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Impacts of bio-based microplastics on horizontal gene trans-
fer of antibiotic resistance genes

Abstrakt

Rostouci znecisténi zivotniho prostfedi mikroplasty (MPs) se stava stale ziejmé&jSim prob-
lémem. Tyto MPs infiltrovaly ekosystémy z rtiznych zdrojt, véetné spotiebitelskych aktivit,
distribucnich siti, primyslovych procest a odvétvi jako jsou stavebnictvi, chemicky primysl,
doprava a textilni primysl. Paralelné s timto jevem dochazi také k rychlému nértstu prevalence
antibiotik rezistentnich bakteridlnich kmend, pfedstavujici vyznamné zdravotni riziko zejména
pro jedince s oslabenym imunitnim systémem jenz prodluzuji dobu hospitalizace. Mikroorgan-
ismy schopné kolonizovat MPs v prostfedi mohou vytvatet biofilmy, usnadnujici interakei s an-
tibakterialnimi latkami a vybér rezistentnich geni. Tyto antibiotické rezistentni geny (ARGs)
se pak mohou horizontalné piendset (HGT) mezi riznymi mikroorganismy, pfispivajici
k rozsifeni fenotypické rezistence napii¢ mikrobialnimi populacemi.

Prvni faze této studie zahrnovala zkoumani odolnosti ¢tyi izolovanych bakterii aktivovaného
kalu A. xinjiangensis, G. bergerei, A. bouvetii a R. zophii vuci antibiotikim (ATBs) AMP,
AZM, CRM, CTX, GEN, KAN, PEN, SMX, STR, TET, TMP pomoci zénov¢ inhibice (I1Z),
pficemz hlavnim cilem bylo analyzovat, jak bio-MPs ovliviiuji frekvenci HGT. E. coli (donor)
a R. zophii (ptijemce) byly spole¢né inkubovany po dobu 48 h s riznymi bio-MPs (bioHDPE,
PHBYV, PLA) a konven¢nimi MPs (HDPE, PET) a s nizkymi a vysokymi koncentracemi dvou
ATBs KAN a TMP. Nizka koncentrace ATBs KAN byla 30 pg/mL a TMP 50 pg/mL, zatimco
KAN 45 pg/mL a TMP 75 pg/mL pro vysokou koncentraci. VSechny vzorky byly pfipraveny
v tripletech. Po inkubaci byly vzorky analyzovany pomoci epifluorescené¢niho mikroskopu, jed-
notek tvoficich kolonie (CFU) a flow cytometru (FCM).

Vysledky zonové inhibice (IZs) ukazaly, Ze vSechny c¢tyfi izolované bakterie byly odolné vici
vice ATBs. A. xinjiangensis plné odolala SMX, CRX a AZM. G. bergerei pln¢ odolala CRX a
AZM. A. bouvetii pIn¢ odolala SMX, CRX a AZM. R. zophii pln¢ odolala SMX a AZM. Coz
znamend, ze vSechny tyto bakterie maji ARGs pro vice ATBs. ARGs jsou potencidlné
pfenaseny na jiné bakterie, kdyz jsou vystaveny stresovym podminkam v ptfitomnosti ATBs.
Nasledujici vysledky pienosu ARGs R. Zophii v pfitomnosti ATBs ukazaly, ze vyS$si koncen-
trace ATB ziskala vyssi pfenosovou miru ARGs ve srovnani s nizkou koncentraci. Pfenosova
mira ARGs byla vyssi u vzorkd bio-MP (cPLA > gPLA > bioHDPE > PHBV) ve srovnani s
konven¢nimi MPs (HDPE > PET). Celkové MP z PLA vyznamné ovlivnily zvySeni pfenosu
ARGs u izolované bakterie R. zophii. Studie ukazala, Ze je naléhaveé nutné zkoumat vice bio-
MPs jako nosice pro dalsi environmentalni znec¢ist'ujici latky, jako jsou ATBs.

Klicova slova
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The increasing pollution of the environment with microplastics (MPs) is becoming an increas-
ingly evident problem. These MPs infiltrate ecosystems from various sources, including con-
sumer activities, distribution networks, industrial processes, and sectors such as construction,
chemical, transportation, and textile industries. Concurrently with this phenomenon, there
is also a rapid rise in the prevalence of antibiotic-resistant bacterial strains, posing a significant
health threat, especially to individuals with weakened immune systems, and prolonging hospi-
talisation periods. Microorganisms capable of colonising MPs in the environment can form
biofilms, facilitating interaction with antibacterial agents and selection for resistant genes.
These antibiotic-resistant genes (ARGSs) can then be horizontally transferred (HGT) among dif-
ferent microorganisms, contributing to the spread of phenotypic resistance across microbial
populations.

The first phase of this study involved investigating the resistance of four isolated activated
sludge bacteria A. xinjiangensis, G. bergerei, A. bouvetii and R. zophii to antibiotics (ATBS)
AMP, AZM, CRM, CTX, GEN, KAN, PEN, SMX, STR, TET, TMP by the zone inhibition
(1Z2), while the main goal was to analyse how bio-MPs affect the frequency of the HGT. E. coli
(donor) and R. zophii (recipient) were coincubate for 48 h with various bio-MPs (bioHDPE,
PHBYV, PLA) and conventional MPs (HDPE, PET) and low and high concentrations of two
ATBs KAN and TMP. The low ATB concentration of KAN was 30 pg/mL and TMP 50 pg/mL,
while KAN 45 ng/mL and TMP 75 pg/mL for high concentration. All samples were prepared
in triplicates. After the incubation, the samples were analysed using an epifluorescence micro-
scope, colony-forming units (CFU) and flow cytometer (FCM).

The results of 1Zs showed that four isolated bacteria were resistant to multiple ATBs. A. xin-
jiangensis fully resisted SMX, CRX and AZM. G. bergerei fully resisted CRX and AZM.
A. bouvetii fully resisted SMX, CRX and AZM. R. zophii fully resisted SMX and AZM. Which
means they all have ARGs for multiple ATBs. The ARGs are potentially transferred to other
bacteria when they are under stressful conditions in the presence of ATBs. The following results
of transferring ARGs of R. Zophii in the presence of ATBs showed that the higher ATB con-
centration gained a higher transfer rate of ARGs compared to the low concentration. The trans-
fer rate of ARGs was higher in bio-MP samples (cPLA > gPLA >bioHDPE > PHBV) compared
to conventional MPs (HDPE > PET). Overall, PLA MPs had significantly impacted on in-
creased the transfer of ARGs in the isolated bacterium R. zophii. The study showed that there
IS an urgent need to investigate more bio-MPs acting as vectors for other environmental pollu-
tants such as ATBs.
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In today's world, the issue of microplastics (MPs) is becoming increasingly urgent in the field
of environmental conservation. MPs, defined as plastic particles smaller than 5 mm, are spread-
ing into various ecosystems and have the potential to impact biodiversity, ecosystem services,
and human health negatively. Concurrently, there is a growing problem of antimicrobial re-
sistance (AMR), which has severe implications for public health and the effectiveness of infec-
tion treatment (Dong et al., 2021). This study investigates the impact of bio-microplastics (bio-
MPs) on the horizontal transfer of genes responsible for antibiotic resistance.

Understanding the mechanisms of horizontal gene transfer (HGT) is crucial for uncovering
the extent and consequences of antibiotic (ATB) resistance spread. The main experiment of this
study focuses on the transfer of trimethoprim (TMP) and kanamycin (KAN) resistant genes
from the donor bacterium Escherichia coli (E. coli) to the recipient the isolated activated sludge
Rhodococcus zophii (R. zophii). This experiment takes place in an environment created by
a biofilm formed on MPs. These MPs include three types of bio-MPs such as PLA, PHBV, and
bioHDPE, as two types of conventional plastics HDPE and PET. Studying the influence of MPs
on the dynamics of GHT of ATB resistance will provide valuable insights into how bio-based
MPs affect interactions between microorganisms and resistance spread. Such data could lead
to a better understanding of the impacts of MPs on microbial resistance development and to pro-
posing measures to minimise the adverse effects of this phenomenon on the environment
and human health.

This study aims to comprehensively examine the interaction between bio-MPs and bacteria,
having antibiotic resistant genes (ARGs). The donor bacteria of fluorescent ARGs and recipient
(isolated bacteria) were incubated for 48 h in triplicate, with two (low and high) concentrations
of KAN and TMP ATBs. Subsequently, the samples were examined under an epifluorescence
microscope, allowing for the observation of the process of resistant gene transfer between bac-
teria and the formation of biofilm on the surface of MPs. The obtained data will be analysed
to identify the influence of different bio-MPs on the frequency and success of HGT of re-
sistance. The study also examined conventional MPs as reference MP controls (CTRL). Under-
standing these interactions and HGT can provide crucial insights for future environmental pro-
tection of bio-MPs, which could provide strategies for combating AMR. This study will con-
tribute to a better understanding of the dynamics of microbial communities in bio-MPs polluted
environments and help identify measures leading to a more sustainable future.
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2 Theory section

2.1 Conventional plastics

The Encyclopedia Britannica defines plastics as polymeric materials that can be moulded
or shaped using pressure or heat. Often, this property is combined with others that are applied
in specific fields of application. For example, chemically resistant and lightweight PET bottles
are frequently employed (Rodriguez, 2024). Plastics are most commonly made from fossil ma-
terials, with their essential components being a high molecular weight polymer chain (Gazal
and Gheewala, 2020). Plastics can be divided according to the type of polymer material
into thermoplastics and thermosets. A thermoplastic is a plastic that can be reshaped into a dif-
ferent form after heating. This process can be repeated. Conversely, a thermoset hardens after
the initial heating and shaping and cannot be further reshaped (Rudin and Choi, 2013).

