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Abstract

Nitrofuran derivatives are synthetic, broad-spectrum antibiotics. Their excessive consumption
poses a risk of environmental pollution which can be dangerous for organisms at various trophic
levels. To minimize these adverse effects, understanding of their environmental impact and
development of efficient strategies of their removal is essential. The overall purpose of this
dissertation is to explore the biodegradation of selected nitrofurans by bacteria and
to understand how they affect the properties of environmental strains. Results are based on five
tull length research articles published in journals indexed by the Journal Citation Reports. The
experiments performed were focused on the single bacterial cells and microbial communities in
terms of their short-time exposure to nitrofurantoin (NFT) (P1, P3, P5) as well as single strains
subjected to prolonged exposure to nitrofurantoin and furaltadone (FTD) (P2, P4).

Publication P1 describes (i) the isolation of pure bacterial strains from the municipal and
rural activated sludge, (ii) the ability of these novel strains to degrade NFT, and (iii) the effect
of NFT on the cell properties. The results indicate that both sources of wastewater contain
the strains capable of using NFT as a source of carbon and energy. Nitrofurantoin affects the
properties of the strains; however, the cells response is not unequivocal.

Publication P3 focus on (i) efficiency of biodegradation of NFT by microbial consortia
collected from two aqueous environmental niches, (ii) detection of products of NFT
transformation, and (iii) analysis of shifts in microbial communities during biodegradation.
Results of experiments revealed that aqueous bacterial communities are influenced by NFT.
The results also show that increase in biodiversity of microbial community does not have to be
correlated with increased ability to biodegradation. The primary biodegradation of NFT led to
formation of stable transformation products, such as 1-aminohydantoin, semicarbazide, and
hydrazine.

Publication P5 investigates (i) removal of NFT by three novel bacterial species, (ii) dynamic
changes within the cells during biodegradation, and (iii) effect of transformation products on
the bacterial cells. Results indicate, among others, that the fewest variations in cell properties
were observed for the bacteria that efficiently degrade NFT.

Publications P2 and P4 are related with the response of single bacterial strains to
the 12-month continuous exposure to NFT and FTD. The results indicate that prolonged
exposure of strains to nitrofurans contributed to morphological changes within the cells, altered
metabolomic characteristics, disrupted protein biosynthesis, accelerated mutagenic effects, and
promoted oxidative stress. Remarkable changes in enzymatic activity reflect that cell exposure
to nitrofurans decreases their ability to cope with environmental stress.

To conclude, environmental bacteria are able to use NFT as a source of carbon and energy,
however, this degradation leads to formation of stable transformation products, that affect the
properties of cells. The possible NFT contamination would affect the composition of aqueous
microbial communities. Prolonged exposure of strains to nitrofurans leads to modifications
of cell structure and cell metabolism. These effects are strain specific. This dissertation has
contributed to a better understanding of the environmental impact of nitrofurans and its
intermediates. Results could be helpful during designing the technologies of bioremediation
of sites contaminated with antibiotics.
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Streszczenie

Pochodne nitrofuranu to syntetyczne antybiotyki o szerokim spektrum dzialania. Znaczne
wykorzystanie nitrofuranéw powoduje, Ze zwiazki te przedostaja si¢ do srodowiska naturalnego,
co moze mie¢ negatywny wplyw na (mikro)organizmy tam bytujagce. W zwigzku z tym,
niezbe¢dne jest poznanie wplywu nitrofuranéw na srodowisko i opracowanie skutecznych
strategii ich usuwania. Celem podjetych badan bylo zbadanie biodegradacji wybranych
nitrofuranéw przez bakterie srodowiskowe i zrozumienie, w jaki sposéb wplywaja one na
szczepy bakterii srodowiskowych. Wyniki przedstawione w dysertacji zostaly opublikowane
w pieciu artykutach badawczych w czasopismach indeksowanych przez Journal Citation
Reports. Dotycza one badan z pojedynczymi, nowo wyizolowanymi, szczepami bakteryjnymi
oraz konsorcjami bakteryjnymi pod katem ich krétkotrwalej ekspozycji na nitrofurantoing
(NFT) (P1, P3, P5) oraz pojedynczymi szczepami poddanymi dlugotrwalej ekspozycji na NFT
i furaltadon (FTD) (P2, P4).

Publikacja P1 opisuje (i) izolacj¢ pojedynczych szczepéw bakteryjnych z miejskiego
i wiejskiego osadu czynnego, (ii) zdolno$¢ nowych szczepéw do degradacji NFT oraz (iii) wplyw
NFT na komérki bakteryjne. Wyniki wskazuja, ze oba Zrédta drobnoustrojéw zawieraja szczepy
zdolne do wykorzystania NFT jako Zrédla wegla i energii. Ponadto, NFT znaczaco wplywa na
przepuszczalnosé¢ blony komérkowej, hydrofobowos¢ powierzchni komérki czy aktywnosé
metaboliczng komoérek; jednak zmiany te s3 niejednoznaczne. Publikacja P3 obejmuje wyniki
pos$wigcone (i) biodegradacji NFT przez konsorcja mikroorganizméw pobrane z dwéch
srodowisk wodnych, (ii) oznaczeniu produktéw biotransformacji NFT oraz (iii) analizie zmian
w strukturze i bior6znorodnosci konsorcjéw bakteryjnych podczas biodegradacji. Wyniki badan
wykazaly, ze obecno$¢ NFT w hodowli bakteryjnej przyczynia si¢ do istotnych zmian
w strukturze konsorcjow bakteryjnych. Ponadto, wyzsza bioréznorodnos¢ konsorcjéw
bakteryjnych nie wskazuje na wigksza zdolno$¢ do biodegradacji. Pierwotna biodegradacja NFT
doprowadzila do powstania stabilnych produktéw degradacji, takich jak 1-aminohydantoina,
semikarbazyd i hydrazyna. W publikacji P5 zanalizowano (i) biodegradacje NFT przez trzy
nowo wyizolowane szczepy bakterii, (i) zmiany w komérkach podczas biodegradacji NFT oraz
(iii) wplyw produktéw degradacji na wykorzystywane szczepy. Wyniki wskazuja, migdzy
innymi, ze wysokim zdolno$ciom do biodegradacji NFT towarzysza najmniejsze zmiany we
wlasciwosciach komérek testowanych szczepéw. Publikacje P2 i P4 dotycza odpowiedzi
pojedynczych szczepéw bakteryjnych na ditugotrwaly kontakt z NFT i FTD. Wykazano, ze
dlugotrwata ekspozycja szczepéw na nitrofurany przyczynila si¢ do zmian zachodzacych
w komoérkach na poziomie ich wlasciwosci morfologicznych, biosyntezy biatek, efektéw
mutagennych czy zwigkszonego stresu oksydacyjnego.

Podsumowujac, bakterie srodowiskowe wykazujg zdolnos¢ do wykorzystywania NFT jako
zrodia wegla i energii, jednakze biodegradacja prowadzi do powstania stabilnych produktéw
posrednich, ktére istotnie wplywaja na wiasciwosci komorek. Zatem, zanieczyszczenie
srodowiska naturalnego pochodnymi nitrofuranu moze przyczynia¢ si¢ do zmian
w mikrobiomie §rodowisk wodnych. Ponadto dlugotrwala ekspozycja szczepéw bakteryjnych
na antybiotyki nitrofuranowe prowadzi do istotnych modyfikacji struktury komérek i ich
metabolizmu. Wyniki opisane w niniejszej rozprawie przyczyniajg si¢ do lepszego zrozumienia
wplywu nitrofuranéw na srodowisko naturalne, jak réwniez moga by¢ pomocne przy
projektowaniu technologii bioremediacji miejsc skazonych antybiotykami.
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Brief introduction to antibiotics

It has been almost a hundred years since Alexander Fleming accidentally noticed that
a large colony of a mold contaminating an agar plate prevents the bacteria around it
from growing (Fleming, 1929). This event most likely happened on September 3, 1928
and definitely changed the course of medicine. It was one of the most important
achievements of the 20th century (Felis et al., 2020). A decade later, the golden era of
antibiotics has begun (Balouiri et al., 2016). Nowadays, these powerful compounds are
the most produced drugs worldwide as they have contributed to economic development
and living standards of the modern world (Grenni et al., 2018; Kumar et al., 2019).
Antibiotics are biologically active molecules that kill or inhibit the growth of
microorganisms, such as bacteria, fungi, or protozoa. They have bactericidal (causing
cells to die) or bacteriostatic (inhibiting growth) effect on cells. Antibiotics can be
natural, synthetic, or semi-synthetic. They are also referred to as chemotherapeutic or
antimicrobial agents, however, these terms do not mean exactly the same. Chemo-
therapeutics are chemicals that destroy all types of cells (both microbial and cancer cells)
while antibiotics specifically kill microorganisms (that is why antibiotic therapy is also
called antimicrobial chemotherapy). In addition, the term antibiotic is referred to
substances of biological origin whereas the term chemotherapeutic agent refers to
synthetic chemicals. Currently all drugs are produced by either chemical synthesis or
chemical modification of natural compounds. Therefore, distinction between
antibiotics and chemotherapeutics is not clear and the term antibiotic is often used to
refer to all types of antimicrobial agents (Kiimmerer, 2009; Madigan et al., 2018).
Antibiotics constitute a broad group of chemicals that play a vital role in curing
infectious diseases and promoting animal growth. The mass production and excessive
consumption of antibiotics has contributed to a heightened risk of environmental
pollution (Danner et al., 2019). Fourteen years ago, more than 250 various chemical
compounds were registered as antibiotics for human and animal use (Kiimmerer, 2009).
As of today, this value probably is not much higher. Even though many researchers are
interested in development of plant extracts, essential oils, and pure secondary
metabolites as potential antimicrobial agents, only two new antibiotic classes
(lipopeptides and oxazolidinones) have been designed and approved by international
drug agencies between 1997 and 2017 (Alvarez-Martinez et al., 2021; Barzegar et al.,
2021; Chassagne et al., 2021; Dawood et al., 2021; Tacconelli et al., 2018). Lack of
interest in development of new antibiotics by pharmaceutical companies is likely to be
related with difficulties in clinical development as well as regulatory, scientific, and
economic issues (Tacconelli et al., 2018). In addition, determining the specific and
accurate effect of the novel natural products is difficult because of the insufficient
guidelines and the use of different non-standardized approaches by researchers
(Balouiri et al., 2016). Considering all these facts, a renewed interest in old antibiotics

groups, the use of which has been reduced in the recent past is currently being observed.
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There are several groups of antibiotics which can be classified based on their
mechanisms of action or chemical structure. The most well-known classes of antibiotic
compounds include [-lactams, tetracyclines, aminoglycosides, macrolides,
glycopeptides, sulfonamides, trimethoprim and (fluoro)quinolones (Tab. 1) (Felis et al.,
2020; Kummerer, 2009). Within this group, B-lactams, macrolides, and fluoro-
quinolones were the most frequently used globally in the last decades (Van Boeckel et
al., 2014). Their environmental impact is well documented (Ajibola et al., 2021; Han
et al., 2022; Monahan et al., 2023; Nesse et al., 2022; Szekeres et al., 2018; Tan et al.,
2018; Tran et al, 2019). Other antibiotics groups include, among others,
actinomycines, amino acid and peptide derivates, anthracyclines, anthracenones,
diaminopyrimidines, enediynes, epothilones, glycopeptides, lincosamides, macrolides,
mitosanes, nitrofurans (5-NFs), nitroimidazoles, phenicols and amphenicols,

phosphonates, polyether ionophores, rifamycins (Grenni et al., 2018).

Tab. 1 Common classes of antimicrobials and their representative substances.

Class Representative compounds

B-lactams Amoxicillin, ampicillin, benzylpenicillin, cefuroxime,
cefotaxime, penicillin G, piperacillin, meropenem

Aminoglycosides Amikacin, gentamycin, kanamycin, neomycin, streptomycin
Glycopeptides Polymyxins, vancomycin
Macrolides Azithromycin, clarithromycin, erythromycin, natamycin, tylosin

Fluoroquinolones and quinolones  Ciprofloxacin, enrofloxacin, oxolinic acid
Sulfonamides and trimethoprim Sulfachloropyridazine, sulfamethoxazole, sulfapyridine

Tetracyclines Chlortetracycline, doxycycline, oxytetracycline, tetracycline

Characterization of nitrofurans

Nitrofurans are synthetic, bactericidal, broad-spectrum antimicrobials. These
crystalline and yellow aromatic compounds contain a common 5-nitrofuran core
connected through a methylenamine bridge with various substituent groups at the
2-position of the furan ring (Fig. 1, Tab. 2) (Manzetti and Ghisi, 2014). Nitrofuran
molecules contain two pharmacophores: a nitro group attached to a furan ring (pale
brown in Fig. 1) and a hydrazone moiety (violet in Fig. 1). The nitro group is the
primary pharmacophore in the nitrofuran molecules, while hydrazone moiety contain
carbon atom that has zwitterionic properties and supports the overall chemical stability
of the nitrofuran ring (Zuma et al., 2019).
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Fig. 1 Schematic representation of the chemical structure and pharmacophores present in the nitrofuran
molecules. X, Y = hydrogen atom or R-group. Adapted from Zuma et al. (2019).

Despite nitrofurans are old drugs, their mechanism of action against bacteria is not fully
understood. Most information about nitrofurans action is based on decades-old studies
which used outdated laboratory equipment and analytical techniques. Nitrofurans
probably present multiple mechanisms of action such as inhibition of enzymes involved
in DNA and RNA synthesis. Thus, nitrofurans attack multiple key metabolic pathways
in microorganisms, such as replication, translation, transcription, and the Krebs cycle.
Due to the multiple biological targets, no significant resistance against these antibiotics
has developed in bacteria (Huttner et al., 2015; McOsker and Fitzpatrick, 1994).

The most common representatives of the nitrofuran family include nitrofurantoin
(NFT), furaltadone (FTD), nitrofurazone (NFZ), and furazolidone (FZD). Their
molecular formulas and chemical structures are summarized in Tab. 2. Other examples
of nitrofurans include furazidin, nifurtoinol, nitrofural, nifurzide, nifuratel, nifurtimox,

nifuroxazide, nifursol (Cooper et al., 2018; Olender et al., 2018; Zuma et al., 2019).

Tab. 2 Molecular formulas and structures of most common nitrofuran derivatives.

Compound Molecular Molecular Structure
formula weight [g/mol]
Nitrofurantoin C8HB6N405 238.16

(NFT) \Q/\N/Ny

Nitrofurazone CoH6N404 198.14

(NF2) \Q/\\N/N
Furazolidone C8H7N305 225.16

(FZD)

@/\N \)
Furaltadone C13H16N406 324.29

(FTD) \Q/\ b@o
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Nitrofuran antibiotics have been employed as pharmaceuticals, food additives,
conservatives, and growth promoters in food animals since 1940s. They were once
commonly used in growth promotion of animals (poultry, swine, cattle), aquaculture
(fish, shrimp), and bee colonies. In veterinary medicine, they had been commonly used
in the therapeutic and prophylactic treatment of bacterial and protozoan infections of
swine, cattle, poultry, and rabbits (Vass et al., 2008). Currently, they are no longer
permitted for use in food-producing animals in the European Union (EU). In some
third countries, nitrofurans can be legally used in aquaculture to prevent or control
bacterial diseases of fish and crustaceans, however, specific information on the actual
usage is not available. In human medicine, NFT, NFZ, and FZD are still commonly
used (Fig. 2) (European Food Safety Authority, 2015).

NFT

Treatment and prophylaxis of uropathogenic infections

“H é 2, Toplcal use: Wounds

burns, and skin infections

2997)
NFTOraaTL?seFZD N | T R O F U RA N S No Iorlfg-l;E)should be used

Fig. 2 Common areas of application of four main nitrofuran compounds. NFT— nitrofurantoin, FZD —
furazolidone, NFZ — nitrofurazone, FTD — furaltadone, UTI — urinary tract infections.

FzD

Treatment of gastrointestinal
infections and cholera

ooo

Nitrofurantoin, N-(5-nitro-2-furfurylidene)-1-aminohydantoin, is a cyclic amide
containing the 5-nitrofuran ring (Zuma et al., 2019). It has been introduced and
approved by the U.S. Food and Drug Administration (FDA) as the first-line therapy
for acute and chronic lower urinary tract infections in 1953 (Horton, 2015; Huttner
et al.,, 2015). Nitrofurantoin is currently available as an oral capsule and an oral
suspension. It has a bactericidal effect against Gram-negative uropathogens such as
Escherichia coli or Enterococcus faecalis (Huttner et al., 2015; Novelli and Rosi, 2017).
Its activity against Mycobacterium tuberculosis has been also reported (Zuma et al., 2020).
Bioavailability is reported to be 80-90%, elimination half-live is smaller than one hour
and the drug is predominantly excreted unchanged non-metabolized in the urine
(Huttner et al., 2015; Novelli and Rosi, 2017). Some authors declare that <50% is
excreted unchanged in the urine (Gardiner et al., 2019; Hammam, 2002).
Furaltadone, 5-morpholinomethyl-3-(5-nitrofurfurylideneamino)-2-oxazolidino-
ne, was introduced in 1958. It is the least known antibiotic in the nitrofurans family.
Furaltadone is active against many Gram-negative and Gram-positive bacteria,
especially E. co/i and Salmonella spp. It was formerly used to promote growth, treat, and

prevent bacterial infections in aquatic organisms (Barbosa et al., 2011). In human
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therapy, FT'D was also given orally as an antibacterial agent. It was later withdrawn due
to its toxicity, however, recent studies show the ability of FID to inhibit allergic
responses (Nam et al., 2018).

Nitrofurazone, [(E)-(5-nitrofuran-2-yl)methylideneamino]urea, is a hydrazine
derivative of carboxamide containing the 5-nitrofuran ring. It is the only compound in
the nitrofurans family that lacks the second cyclic moiety (Zuma et al., 2019).
Nitrofurazone was the first nitrofuran antibiotic whose antimicrobial activity has been
confirmed in 1944 (Zhang et al., 2016). It is used in topical formulations on infected
burns, ulcers, wounds, and skin infections (Vass et al., 2008; Zuma et al., 2019). Due
to wound healing activity, nitrofurazone can be used as topical antimicrobial agent in
novel wound dressing systems based on polyvinyl alcohol and sodium alginate hydrogels
(Kim et al., 2008). Its activity against parasites of the species Trypanosoma brucei has
also been reported, however due to high toxicity its use in oral applications is currently
not allowed (La-Scalea et al., 2005).

Furazolidone, 3-[(5-nitrofuran-2-yl)methylideneamino]-1,3-oxazolidin-2-one, is
a 2-oxazolidone derivative of 5-nitrofuran. It is active against Gram-positive and
Gram-negative bacteria, particularly the gastrointestinal pathogens, such as E. co/i and
Salmonella spp. Use in treating Helicobacter pylori infections has been proposed
(De Francesco et al., 2012). Furazolidone has also antiprotozoal activity against Giardia
lambia, Eimeria spp., Leishmania, Trichomonas and Trypanosoma (Zuma et al., 2019).
This antibiotic is used for the oral treatment of cholera, typhoid fever, Salmonella
infections, bacterial diarrhea and parasitic diseases (Vass et al., 2008).

All nitrofuran compounds are believed to be unstable and rapidly metabolized to
residues that covalently bind to tissue proteins and are detectable for several weeks after
exposure. The tissue-bound residues of nitrofurans are stable and not degradable upon
common food preparation techniques like baking, cooking, microwaving, or grilling
(Shakila et al., 2008). Consequently, these substances act as marker residues for the
detection of nitrofurans abuse (Leston et al., 2011; Vass et al., 2008; Zuma et al., 2019).
The most well-known metabolites of nitrofurans include:

- l-aminohydantoin (AHD) — the marker residue for NFT.

- 3-amino-5-morpholino-methyl-1,3-oxazolidinone (AMOZ) — the marker

residue for FTD.

- Semicarbazide (SEM) — the marker residue for NFZ.

- 3-amino-2-ozaxolidinone (AOZ) — the marker residue for FZD.
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Why nitrofurans are prohibited from use
in food-producing animals?

At present, the use of 5-NFs in food-producing animals has been forbidden in many
countries including the EU and the US (Kokulnathan and Chen, 2020). The reason for
this is the possible genotoxic, carcinogenic, and non-neoplastic effects of nitrofurans
and their marker metabolites in animals (European Food Safety Authority, 2015;
Takahashi et al., 2000). In addition to genotoxic and carcinogenic impact, nitrofurans
effect toward humans include, among others, acute and chronic pulmonary toxicity
(Claussen et al., 2017; Goemaere et al., 2008; Livanios et al., 2016; Williams and
Triller, 2006), hepatotoxicity (Bessone et al., 2023; Claussen et al., 2017; Kapral et al.,
2018; Li et al., 2019), and neurotoxicity (Dempsey et al., 2019; Tian et al., 2021).

These compounds accumulate in organisms of animals which enhances this adverse
effect. To investigate how nitrofuran residues accumulate in animal tissues Mccracken
et al. (2005) exposed chickens to both a dietary and an environmental source of
nitrofurans. During dietary exposure, chickens were fed a diet supplemented with one
of the nitrofurans (FZD, NFZ, NFT, or FTD) at five different concentrations ranging
from 30 to 3,000 mg/kg. At the lowest concentration of nitrofurans contamination,
nitrofuran residues, namely AOZ, AMOZ, and SEM, were detected in the liver and
muscle of the birds. To investigate environmental source of contamination, animals
were placed in a pen that was previously occupied by chickens fed a diet containing
nitrofurans. A 24-hour exposure of animals to the litter of chickens fed with FZD
resulted in elevated level of FZD residues in liver and muscle.

Due to the adverse effect of nitrofurans to humans and animals, FT'D, NFT, and
NFZ were prohibited from use in food-producing animals in the EU in 1990 by their
inclusion in Annex IV of Council Regulation 2377/90. Furazolidone was included in
Annex IV five years later in 1995. Consequently, the legal application of nitrofurans in
tood-producing animals is not allowed in all EU countries, starting from 1 January 1997
(Barbosa et al., 2011; Commission Regulation, 1995; Leitner et al., 2001).
Theoretically, there is a zero-tolerance policy for any nitrofuran residue and food
producing animals must be completely free of these compounds. This means that no
maximum concentration of nitrofurans residues is permitted in food of animal origin.

