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ABSTRACT

Vesamaiki, Jussi

Microbial degradation of terrestrial organic matter and microplastics in boreal
lakes

Jyvaskyla: University of Jyvaskyld, 2024, 61 p.

(JYU Dissertations

ISSN 2489-9003; 767)

ISBN 978-952-86-0105-0 (PDF)

Diss.

Microbes are the main decomposers of organic matter in lakes, playing an
important role as recyclers of elements and energy. Natural sources of organic
matter include soil organic matter and plant litter, composed of natural polymers
such as lignin and carbohydrates. Additionally, the increasing amount and high
recalcitrance of plastics in the environment have become a concern worldwide.
In this thesis, I study the microbial utilization of different substrates across the
recalcitrance gradient (plant litter, hemicellulose, lignin, microplastics), carbon’s
biochemical fate, and seasonal variation. I also aim to identify the main microbial
groups behind the decomposition. The biochemical fate of carbon was affected
by the substrate’s recalcitrance and chemical structure. The carbon from both
recalcitrant and labile compounds was mainly respired to carbon dioxide,
whereas a smaller proportion ended up in microbial biomass. However,
microbial starvation led to the opposite result. Highly recalcitrant polystyrene
carbon was more efficiently used for new biomass formation than carbon from
labile leaves. Among environmental variables, particularly temperature
controlled the decomposition rate and carbon cycling. The relative importance of
assimilation in contrast to mineralization was higher in low temperatures. The
effect of lake type on decomposition was unclear and contradictory. Labile
carbon sources were utilized by a larger number of microbial groups than
recalcitrant microplastics. Overall, natural substrates were efficiently utilized,
and they subsidized microbial biomass production. In contrast, recalcitrant
microplastics decomposed extremely slowly, suggesting their accumulation in
lake ecosystems. The correlation of temperature with higher mineralization rates
indicates that elevating temperature increases microbial mineralization of
terrestrial polymers and thus further increases carbon emissions from lakes,
whereas the proportion of terrestrial carbon bound to microbial biomass and
aquatic ecosystems decreases.

Keywords: Lake; microbial decomposition; microplastic; mineralization;
polymer; stable isotope; terrestrial organic matter.

Jussi Vesamiki, University of Jyvdskyld, Department of Biological and Environmental
Science, P.O. Box 35, FI-40014 University of Jyviskyld, Finland



TIIVISTELMA

Vesamaiki, Jussi

Terrestrisen orgaanisen aineksen ja mikromuovien mikrobiologinen hajotus
boreaalisissa jarvissa

Jyvaskyla: Jyvaskyldn yliopisto, 2024, 61 s.

(JYU Dissertations

ISSN 2489-9003; 767)

ISBN 978-952-86-0105-0 (PDF)

Diss.

Mikrobit ovat pddasiallisia orgaanisen aineksen hajottajia jarvissd, ollen tarkedssa
roolissa aineiden ja energian kierron sdatelijoind. Luontaisia orgaanisen aineksen
ldhteitd ovat muun muassa maaperdn orgaaninen aines ja karike, jotka muodos-
tuvat luonnon polymeereista kuten ligniinista ja hiilihydraateista. Ndiden lisdksi
ympaéristoon padtyvan muovijdtteen madrd ja pysyvyys on herédttanyt maailman-
laajuista huolta. Viitoskirjassani tutkin mikrobien kykya hyodyntdd hajoavuus-
asteeltaan erilaisia substraatteja (lehtikarike, ligniini, hemiselluloosa, mikromuo-
vit), substraatin hiilen biokemiallista kohtaloa ja prosessien vuodenaikaisvaihte-
lua. Pyrin myds tunnistamaan hajotuksesta vastaavat olennaisimmat mikrobi-
ryhmat. Hiilen kohtaloon vaikuttivat materiaalin hajoavuusaste ja kemiallinen
rakenne. Substraatin hiili paatyi padosin hiilidioksidiksi, kun taas pienempi osa
hiilestd sitoutui biomassaan, joskin mikrobien nilkiintyminen ennen materiaalin
lisddmistd aiheutti pdinvastaisen tuloksen. Hankalasti hajotettavan polystyree-
nin hiili hy6dynnettiin hieman tehokkaammin biomassan tuotantoon kuin lehti-
karikkeen. Ympadristoolosuhteista erityisesti lampotila sddteli hajotusprosessin
nopeutta ja hiilen kiertoa. Biomassan tdrkeys hiilen sijoituspaikkana suhteessa
mineralisaatioon oli korkeampi matalissa lampétiloissa. Jarvityypin vaikutuk-
sesta hajotukseen saatiin ristiriitaisia tuloksia. Helposti hajotettavia yhdisteita
hyodynsi laajempi kirjo eri mikrobiryhmiéd kuin hankalasti hajotettavia mikro-
muoveja. Kaiken kaikkiaan luonnonmateriaalit hyodynnetddn tehokkaasti ja ne
tukevat mikrobibiomassan muodostamista. Sen sijaan ddarimmdisen hidas mikro-
muovien hajotus jarviekosysteemeissd johtanee niiden hiljattaiseen kertymiseen.
Lampétilan aiheuttama muutos substraatin hiilen kohtaloon viittaa siihen, ettd
ilmastonmuutoksen myo6td nousevat lampotilat lisddvat mikrobihajotuksen seu-
rauksena vapautuvan hiilen maaras, kun taas akvaattiseen ekosysteemiin jadvan
hiilen osuus pienenee.

Avainsanat: Hajottajamikrobi; jarvi; mikromuovi; mineralisaatio; polymeeri;
terrestrinen orgaaninen aines; vakaa isotooppi.

Jussi Vesamiki, Jyviskylin yliopisto, Bio- ja ympiristotieteiden laitos PL 35, 40014
Jyviskylin yliopisto



Author’s address  Jussi Vesamaiki
Department of Biological and Environmental Science
P.O. Box 35
FI-40014 University of Jyvaskyla
Finland
jussi.s.vesamaki@jyu.fi

Supervisors Associate professor Sami Taipale
Department of Biological and Environmental Science
P.O. Box 35
FI-40014 University of Jyvaskyla
Finland

University lecturer Riitta Nissinen
Department of Biology

FI-20014 University of Turku
Finland

Reviewers Leading researcher Hermanni Kaartokallio
Marine Research Centre,
Finnish Environment Institute
FI-00790 Helsinki
Finland

Senior researcher Nanna Hartmann
Department of Environmental Engineering
Technical University of Denmark

2800 Kgs. Lyngby

Denmark

Opponent Professor Andrew Tanentzap
Ecosystems and Global Change Group
School of the Environment
Trent University
Peterborough
Canada



CONTENTS

LIST OF ORIGINAL PUBLICATIONS

1 INTRODUCTION ..ottt 9
1.1 Terrestrial carbon sources in boreal lake ecosystems.............cccceucuneee. 9

1.2 Impacts of terrestrial organic matter on lakes............cccoceoeniiiininnnnnns 10

1.3 Microbial decomposition of organic matter and polymers.................... 11
1.3.1 Microbial decomposition process and the fate of carbon............ 11

1.3.2 Plant litter and its compounds as a carbon source ....................... 12

1.3.3 Microplastic degradation............ccccccovuiiiiinniicininiccce, 13

1.3.4 Organic matter decomposers and the community origin............ 14

1.4 Environmental factors affecting decomposition and carbon cycling....15

1.5 Advantages of SIA in tracing recalcitrant polymer decomposition......16

2 THE AIMS OF THE THESIS..........ccccoceiiiiiiiiiiiiicccccccceeenennes 17
3  MATERIALS AND METHODS ........ccccccoeiiiiiiiiiiiccceeeeeeeneennes 19
3.1 Study regions and experimental Setups...........cccecuveiveiciiciniciniicinne. 19

3.2 Lake water chemistry .........ccccoeiiiiiiiiiiiiic e 20

3.3 Microbial respiration and greenhouse gas production........................... 21

3.4 Quantifying biomass by PLFA and sterol analyses..........c.cccccccccceununneee. 22

3.5 Stable isotope analyses............cccciiiiiniiiiiiiii e 23

3.6 Calculations of decomposition rate, fate of carbon, and BGE................ 24

3.7 Quantitative fatty acid analysis (QFASA)........ccccooeiniinniiniiiiee 25

3.8 Microbial community analyses............cccccceveiniiinciniiniiciecece, 25

3.9 Statistical analyses.........ccccooeoiiiiiiiiiniiiiiiiie 26

4  RESULTS AND DISCUSSION ......cccceoeuiieiememeieiereiereieiemerenerenerererenenerenenesenenenenenes 28
41 Recycling of labile and recalcitrant carbon in boreal lakes .................... 28
41.1 Effects of experimental preparation on decomposition............... 28

4.1.2 Response of microbial biomass to substrate addition.................. 29

4.1.3 Decomposition rates and biochemical fate of carbon................... 30

414 Effects of environmental factors on substrate degradation......... 34

4.2 Microbial decomposers across the substrate recalcitrance gradient.....37
4.2.1 Origin of plant litter decomposers............ccccocevvvirciiicinncciinens 37

4.2.2 Plant litter and plant compounds.........c.ccccevvccineenncrnernecnnnnne. 41

4.2.3 MICTOPIASTICS ..cevveuiieniiiiiieiciriccteertet ettt 43

4.3 Evaluation of methods and notes for future research............................. 44

5 CONCLUSIONS........cooiiiicieecc e 46
ACKNOWIEAGEMEILES ... s 48
YHTEENVETO (RESUME IN FINNISH).........oviieriiiniirneineeeisessssseseesesssseesens 49

REFERENCES........c.ccooiiiiiiiiiiiiin e 51



LIST OF ORIGINAL PUBLICATIONS

The thesis is based on the following original papers, which will be referred to in
the text by their Roman numerals I-III. The responsibilities and contributions of
other authors have been explained in Table 1.

I

II

III

Vesamiki J.S., Rigaud C., Litmanen ].J., Nissinen R., Taube R. & Taipale S.J.
2024. Recycled by leaf inhabitants: terrestrial bacteria drive the
mineralization of organic matter in lake water. Submitted manuscript.

Vesamadki J.S., Nissinen R., Kainz M.]., Pilecky M., Tiirola M. & Taipale S.J.
2022. Decomposition rate and biochemical fate of carbon from natural
polymers and microplastics in boreal lakes. Frontiers in Microbiology 13,
1041242, doi.org/10.3389/fmicb.2022.1041242.

Vesamdki J.S., Laine M.B., Nissinen R. & Taipale S.J. 2024. Plastic and
terrestrial organic matter degradation by the humic lake microbiome
continues throughout the seasons. Submitted manuscript.

TABLE 1 Contributions of all authors in the original papers. Author

abbreviations: CR = Cyril Rigaud, JJL = Jaakko J. Litmanen, JSV =
Jussi S. Vesamiki, MT = Marja Tiirola, MJK = Martin J. Kainz, MP
= Matthias Pilecky, MBL = Miikka B. Laine, RN = Riitta Nissinen,
RT = Robert Taube, SJT = Sami J. Taipale.

I II 111

Planning SJT, JSV SJT, JSV, RN SJT, JSV, RN
Sampling in field JSV, ST SJT JSV
Carrying experiments JSV JSV JsvV
PLFA and sterol analyses JSV, ST JSV JSV, MBL
Greenhouse gas quantification JSsV JsvV JsV
Stable isotope analyses JsvV JSV, MJK, MK JsV
Microbial community analyses CR JSV, RN, MT JSsV
QFASA JJL, RT - -

Data analysis JsvV JsvV JsV

First version of the manuscript JSsV JsvV JsV
Manuscript revision All All All

Correspondence JSV JSV JsvV




1 INTRODUCTION

1.1 Terrestrial carbon sources in boreal lake ecosystems

Phytoplankton and its exudates are the basis of lake food webs, offering an
important source of carbon to aquatic consumers via binding atmospheric carbon
photosynthetically into lake ecosystems (Wilken et al. 2018). In addition to the
lake’s primary production (often referred to as autochthonous carbon sources),
lakes receive loads of terrestrial (known also as allochthonous) organic matter (t-
OM) that subsidize aquatic carbon pools and food web. Allochthonous carbon
enters the lake typically via soil organic matter (SOM) runoff or direct entry of
plant litter (Attermeyer et al. 2013) (Fig. 1). SOM is produced in terrestrial
ecosystems from recalcitrant residuals of decomposing plant litter, e.g., lignin
and cellulose (Beyer 1996, Solomon et al. 2015, Danise et al. 2018). A remarkable
proportion of SOM leaks into aquatic systems, where it contributes to aquatic
carbon cycling (Solomon et al. 2015), emphasizing the importance of plant litter
residuals to the aquatic carbon budget.

In addition to natural allochthonous carbon sources, varying concentrations
(0.27-34000 particle m=3) of microplastics (particle diameter < 5 mm) have been
found in lakes worldwide, mostly as fibers (Dusaucy et al. 2021, Rebelein et al.
2021, Tanentzap et al. 2021). Plastic pollution has become a global concern due to
continuously increasing plastic production and, consequently, plastic pollution.
Particularly their ecotoxicology, the role as vectors of chemicals, bioaccumulation
along the food web, and physical damage to aquatic organisms have gathered
attention (Hartmann et al. 2017, Jovanovi¢ 2017, Guzzetti et al. 2018, Garcia et al.
2021). Plastic particles enter lake water via wind or water flow or directly via
human impact and are concentrated in landfill and agricultural areas, snow
dumping sites, harbors, and wastewater management plants (Uurasjdrvi et al.
2020, Priya et al. 2022). After being introduced to the aquatic ecosystem, plastic
particles can remain in the water column for a long time, accumulate organisms
or sediments, and reduce the decomposition rate of organic matter (OM)
(Dusaucy et al. 2021, D’ Avignon et al. 2022, Welsh et al. 2022, Bertoli et al. 2023).
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Despite their potentially harmful effects, plastic leachates can subsidize microbial
biomass relatively more than t-OM and even plastic itself can be utilized as a
carbon source (Sheridan et al. 2022, Taipale et al. 2023). Therefore, plastics
represent a novel source of terrestrial organic matter for aquatic ecosystems.
Although this point of view is recognized in riverine ecosystems (Hoellein et al.
2019, Vincent and Hoellein 2021), it has gathered less attention in freshwater

lakes.

Allochthonous

Autochthonous

Lake's own primary Natural sources; e.g., Anthropogenic sources;
production; e.g., plant litter, SOM, e.g., plastics and
phytoplankton and organisms's residuals, and agricultural chemicals
vegetation feces
FIGURE 1 Classification of different carbon sources in lake ecosystems based on their

origin. Together all these organic carbon sources from different origins
(autochthonous, natural allochthonous, and synthetic allochthonous carbon
sources) form a lake’s carbon pool and play a role in aquatic carbon cycling.

1.2 Impacts of terrestrial organic matter on lakes

Being an important source of carbon, nutrients, and energy for aquatic
organisms, t-OM subsidizes the aquatic food web and affects the carbon cycling
in the whole lake ecosystem. Effects of t-OM input target abiotic conditions
(water chemistry and light availability) and biotic factors. The input of t-OM
affects water chemistry e.g. by lowering pH, increasing nutrient concentration
and the amount of particulate and dissolved organic compounds, consequently
increasing the brownish color of water and decreasing the light penetration into
a lake (Hessen 1998, Tank et al. 2010, Toming et al. 2013). Biotic factors affected
by t-OM input influence both primary production and consumption. These
include e.g. algal blooms as a consequence of increased nutrient availability
(Anderson et al. 2002) and changes in microbial community structure, microbial
activity, and biomass production (Wardle 1993, Jansson et al. 2008, Attermeyer et
al. 2013, Taube et al. 2018). The magnitude of the effects depends on lake
morphometry, nutrient content, and water clarity. For instance, large clear water
lakes rely on t-OM input less than small, shallow humic lakes, where the
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significance of t-OM input increases since it covers a larger proportion of the
whole lake carbon budget in relation to lake volume (Pace et al. 2007).

Typically t-OM input promotes heterotrophy and therein affects the carbon
balance of the lake (Sobek et al. 2006, Jansson et al. 2008, Ask et al. 2009). If the
heterotrophy exceeds primary production, the ecosystem turns into a net source
of greenhouse gases, contributing the global climate change (Berggren et al. 2012).
Indeed, humic lakes (defined often as DOC > 10 mg 1) (Seekell et al. 2015), that
are rich in OM, are mainly heterotrophic (Sobek et al. 2006, Jansson et al. 2008,
Ask et al. 2009). Humic lakes are common in the boreal zone and the most
abundant lake type in Finland over clear water lakes (DOC < 10 mg 1)
(Kortelainen 1993, Kortelainen 1999, Rantakari et al. 2004). They are characterized
by brownish water, low pH, and high content of nitrogen, phosphorus, iron, and
recalcitrant humic compounds originating from the t-OM (Kortelainen 1993,
Niirnberg and Shaw 1998, Rantakari et al. 2004, Roth et al. 2014, Brett et al. 2017).
Climate change is predicted to enhance the flow of organic matter from terrestrial
ecosystems into lakes, causing brownification and increasing the proportion of
humic lakes in relation to clear water lakes (Williamson et al. 2020, Blanchet et al.
2022), highlighting the importance of humic lake ecosystems in global carbon
cycling. Additionally, fish from humic lakes are nutritionally poorer than clear
lake fish, and thus, consequently, brownification has potential effects on human
nutrition, health, and economy (Strandberg et al. 2016, Taipale et al. 2016a).
Additionally, carbon cycle processes in humic lakes may indicate the future state
of current clear water lakes, therein predicting the future and likely attracting
more both scientific and economical interest as a dominant lake type.

1.3 Microbial decomposition of organic matter and polymers

1.3.1 Microbial decomposition process and the fate of carbon

Microbes are the major decomposers of plant litter over shredders in lakes
(Raposeiro et al. 2017, DeGasparro et al. 2020), playing a significant role in
transferring carbon from t-OM to upper trophic levels (Taipale et al. 2023).
Particularly in humic lakes, the microbially transferred terrestrial carbon may
form a large proportion of total carbon content at the upper trophic levels
(Minster et al. 1999, Jonsson et al. 2001). In addition to the labile t-OM, the lake
microbiome can bring carbon available for aquatic consumers from highly
recalcitrant microplastic and polymers, linking terrestrial carbon from varying
substrates into the aquatic food web (Taipale et al. 2023).

After entering the lake ecosystem, the substrate faces microbial colonization
and decomposition (Simon et al. 2002, Krevs et al. 2017). Leachates and low
molecular weight compounds can directly be taken up into microbial cells,
whereas larger and potentially more recalcitrant molecules are digested by
extracellular enzymatic degradation and by endocytosis (Sanchez 2020, Yuan et
al. 2020, Liu et al. 2021, Priya et al. 2022). Produced oligo-, di- or monomers can be
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further taken up into microbial cells where they are processed intracellularly and
mineralized to CO; or CH4 or used for anabolic processes (Fig. 2) (Yuan et al. 2020,
Du et al. 2021, Liu et al. 2021, Priya et al. 2022, Sun et al. 2023). Mineralized carbon
can be released into the surrounding water in an inorganic form, where it further
can be returned to the atmosphere or bound via aquatic primary production. Via
assimilation into the microbial cell and its structures, carbon can be linked to an
aquatic food web (Attermeyer et al. 2013, Scharnweber et al. 2014, Taipale et al.
2023). Therein, microbes determine not only the decomposition rate of a given
substrate but also the biogeochemical fate of its carbon, playing a key role in
terrestrial carbon recycling in a lake ecosystem.

1. Microbial colonizaton of polymer surface and polymer deterioration
2. Extracellular digestion of polymer chain
3. Uptake of oligomers into cell, followed by:

A. Assimilation into cell structures (intracellularly) or

B. Mineralization to CO, or CH, (intracellularly)

I N/ )
= 2

o
3. Carbon processing /

&Mierobial colonization / K 2. Polymer cleaving j

FIGURE 2 Schematic illustration of the polymer degradation process and carbon
utilization. Step 1: Microbes colonize the substrate’s surface. Step 2: Microbes
secrete extracellular metabolites that catalyze polymer oxidation, hydrolysis,
and the formation of oligo-, di-, and monomers. Step 3: Microbes take up
small oligo-, di-, and monomers into the cell, where they further assimilate
the carbon into the structural compounds of the cell (e.g.,, PLFAs, AAs,
sterols) or mineralize the polymer carbon into CO; or CHa.

1.3.2 Plant litter and its compounds as a carbon source

Among different plant litter types (e.g., leaves, twigs, bark), leaves are one of the
most studied sources of t-OM in aquatic systems. Leaves contain a varying
mixture of polymers and biomolecules. Rapidly after leaves enter lake water,
leaching of water-dissolving compounds starts. Leachates cover approximately 7
% of leaf mass and can directly be utilized by aquatic microorganisms, whereas
the remaining proportion of leaf mass is exposed to decomposition by aquatic
organisms, particularly microbes (Attermeyer et al. 2013). Leaf chemistry has
direct effects on its decomposition since decomposers favor nutrient-rich leaves.
Particularly C:N ratio, lignin, and nitrogen content are considered to affect the
leaf litter decomposition process (Cepakova and Frouz 2015). Moreover, leaf
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chemistry affects the microbiome living in and on the leaf. For instance, C:N:P
stoichiometry influences directly the dynamics of bacteria and fungi - changing
C:N:P during the decomposition process leads to changes in the ratio of bacteria
in relation to fungi (Danger et al. 2016).

The chemical composition of leaves varies highly between species not only
in their carbon, nitrogen, and phosphorus content but also the concentrations of
lignin, cellulose, and hemicellulose, which together form a majority of leaf
biomass (Lynd et al. 2002, Hattenschwiler et al. 2008, Brett et al. 2017). Across
different plant litter tissues, cellulose is the main component of plant tissue
matrix, ranging from 35 to 50 % of dry weight, and is followed by contents of
hemicellulose (from 20 to 35 % of dry weight) and lignin (from 5 to 30 % of dry
weight) (Lynd et al. 2002). In leaves, the proportion of cellulose is lower, covering
10 £ 3 % of leaf biomass among broadleaf tree species (Kern et al. 2022), whereas
lignin covers 22 + 14 % of leaf litter dry mass (Rahman et al. 2013), forming a
significant part of total plant litter mass, although highly varying between tree
species. Particularly lignin and cellulose are important to an aquatic ecosystem,
since they are the main precursors of humus formation (Danise et al. 2018), and
thus play a significant role in affecting water chemistry and its humic content.