Due to their wide application, plastic production increases every year. Since 2018, global plastic
production has increased by approximately 30 million metric tons (PlasticsEurope, 2023).

Plastic production between 2018 - 2022
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Figure 2.1: A graphic representation of plastic production between 2018 and 2022.
Adapted from Plastic the facts 2023 (PlasticsEurope, 2023).

Industrial and commercial waste, primarily packaging materials, are the most significant con-
tributors to plastic pollution (Gazal and Gheewala, 2020). In 2022, the largest consumer sector
in Europe was packaging, accounting for 39% of total plastic consumption. The construction
industry followed with 23%. Among the most commonly produced types of plastics were,
for example, PP 15.4%, PVC 9.1%, PET 5% (PlasticsEurope, 2023).
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PET with recycling number 1 is a linear thermoplastic from the polyester group* (Dhaka et al.,
2022). PET is one of the most popular plastics due to its chemical resistance, low weight, low
production cost, and safety for humans. Its utilisation has expanded from everyday use to spe-
cific applications, primarily in the packaging industry, most commonly beverages, films, and fi-
bres for clothing and medical devices (Piccardo et al., 2020). Meanwhile, HDPE with recycling
number 2 is a thermoplastic polymer in the form of a linear chain with very little or almost no
branching. HDPE is resistant to chemical processes between it and foodstuffs. For this reason,
it is widely used in food and drink packaging, specifically milk or butter containers. However,
italso finds great use in everyday life, where it is encountered, for example, in the form of water
pipes or packaging for cleaning products (Khanam and AlMaadeed, 2015; Kumar et al., 2011).

The unique properties of conventional plastics, along with their cheap production and pro-
cessing, have caused extreme growth in the production of this material. Alongside the increas-
ing production of plastics, there is a growing imbalance among states between the products
manufactured and their ability to handle and recycle them. In 2023, according to plasticover-
shoot.earth, over 68 million tons of plastic ended up in the environment (plasticovershoot.earth,
2023). However, conventional plastic materials possess a remarkable resistance to degradation,
with their longevity extending hundreds to thousands of years depending on various factors
such as polymer composition and environmental conditions. Plastics undergo both abiotic
and biotic degradation processes, encompassing environmental chemical, physical, and biolog-
ical reactions. UV radiation predominantly initiates degradation, leading to oxidation and chain
scission of polymer structures, thereby generating low molecular weight degradation byprod-
ucts and inducing alterations in physicochemical and mechanical properties. The emergence
of microplastics (MPs) due to plastic degradation has garnered heightened concern due to their
widespread distribution and potential hazards to ecosystems and human health (Zhang et al.,
2021).

During degradation, undesirable substances that serve as plastic additives may be released.
These substances are often toxic or carcinogenic. Thus, a wide range of risks related to human
health are associated with plastic pollution. One such risk, for example, is the adsorption of an-
tibiotics (ATBs) and the formation of antibiotic-resistant bacteria (ARBs). The substitution of
conventional plastics with bioplastics may address several of these issues (Manali Shah et al.,
2021).

BPs can be defined as biodegradable material or partially composed of biological material (Ati-
wesh et al., 2021). Biodegradable materials decompose in the presence of microorganisms, pro-
ducing water, carbon dioxide, and methane. This process depends on the properties of the spe-
cific BPs, such as their thickness or composition (Venkatachalam and Palaniswamy, 2020).
Biological material is either partially incorporated into the composition of the BP or constitutes

! Polyester is type of synthetic polymer composed of numerous repeating chemical units connected by ester (CO-
O) groups (Britannica, 2024a).
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it entirely. Renewable carbon sources include potatoes, rice, corn, or wheat starch, such as PLA,
PHBYV and bioHDPE (Manali Shah et al., 2021).

The increasing production of bioplastics is related to the growing awareness of the environmen-
tal impacts of traditional plastics and efforts to replace them with more environmentally friendly
alternatives. Bioplastics are made from renewable sources such as plant materials or biomass,
making them attractive as an eco-friendly option. Their production can potentially reduce de-
pendence on non-renewable resources and greenhouse gas emissions. Additionally, bioplastics
can generate less waste and are often biodegradable, making them even more environmentally
favourable. With a growing awareness of the environmental impacts of plastics, more industries
are turning to the production of bioplastics as a promising alternative to traditional plastics
derived from fossil fuels (Bezirhan and Bilgen, 2015).
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Figure 2.2: A graphic representation of BPs production between 2018 and 2022. Adapted
from Plastic the facts 2023 (PlasticsEurope, 2023).

Polylactic acid or polylactide (PLA) is a thermoplastic from the polyester group. By increasing
the molecular weight, PLA can take the form of a soft, elastic character to a rigid and complex
form. Due to the properties that occur after increasing the molecular weight and the biodegra-
dability factor, PLA is used to replace non-biodegradable plastics. It competes with, for exam-
ple, PET, PE, and PVC. It is used as packaging material, textiles, and fibres. One of the signif-
icant advantages of this plastic is biocompatibility and non-toxic products produced after deg-
radation (Gupta and Kumar, 2007; Nampoothiri et al., 2010).

3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV) is one of the best-known representatives
of biodegradable plastics from the group of polyhydroxyalkonates (PHAs) (Mazur et al., 2020).
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Most of the physical and mechanical properties depend on the ratio of components in the co-
polymer?. Specifically, the quantity of 3HV units, which, as the number increases, increases
the crystallinity and thus facilitates the degradation of PHBV (Policastro et al., 2021; Rivera-
Briso and Serrano-Aroca, 2018). PHBV resists UV radiation, water or oils (Brdlik et al., 2022).
Thanks to its non-toxicity and biocompatibility with the human body, it is often used in
the medical environment for drug delivery, bioimplants, and resorbable applications (Rivera-
Briso and Serrano-Aroca, 2018).

Biodegradable high-density polyethylene (bioHDPE) is the resulting product of bio-ethanol
polymerisation®, which is obtained through various processes, including biomass fermentation
such as vegetable oils or sugarcane. This process allows for the creation of a plastic material
with properties similar to traditional HDPE but with the critical feature of biodegradation in nat-
ural environments. BioHDPE finds applications primarily in the packaging industry, agricul-
ture, textile manufacturing, and construction, where it represents an environmentally friendly
alternative to traditional plastics and contributes to more sustainable use of plastic materials
(Burelo et al., 2023; Siracusa and Blanco, 2020).

MPs are defined as particles with solid structures or polymeric matrices. These particles may
vary in shape and additives. The size can also vary. Typically, MPs are defined as smaller pieces
up to 5 mm — 100 nm (Dong et al., 2021; Wang et al., 2021a). Some articles refer to the size
of MPs as less than 130 um in diameter (Cox et al., 2019). MPs also break down over time,
forming nanoparticles (NPs). Defining the precise boundary of sizes between plastic particles
is rather challenging. For this reason, data in the literature may vary. Some articles define
macroplastics as particles ranging in size from 20 cm to 2 mm (Bermidez and Swarzenski,
2021). Mesoplastics size is defined as 20 — 5 mm, microsize 1000 — 20 um and nanosize < 1000
nm (Nguyen et al., 2021).

2 High molecular weight substances formed by chemically combining molecules from two or more simple com-
pounds, known as monomers (Britannica, 2021).

3 Chemical process where small molecules, called monomers, combine to form large chainlike or network mole-
cules, known as polymers (Britannica, 2020).
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Figure 2.3: Plastic sizes according to (Bermtidez and Swarzenski, 2021; Nguyen et al., 2021)
and comparison to the aquatic biota.

According to the mechanism of MPs formation, they are categorised into primary and second-
ary MPs (Hale et al., 2020). Deliberately manufactured MPs are referred to as primary MPs.
Plastics produced in this way are mainly utilised in cosmetic and cleaning products. Conse-
quently, they quickly end up in wastewater. From consumers, they can easily pass
through wastewater treatment plants (WWTPs) (Gazal and Gheewala, 2020). Secondary MPs
are formed by breaking larger pieces through mechanical wear or environmental influences.
They occur in much larger quantities than primary ones and are more commonly found on land,
where a greater variety of factors may contribute to the breakdown of the base plastic piece
(Hale et al., 2020).

Bio MPs, conversely, are either made from renewable sources like plant materials or are biode-
gradable, meaning they can degrade and reduce their toxicity over time (Manali Shah et al.,
2021; Venkatachalam and Palaniswamy, 2020). Bio-MPs are more attractive to microorgan-
isms, aiding in the degradation process. However, increased colonisation by microorganisms
often leads to the formation of biofilms on the plastic surface. These biofilms may harbour
pathogenic bacteria and serve as reservoirs for ARGs, which can spread and contribute to ATB
treatment failures (Nguyen et al., 2023; Rummel et al., 2017).