The minimum required performance limit (MRPL)' of 1 pug/kg was assigned for
nitrofuran metabolites in poultry meat and aquaculture products in the EU in 2003
(Commission Decision, 2003). More recently, the MRPL level was reduced to
0.5 pg/kg for all nitrofurans and their metabolites (Commission Regulation, 2019).
This regulation has been effective since November 2022. In the US the tolerance level
tor AHD, AMOZ, SEM, and AOZ is set up to 0.5 pg/kg (U.S. Food and Drug

1 The minimum required performance limit (MRPL) is the concentration of a Prohibited Substance or Metabolite of a Prohibited
Substance or Marker of a Prohibited Substance or Method that Laboratories shall be able to routinely detect and identify.
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Administration, 2020). This, however, indicates that levels below 0.5 pg/kg are still
acceptable in both the US and the EU.

Nitrofurans are detected in animal food
products

Even though their use in food animal production is prohibited in many countries,
nitrofurans are often found in animal food products. Between 2000 and 2015, more
than 700 notifications of nitrofuran contamination in the EU have been reported in the
online database of the Rapid Alert System for Food and Feed (RASFF). The ranges of
the reported concentrations are the following:

- From 0.3 to 40 pg/kg for AHD (indicator of NFT contamination)

- From 0.3 to 140 pg/kg for AMOZ (indicator of FTD contamination)

- From 0.37 to 7 500 pg/kg for SEM (indicator of NFZ contamination)

- From 0.1 to 200 pg/kg for AOZ (indicator of FZD contamination)
Importantly, AOZ and SEM were reported the most often. The residues were detected
in such imported products as crustaceans, poultry, fish, meat other than poultry, honey,
eggs, food additives and flavorings, prepared dishes, and snacks (European Food Safety
Authority, 2015).

Unfortunately, notifications of nitrofuran contamination in the EU are still reported
in the RASFF. Some of them are summarized in Tab. 3. In the last three years,
nitrofuran residues were mostly detected in meat and seafood products imported from
the East (e.g., China, Sri Lanka, India, Pakistan, Vietnam). Most notifications on
nitrofurans presence are marked as the ones presenting a serious health risk for humans.
The countries in question are also among the top exporters of seafood in the US,
however, only about 2% of imported products are tested by the FDA to detect any trace
level of antimicrobials. Considering a very small amount of food inspected, antibiotic
residues are still a major problem in imported seafood (Khan and Lively, 2020).

Many recent research studies were recently devoted to detection of nitrofurans
presence in food products of animal origin. Gong et al. (2020) detected nitrofuran
metabolites in Gelatin Chinese medicine: SEM (1.27 pg/kg and 2.52 pg/kg), AOZ
(6.27 ng/kg) and AMOZ (9.53 pg/kg). Yuan et al. (2020) investigated occurrence of
eight nitrofurans in freshwater and marine fish samples collected from South China.
The residues of SEM, AOZ, AMOZ, and AHD were detected in the animal tissue.
The detected content of these compounds reached 8 pg/kg. A recent study by Khan
and Lively (2020) aimed to determine if imported shrimps available in the US markets
contain, among others, nitrofuran residues. Almost all samples tested positive for
nitrofurantoin residue (this was the most often detected antibiotic among all samples
tested). Shrimp containing NFT residue were imported from Bangladesh (100% of
samples), Ecuador (100%), Vietnam (86%), Thailand (77%), India (67%), Indonesia
(60%), and China (33%). In aquaculture-commercial fish (trout, shad, paci and
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salmon) purchased in Argentina, FZD was detected in 22% of the tested samples with
the maximum concentration of 11,558 pg/kg d.w. Nitrofurantoin was detected in 4%
of samples at a maximum concentration of 8.61 pg/kg d.w. Residues of other
nitrofurans were not analyzed (Griboff et al., 2020). Elevated level of two nitrofurans
was also detected in muscles of Nile tilapia in Egypt. Nitrofurazone was the most
frequently detected antibiotic (12% of all tested samples, concentration ranging from
9 to 52 pg/kg), followed by NEFT (5% of samples tested, concentration ranging from
1 to 2 pg/kg) (Eissa et al., 2020).

Tab. 3 Notifications in RASFF on the presence of nitrofurans and their metabolites in animal food
products imported into the EU.

Compound  Product Date Notifying
country

SEM Pork casings from China Jan 2023 Germany

SEM Shrimps (Macrobrachium rosenbergii) from Sri Dec 2022  Germany

Lanka

AOZ Shrimps from India Oct 2022 Belgium

SEM Pork casings from China Jul 2022 Poland

SEM Gelatin from Pakistan Jun 2022 Italy

AOZ Feed for bees Mar 2022 Ireland

FZD Iridescent shark (Pangasianodon hypophthalmus) Feb 2022  Netherlands

AOZ Frog legs from Vietnam Jan 2022 Denmark

SEM Live crayfish (Astacus leptodactylus) from Turkey Nov 2021 Germany

FZD Frozen frog legs from Vietnam Sep 2021 France

AOZ Frozen shrimps from India Sep 2021 Germany

FZD Frozen frog legs from Vietnam May 2021 France

FZD Shrimps from India Mar 2021 France

AOZ Frozen shrimps from India Aug 2020  Netherlands

5-NF n/s Honey May 2020 Belgium

5-NF n/s Aquaculture shrimps from India Apr 2020 France

Note. AOZ (3-amino-2-ozaxolidinone - the marker residue for furazolidone); FZD (furazolidone);
SEM (semicarbazide — the marker residue for nitrofurazone), 5-NF n/s — nitrofuran not specified.
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Ubiquitous presence of nitrofuran residues in animal food products suggests that
nitrofurans are illegally used in aquaculture. Because nitrofuran residues are found in
numerous samples around the world, many researchers work on development of novel
tools and methods for screening tests and detection in various samples (from food to
environmental matrixes) (Cheng et al., 2023; Krishnan et al., 2023; Li et al., 2017,
Yuan et al., 2020). The analytical strategy for nitrofurans quantification is based on the
determination of parent compounds and/or their persistent metabolites. Detection of
nitrofurans in food products is typically based on instrumental methods, such as gas
chromatography, liquid chromatography, electrochemical sensors, immunoassays, or
fluorescence quenching (An et al., 2020; Chen et al., 2020; Cheng et al., 2023; Douny
et al., 2013; Krishnan et al., 2023; Li et al., 2017; Liu et al., 2023; Ouyang et al., 2022;
Roushani and Rahmati, 2019; Wang et al., 2022, 2020; Yang et al., 2022). New
methods for nitrofuran quantification allow for their detection at a concentration as low
as 0.1 pg/kg (Ouyang et al., 2022) or below 1 ng/mL (Cheng et al., 2023; Liu et al.,
2023; Wang et al., 2022).

Consumption of antimicrobials

Over the last few decades, the global antibiotic consumption has been largely increasing
in both human and animal use, as is evidenced by many studies (Browne et al., 2021;
Klein et al., 2021, 2018, 2018; Van Boeckel et al., 2015, 2014). Below are some of the
main reasons for the increasing global antibiotics consumption:
- Increase in human population that intensified the consumption of pharma-
ceuticals (according to the United Nations, the World population has reached
eight billion in 2022 and is expected to reach about ten billion until 2060).
- Easy access to medicines in high income countries and increased global wealth.
- Increased demand for food of animal origin which requires a larger use of
growth promoting substances (Food and Agriculture Organization, 2018;
United Nations, 2022; Van Boeckel et al., 2015; Zhao et al., 2019).
Based on a recent spatial modelling study that covered the period of 19 years and 204
countries, a global antibiotic consumption rate by humans increased by 46% in 2018
relative to 2000. A large increase in the consumption of fluoroquinolones and third
generation cephalosporins in North Africa and Middle East, and south Asia was
identified (Browne et al., 2021). Another study, based on pharmaceutical sales data in
76 countries has shown that between 2000, and 2015 global per-capita consumption of
Watch? antibiotics increased by more than 90%. Consumption of Access antibiotics

increased by over 26% (Klein et al., 2021).

21n 2017, WHO developed the AWaRe Classification of antibiotics (Access, Watch, Reserve). Access antibiotics are typically used
as first-line therapy. Wazch group is recommended only for specific indications due to higher antimicrobial resistance potential.
Reserve group is the last resort option and should be reserved for treatment of confirmed or suspected infections due to multi-drug-
resistant organisms.
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Antibiotic use per capita is generally the highest in high-income countries, but the
greatest increase in antibiotic use is observed in low- and middle-income countries
(Klein et al., 2021; Van Boeckel et al., 2014). India, China, and the US were the largest
consumers of antibiotics in 2010. The use of antibiotics for both humans and animals
in China was 162,000 tons in 2013 (Tab. 4). Human consumption accounted for 48%
and veterinary use for 52% (Zhang et al., 2015). In the EU, 3,821 tons of active
substance of antimicrobials were sold for use in humans and 8,927 tons for food-
producing animals in 2014. Within the EU, the use of antimicrobials in Poland
accounted for 841 tons (European Centre for Disease Prevention and Control et al.,

2017).

Tab. 4 Antibiotic consumption in the EU and China.

The EU (2014) Poland (2014)  China (2013)

Total antibiotic consumption (tons/year) 12,748 841 162,000
Human consumption 30% 31% 48%
Animal consumption 70% 69% 52%

Note. The above information is based on (ECDC, 2017) and (Zhang et al., 2015).

There are two main reasons for use of antimicrobial agents in animal farming. Firstly,
antibiotics act as growth promoters to improve productivity of domesticated animals.
Secondly, antibiotics are improper low-cost substitutes for hygiene measures that could
prevent infections in animals (Van Boeckel et al., 2017).

Antibiotics use for growth promotion has been restricted in the EU since 2006 and
the US since 2017. They are, however, still used in other countries such as China or
India (Kokulnathan and Chen, 2020; Kumar et al., 2019; Robinson et al., 2018). The
worldwide use of antimicrobials in food animals was estimated at 131,109 tons in 2013
and, unfortunately, is projected to reach 200,235 tons by 2030. The largest producer
and consumer of veterinary antimicrobials in the world is China. In 2018, almost
29,800 tons of antimicrobials were used in food animals of which 53% was used to
promote animal growth (Ma et al., 2021). The use of antibiotics in food animals
exceeded 14,600 tons in 2012 in the US (Food and Drug Administration, 2014) and
8,9 tons in the EU (European Centre for Disease Prevention and Control et al., 2017).

Overall, the most frequently consumed antibiotics in the EU in human medicine
were penicillins, macrolides and fluoroquinolones, whereas tetracyclines, penicillins and
sulfonamides were the most used antimicrobial classes in veterinary medicine
(European Centre for Disease Prevention and Control et al., 2017). In the report
provided by the European Centre for Disease Prevention and Control (2017),
nitrofurans were among antibiotics not included in the evaluation despite an increase
in the use of nitrofurantoin was observed between 2013 and 2015 (Dolk et al., 2018).
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Occurrence of antibiotics in the
environment

The mass production and excessive consumption of antibiotics and other pharmaceu-
ticals have contributed to a heightened risk of environmental pollution. Several
thousand tons of antimicrobials and their transformation products are introduced to the
environment annually (Felis et al., 2020). A study conducted in 2015 revealed that more
than 600 various pharmaceuticals have been detected in the natural environments in
more than seventy countries on each continent (aus der Beek et al., 2016).

Not surprisingly, numerous antibiotics residues are ubiquitous in wastewater and
wastewater-impacted water bodies, at a trace level of up to a few pg/L (Felis et al., 2020;
Luo et al.,, 2014; Tran et al., 2019). Many research studies about the occurrence of
antibiotics in the wastewater treatment plants (WWTPs) and other water bodies have
been conducted in the last decades. Most of these reports, however, have focused on
a limited amount of target antibiotics. Because of the lack of standardized methods,
data reported in distinct studies are poorly comparable. Rodriguez-Mozaz et al. (2020)
suggest that global monitoring programs would allow acquire reliable and comparable
analytical data concerning antibiotics occurrence at an international level. Such
regulations would provide the basis for international action and allow assess the progress
achieved related to any potential environmental protection action.

Adeleye et al. (2022) extensively reviewed the occurrence of antibiotics in raw
municipal wastewater on different continents. They reported that the concentration of
antibiotics in raw municipal wastewater around the world ranges between 1 and
303,500 ng/L (Fig. 3). The calculations were based on 1235 datapoints. The most
detected antibiotics in raw municipal wastewater are ciprofloxacin, sulfamethoxazole,
erythromycin, trimethoprim, and tetracycline. 75% of municipal WWTPs with the
highest content of antibiotics in their influents were in India. This was due to loosen
regulations, which allow discharge of inadequately treated wastewater from industries
and hospitals. The median concentration of antibiotics in African wastewaters
(1530 ng/L) is orders of magnitude higher than the rest of the world. This is because
in Africa some antibiotics are available without prescription. They are also broadly used
to treat infections occurring in people living with HIV/AIDS (Frank et al., 2019;
K'oreje et al., 2018). It should be highlighted that the number of datapoints used to
calculate mean and median concentrations of antibiotics in WW'TPs effluents was
much lower for Africa than for Europe, North America, and Asia. The concentrations
of antibiotics in WWTPs influents usually exhibits a seasonal pattern, with the lowest
concentrations observed in the summer and highest concentrations in the winter. High
concentrations of antibiotics in winter are linked to increased incidences infections in
colder seasons and to lower biodegradation rates of some antibiotics (Adeleye et al.,
2022). Therefore, the monitoring studies should evaluate the temporal and

geographical trends in antibiotic occurrence (Rodriguez-Mozaz et al., 2020).
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Fig. 3 Median concentration of antibiotics reported in municipal wastewater treatment plant influents on
different continents. Adapted from Adeleye et al. (2022).

Nitrofurans are among the few antibiotic groups whose environmental impact is not
sufficiently understood, and data on their concentration in the environment is very
limited. So far, the quantitative occurrence of nitrofurans in environmental water bodies
and sediment has been reported in China only. Hou et al. (2015) have found FZD in
amended soil and animal manure at a concentration of 15 and 10 pg/kg, respectively.
Yu et al. (2013) confirmed the presence of the residues of four nitrofurans and their
metabolites in pond water and the sediment slurries. They were detected in water at
concentrations ranging from 0.2 to 0.4 pg/L and the sediment within the range of
0.2-0.6 pg/L.

Sources and fate of antibiotics in the
environment

The major sources of antibiotic residues in the environment include effluents from
WWTPs, chemical manufacturing plants, and animal husbandry and aquaculture.

Antibiotics after being used by humans and animals are eliminated from the
organism in urine and feces. They can also be directly released from transdermal use.
Antibiotics can be excreted from the body as unchanged parent compound, metabolized
derivative, and conjugate with glucuronic or sulfuric acid (Kovalakova et al., 2020).
Most antibiotics, however, are not well absorbed into human and animal body.
Consumed antibiotics are mainly excreted unmetabolized reaching the values up to 75%
(Evgenidou et al., 2015) or even 90% (Mompelat et al., 2009).

There are many routes, pharmaceuticals designated for human use are introduced
into the environment (Fig. 4). Hospital, household, and industrial effluents as well as

household waste are among the major sources. Usually, hospitals are associated as the
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greatest reservoir of pharmaceutical pollutants, however, data from twenty seven
European countries indicate that 90% of antimicrobials use by humans is related to
consumption outside hospitals (Felis et al., 2020). This means that controlling of their
release into the environment is practically impossible. Emissions from manufacturing
sites and incorrect disposal are among minor sources of antibiotics in the environment.
The effluents are introduced into the WW'TPs where antibiotics (and other pollutants)
undergo biodegradation, transformation, and sorption onto the activated sludge. Due
to heightened level of pollution, the WWTPs are not always capable to completely
remove all antibiotic residues. These residues remain in the WWTPs effluents and
biosolids/sewage sludge and then reach surface water, sediments, and soil. Therefore,
the WWTPs are indicated to be the main source of environmental pollution with
human antibiotic residues. Minor sources of antibiotics include leaching from landfills,
and reuse of water for irrigation. Consequently, antibiotic residues can potentially
accumulate in soil, be absorbed by crops or leach into groundwater (Chaturvedi et al.,

2021; Felis et al., 2020; Kovalakova et al., 2020; Zuccato et al., 2010).

Manufacture formulation

Human use ‘ Veterinary use

| |
Hospital effluents Household effluents | | Household waste | Treatment = Growth promotion
Leftover drugs
Excretion from oral and parenteral use Landfill Domestic animals ~ Aquaculture ——

Release from transdermal use

— |

WWTPs Animal waste Food products
of animal origin

Effluent water Biosolids, Land application
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Fig. 4 Fate of antimicrobials in the environment. Pathways of antibiotics for human consumption are
marked with pink color; animal food industry and aquaculture — orange color; transport inside the aquatic
environment — blue color. Adapted from Kovalakova et al. (2020).
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The chemical and physical properties of antibiotics molecules modify their persistence
and mobility in the environment. For example, a recent study reported that NFT
exhibits small affinity to accumulate in sediments, therefore, it shows high mobility in
the environment (Toli¢ et al., 2019). In addition, antibiotics can adsorb on microplastic
particles which serve as their carrier in the aquatic environment. This indicates that
both could have higher toxic effects on aquatic life due to the combined pollution
(Lietal., 2018).

Veterinary antibiotics spread in the natural environment in different pathways than
the human antibiotics (Fig. 4). The most significant sources of veterinary drugs used
for treatment of growth promotion are farms and aquaculture. Antimicrobials given to
animals are spread in fields through manure and then reach soil and groundwater.
Antibiotics used in crops and aquaculture contribute to contamination through their
accumulation in soil or sediment. Inappropriate disposal of unused drugs and livestock
feed are also among the sources of veterinary antibiotics in the environment.
Application of high amount of veterinary pharmaceuticals in animal husbandry is one

of the main sources of pharmaceuticals into terrestrial environment (Felis et al., 2020;

Knibel et al., 2016; Zuccato et al., 2010).

Do nitrofurans affect (micro)organisms?

The occurrence of antibiotic residues in the environment poses a risk for organisms at
various trophic levels — from microorganisms, through plants and animals to humans.
Antibiotics can pose acute or chronic toxicity on non-target organisms. This is a result
of the immediate exposure to therapeutic levels or the long-term exposure to
subtherapeutic concentrations of pollutants (Bengtsson-Palme and Larsson, 2016;
Danner et al., 2019; Kiimmerer, 2009).

One of the most important threats related with occurrence of antibiotics in the
natural environment is development of antibiotic resistance worldwide (Berendonk et
al., 2015). Antibiotics residues can have also other adverse effects, as follows:

- Disturbance of the bacterial cell cycles, mechanisms and processes, essential to
maintaining the aquatic balance, soil fertility, agricultural balance and animal
production (Kumar et al., 2019).

- Modifications of the structure of human intestinal microflora® (Ben et al., 2020,
2019).

- Ecotoxicity towards algae, cyanobacteria, plants, crustaceans, fish, and bacteria
(Kovalakova et al., 2020).

- Generation of excessive reactive oxygen species and inhibition of defensive

mechanisms in cells (Chen et al., 2019; Liu et al., 2015).

3 Changes in the intestinal microflora can lead to excessive proliferation of pathogenic and opportunistic bacteria which can
further contribute to numerous diseases, such as intestinal disorders, pseudomembranous colitis, colorectal cancer.
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- Reduced germination, growth and development of crops (Pan and Chu, 2017).
- Changes in behavior, growth, and reproduction of animals (Janecko et al.,
2016).

Antimicrobials affect microbial cells by various mechanisms, including inhibition of
nucleic acids synthesis, protein synthesis, or cell envelope synthesis. These compounds
are designed to treat bacterial infections in humans and animals. They are not designed
to affect mammalian cells, therefore, their negative impact on humans and animals
should be rather negligible. Therefore, subtherapeutic exposure to antibiotic residues
can exert more toxic effects on environmental microorganisms than the vertebrates
(Patel et al., 2019).

Just as typical antibiotics, nitrofurans also present notable human health and
ecological concerns. Both parent compounds and their metabolites have been reported
to show mutagenic, teratogenic, and carcinogenic properties for humans and animals
(Leston et al., 2011; Zuma et al., 2019). The impact of nitrofurans on the microbial
communities can be significant, although, to date, it has only been examined in a very
few studies. Available information about impact of nitrofurans on organisms
(microorganisms, protists, plants, and aquatic animals) is summarized in Tab. 5. The
results published by the author are not included in the list.
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Tab. 5 Impact of nitrofurans on microorganisms, plants, and aquatic animals. The results published by the author are not included in the list.

Group of Specific organism Compound  Impact References

organisms studied

Microorganisms  Vibrio fischeri NFT Toxic effect (EC50=4.0 mg/L) (Biosi¢ et al., 2021)
Allivibrio fischeri NFT Toxic effect (EC50=2.066 mg/L) (Lewkowski et al., 2019)
Allivibrio fischeri FZD Toxic effect (EC50=2.051 mg/L) (Lewkowski et al., 2019)
Salmonella typhimurium NFT Mutagenic effect (Klobucar et al., 2013)

Protists Ciliate (Paramecium jenningsi) NFZ Reduced relative population growth rate, increased activity of catalase, (Li etal., 2023)

superoxide dismutase, glutathione peroxidase

Periphytic ciliates communities NFZ Affected community structure (Kazmi et al., 2022)
Protozoan periphyton communities  NFZ Variation in the functional patterns, reduced functional diversity indices (Uroosa et al., 2021)
Algae (Desmodesmus subspicatus) — NFT Inhibited growth, harmful effect (EC50=12.4 - 17.4 mg/L) (Klobucar et al., 2013)
Macroalage (Ulva lactuca) FTD Decreased growth rate (Leston et al., 2011)
Euplotes vannus NFZ Reduced viability, observed DNA damage (Zhou et al., 201)

Plants Mung bean seeds (Vigna radiata) FZD Inhibited growth, morphological changes in sprouts (Cao etal., 2022)
Common radish NFT, FZD Totally inhibited growth at 1000 mg/kg; Inhibited growth of shoots and (Lewkowski et al., 2019)

(Raphanus sativus)

roots 100 mg/kg; increased the plant dry weight; adverse effect of
germination; decreased total chlorophyll and carotenoid level
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Group of Specific organism Compound  Impact References
organisms studied
Plants Oat (Avena sativa) NFT, FZD Inhibited growth of shoots and roots 100 mg/kg; increased the plant dry (Lewkowski et al., 2019)
weight; adverse effect of germination; decreased total chlorophyll and
carotenoid level
Aquatic animals  Fish embryos (Danio rerio) NFT Short-term exposure: Induced mortality, detected alterations in normal (de Oliveira et al.,
development > 10 mg/L. Acute effects not expected to occur in natural 2020)
ecosystems.
Biochemical changes > 10 mg/L. Expected negative long-term effects.
Crustaceans (Heterocypris FZD, NFT Increased mortality: 91% (FZD), 96% (NFT) mortality rate at 50 mg/kg (Lewkowski et al., 2019)
incongruens) s.d.w., total mortality (FZD, NFT) at 100 mg/kg s.d.w.
Fish cell lines (Danio rerio and NFT Reduced viability of cells (EC50=11.9 mg/L) (Klobucar et al., 2013)
Poeciliopsis lucida)

Fish cell lines (Oncorhychus mykiss) ~ NFT

Fish embryos (Danio rerio) NFT
Fish (Poecilia formosa) FZD
Fish (Oreochromis niloticus) FZD

Reduced viability of cells (EC50=3.57 mg/L)
Induced genotoxicity at 1.2 mg/mL.

