;
Schopfer et al., 2022). The increasing awareness of the consequences of
plastic pollution, climate change, and other environmental issues has
spurred a transition toward biodegradable polymers, offering hope for a
more sustainable future (Dahman and Ugwu, 2014; Dahal et al., 2020).

Poly-3-hydroxybutyrate (P3HB) is a completely biodegradable and
biocompatible polymer obtained through bacterial fermentation of
renewable resources, which makes it exceptionally adaptable for various
applications (Yu et al., 2006; Albuquerque et al., 2020). P3HB has a
unique combination of properties that are desirable for multiple appli-
cations. Moreover, it demonstrates high resistance to chemicals, excel-
lent water vapor barrier properties, antimicrobial qualities, and the
ability to form diverse structures (Baei et al., 2011). The utilization of
P3HB in agriculture is gaining popularity due to its versatility and
cost-effectiveness, aligning with the increasing demand for sustainable
and environmentally friendly agricultural practices (Ngo, 2020). In
particular, P3HB can be used as a material for mulches (Kaisrajan and
Ngouajio, 2012) and fertilizer coating (Volova et al., 2016) or delivery
systems (Boyandin et al., 2016).

Despite the wide range of potential applications for P3HB, not many
studies have investigated its effects on soil health and crop production
yet (Brown et al., 2023; Brtnicky et al., 2024b; Serrano-Ruiz et al., 2023;
Zhou et al., 2021). Moreover, while the potential benefits of using
bio-based plastics in agriculture are well recognized, the potential risks
associated with using biodegradable bioplastics, such as changes in soil
moisture retention (Fojt et al., 2022), pH (Brtnicky et al., 2022; Zhou
et al., 2021), microbial community structure (Raghuwanshi et al., 2018;
Reay et al., 2024), and activity (Brtnicky et al., 2024a; Palucha et al.,
2024), are often overlooked. One reason for the changes is the formation
of the plastisphere, a new ecological niche consisting of microbial
communities that form biofilms and colonize plastic debris (Schopfer
et al., 2022; Zhou et al., 2021). Plastisphere can shift the microbiome
structure and composition, resulting in differences in metabolic path-
ways and functions compared to the surrounding soil, including the
changes in fluxes of available nutrients and microbial activity (Hu et al.,
2023; Qi et al., 2022; Zhou et al., 2021). Plastisphere of biodegradable
mulch film had higher abundances of specific bacterial phyla than the
bulk soil (Hu et al., 2023; Zhou et al., 2021); for example, plastisphere
around biodegradable plastic blend of PBAT-PLA (polybutylene adipate
terephthalate — polylactic acid) exhibited different functional and
taxonomic traits related to nitrogen (N) cycling, compared to bulk soil.
PBAT-PLA promoted diverse N transformations, enriching genes for N
fixation, degradation, and assimilatory nitrate reduction while inhibit-
ing nitrification and denitrification. The plastisphere of PBAT-PLA
harbored high abundances of Proteobacteria, especially genera like
Sphingomonas and Ramlibacter, which drove differences in N cycling
processes; Ramlibacter strains, which support ammonium generation and
transport, contributed to increased soil NH;-N (Hu et al., 2023). The
higher abundance of the N-utilizing group Nitrospirae following the
addition of PHBV (poly-3-hydroxybutyrate-co-3-hydroxyvalerate) indi-
cated a shift in N cycling as well (Zhou et al., 2021). These findings
suggest that the degradation of biodegradable plastics enhances micro-
bial N immobilization and soil N bioavailability, activity, and abun-
dance of specific soil microorganisms.

The stimulation of microbial activity intensifies the immobilization

of macronutrients, which may negatively impact plant growth (Reay
et al., 2024; Xing et al., 2025). In our previous study (Brtnicky et al.,
2022), the addition of P3HB to soil enhanced the activity of dehydro-
genase, urease, and phosphatase enzymes, i.e. enzymes involved in
carbon (C) utilization and cycling of nitrogen (N) and phosphorus (P).
Similarly, Reay et al. (2024) reported comparable effects on C, N, and
P-metabolizing enzymes in response to high PHBV doses in soil. In
various soil-to-sand dilution treatments, where soil organic matter
(SOM) content varied, dehydrogenase activity increased from 25 to 95
% and urease from 50 to 80 %, whereas phosphatase increased mainly at
high soil-to-sand dilution ratios (from 20 to 60 %). The enhanced mi-
crobial activity decreased the biomass of cultivated lettuce (Brtnicky
et al., 2022; Reay et al., 2024). On the contrary (Sang et al., 2004), re-
ported that P3HB addition decreased microbial activity. This discrep-
ancy in findings could be due to different experimental conditions or the
specific characteristics of the soil and plant species used in the studies.
Adverse effects of biodegradable plastics (BDP) (based on poly-
saccharide) on wheat growth and development were also reported by
(Qi et al., 2018), which was attributed to the competition for nutrients
between plant and soil microorganisms. P3HB micro-bioplastics
increased the rate of water evaporation, thereby promoting soil desic-
cation similar to microplastics made from polyethylene terephthalate
(Fojt et al.,, 2022). This indicates a potential exacerbation of
BDP-derived adverse effects on plant vigor and growth. A ten-month
experiment revealed that the biodegradation of P3HB without plant
cultivation decreased SOM content in Phaeozem by 15 %, Cambisol by 5
%, and Chermozem by 3 % (Palucha et al., 2024). The decrease was
attributed to the stimulation of microbial activity, which intensified
SOM decomposition as reported by other authors (Schimel and
Schaeffer, 2012).

Thus, the use of biodegradable plastics in agriculture may alter mass
and energy flows in soil, affecting both quantitative (biomass) and
qualitative (diversity and composition) properties of the microbiome.
The impact of P3HB degradation and its byproducts on nutrient (pri-
marily carbon) balances across different SOM pools, including C fraction
of varying stability, remains a largely unexplored area. This is particu-
larly relevant, when considering the link between P3HB-indiced changes
in SOM and the observed (or anticipated) decline in plant growth and
soil health. Only few studies have addressed the relationship between
P3HB degradation rate and soil type (Barak et al., 1991; Boyandin et al.,
2011; Palucha et al., 2024). Furthermore, apart from Palucha et al.
(2024) no research has investigated how microbial decomposition of
intrinsic SOM is affected by P3HB utilization as a carbon source and its
connection to enhanced nutrient acquisition. With increasing
socio-economic demands for bioplastics as an alternative to
non-degradable plastics, their use in agriculture, whether as a fertilizer
coatings or plastic films, is expected to rise in response to growing
environmental concerns. Therefore, understanding the effects of P3HB
on soil and plant health is crucial for the sustainable use of bioplastics in
agriculture.

Previous studies on the impact of biodegradable plastics on plant
growth have typically followed a similar experimental design, in which
soil was contaminated with plastic simultaneously with plant cultiva-
tion. However, plastic (bio)degradation is a multistep process that in-
cludes (bio)deterioration, (bio)fragmentation, assimilation, and
mineralization (Silva et al., 2023). This process is coupled with forma-
tion of a biofilm (plastisphere) (Riithi et al., 2020)) on the plastic sur-
face, which alters surface properties (Silva et al., 2023), influences
microbial activity and ultimately impacts soil quality and plant growth,
depending on the stage of degradation (Palucha et al., 2024). This is
exactly the uniqueness of the presented study, as its research and
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experimental design evaluates the effect of soil amendment with P3HB
eight weeks before plant cultivation. The study aimed to determine how
changes in soil’s physico-chemical and biological traits during the in-
termediate phase of P3HB degradation, occurring before the interaction
with test plants, were influenced either by the delayed involvement of
the rhizosphere in the decomposition process (similarly as reported by e.
g. (Boyandin et al., 2011; Brtnicky et al., 2022) or by the delayed onset
of severe nutrient limitation due to intense competitions for remaining
resources between the multiplied microbiome and the plants.

This semi-controlled design models a hypothetical scenario in envi-
ronmental and agricultural practice, when soil contaminated with the
remains of BDP plastics (e.g. mulching films, coatings or landfill resi-
dues) undergoes greening or agricultural management at various stages
of degradation. Accordingly, the specific objectives of this study were to
assess the effects of P3HB addition into the soil on i) microbial respi-
ration and enzyme activity, ii) microbial abundance and community
composition, iii) plant growth, and content of N, and P and iv) to
investigate the influence of the soil-to-sand dilution ratio to the rate of
P3HB biodegradation. We hypothesized that I) the P3HB addition would
reduce plant biomass and shift soil microbial activity and community
composition towards specific bacterial phyla related to N transformation
processes and P3HB biodegradation, and II) this effect would depend
upon the soil-to-sand dilution levels, as increased sand content reduces
SOM and microbial abundance, both of which are factors supporting the
rate of biodegradation.

2. Materials and methods
2.1. Experimental design and treatments description

The soil had a silty clay loam texture (according to the USDA
Textural Triangle), was sampled (0-15 cm) near the town of Troubsko,
Czech Republic (49°1028"N 16°29'32'E), and classified as a Haplic
Luvisol according to the WRB. The soil properties were: macronutrients
(g-kg_l): total C 14.0, total N 1.60, P 0.097, S 0.145, Ca 3.26, Mg 0.236,
K 0.231; N forms (mg-kg’l): Nmineral 62.8, N-NO3 56.8, N-NH,4 6.04; pH
(CaCly) was 7.3. The last crop before soil sampling was winter wheat,
which was fertilized by local standard method, i.e. by 120 kg of nitrogen
per hectare.

The growth substrates utilized in the pot experiment were prepared
by mixing fine quartz sand (0.1-1.0 mm; >95 % SiO,) with the soil,
which was done to control the level of aeration, and to simulate the level
of soil nutrients. To eliminate coarse particles, the soil was sieved
through a 2 mm mesh sieve. The sieved soil was then mixed with sand in
the following weight ratios: (I) 100 % soil (further in the text abbrevi-
ated as 100_0), (II) 80 % soil + 20 % sand (80_20); (III) 60 % soil + 40 %
sand (60_40); (IV) 40 % soil + 60 % sand (40_60); (V) 20 % soil + 80 %
sand (20_80); (VI) 100 % sand (0_100). Such a dilution changed the soil
texture and resulted in: (I) silty clay loam, (II) loam, (III) loam, (IV)
sandy loam, (V) loamy sand, and (VI) 100 % sand (see SI). This exper-
imental design was chosen to simulate soil with varying texture and a
decreasing content of intrinsic SOM, an approach with practical impli-
cations for real-world agricultural systems that utilize different soil
types. Previous studies have reported how soil type can influence P3HB
degradation (Barak et al., 1991; Boyandin et al., 2011; Palucha et al.,
2024).