Lignin is highly recalcitrant against degradation and is slowly mineralized
in humic waters (Vdhatalo et al. 1999). Its degradation is affected by
photodegradation, nitrogen concentration, and labile organic carbon source
availability (Klotzbticher et al. 2011, Rahman et al. 2013). Therein, lignin from
plant litter with high nitrogen content is more likely depolymerized and used as
a carbon source. In addition to abiotic degradation, lignin faces biotic
depolymerization by microbes and invertebrates (Rahman et al. 2013).
Decomposition is mainly initialized by white-rot fungi belonging to
Basidiomycota, but also some bacterial taxa, e.g., Spirochetes and Clostridium sp.,
have been associated with lignin decomposition (Rahman et al. 2013, Song et al.
2019). Contradictory observations have been made in wetlands, where increasing
fungal biomass was linked to decreased decomposition of lignin and cellulose
(Zhang et al. 2018).

As a labile carbon source, hemicellulose is consumed faster than cellulose
and lignin (Agoston-Szab6 and Dinka 2008). Bacteria dominate both in cellulose
and hemicellulose decomposition over fungi (Torres et al. 2014). Indeed, several
bacterial genera have been identified with an enzymatic potential to decompose
cellulose and hemicellulose (Lépez-Mondéjar et al. 2016). In contrast to lignin
decomposers, cellulose, and hemicellulose decomposers are considered less
substrate specific, and they are proposed to utilize a wide range of
polysaccharides as their carbon source (Eichlerova et al. 2015, L6pez-Mondéjar et
al. 2016).

1.3.3 Microplastic degradation
Polyethylene (PE) is one of the most common microplastic types found in lakes,

followed by polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS)
(Uurasjarvi et al. 2020, Dusaucy et al. 2021). The degradation process of plastics is
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typically initialized by photodegradation, and further accelerated by physical
degradation mechanisms and biological degradation (Chamas et al. 2020, Ali et
al. 2021, Priya et al. 2022). Both plastic’s physical properties and chemical
composition affect their toxicity (Monikh et al. 2022) and decomposition process
(Debroas et al. 2017). Heteroatomic microplastics, like nylon and polyvinyl, are
more prone to degradation due to their reactive groups and more diverse
structure (Debroas et al. 2017). For instance, freshwater fungi growing on plastic
particles were able to degrade aromatic and nitrogen-involving polyurethane but
not aliphatic polyethylene (Brunner et al. 2018). Microbes play a key role not only
by detoxifying plastic additives (Taipale et al. 2019) but also by catalyzing the
decomposition process via exoenzyme production (Priya et al. 2022). Indeed,
across various ecosystems, several bacterial (e.g., Ideonella sakaiensis, Bacillus
cereus, and Bacillus gottheilii) and fungal species (e.g., Aspergillus cereus, A. sydowii,
and Rhodotorula mugilacinosa) have been identified as microplastic decomposers
(Yoshida et al. 2016, Auta et al. 2017, Sangale et al. 2019, Vaksmaa et al. 2023).
Although the potential of fungi to degrade microplastics has been recognized
(Sangale et al. 2019, Sanchez 2020) the role of fungi in the decomposition of
microplastics in freshwaters is still much less known than the role of bacteria
which is partly explained by the lack of fungal sequence data in databases.

1.3.4 Organic matter decomposers and the community origin

Linking a microbial taxon to a specific function sheds light on the role of microbes
in a given environment. However, due to limitations in sequence databases and
interactions between microbial groups, identification of the taxon-specific
functions is challenging. Even at the kingdom level, the separation of roles can
be difficult due to cross-kingdom interactions. For instance, bacteria are known
to dominate over fungi during litter decomposition (Mille-Lindblom and Tranvik
2003). However, it has been suggested that bacteria benefit the production of
fungal enzymes and can utilize byproducts of the decomposition, whereas their
contribution to the decomposition itself may be lower in comparison to fungi
(Cline and Zak 2015, Purahong et al. 2016, Zhan et al. 2021). Bacteria are also
known to restrict both the growth of fungi and their enzymatic production,
therein controlling the amount of low molecular weight molecules that are
produced as a byproduct of the leaf decomposition (Mille-Lindblom and Tranvik
2003). Thus, although not necessarily driving the decomposition themselves, they
play a major role as a controller of the decomposition process. This affects the
carbon and nutrient cycling and aquatic food webs in lakes by controlling
decomposition rates of OM and by lowering the nutritional value of biofilms,
since fungi are nutritionally more valuable for aquatic consumers than bacteria
and preferred by aquatic invertebrates (Barlocher and Kendrick 1974, Danger et
al. 2016).
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1.4 Environmental factors affecting decomposition and carbon
cycling

Environmental conditions determine the microbial community composition in
lake waters, therein directly affecting the decomposition processes. For instance,
in acidic waters, the fungal contribution to microbial community structure
increases (Wurzbacher et al. 2010, Taube et al. 2018). Particularly in wetland lakes
that are rich in organic matter content and have low pH, fungi are abundant
(Wurzbacher et al. 2010). In addition to abiotic conditions, terrestrial microbes are
an important link between terrestrial and aquatic ecosystems: as a vector of
terrestrial microbes, t-OM entering the lake strengthens the connection of
terrestrial and aquatic ecosystems to each other, linking a terrestrial microbial
community to an integral part of the aquatic system. Indeed, a previous study
indicated that the terrestrial microbiome of leaves was mainly responsible for leaf
decomposition in streams (Jackrel et al. 2019), suggesting the importance of the
terrestrial microbiome to the decomposition of OM in aquatic systems. The role
and contribution of these microbial communities from aquatic versus terrestrial
origin to the decomposition of t-OM and carbon cycling, however, has been
understudied in lentic freshwater. In this thesis, the study I separates the roles of
aquatic and terrestrial microbiomes during the early-stage decomposition
process of leaves.

In addition to locally occurring environmental conditions, temporal
changes also affect the decomposition processes and carbon cycling in aquatic
systems. Seasonal changes alter the environmental conditions of the lake,
affecting the whole ecosystem processes, including the decomposition of t-OM.
In spring and summer, elevating temperature leads to a fast flux of carbon,
nutrients, and energy, whereas in autumn and winter, decreasing temperature
inhibits microbial activity. Although changing temperature is the driving force,
changing nutrient and oxygen concentrations, light availability, and pH also
affect the microbial activity and community structures, and consequently, the
decomposition processes in lakes (Xie 2006, Shang et al. 2022). For instance,
during winter, under-ice microbial decomposition of OM consumes oxygen,
accumulating dissolved inorganic carbon and turning conditions more anaerobic
and potentially inducing methanogenesis (Kirillin et al. 2012, Babanazarova et al.
2013). In summer, elevating temperature again increases both primary
production and microbial processes.

The addition of t-OM varies seasonally as well. In autumn, huge input of
leaf litter enters lake ecosystems as a result of leaf fall, offering new carbon,
nutrient, and energy sources for aquatic consumers and microbes. Leaves are
consumed at varying rates in different seasons. In a previous study, the microbial
decomposition rate of litter was approximately 3-fold slower in winter than in
summer although the mean water temperature was even 5-fold lower in winter
than in summer (van Dokkum et al. 2002). This suggests that microbial activity is
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not linearly decreased by temperature, and microbes are able to utilize labile OM
sources in winter.

1.5 Advantages of SIA in tracing recalcitrant polymer
decomposition

When measuring highly recalcitrant polymer degradation, traditional
quantification via mass loss requires a long incubation time before changes in
mass are detectable. Recalcitrant material degradation has been studied visually
e.g. by size-exclusive microscopy that images changes in the surface structure. If
exposed to decomposition, damage on the surface of a substrate should be
detected. Imaging methods are commonly less quantitative, and thus a weak tool
to determine decomposition rates. The use of stable isotope analysis (SIA)
encounters both of these problems since the decomposition can be studied at the
atomic level and the transfer of atoms from the substrate can be quantified (Balzer
etal. 1997, Boschker and Middelburg 2002, Wilhelm et al. 2019, Twining et al. 2020,
Taipale et al. 2022). For instance, 13C-labelled microplastics have successfully been
used to study degradation in mealworms and freshwaters (Yang et al. 2015,
Taipale et al. 2019, 2023). Notably, stable isotope analysis can be used to track the
biochemical pathways of carbon (Yang et al. 2015, Twining et al. 2020, Taipale et
al. 2022), allowing the quantitative carbon cycle analysis and providing more
information about the decomposition process. In addition, by combining stable
isotope analysis with biomarker analysis, the identification of decomposers
becomes possible (Boschker and Middelburg 2002, Twining et al. 2020).
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2 THE AIMS OF THE THESIS

Substrate recalcitrance is defined as its resistance against decomposition: the
slower the rate, the higher the substrate recalcitrance. In this thesis, 10 substrates
across the recalcitrance gradient are studied, including plant litter of five plant
species, hemicellulose, lignin, polystyrene, polypropylene, and polyethylene.
The main aim of the thesis is to trace the endpoint of carbon from different
substrates across recalcitrance gradient (labile plant litter, natural polymers,
different types of microplastics) during the microbial decomposition process
(Fig. 3). Decomposition rates, the biochemical fate of carbon, and decomposer
communities were compared in lakes with varying environmental variables.
Seasonal variation and its effects on decomposition rate and carbon cycling were
studied to evaluate the microbial processes more comprehensively in changing
conditions. Additionally, the aim was to identify the most important microbial
decomposers by combining results from compound-specific isotope analysis
(CSIA) of microbial phospholipid fatty acids (PLFAs) with microbial community
analysis. The following study questions relating to substrate carbon cycling and
decomposer taxa were asked:

1) Can freshwater microbes degrade plastics?

2) What was the main endpoint of carbon from different substrates across
the recalcitrance gradient?

3) Do differences in leaf chemistry alter the biochemical fate of leaf carbon?

4) How do seasonal changes affect microbial carbon uptake and cycling from
labile t-OM and microplastics?

5) Is the CSIA of PLFAs suitable for studying microbial decomposition
processes and decomposer communities?

6) What are the most important microbial decomposer taxa of different
substrates across the recalcitrance gradient?

7) Do the plant litter and microplastic decomposer communities change
seasonally?
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FIGURE 3

Graphical illustration of the main aims of this thesis.




19

3 MATERIALS AND METHODS

3.1 Study regions and experimental setups

To examine the effect of OM input on microbial community in lake water and the
roles of aquatic versus terrestrial microbiomes in carbon cycling, unprocessed
and autoclaved lake waters with different leaf species were incubated (I). Lake
water and leaves were collected from lake Tuomiojarvi and its shoreline (WGS84:
62°25'50"N, 25°74'31"E; Jyvaskyld, Finland) in October 2020. Collected waters
were filtrated through a 3 pm pore size filter to remove bacterivores. Half of the
collected lake water was autoclaved to separately examine the role of aquatic and
terrestrial microbiomes. Autoclaved lake water had a slightly higher content of
dissolved nitrogen, whereas pH and the concentrations of DOC and TIC did not
differ between two lake waters. 300 ml of autoclaved or unprocessed lake water
was added to 540 ml gastight glass bottles and alder, birch, or aspen leaves were
added to bottles with autoclaved or unprocessed lake water. Control treatments
(autoclaved and unprocessed lake water) had no leaf addition. Bottles were
incubated at 17 °C in darkness for 21 days. Four replicates were made for leaves
in unprocessed lake water and three replicates were made for controls and
autoclaved lake water treatments.

Biochemical fate of carbon from substrates along recalcitrant gradient were
studied by comparing the decomposition processes in clear and humic lake water
(I). Lake waters were collected from lake Nimeton (WGS84: 61°22'82"N,
25°19"26"E; Evo, Finland) and lake Vesijarvi (WGS84: 61°22'82"N, 25°19'26"E;
Lahti, Finland) in July 2020 for microplastic and lignin-hemicellulose treatments
and in September 2020 for leaf treatments. Collected waters were filtrated
through a 3 pm pore size filter to remove bacterivores and preincubated at 18°C
for 3 weeks before the start of the experiment to let microbes consume most of
the easily available carbon sources. After the preincubation, 300 ml of water was
poured into a 540 ml glass bottle and 4 mg C of 13C-substrate (PE (Polyethylene-
13C2, 99 atom% 13C, Sigma-Aldrich, United States); PP (Polypropylene-1-13C, 99
atom% 13C, Sigma-Aldrich, United States); PS (Polystyrene-a-13C, 99 atom% 13C,
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Sigma-Aldrich, United States); lignin-hemicellulose (U-13C lignin organosolv
from wheat (Triticum aestivum), 97 atom% 13C, IsoLife bv, Netherlands), leaves
(P-13C Beech leaf (Fagus sylvatica), 13.4 atom% 13C, IsoLife bv, Netherlands) was
added. Used lignin-hemicellulose was composed of approximately 80 % of lignin
and 20 % of carbohydrates, including mostly hemicellulose (van Erven et al.
2017). Control treatments had no substrate addition. Lake waters with added
substrates were incubated at 18°C in closed glass bottles for three (leaves), or six
(lignin-hemicellulose, microplastics, and controls without any substrate
addition) week(s). Bottles were daily shaken during the experiment. Four
replicates were made for each treatment.

To further expand the understanding considering microbial carbon
utilization, seasonal variation of two plastic materials and plant litter was
compared between four seasons in three humic lake waters (III). Lake waters
were collected from three highly humic lakes called lake Haukijarvi (WGS84:
61°22'29"N, 25°13'79"E), lake Majajarvi (WGS84: 61°21'49"N, 25°13'68"E), and lake
Nimeton (WGS84: 61°22'82"N, 25°19'26"E) in Evo (Hameenlinna, Finland) in July
2021, October 2021, January 2022, and May 2022. Collected waters were filtrated
through a 3 pm pore size filter to remove bacterivores after which 150 ml of lake
water was poured into a 240 ml glass bottle and 2 mg C of 13C-PE (Polyethylene-
13C2, 99 atom% 13C, Sigma-Aldrich, USA), 13C-PS (Polystyrene-a-13C, 99 atom %
13C, Sigma-Aldrich, USA), or 13C-plant litter (Typha latifolia, 5.6 atom % 13C, IsoLife
bv, Netherlands) was added into lake water. Four experiments (one for each
season) were conducted in three different humic lake water all of which had four
treatments (PE, PS, and plant litter addition, and control without any substrate
addition). Four replicates were made for each treatment. Bottles were incubated
for four weeks at either 21 °C (summer), 8°C (autumn), 2 °C (winter), or 15°C
(spring) and shaken daily. The total number of bottles was thus 48 per season
(three lakes, four treatments, four replicates), and the total number of samples
from all experiments was 192.

3.2 Lake water chemistry

Lake water pH was measured with PHM220 Lab pH Meter, MeterLab™. The
device was calibrated using standard solutions at pH 4 and pH 7. DOC
concentration in lake waters was measured by a Shimadzu TOC-V cph total
organic carbon analyzer. For analysis, a 20 ml subsample of water was filtered
(Sartorius 0.45 pm pore size) and 80 ul of 2 M HCI was added. A standard curve
with known concentrations of carbon and nitrogen diluted with deionized H.O
was created for the quantification of DOC and DN.

The ascorbic acid method for quantification of phosphorus concentrations
was performed according to the standard method (SFS 3026). 500 ul of 4M H2SO4
was added to a 50 ml filtrated lake water sample (Sartorius 0.45 um pore size).
Dissolved phosphorus was measured spectrometrically at 880 nm (Ordior UV-
1800 Spectrophotometer, Shimadzu). DIC concentration was measured similarly
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to the amount of CO; and is described in the next section and papers I-III. All

measured water parameters of studied lake waters have been presented in Table
2.

TABLE2  Averages and standard deviations of lake water parameters from studied lakes
(below the lake name, sampling time has been addressed). For lakes
Haukijarvi, Majajarvi, and Nimeton, only summer values are presented (III).
n.d. = not determined.

Tuomiojarvi ~ Vesijarvi Haukijarvi Majajarvi Nimeton
10/2020 7/2020 7/2021 7/2021 7/2020
7/2021
DOC (mgl?1) 78+0.1 52+0.1 18711 247 +0.6 22.6+0.19
260+04
DIC (mg 11) 08+0.4 6.3+0.2 3.0+0.2 1.9+04 1.8+0.1
1.7+0.1
DN (pg 1) 03+0.0 03+0.0 0.6+0.0 0.7+£0.0 0.6+0.3
0.7+0.1
DP (ug17) n.d. 6.7 £ n.d. 29.9 £n.d. 319+tnd 27.8 £n.d.
28.6 £ n.d.
pH 7.6+0.0 7800 6.6 +0.3 58+0.4 6.4+0.1
5.6+04

3.3 Microbial respiration and greenhouse gas production

Gas samples were collected from the air phase of the bottle to follow CO2 and
CHa4 production in bottles (Fig. 4). 5 ml of gas sample was transferred into an air-
free Exetainer® tube after which the amount of CO; and CHs was determined by
an Agilent 7890B gas chromatograph (Agilent Technologies, Palo Alto, CA,
USA). Dissolved inorganic carbon (DIC) was analyzed by taking 5 ml of water
into a He-flushed Exetainer® tube with 200 pl of 85 % H3POs (Taipale and
Sonninen 2009). Water samples were mixed by a vortex and 5 ml of the gas phase
was taken from the Exetainer® tube into a new tube. The gaseous DIC samples
were further processed and analyzed identically to air phase samples. After
conversion of the measured partial pressure to mass, concentrations were
calculated by multiplying the mass of CO;, DIC, and CHs with the phase volume
(I-III). More detailed descriptions can be found in studies I-I1I.
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outout: biochemical fate and carbon Decomposer identification
put: cycling 1
FIGURE 4 Presentation of main methods and steps used to answer the study questions
of this thesis.

3.4 Quantifying biomass by PLFA and sterol analyses

Phospholipid fatty acids (PLFAs) and sterols can be used as microbial biomass
indicators and biomarkers (Weete et al. 2010, Willers et al. 2015; Fig. 4). Based on
PLFAs, the mass of selected microbial biomarkers is multiplied with a correction
factor. In this thesis, the used correction factor was 25 since 4 % of microbial
biomass is composed of PLFAs (Taipale et al. 2015). For fungi, ergosterol content
correlates with fungal biomass and can thus be used to estimate total fungal
biomass separately from bacteria (Djajakirana et al. 1996, Stahl and Parkin 1996).
Thus, sterol profiles were determined to evaluate the participation of fungal taxa
based on biomarker sterols (I), whereas PLFAs were used as biomarkers for both
bacteria and fungi (I-III).

Samples for PLFA and sterol analyses were collected by filtrating sample
water through a preweighed filter (Whatman™ cellulose nitrate filters, pore size
0.2 um, diameter 47 mm). Lipids from freeze-dried filter papers were extracted
according to Folch’s method (Folch et al. 1957) using PLFA 19:0 (1,2-
Dinonadecanoyl-sn-Glycero-3-phosphocholine) and 5-a-cholestane as internal
standards. Extracted lipids were fractionated into neutral lipids (including
sterols), glycolipids (including pigments), and polar lipids (including PLFAs),
using solid phase extraction (SPE) columns (Bond Elut Silica cartridge). Neutral,
glycol, and polar lipids were eluted with 8 ml of chloroform, acetone, and
methanol, respectively.

Sterol fraction was treated with N,O-bis[trimethylsilyltrifluoro-acetamide]
(BSTFA) with 1 % (w) trimethylchlorosilane (TMCS) and pyridine, and produced
trimethylsilyl (TMS) derivatives of sterols were analyzed with a gas
chromatograph equipped with a mass detector (GC-MS; Shimadzu)(I).
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Calibration curves were created for individual sterols to quantify their
concentration in samples. Standard solutions of plant sterol mixture from
Larodan (Solna, Sweden; including [-sitosterol, stigmasterol, campesterol,
brassicasterol), and fucosterol and cholesterol from Sigma-Aldrich were used as
standards at four concentrations. Pearson correlation coefficient was confirmed
to be >0.99 for each sterol-specific calibration curve. 5-a-cholestane (0.5044
mg/ml; Sigma-Aldrich) as an internal standard to calculate the recovery
percentage for each sample.

PLFA fraction was methylated and analyzed with a gas chromatogram
connected to a mass spectrometer (GC-MS; Shimadzu) (I-1II). The FAMEs were
identified by using specific target ions and their retention times (Taipale et al.
2016b). We applied four-point calibration curves based on a known standard
solution of a FAME standard mixture (GLC standard mixture 566c, Nu-Chek
Prep, Elysian, MN, USA) to calculate the concentrations for the individual
FAMEs in the samples. The quantifications were made with GCMS solution
software (v4.42, Shimadzu, Japan) and the Pearson correlation value of the
calibration curves for each FAME in the standard mixture was >0.99. Recovery
of PLFAs was corrected based on the internal standard and the amount of PLFAs
in a sample was calculated as mg 1! of carbon.

3.5 Stable isotope analyses

After the quantification of CO2 and DIC in sample tubes, 513C values of CO2 and
DIC were analyzed using an Isoprime TraceGas pre-concentrator unit connected
to an Isoprime IRMS (Isoprime100 IRMS, Elementar UK Ltd., Cheadle, UK) at the
University of Jyvaskyld, Finland. 613C values were drift corrected and two-point
calibrated based on external standards.

The 613C of the bulk PLFA sample was measured from the subsample of
the original PLFA sample. A subsample was collected after fractionation and
transferred to a preweighed tin cup. After the subsample eluent had evaporated,
the sample was measured with a Thermo Finnigan DELTAplusAdvantage CF-
IRMS at the University of Jyvaskyld, Finland. 613C values were drift-corrected
based on external standards. Based on quantified 613C values of the bulk PLFA
sample, we calculated the assimilation rate for each substrate, as described in
Section 3.6.

CSIA of PLFAs was used to investigate the 13C transfer into specific
PLFAs, that can be used as biomarkers and associated with microbial groups,
providing direct insights into the identities of active decomposers and substrate
carbon utilizers (Boschker and Middelburg 2002). After quantifying PLFA
content in samples on GC-MS, samples were evaporated under nitrogen flow
and dissolved in 70 pl. Then, 8'3C-values of individual PLFAs were analyzed
using a GC-C TA III connected to an Isotope Ratio Mass Spectrometer (IRMS,
DELTAPLUSXP, Thermo Co.) at the WasserCluster Lunz -Biological Station
(Donau-Universitdt Krems, Austria) according to the protocol described by
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Taipale et al. (2019) (II) or with a 5977B GC/MSD (Agilent) coupled with the
Isoprime PrecislON (Elementar) isotope ratio mass spectrometer at the
University of Jyvéaskyld (III). Samples were run against an internal standard 1,2-
Dinonadecanoyl-sn-Glycero-3-Phosphatidylcholine (Larodan, 613C = -28.43%o)
(IT) or an external standard F8.3 (III) which were used for drift correction. Data
was corrected by the 8'3C-value of methanol used for transesterification (Twining
et al. 2020). Only peaks whose height (nA) was > 0.015 were included in further
analysis (III).