2.4 Behaviour of MPs in the aquatic environment

MPs can enter aquatic environments in various forms and from multiple sources. Primary MPs,
often found in cosmetic products such as facial scrubs, enter ecosystems through domestic
wastewater. Secondary MPs frequently originate from illegal landfills, direct input to the
aquatic environment, or terrestrial sources. WWTPs are considered one of the primary MP
sources (Wang et al., 2021b). One of the significant sources of MPs in water is the terrestrial
ecosystem. Rivers flowing through urban areas or near factories are particularly susceptible
to MP contamination. Additionally, pollutants can enter rivers through rainfall, which helps
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transport waste on and within the earth's surface. Critical pollution areas include urban areas
and farmland (Du et al., 2021).
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Figure 2.4: Sources of MPs pollution according to (Du et al., 2021; Wang et al., 2021b).

We distinguish two main ways MPs spread in water: horizontal and vertical transport. Horizon-
tal transport occurs in the direction of the watercourse or marine current. Particle movement
is influenced by flow velocity, changes in depth, water flow, or wind speed. Vertical movement
is associated with sedimentation processes. In this type of movement, the adsorption property
of the material is essential, which subsequently affects whether MPs sink to the bottom of the
water due to their additional weight (Du et al., 2021).

In aquatic ecosystems, several degradation pathways for plastics exist. These encompass bio-
degradation facilitated by microorganisms, predominantly through hydrolysis and enzyme ca-
talysis. Photodegradation and thermal degradation are also observed (Du et al., 2021). Through-
out these processes, notable alterations in the properties of MPs occur. Specifically, modifica-
tions in colour, surface morphology, crystallinity, and density are observed. The density fluc-
tuation within the aquatic environment is frequently attributed to microbial colonisation of MPs
(Guo and Wang, 2019).

The colonisation of plastics by bacteria has been identified as the initial stage of biodegradation.
Successful colonisation occurs within a few days after entry into freshwater or marine ecosys-
tems (Nguyen et al., 2023). This biofilm type is called a plastisphere (Nguyen et al., 2021)
or plastic ring. The formation of the biofilm depends on the properties of MPs. Still, generally,
it is observed that the rougher the surface, the greater the hydrophobicity of the MPs, leading
to increased adhesion of microorganisms (Du et al., 2021). According to the IUPAC, a biofilm
is an aggregation of microorganisms. Cells are often embedded within a self-produced matrix
of extracellular polymeric substances (EPS) and adhere to each other or a surface. It is a stable
system capable of internal adaptation to environmental conditions by its inhabitants. EPS,
also called "slime," is a polymeric conglomeration of extra-cellular biopolymers in various
structural forms (Vert et al., 2012).

MPs can serve as a shelter for pathogens and act as vectors of diseases in animals and humans.
They can absorb organic and inorganic pollutants, including toxic metals, which increases
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their ability to transport these substances and affect the environment and human health. Fur-
thermore, it has been found that MPs can carry ARGs and harmful organisms, thereby increas-
ing the risk of exposure for plants, animals, and humans. These findings underscore the urgent
need for further research and measures to protect the environment and human health from the
negative impacts of MPs (Gonzalez-Pleiter et al., 2021; Hale et al., 2020; Liu et al., 2021).

Since the early 20th century, when the first ATB, Penicillin, was discovered, the use of these
drugs has significantly expanded. The main reasons for this expansion are the increasing pop-
ulation and the need to feed it. ATBs are often used as growth promoters or preventive measures
against livestock bacterial infections (Kovalakova et al., 2020). AMR is a naturally occurring
phenomenon where microorganisms develop resistance to ATBs they were previously suscep-
tible to, making infections more challenging or impossible to treat and increasing the risk
of spreading serious infectious diseases and mortality (Mancuso et al., 2021).

The spread of ARBs and the transfer of ARGs among microorganisms pose a significant health
concern. Specific populations are particularly vulnerable to infections and complications asso-
ciated with AMR, such as organ transplant recipients, cancer patients, newborns, and the el-
derly. Resistant bacteria can disseminate into the environment and transfer their resistance
among species and bacterial strains. The emergence of multidrug-resistant strains (MDR) can
complicate treatment and require more aggressive forms of care. This phenomenon can poten-
tially increase the burden on healthcare systems and worsen treatment outcomes for affected
individuals (Ugoeze et al., 2024). With the increasing use, ATBs are becoming less effective.
In 2019, globally, 1.27 million people died due to antibiotic failure. This resistance phenome-
non is fueled by inappropriate prescribing of specific ATBs and excessive use of these drugs,
even for mild infections (Hyun, 2024).

ATBs are classified into various categories based on their mechanisms of action. One such
criterion is their bactericidal or bacteriostatic nature, which relates to their ability to kill bacteria
or prevent further growth and multiplication (Kovalakova et al., 2020). Another distinction
is their efficacy against gram-negative* or gram-positive® bacteria. There is also a division
based on their ability to inhibit protein synthesis or disrupt various components of bacterial cell
walls (Ugoeze et al., 2024).

The primary sources from which ATBs enter the environment are livestock farming, industry,
community activities, and hospitals. Some ATBs do not fully degrade and may remain active
or revert to their original form. Most ATBs administered to subjects (humans or animals) are
incompletely metabolised. Thus, they can be excreted in their active form in faeces or urine.
From livestock, these drugs can pass through excretory products directly into the environment,
reaching wastewater or rivers (Manaia et al., 2024). ATBs intended for human use are used

4 Gram-negative bacteria have thin cell walls surrounded by an outer membrane containing lipopolysaccharide,
and they are named for their pink or red staining characteristic in the Gram stain test (Rogers, 2024a).

S Gram-positive bacteria are characterized by a thick peptidoglycan cell wall and the absence of an outer membrane
composed of lipopolysaccharides, and they typically stain purple in Gram staining (Rogers, 2024b).
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outside hospitals in 80% of cases (Kovalakova et al., 2020). From hospitals and households,
they can enter the environment through waste pathways or pass through WWTPs, from where
they can escape and often remain uncaught (Manaia et al., 2024). Some studies suggest that up
to 70-80% of antibiotics passing through wastewater systems remain unchanged (Kovalakova
et al., 2020).

Figure 2.5: Pathways of ATBs to the environments according to (Manaia et al., 2024).

MPs act as vectors for transmitting ARGs. Some studies suggest that antibiotic concentrations
around MPs can be up to 5000 times higher than in the surrounding water (Zhang et al., 2020).
ATBs can directly influence the emergence and spread of ARGs (Liu et al., 2021). Bacteria
naturally produce ATBs as a defence mechanism against other microorganisms or as signalling
molecules. Through this mechanism, many species have developed resistance. Bacteria acquire
resistance when they acquire plasmids® containing ARGs. Due to the selective pressure created
by the natural release of ATBs and their release as unwanted pollutants, plasmids containing
ARGs are more common in nature, leading to the spread of ARBs and, in some cases, the emer-
gence of MDR (Jian et al., 2021).

ATB resistance is one of the most well-known examples of HGT. This process occurs when
bacteria survive exposure to ATBs due to mutations in their genetic material or acquire ARGs
from other bacteria through horizontal transfer (Mancuso et al., 2021).

HGT is a significant mechanism enabling the spread of genetic material among organisms out-
side the traditional vertical transmission from parents to offspring (Burmeister, 2015). This pro-
cess facilitates the dissemination of genetic information across different species and kingdoms,
including bacteria, archaea, and eukaryotic organisms (Boto, 2009).

& A plasmid is an extrachromosomal genetic element in bacteria, consisting of circular DNA that replicates inde-
pendently from the bacterial chromosome, potentially providing selective advantages (Britannica, 2024d).
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There are several mechanisms through which HGT occurs. Among the three basic processes
are transformation, transduction, and conjugation. Transformation happens when bacteria up-
take DNA from their surrounding environment. Conversely, transduction is mediated by bacte-
riophages’, which transfer DNA from one bacterium to another (Burmeister, 2015).

Conjugation, considered the primary mechanism of HGT, occurs through close cell-to-cell con-
tact (Arias-Andres et al., 2018). In gram-positive bacteria, it is mediated by adhesins, whereas
conjugative pili are utilised in gram-negative bacteria (Michealis and Grohmann, 2023). Ge-
netic material is often transferred via plasmids, which can be either circular or linear and are
transferred from donor to recipient (Brito, 2021). Following the transfer of genetic material,
microorganisms continue to evolve, often resulting in increased resistance (Burmeister, 2015).
Another issue is that when plasmids are transferred, not only a single resistant gene may be

transferred, but multiple genes, leading to the development of multidrug-resistant bacteria (Abe
et al., 2020).

Figure 2.6: HGT conjugation mechanism. The donor cell carrying a plasmid with antibiotic

resistance genes (green arrow) approaches the recipient bacterium (A). A conjugative pilus

is formed, through which the duplicated genetic material in the form of the plasmid is trans-

ferred to the recipient bacterium (B,C). Subsequently, the bacteria are separated, and the do-
nor cell synthesizes the duplicated genetic material (D). According to (Brito, 2021).

As mentioned earlier, bacteria tend to colonise MPs, where they form biofilms. Research indi-
cates that up to 80% of all bacteria reside in biofilms. Due to the abundance of nutrients
and proximity within these communities, this situation enhances the likelihood of HGT and the
emergence of ARBs (Michealis and Grohmann, 2023). In a recent experiment, a higher fre-
quency of HGT of ARGs among bacteria associated with MPs compared to surrounding water
was demonstrated, with a transfer ratio of up to one recipient cell per 46 donor cells on MPs
compared to one per 100,000 cells in the water. MPs biofilms are often called hotspots for form-
ing ARGs (Arias-Andres et al., 2018). Another issue is the removal of such biofilms. Bacteria

" Viruses that infect bacteria, and they can also infect single-celled prokaryotic organisms called archaea (Britan-
nica, 2024b).
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within biofilms may respond differently to antimicrobial agents, including ATBs, which can
thwart therapeutic efforts (Michealis and Grohmann, 2023).