The substrate was then divided into two pools: (A) without any
amendment (control = P3HB “No”); (B) with 1 wt% poly-3-
hydroxybutyrate (P3HB “Yes”) which was based on the results of a
previous experiment with P3HB (Brtnicky et al., 2022). ENMAT Y3000P
was used (particle size <63 pm), in the form of microparticles, which
was procured from TianAn Biologic Materials Co., Ltd. (Ningbo City,
China). The particles had spherical or spherical-like shapes, the contact
angle of P3HB was between 70 and ~81°, rendering it slightly hydro-
phobic (Fojt et al., 2022). In total, 12 treatments (6 without amendment,
6 with P3HB) were prepared. One kilogram of each thoroughly mixed
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growth substrate type was used to fill experimental plastic pots (volume
1 L, top diameter 11 cm, bottom diameter 9 cm, height 13 cm). Each
treatment was carried out in 3 replicates (pots).

2.2. Plant growth experiment

The pot experiment was organized into a completely randomized
design and lasted for 8 weeks. The following conditions were controlled
in a growth chamber (Climacell EVO, BMT, Czech Republic): light was
full-spectrum LED at an intensity of 20,000 lx, a photoperiod of 12 h,
temperatures of 18/22 °C (night/day) and a relative humidity of 70 %.
Each pot was added with 50 mL of distilled water every other day, and
moisture was controlled by weight. After 8 weeks, two-day-old, sprouted
seeds of lettuce (Lactuca sativa L. var. capitata L.) cv. Brilliant were
planted to each pot to a soil depth of approximately 2 mm. Following
sowing, 100 mL of distilled water was added into every pot. Ten-day-old
seedlings were thinned to one plant (the most robust) per pot. The
placement of pots in the growth chamber was randomized. Manual
watering of each pot with 50 mL of distilled water was conducted every
other day. Soil moisture was monitored, and water content was main-
tained throughout the experiment. The pots were rotated variably once
per week. The plants were harvested 8 weeks after sowing.

2.3. Lettuce analysis

Lettuce shoots were severed at ground level, and the roots were
gently cleaned of soil and washed with water. The lettuce shoots and
roots were dried at 60 °C until a constant weight, and dry aboveground
and root biomass were obtained. The chemical digestion of individual
samples was followed by analyses of the contents of N, P, K to (Bowman,
1989). The content of N was determined according to (Lu, 1999); K
according to (Nowosielski, 1968). All analyses and all measurements
were performed using atomic absorption spectrometry (AAS; Agilent
55B AA; Agilent Technologies, CA, USA). The content of P was deter-
mined using spectrophotometry (Spectrophotometer: Onda VIS V-10
Plus, Giorgio Bormac, ITA) according to (Olsen and Sommers, 1982).

2.4. Analysis of soils after the experiment

2.4.1. Soil sampling

A mixed soil sample was collected from each pot following lettuce
harvesting. These soil samples were homogenized by sieving through 2
mm mesh sieve (Retsch sieve 200 x 50, Retsch, Germany) and divided
into several portions for various processing based on determined soil
properties. Air-dried sample portions were used to pH analysis
(ISO_10390 2005).

2.4.2. Engyme analysis

Freeze-dried samples were used to analyze enzymatic activities:
B-glucosidase (GLU), arylsulfatase (ARS), phosphatase (Phos), urease
(Ure), and N-acetyl-B-D-glucosaminidase (NAG) (ISO_20130 2018). The
p-nitrophenol (PNP) derivatives of specific soil substrates were
employed for Vis spectrophotometric measurement (Infinite M Nano,
Tecan Trading AG, Switzerland) at A = 405 nm (GLU, ARS, Phos, NAG).
Urease activity was determined by measuring the amount of ammonium
produced from the substrate urea, detected via VIS spectrophotometry
using the reagent cyanurate (A = 650 nm). Each soil sample was
measured in nine replicates. Samples stored at 4 °C were utilized for
determining dehydrogenase activity (DHA) (Doi and Ranamukhaar-
achchi, 2009), soil basal respiration (BR), and multi substrate-induced
respirations (SIR). DHA was measured using the 2,3,5-triphenyltetrazo-
lium chloride (TTC)-based method. Various respiration types, BR and
substrate induced types (SIR) were measured, utilizing D-glucose
(Glc-IR), D-trehalose (Tre-IR), N-acetyl-f-D-glucosamine (NAG-IR),
L-alanine (Ala-IR), L-lysine (Lys-IR), L-arginine (Arg-IR) and using the
MicroResp® device (The James Hutton Institute, Scotland). The final



M. Brtnicky et al.

measurement was done on a microplate spectrophotometer (Infinite M
Nano, Tecan Trading AG, Switzerland) (Campbell et al., 2003).

2.4.3. DNA analysis of soil microorganisms

DNA extraction was carried out using the E.Z.N.A.® Soil DNA Kit
(Omega Bio-tek, USA) with 0.5 g of freeze-dried soil sample. The isolated
DNA was quantified using Nanodrop One (Thermo Scientific, USA).
Real-time qPCR was performed on a CFX96 Real-Time PCR detection
system (Bio-Rad Laboratories, USA) utilizing the SYBR-Green platform.
Partial bacterial (16S rDNA) and fungal (18S rDNA) genes coding for
ribosomal RNA in soil DNA extracts were quantified via real-time PCR
using the following primers: 1108F (5’ ATGGYTGTCGTCAGCTCGTG 3')
and 1132R (5 GGGTTGCGCTCGTTGC 3) for bacteria (Amann et al.,
1995), FF390 (5 AICCATTCAATCGGTAIT 3") and FR1 (5 CGA-
TAACGAACGAGACCT 3) for fungi (Vainio and Hantula, 2000).

2.4.4. Thermogravimetry of soil

Thermogravimetry was performed using a thermobalance (TA In-
struments Q 550, Delaware, USA). Approximately 200 mg of soil, which
had been equilibrated at 43 % relative humidity for 2 weeks to equili-
brate the moisture in all soil at the same conditions (Kucerik et al.,
2020), was placed on ceramic pans made of Al;03 and heated from 20 to
600 °C in a dynamic air atmosphere, with the heating rate of 10 °C
min~.
The mass loss obtained at specific temperature intervals was evalu-
ated in accordance with previous studies: mass loss from 20 to 200 °C
corresponds to moisture content, from 200 to 300 °C to the labile soil
organic matter pool, from 300 to 450 °C to the stabilized pool, and from
450 to 600 °C to the stable (refractory) pool (Tokarski et al., 2020).

The residual P3HB was calculated by the difference in mass loss
between the amended and respective unamended variants in the tem-
perature interval from 200 to 300 °C, employing the method reported by
Palucha et al. (2024).

2.5. Statistical analyses

Data processing and statistical analyses were conducted using R,
version 4.3.2 (R_Core_Team, 2023). Principal component analysis (PCA)
was done to explain the variation in the selected soil properties. One-
way analysis of variance (ANOVA) using type I (sequential) sum of
squares at a significance level of 5 % was employed (Zar, 1984) to reveal
significant differences between factor level means. Tukey’s HSD test was
used to calculate factor level means for each treatment at significance
level of 5 %. Advanced statistical barplots were created to present the
results of the one-way ANOVA and Tukey HSD test (showing statistically
significant difference between treatments. A two-way ANOVA with
interaction (Type I SSQ) was used to assess the impact of PHB across the
treatments. However, for reporting detailed results, only one-way
ANOVA was used separately, depending on the first factor (Variants),
where the type of sum of squares did not matter. Additional statistical
tools were also used, such as the Rohlf biplot for standardized PCA.

Pearson correlation analysis was conducted to reveal the linear
dependence between all soil properties (DHA, BR, Glc_SIR, etc.). Spe-
cifically, we tested for example the relationship between DHA and BR,
between DHA and Glc_SIR, between BR and Glc_SIR, etc. The correlation
graphs, which are included in the supplementary materials, clearly
illustrate these relationships. The Pearson correlation coefficient was
interpreted as follows: 0.0 < r < 0.3 (negligible correlation), 0.3 < r <
0.5 (low correlation), 0.5 < r < 0.7 (moderate correlation), 0.7 < r < 0.9
(high correlation), and 0.9 < r < 1.0 (very high correlation) (Hinkle
et al., 2003).
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3. Results
3.1. Plant biomass and nutrients analysis

In all cases, the addition of P3HB decreased above-ground fresh plant
biomass by 86-98 % and dry plant biomass by 81-99.5 % compared to
the respective controls. The highest AGB_dry was recorded in the 100_0
control, followed by 80_20 control, which showed 20 % lower values
(Fig. la, Table S1). Dry root biomass followed the same pattern as
AGB_dry (Fig. 1b-Table S1).

Root-to-shoot ratios (R:S) calculated from both fresh and dry plant
biomass, exhibited a decreasing trend with an increasing soil-to-sand
ratio in unamended (P3HB-free) soil. However, in P3HB-amended soil,
this trend was observed only for R:S_dry (Table 1). Among the P3HB
amended variants, the 20_80 mixture had the highest R:S_fresh (2.0),
whereas variants with a higher soil proportion showed significantly
lower ratios. Notably, only the 20_80 P3HB-amended variant had both
R:S fresh and R:S_dry higher than its unamended counterpart. In
contrast, for other soil-to-sand ratio, unamended soil variants consis-
tently exhibited higher R:S values than their P3HB-amedned counter-
parts (Table 1).

The N content in plant biomass was significantly higher (p < 0.05) in
the 60:40 soil-to-sand ratio with P3HB, followed by 0:100 and 20:80
ratios with P3HB, showing increases of 67 %43 % (Fig. 1c-Table S1).
N_biomass values in P3HB treatments were 15 %-138 % higher
compared to their P3HB-less counterparts with the same soil-to-sand
ratios. However, P_biomass in P3HB variants decreased by 2-29 %
compared to controls (except of 40_60 variant with P3HB). P content in
plant biomass was the highest under P3HB amendment in 80_20
(Fig. 1d, p < 0.05), followed by 100_0 (Fig. 1d-Table S1). The highest
values for K content in plant biomass were found for 40_60 with P3HB
and 60_40 with P3HB, which were both 22 % higher than 100_0 control
(Fig. le-Table S1). K _biomass increased in P3HB variants over P3HB-
free variants with equal soil-to-sand ratio by 9-29 %. The 0_.100
without P3HB had the highest DM value, followed by unamended 20_80
and 60_40 (14-7 % lower than 100_0, Fig. 1f). Across the P3HB amended
variants, 0_100 with P3HB showed significantly highest value, followed
by 20_80 with P3HB (11-5 % lower than 100_0, Fig. 1f-Table S1).

3.2. Soil enzyme activities

Dehydrogenase activity peaked in the 100:0 ratio with P3HB, 39 %
higher than the control (Fig. 2a, Table S1). Glucosidase activity was
highest in control, with the 100:0 ratio with P3HB being 7 % lower
(Fig. 2b-Table S1). P3HB had no significant impact on glucosidase ac-
tivity in other variants.