3.6 Calculations of decomposition rate, fate of carbon, and BGE

Measured and corrected 613C values of CO», DIC, bulk PLFA sample, and specific
PLFAs were converted into atomic percentages (AP) (Fry 2006):

(813C + 1000)

3 1000
(8 C + 1000 +—Rstd)

AP (%) = * 100,

where 613C is the measured 613C value of a gas or bulk PLFA sample and Rsts is
0.01118 (VPDB). Further, the transfer of 13C from the substrate to CO> or PLFAs
was determined as a difference between the AP value of the sample and the mean
AP of the control:

AAPpppas or AAPc, = Apsample = APcontrol-

Daily assimilation and mineralization rates were calculated as:

mcoz* AAPco2

* 100 and

Mineralization day~*(%) =
Madded13C*lexperiment

Mpiomass* AAPpLFAs + 100
’

Assimilation day~1(%) =

Madded13C*lexperiment

where mcoz is the mass of carbon dioxide in the bottle (mg), Mbiomass is the
microbial biomass (mg) in the bottle, 7addedisc is the mass (mg) of added 13C-
carbon, and fexperiment is the duration of the incubation period (days). The
decomposition rate of a substrate was calculated as the sum of mineralization
and biomass assimilation rates:

Decomposition day ! (%) = Mineralization day~* + Assimilation day 1.
The utilization of the substrate carbon via anabolic processes (new microbial

biomass formation) versus energy-producing pathways (respiration) was
studied as a relation of assimilated carbon to total decomposition, often referred
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to as bacterial growth efficiency (BGE) (del Giorgio and Cole 1998). BGE was
calculated:

Assimilation day~?!

BGE (%) =

Decomposition day=1°

3.7 Quantitative fatty acid analysis (QFASA)

Instead of assessing fungi:bacteria (F:B) ratio by single PLFAs, a PLFA-based
mixing model has been proposed as an optional method to estimate the
microbiome composition more comprehensively (Taube et al. 2018). Mixing
model-based estimation requires a reference dataset (library) constructed from
monoculture isolation experiments and sample data. In contrast to a Bayesian
mixing model-based prey composition estimation method FASTAR (Galloway et
al. 2015) that has been used to quantify fungal contribution to lake water
microbiota (Taube et al. 2018, 2019), the numerical optimization mixing model-
based QFASA (Iverson et al. 2004) has been shown to produce more accurate
results compared to FASTAR (Guerrero and Rogers 2020, Litmanen et al. 2020).
Thus, QFASA analysis was conducted to estimate the proportional contributions
of bacterial and fungal groups (I).

The used library was applied from the same reference dataset that was used
in a previous study examining the potential of using a Bayesian mixing model in
the quantification of fungi from environmental samples (Taube et al. 2019). The
library was analyzed by SIMPER in Primer 7 -software to identify the most
suitable biomarkers for bacteria and fungi. Based on SIMPER analysis, we
identified 18:2w6, 18:1®9, 18:3w3, 18:3w6, 16:0, and 18:0 as characteristic PLFAs to
tungi, whereas PLFAs 18:107, 16:107, al5:0, sum of 16:1 (non7), i15:0, 14:0, and
al7:0 were characteristic to bacteria. Together these PLFAs contributed >98 % of
all differences between bacterial and fungal PLFA profiles. In addition, PLFA
i14:0 was included in the analysis since it was found only in bacteria but not in
fungi. Collected PLFA data was processed before estimation, and only PLFAs
with a proportion >0.5 % were included in the estimation.

3.8 Microbial community analyses

Water for microbial community samples was filtrated through a filter with a pore
size of 0.2 pm (Supor®0.2pm/25 mm, PES, Pall Corporation). Filters were
immediately transferred into a bashing bead lysis tube with 800 ul of DNA/RNA
Shield™ and stored at -80 °C. RNA (for bacterial communities) and DNA (for
fungal communities) were extracted using a Chemagic™ 360 and the
Chemagic™ Viral DNA/RNA 300 Kit H9 following the manufacturer’s
instructions (PerkinElmer, Waltham, MA, USA). RNA was treated with DNAse
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and reverse transcribed to cDNA using the Maxima First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific, Waltham, MA, USA).

The target region of the bacterial 165 SSU rRNA was amplified with
polymerase chain reaction (PCR) using the primer pair 515F-806R (Caporaso et
al. 2011, Parada et al. 2016), to which were added the M13 linker (to the forward
primer 515F) and the P1 adapter (to the reverse primer 806R). The target region
of the fungal internal transcribed spacer (ITS) was amplified with primers ITS7
and ITS4 similar to the PCR reaction with bacterial 165 sequences but using the
genomic DNA as a template. Amplified sequences were tagged with the second
PCR using forward primers with M13-tailed Ion Torrent™ barcodes. After the
barcoding step, each sample was purified using the SparQ PureMag Beads
(Quantabio, Beverly, MA, USA). Samples concentrations were measured using a
Qubit fluorometer (Invitrogen/Thermo Fisher Scientific). Then, 10 ng of each
sample was pooled together, and the pool was purified again. The pool quality
and molarity were checked using a TapeStation 2200 and the High Sensitivity
D1000 ScreenTape and reagents (Agilent). The sequencing was performed with
the Ion Torrent Personal Genome Machine (Thermo Fisher Scientific) using the
Ion PGM Hi-Q View OT2 400 kit, the lon PGM Hi-Q View Sequencing kit (quality
control included), and the Ion 318v2 chip. The sequences were then analyzed
using the CLC Genomics Workbench software (CLC Bio, Qiagen). The primers
were trimmed, and the short sequences were discarded. After the sequences were
trimmed to the same length, the OTU clustering was performed using the SILVA
165 v132 database with a similarity percentage of 97% (I) or 99% (I, III).

3.9 Statistical analyses

Statistical analyses were conducted using the software Primer 7 (Primer-E).
Differences in single variables (concentration of CO;, CHs4, DIC, TIC, biomass,
mineralization rate, assimilation rate, decomposition rate, bacterial growth
efficiency (BGE), leaf mass loss, and the comparison of 613C values of each PLFA)
were tested separately with univariate analysis of variance (ANOVA) applying
permutational multivariate analysis of variance (PERMANOVA) on Euclidean
distance matrices for single variables as described previously (Taipale et al. 2023).

OTUs with relative abundance > 0.5% of all detected 16S rRNA sequence
reads were included for further analysis and the contribution of each OTU as %
was used for statistical analysis. Differences in environmental parameters (III),
PLFA profiles (I), and microbial community structures (I-III) were tested with
permutational multivariate analysis of variance (PERMANOVA) after the
square-root transformation of data and calculation of the Euclidean
(environmental parameters) or Bray-Curtis (PLFA profiles, microbial
communities) similarity matrices. Analysis of similarity percentages (SIMPER)
was further conducted to identify microbial classes that increased their
proportion as a consequence of substrate addition (I, III). Non-metric
multidimensional analysis (nMDS) with hierarchical cluster analysis were
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combined to analyze and visualize the clustering of treatments based on
microbial community data and environmental variables (Clarke 1993). Monte
Carlo’s simulations were used for p-values as suggested for data with a low
number of replicates (Anderson and Robinson 2003). Additionally, regression
analyses were conducted to detect Pearson correlations between the relative
abundance of microbial genera and the decomposition rate of PS (III). The used
confidence level for all tests was 95 %.
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4 RESULTS AND DISCUSSION

4.1 Recycling of labile and recalcitrant carbon in boreal lakes

During the decomposition processes, most of the decomposed plant litter and
plastic carbon was respired (except in II) and released to the surrounding water
column and the atmosphere, where it can again be reused by photosynthetic
organisms, supporting findings of another study (Taipale et al. 2023). However,
microbial starvation led to an opposite carbon distribution; when lake water was
preincubated before starting experiments, carbon from both labile and
recalcitrant polymers was mostly assimilated into biomass whereas a smaller
part was used as an energy source (II). Although mineralization rates varied
seasonally, substrate carbon was mainly respired in all studied lake waters
throughout all seasons, whereas a minor part was assimilated into biomass (III).

In contrast to seasonally varying mineralization, the assimilation rate of
plant litter and PS was equal throughout all seasons, suggesting that it is not as
sensitive to changing environmental conditions as microbial respiration. From
microbial biomass, carbon can further be utilized by aquatic consumers and
nutritionally upgraded via the food web (Taipale et al. 2023), emphasizing the
importance of the microbial link as a link between terrestrial ecosystems and
aquatic food web. Moreover, decreasing temperature was shown to decrease the
substrate mineralization, suggesting the higher importance of microbial
assimilation in low temperatures. The support of recalcitrant polymer carbon to
aquatic food web is higher in low temperatures, thus, in winter seasons and
potentially in subarctic and arctic freshwaters. However, decomposition rates
and carbon utilization pathways of carbon from studied substrates were
influenced by environmental factors, substrate chemistry, and the experimental
preparation.

4.1.1 Effects of experimental preparation on decomposition

The effects of experimental preparation are seen by comparing decomposition
rates and carbon utilization pathways between studies (I-III). For instance, dry
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leaf powder was decomposed and mineralized faster than wet leaves (II, III).
Although decomposed and mineralized at a faster rate, powdered broadleaf
cattail carbon was assimilated at a slower rate into biomass than carbon from
deciduous tree leaves. Thus, results suggested that differences in moisture
content and particle size affected plant litter decomposition processes, likewise
in a previous study (Bani et al. 2018).

In one of the conducted studies, lake water was preincubated for three
weeks in the laboratory in order to let microbes use labile carbon sources before
substrate addition so that microbes would be more sensitive and “hungry” to
new labile carbon sources (II). Indeed, the highest decomposition rate among
studied plant litter types was observed when lake water was preincubated (beech
leaves k = 0.75 £ 0.38 % per day). In addition to enhanced decomposition, lake
water preincubation affected the biochemical fate of leaf litter. Without
preincubation, the plant litter and microplastic carbon were mostly respired (I,
III). After preincubation, the major proportion of carbon from all studied
substrates (leaves, hemicellulose, lignin, PS, PP, PE) ended up in microbial
biomass, whereas a minor proportion was respired (II). Unfortunately, due to
different volumes of filtrated water for PLFA analysis, the variation in
assimilation rates within treatments was high. Nevertheless, since the
biochemical fate and decomposition rate of plant litter carbon in this study differ
greatly in contrast to other studies (I, III), it seems likely that microbial starvation
led to more efficient substrate utilization, exposing the true potential of microbial
decomposition capacity.

4.1.2 Response of microbial biomass to substrate addition

The input of terrestrial plant litter into lake water enhanced microbial respiration
and biomass production (I-III), confirming the current view that terrestrial leaves
are an important source of carbon and energy for aquatic ecosystems under
phytoplankton deficiency (Carpenter et al. 2005, Attermeyer et al. 2013,
Scharnweber et al. 2014). Although not necessarily increasing microbial biomass
itself, the support of recalcitrant polymers to microbiome can be seen as the
amount of assimilated carbon during the decomposition; carbon from all studied
substrates was shown to become assimilated into microbial biomass at varying
rates across the recalcitrance gradient, and thus all substrates supported
microbial biomass. However, although the formation of new microbial biomass
formation was commonly accelerated as a consequence of plant litter addition,
supporting the difference in comparison to the control microbiome was not
always statistically significant: e.g., in Lake Majajdrvi, other available carbon
sources caused the diminished supporting effect of added leaves into lake water
as a consequence of high DOC impulse in autumn, that has provided other labile
carbon sources for lake microbiome (III). Thus, when other labile carbon sources
such as increased SOM or leaf input (Singh et al. 2014, Kim et al. 2017) appears,
the microbial response is not as strong as under carbon deficiency. Thus, leaf
input is particularly important for microbes in lake waters under labile carbon
deficiency, whereas its importance decreases when other resources are available.
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This finding is also supported by the distinctively high decomposition rate of
beech leaves that were consumed fast after the preincubation the lake water,
making microbes to “starve” and more aggressively attach the added leaf
material (II).

4.1.3 Decomposition rates and biochemical fate of carbon

Natural substrates were utilized faster than synthetic polymers (Table 3, Fig. 5).
All studied plant litter materials (alder, aspen, birch, beech, and broadleaf cattail)
were efficiently utilized by the freshwater microbiome, as shown in high daily
decomposition rates ranging from 0.16 % to 0.75 % (at the temperature range of
15-18 °C) (Fig. 5). Hemicellulose was utilized at the fastest rate, reaching a daily
decomposition rate of 2.33 + 1.22 %. In contrast, lignin was more resistant to
degradation, as observed previously in soils (Torres et al. 2014), and thus it likely
contributes more to humus formation and sedimentation in freshwaters than
labile hemicellulose. Microplastics decomposed extremely slowly, the
decomposition process lasting from hundreds to tens of thousands of years. Due
to the long-lasting decomposition process, they are likely eaten by aquatic
organisms (Driscoll et al. 2021, Tanentzap et al. 2021) or end up to sediments
where they contribute to lake’s carbon storage and are exposed to degradation of
sediment microbes and benthic invertebrates (Bellasi et al. 2020, Dong et al. 2020).
Notably, decomposition rates are very lake- and substrate-specific:
decomposition rates and substrate carbon utilization pathways were affected by
environmental factors and substrate recalcitrance. Recalcitrant polystyrene
carbon was more efficiently utilized for biomass than labile litter carbon in humic
lake waters (I, III), supporting another study (Taipale et al. 2023). However, due
to the high variation of assimilation rates (II), this was not observed for all
substrates across the recalcitrance gradient.

TABLE 3 Daily mean decomposition rates (%) of studied substrates across the
temperature gradient (°C) in studied lake waters.

Substrate 2°C 8°C 15 °C 17 °C 18 °C 21 °C
Alder - - - 0.27 - -

Aspen - - - 0.16 - -

Beech - - - - 0.75 -

Birch - - - 0.18 - -

Cattail 0.20 0.28 04 - - 0.77
Hemicellulose - - - - 2.33 -

Lignin - - - - 0.33 -

PS 0.000130 0.000197 0.000210 - 0.000404 0.000658
PP - 0.000004

PE 0.000022 0.000032 0.000018 - 0.000197  0.000036
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FIGURE5 Averages and standard deviations decomposition, mineralization, and
assimilation rates of five types of plant litters (temperature 15-17 °C),
hemicellulose, lignin, PS, PP, and PE in boreal lakes (temperature 18-21 °C) in
boreal lake waters. Note that estimated total decomposition times are
calculated in more or less optimal temperatures (>15 °C) without any seasonal
variation for better visualization of differences in decomposition processes
between studied substrates. Thus, the real decomposition times are higher
under natural conditions.

Litter chemistry is known to affect decomposition rate (Muto et al. 2011, Krevs et
al. 2017) this was supported by the finding that nitrogen-rich alder leaves were
utilized faster (daily carbon uptake rate k = 0.27 £ 0.02 %) than birch and aspen
leaves (k = 0.18 + 0.01 % and k = 0.16 £ 0.01 %, respectively) that have lower
nitrogen concentration (Muto ef al. 2011, Lotfiomran et al. 2016). In contrast to the
importance of nitrogen on microbial decomposition, phosphorus is not as
important (Mooshammer et al. 2012), and was relatively equal between leaf
species (I, Muto et al. 2011). Thus, the faster decomposition rate of alder leaves
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was associated with high N content, which also supported earlier studies that
have found the high nitrogen content to accelerate the decomposition process
(Muto et al. 2011, Mooshammer et al. 2012, Bani et al. 2018). Although leaf
chemistry was confirmed to affect the decomposition rate, it did not affect
carbon’s fate; majority of plant litter carbon was mineralized (I, III) except under
microbial starvation (II). Thus, independent of plant litter chemistry, microbes
process leaf carbon by the same carbon pathways, using the majority of leaf
carbon in energy-producing pathways and a minority for biomass building (I).
In addition to CO», concentrations of CHs were shown to increase after leaf input
(). Particularly the addition of birch leaves led to higher CHys levels than the
addition of alder or aspen leaves (I). Thus, the quality of organic matter, which is
strongly affected by surrounding vegetation and climate (Tank et al. 2010,
Kothawala et al. 2014), can potentially affect the molecular composition of carbon
emissions from the lake ecosystems, but field experiments are needed to confirm
this at the ecosystem level. Moreover, the rapid mineralization rate of terrestrial
OM entering the lake ecosystem increases the release of greenhouse gases from
the lake water, which could potentially turn the lake ecosystem temporarily into
a net source of greenhouse gases and facilitate net heterotrophy after an annual
leaf fall (Berggren et al. 2012). However, this is dependent on the autotrophy of a
lake and its seasonal changes (Berggren et al. 2012, Laas et al. 2012).

Lignin and hemicellulose, which were introduced into lake waters as a
mixture, were shown to be biodegradable at a relatively fast rate. Lignin carbon
was only assimilated into biomass and not respired (Fig. 5) although slow lignin
mineralization in freshwaters has been reported previously (Vahatalo et al. 1999,
Taipale et al. 2023). The daily decomposition (thus, assimilation) rate of lignin
was 0.33 £ 0.26 %. Low or absent mineralization suggests the high permanence
of lignin subunits in aquatic system, where it can become a part of larger humic
particles, affect water chemistry, and contribute to lake’s carbon storages (Danise
et al. 2018). Since labile carbon source co-occurring with lignin is known to
accelerate lignin degradation (Klotzbticher et al. 2011), the observed lignin
degradation rates are likely higher than without the presence of hemicellulose.
The degradation-promoting effect of hemicellulose is likely explained by the
positive response in microbial biomass since high microbial biomass is known to
promote lignin carbon assimilation as well (Torres et al. 2014). In contrast to lignin
carbon, hemicellulose carbon was both respired and assimilated into biomass.
The daily decomposition rate of hemicellulose reached the rate of 2.33 + 1.22 %,
indicating faster utilization than any other of studied substrates (I-III). The
assimilation and mineralization rates of hemicellulose carbon were 2.02 +1.23 %
and 0.31 £ 0.08 % per day, respectively. As discussed in a previous section, results
indicated higher plant litter carbon assimilation capacity under starvation for
lake water microbiomes. Although microbial starvation is suggested to
overestimate the microbial biomass as a carbon endpoint, results suggest the
effective microbial utilization of carbon from hemicellulose and lignin. Via
microbial decomposition, natural polymer carbon is effectively linked to an
aquatic food web where it contributes to the whole aquatic carbon budget
(Taipale et al. 2023).
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In contrast to naturally produced polymers, synthetic plastics (PE, PP, and
PS) were decomposed very slowly, with total decomposition time ranging from
hundreds to tens of thousands of years. Different plastic types, however, were
decomposed at varying rates. Aromatic and heteroatomic structures are known
to enhance plastic degradation rate (Debroas et al. 2017). Indeed, aromatic PS was
degraded faster than aliphatic PE and PP (II, III). PS carbon is more likely
mineralized than used for biomass (IlI), but assimilation into biomass may
become more important fate if microbes have consumed other carbon sources, as
discussed above concerning plant litter decomposition (II). However, the
importance of microbial biomass as a biochemical endpoint of PS carbon was
observed also by Taipale et al. (2023) who found that PS carbon was mainly used
for biomass building. However, they did not use closed bottles, which likely
produced an underestimation of the mineralization rate. Nevertheless, in all
these studies, varying proportions of PS carbon were shown to be assimilated
into microbial biomass, thus revealing that even highly recalcitrant, synthetic
polymer carbon supports microbial biomass. Notably, the assimilation rate was
equal throughout seasons, suggesting that microbial assimilation of PS carbon is
not influenced by changing environmental conditions. However, as a
consequence of decreased microbial respiration and carbon mineralization in low
temperatures, a relatively higher proportion of carbon ended up in microbial
biomass. Therein, the importance of recalcitrant polymer carbon to aquatic food
web is relatively higher in low temperatures and potentially in subarctic and
arctic freshwaters.

As predicted, aliphatic PE and PP are highly resistant to degradation due to
their simple and chemically strong structure, which are formed only by carbon
and hydrogen atoms and lack functional groups. PP carbon was decomposed
extremely slowly at the rate of 0.0000043 + 0.0000062 % per day, from which most
of the carbon was assimilated into biomass at the rate of 0.0000034 + 0.0000056 %
per day and mineralized at the average rate of 0.0000009 + 0.0000012 % per day
(II), showing extremely high resistance against microbial degradation (Fig. 5).

PE was decomposed at the rate of 0.000025 + 0.000022 per day at a
temperature of 21 °C (Table 3). PE carbon was assimilated into biomass at the
daily rate of 0.0000002 + 0.0000004 % and mineralized at the rate of 0.0000249 +
0.0000217 % per day (IlI). However, after preincubation of lake water,
degradation was faster at the temperature of 18 °C than observed at the higher
temperature of 21 °C (IIl), and reached a daily rate of 0.00020 + 0.00025 %, thus
highly varying (II). Faster decomposition is partly explained by a preincubation
of lake water, during which lake microbes utilized natural carbon sources to
make them starve before the experiment began. This suggests that freshwater
microbes are capable of using aliphatic microplastic carbon as their carbon
sources, but if other more easily degradable sources are available, they utilize
these at first.

Overall, degradation rates of aliphatic microplastics were much lower rates
than measured previously (II, III; Taipale et al. 2019, 2022). This difference is
potentially caused by the lack of initial chemical reaction, caused for example by
UV-radiation that is known to accelerate the microplastic degradation by
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oxidizing polymer and therein making it more prone to microbial digestion
(Chamas et al. 2020, Ali et al. 2021, Priya et al. 2022). Indeed, results suggest that
the used PE differed by its chemical structure before starting experiments. Two
different batches of 13C-PE (from the same manufacturer) were used for the
summer and autumn seasons and winter and spring seasons, respectively (III).
In the winter and spring seasons, the proportion of assimilated carbon from all
decomposed PE carbon was higher than in summer and autumn, suggesting that
these two batches differed chemically. Thus, ordered 3C-PE may differ by its
chemical structure (that is, oxidized or unoxidized polymer chain) between
batches, resulting diverging decomposition rates and even biochemical
distribution.

4.1.4 Effects of environmental factors on substrate degradation

The differences in decomposition processes between clear and humic lake waters
were studied (II). In both lake waters, decomposed substrate carbon was mainly
used in microbial biomass (Table 4, Fig. 6). However, carbon assimilation rates
varied highly within treatments, and therein, the mineralization of substrate
carbon was considered to be a better indicator in examining differences in
decomposition processes between the two lake types. Plant litter, hemicellulose,
and PS carbon were mineralized at a faster rate in humic than in the clear lake
water, whereas lignin and PE were mineralized at the equal rate and PP was
mineralized faster in clear lake water (Fig. 6). Faster mineralization of plant litter
in humic lakes is indirectly supported by the higher mineralization rate of
broadleaf cattail litter (III) in contrast to alder, aspen, and birch leaves (I),
although this comparison includes other variables as well. Results suggest that
higher DOC and nutrient content of humic lakes may enhance particularly the
labile substrate mineralization. This might be explained by other covariation
factors such as lake nutrient concentration (III, Fernandes et al. 2012, Duarte et al.
2016). Overall, the effect of lake type that was considered as differing DOC
content (II) was a weak predictor for decomposition rate and was dependent of
the studied substrate.