Bacterial resistance to ATBs represents a global challenge in public health with extensive im-
plications for medical practice and healthcare systems. The main contributing factors to this
situation include the overuse of ATB, a lack of new therapeutic agents, and inadequate hygiene
in healthcare facilities. Resistance is not limited to individual drugs or types of bacteria,
and thus, we are witnessing a concerning rise in MDR that withstands a broad spectrum
of ATBs (Aslam et al., 2021).

In 2017, the World Health Organization (WHQO) classified dangerous resistant pathogens
into three categories. The first category with critical priority includes bacteria such as Acineto-
bacter baumannii, Pseudomonas aeruginosa, and Enterobacteriaceae. Bacteria like Enterococ-
cus faecium, Staphylococcus aureus (S. aureus), and others are classified under high priority.
Pathogens with medium priority include Streptococcus pneumoniae, Shigella, and others (Man-
cuso et al., 2021).

S. aureus is a gram-positive bacterium that causes damage ranging from minor skin infections
to severe diseases such as endocarditis®, pneumonia, and sepsis®. It is commonly found on the
skin of healthy individuals. S. aureus is a significant human pathogen, not only due to the dis-
eases it causes but also because of its ability to develop resistance to both old and new ATBs.
The first resistant strains emerged against penicillin as early as 1942. These genes are often
transferred along with genes resistant to erythromycin and gentamicin. Since the 1950s, methi-
cillin-resistant S. aureus (MRSA) has been known. MRSA emerged through HGT and is re-
sistant to methicillin and other antibiotics such as oxacillin, cefazolin, cefotaxime, and others.
The spread of this resistant pathogen has been observed worldwide. Various chemotherapeutic
agents, radiation therapy, and drug delivery systems with nanocomponents are currently used
for their treatment (Mancuso et al., 2021; Nandhini et al., 2022).

Enterococci are gram-positive bacteria, with over 80 species identified. They are among
the most common nosocomial infections®®. Enterococci are found in various ecosystems, such
as soil, water, and human and animal gastrointestinal tract. Vancomycin was one of the primary
drugs for enterococcal infections. Still, bacteria developed resistance to vancomycin in the
1980s, and since then, vancomycin-resistant enterococci (VRE) have spread worldwide, mainly
in the form of nosocomial infections. In addition to VRE, other genes are resistant to antibiotics,
such as ampicillin, cephalosporins, and aminoglycosides. Infections caused by VRE lead

8 Endocarditis is inflammation of the inner layer of the heart caused by microorganisms entering the bloodstream
and becoming trapped in the heart (Britannica, 2024c).

% Sepsis is a systemic inflammatory condition that arises as a complication of infection and may be associated with
acute and life-threatening organ dysfunction (Rogers, 2024c).

10 Nosocomial infections are infections acquired during healthcare procedures and not present at the time of ad-
mission, encompassing various healthcare settings and including occupational risks for staff (Sikora and Zahra,
2024).
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to higher mortality rates and more prolonged and expensive treatment costs (Azzam et al., 2023;
Cimen et al., 2023).

Pristine granules and pellets were sourced from I’'m GreenTM SHA7260 from Brazil (HDPE),
Ingeo 3001D from Nature Works in the USA (PLA), and Tianan ENMAT from China (PHBV)
(Nguyen et al., 2023). PET was procured from a Coca-Cola bottle obtained from a local retailer,
bioHDPE was derived from a yoghurt bottle purchased from a local store, and cup bio-PLA
was obtained from commercially available drinking cups.

All MPs beads were generated by milling the granules or pellets in an A11 primary analytical
mill manufactured by IKA in Sweden under dry ice (solid nitrogen). Subsequently, the resultant
powder underwent sieving to yield samples ranging in size from 200 to 500 um of HDPE,
PHBV, PLA (granules and cups), PET, and bioHDPE (Nguyen et al., 2023).

Table 3.1: List of used MPs in this study.

Cup PLA | Granule PLA

(cPLA) (GPLA) PHBV bioHDPE HDPE PET

In the experiments, E. coli was used as the donor of plasmids. This E. coli strain was identified
with the green fluorescent plasmid pKJK5, which encodes resistance to TMP and KAN.
This plasmid system was activated during the plasmid transfer. Specifically, E. coli was genet-
ically modified using the gene cassette laclg-Lpp-mCherry-kmR integrated at the chromosomal
site attTn7. As a result, E. coli exhibited red fluorescence, and transconjugants exhibited green
fluorescence (Arias-Andres et al., 2018).

Four bacteria: Algoriella xinjiangensis (A. xinjiangensis), Glutamicibacter bergerei (G. ber-
gerei), Acinetobacter bouvetii (A. bouvetii), and Rhodococcus zophii (R. zophii) were isolated
from the WWTPs in Liberec 460 01. These bacteria were isolated at the Department of Applied
Biology (CXI).

All bacterial strains were incubated overnight in the desired volume of DEV. The cultivation
medium consisted of DEV (10 g/L Meat Peptone, 10 g/L Meat Extract, 5 g/L NaCl).

E. coli was grown in a DEV medium supplemented with KAN (50 pg/mL) and TMP
(30 pg/mL).

All bacterial incubations were carried out in an incubator at 30 °C on a shaker at 120 rpm (New
Brunswick innova 42 incubator shaker, USA). All experiments were conducted within a flow
box to prevent contamination (SafeFAST Classic).
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All ATBs used during this experiment (AMP, AZM, CRX, CTX, GEN, KAN, PEN, SMX,
STR, TET, and TMP) were ordered from Sigma-Aldrich® via the Merck website.

Precultures of four selected bacteria, specifically A. xinjiangensis, G. bergerei, A. bouvetii and
R. zophii, were prepared. Overnight cultures were incubated at an optimal temperature of ap-
proximately 30 °C. Following the incubation, bacterial optical density (OD) was measured us-
ing a UV-vis spectrophotometer (Hach Lange DR6000, Germany) instrument with a wave-
length of 600 nm throughout the whole experiment. The necessary volume to achieve a resulting
concentration of 0.01 was calculated using the formula c1 X v1 = ¢2 X v2, with the remaining
suspension consisting of liquid DEV. Triplicates were prepared for each bacterium.

Subsequently, after vortexing, 1 mL aliquots were withdrawn from each sample, and OD600
was remeasured. Sampling commenced 2 h after the start of the experiment, resulting in sam-
pling times of 2 h, 4 h, 6 h, 8 h, 10 h, 24 h and 48 h.

The results were processed, and graphs were made using Excel.

Dilution series were prepared for 11 different ATBs. This dilution series was created to inves-
tigate the effectiveness of individual antibiotics against specific bacterial strains and to identify
the minimum inhibitory concentration, which is the lowest concentration of antibiotic that still
effectively inhibits bacterial growth. The series commenced with the highest working concen-
tration (H.), and serial two-fold dilution was prepared. Each antibiotic was subsequently diluted
in this manner four times. The subsequent and final concentrations are utilised as the respective
ATB minimum inhibitory concentration (L.). The lowest concentration refers to minimum in-
hibitory concentration (MIC). It is the lowest concentration of ATB and completely prevents
visible growth of the test strain of an organism under in vitro conditions. MIC is a standard
method used to assess the susceptibility of bacteria to various antimicrobial agents and can
be applied to a wide range of microorganisms (Kowalska-Krochmal and Dudek-Wicher, 2021).
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Table 3.2: Table of used ATB concentrations.

ATB H. [ug/mL] | 1.[pg/mL] | 2.[ug/mL] | 3.[nug/mL] | 4. [png/mL]
AMP 30 15 7.5 3.75 1.875
CTX 50 25 12.5 6.25 3.125
STR 25 12.5 6.25 3.125 1.5625
GEN 5 2.5 1.25 0.625 0.3125
TET 60 30 15 7.5 3.75
SMX 60 30 15 7.5 3.75
PEN 10 5 2.5 1.25 0.625
CRX 30 15 7.5 3.75 1.875
AZM 60 30 15 7.5 3.75
KAN 50 25 12.5 6.25 3.125
TMP 30 15 7.5 3.75 1.875

Agar plates were labelled with designated locations for each concentration. Four plates were
prepared for each ATB, and bacteria A. xinjiangensis, G. bergerei, A. bouvetii and R. zophii
were subsequently inoculated using cotton swabs. Various concentrations of ATB were pipetted
onto specific spots, each in volume of 5 pL. All samples were placed in the NAME incubator

at 30 °C overnight.

The following day, 1Zs were measured using a ruler. A commercial ruler with centimetre

and millimetre scales was used, and the ruler's error was determined to be 0.05 cm.

Table 3.3: Example of measurement of I1Zs.

Labels on agar plates

Measurement of IZs using a ruler
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3.6 Plastic characterisation using SEM

Part of the examined MPs were individually sterilised under a UV lamp for at least one hour.
Subsequently, using a micro spatula, some samples were transferred onto discs. As part of the
SEM accessories, these discs were equipped with double-sided adhesive tape to secure the par-
ticles.