In contrast, phosphatase activity increased from 7 % to 317 % under
P3HB compared to unamended P3HB-less variants (Fig. 2c-Table S1).
Urease activity increased by 55-107 %, while chitinase (N-acetyl-f-D-
glucosaminidase) increased by 9-40 % (Fig. 2d and e) under P3HB
application compared to 100_0 control. The highest urease activity was
found in 20_80 with P3HB, followed by 40_60 with P3HB amendment
(Fig. 2d-Table S1). Chitinase activity peaked in 100_0 with P3HB, fol-
lowed by 80_20 with P3HB (Fig. 2e-Table S1).

In a P3HB amended variant, arylsulfatase decreased under higher
soil-to-sand ratios, namely in 100_0 was 22 % higher and in 80_20 was 6
% higher compared to the respective P3HB-less variants. However, the
opposite trend was observed for lower soil-to-sand ratios, such as < 60 %
soil, with increases from 25 to 37 % (Fig. 2f-Table S1). Statistical
analysis showed that all enzymes increased with 16S and 18S rDNA in
both control and P3HB-amended soil (Table S3).

The C acquisition results revealed an increase in high soil-to-sand
ratios. A comparison between P3HB-amended and unamended vari-
ants showed that C acquisition was generally lower in the presence of
P3HB (Table 2). N acquisition had a decreasing trend with increasing
soil-to-sand ratios under unamended conditions (values from 0.85 to
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Fig. 1. Dry aboveground (a) and root biomass (b), nitrogen (c), phosphorus (d), potassium (e) content in the dry plant biomass, and dry matter of soil (f) in the
variants with varied soil-to-sand ratio, without P3HB (“No”) and with P3HB (“Yes”) amendment Mean values (n = 3) =+ standard error of mean (SEM); letters indicate
statistical differences between the variants (discriminated as either unamended or P3HB-amended, analyzed by Tukey’s HSD test) on the level of significance p

< 0.05.

0.64); under P3HB it was higher compared to unamended variants
(0.82-0.73, 22 % higher in average), except for the 0100 variant
(Table 2). The vector values were observed to be higher in the un-
amended P3HB variants and were directly correlated with the soil-to-
sand ratio (Table 2). In the unamended variants, angle values ranged
from 53.7° to 55.9°, with the exception of the 80_20 ratio. Conversely, in
the P3HB-amended variants, the angle values were consistently lower,
ranging from 44.1° to 51.7°.

3.3. Soil basal and substrate induced respiration

Soil basal respiration increased with the addition of P3HB, except in
the 60:40 and 40:60 ratios, where it decreased by 23 % and 8 %,
respectively, compared to the unamended variants (Fig. 3a). The highest
basal respiration was recorded in the 100:0 and 0:100 ratios with P3HB,
being 209 % and 202 % higher, respectively, than the variants without
P3HB (Fig. 3a-Table S1). This was followed by the 20:80 ratio with
P3HB, which was 163 % higher than the control.

Glucose-induced respiration was highest in the 100:0 ratio with
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Table 1
Root-to-shoot (R:S) fresh and dry biomass ratios of plants grown in different soil-
to-sand mixtures, with and without P3HB amendment.

Variant P3HB R:S ratio_fresh R:S ratio_dry
sand 100 % No 3.00 -
sand 100 % Yes 0.67 1.00
soil 20 % + sand 80 % No 0.49 0.44
soil 20 % + sand 80 % Yes 2.00 1.00
soil 40 % -+ sand 60 % No 0.36 0.49
s0il 40 % + sand 60 % Yes 0.22 0.50
so0il 60 % + sand 40 % No 0.27 0.40
soil 60 % -+ sand 40 % Yes 0.22 0.20
s0il 80 % + sand 20 % No 0.18 0.30
soil 80 % + sand 20 % Yes 0.14 0.21
soil 100 % No 0.14 0.25
soil 100 % Yes 0.18 0.19

P3HB, showing a 20 % increase compared to the unamended variant.
The next highest values were in the 80:20 ratio with P3HB, which was
12 % higher than the unamended variant (Fig. 3b-Table S1). Similarly,
P3HB addition resulted in the highest respiration induced by glucos-
amine, trehalose, and lysine in the 100:0 and 80:20 ratios (Fig. 3c-e,
Table S1). However, arginine-induced respiration was an exception,
being highest in the 20:80 ratio with P3HB, with a 200 % increase
compared to the unamended variant, followed by the 40:60 ratio with
P3HB, which increased by 180 %. In contrast, under low soil content
(<40 %), unamended variants had 46-60 % higher Arg-IR values than
P3HB-treated ones.

3.4. Microbial community composition

The dilution of soil with sand reduced the positive effect of P3HB on
bacterial biomass (16S rDNA), with similar values observed in the 0:100
and 20:80 ratios (Fig. 4a, Table S1). In contrast, higher 16S rDNA values
were seen in the 100:0, 60:40, and 40:60 ratios with P3HB, showing
increases of 15 %-46 % compared to the unamended variants, sug-
gesting a positive impact of P3HB on bacterial proliferation. Addition-
ally, 18S rDNA values indicated that P3HB addition stimulated the
fungal community, increasing by 11 %-52 % in all ratios except 100:0
and 0:100 (Fig. 4b). The highest 18S rDNA value was recorded in the
80_20 with P3HB, which was 7 % higher than 1000 with P3HB.
Conversely, 100_0 without P3HB had the second highest value, which
was higher compared to 100_0 with P3HB (Fig. 4b-Table S1).

3.5. Influence of P3HB on soil fractions stability analysis

Fig. 5 summarizes the data obtained from thermogravimetry,
reflecting the content of soil stability fractions. Fig. 5a compares the
equilibrium moisture content in soils, as indicated by mass loss 20 and
200 °C. The results indicate a slight increase in soil moisture in 80_20
and 40_60 with P3HB. Fig. 5b presents the quantity of the labile fraction
obtained in the interval from 200 to 300° between C. Since P3HB also
degrades in this interval, the data suggest that all spiked soils still
contain residual P3HB, the quantity of which is discussed in subsequent
paragraphs. Fig. 5¢ summarizes changes in the range of 300-450 °C,
representing the so-called stabilized organic matter, which includes an
increase in microbial biomass, while P3HB is already degraded in this
range. Fig. 5d covers mass loss from 450 to 600 °C, associated with the
most thermally and microbiologically stable fraction, or the refractory
pool of soil organic matter, showing a slight statistically significant in-
crease after adding P3HB in the 80:20 ratio. The terms “stabilized
organic matter” and “refractory organic matter” refer to different ther-
mostable fractions of SOM, as defined in the Materials and Methods
section 2.4.4. These classifications are based on thermogravimetric
analysis of soil organic matter, following the methodology established in
previous study by Tokarski et al. (2020) and further used e.g. by Palucha
et al. (2024).
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3.6. Residual content of P3HB

The residual P3HB was determined as the difference in mass losses
between the variant with and without P3HB amendment in the tem-
perature range from 200 to 300 °C (Fig. 6). It is evident that in 100_0,
there was still approximately 42 % of residual P3HB. Increasing the sand
content in 80_20 variant resulted in a slight decrease in P3HB residue to
34 %. Subsequently, the values increased to 41 % in 60_40, to 50 % in
40_60, and to 53 % in 20_80.

4. Discussion
4.1. Plant growth and nutrient contents

Previously, it was shown that intact BDP and its decomposition
products posed no toxicity to cells and had low cytotoxicity (Napathorn,
2014). However, recent studies have challenged this notion, particularly
concerning the mutual interaction between BDP, soil microbiota, and
plants growing in BDP-contaminated soil (Qi et al., 2020; Zang et al.,
2020). Serious P3HB-related plant dying of wheat (Triticum aestivum L.)
(Zhou et al., 2021), and the suppression of growth of lettuce (Brtnicky
et al., 2022) were reported. Such adverse effects were ascribed to PHBV-
(P3HB-) induced SOM deterioration, driven by intensified N and P
cycling, likely leading to their rapid exhaustion. This hypothesis couples
increased nutrient losses with excessive mineralization and microbial
utilization of plastic-derived organic carbon, which is accompanied by
an enhanced concurrent uptake and immobilization of P and N in mi-
crobial biomass (Meng et al., 2022). As a result, these nutrients became
inaccessible to plants leading to the observed reduction in plant growth
in the current study.

The increased 16S and 18S rDNA levels in P3HB-amended variants
implies that the altered P3HB-associated microbiome assimilated more
nitrogen into microbial biomass (Brtnicky et al., 2024b), thereby
reducing nitrogen uptake by plants and leading to lower plant biomass
production (as evidenced by decreased AGB dry weight). This mecha-
nism, where higher microbial abundance, activity, and growth in the
rhizosphere intensify microbe-plant competition for nutrients, has been
previously reported (Blagodatskaya et al., 2010). The increased micro-
bial demand for avalable C in response to P3HB likely enhanced nutrient
transformation, reducing their availability for plant uptake into the
rhizosphere (Kuzyakov, 2006; Nguyen, 2003). In contrast, reduced ni-
trogen availability in soil lead to a significant accumulation of this
limiting nutrient in the aboveground plant biomass.

The present study confirmed the negative impact of P3HB on plant
biomass (Fig. 1), which is in accordance with our previous study
(Brtnicky et al., 2022), where the suppression was found regardless of
the soil used for the test or the soil-to-sand ratio. This indicates that the
deleterious effects were not dependent on the SOM content. Eight-week
preincubation of P3HB-amended soil before lettuce sowing agreed with
the duration of the most intensive BDP degradation in the soil (Serd
et al., 2020). During the initial degradation, the lag phase refers to the
period when microorganisms adapt to a new environment and colonize
the surface of bioplastics, and visible degradation is minimal. Once the
lag phase ends, microbial activity increases, leading to the degradation
of the bioplastics at a measurable rate (Tokiwa et al., 2009). In this work,
the increase in microbial activity is evident from the comparison be-
tween the values of dehydrogenase and basal and induced respirations
(Fig. 2) and values of residual P3HB content (Fig. 6). The rapid degra-
dation of P3HB upon introduction into the soil and the depletion of
available nutrients by growing microorganisms stimulate early compe-
tition between plants and microbial communities for nutrients and
suppress plant growth (Brtnicky et al., 2024). BDP addition also de-
creases soil water retention, bulk density, and total porosity (Jiang et al.,
2017), thus affecting water and nutrient absorption by plants (Zhang
etal., 2020; Fojt et al., 2022). Soil saturation with water was reduced by
the addition of sand (Fig. 5a), and the SOM presumably also decreased,
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Fig. 2. Soil enzyme activities in the variants with varied soil-to-sand: ratio, without P3HB (“No™) and with P3HB (“Yes”) amendment Dehydrogenase (DHA, a), B-
glucosidase (GLU, b), phosphatase (Phos, c), urease (Ure, d), N-acetyl-p-D-glucosaminidase (NAG, e), arylsulfatase (ARS, f); mean values (n = 3) =+ standard error of
mean (SEM); letters indicate statistical differences between the variants (discriminated Oas either unamended or P3HB-amended, analyzed by Tukey’s HSD test) on

the level of significance p < 0.05.

while DM increased (Fig. 1f). This result suggests that soil variants with
high sand contents may be more vulnerable to desiccation, which could
be intensified by the presence of P3HB (Wan et al., 2019; Fojt et al.,
2022). Nevertheless, a comparison of amended and unamended variants
revealed that the moisture content slightly increased in amended vari-
ants (Fig. 5a), likely because the P3HB biodegradation is associated
primarily with the formation of biofilms on BDP surfaces that increases
their hydrophilicity and water retention (Han et al., 2020).