TABLE 4 Daily mean assimilation rates (%) of studied substrates across the temperature
gradient (°C) in studied lake waters.

Substrate 2°C 8 °C 15 °C 17 °C 18 °C 21 °C
Alder - - - 0.05 - -

Aspen - - - 0.03 - -

Beech - - - - 0.53 -

Birch - - - 0.03 - -

Cattail 0.02 0.01 0.01 - - 0.01
Hemicellulose - - - - 2.02 -

Lignin - - - - 33 -

PS 0.000224 0.000236 0.000170 - 0.000351 0.000029
PP - 0.000003

PE 0.000013 0.000003 0.000038 - 0.000196 0.000002
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FIGURE 6 Biochemical fates (assimilation or mineralization rate per time unit) of carbon

from A) leaves, B) hemicellulose, C) lignin, D) polystyrene, E) polypropylene,
and F) polyethylene in clear and humic lake waters.

Seasonal variation of plant litter, PS, and PE carbon utilization and
environmental factors affecting the decomposition were examined (III). The
effect of seasonal variation on PE decomposition was not observed, due to
extremely low degradation rate (Fig. 7A). In contrast, plant litter and PS
decomposition rate were strongly affected by seasonal variation (Fig. 7B and 7C).
The seasonal effect on decomposition rate was relatively similar between labile
plant litter and recalcitrant microplastic: plant litter and PS decomposition rates
were 5- and 4-fold higher, respectively, in summer than in winter (III).
Temperature is known to regulate mineralization (Hall et al. 2008, Gudasz et al.
2010) and it was the most important environmental variable determining the
decomposition rate of PS and plant litter (III). Degradation rates of plant litter
and PS increased slowly across the temperature gradient until 15 °C, after which
the rate accelerated. At the temperature of 21 °C, the carbon uptake rate from PS
in humic lake waters reached 0.0066 % per day, which was the highest
microplastic carbon assimilation rate observed in conducted studies (Table 4).
Plant litter and PS decomposition did not follow linear regression along
temperature gradient, and seasonal fluctuation in nutrient concentrations
between spring and summer were concluded to affect the decomposition as well,
supported by other studies (Grasset et al. 2017, Wang et al. 2019, DeGasparro et
al. 2020, Yindong et al. 2021). Notably, decomposition did not stop even in winter
at the temperature of 2 °C, revealing that decomposition processes of even highly
recalcitrant polymers are continuous throughout the year, although the rate
slows down, particularly below 15 °C.
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FIGURE7 Seasonal variation in decomposition rates and carbon end points (biomass

assimilation vs. respiration) was shown to be strong and systematic for
polystyrene and plant litter, but not for polyethylene which was extremely
slowly decomposed in all seasons. Seasonal variation of biochemical fate of
carbon from A) PE, B) PS, and C) plant litter. Bacterial growth efficiency that
was used to examine substrate carbon’s relative use in a biomass versus as an
energy source, did not vary seasonally in D) PE treatments, but showed
seasonal variation in the E) PS and F) plant litter treatments.

In all seasons, litter and microplastic carbon was mostly mineralized (Fig. 7A-C).
Interestingly, however, assimilation rates of PS and plant litter carbon were equal
throughout seasons. The effects of seasonally changing environmental conditions
affected only microbial activity and mineralization of carbon from plant litter and
PS (III). In low temperatures, however, a decreasing proportion of mineralized
carbon led to a relatively higher importance of biomass as an endpoint of
substrate carbon in PS and plant litter treatments, but not in the PE treatment
(Fig. 7D-F; Table 5). Thus, a higher proportion of substrate carbon is bound to
the aquatic food web in low temperatures. Subsequently in subarctic and arctic
lakes, the supporting effect of terrestrial carbon may be more powerful than in
boreal lakes. On the other hand, plastics’ slow decomposition in lower
temperatures suggests that their permanence in fragile arctic and subarctic
ecosystems, where microplastic pollution has recently been observed (Bergmann
et al. 2022, Citterich et al. 2023), is even higher than in southern ecosystems.
Moreover, warming climate may have cascading effects on the carbon balance of
boreal lakes by inducing the release of CO; via increased microbial respiration
(Berggren et al. 2012). Additionally, since temperature was recognized as the
most important environmental factor affecting the microbial decomposition of
plant litter and microplastics, it could be used to predict changing decomposition
pathways and carbon cycling processes in aquatic ecosystems.
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TABLE 5 Daily mean mineralization rates (%) of studied substrates across the
temperature gradient (°C) in studied lake waters.

Substrate 2°C 8 °C 15 °C 17 °C 18 °C 21 °C
Alder - - - 0.22 - -

Aspen - - - 0.14 - -

Beech - - - - 0.22 -

Birch - - - 0.15 - -

Cattail 0.18 0.26 0.39 - - 0.76
Hemicellulose - - - - 0.31 -

Lignin - - - - 0 -

PS 0.000107 0.000131 0.000184 - 0.000054 0.000629
PP - - - - 0.000001 -

PE 0.000018 0.000007 0.000004 - 0.000001 0.000025

4.2 Microbial decomposers across the substrate recalcitrance
gradient

Although bacteria are generally considered to be more efficient in competing due
to their better substrate utilization, faster population growth, and biomass
production (Mille-Lindblom and Tranvik 2003), there has been debate about
whether they actually participate in the decomposition or only assimilate
leachates and byproducts of fungal decomposition (Purahong et al. 2016, Zhan et
al. 2021). To shed light on this problem in aquatic ecosystems, the CSIA of PLFAs
was combined with microbial community analysis to explore the active microbial
groups driving the substrate decomposition. All substrates were mainly
decomposed by bacteria (I-III). Labile plant litter and hemicellulose carbon are
utilized by a high number of different microbial taxa, supporting previous
studies (Eichlerova et al. 2015, Lopez-Mondéjar et al. 2016). In contrast, highly
recalcitrant microplastic decomposition was limited to Proteobacteria and
potentially Planctomycetes (II, III). Thus, results suggest that highly recalcitrant
polymers can be degraded only by limited number of microbial taxa.

4.2.1 Origin of plant litter decomposers

Terrestrial microbiome recycled carbon from terrestrial organic matter and
shaped the direction of microbial community succession in lake ecosystems,
revealing the importance of terrestrial microbiome in aquatic carbon cycling that
has been understudied in lentic freshwaters (I). Terrestrial microbes become an
integral part of the aquatic microbiome not only on leaves (Jackrel et al. 2019) but
in the surrounding lake water as well (I). Free-living microbes utilizing DOM are
further eaten by filter-feeders (Taipale et al. 2014, Brett et al. 2017, Tang et al. 2019),
and therein integrated into the aquatic food web. Although the terrestrial
microbiome (i.e., leaf microbiome) shaped the succession of the microbial
communities after introducing leaves into lake water (Fig. 8A and 8B), the aquatic
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microbiome affected the carbon cycling processes, contradicting the view that
leaf carbon is recycled by leaf associated microbiome only (Attermeyer et al.
2013). Nevertheless, terrestrial microbiome was responsible of majority of carbon
recycling, supporting the current view that terrestrial microbiome is more
important from the point of view of decomposition (Attermeyer et al. 2013, Hayer
et al. 2022). The contribution of aquatic microbiome to carbon cycling was shown
as faster assimilation and mineralization rates and higher microbial biomass
production in contrast to treatments without aquatic microbiome (I).

To examine the origin of different microbiomes more closely, leaf
microbiomes were divided into epiphytic (surface-living) and endophytic (living
inside the leaf tissue) microbiomes. Epiphytic and endophytic bacteria
contributed equally to bacterial community development. Fungal communities
were more similar to epiphytic than endophytic fungal communities at the end
of the experiment, suggesting that epiphytic fungi shape the fungal community
succession more than endophytes (Fig. 9A), although endophytic fungi often are
latent saprotrophs, and their location inside the plant material is thought to favor
their role as decomposers (Osono 2006, Saikkonen et al. 2015). Among fungi, the
separation between lake water and leaf communities was not clear, challenging
the evaluation of the contribution of terrestrial and aquatic fungal communities
to the final community composition after the incubation period. Additionally, a
high proportion of uncultured fungi was detected (Fig. 9B). The lack of fungal
sequence information in current databases has been recognized but the problem
remains, challenging the identification of ecologically significant fungal taxa.
Particularly freshwater fungi are still a highly unknown group and need more
research to build a more comprehensive picture about the identity and roles of
aquatic fungi.



39

14 2D Stress: 0,11 Similarity
N
> 40
8 aves+_‘._mprc. —_— 60
1 + \ Legend
@ | - Alder+Unproc.
% Alder+Autocl.
0+ ) ® Alder endophyte
% ~ O Alder epiphyte
g * L4 Aspen+Unproc.
Z y Aspen+Autocl.
‘ Aspen endophyte
Aspen epiphyte
“ No leaves ‘ Birch+Unproc.
-1 ‘ / Birch+Autocl.
4 ‘ Birch endophyte
o Birch epiphyte
E‘ % Control
(@] - <& Water start
T T T T
-1 0 1 2 _
Terrestrial « NMDS1 » Aquatic
B 100 %
90 % O Dependentiae
80 m Tenericutes
° m Chlamydiae
70 % O Verrucomicrobia
O Cyanobacteria
60 % O Planctomycetes
@ Actin teri
50 % c' obac e. a
B Acidobacteria
40 % O Epsilonbacteraeota
B Bacteroidetes
30 % ® Firmicutes
20 % O Deltaproteobacteria
@ Alphaproteobacteria
10 % ® Gammaproteobacteria
0%_omo BOMO BOMO omo
TN FTTN FT SN N
5°8%% $98%% 598%% 88%%
T5.00 &c_00 £s5-00 ——-00
<ol855 g&’mc: m2ccec L2853
<ZOTTOT o 20D n=0L2 ©Tess
ZZ <2aF DFG Qocte
<< ©COS8S§
FIGURE 8 Bacterial community succession in lake water with different leaf species

additions. A) Non-metric multidimensional scaling plots of Bray-Curtis
similarity of bacterial OTU data (>0.5 % of all sequences) at the genus level.
Autocl. = autoclaved lake water, and Unproc. = unprocessed lake water. B)
Bacterial community succession in unprocessed lake water with leaf addition
(alder, aspen, or birch) or without any leaf addition (control) during the 21
days incubation period, shown as averages of bacterial phyla (Proteobacteria
divided into Alpha-, Delta-, Gammaproteobacteria). Epi = epiphytic
community, and endo = endophytic community.
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Fungal community succession in lake water with different leaf species
additions. A) Non-metric multidimensional scaling plots of Bray-Curtis
similarity of fungal OTU data (>0.5 % of all sequences) at the genus level.
Autocl. = autoclaved lake water, and Unproc. = unprocessed lake water. B)
Fungal community succession in unprocessed lake water with leaf addition
(alder, aspen, or birch) or without any leaf addition (control) during the 21
days of incubation, shown as averages of fungal classes. Epi = epiphytic
community, and endo = endophytic community.
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4.2.2 Plant litter and plant compounds

Terrestrial microbiome, particularly bacteria, initializes the decomposition of
plant litter in lake ecosystems (I; Fig. 8A, 10A). Notably, however, the
contribution of fungi to microbial biomass and the fungal biomass itself increased
after leaf addition into lake water (I; Fig. 10A-B). Although low in biomass,
fungal participation in plant litter decomposition may be significant due to the
secretion of exoenzymes (Purahong et al. 2016, Zhan et al. 2021). Fungal enzyme
production benefits bacteria, that can utilize low molecular weight compounds
that are released via enzymatic cleaving of chemical bonds (Purahong et al. 2016).
CSIA of PLFAs supported the view of bacteria-driven decomposition process,
since the BC-enrichment in bacterial biomarker PLFAs was shown, whereas
fungal biomarkers were undetected or less enriched with 13C (II, III; Fig. 11A and
11B). All five studied plant litter species were decomposed mainly by bacteria,
suggesting that plant litter decomposition is initialized by bacteria despite leaf
species or its chemical composition. Although the CSIA suggested that fungi did
not uptake the plant litter carbon, it cannot be excluded if they used other
pathways, such as the amino acid cycle, in binding carbon into their biomass.
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FIGURE10  A) Fungal contribution was shown to increase slightly in each leaf litter
treatment, but bacteria dominated over fungi by contributing over 90 % of
total microbial biomass. B) An increase in fungal biomass was detected also
as the increasing amount of sterols after introducing leaves into the lake
water (adapted from I).

Various bacterial taxa participated in the decomposition of plant litter, as shown
by a high 13C-enrichment of several biomarker PLFAs (II, III; Fig. 11A and 11B).
Strong seasonal fluctuation in microbial community structures suggested that
plant litter decomposers vary seasonally (III). Interestingly, however, the same
biomarker PLFAs were enriched in all seasons, suggesting that decomposer
genera belong to the same higher taxonomic unit in all seasons (Fig. 11B).
Microbial taxa that were linked to plant litter decomposition belonged to several
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microbial classes,

but particularly Proteobacteria and Verrucomicrobia were

recognized as plant litter decomposers (I-III). Other proposed decomposers
include bacteria from Alpha-, Delta-, and Gammaproteobacteria, Bacteroidia,

Verrucomicrobia,

Actinobacteria, Fibrobacteria, and vadinHA49 (I-1II; Table 6).

A wide range of different bacterial classes initializing the decomposition is
explained by the labile composition of plant litter: leaching carbohydrates and
low molecular weight compounds are utilized efficiently by all bacterial taxa,
although probably favoring fast-growing, opportunistic bacteria.

A &&OQ &00@ &&Oé& é&Oe os&oe,
BrSFA B
i14:0
i15:0
al5:0 ]
16:109 -
16:107
18:109
18:1w7
PE PP PS  Ligthemi Leaf
0 %o 5 %o 0 %o . 480 %o
B &St @ St ‘Q &
¢ ¥ & S o %
i15
alb
15:0
16:107 1
17:0
18:109
18: 107
PE Plant litter

0 %0 [ 75 %o 0% 1850 %o

FIGURE 11 A) Heatmap showing 3C-enrichment of microbial PLFAs in humic and clear
lake waters with PE. PP, PS, lignin-hemicellulose, or leaf addition. Data is
square-root transformed for better visualization of differences. In humic lake

waters

with plastic additions, a wider range of PLFAs was 13C-enriched than

in clear lake waters, whereas in natural substrate treatments (lignin-
hemicellulose and leaves) 1*C-enrihment of microbial PLFAs was rather similar
between two lake types. B) Heatmap showing 13C-enrichment of microbial

PLFAs

in humic lake waters with PE, PS, (blue) or plant litter (green) addition

in four seasons. Plant litter treatments reveal a wider range of 13C-enriched

PLFAs

in contrast to microplastic treatments in all seasons. Notably, in each

substrate treatment, the same PLFAs showed 13C-enriched in all seasons.

Despite the recalcitrant structure of lignin, a relatively high number of microbial
taxa has been linked to lignin degradation. Li et al. (2020) found that aquatic
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bacteria (e.g., Actinobacteria, Proteobacteria, and Planctomycetes) degrade
lignin-derived polymers in freshwaters. Lignin and hemicellulose were studied
as a mixture of these polymers, and thus, unfortunately, the CSIA results and
changes in microbial community composition are mostly caused by the more
labile substrate, i.e., hemicellulose (II). Therein, lignin decomposers cannot be
identified. However, the lack of 13C-enrichment of fungal biomarker PLFAs
suggests that bacteria rather than fungi were driving the lignin degradation (Fig.
10A).

In contrast to the weak identification of lignin decomposers, CSIA
indicated that hemicellulose decomposition was driven by several bacterial taxa
(Fig. 11A, Table 6), whereas in the clear lake water, PLFAs i15 and al5, commonly
found in Acidobacteria, Bacteroides, Actinobacteria, and Verrucomicrobia
(Ismaeil et al. 2018, Oshkin et al. 2019, Sheu et al. 2019, Taipale et al. 2022) but more
commonly used as biomarkers of gram-positive bacteria (Willers et al. 2015), had
the highest levels of 13C-enrichment. Therein, likewise with plant litter, results
suggest that microbial utilization of labile hemicellulose-derived carbon is not
driven by any specific taxa but is rather started by the bacteria that are already
present when the substrate is introduced into a given environment.

TABLE6  Suggested substrate decomposer taxa of studied substrates in boreal lake

waters.
Taxon Reference
Alder Several bacteria; particularly Alpha- and Gammaproteobacteria I
Aspen Several bacteria; particularly Alpha- and Gammaproteobacteria I
Beech Several bacteria; particularly Proteobacteria and Bacteroidota I
Birch Several bacteria; particularly Alpha- and Gammaproteobacteria I
Cattail Actinobacteria, Bacteroidota, Fibrobacteria, Proteobacteria, I
Verrucomicrobia, VadinHA49
Hemicellulose Several bacteria I
Lignin Not identified II
PS Alpha- and Gammaproteobacteria (Burkholderiaceae), 11, 111
Verrucomicrobia
PP Planctomycetes I
PE Planctomycetes 11

4.2.3 Microplastics

Bacteria drove the microplastic decomposition process in all studied lakes and
seasons (II, III), regulating carbon uptake from microplastics and thus
determining their biochemical fate. In contrast to plant litter, microplastics were
utilized very slowly by a narrower range of microbial taxa (III; Table 6).
Throughout all seasons, PS decomposition was initialized by Alpha- and
Gammaproteobacteria, that has been reported to involve numerous potential
candidates of microplastic degraders in other environments as well (Sekiguchi et
al. 2011, Roager and Sonnenschein 2019). PS decomposing Proteobacteria varied
seasonally at the genus level (III). Several identified PS decomposer genera
belong to the family Burkholderiaceae (Gammaproteobacteria), suggesting the
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potential of this family as an aromatic microplastic decomposer in lentic
freshwaters (11, III), which is also supported by their ability to degrade aromatic
polymers (Pérez-Pantoja et al. 2012). In addition, Verrucomicrobia and
Planctomycetes, that has been associated with PS degradation in another study
(Taipale et al. 2023), participated in the PS decomposition. Notably under
microbial starvation, a more diverse range of bacterial biomarker PLFAs showed
13C-enrichment, suggesting that starvation also promoted the participation of
other microbial groups in the decomposition process.

In addition to bacteria, fungi are considered to be potential microplastic
decomposers due to their secretion of extracellular enzymes and hydrophobins
that can initialize the decomposition reaction in polymer bonds (Sanchez 2020).
However, results did not indicate that fungi would have participated in the
decomposition of microplastics as shown by a low amount of fungal biomarker
PLFAs and their weak 3C-enrichment (II, III). PLFA 18:109 was the only
biomarker PLFA that is commonly found in fungi; however, it is also commonly
found in members of Planctomycetes. The lack of other fungal biomarker PLFAs
suggests that the 13C-enrichment of PLFA 18:1w9 is rather linked to
Planctomycetes. This was supported by the 13C-enrichment of PLFA 16:1w9 (II),
which is also found among Planctomycetes (Elshahed et al. 2007). Indeed,
Planctomycetes were considered to participate in the degradation of PE and PP
both in clear and humic lakes (II; Table 6). However, the decomposition rate of
these plastics is so slow that the Planctomycetes-driven plastic degradation
seems to be highly inefficient.

4.3 Evaluation of methods and notes for future research

Labile and recalcitrant substrate degradation are studied differently. Due to high
recalcitrance, measurements such as mass loss after incubation in a given
environment, increased respiration, and/or biomass production are weakly
applicable for measuring the decomposition rate and process of recalcitrant
materials. Quantifying the decomposition of recalcitrant polymers by stable
isotope analysis provided good results and revealed differences between
different microplastic types. For labile substrates, more traditional methods are
sufficient and less expensive. However, in order to study carbon cycling more
closely, stable isotope analysis can be recommended based on the results of this
thesis.

Worth noticing is the impact of temperature on plant litter and PS
decomposition rates and the relatively low deviation of their decomposition rates
among humic lakes (II, III). This suggests that the microbial degradation rate of
a given substrate is equal between humic lakes with close DOC values and can
be well predicted. In contrast, the substrate recalcitrance affects its degradation
rate. Moreover, humic lake microbes seem to efficiently utilize aromatic
microplastics as their carbon source, as previously suggested for PE (Taipale et
al. 2019). Since the assimilation rate of plant litter and PS carbon was also equal
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throughout all seasons (within substrates), measuring the mineralization alone
could provide a good proxy for the total decomposition rate of labile and
recalcitrant carbon sources in humic lakes. Due to this low variation under
standardized conditions, I encourage researchers to develop a model that
predicts the behaviour and decomposition process of substrates across the
recalcitrance gradient. Particularly temperature, DOC content, litter nitrogen
content, and mineralization rate seem to be useful variables to produce a proxy
of the decomposition rate of labile and recalcitrant carbon sources and
consequently, over both short and long periods.

Microbial taxa living on plastics have often been associated directly with
decomposition, without actual examination of their active functionality. CSIA of
PLFAs provided information about active microbial groups responsible for
carbon uptake and assimilation into cell structures (I, III). When combined with
microbial community analysis, the method was successfully used to identify
potential decomposers of studied substrates more accurately. However, the
resolution of the identification methods still needs development. Particularly at
the lower taxonomic levels the microbial plant litter decomposers are likely lake-
specific, but often belong to the same bacterial classes (I-III). Microbial
communities vary between lakes, lake types, and seasons (I-IIl). Thus, if
comparisons between different lake microbiomes are made the number of
environmental variables must be minimized, and the conclusions should be
made with proper caution.
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5 CONCLUSIONS

Increasing loadings of terrestrial organic matter, increasing plastic pollution, and
rapidly changing environmental conditions raise interest in the decomposition
processes of different types of terrestrial substrates in the aquatic environment.
The microbial decomposition process greatly affects the biochemical utilization
pathways of the substrate carbon, playing an important role in aquatic carbon
cycling. Understanding the role of terrestrial carbon is essential for effective lake
management and conservation, especially in the context of land-use changes and
climate change, which can alter the quantity and quality of terrestrial carbon
inputs to lakes. Therefore, the succession of microbial communities on leaves,
fungi-bacteria interactions, and their abundance during the organic matter and
polymer decomposition processes are important factors affecting the bottom-up
regulation of the aquatic food web.