The prepared samples were then placed into a vacuum chamber, an integral part of the SEM.
They were coated with a thin layer of platinum film on tens of nm, and then transferred to the
sample chamber.

Samples were photographed at various magnifications tailored to the distribution and size of in-
dividual MPs. The most common magnification was 100 times, except for cPLA particles,
which required magnification up to 2500 times. Individual photographs were analysed using
the ImageJ program.

Bacteria attached to MPs were observed under SEM, regularly operated by the expert Ing. Pavel
Kejzlar, PhD in CXI. MPs were placed on discs and equipped with double-sided adhesive tape
to secure the particles. The prepared samples were then placed into a vacuum chamber, an in-
tegral part of the SEM. They were coated with a thin layer of platinum film on tens of nm. Then,
they were transferred to the sample chamber. Samples were photographed at various magnifi-
cations tailored to the distribution and size of individual MPs. The most common magnification
was 100 times, except for cPLA particles, which required magnification up to 2500 times. In-
dividual photographs were analysed using the ImageJ program.

3.7 HGT experiment

4
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Figure 3.1: Scheme of HGT experiment.

Glass vials contained 2 mg of each type of MPs. The vials were sterilised by UV for 1h.
Then, 5 mL of DEV medium was pipetted into each vial. The bacterial overnight cultures
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E. coli and R. zophii were measured the OD600, then was calculated using the same formula
above (clvl=c2v2) to obtain an OD600 of 0.05 in the final working volume of 5 mL in the
experiments.

After adding ATBs, 5 uL of KAN and 5 pL of TMP were added for low concentrations
(50 ug/mL KAN, 30 ug/mL TMP), and 7.5 uL of KAN and 7.5 uL TMP were added for high
concentrations (75 pg/mL KAN, 45 pg/mL TMP). All of these procedures were carried out
within the flow box facility.

5 mL of DEV
E. coli, R. zophii

2 mg of cPLA, 5 mL of DEV
E. coli, R. zophii

I e e
RAARAR RARAAA

/ ! ! !

CTRLC2

cPLAC1 cPLAC2 CTRLC1

Figure 3.2: Sample illustration. On the left, a diagram for one selected plastic type. On the
right, a diagram for the control sample. All samples were prepared in triplicates.

Similarly, control (CTRL) samples were prepared with low and high concentrations of ATBs
without adding MPs. All samples were in triplicates.

All completed samples were incubated in (New Brunswick innova 42 incubator shaker, USA)
for 48h at 30 °C.

Table 3.4: List of samples.

BPs Conventional plastics
cPLA gPLA HDPE bioHDPE PHBV PET CTRL
cPLACl1 | gPLAC1 | HDPEC1 blog?PE PHBV C1 PET C1 CTRL C1
cPLAC2 | gPLAC2 | HDPE C2 b'ogng PHBVC2 | PETC2 | CTRLC2
Example: cPLA CL1 is the first replicate in triplicate of cPLA samples of low ATB concentra-
tion (50 pg/mL of KAN + 30 ug/mL of TMP) and C2 is for high concentration (75 pg/mL of

KAN + 45 ng/mL of TMP).
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3.7.1 Plating CTRL
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Figure 3.3: Scheme of plating CTRL.

After 48 h of incubation, the CTRL samples were inoculated onto agar plates NAME. The sus-
pension was mixed using a vortex, and 5 pL was withdrawn into an Eppendorf tube. After that,
1 mL of physiological solution, serving for dilution, was added. The dilution was 200 times.
So, the colonies could be countable on the plates (hot so crowded).

Subsequently, the sample was vortexed again, and a volume of 30 pL was pipetted onto a Petri
dish. The suspension was inoculated onto the plates using a sterile glass hockey stick. These
samples were incubated for 24 h in an incubator (New Brunswick innova 42 incubator shaker,
USA) at 30. Colonies were counted and calculated.

3.7.2 Extraction of bacteria on MPs

Pour 100 pL of NaCl Pour 100 pL of NaCl

Pipet out the liquid part \f 100 pL of PBS
K\ Repeat 5 times

Vortex 15 s Vi
voriex fvs ortex

Figure 3.4: Scheme of extraction of bacteria on MPs.

Suspensionwith free
plastic bacteria

After 48 h, MPs were carefully pipetted from the samples and transferred to clean Eppendorf
tubes. Then, liquid medium phases were removed using a pipette to retain only MPs. Subse-
quently, 100 pL of 0.9 % NaCl was added to each sample to rinse the MPs and vortex.

The last step was to add 100 puL of 0.9 % NaCl and 100 pL sodium pyrophosphate solution
(PBS). Samples were vortexed for approximately 20 s and then left for 5 min. This cycle was
repeated 5 times to release bacteria from the biofilm.
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3.7.3 Plating bacteria after extraction of bacteria on MPs

50 pL of NaCl

5ul Streaking agar plate @00
- ===

Suspensionwith free
plastic bacteria

Figure 3.5: Scheme of plating extraction.

From the liquid phase of samples containing bacteria from the original biofilms, 5 L was ex-
tracted and transferred onto an agar. 50 uL of 0.9 % NaCl was pipetted onto the same agar plate
to prevent the sample from drying out. Plates were incubated in the same condition as the ex-
posure at 30 C for 24 h, then (1) colonies were counted and calculated; (2) green fluorescent
transconjugants were counted in colonies.

After 24 h incubation, a colony on each plate was scratched and placed onto a microscopic
slide. Distilled water was utilised as the dilution medium. Several colonies were chosen to take
pictures and count a number of transconjugants with green fluorescence.

The prepared slide was observed under the Axio Imager epifluorescence microscope (Zeiss,
Germany). Two channels, the green AF488 and the red Cy3 channels, were employed for ob-
servation.

The plates were kept in a fridge, and transconjugants in colonies were taken and counted after
1.5 months. The reason was the persuasion that the bacteria could transfer ARGs more effec-
tively in plates, where the assumption was that the bacteria could more effectively transfer
ARGs on plates that were close to each other.

As a bachelor's student, it was my first step in the research field. | was guided to go to the
Leibniz Institute of Freshwater Ecology and Inland Fisheries (IGB) in the Forschungsverbund
Berlin e.V. in March 2023 to learn the method and understand HGT. For this study, E. coli
bacteria were selected as donors and Pseudomonas sp. as recipients, with Pseudomonas sp.
isolated from Lake Stechlin in Germany by IGB researchers. A colleague, Ph.D. student Jaffer
Yusuf from IGB, guided the FCM process.

The experimental procedure was designed analogously to the methodology used in studies
of HGT. Bacteria were incubated in a suspension containing DEV medium and a mixture
of specific types of MPs, with a donor-to-recipient ratio of 1:10. The types of plastics used
included chitosan, PET, cPLA, gPLA, bioHDPE, HDPE, and PHBYV. Every treatment was pre-
pared in quintuplicate, including the CTRL, which contained only the medium and bacteria.
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Each test tube was filled with 10 mL of DEV medium, 10 pL of E. coli, and 100 puL of Pseu-
domonas. Additionally, 2 mg of the selected type of MPs were added. Notably, no ATBs were
added in this experiment.

These samples were then incubated for 48 h in an incubator at a stable temperature of 30 °C.
After the incubation period, MP extraction was performed according to the procedure described
in chapter 3.7.2, "Extraction of bacteria on MPs."

The samples were subsequently partitioned into sets delineated as the free-living bacteria (LR)
and the attached bacteria on MPs (PR). All samples were then subjected to measurement using
a flow cytometer.

From the resulting homogeneous suspension containing released bacteria from the biofilm,
300 pL were transferred to a cuvette, to which 300 uL. of PBS was added. These filled cuvettes
were then placed in a flow cytometer for further analysis. The number of events was set
to 15,000.

Table 3.5: List of samples for a flow cytometer.

CTRL | gPLA | cPLA | PHBV | bioHDPE | HDPE | PET | Chitosan
LR (5x) | LR(5%) | LR(5%) | LR(5%) | LR(5%) | LR(5%) | LR (5%) | LR (5%)
PR (5%) | PR(5%) | PR(5%) | PR(5%) | PR(5%) | PR(5%) | PR (5%)
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DNA extraction was performed after the extraction of MP plastics, at which point bacteria were
released into the liquid environment in the Eppendorf tubes from the biofilm on the surface
of MPs. For this purpose, the FastDNA™ SPIN Kit was used following the manufacturer's
protocol.