The addition of biodegradable polymers such as P3HB and PHBV to

soil could potentially enhance the transformation and subsequent rapid
depletion of N and P by soil microorganisms, thereby causing stress for
plants (Boots et al., 2019; Zhou et al., 2021; Brtnicky et al., 2022). The
decreased availability of nutrients in P3HB-amended soil affected their
content in plant biomass, which was reflected in the yield of AGB_dry
and Root_dry (Table S3). However, in line with our previous study
(Brtnicky et al., 2022), it was confirmed that the addition of sand to soil
can mitigate the adverse effects of P3HB on nutrient uptake by plants
and the content in dry biomass. The observed high N accumulation in
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Table 2
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Soil enzyme activities, nutrient acquisition ratios, and limitation indicators in different soil-to-sand mixtures, with and without P3HB amendment.

DHA GLU

NAG Ure Phos

(mg TPF-g 1)

(nmol PNP-g’I min~1)

(nmol NHg-g’I -min~1) (nmol PNP-g’I min~1)

sand 100 %/+ P3HB 0.00/0.00 0.16/0.21 0.19/0.20 4.68/5.75 1.52/6.34
soil 20 % + sand 80 %/+ P3HB 0.38/2.51 5.89/6.31 0.94/1.46 8.09/16.23 11.72/16.23
soil 40 % + sand 60 %/+ P3HB 1.87/5.08 12.98/12.39 1.84/2.44 8.30/17.52 23.31/27.39
soil 60 % + sand 40 %/+ P3HB 5.71/7.87 21.38/21.98 3.24/4.63 10.03/19.46 33.86/41.32
soil 80 % + sand 20 %/+ P3HB 6.33/9.01 30.74/28.05 4.12/5.08 11.33/21.65 43.60/47.48
soil 100 %/+ P3HB 7.51/10.41 36.88/34.45 4.65/6.51 10.46/18.73 55.14/59.14
Cacq N acq C, N, P limitation
vector angle/rad ° (angle degrees)

sand 100 %/+ P3HB -/- 0.85/0.71 4.53/1.22 -/- -/-

soil 20 % + sand 80 %/+ P3HB 0.67/0.66 0.73/0.82 1.12/1.09 0.84/0.77 48.20/44.13
soil 40 % + sand 60 %/+ P3HB 0.84/0.79 0.66/0.78 1.45/1.29 0.94/0.84 53.66/47.87
soil 60 % + sand 40 %/+ P3HB 0.89/0.85 0.67/0.76 1.58/1.40 0.94/0.86 53.72/49.47
soil 80 % + sand 20 %/+ P3HB 0.91/0.87 0.67/0.76 1.63/1.44 0.94/0.87 54.05/49.60
soil 100 %/+ P3HB 0.93/0.89 0.64/0.73 1.69/1.50 0.98/0.90 55.90/51.65

Carbon acquisition ratio (Cacq.), nitrogen acquisition ratio (Nacq), Vector (C limitation index), Angle (N, P limitation index).

plant biomass in sand-amended soil under P3HB treatment (in 60_40,
20_80, and 0_100) supports the hypothesis of adaptive accumulation of
limiting nutrients due to their deficiency. The increased K biomass in
P3HB-amended variants under various soil-sand combinations in the
present study (Fig. 1e-Table S1) aligns with the known role of potassium
(K) in plant responses to stresses (Mostofa et al., 2022). Therefore, this
finding supports the assumption of increased plant stress due to the
deteriorating impacts of P3HB in soil. It is noteworthy that P3HB is only
one of many biodegradable plastic mulching films on the market (Qi
et al., 2018). Consequently, it is necessary to evaluate the performance
and potential impact of these plastics on soil and plant health before
widespread adoption. Despite high expectations for these plastics, the
study results suggest that caution should be taken when using them
without proper investigation.

4.2. Soil microbial biomass and activity

Low plant growth but high microbial activity following the addition
of PHBV and P3HB to soil have been reported (Zhou et al., 2021;
Brtnicky et al., 2022). The activities of dehydrogenase, chitinase (at high
soil: sand ratio), phosphatase (at low soil: sand ratio), and especially
urease increased in P3HB-amended variants compared to unamended
ones (Brtnicky et al., 2022). The enhancement of enzyme activities was
more pronounced in soils with P3HB than without, as observed for all
enzymes except glucosidase (Fig. 2, Table S1). This indicates a high
proliferation of microbial populations and activities of dehydrogenase
and arylsulfatase associated with the increasing sand content. These
results align with the assumption that, under low access to readily
available nutrients and SOM, P3HB-induced consumption of C sources
(such as BDP) promotes the mining of organic sources of the respective
nutrients. High dehydrogenase activity indicates an intensification of
SOM degradation due to using P3HB as a C source (Bonartseva et al.,
2003; Rizzarelli et al., 2004; Zhou et al., 2021). A notable increase in
P3HB-mediated dehydrogenase activity in the 90_10 with P3HB re-
ported in (Brtnicky et al., 2022) indicated the utilization of the sole C
source (P3HB). However, the eight-week preincubation of the substrate
before the lettuce sowing enabled microbial growth on C-substrate
(P3HB), leading to the partial transformation of BDP.

Consequently, a decrease in the initial boost of dehydrogenase was
observed as the formed C-compounds were further utilized under the
catalysis of other soil enzymes. This assumption of a mitigated boost in C
utilization due to the eight-week preincubation was supported by the
values of the C acquisition ratio (Table 2), which were directly depen-
dent on the soil: sand ratio (i.e., on SOM content). The unamended
variants showed higher values (C acquisition ratio and C limitation-
indicating vector value) than P3HB treatments, suggesting a higher

demand for microorganisms for C in the soil without BDP. Lower values
of glucosidase activity under P3HB (at high soil-to-sand ratios 80:20 and
100:0) compared to variants without P3HB might be attributed to the
preferential utilization of P3HB over simple sugars from indigenous
SOM (Ferraz-Almeida et al., 2015).

High activities of N-acquisition enzymes reflected that N could
become a limiting nutrient for microbial proliferation in the presence of
P3HB (Mooshammer et al., 2014a, 2014b) (Table 2). The N acquisition
values in all P3HB-amended variants were higher than in unamended
ones (under the same soil:sand ratios). In comparison, low angle values
for unamended variants (in soil with P3HB, closer to the value of 45°)
indicated a tendency towards N rather than P limitation (Table 2).
Moreover, the rise of urease activity in the 80_20 with P3HB compared
to the 80_20 indicated a high urease content in soils. Enhanced activities
of phosphatase and arylsulfatase P3HB-amended soil (Fig. 2, Table S1)
were coupled with the rise of bacterial (Phos: 0.91, ARS: 0.87) and
fungal (Phos: 0.95, ARS: 0.94) abundances (Fig. 4a and b).

High SIRs were observed under P3HB addition, aligning with pre-
vious findings (Zhou et al., 2021) and possibly be associated with the
stimulation of microbial growth (Fig. 4a and b, Table S1) and enzymatic
activities (Fig. 3). These findings were further supported by a strong
positive relationship between microbial biomass, enzyme activities and
soil respiration (Table S3, Fig. S4). Nevertheless, all induced respiration
types (except Arg-IR) depended on the soil:sand ratio in unamended and
P3HB-amended variants, contrasting with the previous study results
(Brtnicky et al., 2022). Induced SIR in P3HB-amended soil increased
with the sand content, indicating strong degradation of P3HB under high
soil aeration. However, the plant-deteriorating effect was mitigated by
the eight-week preincubation period, as shown by the activities of C
enzymes. These results confirm the hypothesis that P3HB addition
suppresses lettuce growth by changing plant nutrition. The changes are
caused by nutrient limitation due to BDP-induced enhancement of soil
microbial activity and biomass increase, both of which are soil compo-
sition- and time-dependent.

4.3. Residual P3HB and SOM dynamics

The content of individual fractions of SOM confirmed the findings on
increased microbial activity in soils amended with P3HB (Fig. 5). This
increase was particularly noticeable in the 300-450 °C temperature
range, corresponding to the stabilized SOM fraction (Tokarski et al.,
2020). Notable increases in this fraction were observed in the 60_40,
8020 and 1000 variants and correlated with microbial biomass
(Brtnicky et al., 2022). The relative increase in the stabilized fraction
was the highest in the 80_20 variant, which had similar aboveground
biomass dry weight and root dry weight parameters as in the 100_0, both
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Fig. 3. Soil basal (BR, a) and substrate induced respiration types (IRs) in the variants with varied soil-to-sand ratio, without P3HB (“No™) and with P3HB (“Yes™)
amendment. IR by D-glucose (Glc-IR, b), D-trehalose (Tre-IR, c), N-acetyl-p-D-glucosamine (NAG-IR, d), L-lysine (Lys-IR, €), L-arginine (Arg-IR, f); mean values (n =
3) =+ standard error of mean (SEM); letters indicate statistical differences between the variants (discriminated as either unamended or P3HB-amended, analyzed by

Tukey’s HSD test) on the level of significance p < 0.05.

variants under P3HB amendment.

The rise in the stabilized SOM fraction, which aligns with the
observation that the greatest degradation of P3HB occurred in the
80_20, suggests potential implications of the research. This outcome
supports the assumption that P3HB-derived carbon enhances overall
SOM turnover, leading not only to the mineralization of plastic-derived
carbon, but also to an accelerated breakdown of intrinsic labile C frac-
tions. Consequently, this process results in the proportionally higher
content of stabilized organic carbon in P3HB-amended soil. This finding,
even more pronounced than in the 100_0, indicates that 20 % dilution
with sand enhances aeration and nutrient transport, thus, promoting

biodegradation processes (Altaee et al., 2016) and highlights oxygen as a
critical factor in explaining the fate of P3HB in soil. The potential im-
plications of this research extend to plant biology, as it is hypothesized
that suppressed growth in lettuce could be due to inhibited root respi-
ration, impacting the plant’s growth and morphology (Pineda et al.,
2020). The comparable Lys-IR and higher Arg-IR values in 80_20 vs
100_0 suggest that the addition of sand can promote the degradation of
bioplastics, enabling enhanced microbial activity, which competes with
root respiration, thus confirming the hypothesis of lettuce growth sup-
pression. This enhanced microbial activity, driven by the activation and
multiplication of bacteriome and fungiome aligns with previous findings
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onP3HB-induced proliferation of saprophytic fungi in soil (Janczak
et al., 2020). This observation is further supported by reportes on the
ability of several abundant microbial taxa to catabolize P3HB (Altaee
et al., 2016; Sang et al., 2002). Due to their different metabolic and
physiological characteristics, fungi are more sensitive to soil oxygen
depletion than bacteria. Fungi typically require more oxygen for their
metabolic processes than many types of bacteria (Jacoby et al., 2017).
The increase in the relative abundance of fungi (Fig. 4a and b) in the
80_20 raises a hypothesis about the significant contribution of soil ox-
ygen content to P3HB biodegradation.