Although the decomposition rate of substrates and the amount of carbon
uptake varied across the recalcitrance gradient as expected, the percentual
distribution was similar between labile plant litter and microplastics. Commonly,
carbon from both labile plant litter and highly recalcitrant microplastics was
mainly mineralized to CO; and thus respired by the lake microbiome, whereas a
smaller proportion is bound to microbial biomass. However, the changing
environmental conditions may affect the carbon’s biochemical fate. Seasonal
changes, particularly temperature, altered the total decomposition rate of
microplastics and plant litter. Interestingly, assimilation rates were equal
throughout all seasons, whereas mineralization varied seasonally. In lower
temperatures, microbial respiration and substrate mineralization decreased,
increasing the proportional importance of biomass as a carbon’s endpoint.
Microbial starvation may also favor the utilization of substrate carbon as a
structural component rather than in energy-producing pathways. Moisture,
structure, and high nitrogen content of plant litter were associated with increased
decomposition, assimilation, and mineralization rates. However, although
differing in rates, leaf chemistry did not affect the distribution of carbon: the same
proportions of decomposed leaf carbon were respired and bound to biomass
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among different leaf species. The lake DOC and nutrient content had a poor effect
on the decomposition rates and processes of studied substrates.

Compound-specific isotope analysis of phospholipid fatty acids combined
with microbial community analysis provided insights into microbial groups
responsible for substrate decomposition. Bacteria initialized the decomposition
process of all studied substrates, as shown by 13C-enrichment of bacterial
biomarkers and the lack of 13C-enriched fungal biomarkers. Bacteria utilized
labile hemicellulose and plant litter carbon effectively in all lakes. Labile carbon
sources were utilized by various microbial taxa, and they supported microbial
communities by increasing microbial biomass. On the contrary, recalcitrant
carbon sources were more taxon-specific, allowing better exclusion and
identification of decomposer taxa and suggesting the high potential of the
compound-specific isotope analysis in tracing the active decomposers behind the
highly recalcitrant microplastic degradation. Microbial taxa associated with plant
litter and microplastic decomposition varied seasonally at the genus level but
belonged to a limited number of phyla in all seasons, suggesting that
decomposition is initiated by members belonging to these specific phyla.
Particularly Proteobacteria were often associated with polystyrene degradation.

Overall, the thesis shows that lake microbes are able to utilize varying
substrates as their carbon source and that the decomposition continues
throughout all seasons. Additionally, results emphasize that multiple factors
affect the decomposition process of a given substrate and its carbon recycling
rates. These factors include e.g., substrate’s chemical structure, biotic factors such
as microbial activity, and abiotic factors such as temperature. The percentual, but
not the quantitative, biochemical fate of different terrestrial carbon sources was
found to be similar between substrates across the recalcitrance gradient.
However, changing environmental conditions may affect also the percentual
distribution of substrate carbon in aquatic ecosystems. In future research, I
recommend to examine more closely different plastic and biodegradable plastic
types, since their relatively similar, well-known, and simple chemical structure
allows the more accurate identification and control of the chemical factors
affecting their carbon recycling. The long-term following of the decomposition
processes and the changing microbial community still need further research to
achieve a full understanding of the power of microbes as controllers of element
recycling from varying terrestrial substrates in aquatic environments.
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YHTEENVETO (RESUME IN FINNISH)

Mikrobien rooli terrestrisen orgaanisen aineksen ja mikromuovien hajotuk-
sen ja hiilen kierron sditelijind boreaalisissa jirviekosysteemeissa

Maa- alias terrestrisestd ekosysteemistd perdisin oleva orgaaninen aines on tér-
ked hiilen, ravinteiden ja energian ldhde jarviekosysteemille. Valuma-alueelta ve-
siin padtyvan humusaineen lisdksi kasvien tuottama karike on yksi tarkeimmista
orgaanisen aineksen ldhteistd. Karike sisdltdd muiden muassa vesiliukoisia yh-
disteitd, helposti hajotettavia sokereita, selluloosaa, hemiselluloosaa sekd hanka-
lasti hajotettavia polymeerejd kuten ligniinid. Luonnollisten hiilen ldhteiden li-
sdksi ihmisen toiminnan seurauksena ymparistoon padtyy kasvavia médrid muo-
vijatettd. Mikromuoveista (halkaisija < 5 mm) on tullut maailmanlaajuinen huo-
lenaihe niiden lisddntyvdn méadran, elivihin kertymisen ja mahdollisen ymparis-
tomyrkkyjd kerryttavan vaikutuksen takia. Mikromuovien hajoaminen on lisdksi
ddrimdisen hidasta, johtuen vahvoista sidoksista polymeerirakenteessa ja reaktii-
visten sivuryhmien vahdisyydesta.

Mikrobit ovat tarkeimpid orgaanisen aineksen hajottajaeliitd jarvissa. Ha-
jottajamikrobit lisddvat toiminnallaan hiilen ja ravinteiden saatavuutta akvaat-
tisille kuluttajille ollen ndin ollen tadrkeédssa roolissa terrestrisen hiilen kierrossa
akvaattisessa ekosysteemissd. Mikrobien on havaittu hajottavan jopa darimmadi-
sen vahvarakenteisia mikromuoveja lukuisissa erilaisissa ymparistoissd. Erityi-
sesti humusjdrvissd tapahtuvat hajotusprosessit ovat kiinnostava tutkimuskoh-
de, silld polyetyleenin hajoamisen on havaittu aiemmin olevan nopeampaa hu-
musjdrvessd kirkasvetiseen jarviveteen verrattuna viitaten humusjarvien mikro-
biston tehokkaampaan kykyyn hyodyntdd hankalasti hajotettavaa muovia hiilen
lahteenddn. Lisdksi boreaalisen vydhykkeen jarvistd valtaosa on humuspitoisia
jdrvid, ja ndiden madran ennustetaan kasvavan ilmastonmuutoksen aiheuttaman
vesien ruskettumisen myotd. Humusjdrvet vapauttavat enemmaén hiiltd kuin
sitovat ja ovat nédin ollen hiilen ldhteitd globaalissa hiilen kierrossa.

Mikrobien kayttdessd hajotettavasta substraatista perdisin olevaa hiilta
osana uuden biomassan muodostamista hiili sitoutuu osaksi mikrobibiomassaa
ja akvaattista ravintoverkkoa. Sen sijaan mikrobien kayttdessd pilkottavan ainek-
sen kemiallisten sidosten pilkkomisesta vapautuvaa energiaa, hiili vapautuu so-
luhengityksen kautta ympdaristoon pddtyen joko karbonaatiksi veteen tai hiili-
dioksidiksi ilmakeh&én. Néain ollen mikrobit ovat avainasemassa hiilen biokoh-

Viitoskirjassani tutkin mikrobien kontrolloimaa erilaisten substraattien ha-
joamisprosessia akvaattisessa ymparistossa. Erityisesti tarkastelin hiilen bioke-
miallista kohtaloa ympaéristossd, ja pyrin méarittaméaan tahdn vaikuttavia ympa-
ristotekijoitd sekd tunnistamaan hajotuksesta vastaavat mikrobiryhmaét yhdista-
malld yhdistespesifid isotooppianalytiikkaa ja mikrobiyhteisdanalyysia. Tutkitta-
vat materiaalit valittiin kattamaan laaja kirjo hajotettavuusasteeltaan poikkeavia
materiaaleja: viisi eri kasvilajista perdisin olevaa kariketyyppid, ligniini, hemisel-
luloosa, ja kolme kemialliselta rakenteeltaan erilaista mikromuovilaatua (poly-
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styreeni, polypropyleeni, polyetyleeni). Vditoskirjan tavoitteena on lisétd tietd-
mystd eri materiaalien hajoamisprosesseista ja ndistd perdisin olevan hiilen kier-
rosta jarviekosysteemeissa.

Eri materiaalien hajotusnopeudet vaihtelivat odotetusti, karikkeen ja luon-
nonpolymeerien hajotessa mikromuoveja nopeammin. Hajotettavasta materiaa-
lista riippumatta mikrobit hyodynsivat materiaalin hiilen energiaa tuottavia ai-
neenvaihduntaprosesseja kdyttden. Ndin ollen prosentuaalisesti suurin osa ha-
jotetusta substraatista kdytettiin soluhengityksessa ja havaittiin vapautuvana hii-
lidioksidina, kun taas pienempi osa kédytettiin rakenteellisesti uuden mikrobi-
biomassan muodostamiseen. Tdhdn hajotetun substraatin hiilen biokemialliseen
kohtaloon vaikuttivat kuitenkin ymparistoolot. Kun mikrobien annettiin kulut-
taa muut hiilen ldhteet ja ndin ollen “nélkiintyd” ennen tutkittavan materiaalin
lisddmistd, biomassaan sidottavan hiilen osuus ylitti hengitettdvan substraatti-
hiilen madran. Lisédksi lehtien, polystyreenin ja polypropyleenin hajotusnopeu-
det erosivat kirkasvetisen ja humuspitoisen jarviveden kesken.

Vuodenajoittain vaihtelevista ympéristomuuttujista lampétilalla oli suurin
vaikutus hiilen kiertoon. Kesélld tapahtuvaan hajotukseen verrattuna sekéa karik-
keen ettd mikromuovin hajotusnopeus laski talvella alenneen mineralisaation
seurauksena, kun taas substraatin hiilen hyodyntaminen biomassan muodostuk-
sessa pysyi tasaisena ympari vuoden. Ndin ollen hiilen tdrkeys biomassan muo-
dostamisessa on suhteellisesti tarkedmpi matalissa lampotiloissa. Tulokset viit-
taavat siihen, ettd maaperdekosysteemeistd perdisin olevat materiaalit ovat tal-
vella ja mahdollisesti myos subarktisissa ja arktisissa vesiekosysteemeissa erityi-
sen tdrkeitd hiilen ldhteita mikrobeille.

Vaikka lehtien lisdéminen jarviveteen lisédsi sekd bakteerien ettd sienten bio-
massaa, ei sienille tyypillisten biomarkkerien leimaantumista havaittu. Tama
viittaa siihen, ettd bakteerit vastasivat kaikkien materiaalien hajotuksesta hajo-
tusprosessien alkuvaiheessa. Laaja kirjo bakteereja yhdistettiin helposti hajotetta-
viin materiaaleihin (lehdet, hemiselluloosa), kun taas mikromuovien hajottajiksi
tunnistettiin vain muutamia bakteeriryhmiad. Tama viittaa siihen, ettd tiettyihin
ryhmiin, erityisesti Proteobakteereihin, kuuluvat mikrobisuvut ovat muita ryh-
mid tehokkaampia hyodyntamaan hankalasti hajotettavia polymeereja hiilen ldh-
teendan.

Vaikka erilaisten materiaalien hajotusnopeudet voivat vaihdella suuresti,
havaittiin niiden sisdltdmé&n hiilen biokemiallisen kohtalon olevan samankaltai-
nen samankaltaisissa olosuhteissa. Hiilen biokohtalo lieneekin ymparistotekijoi-
den sddtelemdd, kun itse hajotusnopeuteen vaikuttaa myos materiaalin kemialli-
nen laatu. Tulevissa tutkimuksissa olisi suotavaa tarkastella monipuolisemmin
samankaltaisia materiaaleja, kuten mikromuoveja ja biohajoavia muoveja, joiden
rakenne on helpommin mallinnettavissa ja ndin ollen hajotusprosessiin ja al-
kuaineiden kiertoon vaikuttavat kemialliset tekijdt tarkasti maaritettavissa. Myos
hajotusprosessien pitkdaikaistarkastelu ja mikrobiyhteison muutokset kaipaavat
lisdtutkimuksia.



51

REFERENCES

Agoston-Szabé E. & Dinka M. 2008. Decomposition of Typha angustifolia and
Phragmites australis in the littoral zone of a shallow lake. Biologia 63: 1104~
1110.

Ali S.S., Elsamahy T., Koutra E., Kornaros M., El-Sheekh M., Abdelkarim E.A.,
Zhu D. & Sun J. 2021. Degradation of conventional plastic wastes in the
environment: A review on current status of knowledge and future
perspectives of disposal. Science of The Total Environment 771, 144719.

Anderson M.]. & Robinson J. 2003. Generalized discriminant analysis based on
distances. Australian & New Zealand Journal of Statistics 45: 301-318.

Anderson D.M., Glibert P.M. & Burkholder J.M. 2002. Harmful algal blooms and
eutrophication: Nutrient sources, composition, and consequences.
Estuaries 25: 704-726.

Ask J., Karlsson J., Persson L., Ask P., Bystrom P. & Jansson M. 2009. Terrestrial
organic matter and light penetration: Effects on bacterial and primary
production in lakes. Limnology and Oceanography 54: 2034-2040.

Attermeyer K., Premke K., Hornick T., Hilt S. & Grossart H.-P. 2013. Ecosystem-
level studies of terrestrial carbon reveal contrasting bacterial metabolism
in different aquatic habitats. Ecology 94: 2754-2766.

Auta H.S., Emenike C.U. & Fauziah S.H. 2017. Screening of Bacillus strains
isolated from mangrove ecosystems in Peninsular Malaysia for
microplastic degradation. Environmental Pollution 231: 1552-1559.

Babanazarova O., Sidelev S. & Schischeleva S. 2013. The structure of winter
phytoplankton in Lake Nero, Russia, a hypertrophic lake dominated by
Planktothrix-like Cyanobacteria. Aquatic Biosystems 9, 18.

Balzer A., Gleixner G., Grupe G., Schmidt H.-L., Schramm S. & Turban-Just S.
1997. In Vitro Decomposition of Bone Collagen by Soil Bacteria: The
Implications for Stable Isotope Analysis in Archaeometry. Archaeometry
39: 415-429.

Bani A., Pioli S., Ventura M., Panzacchi P., Borruso L., Tognetti R., Tonon G. &
Brusetti L. 2018. The role of microbial community in the decomposition of
leaf litter and deadwood. Applied Soil Ecology 126: 75-84.

Bérlocher F. & Kendrick B. 1974. Dynamics of the Fungal Population on Leaves
in a Stream. Journal of Ecology 62: 761-791.

Bellasi A., Binda G., Pozzi A. Galafassi S., Volta P. & Bettinetti R. 2020.
Microplastic Contamination in Freshwater Environments: A Review,
Focusing on Interactions with Sediments and Benthic Organisms.
Environments 7, 30.

Berggren M., Lapierre ].-F. & Giorgio P.A. del. 2012. Magnitude and regulation
of bacterioplankton respiratory quotient across freshwater environmental
gradients. The ISME Journal 6: 984-993.



52

Bergmann M., Collard F., Fabres ]., Gabrielsen G.W., Provencher J.F., Rochman
C.M.,, van Sebille E. & Tekman M.B. 2022. Plastic pollution in the Arctic.
Nature Reviews Earth & Environment 3: 323-337.

Bertoli M., Renzi M., Pastorino P., Lesa D., Mele A., AnselmiS., Barcel6 D., Prearo
M. & Pizzul E. 2023. Microplastics and leaf litter decomposition dynamics:
New insights from a lotic ecosystem (Northeastern Italy). Ecological

Indicators 147, 109995.
Beyer L. 1996. The chemical composition of soil organic matter in classical humic
compound fractions and in bulk samples — a review. Zeitschrift fiir

Pflanzenerndhrung und Bodenkunde 159: 527-539.

Blanchet C.C., Arzel C., Davranche A., Kahilainen K.K., Secondi J., Taipale S.,
Lindberg H., Loehr J., Manninen-Johansen S., Sundell J., Maanan M. &
Nummi P. 2022. Ecology and extent of freshwater browning - What we
know and what should be studied next in the context of global change.
Science of The Total Environment 812, 152420.

Boschker H.T.S. & Middelburg J.J. 2002. Stable isotopes and biomarkers in
microbial ecology. FEMS Microbiology Ecology 40: 85-95.

Brett M.T., Bunn S.E., Chandra S., Galloway A.W.E., Guo F., Kainz M.]., Kankaala
P., Lau D.C.P., Moulton T.P., Power M.E., Rasmussen ].B., Taipale S.J.,
Thorp J.H. & Wehr J.D. 2017. How important are terrestrial organic carbon
inputs for secondary production in freshwater ecosystems? Freshwater
Biology 62: 833-853.

Brunner I., Fischer M., Riithi J., Stierli B. & Frey B. 2018. Ability of fungi isolated
from plastic debris floating in the shoreline of a lake to degrade plastics.
PLOS ONE 13, 0202047.

Caporaso ].G., Lauber C.L., Walters W.A., Berg-Lyons D., Lozupone C.A,,
Turnbaugh P.J., Fierer N. & Knight R. 2011. Global patterns of 16S rRNA
diversity at a depth of millions of sequences per sample. Proceedings of the
National Academy of Sciences 108: 4516-4522.

Carpenter S.R., Cole ].J., Pace M.L., Van de Bogert M., Bade D.L., Bastviken D.,
Gille C.M., Hodgson ]J.R., Kitchell J.F. & Kritzberg E.S. 2005. Ecosystem
Subsidies: Terrestrial Support of Aquatic Food Webs from 13c Addition to
Contrasting Lakes. Ecology 86: 2737-2750.

Cepédkova S. & Frouz J. 2015. Changes in chemical composition of litter during
decomposition: a review of published 13C NMR spectra. Journal of soil
science and plant nutrition 15: 805-815.

Chamas A., Moon H., Zheng J., Qiu Y., Tabassum T., Jang J.H., Abu-Omar M.,
Scott S.L. & Suh S. 2020. Degradation Rates of Plastics in the Environment.
ACS Sustainable Chemistry & Engineering 8: 3494-3511.

Citterich F., Lo Giudice A. & Azzaro M. 2023. A plastic world: A review of
microplastic pollution in the freshwaters of the Earth’s poles. Science of The
Total Environment 869, 161847.

Clarke K.R. 1993. Non-parametric multivariate analyses of changes in
community structure. Australian Journal of Ecology 18: 117-143.



53

Cline L.C. & Zak D.R. 2015. Initial colonization, community assembly and
ecosystem function: fungal colonist traits and litter biochemistry mediate
decay rate. Molecular Ecology 24: 5045-5058.

Danger M., Gessner M.O. & Bérlocher F. 2016. Ecological stoichiometry of aquatic
fungi: current knowledge and perspectives. Fungal Ecology 19: 100-111.

Danise T., Fioretto A. & Innangi M. 2018. Spectrophotometric methods for lignin
and cellulose in forest soils as predictors for humic substances. European
Journal of Soil Science 69: 856-867.

D’Avignon G., Gregory-Eaves I. & Ricciardi A. 2022. Microplastics in lakes and
rivers: an issue of emerging significance to limnology. Environmental
Reviews 30: 228-244.

Debroas D., Mone A. & Ter Halle A. 2017. Plastics in the North Atlantic garbage
patch: A boat-microbe for hitchhikers and plastic degraders. Science of The
Total Environment 599-600: 1222-1232.

DeGasparro S.L., Beresford D.V., Prater C. & Frost P.C. 2020. Leaf litter
decomposition in boreal lakes: variable mass loss and nutrient release
ratios across a geographic gradient. Hydrobiologia 847: 819-830.

Djajakirana G., Joergensen R.G. & Meyer B. 1996. Ergosterol and microbial
biomass relationship in soil. Biology and Fertility of Soils 22: 299-304.

Dokkum H.P. van, Slijkerman D.M.E., Rossi L. & Costantini M.L. 2002. Variation
in the decomposition of Phragmites australis litter in a monomictic lake:
the role of gammarids. Hydrobiologia 482: 69-77.

Dong M., Luo Z,, Jiang Q., Xing X., Zhang Q. & Sun Y. 2020. The rapid increases
in microplastics in urban lake sediments. Scientific Reports 10, 848.

Driscoll S.C., Glassic H.C., Guy C.S. & Koel T.M. 2021. Presence of Microplastics
in the Food Web of the Largest High-Elevation Lake in North America.
Water 13, 264.

Du H., Xie Y. & Wang J. 2021. Microplastic degradation methods and
corresponding degradation mechanism: Research status and future
perspectives. Journal of Hazardous Materials 418, 126377.

Duarte S., Céassio F., Ferreira V., Canhoto C. & Pascoal C. 2016. Seasonal
Variability May Affect Microbial Decomposers and Leaf Decomposition
More Than Warming in Streams. Microbial Ecology 72: 263-276.

Dusaucy J., Gateuille D., Perrette Y. & Naffrechoux E. 2021. Microplastic
pollution of worldwide lakes. Environmental Pollution 284, 117075.

Eichlerova I., Homolka L., Zif¢dkova L., Lisa L., Dobiagova P. & Baldrian P. 2015.
Enzymatic systems involved in decomposition reflects the ecology and
taxonomy of saprotrophic fungi. Fungal Ecology 13: 10-22.

Elshahed M.S., Youssef N.H., Luo Q., Najar F.Z., Roe B.A., Sisk T.M., Bithring S.I.,
Hinrichs K.-U. & Krumholz L.R. 2007. Phylogenetic and Metabolic
Diversity of Planctomycetes from Anaerobic, Sulfide- and Sulfur-Rich
Zodletone Spring, Oklahoma. Applied and Environmental Microbiology 73:
4707-4716.

Erven G. van, Visser R. de, Merkx D.W.H., Strolenberg W., Gijsel P. de, Gruppen
H. & Kabel M. A. 2017. Quantification of Lignin and Its Structural Features



54

in Plant Biomass Using 13C Lignin as Internal Standard for Pyrolysis-GC-
SIM-MS. Analytical Chemistry 89: 10907-10916.

FernandesI., Pascoal C., Guimaraes H., Pinto R., Sousa I. & Céssio F. 2012. Higher
temperature reduces the effects of litter quality on decomposition by
aquatic fungi. Freshwater Biology 57: 2306-2317.

Folch J., Lees M., & Sloane H.S. 1957. A simple method for the isolation and
purification of total lipids from animal tissues. Journal of Biological
Chemistry 226: 497-509.

Fry B. 2006. Isotope additions. In: Fry B. (ed.), Stable Isotope Ecology, Springer,
New York, NY, pp. 183-193.

Galloway A.W.E,, Brett M.T., Holtgrieve G.W., Ward E.J., Ballantyne A.P., Burns
C.W., Kainz M.]., Miiller-Navarra D.C., Persson J., Ravet ]J.L., Strandberg
U., Taipale S.J. & Alhgren G. 2015. A Fatty Acid Based Bayesian Approach
for Inferring Diet in Aquatic Consumers. PLOS ONE 10, e0129723.

Garcia F., Carvalho A.R. de, Riem-Galliano L., Tudesque L., Albignac M., ter
Halle A. & Cucherousset J. 2021. Stable Isotope Insights into Microplastic
Contamination within Freshwater Food Webs. Environmental Science &
Technology 55: 1024-1035.

Giorgio P.A. del & Cole ].J. 1998. Bacterial Growth Efficiency in Natural Aquatic
Systems. Annual Review of Ecology and Systematics 29: 503-541.

Grasset C., Levrey L.H., Delolme C., Arthaud F. & Bornette G. 2017. The
interaction between wetland nutrient content and plant quality controls
aquatic plant decomposition. Wetlands Ecology and Management 25: 211-
219.