978 uL Sodium Phosphate Buffer

1: PREPARE the sample 122 L MT Buffer

Ek\ Up to 500 mg of sample

Load tube in FastPrep

2: HOMOGENIZE with the Instrument
Process: 40 s, 6.0 m/s
FastPrep Centrifuge at 14,000 g for 5 min

to pellet debris

K\ Supernatant to clean 2 mL
microcentrifuge tube
3: PRECIPITATE proteiny 250 pL PPS and inver 10 times

Centrifuge 14,000 g 5 mins to pellet
precipitate

Supernatant to 15 mL tube

<
i S o Add 1 mL Binding Matrix Solution
4: ADJUST bmdmg conditions Invert 2 mins and place on a rack 3 mins

Discard 600 uL of supernatant

Transfer max 600 pL of DNA solution to

e-\ a SPIN Filter Tube
5: BIND the DNA Centrifuge 14,000 g 1 min

Empty catch tube
Repeat if volume is higher than 600 pL

Add 500 pL SEWS-M solution

s @ Shake gently by flicking the tube

Centrifuge 14,000 g 1 min
Empty catch tube

o) Centrifuge 14,000 g 2 mins

7: DRY the SPIN Filter Air dry SPIN Filter for 5 mins at
) room temperature

£\ Add 100 pL DES Elution Solution
Incubate 5 mins at 55 °C
8: ELUTE the DNA Q@J Centrifuge 14,000 g 1 min

DNA in catch tube

Figure 3.6: : Modified protocol from Manual of FastDNA™ SPIN Kit for Soil.
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The extracted DNA from individual samples was measured in DNA concentration (DeNovix
DS-11 Spectrophotometer/Fluorometer Series, USA). After selecting the program for DNA
concentration measurement, 1 pL. of each sample was applied to the respective location,
and the instrument measured the concentration.

All samples were diluted to achieve a DNA concentration of up to 4 ng/mL using dH20. Two
primer pairs, 16S rRNA (F-5‘CCTACGGGAGGCAGCAG, R-5°ATTACCGCGGCTGCTGG
and OmpA (F-5’GGATGATAACGAGGCGCAAA, R-5CAACCAGATGTCTAC-
GCTGAAG), were employed for gPCR analysis. A qPCR reaction mix was prepared for each
primer. Each reaction for individual primer-sample combinations had a volume of 10 puL, com-
prising 3.6 pL of qPCR H20, 5 pL of Sybr Mix, 0.4 uL of primer (16S or OmpA), and 1 pL
of the respective DNA sample.

The 16S rRNA primer pair was used as a reference gene, while OmpA is an outer membrane
pore protein gene that plays an important role in controlling membrane permeability and mem-
brane transport of ARGs (Mishra et al., 2020).

gPCR was conducted using a 96-well plate loaded into the LightCycler 480 instrument (Roche,
Basel, Switzerland). A colleague from CXI, Ph.D. student Marlita Marlita, in collaboration
with a colleague from IGB, Ph.D. student Jaffer Yusuf, optimized this specific type of analysis.

The topic represents a largely underexplored area within environmental toxicology. While it is
established that MPs exert significant ecological impacts, their specific interactions with mi-
crobial communities and potential role in HGT remain elusive. This study was devised to ad-
dress this research gap and advance our understanding of this domain. The initial phase of the
work involved experimental familiarisation with microbial cultures, followed by the main ex-
periment to analyse the influence of bio-MPs on the HGT of ARGs.

Unfortunately, this methodology has been excluded from the experiment due to the lack of
correspondence between these results and any previously examined outcomes, as it would re-
quire significant modifications for potential future use.

The tested primers often proved incompatible and were not easily modified for this type of
experiment. Modifying and subsequently monitoring specific primers during g°PCR would have
been time-consuming.

Nevertheless, partial results are available, specifically regarding the quantity of extracted DNA
from the samples and one set of gPCR data.
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Table 4.1: Data for DNA concentration [ng/uL]. Average from triplicate.

CTRLC1 132+ 53 PHBV C1 18+4
CTRL C2 144+ 9 PHBV C2 18+£5
cPLAC1 89+0.5 HDPE C1 151+£1.2
cPLA C2 8.1+0.3 HDPE C2 17+0.7
gPLAC1 10.3£0.5 PET C1 10+ 0.7
gPLA C2 9.7+0.5 PET C2 9+3

The results of DNA extraction show that the control samples contained higher DNA concentra-
tions. These higher results are attributed to the isolation of DNA from bacteria that were freely
present in the aquatic environment, known as free-living bacteria, whereas other DNA concen-
trations were isolated from bacteria settled in biofilm on MPs.

Table 4.2: Results for gPCR.

Average Cp Name Average Cp

PET C1 (16S) 18.65 PET C1 (OmpA) 6.22
PET C2 (16S) 20.06 PET C2 (OmpA) 6.69
cPLA C1 (16S) 20.45 cPLA C1 (OmpA) 10.23
cPLA C2 (165) 27.36 CPLA C2 (OmpA) 13.68
gPLA C1 (16S) 18.73 gPLA C1 (OmpA) 9.37
gPLA C2 (16S) 22.15 gPLA C2 (OmpA) 11.08
CTRL C1 (16S) 13.48 CTRL C1 (OmpA) 1.93
CTRL C2 (16S) 13.37 CTRL C2 (OmpA) 1.91
bioHDPE C1 (16S) 23.99 bioHDPE C1(OmpA) 7.99
bioHDPE C2 (16S) 25 bioHDPE C2(OmpA) 8.33
PHBYV C1 (16S) 21.67 PHBV C1 (OmpA) 7.22
PHBYV C2 (16S) 21.57 PHBV C2 (OmpA) 7.19

The Crossing Point (CP) is the number of PCR cycles at which the fluorescence signal reaches
a specified level, indicating the beginning of the exponential amplification phase. A higher CP
value usually indicates a lower initial amount of target DNA in the sample.

Comparing CP values between different samples reveals significant differences in the expres-
sion of genes 16S and OmpA. Samples with higher CP values may indicate less genetic mate-
rial, including transferred genetic material among bacteria.

Samples such as cPLA C2 exhibit significantly higher CP values for both examined genes com-
pared to other samples. This may suggest a lower initial amount of target DNA and potentially
a smaller amount of genetic material, including possible transferred genetic material.
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4.2 Preliminary experiments

4.2.1 Growth curve

Based on the measured data, it is evident that bacteria A. bouvetii, A. xinjiangensis, G. bergerei,
and R. zophii exhibit different growth dynamics over time. Bacterium R. zophii demonstrated
the most significant growth activity, reaching significantly higher OD600 values than other
cultures. This indicates a high capacity for this culture's growth and proliferation.

The results show that all bacteria had similar OD600 values of 0.1 after 6 h, except A. bouvetii.
All bacterial growth continued increasing after 24 h with an OD600 of 0.4. Furthermore,
R. zophii grew rapidly with the highest cell density of 1.3 after 48 h. Based on this high-growth
activity, the bacterium R. zophii was selected for further analysis.

Growth curve

16
14
12
1
g — . xinjiangensis
g 0,8
O . bergerei
0,6
o/ bouvetii
04
. zophii
0,2
0
2 4 6 8 10 24 48
[h]

Figure 4.1: Bacterial growth curves by cell density by OD600.

A. xinjiangensis

2 4 6 8 10 24 43
[h]

Figure 4.2: A. xinjiangensis growth curve by cell density by OD600.
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G. bergerei
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Figure 4.3: G. bergerei growth curve by cell density by OD600.
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Figure 4.4: A. bouvetii growth curve by cell density by OD600.

R. zophii
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Figure 4.5: R. zophii growth curve by cell density by OD600.
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4.2.2 1Z

This experiment was conducted to determine which bacterial cultures exhibit resistance to spe-
cific ATBs. The experimental procedure is detailed in Chapter 3.5, where the methods and pro-
cedures are thoroughly described. The results of an individual bacterium are presented in tables,
where the symbol "X" indicates the absence of an inhibition zone, which means bacteria are
resistant to ATBs. The symbol "0o" denotes the presence of a large inhibition zone in the tested
ATB concentrations, which means bacteria were not resistant to ATBs. The large 1Z could not
be precisely measured in test conditions. This experiment should be redone on a larger plate.
However, it was not the aim of this study. When bacteria resist many ATBs, they are considered
multiple ATB-resistant (MAR) bacteria, as our results show for all bacteria.

All bacteria were MAR and resisted all tested ATBs (yellow lines) with different concentra-
tions. Their resistance is in the order of A. xinjiangensis (fully: SMX, CRX, AZM; partially:
GEN, TET, PEN, KAN, TMP) > A. bouvetii (fully: SMX, CRX, AZM; partially: AMP, TET,
TMP) > R. zophii (fully: SMX, AZM; partially: PEN, TMP) > G. bergerei (fully: CRX, AZM,;
partially: SMX).

R. zophii exhibited low resistance to the antibiotics TMP and KAN. This factor, along with the
high growth rate demonstrated by the growth curve results of this bacterium (figure 4.5), led to
the selection of R. zophii as the recipient bacterium for donor E. coli.

Table 4.3: Results of 1Z for A. xinjiangensis.

ATB H. [cm] 1. [cm] 2. [cm] 3. [cm] 4. [cm]
AMP 2.5+£0.05 2+0.05 1.3£0.05 1.2+£0.05 0.9+0.05
CTX 3.5+£0.05 2.5+£0.05 2.3+0.05 2+0.05 2+0.05
STR 2.5+£0.05 1.7 £0.05 1.5+0.05 1£0.05 0.5+0.05
GEN 1.5+0.05 1£0.05 X X X
TET 2+0.05 1.5+£0.05 1.2+£0.05 X X
SMX X X X X X
PEN 3 2 1.5 X X
CRX X X X X X
AZM X X X X X
KAN 1.8£0.05 1.3+£0.05 0.9+0.05 X X
TMP 2.3+0.05 0.8+0.05 0.5+0.05 X X
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Table 4.4: Results of 1Z for G. bergerei.