Liver steatosis, increased internal organs, developed renal and hepatic
melanohistocytomes

Liver steatosis

(Klobucar et al., 2013)
(Kosmehl et al., 2006)

(Auro et al., 2004)

(Auro et al., 2004)

Note. NFT — nitrofurantoin, FTD — furaltadone, FZD — furazolidone, NFZ — nitrofurazone, EC50 — half maximal effective concentration.



Strategies for the removal of antibiotics
residues

To minimize the adverse effects of antibiotic residues on (micro)organisms in the
natural environment, development of cost-effective and efficient strategies of their
removal is essential. Common decontamination methods for antibiotics polluted sites
include physical remediation, chemical remediation, and bioremediation.

Physical remediation techniques include adsorption, dialysis, electrodialysis,
evaporation, flocculation, filtration, reverse osmosis, sedimentation, stream stripping.
Chemical treatment methods include ion-exchange, calcination, neutralization,
precipitation, and reduction. Biological treatment include aerobic and anaerobic
microbial degradation in WWTPs, aerated lagoons, tricking filters, or waste
stabilization ponds (Patel et al., 2019).

Generally, bioremediation refers to phytoremediation or microbial remediation.
Compared to physical and chemical remediation technologies, biological treatment is
more promising due to robustness, eco-friendly approach, and cost-effectiveness
(Azubuike et al., 2016; Ye et al., 2017). Phytoremediation uses living plants to
decontaminate polluted environments while microbial bioremediation* is based on
natural abilities of microorganisms to transform hazardous pollutants into simpler, less
toxic, or non-toxic substances (Azubuike et al.,, 2016; Kafle et al., 2022). The
Organisation for Economic Co-operation and Development (OECD) in their
guidelines distinguishes two main types of biodegradations (Fig. 5). The total
mineralization (ultimate biodegradation) occurs when the test compound is completely
utilized by microorganisms. As a result, carbon dioxide, water, mineral salts, and
biomass are produced. During primary biodegradation (biotransformation) the
structural change of a parent compound occurs resulting in the loss of specific properties
of that substance (Organisation for Economic Co-operation and Development, 1992).

Each bioremediation technology tends to decompose the pollutant of interest into
a harmless product. However, a major drawback of these processes is formation of
transformation products (TPs) which can show similar or even higher toxicity then the
parent compounds (Vasquez et al., 2013). These products usually are characterized by
increased stability and can remain pharmacologically active in the environment for
a long time (Lépez-Serna et al., 2013).

The global market size of bioremediation was worth $106 Billion in 2019 and is
expected to reach $335 Billion by 2027 (Tran et al., 2021). This indicates that new, and

effective remediation technologies develop successively.

4 The term bioremediation is often used interchangeably with biodegradation. However, biodegradation is defined as process of
decomposition of complex compounds into simpler molecules with the help of living organisms that occur naturally while
bioremediation is an engineered technique of degradation of environmental contaminants by microorganisms occurring naturally
or deliberately introduced to the polluted site.
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Fig. 5 Two types of biodegradation according to the OECD.

The microbial species used in bioremediation processes are usually isolated from natural
microbial communities chronically inhabiting contaminated areas. The overall scheme
to isolate single bacterial strains includes several major steps (Pacholak et al., 2019,
2023b; Tran et al., 2021):

1. Environmental sample collection using aseptic technique.

2. Screening of pure strains by their cultivation in a medium containing the target

compound.

3. Identification of single species by sequencing.

4. Characterization of the single species, discarding the pathogenic strains.

5. Evaluation of biodegradation potential.

It is commonly believed that mixed microbial communities are more powerful in
degradation of organic compounds than the single species (Nnabuife et al., 2022).
However, bioaugmentation with efficient species of high ability to degrade the
pollutants is a promising strategy for bioremediation of contaminated environments (Li
et al., 2020). Some examples of the bacterial species recently used for bioremediation
of antimicrobials include Burkholderia cepacia (remediation of tetracycline)
(Hong et al., 2020), Bacillus paramycoides SDB4 (remediation of sulfamethoxazole)
(Chen et al., 2022), Ochrobactrum sp. TCC-2 (triclocarban) (Bai et al., 2021).

There are three crucial factor that limit bioremediation and biodegradation
efficiency (Ossai et al., 2020). These factors include (i) physicochemical parameters of
the surrounding environment, (ii) characteristics of the pollutants, (iii) properties of the
microbial cells. Important properties of the microbial cells include not only the ability
to biodegrade xenobiotics, but also tolerance of cells to grow and survive in toxic
environment, metabolic activity, cells viability, structure of microbial communities, and
surface properties of the cells (Ma et al., 2018). Cell surface properties determine uptake
and bioavailability of the contaminants, hence, evaluation of changes in these cells
features is crucial in monitoring of biodegradation of antibiotics and other xenobiotics.
Important cell surface properties include, among others, cell surface zeta potential, cell
size, ultrastructure, morphology, membrane permeability, and surface hydrophobicity

(Kaczorek et al., 2018).
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Removal of nitrofurans

To date, research about removal of 5-NFs from the environment has focused on
physicochemical methods (Tab. 6). Several studies reported the removal of nitrofuran
antibiotics from the environment using different techniques such as electrochemical
degradation (Kong et al., 2015), adsorption using synthetic and natural adsorbents like
carbon nanotubes (Zhen-Yuan and Zhen-Hu, 2015) or waste banana pseudostem
biomass (Gurav et al., 2020). Photocatalysis was another strategy used for removal of
nitrofurans (Durin et al., 2022; Lai et al., 2022; Szab6-Bardos et al., 2020; Yashas et
al., 2022). Edhlund et al. (2006) investigated for the first time photodegradation of
FTD, FZD, and NFT. Efficient removal of 5-NFs was obtained, and some degradation
products were proposed (nitrofuraldehyde as was found to be the primary degradation
product of all nitrofurans tested).

Because nitrofurans are defined as unstable compounds, Bio$i¢ et al. (2017)
investigated hydrolytic degradation of NFT in various pH values and temperatures.
Hydrolytic degradation was much slower in acidic environment compared to neutral
and alkaline environment at all investigated temperatures (20, 40, and 60 °C).
In addition, degree of NFT hydrolysis increased with temperature at all investigated
pH-values. An in-depth examination of results obtained for experiments performed at
20 °C (temperature the closest to temperature of the surrounding environment) show
that NFT degradation reached 1.6% at pH 4, 6.5% at pH 7, and 27% at pH 9 after
30 days. These results, together with selected results of 5-NF's biodegradation published
by author of this thesis (Pacholak et al., 2023b, 2023a, 2020, 2019), indicate that
nitrofuran antibiotics are more stable than commonly believed.

Despite good efficiency of nitrofurans removal by the above-mentioned methods,
their use is limited due to economic reasons and high energy requirements (Gurav et
al., 2020). Limitations of heterogenous photocatalysis also include difficulty in recovery
and uniform distribution of nanoparticles, low adsorption of organic pollutants, and
aggregation of nanoparticles (Dong et al.,, 2015). As for the adsorption process,
regeneration of adsorbents may be not feasible and problems with posttreatment
disposal may occur (Jadhav and Jadhav, 2021). Nanomaterials used for photocatalysis
as well as adsorbents also may cause secondary pollution and their migration in
organisms and the environment is not sufficiently understood. In addition,
nanomaterials are often toxic to living organisms (Peng et al., 2020).

Very limited information is available about removal of nitrofurans from the
environment by biological methods (excluding articles co-authored by the author of this
dissertation). The most advanced study related with biological treatment of 5-NFs
analyzed biodegradation of FZD by three bacterial strains (Tab. 6) (Zhang et al. (2013).
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Tab. 6 Summary of the removal of nitrofurans reported in the literature. The results published by the author are not included in the list.
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Method Antibiotic  Treatment type Influent Removal Time TPs References
concentration rate identified?

Biodegradation  FZD Bacterial degradation 5 mg/L 95% 24 h No (Zhang et al., 2013)
by Acinetobacter calcoaceticus T32

Biodegradation  FZD Bacterial degradation 5 mg/L 89% 3 days No (Zhang et al., 2013)
by Pseudomonas putida SP1

Biodegradation ~ FZD Bacterial degradation by Proteus mirabilis V7~ 5 mg/L 82% 3 days No (Zhang et al., 2013)

Electrochemical ~ NFZ Cyclic voltammetry 50 mg/L 85-99% 9h Yes (Kong et al., 2015)

Physical FTD UV light-driven photocatalysis intensified by 10 mg/L 80% 30 min Yes (Duran et al., 2022)
persulfate

Physical NFT Visible light-driven photocatalysis using 24 mg/L 100% 15 min No (Lai et al., 2022)
ruthenium nanoparticles-incorporated
hafnium oxide

Physical NFT Visible light-driven photocatalysis using 15 mg/L 93% 80 min No (Yashas et al., 2022)
molybdate tethered polypyrrole
nanocomposite

Physical FZD Adsorption on magnetic biochar derived from 100 mg/L 44 -55% 60 min No (Gurav et al., 2020)
waste banana pseudostem biomass

Physical NFT Visible light-driven photocatalysis using TiO, 10 mg/L 100% 90 min Yes (Szabd-Bardos et al., 2020)
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Method Antibiotic Treatment type Influent Removal Time TPs References
concentration rate identified?

Physical FZD Adsorption on magnetic multi-wall carbon 10 mg/L 97.8% 200min  No (Zhen-Yuan and Zhen-Hu,
nanotubes 2015)

Physical NFZ Adsorption on magnetic multi-wall carbon 10 mg/L 93% 200min  No (Zhen-Yuan and Zhen-Hu,
nanotubes 2015)

Physical NFT Adsorption on magnetic multi-wall carbon 10 mg/L 96.5% 200 min ~ No (Zhen-Yuan and Zhen-Hu,
nanotubes 2015)

Physical FTD Adsorption on magnetic multi-wall carbon 10 mg/L 94.2% 200min  No (Zhen-Yuan and Zhen-Hu,
nanotubes 2015)

Combined NFZ Bio-photoelectrochemical system with 50 mg/L 80% 10h Yes (Hou et al., 2020b)
bioanode and the g-C3N4/CdS heterojunction
photocathode inoculated with municipal
activated sludge

Combined NFZ Bio-photoelectrochemical system with 10 mg/L 83% 4h No (Hou et al., 2020a)
g-C3N4/CdS heterojunction photocatalyst
inoculated with municipal activated sludge

Combined NFZ Bioelectrodegradation — bioelectrochemical 50 mg/L 42 - 71% 60 min Yes (Kong et al., 2017)

system inoculated with municipal activated
sludge

Note. TPs — transformation products, FZD — furazolidone, NFZ — nitrofurazone, FTD — furaltadone, NFT — nitrofurantoin.



Chapter 2

Dissertation aims
and outline
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Research gap and hypothesis

Nitrofuran derivatives are bactericidal, broad-spectrum antibiotics. The representatives
of the nitrofuran family include, among others, NFT, NFZ, FZD and FTD. They have
been employed as pharmaceuticals, food additives, conservatives, and growth promoters
for a long time. Currently, nitrofurans are no longer permitted for use in food-
producing animals in many countries, including the EU member states and the US, due
to the possible genotoxic, carcinogenic, and non-neoplastic effects. Even though their
use in food animal production is prohibited in many countries, nitrofurans are often
found in animal food products. In addition, in some third countries, nitrofurans can be
legally used in food producing animals, however, specific information on the actual
usage is not available. In human medicine, NFT, NFZ, and FZD are still commonly
used. The mass production and excessive consumption of nitrofurans has contributed
to a heightened risk of environmental pollution, which may negatively affect living
organisms. Nitrofurans are among the few antibiotic groups whose environmental
impact is not sufficiently understood, and data on their concentration in the
environment is very limited. Nitrofurans lack enough attention of the scientific
community as most of reports about antibiotics occurrence and environmental impact
do not consider nitrofurans at all (Danner et al., 2019; Felis et al., 2020; Kovalakova
et al., 2020; Zuccato et al., 2010). Therefore, information on nitrofurans environmental
fate is scarce compared to other commonly used antibiotics (Fig. 6). Previous studies
mostly focused on nitrofurans clinical aspects (e.g. metabolism, efficacy and toxicity,
pharmacokinetics, application) rather than their environmental aspects (Bessone et al.,
2023; Gallardo-Garrido et al., 2020; Nakagawa et al., 2021; O’Connor et al., 2022).
Despite this, nitrofurans mechanism of action against bacteria is not fully understood.
To address the above identified research gap, selected nitrofurans were investigated
in terms of their biodegradability as well as short- and long-term influence on the
bacterial strains. Specifically, the following hypotheses will be verified:
H-1: Natural microbial communities contain bacterial strains capable of degrading
nitrofurans efficiently (P1, P3, P5).
H-2: Nitrofurantoin biodegradation leads to formation of transformation products
that strongly affect bacterial cells (P3, P5).
H-3: Bacterial cell properties and metabolic activity change dynamically during
biodegradation of nitrofurantoin (P5).
H-4: Nitrofuran antibiotics significantly affect the properties of environmental
bacterial strains (P1, P2, P4, P5).
H-5: Nitrofurantoin affect the structure of natural microbial communities (P3).
H-6: Prolonged exposure of bacterial strains to nitrofuran antibiotics leads to
significant modifications of cell structure and cell metabolism. These effects are

compound specific (P2, P4).



Amanda Pacholak, PhD Dissertation ] 26

10000

8774
5000

4189 4142

4000+

3000+

2507

2065 2015

2000+ 1843
1107
1000+
269 241
0 [

Fig. 6 Number of journal articles published in the last ten years (2013 — 2023) on environmental aspects
of nitrofurans compared with other common antibiotics (as defined in Tab. 1). Data was collected from the
Scopus database using “environmental science” as the subject area and antibiotic class names as the
keyword. B-lactams include penicillins, cephalosporins, monobactams, and carbapenems, therefore the
individual subclasses names were used as the keywords for B-lactams class.

Number of articles

Aims and objectives

The overall purpose of this dissertation is to explore the biodegradation of selected
nitrofurans by environmental bacteria and to understand how nitrofurans affect the cell
properties. The above issues were investigated with a multi-faceted approach using
newly isolated pure bacterial strains as well as microbial consortia. Conventional culture
methods (e.g. various colorimetric assays) were complemented with modern powerful
techniques, such as atomic force microscopy (AFM), flow cytometry (FC),
metabolomics, and metagenomics. The specific objectives of this dissertation are, as
follows:

- To isolate and identify the pure bacterial strains from various environmental

niches (urban and municipal wastewater, soil, water reservoirs) (P1, P2, P4, P5).

- To explore the biodegradation of nitrofurans by the single strains and the

microbial consortia collected from various environments (P1, P3, P5).

- To identify NFT biotransformation products and determine their effect on the
bacterial strains (P3, P5).

- To understand the effect of nitrofurans on cell metabolic activity and cell

properties, such as membrane permeability and surface hydrophobicity (P1).
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- To critically assess the dynamic changes in the composition and diversity of the

microbial communities during biodegradation of NFT (P3).
- To expose the isolated strains to NFT and FID for 12 months (P2, P4).

- To study modifications of cells shape and structure triggered by prolonged
exposure to nitrofurans (P2).

- To assess the biochemical response of cells exposed to nitrofurans for 12 months
by analysis of changes in cell membrane permeability, surface hydrophobicity
and fatty acids profile (P2).

- To understand the effect of a 12-month continuous exposure of strains to
nitrofurans on metabolomic profile, damage of the genetic material, metabolic
activity, and stress response within the cells (P4).

Dissertation structure

This dissertation comprises five research chapters, list of references and author’s
scientific activity and three appendices. Chapter 1 provides the current state of
knowledge about antibiotics pollution with emphasis put on nitrofuran derivatives.
Research gap, questions, aims, and objectives are provided in Chapter 2. Dissertation
is based on five original research articles which are listed in Chapter 3. A summary of
results presented in these articles is described in Chapter 4. Chapter 4 begins with short
introduction. Next, the main results, divided into two sections, are described. The first
section is based on three publications (P1, P3, and P5) in which degradation of NFT
as well as the effect of short-term exposure of bacteria to nitrofurantoin is discussed.
The second section is based on two articles (P2, P4) and describes the effect of
prolonged exposure of strains to NFT and FTD. In the last section of Chapter 4,
additional achievements are briefly described. These achievements include three
publications related to nitrofurans biodegradation and/or impact on cell properties.
They are not, however, directly included in this dissertation. Dissertation is concluded
in Chapter 5 where the main findings are summarized, and their significance is
discussed. Limitations and potential extensions of this work are also outlined.
Additional sections of this dissertation include a list of publications cited, author’s
scientific activity, and three appendices (A-C). Appendix A contains full texts of
papers P1 — P5. Author’s contribution is presented in Appendix B, and co-authors

statements, describing the individual contribution of each co-author, in Appendix C.



Chapter 3

Publications included
in dissertation
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List of publications

This dissertation is based on results published in the journals indexed by the Journal

Citation Reports as below. Publications are arranged in chronological order.

P1. A.Pacholak, W. Smulek, A. Zgota-Grzeskowiak, E. Kaczorek®, Nitrofuran-
toin — microbial degradation and interactions with environmental bacterial
strains, International Journal of Environmental Research and Public Health

16 (2019) 1526, doi:10.3390/ijerph16091526

P2. A. Pacholak®, N. Burlaga, U. Guzik, E. Kaczorek®, Investigation of the
bacterial cell envelope nanomechanical properties after long-term exposure to
nitrofurans, Journal of Hazardous Materials 407 (2021) 124352, doi:
doi:10.1016/j.jhazmat.2020.124352

P3. A. Pacholak®, A. Zgola-Grzeskowiak, E. Kaczorek, Dynamics of microbial
communities during biotransformation of nitrofurantoin, Environmental

Research 2016 (2023) 114531, doi:10.1016/j.envres.2022.114531

P4. A.Pacholak®, J. Zur-Piniska, A. Piriski, Q. A. Nguyen, M. Ligaj, M. Luczak,
L. D. Nghiem, E. Kaczorek, Potential negative effect of long-term exposure to
nitrofurans on bacteria isolated from wastewater, Science of the Total

Environment 872 (2023a) 162199, doi:10.1016/j.scitotenv.2023.162199
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* Denotes the corresponding author

Full texts of papers P1 — P5 are provided in Appendix A, author’s contribution in
Appendix B, and the co-authors statements, describing the individual contribution of

each co-author, in Appendix C.
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The bibliometric indicators presented in Tab. 7 include Impact Factor (IF), 5-year
Impact Factor (5-y IF), and Ministry of Education and Science Points (MEIN).
IF reflects the Impact Factor for the journal for the year of publication. 5-y IF reflects
the 5-year journal Impact Factor for the years 2017-2022. MEIN reflects the points
awarded by a journal included in the list of ranked journals published in 2021 by
Ministry of Education and Science in Poland (Ministerstwo Edukacji i Nauki, MEiN).

Tab. 7 Bibliometric indicators of papers included in dissertation.

Lp.
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P2.
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J. Hazard. Mater.
(2021)
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Environ. Res.
(2022)
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(2023a)
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(2023b)
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Introduction

Results conducted within this dissertation are divided into two parts. The first part

includes evaluation of impact of short-term exposure of newly isolated bacterial strains

and bacterial consortia to nitrofurantoin. The following publications are included in

this section:

P1.

P3.

P5.

A. Pacholak, W. Smulek, A. Zgola-Grzeskowiak, E. Kaczorek,
Nitrofurantoin — microbial degradation and interactions with environmental
bacterial strains, International Journal of Environmental Research and

Public Health 16 (2019) 1526, doi:10.3390/ijerph16091526

A. Pacholak, A. Zgota-Grzeskowiak, E. Kaczorek, Dynamics of microbial
communities during biotransformation of nitrofurantoin, Environmental

Research 2016 (2023) 114531, doi:10.1016/j.envres.2022.114531

A. Pacholak, W. Juzwa, A. Zgola-Grzeskowiak, E. Kaczorek, Multi-faceted
analysis of bacterial transformation of nitrofurantoin, Science of the Total

Environment 874 (2023b) 162422, doi:10.1016/j.scitotenv.2023.162422

The second part refers to studies about bacterial strains subjected to prolonged

(12-month) exposure to nitrofurantoin and furaltadone. The following publications are

included in this section:

P2.

P4.

A. Pacholak, N. Burlaga, U. Guzik, E. Kaczorek, Investigation of the
bacterial cell envelope nanomechanical properties after long-term exposure to
nitrofurans, Journal of Hazardous Materials 407 (2021), doi:124352,
doi:10.1016/j.jhazmat.2020.124352

A. Pacholak, J. Zur-Piriska, A. Piriski, Q. A. Nguyen, M. Ligaj, M. Luczak,
L. D. Nghiem, E. Kaczorek, Potential negative effect of long—term exposure to

nitrofurans on bacteria isolated from wastewater, Science of the Total

Environment 872 (2023a) 162199, doi:10.1016/j.scitotenv.2023.162199
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Short-term exposure of microorganisms
to nitrofurantoin

Publication P1

Nitrofurantoin — microbial degradation and interactions with
environmental bacterial strains

Publication P1 presents the results of biodegradation of NFT and its influence on the
properties of bacterial cells. The specific objectives of experiments performed within P1
are, as follows:
- To identify and characterize the pure bacterial strains isolated from the
municipal and rural activated sludge.
- To determine the ability of the novel strains to degrade NFT.
- To assess the modifications of the cell properties of the novel strains cultivated
with NTF.
The first part of the experiments aimed to isolate the pure bacterial strains from the
activated sludge collected from the rural and municipal WWTPs. Both sewage facilities
are located in Poznari County in Poland and use a mechanical biological treatment
(MBT) technology, however, they differ in the maximum capacity and the operational
area (Tab. 8).

Tab. 8 Characteristics of the wastewater treatment facilities from which the bacterial strains were
isolated.