The discussion above aligns with the characteristics of soil types
categorized by their texture. The original soil, identified as silty clay
loam, is highly fertile due to its substantial nutrient content and high
water-holding capacity. However, soil density can impede drainage,
leading to reduced aeration (Wei et al., 1985). Modifying the original
soil by adding 20 and 40 % sand changed the texture to loam type
(variants II and III), creating optimal moisture conditions for plant
growth (Geering and Bing So, 2017). Further dilution, creating sandy
loam and loamy sand (variants IV and V), enhanced aeration but
reduced nutrient levels. Consequently, these modifications highlight the
optimal conditions for P3HB biodegradation in soil, while still main-
taining, at least to some extent, suitable conditions for plant growth
(Schjgnning et al., 1994). Moreover, they offer practical insights for
optimizing biodegradation tests in soils (e.g. ASTM 5988 or ISO 17556),
which currently provide only vague guidelines for selecting soil types.
Finally, the soil dilution serves as a practical model for assessing pro-
cesses in soils that have deteriorated due to elevated temperatures,
erosion or poor soil management.

5. Conclusion

Using P3HB in agriculture soil enhanced soil microbial activity,
including the growth of microorganisms and the production of exo-
enzymes, likely due to increased mineralization of native SOM through
co-metabolism with P3HB. This finding is important because microor-
ganisms in agricultural soil are typically C-limited, and even small C
inputs can impact the microbial community. Furthermore, enzymes such
as dehydrogenase, urease, and chitinase were stimulated after adding
P3HB, indicating the development of specific microbial groups that
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degrade bioplastics. However, the positive effects on soil microorgan-
isms were outweighed by adverse effects on plant growth, suggesting
that while microbial communities can break down bioplastics, this
process may compromise plant nutrient availability and hinder growth.
These findings highlight the importance of considering soil texture when
modeling plastic degradation, as the byproducts can affect soil processes
and plant growth.
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Abstract

Background: Poly-3-hydroxybutyrate (P3HB) belongs to the group of biodegradable plastics
(BPs), which may have adverse effects on plant growth and soil. This study aimed at P3HB
microplastics-induced changes in soil microbiome and its activity related to nutrient content
and transformation processes, which may explain the deterioration of plant growth. Pot exper-
iment of soil contaminated with P3HB in five different doses, with and without maize, was
carried out. Soil mineral N forms and microbial properties as well as plant biomass were deter-
mined.

Resulits: Increasing P3HB content significantly changed the soil microbiome. The fungal com-
munity was more sensitive to PAHB compared to bacterial one. However, both communities
showed critical PAHB-derived shifis in several taxonomical groups: the increase in (i) P3HB
degraders, e.g. bacteria Actinobacteria + fungi Tetracladium, and (i) anaerobes (Clostridium),
and the decrease in (i) nitrifiers Nitrososphaeria and Nitrospiria and (ii) oligotrophic Vieina-
mibacteria and Thermoleophilia. The associated alteration in the metabolism of soil nutrients
arising from P3HB-derived C caused over-enhanced nutrient consumption coupled with (i)
boosted respiration resulting in partial anaerobiosis, (ii) inhibited N mineralization and (iii) de-
pletion of NO3-N and the inhibition of maize growth.

Conclusions: The results indicate that soil content of P3HB microplastics exceeding 1% may

cause serious damage to soil health and fertility.

Keywords: Biodegradable plastics; Bacteria; Fungi; Nitrification; Soil nitrogen

List of abbreviations:
AGB - aboveground biomass (dry weight), AOB — ammonia oxidizing bacteria, Arg-IR — soil
respiration induced by L-arginine, BPs - biodegradable plastics, CCA - Canonical correspond-

ence analysis, Cit-IR — soil respiration induced by citric acid, ¢(P3HB) — soil content of poly-
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3-hydroxybutyrate, DM — dry matter, NAG - soil N-acetyl-p-D-glucosaminidase, NAG-IR —
soil respiration induced by N-acetyl-p-D-glucosamine, NHa-N — soil ammonium nitrogen, Nuin
—s0il inorganic nitrogen, NO3-N — soil nitrate nitrogen, P3HB — poly-3-hydroxybutyrate, PCoA
- Principal coordinate analysis, PHAs — polyhydroxyalkanoates, phaZ — qPCR-detected micro-
bial degraders of P3HB, PHBV - poly(3-hydroxybutyrate-co-3-hydroxyvalerate), Tre-IR - soil

respiration induced by D-trehalose.

1. Background

Plastic pollution belongs among the most urgent global environmental threats. Replacement of
conventional plastics with biodegradable alternatives seems to be one of the perspective solu-
tions Freda. Polyhydroxyalkanoates (PHAs) are a group of natural biodegradable plastics (BPs)
which are considered highly advantageous for their physico-chemical and mechanical proper-
ties as well as feasibility of their aerobic or anaerobic biodegradation [1,2]. PHAs, which in-
clude the most versatile and widely used BPs polyhydroxybutyrates (PHBs), such as poly-3-
hydroxybutyrate (P3HB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), are bio-
synthesized from various carbon (C) substrates by bacteria [3]. Despite their promising biodeg-
radability, increasing use of PHAs in agriculture raises their concentration in soils with residual
concentrations potentially exceeding 1.5% [4]. This leads to concerns about their impact on
agroecosystems.

So far, adverse effects of PHAs on soil were reported rarely and mostly as less severe
(Table 1). Therefore, it is currently difficult to classify them as pollutants. However, after 2021
they appear regularly and gradually uncover possible impacts manifested especially in soil mi-
crobiome. The question of whether they should be classified as short-lived pollutants therefore

arises.
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Soil microorganisms may be affected by various PHA-induced changes in soil environment
(Table 1). The effects on soil were coupled with significant and essential shifts in the soil tax-
onomic and functional diversity as well as microbial community composition [5-8]. Enrichment
of soil with PHA-degrading taxa such as Alphaproteobacteria [9-10), Actinobacteria [9-11],
Ascomycota [10] and presumably also Gammaproteobacteria [12] is coupled with probable
abundancy shifts in functional types of microbes such as copiotrophs [13], oligotrophs [14],
nitrifying prokaryotes [15], Firmicutes [16] and others. Furthermore, several fungal taxa were
recognized as PHA degraders with a possible decisive role in their degradation [17]. These are
mostly included in the phyla Ascomyecota [17-19], Basidiomyeota [18] and Deuteromycetes

[20].

Table 1 Potentially adverse effects of PHA types in soil

Effect PHB Pg?lgpi;'ﬂﬂv Reference
i : . [8]
Acidification - 21]
Meadification of SOM™* structure and
4 . [22]
stability
Decrease in SOM water binding . [22]
Enhanced SOM degradation cou- ° [5.8]
pled with C and nutrient turnover . [4,23, 24]
Decrease of NO3-N . [25]
Decrease of available NO3 and . (5]
NH4" in soil solution
Change in the nutrient balance * Ll
. [21]
Increase in lead (Pb) availability L [25]
Soil microbial community change ¢ " 531‘?2;%

* SOM = Soil organic matter

Although the direct effect of PHASs on soil microorganisms is possible to evaluate as harm-

less or even positive from a certain perspective, the related changes can have some negative
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impacts on the entire soil environment. These changes caused imbalances in nutrient transfor-
mation rates and their availability [23] and have also been shown to be harmful to plants [5, 23,
27] although no phytotoxic effect on aquatic plants has been proven at least in the case of PAHB
[28]. Questions arise — what are the key processes behind the changes? What specific changes
occur in the microbiome? And what do they mean for agricultural yield? What are the critical
values of PHAs in agricultural soils? Following on from previous research by the author's col-
lective in this topic [4, 21, 22, 23, 28], this study focused on P3HB, and the questions men-
tioned.

A serious negative impact of P3HB on plants was attributed to the change in the nutrient
balance and their availability for plants. P3HB contamination in soil represents an easily utiliz-
able C source affecting accessibility and utilization of intrinsic SOM by soil microorganisms
[23]. The input of such a source shifis the C:N ratio out of the optimal stoichiometry (C:N 7-
8.6) for soil microorganisms [29, 30]. The resulting increased C:N leads to an increased micro-
bial demand for N followed by N-mining from SOM via enhanced production of N-hydrolase
in order to restore the C:N balance [31]. Therefore, rapid utilization of P3HB by the microbial
community results in an increased specific microbial metabolism and growth rates coupled with
intensified nutrient uptake [8, 23]. This action probably depletes soil nitrogen (N) for plants and
strongly inhibits their growth [5, 23, 32]. Although this hypothesis has already been postulated,
no one has yet verified it by examining the concentrations of N forms in soil contaminated with
P3HB.

Despite many theories, no focused and comprehensible study has yet investigated P3HB-
related changes in soil microbiome in detail. In general, the recent level of knowledge suggests
that P3HB microplastics trigger a switch of soil fluxes from C, N and other nutrient sequestra-
tion into SOM to strongly enhanced consumption with a critical impact on soil N [23]. This is

likely coupled with significant changes in microbial activity, diversity and metabolism, leading
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to negative effects on plant nutrition and growth. Nevertheless, there is still no clear knowledge
about the (1) P3HB microplastics-induced changes in microbial community composition related
to the changes in microbial activity and (I1) nutrient content and changes in transformation
indicators, which are related to the deterioration of plant growth. Therefore, this study aimed to
contribute to fill this knowledge gap considering different doses of P3HB. The following hy-
pothesis were postulated:
. The increasing P3HB content in soil modifies microbial community towards lower diver-
sity.
II.  The input of labile P3HB is followed by an increased abundance of copiotrophic P3HB
degraders and a decreased abundance of nitrifying microorganisms and oligotrophs.
III.  P3HB degradation raises microbial N acquisition leading to soil N depletion and reduced

N availability to plants.

2. Materials and methods
2.1 Experimental design and sampling
The growth substrates, used for the pot experiment, were prepared by mixing an arable soil
sieved through 2 mm mesh sieve with P3HB powder (< 80 pm particle size) in 5 variants based
on the share of P3HB: 0%, 0.1%, 1%, 5% and 10% w/w. P3HB content in agricultural soils
with P3HB mulching sheets can range from approximately 0.5% to 1.5%, but it is expected to
rise in the future [4]. Therefore, P3HB content (¢(P3HB)) used can be classified as low (0.1%),
medium (1%) and high (5%, 10%); the 0% variant is the control.