ATB H. [cm] 1. [cm] 2. [cm] 3. [cm] 4. [cm]
AMP 3+0.05 3+0.05 3+0.05 3+0.05 3+0.05
CTX @ @ fo0] (o0} (o0}
STR 3+0.05 2.8+0.05 2.5+0.05 2.3+0.05 2+0.05
GEN 2.5+0.05 2.2+0.05 2+0.05 1.8 £0.05 1.5+0.05
TET 2.7+0.05 2+0.05 1.8+ 0.05 1.5+0.05 1+0.05
SMX 0.5+0.05 X X X X
PEN (o0} (o0} (o0} (o0} fo0]
CRX X X X X X
AZM X X X X X
KAN 3.5+0.05 3+0.05 2.8+0.05 2.5+0.05 2+0.05
TMP (00} @ @ (o0} fo0]
Table 4.5: Results of 1Z for A. bouvetii.

ATB H. [cm] 1. [cm] 2. [cm] 3. [cm] 4. [cm]
AMP 1.8 £0.05 1.3+0.05 0.7+0.05 0.3+0.05 X
CTX (o0} (o0} (o0} (o0} foo]
STR 3.5+0.05 2.5+0.05 2.5+0.05 2.3+0.05 22+0.05
GEN 3+0.05 2.5+0.05 2 +£0.05 1.8 £0.05 1.5+ 0.05
TET 1.7 +£0.05 1.5+0.05 1.2+0.05 0.5+0.05 X
SMX X X X X X
PEN 2 +£0.05 1.5+ 0.05 1 £0.05 0.7+0.05 0.5+0.05
CRX X X X X X
AZM X X X X X
KAN © © © © 25+0.05
TMP 1.9+0.05 1.5+0.05 1.2 +0.05 0.6 +£0.05 X
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Table 4.6: Results of 1Z for R. zophii.

ATB H. [cm] 1. [cm] 2. [cm] 3. [cm] 4. [cm]
AMP (0] (0] (0] (0] oo}
CTX o') (o) o0 o) loo]
STR (o0} (o0} (o 0] (0] oo}
GEN o') o'] o] o0 foo]
TET 3+0.05 2.7+0.05 2+0.05 1.5+0.05 1.3+£0.05
SMX X X X X X
PEN 1+0.05 X X X

CRX (00} (00} @ (o) fo0]
AZM X X X X X
KAN (0') o) o0 o0 oo}
TMP 0.8+0.05 0.6 £0.05 0.4 +0.05 X X

42




4.2.3 FCM

As a beginner in my research path, | wanted to learn HGT and the FCM method with experts.
Therefore, |1 went to IGB and got trained in the principles and methods from my colleague,
Jaffer Yusuf from IGB, who evaluated the experiment conducted using an FCM. The measured
data were subsequently recorded in tables, given the set number of events at 15000. The results
are presented as a ratio of signals to the total number of 15000 events.

Table 4.7: List of results for flow cytometer [green signals / 15,000]. Transconjugants (green
signal) received ARGs from the E. coli donor detected by FCM. LR is free-living bacteria
(LR) and bacteria attached on MPs (PR) This experiment was not added ATBs.

CTRL cPLA gPLA PHBV bioHDPE HDPE PET Chitosan
LR1 0 1 2 0 0 0 3 0
LR2 0 0 1 0 0 0 0 0
LR3 0 0 1 0 0 1 3 0
LR4 0 0 1 1 0 0 0 0
LR5 0 0 1 0 0 0 1 0
PR1 2 3 1 0 0 1 0
PR2 21 2 1 0 1 2 1
PR3 2 3 1 1 1 0 0
PR4 6 1 1 1 0 0
PR5 6 1 1 2 0 0
Average [green signals / 15 000]
LR 0 0.2 1.2 0.2 0 0.2 1.4 0
PR 6 4 1 0.6 1 0.6 0.2

The results show that higher numbers of transferred genes occur in samples of the PR type,
which are samples taken from bacteria on the surface of MPs. The gene transfer occurs with
an 80% probability inside the biofilm. Specifically, the highest number of transfers was rec-
orded on the surface of cPLA plastics 6 on average, followed by the second highest number
on gPLA plastics 4 on average. The highest ARGs transferred signals were on the sample cPLA
PR2, which was counted as 21 (Table 4.7).

In the liquid environment (LR), unlike the biofilm environment (PR), ARGs were not trans-
ferred as frequently. The question is how much to consider the influences of MPs on bacteria
that are so-called free-living only in the liquid environment. Nevertheless, in this case, the high-
est number of transferred signals was observed in the sample with PET plastic (1.4).

Conversely, the lowest number was recorded for the chitosan type and also in the CTRL sample.
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Figure 4.6: Number of transconjugants by HGT rate using FCM.

4.2.4 SEM

SEM was used to examine all types of MPs. Due to the diverse nature and distribution of indi-
vidual MPs, capturing images with uniform magnification was impossible. Images of pure MPs
were subsequently evaluated using the ImageJ software, where their average size and deviations
were analysed.

Table 4.8: Measurement MP sizes using ImageJ presenting by width (W) and height (H).

cPLA [WxH] [um] gPLA [WxH] [um] PHBV [WxH] [um]
Average Min Max Average Min Max Average Min Max
206%305 98%36 509x682 18%21 11x12 26x38 46x55 7x%23 111x153

HDPE [WxH] [um] bioHDPE [WxH] [um] PET [WxH] [pm]
Average Min Max Average Min Max Average Min Max
273x304 | 92x135 | 423x646 | 231x216 121x94 | 478x560 | 192x343 | 42x111 497x1051

The results of the MPs size analysis revealed differences in their sizes even though they were
passed through sieve of 400 um after grinding. For instance, bioHDPE exhibited greater varia-
bility in sizes compared to other bio-MPs. HDPE exhibited the largest detected particle with di-
mensions of 273 x 304 um, while gPLA was identified as the material with the smallest particle
measuring 12 x 21 um. In the context of uniform size distribution, gPLA showed the best results
with dimensions of 12 x 21 um. These differences could have been caused by various physical
and chemical properties of the individual plastic materials and variability in the processing
methods.
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SEM HV: 5.0 kV WD: 19.18 mm l trlreet VEGA3 TESCAN  SEM HV: 5.0 kV WD: 19.63 mm VEGA3 TESCAN|

View field: 2.55 mm Det: SE 500 pm View field: 102 ym Det: SE 20 pm
SEM MAG: 100 x Date(m/dly): 07/13/23 TUL Nanocenter CXI SEM MAG: 2.50 kx  Date(m/dly): 07/13/23 TUL Nanocenter CXI

Figure 4.7: SEM and measurement from ImageJ, (A) cPLA, (B) gPLA.
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SEM HV: 5.0 kV WD: 19.33 mm ! VEGA3 TESCAN  SEM HV: 5.0 kV WD: 19.47 mm VEGA3 TESCAN|

View field: 2.55 mm Det: SE 500 pm View field: 510 pm Det: SE 100 pm
SEM MAG: 100 x Date(m/dly): 07/13/23 TUL Nanocenter CXI SEM MAG: 500 x  Date(m/dly): 07/13/23 TUL Nanocenter CXI

Figure 4.8: SEM and measurement from ImageJ, (A) bioHDPE, (B) PHBV.

45



302625 nm 214768 nm
134696 nm

42 282839 nm 161768 nm 299387 nm

150574 nm 394402 nm
358519 nm
341693 nm
491833 nm
93474 nm
358347 nm
197310 nm
243793 nm

171929 nm 179380 nm

481457 nm

SEM HV: 5.0 kV WD: 19.40 mm VEGA3 TESCAN  SEM HV: 5.0 kV WD: 19.40 mm VEGA3 TESCAN

View field: 2.55 mm Det: SE 500 pm View field: 2.55 mm Det: SE 500 pm
SEM MAG: 100 x  Date(m/dly): 07/13/23 TUL Nanocenter CXI SEM MAG: 100 x  Date(m/d/y): 07/13/23 TUL Nanocenter CXI

Figure 4.9: SEM and measurement from ImageJ, (A) PET, (B) HDPE.

Additional measurements were carried out using SEM, which included capturing images
of MPs with bacteria in the biofilm. White arrows indicate bacteria attached to MPs.

Figure 4.10: Results for SEM with bacteria. (A) cPLA, (B) gPLA. The white arrows indicate
bacteria on MPs.
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Figure 4.11: Results for SEM with bacteria. (A) PHBV, (B) bioHDPE. The white arrows indi-
cate bacteria on MPs.

Figure 4.12: Results for SEM with bacteria. (A) PET, (B) HDPE. The white arrows indicate
bacteria on MPs.
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4.3.1 Counting colonies

After the 24 h incubation, colonies were counted according to the samples listed in Table 3.3.

Table 4.9: The number of colonies in 30 pL of each sample, which was diluted 200 times.

CTRL C1 4852 PHBV C2 721
CTRL C2 873 bioHDPE C1 1575
cPLAC1 5232 bioHDPE C2 962
cPLA C2 613 HDPE C1 2404
gPLAC1 1344 HDPE C2 904
gPLA C2 495 PET C1 404
PHBV C1 1026 PET C2 452

Recalculation for CTRL C1 samples in 1mL as the following formula:

4852 colonies ...30 pL

X colonies ... ... 1000 pL
_ 4852 x 1000

- 30

X =161733
Following that, the number of colonies recalculated in the starting/original samples in 1 mL.
This is achieved by multiplying it by the dilution factor, which in this case (and for each CTRL)
is 200.