Geographical ~ Operational area  Capacity Treatment type
location
Rural 52°29'41.6” N,  Rural area with 1150 m*/24 h MBT

WWTP 16°35’08.8" E over eight
thousand citizens

Municipal  52°25'63.1” N,  Urban area with 50000 m*24 h  MBT with increased nutrient
WWTP 16°57'31.8" E a population of removal and full treatment of
at least 500,000 generated sewage sludge

Note. MBT — Mechanical Biological Treatment, WWTP — wastewater treatment plant.

The selective enrichment method was used to isolate the single strains. As a result,
eighteen bacterial strains were isolated from the rural wastewater and thirteen strains

from the municipal wastewater. Based on the ability to grow in the presence of NFT,
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five strains were chosen for further research (two from the rural wastewater, and three
from the urban wastewater):

- Sphingomonas paucimobilis K3a

- Ochrobactrum antrophi K3b

- Rbizobium radiobacter P4c

- Pseudomonas aeruginosa P4a

- Sphingobacterium thalpophilum P3d
The biochemical profile and ability to produce hemolysins were evaluated for these
strains. Furthermore, the bacterial cultures were established to investigate the impact
of NFT of the cell properties. The tested cell features include inner membrane
permeability (IMP), total membrane permeability (TMP), cell surface hydrophobicity
(CSH), and the metabolic activity (MetAct). To understand the general effect of
xenobiotics on the cells, evaluation of these parameters is important. For example,
increased inner and total cell membrane permeability can indicate the cell’s rupture due
to toxic effect of a substance, but on the other hand, it can facilitate the uptake of the
compound by the cell for its biodegradation. Decreased membrane permeability,
however, may indicate on sealing the outer layers of the cell to prevent the xenobiotics
from entering the cell. Cell surface hydrophobicity, however, point out the
bioavailability of microbial cell to chemical compounds. Its modifications can indicate
remodeling of the outer layers of bacterial cells. Taken together, all these parameters
may suggest the initiated defensive mechanisms against the exogenous substance or its
toxic effect.

The modifications of IMP, TMP, CSH, and MetAct were tested after
24 h exposure of cell to NFT at the initial concentration of 5 mg/L. Results of
experiments are summarized in Tab. 9. NFT induced a statistically significant
modifications of inner membrane permeability in four strains (K3b, P4c, P3d, P4a),
total membrane permeability in three strains (K3a, P4c, P3d), and cell surface
hydrophobicity in three strains (K3a, P4c, P3d). Exposure of cells to NFT promoted
significant reduction of cell metabolic activity in the K3a, K3b, P4c, and P4a strains.

The next part of research was devoted to analysis of primary biodegradation of
NFT. For this purpose, NFT removal from the bacterial cultures was evaluated as well
as the kinetic parameters according to the Monod equation were calculated. The
highest removal rate was measured within the first two days of cultivation for all strains.
The strains isolated from the rural wastewater exhibited higher removal efficiency than
the strains from the municipal wastewater. In two days, >90% of the initial
concentration of NFT was removed from the cultures containing the strains isolated
from the rural wastewater. The average primary biodegradation reached 96% for the
K3a strain and 93% for the K3b strain. Among the strains isolated from the municipal
wastewater, the most effective primary biodegradation was observed for the P4c strain,
and the least effective degradation for the P4a strain.
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The obtained results of primary biodegradation efficiency and modifications of cell
properties indicate that the response of cells to NFT was not unequivocal. In the K3a
strain, a high degradation was accompanied by the modification of cell surface towards
hydrophilic properties and TMP towards lower values with unchanged IMP. The
opposite situation was observed in the K3b strain for which a high degradation was
accompanied by lowered inner membrane permeability with unchanged values of CSH
and TMP. The P4c strain was the most susceptible to modifications as TMP, CSH,
MetAct significantly increased, and IMP significantly decreased in the presence of
NFT. The P3d strain had specific characteristics as it was the only strain for which no
significant modifications of MetAct were observed and its outer surface was modified
towards hydrophobic properties after exposure to NFT. In addition, both IMP and
TMP decreased in cultures containing NFT. The lowest NFT removal was observed
for the P4a strain. This strain was initially characterized by the lowest MetAct which
was additionally reduced in cells exposed to NFT.

Tab. 9 Summary of most important results presented in P1. The direction of arrows indicates up- or
downregulation (control vs. treated sample). Not significant comparisons are labelled as “ns”. Results of
primary biodegradation refer to 28-day cultures.

Strain K3a K3b P4c P3d P4a
TMP N ns N N ns
IMP ns \ T \ T
CSH N ns N T ns
MetAct \ J 2 ns 2

Average primary

biodegradation (%) 98 3 84 70 50

Note. TMP — total membrane permeability, IMP — inner membrane permeability, CSH — cell
surface hydrophobicity, MetAct — metabolic activity.

Conclusions:

To conclude, both microbial consortia contained the strains that were able to
biodegrade NFT. The removal rate ranged from 50 to 96% in 28 days. Although the
strains were able to degrade NFT, exposure to this antibiotic significantly affected cell
properties. P1 is the first general but comprehensive report about the impact of NFT

on single bacterial strains.
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Publication P3

Dynamics of microbial communities during biotransformation of
nitrofurantoin

Results presented in publication P3 describe efficiency of biodegradation of NFT by
microbial consortia collected from two aqueous environmental niches (mountain stream
and seaport seawater); detection of transformation products formed, and broad analysis
of shifts in microbial communities during biodegradation.

Protected areas, such as national parks, wilderness areas and nature reserves, due to
their long-term protection are expected to be a mainstay of biodiversity conservation.
Therefore, they should be characterized by negligible concentration of anthropogenic
pollutants. Supposedly, microorganisms present in the water bodies of such pristine
areas have not been exposed to anthropogenic contaminants, therefore, they might not
have the adaptative mechanisms developed. Hence, the bacteria can be very sensitive to
chemical pollution and exhibit low biodegradation potential. On the other hand, the
aqueous environmental compartments, such as seaport seawater, may contain
microorganisms with greater biodegradation potential. The microorganisms were
expected to have adaptive responses greatly developed to survive in adverse
environments due to the numerous contaminants they receive.

The following are the specific objectives of experiments performed within P3:

- To understand the biodegradation of NFT by bacterial consortia collected from
two distinct environmental niches: the reserve of the protected area (mountain
stream) and the contaminated area (seaport water).

- To critically assess the dynamic changes in the composition and diversity of the
microbial communities during biodegradation of NFT.

The samples of water were aseptically collected from the environmental niches, as
follows:

- The mountain stream (NW) which represents the reserve of the protected area
with no human intervention. The sample was collected from the area nearby
Siklawica Waterfall in Tatra National Park in Poland (geographical location:
492 15" 34" N 190 55" 44" E).

- The seaport seawater (SS) which represents the area that concentrates diverse
human activities and receives numerous contaminants including petroleum
hydrocarbons, pesticides, microplastic, and metals. The sample was collected
from the area of the Port of Gdarisk, one of the largest seaports on the Baltic
Sea located on the southern coast of Gdarisk Bay in Poland (geographical
location 54 23" 36" N 18° 40’ 12" E).

Once the water samples were collected, they were transported to the laboratory and

aerated for 24 h. Next, the enrichment cultures were established and used for
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inoculation to start liquid cultures for further experiments. Four initial concentrations
of NFT were chosen for testing: 5, 10, 15, and 20 mg/L. The cultures were incubated
for 28 days at room temperature on a horizontal shaker in the dark. To analyze the
biodegradation rate, detect degradation products and investigate shifts in the microbial
communities, small volumes of samples were collected in a few days intervals.
To investigate biodegradation rate, the samples were filtered, diluted with methanol,
and analyzed qualitatively and quantitatively for the residual NFT using liquid
chromatography coupled with mass spectrometry (LC-MS/MS). In addition, the total
organic matter removal was determined based on measurements of ultraviolet
absorption at 254 nm wavelength. To detect degradation products, the samples were
derivatized with 2-nitrobenzaldehyde and then analyzed using LC-MS/MS.
To investigate shifts in the microbial communities, DNA from bacterial cells was
isolated and iTag sequencing of 16S rRNA genes was performed. A scheme of

procedures during experiments performed within P3 is presented in Fig. 7.

X 2sdays - Supernatant:
X 2n Jl 20-22°C . . .
2022 e Derivatization of TPs
e LC-MS/MS analysis

NN
NN —> —>
NN ‘
Collection of Enrichment cultures Experimental cultures  Samples collection \ Pellet:
water samples Biomass

e Extraction of DNA
e PCR amplification
o mNGS sequencing

Fig. 7 A scheme of the experiments performed within publication P3.

Results of primary biodegradation were unexpected because NFT removal by
microorganisms in the NW sample was much more efficient than its elimination by
microbes in the SS sample. A complete NFT primary biodegradation by the NW
consortium has been achieved in samples with the two lowest initial concentrations of
NFT (5 and 10 mg/L) as opposed to the analogic samples containing the SS consortium
(Tab. 10). Moreover, in the cultures with the highest initial NFT concentration
(20 mg/L), the final degradation efficiency by the NW consortium (88 + 1%) was more
efficient than the SS consortium (64 + 2%).

An important part of degradation studies was analysis of the total organic carbon
(TOC) content during biodegradation in the bacterial cultures. The calculated TOC
decreased with time. The higher concentration of NFT, the higher TOC was
calculated. In addition, a considerable difference between the two bacterial

communities was observed.
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Tab. 10 Primary biodegradation (%) of NFT measured in the 28-day cultures.

NFT initial concentration 5 mg/L 10 mg/L 15 mg/L 20 mg/L
NW 99.9£0.1 100.0£0.8 94.0%£05 88.1+1.0
SS 91317 76.3£16 70.3£5.0 63.5%2.2

Note. NW - consortium from the mountain stream water sample, SS — consortium from the seaport

seawater sample.
The primary biodegradation of many anthropogenic substances can lead to the
generation of TPs that can remain unchanged in the ecosystems for a long time. The
proposed TPs of NFT biodegradation include AHD, SEM and hydrazine (HYD).
They were formed as a result of cleavage at the carbon-carbon bond linking the aromatic
5-nitrofuran ring and the tail group of the NFT molecule. A modification of the side
ring moiety has also occurred. AHD was assumed to be a primary TP, which was later

transformed into two secondary TPs: SEM and HYD (Fig. 8). Biodegradation of NF'T

tollowed the same pathways for both consortia and led to formation of similar TPs.

(o}

>—-NH2
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o O D R N =R " Semicarbazide (SEM)
\@/\N/N\%O HzN/N\%O A

Nitrofurantoin (NFT) 1-aminohydantoin HzN/Nl'I2

(AHD) :
Hydrazine (HYD)

Fig. 8 Transformation products formed during NFT biodegradation.

Analysis of changes in AHD and SEM content during NFT biotransformation shows
that the content of primary biodegradation product (AHD) decreased with time and
secondary biodegradation product (SEM) slightly increased with time. Both AHD and
SEM were still detected in 20-day cultures. This indicates that the complete
mineralization of NFT did not occur, and TPs formed would remain unchanged in
water for a long time.

Together with biodegradation analysis, results presented in P3 show the bacterial
biodiversity and composition of the two bacterial communities. The identification of
the microbial communities and assessment of their diversity were achieved by
amplifying and sequencing the hypervariable regions of the 16S rRNA gene. Shifts in
microbial communities were analyzed by metagenomic next generation sequencing
(mNGS) which enabled detection and construction of the bacterial profiles of each
bacterial community at various taxonomic levels from phylum to genus. The extracted
DNA was analyzed at three different timepoints, chosen based on level of NFT primary
biodegradation:



Amanda Pacholak, PhD Dissertation ] 39

- The initial samples were analyzed at the start of experiments for both NW and
SS consortium.

- Additional analysis was performed when a complete removal of NFT was
measured (day four in NW cultures treated with 5 and 10 mg/L NFT)
or flattening the curve was observed (day four in SS cultures treated with 5 mg/L
NFT).

- All samples (both consortia treated with 5, 10, 15, and 20 mg/L. NFT) were
analyzed at the end of experiment, in 28-day cultures.

The results obtained by the mNGS and bioinformatic analysis include:

- Analysis of composition of two bacterial communities treated with NFT (5, 10,
15, and 20 mg/L).

- Determination of genera domination patterns.

- Analysis of richness and diversity of each bacterial consortium treated with NFT
(o diversity).

- Analysis of differences in bacterial composition between the samples
(B diversity).

The composition of the bacterial consortia was determined from the phylum to the
species level. In total, six phyla, thirteen classes, thirty-one orders, sixty-five families,
119 genera, and 134 species were found in the tested samples. Proteobacteria was the
most dominant phylum in both communities followed by Bacteroidetes.
Gammaproteobacteria and Betaproteobacteria were the most abundant classes in the
Proteobacteria phylum in the NW cultures, however, only Gammaproteobacteria
dominated the communities in the SS cultures. Flavobacteriia was the most abundant
class in the Bacteroidetes phylum in both communities. The top five families in the initial
NW  culture include:  Comamonadaceae,  Pseudomonadaceae, | Weeksellaceael,
Enterobacteriaceae, and Xanthomonadaceae. The top five families in the initial SS culture
were Aeromonadaceae, Vibrionaceae, Pseudoalteromonadaceae, [ Acidaminobacteraceae), and
Shewanellaceae.

Apart from detecting the composition of initial control cultures, the obtained results
show the influence of NFT on the microbial communities. Changes in the composition
of two consortia studied indicate that the Xanthomonadaceae family was remarkably
enriched in all samples treated with NFT in comparison with the initial consortia.
Moreover, the proportion of Xanthomonadaceae was higher in the NW culture, for
which the complete primary biodegradation was measured. In addition, the unclassified
Xanthomonadaceae species showed domination in these cultures. This suggests that
Xanthomonadaceae sp. could be one of the main drivers of NFT biodegradation in the
NW consortium. On the other hand, the proportion of Comamonadaceae and
Pseudomonadaceae significantly decreased in the NFT-treated samples of the NW
consortium suggesting that these species did not contribute to biodegradation. The
[ Weeksellaceae] family remarkably increased in the 4-day cultures which was followed by

a strong reduction in the abundance of these microbes. This suggests that the
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[ Weeksellaceae] family could have been responsible for the primary biodegradation of
NFT. Chryseobacterium, a genus from the [ Weeksellaceae] family, has been detected as
one of the dominating genera in bacterial cultures. Description of specific relationships
regarding NFT effect on bacterial consortia is thoroughly presented in section 3.3.2
and 3.3.3 of publication P3.

In addition to analysis of changes in the bacterial community, domination and co-
domination patterns between bacterial genera in each culture were assessed.
Domination was defined as the presence of bacterial genera at 10% relative abundance
of higher. The results indicate that the dominating genera in the initial NW sample
include Delftia sp. (42.6%), Pseudomonas sp. (13.5%) and Chryseobacterium sp. (12.1%).
The most abundant group (29.6%) in the initial SS sample included bacterial genera
with no domination. Dominating bacterial genus was affected by NFT treatment in
both communities. In the NW communities, the proportion of the genera that did not
show any domination increased with the concentration of NFT suggesting that NFT
promotes greater biodiversity within bacterial cultures. In the SS communities, the
relative abundance of the unclassified genus within the Xanthomonadaceae tamily
increased with the increasing content of NFT.

The variations of microbial communities are typically determined by o and B
diversity. o diversity refers to the diversity within individual samples and is usually
expressed by the species richness (number of species in the sample) while 8 diversity
quantifies diversity between the samples and is measured as the number of species
change between the ecosystems. The most common o diversity estimators include the
richness (Observed OTUs, Chaol, ACE) and diversity (Shannon and Simpson)
indices. Ordination techniques, such as principal coordinates analysis, principal
component analysis (PCA), or Bray—Curtis ordination are commonly used for
visualizing B3 diversity data.

Based on o and B diversity measures, the increasing concentration of NFT resulted
in differences in the overall bacterial community diversities. All o diversity indices
indicate that NFT-treated SS consortia were more diverse than the NW consortia. The
biodiversity significantly increased in both consortia treated with NFT compared to the

initial samples.

Conclusions:

To conclude, the results presented in P3 demonstrate that NFT biodegradation and
shifts in the microbial communities’ compositions revealed that aqueous bacterial
communities are likely influenced by NFT concentration in the surrounding
environment. Clear deviations between the two communities were observed. The initial
microbial consortium from the contaminated aquatic systems (SS) was more diverse
than the consortium isolated from the natural area (NW). The results also show that

increase in biodiversity of microbial community does not have to be correlated with an
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increase in functional capacity, such as the ability to biodegradation. In this study,
higher biodiversity corresponded to lower biodegradation. An alleged bacterial exposure
to environmental pollutants was not related with increased NFT biodegradation. The
highest removal efficiency was observed for microbial communities at the lowest NF'T
concentration. Higher primary degradation of NFT was followed by a higher
concentration of primary TPs and lower concentration of secondary TPs, however,
lower primary degradation of NFT was followed by low concentration of primary TPs
and high concentration of secondary TPs.

Taken together, presented results demonstrate that possible NFT contamination
may affect the composition of aqueous microbial communities and microbial

community structure can be directly correlated with the presence of NFT.
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Publication P5

Multi-faceted analysis of bacterial transformation of nitrofurantoin

Publication P5 presents the results of efficiency of biodegradation of NFT by three
novel bacterial species isolated from areas contaminated with organic compounds.
Results present also dynamic changes within the cells during NFT biodegradation. For
this purpose, single cell analyses (AFM, FC) and bulk analyses (zeta potential, particle
size distribution measurements) were applied. In addition, transformation products
tormed during NFT biodegradation were detected and their effect on the cells was
evaluated. The specific objectives of publication P5 include:

- Toisolate the pure bacterial strains from contaminated environments.

- To investigate biodegradation of nitrofurantoin by these novel species.

- To identify biotransformation products and evaluate their impact on the strains.

- To analyze dynamic changes in the cell surface properties and metabolic activity

during biodegradation of NFT.

The bacterial strains were isolated from three contaminated sites using the selective
culture method as described in publication P1. The strains isolated and identified are
listed in Tab. 11.

Tab. 11 Strains used in experiments in P5.

Strain Abbreviation GenBank Isolation site
Stenotrophomonas acidaminiphila NOB Sta KY561351 Contaminated soil
Pseudomonas indoloxydans WB Psi MK503999 Water reservoir
Serratia marcescens ODW152 Srm MN960427 Contaminated soil

The strains were used for inoculation to start liquid cultures to investigate the
biodegradation of NFT and its effect on the cell properties. To analyze the
biodegradation rate, detect degradation products and investigate dynamic changes in
cell properties during NFT degradation, small volumes of samples were collected in
a few days intervals. To investigate biodegradation rate, the samples were filtered,
diluted with methanol, and analyzed qualitatively and quantitatively for the residual
NFT using LC-MS/MS. To detect degradation products, the samples were derivatized
with 2-nitrobenzaldehyde and then analyzed using LC-MS/MS. To investigate
changes in the cell shape and topography, AFM was used. Stability of the microbial
suspensions during biodegradation was determined by analysis of zeta potential and
particle size distribution. Variations in the metabolic activity and viability of the

bacterial cells during biodegradation of NFT were determined by FC. To investigate
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effect of NFT and two TPs on the strains, the bacterial growth in the presence of these
compounds as well as modifications of total membrane permeability (TMP), relative
cytotoxicity (measured by colorimetric test), and metabolic activity (measured by FC)
were monitored. At the end of the process of degradation, cells were sorted into
subpopulations representing two physiological states (active and non-active) using flow
cytometry assisted cell sorting. The sorted cells were analyzed by AFM. A scheme of

procedures during experiments performed within P5 is presented in Fig. 9.

X 28days Supernatant:
(a) K Loe L)
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e Zeta potential
e Particle size
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E 28 days _
gSU °C
( Performed analyses:
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1 o Cell membrane permeability
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Fig. 9 A scheme of experiments performed within P5. Biodegradation of NFT and dynamic changes in cell
properties (a). Effect of TPs on bacterial cells (b).

Note. Ctrl — control culture, NFT — nitrofurantoin, TPs — transformation products, AFM — atomic force microscopy, FC
— flow cytometry, AHD — 1-aminohydantoin, SEM — semicarbazide.

Dynamic modifications of cell properties during biodegradation of NFT

Results of the primary biodegradation indicate that the highest NFT removal
(97 £ 1%) was observed for the Srm strain. The two other strains, namely Psi and Sza,
exhibited the final degradation rate as high as 84 + 4% and 76 + 3%. Along with the
studies focused on NFT removal efficiency, changes in the bacterial strains during
biodegradation were evaluated.

The AFM imaging was performed in 1-, 3-, 7-, and 28-day cultures to investigate
morphological changes in cell shape and surface topography due to potential cell
damage. The strains exposed to NFT showed significant modifications of cell shape
and texture in contrast to control samples. Images of the control cells of each strain

revealed a homogenous, smooth surface topography, especially during the first three
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sampling days. Exposure to NFT significantly affected cell surface of each strain. Cells
in NFT-treated samples were completely different than these in control samples. NFT
promoted a significant cells deformation and corrugation of their surface. Specifically,
the NFT-exposed Sz and Psi strains showed a loss of their original structure. A similar
but less severe phenomenon was observed in the Sr strain in 7- and 28-day cultures.

Zeta potential (ZP), particle size (PS) and polydispersity index (PdI), were
measured in the initial cultures (day 0), and 1-, 3-, 7-, and 28-day cultures to investigate
the dispersive properties of the bacterial suspensions. Each strain exhibited a negative
ZP due to negatively charged functional groups such as phospholipids,
lipopolysaccharide, and proteins. Each strain was characterized by different dynamic of
change. Most significant modifications in the ZP were observed for the Sza and Psi
strains. Greater differences were observed over time (between the measurements on
specific days) then between treated/control samples. The fewest differences in the ZP
between the treated and control cells over time were measured for the Srm strain.
Among all strains tested, the Sr strain was also characterized by the lowest absolute
value of ZP.

The average size distribution in each culture over time presented a unimodal
pattern. In the Sza strain, monodispersity of the suspension increased with the
incubation time increasing. Suspensions exposed to NFT had always a broader size
distribution than the control cultures due to increased cells agglomeration or
aggregation. In the Psi strain, a wider size range accompanied by greater PdI was
observed for treated cells than for the control cells. In the Srm strain, the size
distribution was very similar to that of the other strains, however, the differences
between treated and control cells were much smaller.

Flow cytometry enabled the characterization of physiological states of bacterial cells
during NFT biodegradation. To assess the distribution of the defined subpopulations
(non-active and active), the relative cellular activity index was calculated based on the
percentages of non-active and active cells within the control and treated samples. The
cellular metabolic activity of was stimulated by NFT in the Sza strain (only during the
first day) and Psi strain (day 1, 3, and 7). Interestingly, the strain Sz occurred the most
sensitive to NFT treatment as significant decrease in active bacterial cells was observed
for each timepoint tested.