Gudasz C., Bastviken D., Steger K., Premke K., Sobek S. & Tranvik L.J. 2010.
Temperature-controlled organic carbon mineralization in lake sediments.
Nature 466: 478-481.

Guerrero A.l. & Rogers T.L. 2020. Evaluating the performance of the Bayesian
mixing tool MixSIAR with fatty acid data for quantitative estimation of
diet. Scientific Reports 10, 20780.

Guzzetti E., Sureda A., Tejada S. & Faggio C. 2018. Microplastic in marine
organism: Environmental and toxicological effects. Environmental
Toxicology and Pharmacology 64: 164-171.

Hall E.K., Neuhauser C. & Cotner J.B. 2008. Toward a mechanistic understanding
of how natural bacterial communities respond to changes in temperature
in aquatic ecosystems. The ISME Journal 2: 471-481.

Hartmann N.B., Rist S., Bodin J., Jensen L.H., Schmidt S.N., Mayer P., Meibom A.
& Baun A. 2017. Microplastics as vectors for environmental contaminants:
Exploring sorption, desorption, and transfer to biota. Integrated
Environmental Assessment and Management 13: 488-493.

Hattenschwiler S., Aeschlimann B., Cotteaux M.-M., Roy J. & Bonal D. 2008.
High variation in foliage and leaf litter chemistry among 45 tree species of
a neotropical rainforest community. New Phytologist 179: 165-175.

Hayer M., Wymore A.S., Hungate B.A., Schwartz E., Koch B.]J. & Marks J.C. 2022.
Microbes on decomposing litter in streams: entering on the leaf or
colonizing in the water? The ISME Journal 16: 717-725.



55

Hessen D.O. 1998. Aquatic Humic Substances: Ecology and Biogeochemistry. Springer
Science & Business Media.

Hoellein T.J., Shogren A.]., Tank J.L., Risteca P. & Kelly J.J. 2019. Microplastic
deposition velocity in streams follows patterns for naturally occurring
allochthonous particles. Scientific Reports 9, 3740.

Ismaeil M., Yoshida N. & Katayama A. 2018. Bacteroides sedimenti sp. nov.,
isolated from a chloroethenes-dechlorinating consortium enriched from
river sediment. Journal of Microbiology 56: 619-627.

Iverson S.J., Field C., Don Bowen W. & Blanchard W. 2004. Quantitative Fatty
Acid Signature Analysis: A New Method of Estimating Predator Diets.
Ecological Monographs 74: 211-235.

Jackrel S.L., Gilbert J.A. & Wootton ].T. 2019. The Origin, Succession, and
Predicted Metabolism of Bacterial Communities Associated with Leaf
Decomposition. mBio 10, e01703-19.

Jansson M., Hickler T., Jonsson A. & Karlsson J. 2008. Links between Terrestrial
Primary Production and Bacterial Production and Respiration in Lakes in
a Climate Gradient in Subarctic Sweden. Ecosystems 11: 367-376.

Jonsson A., Meili M., Bergstrom A.-K. & Jansson M. 2001. Whole-lake
mineralization of allochthonous and autochthonous organic carbon in a
large humic lake (6rtrasket, N. Sweden). Limnology and Oceanography 46:
1691-1700.

Jovanovi¢ B. 2017. Ingestion of microplastics by fish and its potential
consequences from a physical perspective. Integrated Environmental
Assessment and Management 13: 510-515.

Kern Z., Kimak A., Hatvani I.G., Llanos Campana D.M. & Leuenberger M. 2022.
Cellulose in Foliage and Changes during Seasonal Leaf Development of
Broadleaf and Conifer Species. Plants 11, 2412.

Kim E.-A., Lee H.K. & Choi J.H. 2017. Effects of a controlled freeze-thaw event
on dissolved and colloidal soil organic matter. Environmental Science and
Pollution Research 24: 1338-1346.

Kirillin G., Leppdranta M., Terzhevik A., Granin N., Bernhardt J., Engelhardt C,,
Efremova T., Golosov S., Palshin N., Sherstyankin P., Zdorovennova G. &
Zdorovennov R. 2012. Physics of seasonally ice-covered lakes: a review.
Aquatic Sciences 74: 659-682.

Klotzbiicher T., Kaiser K., Guggenberger G., Gatzek C. & Kalbitz K. 2011. A new
conceptual model for the fate of lignin in decomposing plant litter. Ecology
92:1052-1062.

Kortelainen P. 1993. Content of Total Organic Carbon in Finnish Lakes and Its
Relationship to Catchment Characteristics. Canadian Journal of Fisheries and
Aquatic Sciences 50: 1477-1483.

Kortelainen P. 1999. Occurence of humic waters. In: Keskitalo J. & Eloranta P.
(eds), Limnology of Humic Waters, Backhuys Publishers, Leiden, The
Netherlands, pp. 41-58.

Kothawala D.N., Stedmon C.A., Miiller R.A., Weyhenmeyer G.A., Kohler S.J. &
Tranvik L.J. 2014. Controls of dissolved organic matter quality: evidence
from a large-scale boreal lake survey. Global Change Biology 20: 1101-1114.



56

Krevs A., Kudinskiené A., Mackinaité R. & Manusadzianas L. 2017. Microbial
colonization and decomposition of invasive and native leaf litter in the
littoral zone of lakes of different trophic state. Limnologica 67: 54-63.

Laas A., Noges P., Koiv T. & Noges T. 2012. High-frequency metabolism study in
alarge and shallow temperate lake reveals seasonal switching between net
autotrophy and net heterotrophy. Hydrobiologia 694: 57-74.

Litmanen ].J., Perdld T.A. & Taipale S.J. 2020. Comparison of Bayesian and
numerical optimization-based diet estimation on herbivorous
zooplankton. Philosophical Transactions of the Royal Society B: Biological
Sciences 375, 20190651.

Liu L., Xu K., Zhang B., Ye Y., Zhang Q. & Jiang W. 2021. Cellular internalization
and release of polystyrene microplastics and nanoplastics. Science of The
Total Environment 779, 146523.

Lopez-Mondéjar R., Ziihlke D., Becher D., Riedel K. & Baldrian P. 2016. Cellulose
and hemicellulose decomposition by forest soil bacteria proceeds by the
action of structurally variable enzymatic systems. Scientific Reports 6,
25279.

Lotfiomran N., Kohl M. & Fromm J. 2016. Interaction Effect between Elevated
CO2 and Fertilization on Biomass, Gas Exchange and C/N Ratio of
European Beech (Fagus sylvatica L.). Plants 5, 38.

Lynd L.R., Weimer P.J., Zyl W.H. van & Pretorius 1.S. 2002. Microbial Cellulose
Utilization: Fundamentals and Biotechnology. Microbiology and Molecular
Biology Reviews 66: 506-577.

Mille-Lindblom C. & Tranvik L.J. 2003. Antagonism between Bacteria and Fungi
on Decomposing Aquatic Plant Litter. Microbial Ecology 45: 173-182.
Monikh F.A., Durao M., Kipriianov P.V., Huuskonen H., Kekéldinen J., Uusi-
Heikkild S., Uurasjarvi E., Akkanen J. & Kortet R. 2022. Chemical
composition and particle size influence the toxicity of nanoscale plastic
debris and their co-occurring benzo(a)pyrene in the model aquatic

organisms Daphnia magna and Danio rerio. Nanolmpact 25, 100382.

Mooshammer M., Wanek W., Schnecker J., Wild B., Leitner S., Hofhansl F., Blochl
A., Hammerle I, Frank A.H. Fuchslueger L. Keiblinger K.M.,
Zechmeister-Boltenstern S. & Richter A. 2012. Stoichiometric controls of
nitrogen and phosphorus cycling in decomposing beech leaf litter. Ecology
93: 770-782.

Miinster U., Salonen K. & Tulonen T. 1999. Decomposition. In: Keskitalo J. &
Eloranta P. (eds), Limnology of Humic Waters, Backhuys Publishers, Leiden,
The Netherlands, pp. 225-264.

Muto E.A., Kreutzweiser D.P. & Sibley P.K. 2011. Over-winter decomposition
and associated macroinvertebrate communities of three deciduous leaf
species in forest streams on the Canadian Boreal Shield. Hydrobiologia 658:
111-126.

Niirnberg G.K. & Shaw M. 1998. Productivity of clear and humic lakes: nutrients,
phytoplankton, bacteria. Hydrobiologia 382: 97-112.

Oshkin LY., Kulichevskaya I.S., Rijpstra W.I.C., Sinninghe Damsté ].S., Rakitin
A.L., Ravin N.V. & Dedysh S.N. 2019. Granulicella sibirica sp. nov., a



57

psychrotolerant acidobacterium isolated from an organic soil layer in
forested tundra, West Siberia. International Journal of Systematic and
Evolutionary Microbiology 69: 1195-1201.

Osono T. 2006. Role of phyllosphere fungi of forest trees in the development of
decomposer fungal communities and decomposition processes of leaf
litter. Canadian Journal of Microbiology 52: 701-716.

Pace M.L., Carpenter S.R., Cole ].J., Coloso ].J., Kitchell J.F., Hodgson ]J.R.,,
Middelburg ].J., Preston N.D., Solomon C.T. & Weidel B.C. 2007. Does
terrestrial organic carbon subsidize the planktonic food web in a clear-
water lake? Limnology and Oceanography 52: 2177-2189.

Parada A.E., Needham D.M. & Fuhrman J.A. 2016. Every base matters: assessing
small subunit rRNA primers for marine microbiomes with mock
communities, time series and global field samples. Environmental
Microbiology 18: 1403-1414.

Pérez-Pantoja D., Donoso R., Agull6 L., Cérdova M., Seeger M., Pieper D.H. &
Gonzédlez B. 2012. Genomic analysis of the potential for aromatic
compounds  biodegradation in  Burkholderiales.  Environmental
Microbiology 14: 1091-1117.

Priya K.L., Renjith K.R., Joseph CJ., Indu M.S,, Srinivas R. & Haddout S. 2022.
Fate, transport and degradation pathway of microplastics in aquatic
environment — A critical review. Regional Studies in Marine Science 56,
102647.

Purahong W., Wubet T., Lentendu G., Schloter M., Pecyna M.]., Kapturska D.,
Hofrichter M., Kriiger D. & Buscot F. 2016. Life in leaf litter: novel insights
into community dynamics of bacteria and fungi during litter
decomposition. Molecular Ecology 25: 4059-4074.

Rahman M.M., Tsukamoto J., Rahman Md.M., Yoneyama A. & Mostafa K.M.
2013. Lignin and its effects on litter decomposition in forest ecosystems.
Chemistry and Ecology 29: 540-553.

Rantakari M., Kortelainen P., Vuorenmaa J., Mannio J. & Forsius M. 2004. Finnish
Lake Survey: The Role of Catchment Attributes in Determining Nitrogen,
Phosphorus, and Organic Carbon Concentrations. Water, Air and Soil
Pollution: Focus 4: 683-699.

Raposeiro P.M., Ferreira V., Guri R., Gongalves V. & Martins G.M. 2017. Leaf litter
decomposition on insular lentic systems: effects of macroinvertebrate
presence, leaf species, and environmental conditions. Hydrobiologia 784:
65-79.

Rebelein A., Int-Veen 1., Kammann U. & Scharsack J.P. 2021. Microplastic fibers
— Underestimated threat to aquatic organisms? Science of The Total
Environment 777, 146045.

Roager L. & Sonnenschein E.C. 2019. Bacterial Candidates for Colonization and
Degradation of Marine Plastic Debris. Environmental Science & Technology
53: 11636-11643.

Roth V.-N., Dittmar T., Gaupp R. & Gleixner G. 2014. Ecosystem-Specific
Composition of Dissolved Organic Matter. Vadose Zone Journal 13,
vzj2013.09.0162.



58

Saikkonen K., Mikola J. & Helander M. 2015. Endophytic phyllosphere fungi and
nutrient cycling in terrestrial ecosystems. Current Science 109: 121-126.

Sanchez C. 2020. Fungal potential for the degradation of petroleum-based
polymers: An overview of macro- and microplastics biodegradation.
Biotechnology Advances 40, 107501.

Sangale M.K., Shahnawaz M. & Ade A.B. 2019. Potential of fungi isolated from
the dumping sites mangrove rhizosphere soil to degrade polythene.
Scientific Reports 9, 5390.

Scharnweber K., Syvidranta J., Hilt S., Brauns M., Vanni M.]., Brothers S., Kéhler
J., Knezevié-Jari¢ ]. & Mehner T. 2014. Whole-lake experiments reveal the
fate of terrestrial particulate organic carbon in benthic food webs of
shallow lakes. Ecology 95: 1496-1505.

Seekell D.A., Lapierre J.-F., Ask J., Bergstrom A.-K., Deininger A., Rodriguez P.
& Karlsson J. 2015. The influence of dissolved organic carbon on primary
production in northern lakes. Limnology and Oceanography 60: 1276-1285.

Sekiguchi T., Saika A., Nomura K., Watanabe T., Watanabe T., Fujimoto Y., Enoki
M., Sato T., Kato C. & Kanehiro H. 2011. Biodegradation of aliphatic
polyesters soaked in deep seawaters and isolation of poly(e-caprolactone)-
degrading bacteria. Polymer Degradation and Stability 96: 1397-1403.

Shang Y., Wu X., Wang X., Wei Q., Ma S., Sun G., Zhang H., Wang L., Dou H. &
Zhang H. 2022. Factors affecting seasonal variation of microbial
community structure in Hulun Lake, China. Science of The Total
Environment 805, 150294.

Sheridan E.A., Fonvielle ].A., Cottingham S., Zhang Y., Dittmar T., Aldridge D.C.
& Tanentzap A.J. 2022. Plastic pollution fosters more microbial growth in
lakes than natural organic matter. Nature Communications 13, 4175.

Sheu S.-Y., Xie Y.-R. & Chen W.-M. 2019. Mucilaginibacter limnophilus sp. nov.,
isolated from a lake. Journal of Microbiology 57: 967-975.

Simon M., Grossart H.-P., Schweitzer B. & Ploug H. 2002. Microbial ecology of
organic aggregates in aquatic ecosystems. Aquatic Microbial Ecology 28:
175-211.

Singh S., Inamdar S., Mitchell M. & McHale P. 2014. Seasonal pattern of dissolved
organic matter (DOM) in watershed sources: influence of hydrologic flow
paths and autumn leaf fall. Biogeochemistry 118: 321-337.

Sobek S., Soderbdck B., Karlsson S., Andersson E. & Brunberg A.K. 2006. A
Carbon Budget of a Small Humic Lake: An Example of the Importance of
Lakes for Organic Matter Cycling in Boreal Catchments. AMBIO: A Journal
of the Human Environment 35: 469-475.

Solomon C.T., Jones S.E., Weidel B.C., Buffam I., Fork M.L., Karlsson J., Larsen
S., Lennon J.T.,, Read ]S, Sadro S. & Saros J.E. 2015. Ecosystem
Consequences of Changing Inputs of Terrestrial Dissolved Organic Matter
to Lakes: Current Knowledge and Future Challenges. Ecosystems 18: 376-
389.

Song N., Xu H., Yan Z,, Yang T., Wang C. & Jiang H.-L. 2019. Improved lignin
degradation through distinct microbial community in subsurface
sediments of one eutrophic lake. Renewable Energy 138: 861-869.



59

Stahl P.D. & Parkin T.B. 1996. Relationship of soil ergosterol concentration and
fungal biomass. Soil Biology and Biochemistry 28: 847-855.

Strandberg U., Palviainen M., Eronen A., Piirainen S., Laurén A., Akkanen J. &
Kankaala P. 2016. Spatial variability of mercury and polyunsaturated fatty
acids in the European perch (Perca fluviatilis) - Implications for risk-
benefit analyses of fish consumption. Environmental Pollution 219: 305-314.

Sun X.-L., Xiang H., Xiong H.-Q., Fang Y.-C. & Wang Y. 2023. Bioremediation of
microplastics in freshwater environments: A systematic review of biofilm
culture, degradation mechanisms, and analytical methods. Science of The
Total Environment 863, 160953.

Taipale S.J. & Sonninen E. 2009. The influence of preservation method and time
on the 8'3C value of dissolved inorganic carbon in water samples. Rapid
Communications in Mass Spectrometry 23: 2507-2510.

Taipale S.J., Brett M.T., Hahn M.W., Martin-Creuzburg D., Yeung S., Hiltunen
M., Strandberg U. & Kankaala P. 2014. Differing Daphnia magna
assimilation efficiencies for terrestrial, bacterial, and algal carbon and fatty
acids. Ecology 95: 563-576.

Taipale S.J., Peltomaa E., Hiltunen M., Jones R.I., Hahn M.W., Biasi C. & Brett
M.T. 2015. Inferring Phytoplankton, Terrestrial Plant and Bacteria Bulk
013C Values from Compound Specific Analyses of Lipids and Fatty Acids.
PLOS ONE 10, e0133974.

Taipale S.J., Vuorio K., Strandberg U., Kahilainen K.K., Jarvinen M., Hiltunen M.,
Peltomaa E. & Kankaala P. 2016a. Lake eutrophication and brownification
downgrade availability and transfer of essential fatty acids for human
consumption. Environment International 96: 156-166.

Taipale S.J.,, Hiltunen M., Vuorio K. & Peltomaa E. 2016b. Suitability of
Phytosterols Alongside Fatty Acids as Chemotaxonomic Biomarkers for
Phytoplankton. Frontiers in Plant Science 7, 212.

Taipale S.J., Peltomaa E., Kukkonen J.V.K., Kainz M.]., Kautonen P. & Tiirola M.
2019. Tracing the fate of microplastic carbon in the aquatic food web by
compound-specific isotope analysis. Scientific Reports 9, 19894.

Taipale S.J., Vesamiki ].S., Kautonen P., Kukkonen J.V.K,, Biasi C., Nissinen R.,
& Tiirola M.T. 2022. Biodegradation of microplastic in freshwaters - a long-
lasting process affected by the lake microbiome. Environmental
Microbiology 25: 2669-2680.

Taipale S.J., Rigaud C., Calderini M.L., Kainz M.]., Pilecky M., Uusi-Heikkil4 S.,
Vesamaiki ].S., Vuorio K. & Tiirola M. 2023. The second life of terrestrial
and plastic carbon as nutritionally valuable food for aquatic consumers.
Ecology Letters 26: 1336-1347.

Tanentzap A.]., Cottingham S., Fonvielle J., Riley 1., Walker L.M., Woodman S.G.,
Kontou D., Pichler C.M., Reisner E. & Lebreton L. 2021. Microplastics and
anthropogenic fibre concentrations in lakes reflect surrounding land use.
PLOS Biology 19, e3001389.

Tang Y. Yang X., Xu R., Zhang X., Liu Z., Zhang Y. & Dumont H.J. 2019.
Heterotrophic microbes upgrade food value of a terrestrial carbon
resource for Daphnia magna. Limnology and Oceanography 64: 474-482.



60

Tank J.L., Rosi-Marshall E.J., Griffiths N.A., Entrekin S.A. & Stephen M.L. 2010.
A review of allochthonous organic matter dynamics and metabolism in
streams. Journal of the North American Benthological Society 29: 118-146.

Taube R., Ganzert L., Grossart H.-P., Gleixner G. & Premke K. 2018. Organic
matter quality structures benthic fatty acid patterns and the abundance of
fungi and bacteria in temperate lakes. Science of The Total Environment 610-
611: 469-481.

Taube R., Fabian J., Van den Wyngaert S., Agha R., Baschien C., Gerphagnon M.,
Kagami M., Krtiger A. & Premke K. 2019. Potentials and limitations of
quantification of fungi in freshwater environments based on PLFA
profiles. Fungal Ecology 41: 256-268.

Toming K., Tuvikene L., Vilbaste S., Agasild H., Viik M., Kisand A., Feldmann
T.,Martma T., Jones R.I. & Noges T. 2013. Contributions of autochthonous
and allochthonous sources to dissolved organic matter in a large, shallow,
eutrophic lake with a highly calcareous catchment. Limnology and
Oceanography 58: 1259-1270.

Torres 1.F., Bastida F., Herndandez T., Bombach P., Richnow H.H. & Garcia C.
2014. The role of lignin and cellulose in the carbon-cycling of degraded
soils under semiarid climate and their relation to microbial biomass. Soil
Biology and Biochemistry 75: 152-160.

Twining C.W., Taipale S.J., Ruess L., Bec A., Martin-Creuzburg D. & Kainz M.].
2020. Stable isotopes of fatty acids: current and future perspectives for
advancing trophic ecology. Philosophical Transactions of the Royal Society B:
Biological Sciences 375, 20190641.

Uurasjdarvi E., Hartikainen S., Setédld O., Lehtiniemi M. & Koistinen A. 2020.
Microplastic concentrations, size distribution, and polymer types in the
surface waters of a northern European lake. Water Environment Research
92: 149-156.

Vdhidtalo A.V., Salonen K. Salkinoja-Salonen M. & Hatakka A. 1999.
Photochemical mineralization of synthetic lignin in lake water indicates
enhanced turnover of aromatic organic matter under solar radiation.
Biodegradation 10: 415-420.

Vaksmaa A., Polerecky L., Dombrowski N., Kienhuis M.V.M., Posthuma I,
Gerritse J., Boekhout T. & Niemann H. 2023. Polyethylene degradation
and assimilation by the marine yeast Rhodotorula mucilaginosa. ISME
Communications 3: 1-8.

Vincent A.E.S. & Hoellein T.J. 2021. Distribution and transport of microplastic
and fine particulate organic matter in urban streams. Ecological
Applications 31, e02429.

Wang M., Xu X., Wu Z., Zhang X., Sun P., Wen Y., Wang Z., Lu X., Zhang W.,
Wang X. & Tong Y. 2019. Seasonal Pattern of Nutrient Limitation in a
Eutrophic Lake and Quantitative Analysis of the Impacts from Internal
Nutrient Cycling. Environmental Science & Technology 53: 13675-13686.

Wardle D.A. 1993. Changes in the Microbial Biomass and Metabolic Quotient
During Leaf Litter Succession in Some New Zealand Forest and Scrubland
Ecosystems. Functional Ecology 7: 346-355.



61

Weete ].D., Abril M. & Blackwell M. 2010. Phylogenetic Distribution of Fungal
Sterols. PLOS ONE 5, e10899.

Welsh B., Aherne J., Paterson A.M., Yao H. & McConnell C. 2022. Spatiotemporal
variability of microplastics in Muskoka-Haliburton headwater lakes,
Ontario, Canada. Environmental Earth Sciences 81, 551.