The soil was classified as a silty clay loam (USDA Textural Triangle) Haplic Luvisol
(WRB soil classification) sampled (0-15 ¢m) near the town Troubsko, Czech Republic
(49°10°28”N 16°29°32”'F). The chemical properties of the soil were: total C 14.0 g-kg™', total

N1.60 gkg ', P0.10g-kg !, S0.15gkg . Ca326gkg . Mg0.24 g-kg'. K0.23 g-kg'; pH



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

(CaClz2) 7.3. P3HB powder (ENMAT Y3000) from TianAn Biologic Materials Co., Ltd.
(Ningbo City, China) was used for this experiment. P3HB is slightly hydrophobic polymer hav-
ing the contact angle between 70° and =81°. Further specification of used P3HB can be found
in the study of Fojt et al. [22].

Experimental plastic pots (2 L) were filled up with 1.7 kg of the respective substrates. Each
treatment was prepared in 10 repetitions (pots). Then, 5 pots of each treatment were sown with
sprouted maize seeds (Zea mays L.) and five were run without plants. All experimental pots
were placed randomly into growth chamber (CLF Plant Climatics GmbH, Germany), where
controlled conditions were maintained: 12 hours long photoperiod, light intensity 20 klx, tem-
perature (day/night) 20/12 °C, relative air humidity (day/night) 45/70%, moisture level 65% of
water holding capacity. After 90 days, tested plants were harvested at ground level, their height
was measured and then the plant biomass was dried at 60 °C to the constant weight to determine
the yield of aboveground biomass (AGB) in dry weight from each pot. Further, soil samples

were taken from all experimental pots.

2.2 Soil chemical and biochemical analyses

The soil samples were taken as composited from 3 probes per each pot, homogenized by sieving
through 2 mm mesh sieve and directly used (fresh samples), stored at 4 °C (in refrigerator) or
freeze-dried and stored at -20 °C (in a freezer).

The fresh samples were used for determination of mineral N, NOs™ (mercurous sulphate
electrode type RME 121; Monokrystaly Turnov, Czech Republic) and NH4" (with ammonia gas
electrode type 10-23; Monokrystaly Turnov, Czech Republic) according to Houba et al. [33].
The N (mineral, ammonium, nitrate) content was calculated to the dry soil mass; the dry mass
was determined gravimetrically (on laboratory scales) after drying of soil in the laboratory dryer

at 105 °C to the constant weight [34].
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The fridge-stored samples (at 4 °C) were used for soil respiration analyses. Soil respiration
induced by citric acid (Cit-IR), D-trehalose (Tre-IR), N-acetyl-f-D-glucosamine (NAG-IR), L-
arginine (Arg-IR) was measured using MicroResp® device (The James Hutton Institute, Scot-
land) and spectrophotometric measurement (Tecan Infinite 200 PRO; Tecan Trading AG, Swit-
zerland) of chromogenic indicator (cresol red) for COz emission in the form of agar-agar gel in
the 96-well microplate [35]. Freeze-dried samples were used for N-acetyl-B-D-glucosaminidase
(NAG) activity assay, based on the spectrophotometric measurement (Tecan Infinite 200 PRO)
of the product (4-nitrophenol, PNP) in the reaction with PNP-derivate of the natural enzyme

substrate [36].

2.3 Microbiologic and molecular biologic analyses

DNA extraction from freeze-dried samples was done to carry out microbiologic and molecular
biologic analyses. DNA was extracted from 0.5 g of freeze-dried soil sample using the
EZNA® Soil DNA Kit (Omega Bio-tek, USA), Isolated DNA was quantified using
Nanodrop One (Thermo Scientific, USA) and used to determine the soil microbial abundance

as well as diversity and composition of soil microbiome.

Abundance of soil microbiome

The SYBR-Green platform was used on a CFX96 Real-Time PCR detection system (Bio-Rad
Laboratories, USA). Real-time PCR was performed to quantify genes amoA (coding for am-
monium monooxygenase) to determine ammonia-oxidizing bacteria (AOB) and gene phaZ
(coding for P3HB depolymerase) to determine generally all microbial P3HB degraders (phaZ)
biomass in soil DNA extracts. The primers used were AMOAIF (5" GGGGTTTC-

TACTGGTGGT 3') and AMOA2R (5" CCCCTCKGSAAAGCCTTCTTC 3') for AOB [37];



189  and PHBf (5" CGTCTACCGCAACGGCACCAAGG 3') and PHBr (5’ TGGGCGTAGTT-
190  GCTGGCCGT 3') for phaZ [38].

191
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Diversity and composition of soil microbiome

The structure and composition of the prokaryotic and fungal communities in the substrates were
analysed using high-throughput sequencing of fragments the prokaryotic 165 rRNA genes and
fungal ITS regions. Specific regions of the rRNA genes of fungi ITS2 (188) and bacteria V3-
V5 (165) were amplified by using primers F357 (5-CCTACGGGAGGCAGCAG-3") and R926
(5-CCGYCAATTYMTTTRAGTTT-3"), or ITS3F (5-GCATCGATGAAGAACGCAGC-3")
and ITS4R (5'- TCCTCCGCTTATTGATATGC-3"), respectively, with barcodes and the uni-
versal overhang. Illumina sequencing adaptors were introduced in the second PCR, all in ac-
cordance with the general instructions [39]. The products were evaluated by agarose electro-
phoresis, quantified with a fluorimetric, high sensitivity AccuGreen Quantification Kit (Bio-
tium Inc., USA) and pooled into an amplicon library. Sequencing took place on a MiSeq unit
(Illumina, USA) running the reagent kit v2 and paired-end 250 nt reads in an external laboratory
(SEQme s.r.o., Czech Republic). After pairing and filtering, a total of 68,025,630 prokaryotic

and 2,074,317 fungi reads were obtained and further processed.

2.4 Data processing and statistical analyses

The a-diversity of the procaryotic and fungal microbial communities was determined by the
Simpson and Shannon diversity indexes while B-diversity by the Serensen similarity index,
While a-diversity is a measure of microbiome diversity applicable to a single variant, B-diver-
sity is a measure of the similarity or dissimilarity of two communities [40].

Data processing and statistical analyses were performed using R, version 4.3.1, [41]. Ca-
nonical Correspondence Analysis (CCA) was carried out to provide advanced analysis of rela-
tion between taxonomical B-diversity and key soil nutrition properties and other available pa-
rameters. The X axis separated samples according to the added P3HB dose with low ¢(P3HB)

on the left and high on the right. Y axes reflected the presence of maize in the soil with planted
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variants in the upper and unplanted in the lower part of the scatter plot. The scatter plot was
divided into two subplots: one reflected the taxonomic groups (class level) and the other the
soil factors (PAST 4.0) [42].

Principal Coordinate Analysis (PCoA) is multivariate eigen analysis method to explore and
to visualize similaritics or dissimilarities of data [43]. It converts data on distances between
items into map-based visualization of those items, it also allows to identify groups or clusters.
PCoA finds the main axes through a matrix and calculates a series of eigenvalues and eigen-
vectors, Each eigenvalue has an eigenvector, and there are as many eigenvectors and eigenval-
ues as there are rows in the initial matrix.

For characterization of the relationship among the treatments and selected soil properties,
two-way analysis of variance (ANOVA) type I (sequential) sum of squares was used at signif-
icance level of 0.05 [44], where the first factor was ¢(P3HB) and the second factor was presence
of maize (unplanted and maize-planted). The purpose of using two-way ANOVA was also test-
ing the interaction between these factors. An effect size was measured using eta-squared (n,’)
from package Isr [45]. To detect the exact difference among factor level means, it was used
Tukey's honestly significant difference (HSD) test from package agricolae [46] and treatment
contrast for calculating factor level means with standard error of mean (SEM). These results
were graphically represented with bar charts showing statistically significant difference at sig-
nificance level of 0.05 indicated by different letters. Lowercase letters indicate differences
among ¢(P3HB), uppercase letters between unplanted and maize-planted variants with depend-
ence of P3HB dose.

The data on diversity and composition of soil microbiome were further processed with the
DADA2 v1.26.0 R package [47] with help of MetaCentrum high performance computing ser-
vice and visualized by the phyloseq v1.42.0 R package [48] and ComplexHeatmap v2.14.0 R

package [49]. Package ggplot2 v3.5.1 [50] was used for creating advanced statistical graphs.
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Microbiome taxonomy was assigned for the bacteria according to the SILVA 132 SSU NR

99 reference database [51] and the 8.3 release of the UNITE reference database for fungi [52].

3. Results
3.1 Microbial diversity response to P3HB and maize
Despite the differences in relative abundances (RAs) of prokaryotes and fungi (Fig. S1), the
Shannon and Simpson indexes showed no significant differences between the prokaryotic com-
munities of the variants (Fig. S2a, b). Similarly, there were no significant differences in fungal
communities” diversity in the maize-planted variants (Fig. S2c, d). In contrast, the unplanted
variants indicated an effect of P3HB on fungal a-diversity — the Shannon index significantly
decreased at 1% ¢{(P3HB) and remained at a similar level for higher ¢(P3HB) (Fig. S2c); the
Simpson index exhibited a deviation but without a trend (Fig. S2d).

PCoA (Fig. S3a) of the prokaryotic community revealed no effect of maize on f-diversity,
however, a visible effect of P3HB starting at around 5% c(P3HB) (Fig. S3a). Fungal B-diversity
PCoA revealed a noticeable effect of the plant presence and markable separation of control and

low ¢(P3HB) variants from moderate to high ones (Fig. S3b).

3.2 Soeil taxonomic groups response to P3HB and maize
The changes in soil microbiome composition were comprehensively documented by the CCA
plots (Fig. 1) and changes in RA levels of the taxonomical group’s representatives expressed
as percentage of all the identified operational taxonomic units found by sequencing.

At the family level, for example, Nitrososphaeraceae and Vicinamibacteriaceae were neg-
atively influenced by increasing ¢(P3HB) in the prokaryotic community, while other families,
such as Microbacteriaceae, Caulobacteriaceae, Pseudomonadaceae, Rhizobiaceae, reacted by

the expansion of their presence (Fig. Slc). Fungal families Helotiaceae, Herpotrichiellaceae

12
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and Pseudeurotiaceae were stimulated by increasing ¢(P3IHB); other fungal families, especially

Nectriaceae and Plectosphaerellaceae, were rather suppressed (Fig. S1d). The effect of maize

was mostly insignificant (Fig. Sla, b).
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Fig. 1 Canonical correspondence analysis of microbial community composition. Scatter plots

showing relations of (a) prokaryotic community at the class level and (b) fungal community at

the genus level in unplanted (square) or planted (circle) soil variants contaminated with variable

doses of P3BHB (0, = 0.1, » 1, ® 5, ® 10%). Related statistical data are in Tables S1 and S2
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The prokaryotic microbiome analysis showed that Bacteria generally dominated over Ar-
chaea, which were represented mostly by microorganisms involved in nitrification (Fig. S4a).
This natural domination was graded in favour of Bacieria with increasing ¢(P3HB) as RAs of
Archaea decreased in both unplanted and planted soil (Fig. S4b).