On the last incubation day, bacterial samples were collected and sorted into two
subpopulations using flow cytometry assisted cell sorting. The sorted subpopulations
were analyzed by AFM to calculate changes in the average roughness of cell surface
(Ra). Active cells in each culture were characterized by lower Ra than the non-active
cells suggesting severe membrane damage of the non-active subpopulation. Significant
differences between the non-active and active subpopulations were observed for both
Ctrl and NFT-treated cells of the S7a strain. In addition, differences between Ra of
non-active cells collected from the control and treated cultures were statistically

significant for each strain.
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Transformation products detection and their effect on the cells

Two NFT biotransformation products were identified in this study: AHD was accepted
as the primary transformation product, which was next transformed into SEM
(secondary TP). Both TPs were detected in NFT-treated cultures of each strain (Sza,
Psi, and Srm) which indicates that NFT biotransformation pathways were similar. The
AHD signal decreased over time in each culture and the SEM signal increased over
time for the Sza and Srm strains. The SEM signal was significantly lower in the Srm
strain than that in the Sza strain. The Srm strain exhibited almost complete primary
NFT biodegradation while the final NFT removal measured for the Sza strain was the
lowest among all strains tested. Both AHD and SEM have been detected in all NFT-
treated cultures even at the last degradation day. This raises considerable toxicological
concerns. Results in this study are consistent with results of NFT biotransformation
carried out by mixed microbial consortia in publication P3, therefore, it can be
concluded that biodegradation of NFT leads to formation of stable products and
follows similar pathways regardless of the source of microorganisms used for
biodegradation study.

Growth of the Sta, Psi, and Srm strains in the presence and absence NFT, AHD,
or SEM was monitored. Shape of a bacterial growth curve was different for each strain.
None of the strains exhibited the conventional growth curve with four discernible
stages. The best growth of the Psi strain was observed for the control cultures and the
cultures treated with AHD. The exponential phase of growth was observed about four
hours after starting the incubation. In the presence of NFT, bacterial growth was
delayed as cells entered the log phase after about five hours, however, the cultures
reached the same optical density as the control and ATH-treated cultures. Growth of
the Psi strain in the presence of SEM was significantly inhibited. Substantial differences
in bacterial growth were observed also in the S7 strain. The best growth in the control
cultures and the cultures containing AHD. The greatest reduction in cell density was
measured in the presence of NFT and SEM.

Modifications of TMP indicate that exposure of the Sza strain to AHD and SEM
significantly reduced permeability of bacterial membrane. In addition, exposure of Psi
strain resulted in a reduction of TMP by around 25% in cells exposed to NFT, AHD,
and SEM. On the other hand, the S7 strain showed significantly increased membrane
permeability in the presence of SEM. The Srm strain also demonstrated the lowest
permeability among all strains tested.

The relative cytotoxicity of NFT, AHD, and SEM, evaluated by the colorimetric
alamarBlue® Assay indicate that the greatest modifications of the reduction of
alamarBlue were observed for the Psi strain. The lowest cytotoxicity was measured in
the AHD-exposed cells and the highest toxicity in cells exposed to SEM. Significant
changes between NFT/AHD samples and AHD/SEM samples were also observed for
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the Srm strain. The lowest cytotoxicity was also measured in the AHD-exposed cells;
however, the specific value was much lower than that of the Psi strain.

Flow cytometry analysis allowed determine the cellular metabolic activity and
viability of the strains exposed to NFT, AHD, or SEM. The highest proportion of
active cells was observed for the Sz strain non-exposed and exposed to NFT and AHD.
The proportion of active cells in cultures of the Sza and Psi strains exposed to SEM
decreased significantly. These strains also showed decreased membrane permeability in
SEM-exposed cultures compared to non-treated cultures. In addition, growth of the
Psi strain was significantly inhibited in the presence of SEM. The lowest proportion of
active subpopulation and the fewest modifications in fractional composition of cell
populations among all strains tested were observed in the Sz strain. It is worthwhile
to notice that the Sr strain showed the best degradation efficiency, and the fewest
modification within other cells features during biodegradation were observed for this

strain.

Conclusions:

Results from this study provide new information about potential ability of
autochthonous bacterial strains isolated from contaminated sites to decompose NFT.
The possible effect of transformation products generated during NFT biodegradation
on the isolated bacteria was evaluated. The Sz strain eliminated nitrofurantoin
completely, however, stable transformation products were detected at the end of
28-day biodegradation process. In addition, the fewest variations in cell properties were
observed for the Sy strain during biodegradation. Cell sorting and surface roughness
analysis revealed that non-active cells present higher Ra than the active cells, however,
the analogous subpopulations collected from different cultures were characterized by
significant differences in Ra. AHD was identified as a primary biotransformation
product and SEM as a secondary product. SEM revealed higher toxicity than NFT and
AHD in strains with lower degradation potential.
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Prolonged exposure of strains
to nitrofurantoin and furaltadone

Publication P2

In@estigation of the bacterial cell em)elope nanomechanical
properties after long—term exposure fo nitrofumns

Publication P2 describes the effect of a 12-month exposure to nitrofurantoin and
furaltadone on cell envelopes ° of three novel bacterial strains isolated from wastewater.
Results present modifications of the cell morphology and topography, cell
nanomechanical properties as well as some cell biochemical features measured by classic
microbiological methods, such as surface hydrophobicity, permeability of bacterial
membrane, and fatty acids composition. The specific objectives of publication P2 are:
- To isolate and identify the pure bacterial strains (based on the 16S rRNA
sequences) from municipal wastewater.
- To expose the isolated strains to NFT and FTD for 12 months.
- To study the modifications in microbial shape and surface triggered by long-
term exposure of strains to nitrofurans.
- To investigate modifications in cell nanomechanical properties triggered by
long-term exposure of strains to nitrofurans.
- To analyze biochemical response of cells exposed to nitrofurans by measuring
bacterial membrane permeability, surface hydrophobicity and fatty acids profile.
The bacterial strains were isolated from the urban WWTP in Poznan, Poland
(geographical location: 52025'53.1"N, 16°57'31.8"E) using the selective culture
method as described in publication P1. The strains isolated were identified based on
the 165 rRNA sequences as Sphingobacterium caeni FT D2, Achromobacter xylosoxidans
NFZ2 and Pseudomonas hibiscicola FZD2 (Tab. 12).

Tab. 12 Strains used in experiments described in P2 (identification based on 16S rRNA sequencing).

Strain Abbreviation ~ GenBank
Sphingobacterium caeni FTD2 Sph MK493331
Achromobacter xylosoxidans NFZ?2 Acb MK493330
Pseudomonas hibiscicola FZD2 Psd MK493329

5 Cell envelope is a multilayered structure that separates the interior of the bacterial cell from the outside environment. The cell
envelope of Gram-negative bacteria is composed of the inner cell membrane, the periplasmic space containing cell wall composed
of peptidoglycan and the outer cell membrane containing lipopolysaccharide.
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To induce a bacterial stress response to prolonged presence of 5-NFs, the isolated
strains were cultivated for 12 months on the Mueller Hinton Agar (MHA) plates
supplemented with NFT (20 mg/L) or FITD (20 mg/L). Simultaneously, the control
cells were maintained on the MHA without any addition of 5-NFs. Both treated and
the control cell lines were sub-cultivated every 2 weeks to provide fresh nutrients
(control cells) or nutrients with NFT or FTD (treated cells). After 12 months of the
continuous cultivation of the strains, the cell suspensions were stored at -80°C with the
addition of glycerol to preserve them for long term storage and ensure that pure cultures
are kept in as similar condition as when collected after 12 months of exposure to NFT'
and FTD. To recover the cryoprotected cells, the bacterial samples were picked from
the frozen cryogenic vials and streaked onto the MHA or MHA supplemented with
NFT or FTD. A schematic representation of procedures during exposure of cells to

nitrofurans is presented in Fig. 10.

Wastewater e~
from the WWTP

~ O\ MHA + NET Subcultivation
3 every 14 days —»
~) (20mg/L) for 12 months

) MHA + FTD Storage at -80°C
) (20mg/L) _J

Fig. 10 Schematic representation of activities during long-term exposure of strains to NFT and FTD.

Note. WWTP — wastewater treatment plant, MHA — Mueller Hinton Agar, NFT — nitrofurantoin, FTD — furaltadone.

To investigate the effect of prolonged exposure to NFT and FTD on cell envelopes of
the strains, the following analyses were made:

- Characterization of bacterial cell morphology and topography by AFM and
TEM.

- Determination of surface roughness by AFM.

- Determination of cell surface nanomechanical properties, such as adhesion
energy, adhesion force, deformation, energy dissipation, elastic modulus,
stiffness, and elastic modulus.

- Analysis of cell biochemical properties: IMP, TMP, CSH, and fatty acids
composition.

First, variations in the bacterial cell morphology and topography of cells subjected to
12-month exposure to NFT and FTD were investigated using AFM and transmission
electron microscopy (TEM). Prolonged exposure to NFT and FTD induced significant

changes in bacterial shape as evidenced with AFM imaging. Significant increase in the
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length of the cells was observed for the Sph, Ach, and Psd strains treated with FT'D as
well as the Ach and Psd strains treated with NFT. The greatest differences in cells
dimensions between the control and treated samples were observed for the Psd strain
(cells became more spherical after treatment with NFT and FTD) and the smallest
differences were noted for the Sp5 strain (Tab. 13). In addition, cell imaging by TEM
revealed considerable changes in cells surface structure due to prolonged exposure to
NFT and FTD. A total loss of wide, dark boundary around the cell (attributed to
extracellular substances secreted by the cell) was observed in the FTD-treated Sph
strain. Heterogeneous appearance of the cytoplasm, disintegration and thickening of
the cell wall as well as presence of condensed spots and septal rings was observed in the
Acb treated with both antibiotics.

Another significant point for consideration in cell surface characterization is the cell
texture. Surface texture is referred to as surface roughness, described by different
quantitative parameters, including the average roughness (Ra), the root mean square
roughness (RMS), average roughness depth (R3z), and wavelength of the profile (Aq)
(Tab. 13). The long-term exposure of cells to 5-NFs contributed to the substantial
increase of Ra in all strains tested. Different observations were made for RMS, which
did not exhibit such significant modifications as Ra. The statistical increase in RMS
between control and treated samples were calculated only for the Psd strain.
Modifications of R3z of all strains resemble these of Ra. Exposure to nitrofurans
induced significant alterations in Aq of the NFT-treated Acé strain only, for which
a substantial increase was calculated in comparison to control sample. Increased
parameters of the cell surface roughness can indicate cell membrane destruction;
however, TEM and AFM images do not clearly indicate leakage of cell content or
extensive membrane damage. Increased cell surface roughness can also be due to
increased synthesis of biopolymers on the cell surface.

The initial adhesion energy calculated for control samples was different for each
strain tested. The Sph strain was characterized by the lowest value and the Psd strain by
the highest value. Bacteria exposed to NFT significantly increased adhesion energy in
comparison to control samples. Bacteria exposed to FTD had always lower adhesion
energy than the ones exposed to NFT. The average adhesion force was also the lowest
in the Sph strain and the highest in the Psd strain, however, the greatest modifications
between control and treated samples were observed for the Acé strain. An increase in
adhesive properties of cells shall be assigned to the leakage of cytoplasm; however, this
can be caused by the presence of antimicrobial agents but also AFM tip penetrating
inside the cytoplasm.

Deformation of the cell envelope, elastic modulus and cell stiffness measured by
AFM has provided some information about elastic properties of cells. A significant
increase in deformation was noted for NFT-exposed cells of all strains in comparison
to control samples. Modification of elastic modulus and stiffness of cells revealed that

prolonged contact of the strains with NFT or FI'D has undoubtedly increased their
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elastic properties. The cells which showed significant alterations of Young modulus,
exhibited also considerable heterogenicity. Importantly, high homogeneity of cell
populations is positively correlated with bacterial adaptation to external stimuli.

Summary of cell nanomechanical properties is presented in Tab. 13.

Tab. 13 Summary of selected results presented in P2. The direction of arrows indicates up- or
downregulation (control vs. long-term treated sample). Not significant comparisons are labelled as “ns”.

Sph Acb Psd

Specific
Analysis property NFTs FTDs NFTs FTDs NFTs FTDs
Dimensions Length ns J T T N N

Width ns ns ns T ns ns

Height ns ns ns ns T ns
Surface Ra T T T ns T T
roughness

RMS ns ns ns ns T T

R3z 0 ) ) ns ) T

Aq ns ns T ns ns ns
Nanomechanical ~ Adhesion energy T ns T N T T
properties

Adhesion force ns N T T T ns

Deformation T ns T T T T

Elastic modulus T T T T T T

Stiffness T T T T T T
Biochemical TMP T T ns N T ns
properties

IMP ) ) ) J ) )

CSH ns ns ns ns ns N

Note. Ra - the average roughness, RMS - the root mean square roughness, R3z - average roughness depth, Aq -
wavelength of the profile, TMP — total membrane permeability, IMP — inner membrane permeability, CSH — cell
surface hydrophobicity.

The next part of experiments was devoted to analysis of changes in the biochemical
properties of the cells. Summary of the results obtained is presented in Tab. 13. In the
case of IMP, TMP, and CHS, analyses were made for control cells, cells exposed to
5-NFs for 24 hours (short-term exposure), and cells exposed to 5-NFs for 12 months



Amanda Pacholak, PhD Dissertation ] 51

(long-term exposure). In the Sp5 strain, the lowest TMP was measured for the control
sample and an increase by around 10% in every other sample was measured, however,
no significant differences between these samples in TMP was measured. Different
observations were made for the Acs and Psi strains. In these strains, the highest
modifications of TMP were mostly observed between control samples and bacteria after
short-term contact with 5-NFs. Most often than not, TMP increased in the treated
samples. The directions of the modifications of IMP measurements were similar to
these of the TMP except for the Acé strain exposed to NFT for 12 months and the Psd
strain after long-term exposure to FTD. The greatest variations of IMP were measured
tor the Psd strain. The highest values of IMP were noted for samples after short-term
contact with 5-NFs. Probably, this was due to lack of efficient adaptation of strains to
the presence of nitrofurans in their surrounding environment. Thus, antibiotics might
have promoted a disintegration of bacterial membrane. Cell adhesion properties did not
show significant variations in cells after prolonged exposure to 5-NFs except for the Psd
strain exposed to FTD. Short-term exposure to FTD promoted statistically significant
modification of CHS in the Ach strain and to NFT in the Psd strain.

Analysis of fatty acid profiles indicate that the greatest differences between the
control and treated samples were observed in the Psd strain, and the smallest differences
were observed for in the Sph strain. Among five groups of fatty acids tested
(unsaturated, hydroxy, cyclopropane, branched, straight chain), only the hydroxy fatty

acids were not affected by nitrofurans.

Conclusions:

Results from this study demonstrated that prolonged exposure of bacteria to 5-NFs
induces changes in the cell envelope, as evaluated with microscopic and biochemical
methods. AFM and TEM imaging have shown than both NFT and FTD contribute
to morphological changes in the cell. Surface texture has also significantly increased in
treated cells. Nanomechanical properties of the strains have been altered after
12-month bacterial exposure to nitrofurans. Most often than not, in increase in these
parameters was observed. Modifications of the bacterial cell structure were strongly
modulated by the nature of the pharmaceutical’s molecule and the bacterial cell type.
Mostly, NFT promoted greater remodeling of the cells structure than FTD (this was
particularly visible in the 4c4 strain). Studies of bacterial cells mechanics taken together
with classic biochemical methods provided complex information about bacterial cell
response to 5-NFs. In general, the Psd strain exhibited the greatest modifications of cell
envelope, and the SpA strain showed the fewest variations due to prolonged exposure to
5-NFs. The knowledge obtained within this study may help improve our understanding
of nitrofurans that receive attract little scientific attention but pose a risk to the

environment and human health.
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Publication P4

Potential negative effect of long-term exposure to nitrofurans on
bacteria isolated from wastewater

Results presented in P2 served as a basis for deeper investigation of long-term impact
of 5-NFs towards bacteria isolated from wastewater. Consequently, whole-genome
sequencing performed to further investigate the underlying genetic aspects of response
of the previously isolated strains to NFT and FTD. In addition, this study used
a combination of molecular biology, electrochemical, and classic culture methods to
functionally analyze the isolated strains exposed to 5-NFs. The objectives of results
presented in P4 are to investigate the effects of a 12-month continuous exposure of
three strains to NFT and FTD on:

- Metabolomic profile.

- Detection of DNA damage.

- Metabolic activity, and stress response within the bacterial cells.
The bacterial strains used in this study were isolated from the WWTP in Poznar,
Poland as described in P2 (Tab. 14). Bacterial whole-genome sequencing, phylogenetic
analysis and secondary metabolite gene clusters prediction were performed. As a result,
the strains were identified as Sphingobacterium siyangense FT' D2 (previous identification
based on 16S rRNA: Sphingobacterium caeni ¥TD2), Achromobacter pulmonis NFZ2
(previous identification based on 16S rRNA: Achromobacter xylosoxidans NFZ2), and
Stenotrophomonas maltophilia FZD2 (previous identification based on 16S rRNA:
Pseudomonas hibiscicola FZ1?2).

Tab. 14 Strains used in experiments described in P4 (identification based on whole-genome sequencing).

Strain Abbreviation ~ GenBank
Sphingobacterium siyangense FTD2 Sph CP080574
Achromobacter pulmonis NFZ2 Acb JAIFOT010000000
Stenotrophomonas maltophilia FZD?2 Stm CP080573

To induce a long-term stress response, the strains were continuously cultivated in the

presence of either NFT or FT'D for 12 months as described in P2.

Metabolomics analysis

Metabolomics analysis was used to screen potential biologically relevant markers to

explore the metabolic processes involved bacterial adaptation to NFT and FTD.
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To understand the general metabolomic profile of each group, the PCA analysis was
performed. Results indicate that the control samples clustered separately from both the
FTDs and NFTs, indicating differences in the metabolomic characteristics. The
smallest separation of clusters between control and treated samples was found in the
Acb strain. The greatest differences were observed for the Sz strain. Differences
between NFT- and FTD-exposed samples of each strain were negligible, eliciting
a similar but not identical response of strains to 5-NFs tested. Out of 1371 metabolites
identified, 184 compounds differed significantly among the treatments and the strains
— they are referred to as differentially accumulated metabolites (DAMs).
Identified DAMs were functionally analyzed to investigate if certain pathways or
processes are significantly different between the control and treated samples. Results
indicate that the most significantly altered pathways were observed in:
- Amino acid metabolism
o Ala, Asp and Glu metabolism
o Phe, Tyr and Trp metabolism
o Arg and Pro metabolism
o Ala metabolism

- Sugar metabolism
o Glucose metabolism
o Galactose metabolism

- Aminoacyl-tRNA (aa-tRNA) biosynthesis

- Novobiocin biosynthesis
All the above-mentioned metabolic pathways were related to long-term exposure to
NFT. Seven pathways were detected in the St strain, five pathways in Sps and three
in the Acb strain. A total of seven metabolic pathways were associated with FTD
prolonged exposure. Every one of them was identified in the Sph strain, two pathways
in Ach and three in Stm.

The most affected metabolites are components of biological pathways involved in
amino acid and sugar metabolism as well as aa-tRNA biosynthesis. Therefore,
differences in concentration of differentially accumulated amino acids among three
sample groups were thoroughly examined. Accumulation of most amino acids and
derivatives decreased significantly in cells of all strains exposed to FTD and NFT. Some
individual examples of increased amino acids were observed in the Sph and St strains
(e.g. Isoleucine increased after treatment with NFT in both strains). Cells of the Ach
strain exhibited lower accumulation of all protein-building amino acids in response to
both antibiotics. A significant decrease in the abundancy of protein-building amino
acids in response to NFT and FTD treatment is in agreements with the proposed mode

of action of these antibiotics®.

6 Suggested mechanism of action of NFT involves the binding of NFT molecule to ribosomes, inhibiting the total protein
synthesis as well as the activity of enzymes responsible for the synthesis of DNA and RNA. To date, the exact mechanism of
action of 5-NFs is not understood (Blass, 2015; Hutttner et al. 2015; McOsker and Fitzpatrick, 1994).
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Glutathione (GSH) is a tripeptide commonly found in prokaryotic and eukaryotic
cells. GSH plays a key role in intracellular redox homeostasis and adaptation to stress
in bacterial cells (Smirnova and Oktyabrsky, 2005). GSH also promotes metabolism of
many xenobiotics. Its conjugation to these chemicals facilitates their further metabolism
and is catalyzed by glutathione S-transferase enzymes. In this study, eight compounds
involved in the metabolism of GSH (glycine, glutamic acid, cysteine, 5-oxoproline,
spermidine, ornithine, putrescine, and cadaverine) were detected during metabolomic
analysis. In most of the cases, treatment of strains with NFT and FTD contributed to
decreased level of metabolites. The greatest modifications were noted for glycine and
glutamic acid in the Sph and Acé strains. The slightest modifications were observed in
the Szm strain. Together with analysis of specific compounds involved in GSH
metabolism, activity of glutathione-S-transferases (GST's) enzymes (as well as three
other biochemical parameters) was analyzed. The greatest increase in GST's activity was
observed in the St strain and a slight decrease was measured in the Sph strain.
Description of these results is presented in the following paragraphs.

To correlate information from the metabolomic studies with the genetic
information provided by the whole genome sequencing, the KEGG analysis of the
identified DAMs was performed. The pathways of GSH metabolism and aa-tRNA
biosynthesis with the genes present in each strain and detected DAMSs were analyzed.
Five downregulated metabolites involved in the GSH metabolic pathway were revealed
in the Sph strain. Six downregulated metabolites were detected in the 4cé strain. In the
Stm strain, no metabolites were detected in response to NFT, and two metabolites were
detected in response to FTD. Upregulated metabolites were not detected.

The largest number of downregulated metabolites involved in the aa-tRNA
pathway was detected in the SpA strain exposed to NFT, however, the smallest number
was observed in the NFT-exposed Sz strain. Upregulated metabolites were not
detected. Aa-tRNAs are responsible for delivering amino acids for protein synthesis at
the ribosome. They also participate in several other processes such cell wall formation
or cell envelope remodeling (Moutiez et al., 2017). These results are consistent with
results presented in P4, which demonstrated that the Sph strain showed the fewest

variations due to prolonged exposure to 5-NFs.

Effect of long-term exposure to NFT and FTD on DNA damage

Damage of genetic material of strains exposed to NFT and FID was analyzed by
electrochemical DNA sensors and random amplification of polymorphic DNA
(RAPD-PCR).