Wilhelm R.C,, Singh R., Eltis L.D. & Mohn W.W. 2019. Bacterial contributions to
delignification and lignocellulose degradation in forest soils with
metagenomic and quantitative stable isotope probing. The ISME Journal
13: 413-429.

Wilken S., Soares M., Urrutia-Cordero P., Ratcovich J., Ekvall M.K., Van Donk E.
& Hansson L.-A. 2018. Primary producers or consumers? Increasing
phytoplankton bacterivory along a gradient of lake warming and
browning. Limnology and Oceanography 63: S142-S155.

Willers C., Jansen van Rensburg P. j. & Claassens S. 2015. Phospholipid fatty acid
profiling of microbial communities-a review of interpretations and recent
applications. Journal of Applied Microbiology 119: 1207-1218.

Williamson C.E., Overholt E.P., Pilla RM. & Wilkins K.W. 2020. Habitat-
Mediated Responses of Zooplankton to Decreasing Light in Two
Temperate Lakes Undergoing Long-Term Browning. Frontiers in
Environmental Science 8, 73.

Wurzbacher C.M., Bérlocher F. & Grossart H.-P. 2010. Fungi in lake ecosystems.
Aquatic Microbial Ecology 59: 125-149.

Xie P. 2006. Biological mechanisms driving the seasonal changes in the internal
loading of phosphorus in shallow lakes. Science in China Series D 49: 14-27.

Yang Y., Yang J., Wu W.-M.,, Zhao J., Song Y., Gao L., Yang R. & Jiang L. 2015.
Biodegradation and Mineralization of Polystyrene by Plastic-Eating
Mealworms: Part 2. Role of Gut Microorganisms. Environmental Science &
Technology 49: 12087-12093.

Yindong T., Xiwen X., Miao Q., Jingjing S., Yiyan Z., Wei Z., Mengzhu W., Xuejun
W. & Yang Z. 2021. Lake warming intensifies the seasonal pattern of
internal nutrient cycling in the eutrophic lake and potential impacts on
algal blooms. Water Research 188, 116570.

Yoshida S., Hiraga K., Takehana T., Taniguchi I., Yamaji H., Maeda Y., Toyohara
K., Miyamoto K., Kimura Y. & Oda K. 2016. A bacterium that degrades
and assimilates poly(ethylene terephthalate). Science 351: 1196-1199.

Yuan].,,Ma].,SunY., ZhouT., Zhao Y. & Yu F. 2020. Microbial degradation and
other environmental aspects of microplastics/plastics. Sciernce of The Total
Environment 715, 136968.

Zhan P., Liu Y., Wang H., Wang C., Xia M., Wang N., Cui W., Xiao D. & Wang
H. 2021. Plant litter decomposition in wetlands is closely associated with
phyllospheric fungi as revealed by microbial community dynamics and
co-occurrence network. Science of The Total Environment 753, 142194.

Zhang G, Yu X, Gao Y., Li Y., Zhang Q., Liu Y., Rao D,, Lin Y. & Xia S. 2018.
Effects of water table on cellulose and lignin degradation of Carex
cinerascens in a large seasonal floodplain. Journal of Freshwater Ecology 33:
311-325.



ORIGINAL PAPERS

RECYCLED BY LEAF INHABITANTS: TERRESTRIAL
BACTERIA DRIVE THE MINERALIZATION OF ORGANIC
MATTER IN LAKE WATER

by
Jussi S. Vesamaki, Cyril Rigaud, Jaakko J. Litmanen, Riitta Nissinen, Robert Taube
& Sami J. Taipale 2024
Accepted for publication in Ecosphere.

Request a copy from author.




II

DECOMPOSITION RATE AND BIOCHEMICAL FATE OF
CARBON FROM NATURAL POLYMERS AND
MICROPLASTICS IN BOREAL LAKES

by

Jussi S. Vesamaiki, Riitta Nissinen, Martin J. Kainz, Matthias Pilecky, Marja Tiirola
& Sami J. Taipale 2022

Frontiers in Microbiology 13, 1041242.
https://doi.org/10.3389/fmich.2022.1041242

Reprinted with kind permission of
© Frontiers




& frontiers

’ @ Check for updates ‘

OPEN ACCESS

EDITED BY
Tony Gutierrez,
Heriot-Watt University,
United Kingdom

REVIEWED BY

Xiaobo Liu,

Nanjing University of Science and
Technology, China

Marika Kokko,

Tampere University,

Finland

*CORRESPONDENCE
Jussi S. Vesamaki
jussi.s.vesamaki@jyu.fi

SPECIALTY SECTION
This article was submitted to Aquatic
Microbiology, a section of the journal
Frontiers in Microbiology

RECEIVED 10 September 2022
ACCEPTED 24 October 2022
PUBLISHED 08 November 2022

CITATION
Vesamaki JS, Nissinen R, Kainz MJ,
Pilecky M, Tiirola M and Taipale SJ (2022)
Decomposition rate and biochemical fate
of carbon from natural polymers and
microplastics in boreal lakes.

Front. Microbiol. 13:1041242.

doi: 10.3389/fmicb.2022.1041242

COPYRIGHT

© 2022 Vesamaki, Nissinen, Kainz, Pilecky,
Tiirola and Taipale. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TvpPe Original Research
PUBLISHED 08 November 2022
pol 10.3389/fmicb.2022.1041242

Decomposition rate and
biochemical fate of carbon from
natural polymers and
microplastics in boreal lakes

Jussi S. Vesamaki™, Riitta Nissinen?, Martin J. Kainz?,
Matthias Pilecky?, Marja Tiirola' and Sami J. Taipale?

!Department of Biological and Environmental Science, Nanoscience Center, University of Jyvaskyla,
Jyvaskyla, Finland, 2WasserCluster Lunz—Biological Station, Donau-Universitat Krems, Lunz am See,
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Microbial mineralization of organic compounds is essential for carbon recycling
in food webs. Microbes can decompose terrestrial recalcitrant and semi-
recalcitrant polymers such as lignin and cellulose, which are precursors for
humus formation. In addition to naturally occurring recalcitrant substrates,
microplastics have been found in various aquatic environments. However,
microbial utilization of lignin, hemicellulose, and microplastics as carbon sources
in freshwaters and their biochemical fate and mineralization rate in freshwaters
is poorly understood. To fill this knowledge gap, we investigated the biochemical
fate and mineralization rates of several natural and synthetic polymer-derived
carbonin clear and humic lake waters. We used stable isotope analysis to unravel
the decomposition processes of different *C-labeled substrates [polyethylene,
polypropylene, polystyrene, lignin/hemicellulose, and leaves (Fagus sylvatica)l.
We also used compound-specific isotope analysis and molecular biology to
identify microbes associated with used substrates. Leaves and hemicellulose
were rapidly decomposed compared to microplastics which were degraded
slowly or below detection level. Furthermore, aromatic polystyrene was
decomposed faster than aliphatic polyethylene and polypropylene. The major
biochemical fate of decomposed substrate carbon was in microbial biomass.
Bacteria were the main decomposers of all studied substrates, whereas fungal
contribution was poor. Bacteria from the family Burkholderiaceae were identified
as potential leaf and polystyrene decomposers, whereas polypropylene and
polyethylene were not decomposed.

KEYWORDS

decomposition, microplastic, polymer, mineralization, Burkholderiaceae

Introduction

Microbial decomposition of organic compounds is essential for carbon recycling in
food webs. In addition to autochthonous carbon sources, freshwaters receive terrestrial
loadings whose microbial decomposition processes are poorly understood. Terrestrial-
derived organic carbon includes labile carbon, such as carbohydrates, polysaccharides, and
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cellulose, which are quickly utilized by microbes. In addition to
these, terrestrial loadings also include more recalcitrant polymers,
e.g., lignin and cellulose, both precursors for humus formation
(Danise et al., 2018) and are found in high concentrations in
boreal humic, brown-water lakes (Hessen and Tranvik, 1998).
Clear-water lakes [defined often as DOC <10 mg/L (Kortelainen,
1993)] typically are rich in labile organic carbon sources, which
are utilized efficiently by microbes (Brek-Laitinen et al., 2012),
whereas humic lakes have more recalcitrant carbon compounds
(Hessen and Tranvik, 1998). It is thus plausible to assume that
humic freshwater microbes are highly adapted to utilize diverse
carbon sources and have developed a vast arsenal of biochemical
weathering agents to use recalcitrant carbon sources. To date,
microbial decomposition of lignin has been studied in soils even
at the molecular level [e.g., (Pathan et al.,, 2017; Bhatnagar et al.,
2018)] and sediments [e.g., (Song et al., 2019; Yang et al., 2021)],
but their decomposition and the role of different microbial groups
in the decomposition process in freshwaters are weakly understood.

In addition to natural polymers, microplastics have been
found in several environments worldwide (Shahul Hamid et al.,
2018), including lentic (Di Pippo et al., 2020; Uurasjarvi et al.,
2020) and lotic (Crew et al., 2020; Mora-Teddy and Matthaei,
2020) freshwaters. Microplastic pollution has become an
increasing environmental concern worldwide due to increasing
plastic pollution in oceans (Jambeck et al., 2015) and freshwaters
(Hurley et al., 2018). However, their mineralization rate and
biochemical fate in freshwater systems remain poorly investigated
(Anderson et al., 2016; Taipale et al., 2019). Until now, microplastic
degradation studies have focused on microbes colonizing the
surface of microplastic (e.g., Debroas et al., 2017) and pure culture
testing (e.g., Yoshida et al., 2016). Currently used methods include
imaging methods such as scanning electron microscopy (SEM)
imaging, which does not give any information about the
biochemical fate of plastic-derived carbon.

Bacterial diversity increases with microplastic surface roughness
but does not vary among different plastic types (Di Pippo et al.,
2020). Although particle size has not been found to significantly
affect bacterial community composition between smaller and larger
microplastic particles (Frere et al., 2018), bacterial diversity has been
higher on larger mesoplastic particles than on microplastics and
lowest on PS particles (Debroas et al., 2017). However, plastic’s
physical properties and chemical composition play an important role
in the decomposition process. Microbes can attach more easily to
heteroatomic microplastics (Debroas et al., 2017) like nylon and
polyvinyl. For example, freshwater fungi that grew on plastic
particles were found to be able to degrade aromatic and nitrogen-
involving polyurethane but not aliphatic polyethylene (Brunner
etal., 2018). In contrast to microplastics, natural carbon sources can
involve a diverse mix of easily utilizable carbon sources such as
carbohydrates and heteroatomic compounds and more recalcitrant
carbon sources such as benzene rings. For example, lignin and
recalcitrant humic substances are mineralized slowly in humic
waters (Vihdtalo et al, 1999) whereas microbial glucose
mineralization is fast (Schneckenberger et al., 2008).
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Microbes can assimilate polymer carbon by extracellular
enzymatic degradation or by endocytosis (Sanchez, 2020; Yuan
et al., 2020; Liu L. et al., 2021). In addition, microbes can break
chemical bonds of a polymer by enzymatic hydrolysis, and these
oligo-, di- or monomers can be further processed intracellularly
and mineralized to CO, or CH, or used for anabolic processes
(Yuan et al.,, 2020; Du et al., 2021; Liu X. et al., 2021). Both
mineralization rate and the biochemical fate of polymer carbon
into inorganic carbon via respiration (CO,) and microbial biomass
can be studied using "*C-labelled substrates and stable isotope
analysis (Steffens et al., 2015; Yang et al., 2015; Taipale et al., 2019).
Measuring the assimilation of “C into phospholipid fatty acid
(PLFA) biomarkers by compound-specific isotope analysis (CSIA)
enables the tracking of the carbon cycle and decomposition
pathways (Twining et al., 2020). Furthermore, PLFA-biomarkers
and CSIA can be combined with microbial community analysis to
identify microbial taxa responsible for decomposition (Taipale
et al,, 2019). However, only a few studies (e.g., Yang et al., 2015;
Taipale et al., 2019; Liu L. et al, 2021) have used "“C-labeled
microplastics to study microbe-driven plastic degradation, despite
its high sensitivity and usefulness as a tool to study the
decomposition of highly recalcitrant and slowly degraded materials.

In this study, we compared decomposition rate and pathways,
and the biochemical fate of carbon from different natural polymers
and microplastics using C-labeled materials to gain a deeper
understanding of microbial decomposition processes in
freshwaters. We selected deciduous tree leaves (Fagus sylvatica)
and lignin-hemicellulose for natural carbon sources and
polyethylene (PE), polypropylene (PP), and polystyrene (PS) for
microplastics. We compared their decomposition rates and
biochemical pathways in clear-water lake water containing labile
organic carbon (Brek-Laitinen et al., 2012) and humic lake water,
where microplastic mineralization was observed in a previous
study (Taipale et al., 2019). The following hypotheses were tested:
(1) decomposition rate is faster in humic lake water than in clear
lake water for microplastic polymers and lignin, whereas
decomposition rate was assumed to be similar for leaves in both
lake types, (2) decomposition is faster for aromatic polystyrene
than for aliphatic polyethylene or polypropylene, (3) carbon from
decomposed substrate is mainly utilized to build biomass whereas
smaller proportion is respired, and (4) bacteria are primary
decomposers for easily degradable carbon sources (lignin-
hemicellulose and leaves), whereas fungi play a more important
role in the decomposition of plastics.

Materials and methods

Sampling sites, experiment preparation,
and experimental setup

Waters were collected from highly humic lake Nimeton [Evo,

Finland 61°22'81"N, 25°19"23"E; DOC=22.60+0.88 mg/L] and
from clear water lake Vesijarvi (Lahti, Finland, (61°02'42"N,
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25°35’10"E; DOC=5.19+0.05mg/L) in July 2020 for microplastic
and lignin-hemicellulose treatments and in September 2020 for
leaf treatments. Collected waters were filtrated through a 3uM
pore size filter to remove bacterivores and preincubated at 18°C
for 3 weeks before the start of the experiment to let microbes
consume most of the easily available carbon sources. After the
preincubation, 300 mL of water was poured into a 540 mL glass
bottle and 4 mg C of *C-substrate (PE (Poly(ethylene-"C,) Sigma-
Aldrich, 99 atom% "“C, United States); PP (Poly(propylene-1-"°C)
Sigma-Aldrich, 99 atom% *C, United States); PS (Poly(styrene-a-
BC) Sigma-Aldrich, 99 atom% "C, United States); lignin-
hemicellulose (U-13C lignin organosolv from wheat (Triticum
aestivum), IsoLife bv 97 atom% “C, Netherlands); NLD
Hygroscopic); leaves (P-C Beech leaf (Fagus sylvatica) 13.4
atom% “C, IsoLife bv, Netherlands) was added. Used lignin-
hemicellulose was composed approximately 80% of lignin and
20% of carbohydrates, including mostly hemicellulose (van Erven
et al., 2017). Control treatments had no substrate addition. Lake
waters with added substrates were incubated at 17-18°C in closed
glass bottles for three (leaves), or six (lignin-hemicellulose,
microplastics, and controls without any substrate addition)
week(s) (Figure 1). Bottles were daily shaken during the
experiment. Four replicates were made for each treatment.

Mineralization

Gas samples were taken weekly from the air phase of a bottle.
5mL of gas sample was transferred into an air-free Exetainer®
tube. At the end of the experiment, *C-DIC was analyzed by
taking 5mL of water into a He-flushed Exetainer® tube and
adding 200 pL of 85% H;PO, (raipate and sonninen, 2009 Water samples
were mixed by a vortex and 5mL of the gas phase was taken from
the Exetainer® tube into a new tube. The gaseous DIC samples
were further processed and analyzed identically to CO, samples.
The amount of CO, in the sample was determined by an Agilent
7890B gas chromatograph (Agilent Technologies, Palo Alto, CA,
United States). After the quantification of CO, in sample tubes,
8"C values of CO, and DIC were analyzed using an Isoprime
TraceGas pre-concentrator unit connected to an Isoprime IRMS
(Isoprime100 IRMS, Elementar UK Ltd., Cheadle, UK) at the
University of Jyviskyld, Finland. 8"°C values were drift corrected
and two-point calibrated based on external standards.
calculations  are

Mineralization — rate presented  in

Supplementary material.

Analysis of BC-PLFAs by GC-MS,
CF-IRMS, and compound-specific
isotopes

At the end of the experiment, water was filtered through a

preweighted filter (Whatman™ cellulose nitrate filters, pore size
0.2 uM, diameter 47 mm) and stored at —80°C. After that, filters
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were freeze-dried, weighed, and transferred into a Kimax® tube.
3 mL of chloroform-methanol (2:1) and 750 puL distilled water and
internal standards C19:0 and C23:0 (0.4997mg/mL and
0.5044 mg/mL, respectively) were added into a sample tube. Tubes
were sonicated for 10min and then vortexed and centrifuged
(3,000 rpm for 3 min). The lower phase was transferred into a new
Kimax® tube. The sample was evaporated under nitrogen flow
which after it was dissolved in 300 pL of CHCI,.

Extracted fatty acids were fractionated by using a Bond Elut
Silica cartridge. At first, the cartridge was activated by 6 mL of
CHCI;-MeOH (1:1) mixture after which sample was added to the
cartridge. The neutral lipid fraction was eluted with 8 mL of
chloroform, and glycolipids were eluted with 8 mL of acetone, after
which the fraction was discarded. Phospholipid fatty acids were
eluted with 8 mL of methanol.

The PLFA fraction was evaporated to emptiness under
nitrogen (N,) flow, which after it was dissolved to 1mL of
chloroform. 300 pL subsample was transferred into a pre-weighed
tin cup and evaporated. The rest of the sample was stored at
—20°C to wait for further processing. Chloroform was evaporated
and the tin cup was weighted. 8"°C of the PLFA sample was
measured with a Thermo Finnigan DELTAP**Advantage CF-IRMS
at the University of Jyvaskyld, Finland. Based on quantified 8"C
values of bulk PLFA sample, we calculated bacterial growth
efficiency (BGE) as described in del Giorgio and Cole (1998) and
the total decomposition rate for each substrate.

The rest of the divided PLFA fraction (700 uL) was evaporated
under nitrogen flow after which 1 mL of hexane and 2mL of 1%
H,SO, were added. Tubes were flushed under nitrogen flow for 5s
and incubated at 90°C for 90 min. After incubation, 1.5mL of H,O
and 4mL of hexane were added. Tubes were vortexed and
centrifuged at 3,000rpm for 3min. The upper phase was
transferred into a new Kimax® tube. The collected phase was
evaporated under nitrogen flow. The sample was dissolved by
500 pL of hexane and transferred into a small vial. The sample was
still concentrated before analysis by evaporating it and dissolving
it in 100 pL of hexane.

PLFAs were analyzed by combined gas chromatography and
mass spectrometer (GC-MS). The length of a column (DB-23)
was 30 metres and the diameter was 250 pM. The column film was
0.25 uM thick. The splitless mode was used for the mass spectrum.
The injection temperature was 260°C. Total helium flow was
47.4mL/min. The initial temperature of gas chromatography was
60°C and it was held for 1min, after which the temperature was
raised to 130°C and further to 180°C, and further to 220°C. The
running time was 47 min per sample. Four different concentrations
of the GLC Reference standard (Nu-Chek Prep Inc.) were
prepared and analyzed to create a standard curve. Fatty acids were
identified and integrated with GC Solution Postrun -software
(Shimadzu). Based on the standard curve and recovery of internal
standard, the amount of fatty acids in a sample was calculated as
mg/g of carbon. After running PLFA samples on GC-MS, samples
were evaporated under nitrogen flow and dissolved in
70 uL. Samples were sent to Austria where they were analyzed by
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Treatments with different
substrate additions:
1. Control (no addition)
2."3C-leaves
3. 13C-lignin/hemicellulose
4. 3C-polystyrene
5. 13C-polypropylene
6. 1°C-polyethylene
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using compound-specific isotope analysis (CSIA). The CSIA run
was performed as in Taipale et al. (2019). Assimilation calculations
are described in the Supplementary material.

Decomposition rate and biochemical
fate calculations

The decomposition rate of each substrate per year was
calculated as a sum of the total mineralization rate per year and
the assimilation rate per year. To convert this to months, the
decomposition rate per year was divided by 12. Moreover, to
determine total decomposition time as years or as months, 100
was divided by the percentual decomposition rate per year
or month.

Proportional biochemical fate of decomposed substrate
carbon in CO2, DIC, or biomass was calculated by dividing the
mineralization or assimilation rates by total decomposition rate
and multiplying it by 100 to get percent values.

DNA and RNA analysis, and sequence
data processing

At the end of the experiments, a 10-30 mL subsample of water
was filtered through a pore size of 0.2 pM (Supor® 0.2 pM/25 mm,
PES, Pall Corporation), and the filter was transferred into a
bashing bead lysis tube (ZR BashingBead™ Lysis Tubes (0.1 &
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0.5mm), Nordic BioSite, United States) with 800 uL of DNA/RNA
Shield™ (Zymo Research, United States). Samples were
homogenized by bead-beating at 5.5m/s for 40s (Bead Ruptor
Elite 24 bead mill homogenizer, Omni International Inc.,
United States).

DNA and RNA were simultaneously extracted by Chemagic™
360 (PerkinElmer Inc., United States). For bacterial community
analysis, cDNA was synthesized from RNA by using Maxima
First-Strand Synthesis Kit with dsDNase (Thermo Fischer
Scientific). Genomic DNA was eliminated by adding 0.5 puL of 10x
dsDNase buffer and dsDNase and 1.5 uL of H,O and 2.5 uL of the
sample. Samples were incubated at 37°C for 30 min after which it
was incubated at 65°C for 5min. During the last incubation, 0.5 uL
of random hexamer primers and dNTPs and 1.5 uL of H,O were
added. Samples were cool down to 4°C for 1 min after which 2 pL
of 5x reverse transcriptase buffer and 0.5 uL of reverse transcriptase
were added. Samples were incubated at 25°C for 10 min after
which the temperature was raised to 50°C for 30 min, then heated
to 85°C for 5min and cooled down to 4°C.

PCR reactions were prepared by mixing 12.5pL Maxima
SYBRGreen/Fluorescein qPCR (2X) Master mix (Thermo Fisher
Scientific, Lithuania. Polymerase: Hot Start Tag DNA polymerase),
2.5pL of bovine serum album (BSA, 1 mg/mL), 1L of primers
(10puM P1-ITS4 and M13-ITS7 (Miki et al, 2016) (Merck,
CCTCTCTATGGGCAGTCGG-TGATCCTCCGCTTATTGATA
TGC and TGTAAAACGACGGCCAGTG-TGARTCATCGAAT
CTTTG, respectively) for fungi and P1-806R and M13-515FY
(Merck, CCTCTCTATGGGCAGTCGG-TGATGGACTACNVG
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GGTWTCTAAT and TGTAAAACGACGGCCAGTG-TGYCAG
CMGCCGCGGTAA, respectively) for bacteria) and 2pL of
extracted DNA or synthesized cDNA, which was used as a
template for fungi and bacteria, respectively. PCR-grade H,0O was
added up to the total volume of 25 pL.