Enrichment of the prokaryotic community with Actinobacteria, Alphaproteobacteria,
Gammaproteobacteria and anaerobes Clostridia was found for high ¢(P3HB) variants (Fig. 1a).
Control and low ¢(P3HB) variants were characterized by higher abundance of Nitrososphaeria,
Nitrospiria, Thermoleophilia and Vicinamibacteria (Fig. 1a).

The CCA plots of both bacterial and fungal taxa (Fig. 1a, b) showed markable dispersion
of variants along X axis indicating a determinative influence of P3HB and strict separation of
0% + 0.1% and 1-10% variants, while the influence of maize was weaker than on the prokary-
otic community (Fig. la). Terracladium, Exophiala, Pseudogymnoascus, Pseudocosmospora
and Nectria were stimulated by high ¢(P3HB); these taxa overlaid all other fungi taxa (Fig. 1b).

Actinobacteria, Alphaproteobacteria and Gammaproteobacteria represent mostly copi-
otrophic taxa. RAs of these prokaryotic groups showed growth following P3HB contamination
(Fig. S6a, Fig. 2). Actinobacteria was the most abundant prokaryotic group, stimulated by
P3HB in both planted and mainly unplanted soil with the highest RA reaching 30% in 10%
P3HB maize planted variant (Fig. 2a). RA of Alphaproteobacteria was even more directly de-
pendent on ¢(P3HB) in the soil (Fig. 2b). RA of Gammaproteobacteria mostly significantly
increased at 1-10% c¢(P3HB) in both unplanted and planted soils without another trend (Fig.

2¢).
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Fig. 2 Relative abundances of the most dominant prokaryotic (bacterial) taxonomic classes in

the variants. Average values (n = 5) with standard errors of mean (error bars); lowercase letters
indicate differences between all the variants (evaluated separately for unplanted and planted

variants), uppercase letters between unplanted and planted variant of respective P3HB dose

On the contrary, RA of oligotrophic Vicinamibacteria, the fourth most abundant prokary-
otic group (Fig. S6a). decreased with increasing ¢(P3HB) in both unplanted and planted soil
(Fig. S5a). Similar trend showed oligotrophic bacteria class Thermoleophilia (Fig. S5b).

The RA of groups strongly involved in N cycling, i.e. nitrifying prokaryotic classes Nitro-
sosphaeria belonging to Archaea and Nitrospiria, which oxidize nitrites to nitrates, were in-
versely related to ¢(P3HB) both in unplanted and planted soil (Fig. 3a,b), following the Archaea
results (Fig. S4b). However, slightly steeper decrease in the RAs of the classes was found in

planted soil,

15



312

313

314

315

316

317

318

318

320

321

322

323

324

325

326

327

&
&

5 12 E 15
Eg " E 12
gg ® 09
= z & % 0.6
s -
2
o Al AbA  BATEA il il
0.0 01 10 5.0 10.0 oo 01 1.0 50 10.0
a) <(P3HB} [3%] b) <[P3HB) [%]

munplanted ™ maize-planted
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age values (n = 5) with standard errors of mean (error bars); lowercase letters indicate differ-
ences between all the variants (evaluated separately for unplanted and planted variants), upper-

case letters between unplanted and planted variant of respective P3HB dose

Another significantly P3HB-affected (Fig. 1a, Fig. S6a) class was anaerobic Clostridia. Its
RA increased significantly at the high ¢(P3HB) (Fig. S5¢), indicating more anaerobic environ-
ment in both unplanted and planted soil of the respective variants.

P3HB-stimulated fungal genera (Fig. 1b, da—c, 87) Tetracladium, Exophiala, Pseudogym-
noascus, Pseudocosmospora and Nectria began to form a dominant fungal group at the high
¢(P3HB) (S6b). Tetracladium became dominating taxa starting at 1% c(P3HB) in both un-
planted and planted soil. Exophiala had a similar progressive but more gradual development
(Fig. 4b). Pseudogymnoascus reacted at 10% c(P3HB) in both unplanted and planted varants
(Fig. 4c). On the contrary, abundance of Gibberella and Gibellulopsis as well as other taxa were

affected negatively by ¢(P3HB) (Fig. 4d,e, S6b).
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unplanted and planted variant of respective P3HB dose
3.3 Microbial activity and biomass response to P3AHB and maize
All the analysed substrate-induced respirations (IRs) and NAG showed stimulation by increas-

ing ¢(P3HB) in both unplanted and planted soil (Fig. 5). The growth of IR values was generally
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more intense at high ¢(P3HB) (Fig. 5a-d); NAG showed similar results (Fig. 5e). The presence

of maize was significant for all the characteristics, but with an ambiguous trend.
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Fig. 5 Respiration induced by substrates — (a) citric acid (Cit-IR), (b) D-trehalose (Tre-IR),
(¢) N-acetyl-f-D-glucosamine (NAG-IR), (d) L-arginine (Arg-IR) — and (e) N-acetyl-p-D-glu-
cosaminidase (NAG) enzyme activity in the variants. Average values (7 = 5) with standard
errors of mean (error bars): lowercase letters indicate differences between all the variants (eval-
uated separately for unplanted and planted variants), uppercase letters between unplanted and

planted variant of respective P3HB dose
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The phaZ was clearly stimulated by high P3HB doses in both planted and unplanted soil
(Fig. 6a). The positive effect of maize at 0-0.1% c(P3HB) disappeared with increasing
¢(P3HB).

Biomass of AOB indicated the decisive influence of maize (Fig. 6b). While in the unplanted
soil the increasing c¢(P3HB) rather led to a decrease in AOB, in the planted soil ¢(P3HB) =1%

led to its stimulation. However, the differences were minor.
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Fig. 6 Microbial abundance of (a) PAHB-degrading microbes (phaZ) and (b) ammonia-oxidiz-

ing bacteria (AOB) in the variants. Average values (n = 5) with standard errors of mean (error
bars); lowercase letters indicate differences between all the variants (evaluated separately for
unplanted and planted variants), uppercase letters between unplanted and planted variant of

respective P3HB dose

3.4 Soil N response to P3HB and maize

The NH4-N content in the unplanted soil showed a Gaussian function-shaped trend with maxi-
mum value at 1% P3HB (Fig. 7b). NH4-N content in the planted soil showed positive direct
dependence on the increasing ¢(P3HB) with the only exception in the 5% P3HB variant (Fig.

7b). The presence of maize was a significant factor in all variants.
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In the case of NO:-N and Nuin, the presence of maize was also a significant factor. While
in the unplanted soil both NO3-N and N decreased with increasing ¢(P3HB), weaker and

mostly indirect dependence was visible in the presence of maize (Fig. 7c).
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Fig. 7 The content of inorganic N forms in soil. Soil content (in dry matter = DM) of (a) nitrate
nitrogen (NO3-N), (b) ammonium nitrogen (NH4-N) and (¢) mineral nitrogen (Nmin) in the var-
iants. Average values (n = 5) with standard errors of mean (error bars); lowercase letters indi-
cate differences between all the variants (evaluated separately for unplanted and planted vari-

ants), uppercase letters between unplanted and planted variant of respective P3HB dose

3.5 Effect of P3HB on plant growth

AGB of maize significantly decreased reaching moderate ¢(P3HB) in soil (Fig. §9). This con-
tent was decisive for suppressing the growth of maize; a further increase in ¢(P3HB) could not
have any further negative effect on biomass production. The decisive effect of PAHB and related
microbial activity in the soil suppressing the growth of maize was also highlighted by the CCA
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plots with clear grouping of (I) separated AGB. (1) NOs-N and (IIT) mostly clustered remaining

characteristics (Fig. S8).

4. Discussion

4.1 Changes in soil microbial community diversity

The unchanged u-diversity of Prokaryota (Fig. S2a, b) does not align with previous results. In
soils contaminated with BPs, some authors [8, 53] observed an increase, whereas other studies
[54] reported a decrease. This contrasts with B-diversity, which continuously shifted in response
to the ¢(P3HB) gradient (Fig. S3a).

Fungal community diversity was affected by P3HB, as its Shannon index a-diversity de-
creased at 1% c(P3HB) in unplanted soil (Fig. S2c). Additionally, f-diversity was strongly in-
fluenced by both P3HB and the presence of maize (Fig. S3b). In the presence of maize, the
Shannon index a-diversity followed the same trend, though the differences were not statistically
significant. The stronger fungal response (Fig. 1), evident from the suppression of certain fungal
genera compared to prokaryotes, was also observed in the RA of taxonomic groups (Fig. Séb).
While most fungal genera were suppressed at moderate ¢(P3HB) levels, the critical effect on
Prokaryota occurred starting at 5% c¢(P3HB). These results indicate a higher sensitivity of fungi
to P3HB addition and confirm first hypotheses that increasing ¢(P3HB) in soil modifies micro-

bial fungal community towards lower diversity.

4.2 Changes in soil microbial community composition
Both prokaryotic and fungal community compositions were affected by the presence of P3HB
in soil (Fig. 1, 2, 3, 4 S4, 85, $6). The dominance of bacterial RAs compared to Archaea in-

creased with higher c(P3HB) (Fig. S4), as the RA of 4rchaea decreased (Fig. 2a). Despite their
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ability to synthesize and metabolize PHAs [55], soil Archaea are more involved in nitrification
[56]. a process heavily altered by P3HB contamination.

Highly P3HB-stimulated copiotrophic classes Actinobacteria, Alphaproteobacteria and
Gammaproteobacteria (Fig. 2, S6a) probably included most of prokaryotic P3HB degraders
(phaZ gene) in this experiment (Fig. 1a: 6a). The ability of Actinobacteria to degrade P3HB is
well-known [57] and often coupled with the potential of P3HB synthesis and accumulation [58].
The Alphaproteobacteria class also includes some representatives of PHA degraders [59, 60].
These originally common taxa likely switched to a preferentially utilizing P3HB as a C and
energy source, accompanied by progressive Gammaproteobacteria.

Increasing c(P3HB) led to the formation of a dominant fungal group consisting of the gen-
era Tetracladium, Exophiala and Pseudogymnoascus, with weak enrichment in other known
and unassigned fungi (Fig. S6b). This finding confirms the existence of an abundant P3HB-
degrading fungal population in the soil. The increased aerobic mineralization of C sources (Fig.
5b-d), representing products of fungal growth, metabelism, and biomass turnover, indicated a
strong fungal involvement in P3HB degradation. The booming Tetracladium from Ascomycota
group might be the most actively involved.