Electrochemical method was based on detection of the voltametric signals of the
following nucleobases: 8-Oxo-2'-deoxyguanosine - an oxidized derivative of
deoxyguanosine (8-oxodD), guanine, and adenine. Strength of guanine oxidation and

the formation of 8-oxodG represented 5-NFs long-term mutagenic effect on the



Amanda Pacholak, PhD Dissertation | 55

bacterial DNA. In the Sph strain, a significant reduction in the electric current of
guanine was observed in NFT- and FTD-treated cells. In addition, an appearance of
8-0x0dG signal in FTD-treated cells was observed. In the Acb strain, the long-term
exposure with NFT and FTD generated a formation of 8-oxodD signals. The signal
was much more intense after treatment with FTD. In the Sz strain, a significant
reduction in the electric current of guanine was observed in all treated samples. Two
strong, distinct oxidation signals at potential maxima of approximately 0.65 V and
0.75 V were additionally observed in FTD-treated cells. The adenine signal was shifted
towards the lower potential, indicating breaking the hydrogen bonds between the
nucleotide base pairs in double-stranded DNA. For all analyzed DNA samples, an
increased width of guanine signals was observed, indicating the breaking of some
hydrogen bonds that stabilize the double-stranded structure of DNA. 8-0oxodG signal
was particularly evident in samples treated with FTD, indicating its considerable
mutagenic effect. The changes in the DNA of the strains exposed to NFT or FTD were
confirmed by RAPD-PCR. The greatest differences between control and FTD-treated

samples were observed in the St strain.

Stress response to long-term NFT and FTD exposure

Several biochemical cell properties were measured to determine the bacterial stress
response to prolonged exposure to 5-NFs. These properties include relative metabolic
activity (RIMA), lipid peroxidation (LPX), the activity of superoxide dismutase (SOD),
catalase (CAT), and GSTs. RMA determine the overall cell metabolism, LPX refers
to the oxidative degradation of lipids. SOD and CAT protect cells from oxidative
damage by reactive oxygen species while GST's play a key role in cell detoxification.

RMA was investigated at four different concentrations of 5-NFs: 5, 10, 15, and 20
mg/L. Each strain exposed to NFT or FT'D responded differently to the increasing
concentration of each antibiotic. For example, the RMA of the Sp/ strain increased
when cultivated at concentrations of NFT ranging from 5 to 15 mg/L. On the other
hand, no significant modifications in the analogical samples containing FTD.
In addition, the RMA of the Ac4 strain cultivated with NFT was strikingly lower than
that in the control cells regardless of the NEFT concentration. No statistically significant
differences were observed in the RMA of the St strain treated with NFT, however,
the increased concentration of FTD resulted in increased RMA.

LPX, SOD, CAT, and GSTs were measured in cells cultivated with 5 mg/L of
5-NFs. LPX was determined by the detection of malondialdehyde (MDA), which was
synthesized as a result of oxidative degradation of lipids. The results revealed different
patterns of MDA synthesis for each treatment. The greatest LPX was detected in the
NFT-treated Ach strain. The highest values of SOD, reaching up to 90%, were
measured for Sph strain, however, no difference between control and treated cells was
observed. A statistically significant increase in SOD was noted in the FTD-treated Acb
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strain. The opposite situation was for the Sz strain, for which a decrease in SOD was
measured. NFT did not affect SOD by any of the strains used in this study. Exposure
of the Sph and Acb strains to NFT and FTD decreased activity of CAT, and exposure
of the Stm strain increased activity of CAT.

Long-term exposure of the Sph to FTD resulted in a decreased activity of GSTs;
and no difference between the treatments was observed. Different observations were
made for two other strains, which significantly increased the GSTs activity when
cultivated under stress conditions. Exposure to NFT resulted in more potent induction

of the GST's enzymatic pathways than exposure to FTD in both strains.

Conclusions:

Results from publication P4 shed light into the potential risks of the prolonged presence
of 5-NFs in the environment and provide additional information on the possible impact
of NFT and FTD on the bacterial cells isolated from wastewater. Long-term exposure
of strains to NFT and FTD altered metabolomic characteristics, disrupted protein
biosynthesis, accelerated mutagenic effects, and promoted oxidative stress within the
cells. Significant changes in LPX, SOD, CAT, and GSTs reflect that cell exposure to
5-NFs decreases cell ability to cope with environmental stress. This was specifically
visible in the §pA strain for which the strongest decline in the parameters in question
were visible. NFT and FTD showed similar, but not identical, mechanisms of action
towards environmental bacteria. Interactions of these antibiotics with cells depend more

on characteristics of the strain than properties of the individual nitrofurans.
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Supplementary studies

Author was involved in publication of three more papers (S1 — S3) related to nitrofurans
biodegradation and/or impact on bacterial strains. These publications should be

considered as the additional achievements, they are not directly included in dissertation.

Publication S1

A. Pacholak, A. Zdarta, R. Frankowski, Z. Cybulski, E. Kaczorek, Exploring elimina-
tion kinetics of four 5-nitrofuran derivatives by microbes present in rural and municipal acti-
veted sludge, Water, Air, & Soil Pollution 231 (2020) 252, doi:10.1007/s11270-020-
04634-7

Short description and the main findings:

The aim of this study was to characterize wastewater collected from rural and municipal
WWTP in Poland using metagenomic analysis and to analyze the ability of microbial
communities to biodegrade four nitrofuran antibiotics: NFT, NFZ, FTD, and FZD.
Metagenomic analysis provided information about the bacterial biodiversity in the
WWTPs. In both samples, the most abundant phylum was Proteobacteria followed by
Bacteroidetes. Bacterial community in the municipal wastewater exhibited greater
biodiversity than the community in rural wastewater. The results of LC-MS/MS
analysis and kinetic calculations allowed determine FZD, FI'D, NFT, and NFZ
elimination half-time varying from 104 to 327 h. A comparison of the effectiveness of
the two communities in biodegradation of nitrofurans, revealed that both consortia
contained bacterial strains capable of using all nitrofurans as a source of carbon and
energy, however, the poorer performance of the strains from the smaller, rural WWTP
was observed. In 72 hours, 87% removal of FTD, 63% FZD, 61% NFT, and 55% NFZ
was measured in municipal wastewater. Simultaneously, 33% removal of FTD, 23%
FZD, 23% NFT, and 19% NFZ was measured in rural wastewater. Due to incomplete
elimination of all nitrofurans, additional analysis of nitrofurans content was performed
in 24-day cultures. The municipal wastewater was able to a total elimination of FTD
and NFT. In addition, 86% removal of NFT and 90% removal of FZD was measured.
The final elimination rate, measured on the 24™ day was 63% for NF'T, 45% for FZD,
and 49% for FTD.
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Publication S2

W. Smulek, Z. Bielan, A. Pacholak, A. Zdarta, A. Zgola-Grzeskowiak, A. Zieliriska-
Jurek, E. Kaczorek, Nitrofurazone Removal from Water Enhanced by Coupling
Photocatalysis and Biodegradation, International Journal of Molecular Sciences, 22

(2021) 2186, doi:10.3390/ijm522042186
Short description and the main findings:

Conventional methods of wastewater treatment are mostly ineffective towards
pharmaceuticals, therefore development of new and effective strategies for their
degradation is essential. Given the low efficiency of biodegradation, the aim of this
study was to assess the possibilities of supporting biodegradation with photocatalytic
processes in NFZ removal. This publication explored efficiency of different methods of
NFZ degradation: photolysis and photodegradation in the presence of two
photocatalysts. Additionally, the effects of the photodegradation products on bacterial
cell surface properties and cell membranes were studied. Results indicate that
photocatalysis with TiO2-P25 allowed almost complete elimination of NFZ (>90%),
demonstrating that this method is twice as effective as photolysis alone. Photocatalysis
alone or coupled with biodegradation with the environmental bacterial strain leads to
efficient degradation and almost complete mineralization of NFZ. Furthermore, the
experiments showed that the products of NFZ degradation can be toxic to bacterial
cells and affect their membranes. Therefore, it seems beneficial to combine
photocatalytic degradation with biodegradation. The photocatalytic system combined
with biodegradation by Achromobacter xylosoxidans allows effective mineralization (over
95%) of NFZ in contaminated water. This observation opens new and promising

perspectives to reduce the threat of pharmaceutical pollution in water ecosystems.
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Publication S3

W. Smutek, M. Rojewska, A. Pacholak, O. Machrowicz, K. Prochaska, E. Kaczorek,
Co-interaction of nitrofurantoin and saponins surfactants with biomembrane leads to an

increase in antibiotic’s antibacterial activity, Journal of Molecular Liquids 364 (2022)
120070, doi: 10.1016/j.molliq.2022.120070

Short description and the main findings:

Limited bioavailability of antibiotics is a major challenge in the treatment of bacterial
infections. To increase transport of NFT into the bacterial cells the proposed strategy
is to use saponins, the natural surface-active agents extracted from Sapindus mukorossi
L. The aim of this study was to investigate the ability of saponins to increase the
antibacterial action of NFT against Gram-negative bacterium Pseudomonas aeruginosa
NFTS3. The results indicate that the activity of cells treated with NFT was almost 35%
lower after 8 h compared to control, however, in the presence of §. mukorossi L. saponins
over 75% reduction in the activity of the cells was observed. The Langmuir monolayer
technique proved the incorporation of plant surfactant molecules into the phospholipid
membrane. The analysis with living bacterial cells showed a significant decrease of
TMP in the presence of NFT with a negligible effect of saponins on this parameter.
TEM and AFM imaging confirmed the deformation of the bacterial cell wall in the
presence of saponins. As a conclusion, the synergistic co-action of the saponins and
NFT was proved, which facilitates the bioavailability of NFT towards the bacterial cells
and increases its effectiveness as a biocidal agent. The research results indicate the

possibility of using new, biodegradable surfactants in antimicrobial therapies.
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Concluding remarks
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Overall conclusions

This chapter will conclude the dissertation by summarising the key findings in relation
to the research objectives and hypotheses (H1 to H6). It will also review the limitations
of the study and propose opportunities for future research.

The aim of this dissertation is to explore the biodegradation of selected nitrofurans
by environmental bacteria and to understand how nitrofurans affect the cell properties.
Experimental work was carried out to investigate selected nitrofuran antibiotics in terms
of their biodegradability as well as short- and long-term influence on the bacterial
strains. Results of this dissertation comprise five full length research articles (P1 — P5)
published in the journals indexed by the Journal Citation Reports.

The first step of the research was isolation of single bacterial strains from various
environmental compartments and their identification. Overall, eleven pure Gram-

negative strains were isolated and identified as presented in Tab. 15.

Tab. 15 Bacterial strains used in experiments performed within the presented dissertation.

Strain Isolated from Used in publication
Sphingomonas paucimobilis K3a Rural wastewater P1
Ochrobactrum antrophi K3b Rural wastewater P1
Rhizobium radiobacter P4c Urban wastewater P1
Pseudomonas aeruginosa P4a Urban wastewater P1

Sphingobacterium thalpophilum P3d Urban wastewater P1
Sphingobacterium siyangense FTD2* Urban wastewater P2, P4
Achromobacter pulmonis NFZ2* Urban wastewater P2, P4

Stenotrophomonas maltophilia FZD2* Urban wastewater P2, P4

Stenotrophomonas acidaminiphila NOB  Contaminated soil P5
Pseudomonas indoloxydans WB Water reservoir P5
Serratia marcescens ODW152 Contaminated soil P5

Note. * denotes strains identified based on whole genome sequencing. The remaining strains
were identified based on 16S rRNA sequencing.

One of the major objectives of this dissertation was to explore biodegradation of

nitrofurans by the single strains and the microbial consortia collected from various
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environments. The experiments focused on nitrofurantoin removal efficiency as well as
identification of transformation products and determination of their impact on the cells.

Biodegradation by single strains is presented in publications P1 and P5. Out of
eight pure strains tested, three strains were able to degrade >90% of NFT in 28 days
(Sphingomonas paucimobilis K3a, Ochrobactrum antrophi K3b, Serratia marcescens
ODW152) (H1). The remaining strains showed biodegradation of NFT between 50
and 849%.

Biodegradation of NFT by mixed bacterial consortia was investigated in publication
P3. The consortia used in the study were collected from the mountain stream (NW),
representing the reserve of the protected area with no human intervention, and the
seaport seawater (SS) representing the area that concentrates diverse human activities
and receives numerous contaminants. Results indicate that NFT removal by
microorganisms in the NW cultures was much more efficient than in the SS cultures
(Tab. 10), suggesting that autochthonous microorganisms in the contaminated areas
that concentrate various human activities have lower degradation abilities than
microorganisms in the protected areas with no human intervention. Total NFT
primary biodegradation has been achieved by the NW consortium in samples with the
two lowest initial concentrations of NFT (H1). A complete degradation has not been
measured in the SS cultures, however, the highest degradation efficiency reached 91%
in the sample with the lowest NFT initial concentration. The highest removal
efficiency was observed for microbial communities at the lowest NFT concentration.

The primary biodegradation of xenobiotics often leads to the generation of TPs
that remain unchanged in the ecosystems for a long time. Products of NFT primary
degradation by mixed consortia were proposed in publication P3 and by single strains
in publication P5. The proposed products of NFT biodegradation include AHD,
SEM and HYD (the latter was only detected in cultures containing bacterial
communities in P3). 1-aminohydantoin was assumed to be a primary product of NFT
biotransformation, and it was later transformed into two secondary products: SEM and
HYD (Fig. 8). Biodegradation of NFT followed the same pathways for two mixed
consortia and single strains and led to generation of similar TPs. In addition, the AHD
signal decreased over time and the SEM signal increased over time. Both compounds
were still detected at the end of the process, indicating that the complete mineralization
of NFT did not occur, which raises considerable toxicological concerns (H2).

Effect of transformation products formed (AHD and SEM) on three bacterial
strains was evaluated in publication P5. Specifically, the following properties of the Sza,
Psi, and Srm strains in the presence and absence NFT, AHD, or SEM were monitored:
growth curves, modifications of TIMP, the relative cytotoxicity, and metabolic activity.
The results indicate that the greatest reduction in cell density (growth inhibition) was
measured in the presence of NFT and SEM in the Psi and S7 strains. In addition, the

most significant impact on the bacterial membrane permeability was observed for SEM.
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Semicarbazide revealed higher toxicity than NFT and AHD in strains with lower
degradation potential (H2).

Another objective of this dissertation was to explore the impact of nitrofurans on
cell metabolic activity and cell properties, such as membrane permeability and surface
hydrophobicity. Such experiments, focused on short-term impact of NFT on the single
strains, were performed within publication P1. To understand the general effect of
pharmaceutical residues on the cells, evaluation of these parameters is essential as they
provide information about remodeling of the outer layers of bacterial cells, and
defensive mechanisms implemented in response to the presence of the pollutant. The
obtained results indicate that NFT affects the properties of single bacterial strains
significantly, however, the cells response is not unequivocal (H4). Nonetheless, in
strains with the highest degradation efficiency, the cell properties are modified towards
towards lower values, suggesting on sealing of the outer layers of the cell to prevent the
xenobiotics from entering the cell. In addition, dynamic modifications of cell properties
during nitrofurantoin biodegradation were determined (P5). The dispersive properties
of the bacterial cultures and metabolic activity changed dynamically during
biodegradation of nitrofurantoin. The fewest variations of stability of microbial
suspension and metabolic activity during biodegradation were observed for the strain
that showed the best degradation efficiency (H3).

Critical assessment of the dynamic changes in the composition and diversity of
the microbial communities during biodegradation of NFT was important element of
the research. Results of these experiments are presented in publication P3.
Nitrofurantoin biodegradation and shifts in the microbial communities’ compositions
revealed that aqueous bacterial communities are likely influenced by NFT
concentration in the surrounding environment (H5). Clear deviations between the two
communities were observed. The initial microbial consortium from the contaminated
aquatic systems (SS) exhibited greater biodiversity than the consortium isolated from
the natural area (NW). The results also show that increase in biodiversity of microbial
community does not have to be correlated with an increase in functional capacity, such
as the ability to biodegradation - greater biodiversity corresponded to lower
biodegradation. The main drivers of NFT biodegradation in the NW consortium are
the members of Xanthomonadaceae and | Weeksellaceae] families because their abundance
was enriched in all samples treated with NFT in comparison with the initial consortia.
In addition to analysis of changes in the bacterial community, domination and
co-domination patterns between bacterial genera were assessed. Results indicate that
the dominating bacterial genus was affected by NFT treatment in both communities.
Based on o and B diversity measures, the increasing concentration of NFT resulted in
differences in the overall bacterial community diversities. All a diversity indices indicate
that the NFT-treated SS consortia were more diverse than the NW consortia. The
biodiversity significantly increased in both consortia treated with NFT compared to the
initial samples (H5).
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The following part of this section will focus on studies related to prolonged
exposure of bacterial strains to NFT and FTD (P2, P4). To induce a bacterial stress
response to prolonged presence of selected nitrofurans, the strains were cultivated for
12 months on the MHA plates supplemented with NFT or FTD. As presented in
publication P2, 12-month exposure of strains to nitrofurans induces changes in the
bacterial cell envelope (H6). AFM and TEM imaging have shown than both NFT and
FTD contribute to morphological modifications of the cell. Another significant point
for consideration in cell surface characterization is the cell texture, which is referred to
as surface roughness, described by different quantitative parameters. Results of the
study clearly show that cell surface texture has significantly increased in NFT- and
FTD-treated cells. This was particularly visible in measurements of the average cell
roughness. Increased parameters of the cell surface roughness suggest on destruction of
cell membrane; however, TEM and AFM images did not clearly indicate leakage of
cell content or extensive membrane damage. Increased cell surface roughness could also
be due to increased synthesis of biopolymers on the cell surface. Nanomechanical
properties of the cells have altered significantly after 12-month bacterial exposure to
nitrofurans. Most often than now, in increase in these parameters was observed.
Modifications of the bacterial cell structure were strongly modulated by the nature of
the pharmaceutical’s molecule and the bacterial species. Mostly, NFT promoted
greater remodeling of the cells structure than FTD (H6).

Analysis of biochemical properties of the cells exposed for 12-months to nitrofurans
indicate that the variations in cell membrane permeability, surface hydrophobicity and
fatty acids profile are different for each strain (H6). However, most often than not,
membrane permeability increased and CSH did not show significant variations in cells
exposed to nitrofurans. Significant variations were also noted for fatty acid profiles.
Among five groups of fatty acids tested (unsaturated, hydroxy, cyclopropane, branched,
straight chain), only the hydroxy fatty acids were not affected by nitrofurans.

Results presented in P2 served as a basis for deeper investigation of long-term
impact of nitrofurans towards bacteria isolated from wastewater. Consequently, the
effects of a 12-month continuous exposure of three strains to NFI' and FID on the
metabolomic profile, DNA damage and stress response within the bacterial cells were
evaluated within publication P4. Metabolomics analysis revealed differences in the
metabolomic characteristics between control and treated samples of each strain tested.
Variations between NFT- and FI'D-exposed samples of each strain were negligible,
eliciting a similar but not identical response of strains to nitrofurans tested (H6). Based
on the functional analysis of differentially accumulated metabolites, the most
significantly altered metabolic pathways were observed in amino acid metabolism, sugar
metabolism, aa-tRNA biosynthesis, and novobiocin biosynthesis. Specifically,
accumulation of most protein building amino acids decreased significantly in strains
exposed to FTD and NFT which is in agreements with the proposed mode of action

of these antibiotics. In addition, a decreased level of several compounds involved in the
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metabolism of GSH was detected. To correlate information from the metabolomic
studies with the genetic information provided by the WGS, the KEGG analysis of the
identified DAMs was performed. The pathways of GSH metabolism and aa-tRNA
biosynthesis with the genes present in each strain and detected DAMSs were analyzed.
In each pathway, several downregulated metabolites were identified. No upregulated
metabolites were detected.

The 12-month continuous exposure of strains to nitrofurans contributed to damage
of their genetic material as evidenced by electrochemical DNA sensors and RAPD-
PCR. Remarkable changes in LPX, SOD, CAT, and GSTs reflect that cell exposure
to nitrofurans decreases cell ability to cope with environmental stress. This was
specifically visible in the Sph strain. Overall, NFT and FTD showed similar, but not
identical, mechanisms of action towards environmental bacteria. Interactions of these

antibiotics with cells depend more on characteristics of the strain than properties of the

individual nitrofurans (H4, H6).

Limitations and future directions

There are several possibilities to extend the work presented in this dissertation. As
a starting point, it should be highlighted that the use of nitrofurans has increased
recently. Nonetheless, little information is available about occurrence of nitrofurans and
their marker residues in wastewater and other water bodies. Research focused on
detecting nitrofurans and their marker residues around the world should be conducted
to learn about the actual contamination of the natural environment with these
antibiotics. Additional work is required to understand the levels of nitrofurans entering
the natural environmental compartments and efforts should be directed at determining
where this contamination occurs.

Efforts should be also made to improve awareness of the society about dangers
related with antibiotic pollution. In particular, trainings for agronomists and farmers
should be provided to encourage them to use alternatives instead of antibiotics to
promote growth of animals.

This dissertation focused on nitrofurantoin, which is the major representative of the
nitrofuran antibiotics. Therefore, another natural extension of this work is in-depth
investigation of biodegradation and environmental impact of other nitrofurans, such as
turazolidone or nitrofurazone. While primary biodegradation of nitrofurantoin has led
to formation of stable transformation products, it would be interesting to investigate
their biodegradability by the bacterial strains. In addition, experiments on
mineralization of nitrofurantoin and products of its transformation could complement
the existing results. To this end, it would be interesting to thoroughly investigate

mechanisms of nitrofurans biodegradation by bacteria.
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While modifications occurring at the molecular level in the cells of strains
biodegrading nitrofurans remain unknown, it would be interesting to include (and
combine) additional omics techniques, such as transcriptomics or proteomics.

The further work outlined above would help clarify some of the results obtained in

this dissertation and help understand the environmental impact of nitrofurans.