Y =200x% 161733
Recalculation for cPLA C1 in 1 mL as the following formula:

5232 colonies ...55 pL
X colonies ... ... 1000 pL
5232 x 1000

- 55
X =95127

Following that, the number of colonies recalculated in the starting/original samples in 1 mL.
This is achieved by multiplying it by the dilution factor, which in this case (and for each MPs
sample) is 10.

Y =10 x 95127
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Table 4.10: Recalculation of CFU/mL in the starting/original samples.

CTRL C1 3.23 x 107 PHBV C2 1.31 x 105
CTRL C2 5.82 x 10° bioHDPE C1 2.86 x 10°
cPLA C1 9.51 x 10° bioHDPE C2 1.74 x 105
cPLA C2 1.11 x 10° HDPE C1 437 x 10°
gPLA C1 2.44 x 10° HDPE C2 1.64 x 105
gPLA C2 9 x 10* PET C1 7.34 x 104
PHBV C1 1.87 x 10° PET C2 8.22 x 10*

From the analysis of the results presented above, it can be inferred that the highest number
of colonies was observed in the CTRL samples. Among samples containing plastics, the highest
colony counts were exhibited by samples cPLA C1 and HDPE C1. Conversely, the PET plastic
sample appears to be the least conducive to bacterial growth.

A fascinating phenomenon observed is the tendency for colonies to predominantly form on me-
dia to which samples with lower concentrations of ATB were applied.

4.3.2 Counting bacteria green fluorescent signals

Subsequently, a portion of these colonies was examined under an epifluorescence microscope.
One colony was placed on a microscope slide, and 2 pLL of dH2O were added to it. The channels
used for imaging were set for the red Cy3 and green FITC fluorescence.

This procedure was conducted after a 24-hour incubation period and after 1.5 months from the
sample collection, during which the samples were stored in the refrigerator at 4 °C.

The following images depict a comparison of transferred genes within 24 h and after a month
and a half. These three samples represent the ones with the highest number of transferred genes
over the month and a half period.

Following that, the counts of green signals were recalibrated using a formula to standardise the
results as green signals per mL. This formula was retrieved from the microscopy laboratory
archives at CXI TUL.

4 cells ...0.1543139 uL

X cells ...1000 pL
5x 1000

= 0.1543139
X = 32401

The data computed in this manner are presented in the following table.
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Table 4.11: Counting of ARGs of green fluorescent bacteria and present number of cells/mL
after 24 h and 1.5 months.

Time: 24 h 1.5 months

CTRLC1 (2.2+0.9) x 104 (6.6 =3.1) x10°

CTRL C2 (1.9+0.8) x 104 (3.3+0.7) x10°

cPLA C1 (9.7+2.7) x 10° (6.1 =1.3) x10°

cPLA C2 (2.9+1.9)x 104 (1.4+0.3) x10’

gPLAC1 (4.5+2.6)x 10* (1.1 £0.5) x107

gPLA C2 (9.2+1.3) x 102 (1.2+0.4) x 107

PHBV C1 (2.9+2.1)x 104 (9.1 £2.9) x 10°

PHBV C2 (3.2+1.5) x10* (5.1 +2.1) x 108

bioHDPE C1 (3.9+1.9)x 104 (6.7+2.4) x 10°

bioHDPE C2 (5.1+£3.2)x 10* (1.1£0.3) x 107

HDPE C1 (3.2+1.9)x 10* (6.8 +2.4) x 10°

HDPE C2 (3.9+1.9)x 104 (3.6 £0.8) x 10°

PET C1 (3.9+2.1)x 10* (6.1 +4.1) x 108

PET C2 (4.4+23)x10* (4.1 +1.8)x10°

After 24 h After 6 weeks
‘ %%EEEEEEI

i, =M,
&\Q&aq i@q %&"éiﬁ %i\*z’qi & 0(\ Oﬁ@é@&g&o \Yo \?& \y@ &% quo\@ ié‘ fQQ oé @os o qé;@“oqé& q(ooé &7

o <& <° &

Figure 4.13: Graphical evaluation of data from counting ARGs from Table 4.11.
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Table 4.12: Table of pictures of the recipient R. zophii having ARGs with the green fluores-
cence from the donor E. coli after 24 h and 6 weeks. Scale bar is 500 um.

24 h 6 weeks

CTRL C1

cPLA C1

iPLA C1

PHBV C1

bioHDPE C1

HDPE C1

PET C1

24 h

6 weeks

CTRL C2

cPLA C2

PHBV C2

bioHDPE C2

HDPE C2




With the presence of ATBs and different concentrations, both bio- and conventional MPs alter-
nated fairly evenly in the observed order from the highest to the lowest transfers of ARGs. The
most significant transconjugant transfers occurred in the bioHDPE C2 (high ATB concentra-
tion) sample, with a difference in the number of transfers compared to other types of plastics
being almost 10 thousand. The results indicated that adding ATBs increased the ARG transfer
compared to not adding ATBs (Fig. 4.2).

Within the experiment, GHT was investigated by placing organisms in close proximity to agar
plates under cold conditions. Subsequently, all plates were incubated at 4 °C for a duration
of 6 weeks, and transconjugants were counted after 24 h. The decision for the extended 6-week
incubation period was made as the transconjugant count and visual inspection were completed
only after the initial 24 h. It was only after this period that the results were fully comprehended.

After 6 weeks, there was a dramatic change in the results, 62.5 % of used BPs samples occupied
the top five places. Samples of cPLA and gPLA types, which originally occupied the last ranks,
significantly increased the number of transferred ARGs and moved to the top positions in the
order. Specifically, the cPLA C2 sample, which ranked first after a month and a half, recorded
an increase in gene transfer of approximately 1.4x10. Furthermore, after this longer period, we
observed an increasing trend in BPs, which occupied the majority of the first half of the results,
indicating that HGT was significantly more common on them than on conventional plastics.

After a longer incubation of 6 weeks, the number of transconjugants increased at the higher
ATB concentration. That means the higher concentration could induce stressful conditions, pro-
moting increased HGT frequency. The recipients of R. zophii received ATB genes from donor
E.coli and consumed ATB as their nutrient.
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The study focused on analysing four isolated bacterial resistances to ATBs and related HGTSs.
It examined the influences of different types of ATBs on the formation of IZ. It then continued
by examining HGTs of KAN and TMP on isolated bacterial recipient R. zophii and donor E. coli
by adding two concentrations of ATBs and bio- and conventional MPs, which were monitored
for HGT over a period of 1.5 months.

It was demonstrated that each bacterium isolated from wastewater in Liberec exhibited overall
resistance to at least two ATBs. The greatest resistance was observed in the bacterium A. xin-
jiangensis, which showed complete resistance to three types of ATBs across their full concen-
trations, specifically SMX, CRX, and AZM, and partial resistance to five other types of antibi-
otics. Particularly, the lowest concentrations of TET, PEN, KAN, TMP, and, in the case of the
three lowest concentrations, GEN, were observed.

Based on these results and the findings from growth curve experiments, where the highest
growth rate was observed in the bacterium R. zophii, this bacterium was selected as the recipient
organism for further projects. E. coli was chosen as the donor and was genetically modified
to carry ARGs for TMP and KAN. The transfer of ARGs via HGT to the recipient bacterium
R. zophii resulted in green flashes observable under an epifluorescence microscope.

Further modifications to the main experiment were made based on the results from flow cytom-
etry experiments, which indicated a significant preference for ARG transfer in a biofilm envi-
ronment commonly found on MPs, with a probability exceeding 80% of the total transferred
genes. Therefore, additional modifications to the experiment primarily focused on the biofilm
environment.

The main experiment investigated the impact of three bio-MPs compared to two conventional
MPs and their effect on HGT. Furthermore, the effects of two different concentrations of ATBs
on the overall dynamics of HGT were monitored. After 48h incubation, there was no trend
of transconjugants being favoured by MPs. After 1.5 months of observation, there was a sur-
prising bacterial selection, with a preference for bio-MPs. For example, cPLA C2, gPLA C2,
bioHDPE C2, gPLA C1, and PHBV C1 showed the highest numbers of transconjugants. Addi-
tionally, the higher ATB concentration was interestingly impacting HGTSs.

Nevertheless, a certain degree of caution is warranted in this consideration, as data from the
analysis of transferred ARGs suggest that the HGT process was not entirely consistent. Findings
indicate that samples taken after 48 h do not adhere to a consistent pattern in HGT frequency.
The order that emerged from the measurements after 48 h drastically changed after 1.5 months.
Therefore, discussion regarding the influence of plastic properties on this observed increase
is necessary. However, data suggest that the frequency of HGT increased by 106 orders
of transferred genes over one day to one and a half months.

It is crucial to consider to what extent this transfer is influenced by the specific transfer process
between the donor E. coli and the recipient bacterium R. zophii. What proportion of the transfer
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is attributed to the already transferred gene into recipient R. zophii, which then becomes another
donor bacterium capable of further passing on this gene to its kind. Although genetic modifica-
tion of the plasmid confirms the form of resistance acquired through HGT, it remains unclear
what the specific and long-term impacts of different types of MPs on HGT are. While there
is a likelihood that bacteria prefer bioplastics for this process, it is essential to continue inves-
tigating the influence of different concentrations of antibiotics on the surface of plastics in bio-
film and how these factors affect the frequencies of HGT.
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