Tetracladium species, such as Tetracladium marchalianum, can degrade carboxymethyl-
cellulose, xylan and polygalacturonic acid [61]. Tetracladium genomes were found to contain
various esterases, lipases and pectate lyases, which are important enzymes for the degradation
of some polyesters e.g., poly(butylene succinate-co-adipate) (PBSA) [62]. The authors of the
aforementioned study reported that fungal communities on PBSA and in the surrounding soil
were strongly dominated by Tetracladium spp. (RA 42-45%), and the PBSA micro-BPs were
substantially mineralized to COz. Our results (RA up to 50%; Fig. 4a, S6b) are consistent with

these findings.
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Toxic and extreme-tolerant class Exophiala, belonging to the black yeast Ascomycota
group, also thrived at 1-10% c(P3HB) (Fig. 4b, S6b). Black yeast species, such as Exophiala
oligosperma R1, E. xenobiotica or E. jeanselmei, have been shown to degrade various C sub-
strates, e.g., aromatic hydrocarbons or low-molecular-weight urethane compounds [63-66].
Their abilities predispose them to be efficient in BP degradation and support our findings.

The psychrotolerant Ascomycota Pseudogymnoascus responded positively to the highest
P3HB contamination (Fig. 4c, 86b). Pseudogymnoascus species are known to be cellulolytic
and function as saprotrophs [67]: they are cither psychrophilic or psychrotolerant and abundant
in soils with high fertility [68] indicated here by high ¢(P3HB) and originally fertile arable soil.
The involvement of their representatives in BPs degradation was found recently [69].

The negative effects of P3HB on the soil microbiome and the decrease in RAs of groups
such as Thermoleophilia, Vicinamibacteria, Nitrospiria, Nitrososphaeria, Gibberella and
Gibellulopsis (Fig. 3, 4d,e, S5, S6) may be associated with related changes in elemental cycles
and metabolic conditions for these microorganisms. Thus, the second hypothesis was con-

firmed.

4.3 Changes in soil microbial behaviour and processes related to C

The CCA results (Fig. I, S8) provided further evidence of changes in the composition and be-
haviour of the microbial community and the association of P3HB degraders with the mentioned
stimulated groups of bacteria and fungi. These changes were accompanied by a shift in the
substrate consumption preferences from intrinsic soil organic C to P3HB [21, 23], as confirmed
by the increase in both the phaZ gene (Fig. 6a) and microbial activity properties (Fig. 5). This
shift probably initiated further changes in soil microbial activity, metabolic processes and soil

environment.
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The results are of particular interest as they do not align with the general understanding of
the adaptation of fungi and bacteria to shifts in SOM (i.e. substrate) quality. From a metabolic
pathway perspective, bacteria often possess more simplified, direct, and diverse metabolic path-
ways compared to fungi, enabling faster adaptation to various conditions and stresses. Bacteria
produce a wide range of enzymes that allow them to quickly metabolize various substrates
quickly, whereas fungi typically have more complex metabolic pathways and rely on extracel-
lular enzymes to break down complex organic molecules. Bacteria reproduce rapidly and can
quickly colonize and adapt to new environments, although their growth is often limited by the
availability of nutrients. On the contrary, fungal growth and adaptation to stressors are generally

slower.

4.4 Changes in soil microbial behaviour and processes related to oxygen (Q)
All the above-discussed leading stimulated taxa represent aerobic microorganisms, while the
Clostridia class also includes anaerobic species. Clostridia proliferation was highly stimulated
at high ¢(P3HB) levels (Fig S4c¢): this may indicate a decrease or depletion of Oz in the soil
following the strongly enhanced P3HB mineralization-based respiration (Fig. 5). This factor
could have contributed to the deterioration of environmental conditions for other soil organ-
isms. Furthermore, a decrease in Oz in the vicinity of plant roots could exacerbate the adverse
effect of P3HB on plant roots [70]. To support or reject this new hypothesis, a pilot respira-
tion/biodegradation experiment was conducted (Text S1).

The experiment revealed a sharp decrease in O2 in initial stage of biodegradation (Text S2).
After a few weeks, the O: level increased again stabilized although it was still slightly lower
compared to the control. That implies that Oz concentration fluctuates during the biodegradation

process and its consumption for biodegradation is higher in the initial stage of the process. As
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a result, we conclude that for plant growth in the presence of biodegrading P3HB, the Oz short-
age may be problematic mainly in the early stage of P3HB introduction, where is the rate of
biodegradation highest (Text S2). If the initial phase of plant growth occurs simultaneously as
in this and other experiments [21, 23], this deficiency can be critical. This aligns to results of
Brown et al. [5], who have analysed stress markers in maize grown in the soil amended with
PHBV microplastics. Even at low PHBV concentrations, the authors found significantly higher
content of lactic acid (a product of anaerobic respiration), which authors attributed to a response
of plant to PHBV-induced hypoxia in the soil.

From the environmental perspective, under strictly anaerobic conditions (e.g. in paddy
soils), the enhanced proliferation of anacrobic microorganisms is problematic due to possible
proliferation of methanogenic microorganisms and the subsequent production of methane [71],
which is a common product of ultimate biodegradation under anaerobic conditions. Under com-
mon conditions, ideal for P3HB biodegradation, the level of Oz may vary, but the conditions
may not be supportive for methanogenesis. Nevertheless, as shown by Lussich et al. [72] or
discussed by Schliiter et al. [73], due to local Oz shortage in otherwise well-acrated soils, mi-
crobial activity in hotspots with easily degradable organic compounds and available nitrate (e.g.
arable soils) may facilitate denitrification leading to N2O emissions [74]. Hence, the additional
research is needed to shed light on this environmental aspect of P3HB and other BPs biodegra-

dation.

4.5 Changes in soil N mineralization

N mineralization is a process by which microorganisms in the soil decompose organic N com-
pounds into inorganic forms, primarily ammonium (NH4"). This process occurs as part of the
decomposition of organic matter and added substrates. It involves several consecutive steps

such as decomposition (microbial breakdown of organic matter), ammonification (conversion
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of the organic N into ammonium) and, in well-aerated soil, an optional step of nitrification
(conversion of ammonium into nitrate NOs- by nitrifying bacteria) [75]. In line with above-
discussion, we speculate that the P3HB-induced decrease of AOB in the unplanted soil (Fig.
6b) may be related to the decrease in the RA of Archaea (Fig. S4). AOB and ammonia oxidizing
Archaea occupy the same ecologic niche, differentiated only by the availability of ammonium
in the environment [55, 76]. Ammonia-oxidizing Archaea, including Nitrososphaeria, are
abundant in warm and humid soils, along with AOB (including Nitrospiria). Both groups play
asignificant role in soil nitrification. Nitrososphaeria represents a dominant group of ammonia-
oxidizing Archaea within Nitrososphaerota in arable soils [53], while Nitrospiria is the key
bacterial group for soil nitrification [77]. Therefore, the decreasing RAs of both classes with
increasing ¢(P3HB) (Fig. 3) confirmed changes in N cycling in the soil, which were directly
reflected by altered contents of N forms (Fig. 7).

The decrease in the RA of Archaea with increasing ¢(P3HB) can be explained by the ad-
dition of a substrate that does not contain N or NHz groups. In other words, there is no N-
mineralization, and nitrifying organisms are not needed as ammonia or ammonium ions are not
released. Instead, other types of organisms proliferate and exploit these new conditions. A pre-
dominant decrease of NO3-N, Nmis (Fig. 7a,c) and AOB (Fig. 6b) with increasing ¢(P3HB) in
the unplanted soil supported the assumption of a strong negative effect of soil P3HB contami-
nation on nitrification. This effect was modified by the presence of maize, mostly due to com-
petition between the plant and microbes for N acquisition. N uptake by maize decreased NO;-
N and Nyin in the control (Fig. 7a.c), however, the difference gradually decreased and even
reversed with increasing ¢(P3HB), which may be related to the severely limited plant growth
starting at 1% c(P3HB) (Fig. S9).

The preferential boosted utilization of high c(P3HB) as the primary C source in soil, ac-

companied by increased utilization of N compounds from SOM (Fig. 5d, 6a), enhanced nutrient
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uptake and catabolism. This likely resulted in a partially anoxic environment (chapter 4.4) with
a more severe impact in planted soil due to the parallel root respiration exhausting soil O2.
Partial anaerobiosis could lead to the subsequently inhibited nitrification (Fig. 3) and explain
NO:-N depletion (Fig. 7a), as nitrate could be used as an alternative electron acceptor for PAHB
degradation [78]. The same mechanism can explain higher NHs-N content in the moderate un-
planted P3HB variant and rather increasing NH4-N content in the planted soil (Fig. 7b) because
nitrification is prevented by O: limitation. As a result, 1% ¢(P3HB) in the soils (used in this
work or similar in terms of SOM content) appears to be a critical breakpoint above which crucial
changes occur.

Therefore, the third hypothesis was confirmed. Furthermore, we can assume that some mi-

crobial groups also responded to changes in soil N availability.

4.6 Plant response to P3JHB

The combined impact of P3HB-derived changes in all the studied soil parameters, including
shifted microbial community composition, diversity changes, increased C mineralization inter-
fering with nitrification and decrease in inorganic N as well as O: availability (Fig. S8), resulted
in the strongly suppressed maize growth starting at medium c(P3HB) (Fig. $9). NOs-N availa-
bility was assumed as the main limiting factor; however, the role of soil aeration seems to be
also significant. To determine the decisive factor, future studies should focus on monitoring
over shorter time periods as the preliminary results show that the first 2-3 weeks can be critical

(Text S2).

27



547

548

549

550

551

552

553

354

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

5. Conclusions

The contamination of soil with P3HB microplastics induced significant changes in the compo-
sition and functions of microbial communities following enhanced C mineralization. Procary-
otic a-diversity was not affected by P3HB, whereas fungal a-diversity declined starting at me-
dium P3HB levels. The composition of prokaryotic and fungal communities shifted from a bal-
anced microbiome, including oligotrophic and nitrifying groups, towards prevailing copi-
otrophic taxa, with a sharper shift in the eucaryotic community. This shift enhanced respiratory
mineralization of PAHB-contained C and likely led to local O: depletion, promoting the abun-
dance of anaerobes impacting N mineralization. The decrease in nitrifying taxa limited the
availability of mineral N in soil, particularly nitrates, due to the reduced oxidation of ammonia
and possible anaerobic N respiration. Medium and high P3HB doses probably exceeded a crit-
ical threshold, triggering a transition in microbial community composition and dependent nu-
trient transformation from nutrient sequestration and availability to over-enhanced nutrient con-
sumption, followed by the inhibition of plant growth.

A general recommendation can be derived for the safe limits of P3HB-based material use
in agriculture, The critical effects started at approximately 1% of P3HB microplastics in soil.
Therefore, for example, the application of 100 pum thick P3HB film, considering its decompo-
sition and mixing with topsoil (10 cm), will result in P3HB content of about 0.1%, which cor-
responds to a safe dose. However, repeated applications of P3HB without allowing adequate
time for its complete biodegradation between applications can increase its soil content to levels
greater than or equal to 1%. Such accumulation may negatively impact soil quality and fertility

over time.
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