Concluding statement

What emerges out of this dissertation is the fact that environmental bacterial consortia
contain strains capable of biodegrading nitrofurantoin. Nonetheless, biodegradation of
nitrofurantoin leads to formation of stable products (such as 1l-aminohydantoin,
semicarbazide and hydrazine) and follows similar pathways regardless of the source of
microorganisms used for biodegradation study. The possible nitrofurantoin
contamination may affect the composition of aqueous microbial communities and
microbial community structure can be directly correlated with the presence of
nitrofurantoin. Long-term exposure of bacterial strains to nitrofurans can induce
morphological changes within the cells, alter metabolomic characteristics, disrupt
protein biosynthesis, accelerate mutagenic effects, and promote oxidative stress. Studies
of bacterial cells mechanics taken together with classic biochemical methods provided
complex information about bacterial cell response to nitrofurans. The knowledge
obtained within this dissertation may help improve our understanding of nitrofurans
that receive attract little scientific attention but pose a risk to the environment and
human health. This dissertation has also contributed to a better understanding of the
environmental impact of nitrofurantoin and its intermediates. Results could be helpful
during designing the technologies of bioremediation of sites contaminated with

antibiotics.
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Abstract: The continuous exposure of living organisms and microorganisms to antibiotics that
have increasingly been found in various environmental compartments may be perilous. One group
of antibacterial agents that have an environmental impact that has been very scarcely studied is
nitrofuran derivatives. Their representative is nitrofurantoin (NFT)—a synthetic, broad-spectrum
antibiotic that is often overdosed. The main aims of the study were to: (a) isolate and characterize
new microbial strains that are able to grow in the presence of NFT, (b) investigate the ability of
isolates to decompose NFT, and (c) study the impact of NFT on microbial cell properties. As a result,
five microbial species were isolated. A 24-h contact of bacteria with NFT provoked modifications in
microbial cell properties. The greatest differences were observed in Sphingobacterium thalpophilum
P3d, in which a decrease in both total and inner membrane permeability (from 86.7% to 48.3% and
from 0.49 to 0.42 uM min~!) as well as an increase in cell surface hydrophobicity (from 28.3% to
39.7%) were observed. Nitrofurantoin removal by selected microbial cultures ranged from 50% to
90% in 28 days, depending on the bacterial strain. Although the isolates were able to decompose
the pharmaceutical, its presence significantly affected the bacterial cells. Hence, the environmental
impact of NFT should be investigated to a greater extent.

Keywords: nitrofurantoin; pharmaceutical; biodegradation; microbial strains isolation; cell membrane
permeability; cell metabolic activity

1. Introduction

Being increasingly used by millions of peoples, pharmaceuticals have become an indispensable
element of contemporary societies [1-3]. Many of them are purchased and consumed in quantities that
exceed the real demand, and recent studies have shown that these substances are entering the natural
environment. There are many ways that medicines make their way into the environment (Figure 1).
These include improper drugs disposal or the inappropriate management of drug manufacturing
facilities. Nevertheless, a great portion of the pharmaceuticals that are present in ecosystems comes
from the drugs taken by people or animals that are excreted in an unchanged form in urine or
feces [2,4,5].

Int. ]. Environ. Res. Public Health 2019, 16, 1526; doi:10.3390/ijerph16091526 www.mdpi.com/journal/ijerph
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Figure 1. Sources of natural environment contamination with pharmaceuticals. Side and main streams
indicate the relative amount of pharmaceutical contaminants introduced to the environment.

Although the concentrations of pharmaceuticals detected in the environment usually do not exceed
safety regulations, their possible adverse impact on fauna and flora cannot be neglected. The particularly
dangerous group of compounds found in the environment are antibiotics [6]. The social concerns about
them are related not to their concentration in the environmental compartments, but rather to the nature
of the molecules and their biological activity [4,6]. The continuous, low-level, unintentional exposure of
living organisms and microorganisms to antibiotics contribute to, among other factors, the development
of pathogenic bacteria resistance to these compounds [7]. Antibiotics present in the environment
also affect natural microbial communities. A number of research studies have demonstrated that
the presence of antibacterial pharmaceuticals influences the microbial growth, enzymatic activity,
and biomass production, leading to the decrease in microbial diversity [8-14]. On the other hand,
through being involved in the self-purification process of ecosystems and being able to decompose the
xenobiotics, natural bacterial communities play a key role in the environmental fate of antibiotics [1,15].
By far, a considerable number of antibiotics has been tested according to their biodegradability.
However, one group of antibacterial compounds whose environmental impact has been very scarcely
studied is nitrofuran derivatives. They belong to synthetic, broad-spectrum antibiotics that are active
against Gram-positive and Gram-negative bacteria. The most often used nitrofuran compound is
nitrofurantoin (NFT): an imidazolidinedione derivative containing a distinctive 5-nitrofuran ring [7].
Its bacteriostatic and bactericidal effects are complex and not entirely understood, but might be related
to the inhibition of bacterial DNA, RNA, and protein synthesis as well as the formation of reactive
oxygen species [16-18].

Nitrofurans used to be applied in livestock production; however, according to their possible
carcinogenic properties, its usage in the fields in question has been prohibited in the European Union
since 1995. Nevertheless, they are still easily accessible and used in the treatment of urinary tract
infections in humans as well as in veterinary medicine [17,19].

Since studies about the environmental effects of nitrofurantoin as well as its biodegradation are
limited [20,21], the main aim of this study is to investigate the ability of environmental microbial
strains to decompose nitrofurantoin and study the impact of the compound mentioned on microbial
cell properties. The analyses performed include the isolation of new bacterial strains from rural and
municipal activated sludge as well as their biochemical characterization. Afterwards, the biodegradation
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of nitrofurantoin by newly isolated microbes was studied with the use of HPLC-MS/MS. Moreover,
microbial cell viability and changes in the inner and total membrane permeability as well as cell
surface hydrophobicity after contact with nitrofuran-derived drugs were tested. To the best of our
knowledge, this is the first comprehensive report on the impact of nitrofurantoin on environmental
microbial strains.

2. Materials and Methods

2.1. Chemicals

For preparing all the media and aqueous solutions, ultra-purified Mili-Q water (Arium® Pro,
Sartorius, Kostrzyn Wlkp., Poland) was used. The chemicals applied in the experiments, e.g., nitrofurantoin,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, salts, and medium components, were of
the highest purity grade (98% or greater). They were purchased from Sigma-Aldrich (Poznan, Poland).

2.2. Isolation and Identification of Bacterial Strains

The bacterial strains that are able to grow in the presence of nitrofurantoin were isolated from
activated sludge samples collected aseptically from the rural waste water treatment plant (WWTP)
located in Kazmierz, Poland (52°29’41.6"”" N, 16°35’08.8" E) serving small households, and from
the WWTP in Poznar, Poland (52°25’53.1” N, 16°57’31.8" E) collecting sewage from the municipal
agglomeration. After incubation for 24 h at 30 °C, 10 mL of the activated sludge was transferred
to 90 mL of sterile mineral salt medium containing 1 mL of aqueous solution of sodium succinate
(20%) and nitrofurantoin (1 mg mL™1). Every 7 days, the microorganisms were transferred to a fresh
culture medium. The amount of nitrofurantoin was successively increased (by 1 mg L~! every week
for five weeks; the last three weeks, it was maintained at 5 mg L_l) and sodium succinate content was
decreased (by 0.125 mL every week). As a consequence, after 8 weeks, the only carbon source was
nitrofurantoin at a concentration of 5 mg L~L. In the next step, 0.1 mL of the cultures were seeded
on Mueller-Hinton agar medium plates (bioMerieux, Warsaw, Poland), and after 24 h of incubation,
a streaking technique was used to isolate the colonies formed by individual bacterial strains. After the
isolation, the strains that showed the best growth in the presence of NFT were selected and identified
by 165 rRNA gene sequencing in accordance with the method described in our previously published
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article [22]. Figure 2 reports the main isolation steps.

Municipal WWTP ENRICHMENT CULTURES  SELECTIVE CULTURES PURE BACTERIAL
-inoculum -inoculum STRAINS ISOLATION
-MSM -mineral salt medium
-microelements -microelements Hemolysis test
-sodium succinate -nitrofuran compound
30°C, 120 rpm, 7 days 30°C, 120 rpm, B weeks

Figure 2. Isolation of microorganisms from the activated sludge—scheme of the procedure.

2.3. Biochemical Characterization of Bacterial Strains

In order to characterize the pure bacterial strains isolated from municipal and rural WWTPs,
their biochemical profiles were evaluated using the Vitek 2 Compact (bioMerieux, Warsaw, Poland)
system. Moreover, all the isolated strains were inoculated on plates with Columbia agar containing
5% sheep blood (bioMerieux, Warsaw, Poland). After incubation for 24 h at 30 °C, the color and
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transparency of the agar medium around the bacterial colonies were observed. These observations can
indicate the strains’ ability to cause the lysis of red blood cells, which may be caused by the production
of surface-active compounds secreted outside the cell by bacteria [23,24]. The main isolation and
characterization steps are depicted in Figure 3.
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Figure 3. A typical nitrofurantoin chromatogram with two fragmentation transitions used in the
multiple reaction monitoring mode.

2.4. Growing Conditions

Isolated and characterized pure bacterial strains were stored on tryptic soy agar plates at 4 °C.
They were subcultivated every 21 days.

The liquid bacterial cultures used in the experiments contained 45 mL of nitrofurantoin solution
prepared in mineral salt medium (2.8 mg dissolved in 500 mL of medium under sterile conditions),
5 mL of inoculum, 0.1 mL of sodium succinate (20% aqueous solution), and 0.1 mL of trace elements
solution. The composition of the mineral salt medium (MSM) (composition (g L1): Na,HPO,-2H,0
7.0, KH,PO4 2.8, NaCl 0.5, NH4CI 1.0) included the addition of sodium succinate and microelements
(MgS04-7H,0 0.35, FeSO4-7H,0 0.035, CuSO4-7H,0 0.2, MnSO4-5H,0 0.2, ZnCl, 0.105, CoSO4-7H,0
0.025, H3BO3 0.285).

The inocula that were used to prepare the liquid cultures were prepared by adding the loop
full of cells taken from an agar plate to sterilized nutrient broth. Such mixtures were incubated at
30 °C with shaking at 120 rpm (KS 4000 ic control, IKA Werke GmbH, Staufen, Germany) for 24 h.
Afterwards, the bacteria were centrifuged at 4000x g for 10 min (3-18K, Sigma Laborzentrifugen GmbH,
Osterode am Harz, Germany) and washed twice with mineral salt medium. Finally, the cell pellet was
re-suspended in sterile medium to reach the final bacteria concentration of 1-10° cfu mL™! (mid log
phase; optical density (ODgq) 1.0 at A = 600 nm; spectrophotometer Jasco V-650, Tokyo, Japan).

The microbial cultures were incubated at 30 °C with shaking at 120 rpm over a period of time
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depending on the experiments (biodegradation, 28 days; cell viability and cell surface properties, 24 h).
They were conducted in the sterile 250-mL Duran® Schott (Wertheim, Germany) laboratory glass bottles.

All the solutions and glassware were sterilized prior to use in the experiments. In order to prevent

contamination, the laminar flow cabinet was used during activities associated with biological samples.
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2.5. Cell Membrane Permeability and Cell Surface Hydrophobicity

In order to evaluate the influence of the presence of NFT (initial concentration 5 mg L™!) on
microbial strains isolated from rural and municipal activated sludge, analyses of microbial inner
membrane permeability, total membrane permeability, and cell surface hydrophobicity were performed.
The methods applied includedo-nitrophenyl-f-D-galactoside assay (ONPG), crystal violet assay (CV),
and congo red assay (CR). Microbial cultures with and without the addition of NFT were established
as described in Section 3.3. Control samples contained mineral salt medium instead of NFT solution.
After 24 h, microbial cultures were centrifuged (4000x g, 10 min) and washed with mineral salt medium.
Afterwards, they were resuspended in MSM to obtain the ODggy = 1.0. The total reaction volume
was 1 mL. Inner membrane permeability was tested as described previously [25] by measuring the
concentration of 3-galactosidase released into the solution using ONPG as a substrate. Total membrane
permeability was tested according to [26] by colorimetric measurements of the uptake of crystal violet
solution by microbial cells (CV assay). Cell surface hydrophobicity was analyzed by measuring the
adsorption of congo red dye on the surface of microbial cells (CR assay) [27].

2.6. Microbes Viability after Contact with NFT

Evaluation of microbial cells’ viability after 24-h contact between microbes and nitrofurantoin as
well as control samples (cultivated in the same manner but without the addition of NFT) was performed
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT) in accordance with
the method described in [28]. After 24 h, microbial cultures were centrifuged (4000x g, 10 min) and
washed with mineral salt medium. Afterwards, they were resuspended in MSM to obtain ODgq values
ranging from 0.1 to 0.2. The research samples contained 0.9 mL of microbial suspension and were
incubated with 0.1 mL of 5 g L~1 MTT solution (the final concentration of MTT in the samples was
0.5 g L™1) for 2 h at 30 °C. After incubation, the cultures were centrifuged at 15,000x g. The supernatant
was discarded, and the pellet (the formazan precipitate formed by viable cells) was dissolved with
1 mL of propan-2-ol. Afterwards, the samples were centrifuged again at 4000x g, and the supernatant
was analyzed on a UV-Vis spectrophotometer at 560 nm.

2.7. Nitrofurantoin Biodegradation with Kinetic Study

The biodegradation of nitrofurantoin by bacterial strains isolated from rural and municipal
sewage was analyzed in the present study. Microbial cultures were prepared as described in Section 2.4.
In order to determine the content of residual nitrofurantoin in microbial cultures, the samples were
taken in 3 to 4-day intervals.

The qualitative and quantitative analysis of residual nitrofurantoin was analyzed using
HPLC/MS-MS. The chromatographic system UltiMate 3000 RSLC from Dionex (Sunnyvale, CA, USA)
was used. Five-uL samples were injected into a Gemini-NX C18 column (100 mm X 2.0 mm i.d.;
3 um) from Phenomenex (Torrance, CA, USA) maintained at 35 °C. The mobile phase employed in
the analysis consisted of ammonium acetate (5 1073 mol L) in water and methanol at a flow rate
of 0.3 mL min~!. Gradient elution was performed by linearly increasing the percentage from 75%
methanol to 80% in 2 min, and then linearly increasingthe percentage to 100% in 1 min. The LC column
effluent was directed to the API 4000 QTRAP triple quadrupole mass spectrometer from AB Sciex
(Foster City, CA, USA) through the electrospray ionization source operating in the positive ion mode.
The dwell time for each mass transition detected in the MS/MS multiple reaction monitoring mode
was set to 200 ms. All the ions were detected using the following settings for the ion source and mass
spectrometer: curtain gas, 10 psi; nebulizer gas, 40 psi; auxiliary gas, 40 psi; temperature, 400 °C;
and collision gas, medium. The ion spray voltage was —4500 V, and the declustering potential was
—60 V. The multiple reaction monitoring transitions parameters were as follows: analytical m/z = 237
— m/z = 152 (collision energy 17 eV, collision cell exit potential 10 V), confirmatory m/z = 237 — m/z =
124 (collision energy 20 eV, collision cell exit potential 10 V); see Figure 3.
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Moreover, the nitrofurantoin biodegradation study was extended with kinetic analysis. According
to Bekins et al. [29], zero-order calculations, first-order calculations, and the simplified Monod equation
were used to calculate the biodegradation kinetics.

2.8. Statistical Analysis

All the results are reported as mean values calculated from at least three independent experiments.
The statistical significance of differences between the means of research samples and control samples
(without the addition of NFT) were determined by one-way analysis of variance (ANOVA) with
Tukey’s range test applied as posthoc analysis. Differences with p < 0.05 were considered statistically
significant. The calculations were performed using Statistica v13 (StatSoft, Cracow, Poland).

3. Results and Discussion

3.1. Isolation and Identification of Microbial Strains

The microorganisms used in our research were isolated from samples of activated sludge (AS)
taken from municipal and rural waste water treatment plants (WWTPs). In order to isolate pure
bacterial strains, selective liquid cultures were established and inoculated with a given sludge
sample. After eight weeks of cultivation, 18 bacterial strains were isolated from the rural AS,
and 13 were isolated from the municipal one. Thereafter, the strains that showed the best growth
in the presence of NFT were selected and identified by 16S rRNA gene sequencing. From the rural
WWTP, only two strains were able to use the NFT as the only carbon and energy source, and they
were identified as Sphingomonas paucimobilis (K3a) and Ochrobactrum antrophi (K3b). Both strains are
often found in activated sludge [30,31], and are recognized as efficient biodegraders of biocides such as
triclocarban (Sphingomonas strain described by [32]), triclosan (two Sphingomonas strains investigated
by [33]), oxytetracycline (Ochrobactrum sp. KSS10 studied by [34]), sulfamethoxazole (Ochrobactrum sp.
SMX-PM1-SAl isolated by [35]), or erythromycin (Ochrobactrum sp. described by [36]). In municipal
WWTP activated sludge, three strains showing the capability of degrading nitrofurantoin were found:
Rhizobium radiobacter (P4c), Pseudomonas aeruginosa (P4a), and Sphingobacterium thalpophilum (P3d).
R. radiobacter has been previously recognized as degrading several dyes [37,38]; the second strain is
an ubiquitous environmental bacteria displaying great biodegradation potential [39,40]. However,
the strain from the Sphingobacterium thalpophilum genus was found in activated sludge fed with
pharmaceutical waste water [41].

Furthermore, for all the isolated strains, the biochemical profile was evaluated using a Vitek2®
system with a GN Colorimetric Identification Card. The results of differentiating reactions are
presented in Table 1. The Vitek2® system (bioMerieux, Warsaw, Poland) provides information about
48 characteristic biochemical reactions. Among them, 23 were common for all the investigated strains.
The strains belong to different genera, and the variety of biochemical profiles is comprehensible.
However, L-proline arylamidase and tyrosine arylamidase assimilation were observedin all the strains.

The next step of the microbial strains’ characterization was the analysis of their ability to
produce hemolysins. For that puropse, microbial strains were grown on Columbia agar containing 5%
sheep blood (bioMerieux, Warsaw, Poland) using the streaking technique. Among the tested strains,
only P. aeruginosa (P4a) caused the complete lysis of the blood cells (3-hemolysis). However, the lysis
could be observed in the place of the massive growth of bacteria only. Presumably, the amount of
hemolysins produced by the strain was too small to cause the rupture of red blood cells where the single
colonies were formed. Moreover, O. antrophi (K3b) displayed a-hemolysis because the agar under
the colony was dark and greenish. The agar under the colonies of S. paucimobilis (K3a), R. radiobacter
(P4c), and S. thalpophilum (P3d) was unchanged. It means that those strains did not induce hemolysis
(i.e., were non-hemolytic).
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Table 1. The differentiating reactions from Vitek2® GN Colorimetric Identification Card (bioMerieux,
Warsaw, Poland) for strains coming from the rural WWTP: Sphingomonas paucimobilis (K3a), Ochrobactrum
antrophi (K3b) and the municipal wastewater treatment plant (WWTP): Rhizobium radiobacter (P4c),
Pseudomonas aeruginosa (P4a), and Sphingobacterium thalpophilum (P3d).

Strain APPA  ILATk GlyA O129R  ADO dMAL dTAG AGLU PyrA AGLTp dTRE SUCT

K3a + + - - - + - + + - - -
K3b - + + - + - + - + - - +
P4c - - + - - - - - + - - -
P4a - + - + - - - - - + (+) -
P3d - - - - - - - + - - - -
IMLTa IARL dGLU  dMNE CIT ELLM GGT URE MNT CMT BAlap BGUR

K3a - - + - + - - + - - - -
K3b - - - - - + + + -
P4c - + - - - + - + - - - -
P4a + - + + + - + - + + + -
P3d - - - - - - - + - - - +

APPA—AIla-Phe-Pro-arylamidase; ILATk—L-lactatealkalinisation; GlyA—glycinearylamidase;

O129R—0/129 resisitance (comp. vibrio); ADO—adonitol; dMAL—D-maltose; dTAG—D-tagatose;
AGLU—alpha-glucosidase; PyrA—L-pyrrolydonyl-arilamidase; AGLTp—glutamylarylamidasepNA;
dTRE—D-trehalose; SUCT—succinatealkalinisation; IMLTa—L-malateassimilation; dMNE—D-mannitol;
CIT—citrate (sodium); ELLM—Ellman; GGT—gamma-glutamyl-transferase; URE—urease; MNT—malonate;
CMT—coumarate; BAlap—f-alaninearylamidasepNA; BGUR—f@-glucoronidase.

3.2. Inner and Total Membrane Permeability

The experiments performed within the study included the analysis of inner and total membrane
permeability. The parameters were tested in cells subjected to 24-h contact with nitrofurantoin
(initial concentration 5 mg L1, and those that were cultivated under the same conditions but without
the addition of NFT. All the experiments were performed in independent quadruplicates. Afterwards,
the statistical analysis was performed, and statistically significant differences were indicated. The results
of experiments are depicted in Figure 4.

One-way analysis of variance (ANOVA) and further posthoc tests showed that nitrofurantoin
did not cause any modifications in the inner membrane permeability of the K3a strain (p = 0.992054)
(Figure 4a). The average value of the parameter tested was 0.10 uM min~!. However, statistically
significant differences in inner membrane permeability were observed in microbial cells of strains
K3b, P4c, P3d, and P4a between control samples and samples with NFT. The strongest difference was
observed in K3b and P3d strains (both p-values < 0.001). In both strains, the permeability of the inner
membrane was lower after contact with NFT. A different situation was observed in the cells of the P4c
and P4a strains: permeability was significantly greater in the microbial cultures with nitrofurantoin
compared to the culture that contained mineral salt medium only. Increases from 0.03 to 0.05 M min~!
and from 0.07 to 0.14 pM min~! were observed. What is more, within the five microbial strains tested,
P4c was characterized by the smallest inner membrane permeability, and P3d had the greatest.

The results of the inner membrane permeability measurements obtained within the present study
are similar to those of Guven et al. (2005), who investigated the effect of various antibiotics and
pesticides on the inner membrane permeability of E. coli ML 35 using the same method as in the present
article. Their experiments revealed that neither gramicidin D nor ampicillin modify the activity of the
enzyme [3-galactosidase in the ML 35 strain [42]. This means that the presence of those antibiotics did
not influence the permeability of the ML 35 membrane, which is similar to how nitrofurantoin did not
modify the permeability of the K3a and P4c strains. On the other hand, Rajasekaran et al. (2019) have
performed the experiments on antimicrobial peptides and their analogs. They checked, among other
factors, the 3-galactosidase activity in the E. coli strain after contact with the peptides. They observed
an increase or no change in the membrane permeability of the inner membrane [43]. In our studies,
nitrofurantoin induced a statistically significant increase in the permeability of the inner membrane in
only one (P4a) of the five strains.
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Figure 4. Changes in inner membrane permeability (a) and total membrane permeability (b) in
five microbial strains subjected and not subjected to contact with nitrofurantoin; Sphingomonas
paucimobilis (K3a), Ochrobactrum antrophi (K3b), Rhizobium radiobacter (P4c), Pseudomonas aeruginosa (P4a),
and Sphingobacterium thalpophilum (P3d); stars (*) above the columns indicate statistical differences among
groups (samples treated with nitrofurantoin (NFT) vs. untreated controls, p < 0.05, ANOVA followed by
Tukey’s range test); results are reported as mean values calculated from three independent experiments.