For the 16S rRNA gene, the PCR reaction was initialized with
heating at 95°C for 3 min, followed by the denaturation phase at
95°C for 455, annealing at 50°C for 1 min, and elongation phase
at 72°C for 90s. Phases from denaturation to elongation were
repeated 34 times after which the reaction was kept at 72°C for
10 min before cooling down to 4°C. For ITS, the PCR reaction was
initialized with heating at 95°C for 3min, followed by the
denaturation phase at 95°C for 30s, annealing at 55°C for 30s, and
the elongation phase at 72°C for 45s. Phases from denaturation to
elongation were repeated 35 times after which the reaction was
kept at 72°C for 7 min before cooling down to 10°C. The size of
the PCR amplicons was checked by running 5 pL of amplicons on
1% agarose gel (120 V for 45min).

Sample barcoding was performed as PCR described above but
using 1 pL of PCR amplicons from the first reaction as a template
and with barcoded fusion primer IonA-M13F and P1-806R or
IonA-M13F and P1-ITS4. The second PCR was started with
heating samples up to 95°C for 3 min, followed by 10cycles of
denaturation at 95°C for 45s, annealing at 54°C for 45s and
elongation at 72°C for 1 min. After 10 cycles, the temperature was
kept at 72°C for 5min before cooling down to 4°C. After the
reaction, barcoded PCR amplicons were run on 1% agarose gel
(120V for 45min). Barcoded PCR amplicon size was checked by
agarose gel electrophoresis. Samples with low DNA content were
purified and concentrated with SparQ Quanta purification beads
(SparQ PureMag Beads,
manufacturer’s protocol. Amplicons were quantified with Qubit

Quantabio) according to the

(Qubit Fluorometric Quantification, Thermo Fischer Scientific)
and pooled equimolarly. Pooled library was purified by SparQ
Quanta using 1.3x ratio (v/v), quantified by 2200 TapeStation
system (Agilent Technologies, United States), and sequenced by
Ion Torrent Personal Genome Machine (PGM) (Life Technologies,
United States) using IonPGM Hi-Q View OT2 400 kit and
Sequencing kit with a 318 IonChip (Thermo Fisher Scientific).
Sequences were deposited to the NCBI Sequence Read Archive as
project PRJNA810989.

Samples were sequenced by Ion Torrent Personal Genome
Machine (PGM) (Life Technologies, United States) using lonPGM
Hi-Q View OT2 400 kit and Sequencing kit with a 318 TonChip
(Thermo Fisher Scientific). Sequences were deposited to the NCBI
Sequence Read Archive as project PRINA810989. More detailed
DNA and RNA
Supplementary material.

sample preparation are described in

The sequence data from the IonTorrent server was
processed by the CLC Microbial genomics module (CLC
Genomic Workbench 12 with microbial genomics module,
Qiagen, Denmark). 16S sequences were filtered based on the
presence of both forward and reverse primers and ITS
sequences based on the presence of the forward primer. In
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addition, sequences shorter than 250 bp and longer than 450
were discarded. The trimmed data was further subsampled
using thresholds to 20000 and 18000 reads for 16S and ITS
sequences, respectively. The minimum occurrence of 1 was set
for OTUs before clustering and the creation of new OTUs with
80% taxonomic similarity was allowed. For the reference-
based OTU clustering, the SILVA 16S v132 database at 99%
resolution sequences and UNITE v7.2 database at 99%
resolution were used for bacterial and fungal sequences,
respectively. OTUs whose appearance was less than 1% were
discarded from further data processing. “N/A” OTUs were
checked to be fungi by aligning sequences against the RDP
Classifier database (RDP Naive Bayesian rRNA Classifier
Version 2.11, September 2015; UNITE fungal ITS trainset
07-04-2014) with an 80% confidence threshold.

Statistical testing

PERMANOVA for microbial community and CSIA data was
carried out in PRIMER7. Data were square root transformed and
Bray-Curtis similarity was used to create resemblance tables.
Non-metric multidimensional scaling (NMDS) analysis was
performed to unravel microbial genera correlating with §"C-
values of PLFAs. Differences in mineralization rates, biomass
assimilation, degradation rate, and water quality parameters were
conducted by pair-wise PERMANOVA in PRIMER?7. The used
confidence level for all tests was 95%.

Results

Mineralization and assimilation rates of
substrates and biochemical fate

Mineralization of *C-labeled substrates into the gas phase,
indicative of microbial respiration, was measured during the
experiments and calculated by subtracting the average §"°C value
of the control group from the 8“C of each treatment:
gas = 0" Ceontrol-0"*Crreatment- Total *C-labelled leaves
and hemicellulose were rapidly mineralized in both humic and

Mineralization,

clear lake water, whereas recalcitrant lignin and microplastics were
mineralized slowly or not at all. In humic lake water, mineralization
of carbon, especially from leaves and hemicellulose, increased
rapidly during the first week, after which the isotopic signal
reached a steady-state (Figures 2A,B). In clear lake water, the
mineralization of these natural substrates was not as rapid, and the
C-enrichment increased during the whole experiment. Among
plastic treatments, only the polystyrene carbon was mineralized
during the experiment (Figure 2C).

Total mineralization rates were calculated at the end of the
experiment. Leaves were mineralized at two times faster rate
in humic (9.0+1.2% per month) than in clear-lake water
(4.0+0.8% per month), and with statistically significant
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difference (pair-wise PERMANOVA: p=0.028, t=6.8505, The biochemical fate of substrate-derived carbon was
Figure 3A). Hemicellulose was effectively mineralized during calculated by combining stable isotope measurements of
the experiment at the rate of 11.9+0.9% and 7.3 +0.8% per microbial biomass, CO,, and DIC, and calculating percentual
month in humic and clear lake water, respectively (Figure 3B), proportions of decomposed substrate carbon in each
whereas lignin from the added lignin-hemicellulose substrate end-product. In all treatments, substrate carbon was
was not mineralized at all (Figure 3C). Overall, microplastics assimilated into microbial biomass rather than respired.
were mineralized slowly or not at all (humic PS: 0.22 +0.02 %o However, in humic lake water, only 58 + 14% of decomposed
per year; clear PS: 0.17+0.02 %o per year; humic PP: not BC-leaves, and 65 + 33% of *C-hemicellulose were assimilated
mineralized; clear PP 0.006 +0.004 %o per year; humic PE: into microbial biomass, whereas in clear lake water, 91 + 4% of
0.003 +0.006 %o per year; clear PE: 0.005+0.009 %o per year; decomposed "*C-leaves and 88 + 8% of *C-hemicellulose were
Figures 3D-F). Nevertheless, the mineralization rate of PS was assimilated into biomass (Figure 4A). In contrast, all the
significantly faster in humic lake water than in clear lake water decomposed lignin carbon ended up in microbial biomass in
(p=0.026; t=3.8699). both lake waters. C-microplastics were also mainly
The assimilation rate of *C-labeled substrate carbon into assimilated into biomass (PS humic 89 +4%; PS clear 78 + 3%;
microbial biomass was quantified by measuring the PP humic not decomposed; PP clear 74+ 17%; PE humic
PC-enrichment and concentration of microbial PLFAs. Microbes 99.9+0.2%; PE clear 82+ 31%; Figure 4B).
utilized carbon from leaves at the rate of 14+ 8% and 51 +42% Decomposition rates of natural substrates did not differ
per month in humic and clear lake water, respectively between studied lake waters, whereas PS and PE were decomposed
(Figure 3A). In addition, bacterial growth efficiency (BGE; faster in humic lake water (Table 1). Leaves were decomposed
(Steffens et al., 2015); Supplementary Figure S1) was significantly within 5+ 2 months in humic and 3 £2 months in clear lake water.
higher in clear than in humic lake water for leaves (p=0.035, Hemicellulose was decomposed at the same speed as leaves from
t=2.920). Microbes utilized carbon from lignin at the rate of 1 to 6 months and from 1 to 2months in humic and clear lake
8+9% and 12 + 8% per month in humic and clear lake waters, water, respectively, whereas lignin from hemicellulose was
respectively. PS carbon was assimilated at the rate of 0.2+0.1% decomposed within 1 or 2 years or was not decomposed at all
and 0.1£0.01% per year in humic and clear lake waters during the experiment. PS was decomposed within 500 + 150 years
(Figure 3D) and the BGE of PS was significantly higher in humic in humic and 1,300 +250years in clear lake water. PP was not
than in clear lake water for (p=0.032, t=4.697). In humic lake decomposed at all in humic lake water and in clear lake water its
water, PP carbon was not assimilated at all, whereas microbes decomposition rate was defined to be higher than 10,000 years. In
assimilated PP carbon at the rate of 0.003 +0.002% per year in contrast, PE was decomposed within 2,350 + 1,350 years in humic
clear lake water. Microbes assimilated PE carbon at the rate of lake water whereas in clear lake water PE decomposition rate is at
0.1£0.1% and 0.04+0.05% per year in humic and clear lake least 1,100 years but varies up to over 10,000 years, similarly to
waters, respectively (Figure 3F). PP decomposition.
B Cc
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Identification of substrate decomposers
by combining community data and CSIA

Differences between 8"*C-values of treatments and controls
were used to identify the most efficient decomposers of each
substrate (Figures 5A-D). In addition, to identify decomposers
more accurately, assimilated *C from the added substrate to each
PLFAs was calculated as A3"*C =8"C-PLFAeatment - 0 >C-PLFA o 1iro1
and A8"C-results were combined with microbial community data
in NMDS ordination analysis (Figure 6). In clear lake water leaf
treatment, BrSFAs, 115:0, a15:0, 16:107, 18:109, and 18:1w7 had
higher §13C-values in comparison to control (p=0.033, t=2.22;
p=0.031, £ =5.54; p=0.034, t=5.59% p=0.026, t=10.86; p=0.034,
t=15,48; p=0.027, t=4.63). In humic lake water leaf treatment, all
detected PLFAs had higher §"*C-values than the control (p <0.05).
NMDS ordination analysis of leaf samples showed that especially
AJBC values of 16:1w7,114:0, 18:1w9, BrSFA, 16:1w9, and 18:107
correlated (Pearson correlation) with humic lake water samples.
Several bacterial genera correlated with humic lake water samples
and were identified to belong to Alpha-, Delta-, and
Gammaproteobacteria, Bacteroidetes, Planctomycetes,
Verrucomicrobia, and Chloroflexi. A§**C values of 16:1w7, which
is characteristic for Alpha- and Gammaproteobacteria and major
fatty acid of Arcicella sp. (Bacteroidetes) (Kampfer et al., 2009;
Hahn et al., 2010; Taipale et al., 2019), correlated with five genera
the and Arcicella  sp.

from family ~Burkholderiaceae,
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(Bacteroidetes). In addition, the involvement of two uncultured
Planctomycetes in the decomposition process of leaves in humic
lake water was exposed by the correlation of high A8"*C values of
18:1w9 with Planctomycetes OTUs. Only one fungal genus
Rhodotorula sp. (Basidiomycota) correlated with A§"C values of
18:1w9, characteristic to fungi Planctomycetes (Willers et al., 2015;
Taipale et al., 2019).

In clear lake water lignin-hemicellulose treatment PLFAs
i14:0, a15:0, 16:107, and 18:1w7 had higher 8" C-values than
control (p=0.041, t=3.26; p=0.041, t=2.01; p=0.026, t=3.32;
p=0.029, t=4.00). In contrast, only 8" °C-values of i114:0, i15:0,
and al5:0 differed from control in humic lake water lignin-
hemicellulose treatment (p=0.025, t=2.74; p=0.034, t =4.96;
p=0.023, t=5.64). Only bacterial taxa correlated towards high
A3"C wvalues in lignin-hemicellulose treatment. These
bacterial genera belonged to Bacteroidetes, Planctomycetes,
Alphaproteobacteria, and Verrucomicrobia.

In humic PS treatment, 16:109 was the only PLFA whose
8"C-values differed from the control (p=0.031, t=2.68). In
contrast, §'*C-values of 114:0, i15:0, 16:109, 16:1w7, 18:109, and
18:1w7 in clear lake water PS treatment differed from control
(p=00.27, t=4.27; p=0.019, £=3.77; p=0.047, t=3.05; p=0.025,
t=6.95; p=0.043, t=t=3.07; p=0.031, t=7.89, respectively). The
highest 8"C-values were observed in 16:1w7 and 18:1w7,
characteristic to Alpha- and Gammaproteobacteria (Taipale et al.,
2019). NMDS ordination analysis for lake waters with PS addition
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The fate of carbon from different substrates in (A) clear and (B) humic lake water. The major fate of **C was in microbial biomass except in humic
lake water with PP addition, where decomposition was not detected. In humic lake water n=4 for leaf, PS, PP, and PE treatments and n=3 for lignin
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TABLE 1 Decomposition rates and main decomposers of different substrates in humic and clear lake water.

Substrate Decomposition rate as years or Decomposition rate as years Main decomposers
months (humic) or months (clear)
Leaf 5 + 2months 3 + 2months Bacteria (Burkholderiaceae and Arcicella sp.)

Lignin-hemicellulose See separately below

Hemicellulose From 1 to 6 months

Lignin 1year or not degraded at all
PS 500 + 150 years

PP Not degraded

PE 2,350 + 1,350 years

See separately below

From

2+ 1 or not degraded at all

Bacteria
1 to 2months Not separated from lignin-hemicellulose

Not separated from lignin-hemicellulose

1,300 + 250 years Alpha- and Gammaproteobacteria; potentially
family Burkholderiaceae

>10,000 years Planctomycetes

From 1,100 to >10,000 years Planctomycetes

showed that high A§"C values of 16:107 and 18:1w7 correlated
highly (>0.9) with seven genera from class Alphaproteobacteria,
identified as Elstera sp., Novosphingobium sp., AT-s3-44
(Sneathiellaceae), uncultured Rhodospirillales, Hirschia sp.,
Reyranella sp., and Bosea sp., and six genera belonging to
Gammaproteobacteria, identified as Malikia sp., Pelomonas sp.,
sp., Sp.»
and sp.
Gammaproteobacteria, five of six potential PS decomposers

Hydrogenophaga Hydrocarboniphaga uncultured

Burkholderiaceae, Polynucleobacter Among
belong to the family Burkholderiaceae. Moreover, highly positive
regression (R*=0.986) was exposed between the amount of
detected  Hydrocarboniphaga  sp.

sequences and mineralization rate in clear lake water

(Gammaproteobacteria)

(Supplementary Figure S3).
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In clear PE and PP treatments, only i14:0 had significantly
higher §"C-values in comparison to control (p=0.026, t=5.38;
p=0.027, t=4.03, respectively). In humic PE and PP treatments,
16:109 and 18:109 had higher 8"C-values in comparison to
control (PE: p=0.026, t=3.01; p=0.03, t =2.74; PP: p=0.032,
t=4.04; p=0.03, t=3.65, respectively) 16:1m9 is typical to Spumella-
like flagellates (Taipale et al., 2019) and 18:109 is characteristic to
Planctomycetes and fungi (Willers et al., 2015; Taipale et al., 2019),
suggesting that these microbial groups can decompose aliphatic
microplastics in humic lakes. NMDS ordination analysis showed
that these PLFAs correlated with two and three fungal OTUs from
phylum Basidiomycota in PP and PE treatments, respectively.
Furthermore, high A8"C values of 18:1m9 correlated with
Singulisphaera sp., 1-8 (Phycisphaeraceae), and an uncultured
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BD7-11 in the PP treatment and with uncultured Pirellulaceae,
Singulisphaera sp., 1-8 (Phycisphaeraceae), and uncultured
BD7-11 in PE treatment.

Discussion

Mineralization and assimilation rates are
dependent on substrate recalcitrance

Leaves, hemicellulose, and PS were mineralized faster in
humic than in clear lake water, whereas other substrates were
mineralized in both studied lake waters with similar rates.
Environmental parameters shape aquatic microbial community
structure and affect microbial ability to utilize different carbon
sources (Wang et al., 2018; Yang et al., 2020; Meng et al., 2022). For
example in humic lakes, heterotrophic microbial lifestyle
dominates over autotrophy (Jansson et al., 2007), which likely

Frontiers in Microbiology

09

increases competition over carbon sources and favors microbes
that can effectively utilize carbon sources when they enter a lake
ecosystem. Thus, humic lake water microbes have adapted to
utilize easy carbon sources fast after they enter lake water. In
contrast, clear lakes have naturally more labile organic carbon
sources (Taipale and Sonninen, 2009), which could explain why
the mineralization rates of the added easily degradable substrates
were slower in clear lake water. Nevertheless, in both studied lake
waters, high mineralization rates of leaves and hemicellulose
indicated that easily degradable carbon sources are rapidly utilized
by freshwater microbes and respired. In addition, also PS carbon
can be mineralized although the rate is very low.

Polymers containing aromatic rings are highly recalcitrant
and common in humic substances and thus commonly present in
humic aquatic ecosystems. Since humic lakes are typically poor in
labile carbon sources (Hessen and Tranvik, 1998), we hypothesized
that humic lake water microbes have adapted to utilize recalcitrant
aromatic compounds. Against our hypothesis, decomposition
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rates of PE and PS did not differ significantly in clear lake water.
However, the decomposition rate of aromatic PS was faster than
the decomposition of aliphatic PE and PP in humic lake water.
Unlike PE and PP, PS is denser than water, which allows it to
submerge (Anderson et al., 2016) and microbes to attach to its
surface more easily. In nature, polystyrene can end up in sediment
(Anderson et al., 2016), where also anaerobic microbes could
utilize it as a carbon source. Decomposition rates of microplastic
carbon in nature can be higher than what our results suggest since
photodegradation increases plastic degradation in water (Tian
et al, 2019) together with thermo-oxidation (Anderson
etal., 2016).

Our results show that natural carbon substrates - even
lignin - are utilized faster than synthetic polymer carbon in
both lake water types. The mineralization rates of studied
substrates indicated that humic lake water microbes can
be more efficient to mineralize both easier and more
recalcitrant carbon sources than clear lake water microbes are.
However, only PS carbon was assimilated faster into microbial
biomass in humic than in clear lake water, whereas other
substrates were equally assimilated into microbial PLFAs in
clear and humic lake waters. In addition, the assimilation rate
of PS carbon was not significantly different in comparison to
PE. It seems that PS is converted more efficiently to CO, than
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PE, whereas PS and PE carbon are preferably and equally well
utilized in a structural cell component. However, in this study,
we measured only PC assimilation into PLFAs. Since some
amino acids, e.g., phenylalanine and tyrosine, contain
aromatic rings, one could assume that polymers containing
aromatic rings are processed rather via the amino acid cycle
due to the similar structures of these compounds. Thus, other
assimilation pathways such as the amino acid cycle should
be considered in future research as well.

The major biochemical fate of
decomposed substrate carbon is
microbial biomass

The chemical structure and recalcitrance of a carbon
substrate play an important role in decomposition and affect
its biochemical fate in nature. In accordance with our
hypothesis, the major fate of all studied substrates’ carbon that
was decomposed was in microbial biomass, whereas
mineralization was found to play only a minor role in the
decomposition process of microplastics and lignin. Similar
results were found for PE decomposition by the freshwater
microbial community (Taipale et al., 2022) but not for PS
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decomposition by mealworms which used only minor
amounts for biomass formation (Yang et al., 2015). Although
the mineralization of substrate carbon covers only a small
proportion of all carbon fate, measurement of 8"°C-values
from gas could be used as an indicator for decomposition,
since it is relatively easy, fast, and cheap to measure in
comparison to CSIA. Nevertheless, the measurement of both
mineralization and assimilation is necessary when the aim is
to quantify decomposition rates.

Microbes behind the decomposition
process

Bacteria are known to dominate the early-stage decomposition
of plant litter due to their faster growth rates and better
competition compared to fungi (Agoston-Szab¢ et al., 2006)
Similarly, our results showed that bacteria were the main
decomposers of leaves at the early-stage decomposition process.
Several PLFAs had high 8"C values, but especially Arcicella sp.
(Bacteroidetes) and five genera from the family Burkholderiaceae
were identified as the major decomposer of leaves (Table 1).
Moreover, bacteria are more efficient to decompose cellulose and
lignin-hemicellulose than fungi in semiarid soils (Torres et al.,
2014). Our results suggested that carbon from lignin-
hemicellulose was assimilated mainly by bacteria also in aquatic
systems. However, it should be noted that since hemicellulose is a
more easily degradable substrate than lignin, it is likely that the
8"C signal originated mainly from hemicellulose and only a small
proportion originated from lignin, whose carbon was also shown
to be assimilated into microbial biomass. Therefore, the
importance of fungi in the decomposition of lignin itself cannot
be excluded.

In clear lake water PS treatment, §*C values of several
PLFAs differed from control and therefore indicated that
several microbial groups are capable of decomposing PS. Our
results suggested that Gammaproteobacteria, especially the
family Burkholderiaceae, play potentially an important role in
the decomposition process of polystyrene. Burkholderiaceae
are known to be able to degrade aromatic compounds (Pérez-
Pantoja et al., 2012) and a member of Burkholderiaceae,
has
polyethylene terephthalate (PET), which contains aromatic

Ideonella  sakaiensis, been found to decompose
and heteroatomic structures (Yoshida et al., 2016). In humic
lake water, 16:109 was the only fatty acid whose 8"°C values
were significantly different in comparison to control in humic
lake water. 16:109 is characteristic to eukaryotic Spumella-like
in PE
decomposition in humic lake water (Taipale et al., 2019).

flagellates, which were found to participate
Thus, our results suggest that Spumella-like flagellates could
participate also in the decomposition process of PS, although
it cannot be confirmed since other Eukaryota except fungi
were not studied. Despite of that fungi have been recognized

as potential plastic decomposers (Sanchez, 2020), fungal
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participation in the decomposition of PS particles was not
observed in our study.

In humic lake water PE and PP treatments, 8"°C values of PLFAs
16:109 which is characteristic to Spumella-like flagellates, and
18:109, typical to fungi and Planctomycetes, differed from control.
The absence of fungal biomarker 18:206 suggests that Planctomycetes
have a more likely ability to assimilate PE and PP carbon in
comparison to fungi. Thus, against our hypothesis, fungi were not
contributing to the decomposition of microplastics. However,
decomposition rates of PP and PE were extremely slow in contrast
to earlier studies (Taipale et al., 2019, 2022), and the assimilation of
PP and PE carbon into PLFAs was likely inhibited by the presence of
other easier carbon sources in lake water. Therefore, it is plausible
that several freshwater bacteria can assimilate aliphatic microplastic
carbon, but the high recalcitrance of microplastics and the access to
easier natural carbon sources make it an unfavorable carbon source
and it is therefore slowly decomposed.
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