Figure 4b depicts the results of modifications of the total membrane permeability after the addition
of nitrofurantoin (these groups are described as ‘NFT’). The greatest differences between the control
samples and samples containing nitrofurantoin were observed in the P4c and P3d strains (p < 0.001 for
both strains). The presence of NFT provoked a reduction in total membrane permeability by 40% of the
microbial cells mentioned. A statistically significant modification in total membrane permeability was
noticed also for the K3a strain (a decrease from 31.4% to 21.7%, p = 0.038384). However, no changes
were observed in the case of K3b (p = 0.996302) and P4a (p = 0.838065). Interestingly, the same direction
of changes in both inner and total membrane permeability was observed for P3d (a statistically
significant decrease in the presence of NFT) and P4a (a statistically significant increase in the presence
of NFT), as well as K3a and K3b (a decrease in the presence of NFT); however, for the last two strains,
the modifications were not significant for at least one parameter. Moreover, it should be highlighted
that among all the strains tested, S. thalpophilum (P3d) was characterized by the greatest permeability
change for both the bacterial total and inner membrane (in both the ‘Control” and ‘NFI” samples).

In general, the contact of bacteria cells with antimicrobial agents often causes an increase in the
total membrane permeability. For example, ciprofloxacin and rhamnolipids provoked an increase
of crystal violet uptake by S. aureus and E. coli cells [44]. Similarly, Bharali et al. (2013) observed
rhamnolipids enhancing the membrane permeability of K. pneumonie cells [45]. However, ranbezolid,
the pharmaceutical containing a nitrofuran ring in its molecule, did not affect S. aureus membrane
integrity, but rather strongly damaged the membrane of S. epidermidis [46].

Most often, the increase of cellular membrane permeability is related to toxic effect of the
xenobiotics on the cell and leads to its rupture [47]. On the other hand, it can facilitate the uptake
of these compounds, and can be useful in biodegradation processes, as observed in the research of
Qiu et al. [48]. Moreover, it should be mentioned that the permeability of the bacterial inner membranes
decreased after contact with NFT in the K3b and P3d strains, and the permeability of the total membrane
was statistically reduced in the K3a, P4c, and P3d strains. These results can suggest that the bacteria
initiated a cellular defense mechanism against the exogenous substance and tried to prevent the
xenobiotics molecules from entering into the cell [49].

3.3. Cell Surface Hydrophobicity

An important parameter of the bacterial cell surface that may indicate the chemical compound
bioavailability to microbial cells is the cell surface hydrophobicity (CSH). In our research, the CSH

89



Amanda Pacholak, PhD Dissertation |

Int. ]. Environ. Res. Public Health 2019, 16, 1526 90f 15

was tested using colorimetric congo red assay [27]. The results are presented in Figure 5. Among all
the strains tested, S. paucimobilis (K3a) was characterized by the highest CSH (62.1%), as measured in
the control samples. The presence of NFT provoked a decrease in the hydrophobicity of K3a to 36.2%
(p < 0.001). A statistically significant reduction in the parameter in question was also noticed in P4c;
however, an increase in CSH was observed in P3d. Considering K3b and P4a, no significant changes in
the cell surface hydrophobicity were investigated. However, it should be noted that the cells of K3b
were characterized by strongly hydrophilic properties (CSH between 5.3-6.8%), but the P4a cells were
slightly hydrophobic (CSH around 31.3%).

80
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40
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Cell surface hydrophobicity [%]
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Figure 5. Changes in cell surface hydrophobicity in five microbial strains subjected and not subjected
to contact with nitrofurantoin: Sphingomonas paucimobilis (K3a), Ochrobactrum antrophi (K3b), Rhizobium
radiobacter (P4c), Pseudomonas aeruginosa (P4a), and Sphingobacterium thalpophilum (P3d); stars (*) above
the columns indicate statistical differences among groups (samples treated with NFT vs. untreated
controls, p < 0.05, ANOVA followed by Tukey’s range test); the results are reported as mean values
calculated from three independent experiments.

The carbon source may strongly affect the cell surface hydrophobicity. In turn, the bioavailability
of the compound to be degraded may be increased [50]. However, the number of factors influencing
the cell surface hydrophobicity impedes the easy interpretation of the mechanism of modification of
bacteria cells’ surface properties [51]. The alteration in cell surface hydrophobicity is clearly noticeable in
the presence of hydrophobic pollutants such as diesel oil [52]. What is important, the pharmaceuticals,
such as ibuprofen, also can modify the hydrophobicity of the bacterial cell surface [53]. Similarly,
the presence of nitrofurantoin provoked changes in the CSH of the bacteria tested. It may indicate
remodeling the outer layers of bacterial cells and changes in substrate bioavailability. However,
phenomena occurring during the assimilation of a degraded compound are complex, and modifications
of CSH do not have to directly affect changes in biodegradability.

3.4. Cytotoxity Analysis of NFT

Microbial cells viability is an important parameter during the evaluation of the xenobiotic’s
toxicity. In the present paper, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
method was used in order to observe the effect of nitrofurantoin presence on the metabolic activity
of newly isolated microbial strains [28]. The results are presented as MTT reducing units (MRU) in
Figure 6.

The one-way ANOVA test and Tukey’s range test indicated that nitrofurantoin provoked
a significant decrease in the cell metabolic activity of strains K3a, K3b, P4c, and P4a (p-value < 0.001,
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all four strains). The strongest difference was observed for P4c, where the relative number of
metabolically active cells decreased from 2.55 to 1.12 MRU [-]. However, the slightest decrease that
was still significant was noticed for the P4a strain. Considering the microbial strain isolated from the
municipal WWTP, S. thalpophilum P3d, no notable changes in cells metabolic activity were noticed
between the sample with MSM and the one with NFT. It should be noticed that a slight increase in
metabolic activity was noticed in the P3d strain after contact with NFT; however, the difference was
not significant (p = 0.614344).

3.0
[ Control
NFT
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4
=
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D *
K3a K3b P4c P3d P4a

Bacterial strain

Figure 6. Modifications of microbial cells’ viability in microbial cultures subjected and not subjected to
contact with nitrofurantoin after 24 h of cultivating: Sphingomonas paucimobilis (K3a), Ochrobactrum
antrophi (K3b), Rhizobium radiobacter (P4c), Pseudomonas aeruginosa (P4a), and Sphingobacterium
thalpophilum (P3d); stars (*) above the columns indicate statistical differences among groups (samples
treated with NFT vs. untreated controls, p < 0.05, ANOVA followed by Tukey’s range test); results are
reported as mean values calculated from three independent experiments.

Zhang et al. (2013) investigated the effect of another nitrofuran derivative—furazolidone—on
microbial metabolic activity. The results showed that the relative cytotoxicity of the compound in
question ranged from 6% to 36%, regarding the bacterial strain tested [54]. Another study published
by Bergheim et al. (2015) showed that antibiotics are highly toxic to the Pseudomonas putida strain.
High toxicity was associated with the low degradability of those compounds [3]. Such correlation
did not have a place in our research. Although the presence of antimicrobial exogenous compounds
decreased cells’ viability, its biodegradation by the strains tested was still efficient (see Section 3.5).
Itis interesting that the highest decrease in cells” metabolic activity (P4c) was not observed in the strain
that had the smallest degradation rate (P4a).

3.5. Nitrofurantoin Removal

The next stage of the research was devoted to the analysis of the degradation potential of
nitrofurantoin by the isolated bacterial strains. The highest removal rate was observed for all the
strains within the first two days of cultivation (Figure 7). However, microorganisms from the rural
WWTP, S. paucimobilis K3a and O. antrophi K3b, displayed the highest nitrofurantoin removal efficiency.
Both strains utilized nearly 90% of the initial amount of the pharmaceutical in two days. At the end
of the experiments, on the 28th day, the concentration of the degraded compound was reduced to
0.22mg L~! and 0.34 mg L' in cultures with K3a and K3b, respectively. Analyzing the results obtained
for the strains of municipal WWTP origin, the most effective degradation was conducted by the P4c
strain. The concentration of nitrofurantoin was reduced to 0.78 mg L~ in four weeks (84% of the initial
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NFT concentration was utilized). At the same time, the concentration of NFT measured in cultures
containing P3d and P4a on the 28th day was 1.48 and 2.49 mg L=}, which corresponded to 70% and
50% removal efficiency, respectively.

5
3 —o— K3a
—e— K3b
—v— P4c
4 A —v— P3d
—a— P4a

Nitrofurantoin concentration [mg mL'1]

0 T T T T T
0 5 10 15 20 25 30

Sampling time [day]

Figure 7. The nitrofurantoin removal in cultures with strains Sphingomonas paucimobilis
(KBa), Ochrobactrum antrophi (K3b), Rhizobium radiobacter (P4c), Pseudomonas aeruginosa (P4a),
and Sphingobacterium thalpophilum (P3d); results are reported as the mean values calculated from
three independent experiments.

An important aspect of nitrofurantoin degradation is its relation to microbial cell properties.
Reorganizations of cellular structures are expected to depend on bacterial species. As described above,
microbial strains identified as S. paucimobilis K3a and O. antrophi K3b exhibited the greatest degradation
ability. However, the response of these bacterial cells to the presence of nitrofurantoin was equivocal.
We observed that in K3a, a high degradation was accompanied by the modification of the cells surface
toward hydrophilic properties, and total membrane permeability toward significantly lower values.
Nevertheless, the permeability of the inner membrane has not been changed. A different situation was
noticed in the case of K3b, where a high degradation rate was accompanied by a significant decrease
in inner membrane permeability, and the other parameters (total membrane permeability and cell
surface hydrophobicity) have not been changed. On the other hand, the lowest nitrofurantoin removal
rate was observed for P. aeruginosa P4a. In this case, the contact of bacterial cells with nitrofurantoin
induced a statistically significant increase in both the inner and total membrane permeability. It is
interesting that among all the strains tested, P4a was the strain that was characterized by the lowest
metabolic activity, which was additionally reduced after cells” exposure to nitrofurantoin. The strain in
question was also the only one that exhibited 3-hemolysis. The results obtained indicate a variety of
changes in the properties of the tested strains. Different observations can be explained by the different
mechanisms of uptake of the substrate.

The information about the biodegradation of nitrofurantoin and other nitrofuran-derived
compounds is scarce. Among the articles published in the last decade, only [54] studied furazolidone
biodegradation by bacterial strains Acinetobacter calcoaceticus T32, Pseudomonas putida SP1, and Proteus
mirabilis V7. On the second day of the experiment, the concentration of the compound in the cultures
decreased significantly, and was lower than 30% of the initial concentration. Moreover, it is worth
mentioning that Samuelsen et al. (1991) have analyzed the impact of furazolidone on microorganisms
from aquaculture sediments, and noted that the half-life of furazolidone (at initial concentration of
400 pg mL~1) did not exceed 18 h. However, an addition of the compound tested strongly reduced the
number of autochthonic bacteria in the sediment [55].

Table 2 presents the results of an NFT degradation kinetic study calculated for individual
microorganisms. The calculations results accurately match the Monod model, which allowed
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determining the main constants in an equation describing the above-mentioned kinetic model.
A half-saturation constant (K;) representing the calculated substrate concentration at which its
biotransformation is half the maximum value had the highest value for the P4c, P3d, and P4d strains
(2.87,3.68, and 4.09 mg Lt respectively). In contrast, the lowest values did not exceed 2.63 mg L1,
and were found for two strains of rural WWTP origin. The distribution of substrate utilization rate
(v) values among the tested bacteria was relatively similar to the K distribution. Microorganisms
from the municipal activated sludge exhibited relatively low utilization rates (0.01 mg L~ day™1).
The strains from the rural activated sludge had higher values of v, 0.02 and 0.06 mg L~! day~" for
K3b and K3a, accordingly.

Table 2. The kinetics parameters according to the Monod equation describing nitrofurantoin
biodegradation by strains Sphingomonas paucimobilis (K3a), Ochrobactrum antrophi (K3b), Rhizobium
radiobacter (P4c), Pseudomonas aeruginosa (P4a), and Sphingobacterium thalpophilum (P3d).

Bacterial Strain Half—Saturation_(ljonstant K, Substrate UtililzatioiRate Vm R2
[mg L] [mg L™! day™']

K3a 2.13 0.02 0.99

K3b 2.63 0.06 0.99

P4c 2.87 0.01 0.99

P3d 3.68 0.01 0.99

P4a 4.09 0.01 0.99

The kinetics of antimicrobial agents” biodegradation have been analyzed by several researchers;
however, this has never been studied in relation to nitrofurantoin. What is more, the results of antibiotics
biodegradation have not always fitted the Monod model. For example, the sulfadiazine biodegradation
by Arthrobacter spp. followed first-order decay kinetics [56]. In contrast, Cheyns et al. [57] after
an analysis of atrazine biodegradation suggested that the Monod equation fits better. Hence, the obtained
results are important, because the proper kinetics model can help predict the biodegradation capacity
of microorganisms [57,58].

4. Conclusions

Both microbial consortia used (municipal and rural WWTPs’ activated sludge) contained microbial
strains that were capable of using NFT as a source of carbon and energy. Among the microbes isolated,
the best nitrofurantoin removal efficiency was displayed by S. paucimobilis K3a and O. antrophi K3b
(on average, 90% of the initial concentration of NFT was reduced in 28 days). Nitrofurantoin induced
a decrease in both theTMP and CSH of the K3a strain. In general, the microorganisms that had their
permeability lowered in the presence of NFT were characterized by lower cell metabolic activity.
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Antibiotic residues in the environment may negatively affect biological communities in the natural ecosystems.
However, their influence on environmental bacterial strains has not been thoroughly investigated. In this study,
two representatives of 5-nitrofuran antibiotics (nitrofurantoin and furaltadone) were investigated in terms of
their long-term influence on the cell envelopes of newly isolated environmental bacterial strains (Sphingo-
bacterium caeni FTD2, Achromobacter xylosoxidans NFZ2 and Pseudomonas hibiscicola FZD2). A 12-month exposure
of bacterial cells to nitrofurans at a concentration of 20 mg L ™! induced changes in the cell structure and texture
(bacteria under stress conditions showed a loss of their original shape and seemed to be vastly inflated, the cells
increased average surface roughness after exposure to NFT and FTD, respectively). AFM observations allowed the
calculation of the bacterial cell nanomechanical properties. Significant increase in adhesion energy of bacteria
after prolonged contact with nitrofurantoin was demonstrated. Changes in the permeability of bacterial mem-
brane, fatty acids’ composition and bacterial cell surface hydrophobicity were determined. Despite visible
bacterial adaptation to nitrofurans, prolonged presence of pharmaceuticals in the environment has led to sig-

nificant alterations in the cells’ structures which was particularly visible in P. hibiscicola.

1. Introduction

The pollution of the environment with hazardous materials is one of
the most essential environmental issues of the 21st century. The best
evidence of this is a rapidly growing number of publications focused on
the characterization of these materials, their environmental fate,
removal and monitoring (Angeles et al., 2020a; Charuaud et al., 2019;
Hahladakis et al., 2018; Kokulnathan and Chen, 2020; Kumar et al.,
2019; Tran et al., 2018). A group of substances which increasingly have
been resealed into the environment are antimicrobial compounds. An-
tibiotics constitute the largest proportion of the drugs produced globally
and are believed to be the most successful group of pharmaceuticals
discovered (Kokulnathan and Chen, 2020; Kumar et al., 2019). It has
been recently reported that between 2000 and 2015 the worldwide
antibiotic consumption increased by 65% and is expected to be up to
200% higher than the 42 billion defined daily doses estimated in 2015
(Klein et al., 2018). These substances have not been only used for the
treatment of animals’ and humans’ infections, they had been also

* Corresponding authors.

commonly applied in husbandry and farming.

Despite unequivocal benefits provided for humans and animals, an-
tibiotics may pose serious problems when released into the environ-
ment. First of all, their presence in the natural environment promotes
the worldwide escalation of antibiotic resistance genes and antibiotic
resistance bacteria (Berendonk et al., 2015). In addition, the antibiotics
residues consumed in products of animal origin or drinking water may
induce changes in the structure of human intestinal microflora leading
to development of opportunistic pathogens (Ben et al., 2020).

Therefore, their usage in livestock production has been restricted in
the European Union since 2006 and in the United Stated since 2017
(Kokulnathan and Chen, 2020; Robinson et al., 2018). Despite the lim-
itations implemented, various antibiotics and their residues have been
recently detected in various water bodies, e.g. the influents and effluents
of wastewater treatments plants (Angeles et al., 2020b; Tran et al.,
2018), groundwater and river water (Kim et al., 2018) or drinking water
(Ben et al., 2020; Charuaud et al., 2019).

One of the main classes of the widely used antibiotics which
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environmental impact is very scarcely studied are 5-nitrofuran de-
rivatives (5-NFs). The main compounds from the 5-NFs family are
nitrofurantoin, nitrofurazone, furazolidone and furaltadone (Kokulna-
than and Chen, 2020; Kumar et al., 2019). 5-NFs have been employed as
pharmaceuticals, food additives, conservatives as well as in the livestock
production since 1940s.

Nitrofurantoin ~ (N-(5-nitro-2- furfurylidene)-1-aminohydantoin,
NFT) has been used for the treatment of acute and chronic lower UTI
since 1953. Despite the fact that the drug is known for its rare adverse
effects which include pulmonary fibrosis and hepatitis, 90% of patients
treated with NFT have recovered with no complications (Muller et al.,
2017; Wijma et al., 2019). The bioavailability of NFT is 90%, it’s
elimination half-live is smaller than one hour and 27-50% of the drug is
excreted non-metabolized in the urine. NFT has a bactericidal effect
against Gram-negative uropathogens such as E. coli or E. faecalis (Novelli
and Rosi, 2017).

Introduced in 1958, furaltadone (5-morpholinomethyl-3-(5-nitro-
furfurylideneamino)-2-oxazolidinonem, FTD) has been mainly known as
veterinary drug used for the treatment and prophylaxis of bacterial
diseases in aquatic organisms. FTD is active against Gram-negative and
Gram-positive bacteria. The drug is believed to be unstable and rapidly
metabolized into 3-amino-5-methylmorpholino-2-oxazolidinone
(AMOZ). Both FTD and AMOZ have been reported to show mutagenic,
teratogenic and carcinogenic properties for humans (Zuma et al., 2019).

Nowadays, the usage of 5-NFs in husbandry and farming has been
strictly prohibited in many countries (Kokulnathan and Chen, 2020).
Nevertheless, they are still legally produced due to their effectiveness
and low production costs. They are also easily available for the treat-
ment of human and veterinary bacterial infections. Presumed excessive
misuse of these drugs as well as illegal application in livestock produc-
tion are the main reasons of the continuous release of their residues into
the environment (Zhang et al., 2019). Having entered the natural
environmental compartments, the antibiotics affect humans, animals
and plants. However, they also directly influence environmental bac-
teria which play essential roles in the global ecosystem (Kumar et al.,
2019).

A multilayered structure that separates the bacterial cell’s plasma
from the outside environment is called the bacterial cell envelope. The
cell envelope of Gram-negative bacteria is composed of the inner cell
membrane, the periplasmic space containing cell wall composed of a
thin layer of peptidoglycan and the outer cell membrane containing
lipopolysaccharide. (Silhavy et al., 2010). As this envelope interacts
with exocellular environment directly, a characterization of its detailed
structure and modifications provides essential information for under-
standing the mechanisms of interaction of xenobiotics with bacterial
cells.

Although xenobiotics are believed to negatively affect bacterial cells,
the exact mechanism of their interactions with bacterial surfaces re-
mains unclear (Ahmed et al., 2020). Previous studies revealed that
pharmaceuticals contribute to modification of bacterial cell membrane
permeability, cell wall elasticity or fatty acids composition (Cai et al.,
2019; Mohamed et al., 2016; Pogoda et al., 2017; Uzoechi and Abu-Lail,
2020; Yu and Zhao, 2020).

Recently, the traditional biochemical methods of bacterial cell
properties evaluation have been complemented with novel powerful
techniques which allow determination of biological samples at the
nanometer scale (Dorobantu and Gray, 2010; El-Kirat-Chatel et al.,
2020; Miiller and Dufrene, 2011; Ntnez et al., 2005). Such an approach
was implemented in our research whose aim was to investigate the
impact of two NFs representatives (nitrofurantoin and furaltadone) on
the modification of cell envelope of Gram-negative bacteria newly iso-
lated from the activated sludge. The bacteria used in the experiments
were characterized by relatively good growth in the presence of NFT and
FTD. Moreover, these species have been found in different environ-
mental compartments and some of them have shown the potential
application in the bioremediation of various micropollutants (Li et al.,
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2009; Manzoor et al., 2019; Nam et al., 2015; Singh and Singh, 2011;
Sun et al., 2013). The bacteria isolated were subjected to the long-term
exposure to NFT and FTD and the effect of the exposure on bacterial cell
envelopes was investigated. The novel tools and techniques were
applied in the research presented (such as TEM microscopy and AFM
microscopy) which allowed detailed studies of modifications in micro-
bial surface triggered by long-term exposure of bacteria to pharmaceu-
ticals. AFM observations allowed also the calculation of bacterial cells
roughness and cell nanomechanical properties. To the best of our
knowledge, this study is the first to report changes in nanomechanical
properties of bacterial cells after long-term exposure to antibiotics.
Moreover, changes in the permeability of the fatty acids’ composition
and bacterial cell surface hydrophobicity as well as bacterial total and
inner membrane permeability were studied. The knowledge obtained
within the research presented may help enhance our understanding of
pharmaceuticals that pose a threat to the environment and human
health.

2. Materials and methods
2.1. Chemicals

Nitrofurantoin, furaltadone and all other chemicals were purchased
from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA), microbiolog-
ical media were obtained from bioMérieux (Warsaw, Poland). All
chemical reagents and solvents were of the highest analytical grade and
used without further purification. All required solutions were prepared
using ultra-purified Milli-Q water (Arium® Pro, Sartorius, Kostrzyn
Wikp., Poland).

The aqueous solutions and glassware were steam sterilized before
using them in the experiments. Non-autoclavable solutions were filter
sterilized (0.22 um) (Captiva EconoFilters, Agilent, CA, USA). In order to
prevent contamination, a biological safety cabinet (Labculture® Class II,
Esco, Singapore) was used during activities associated with biological
samples.

2.2. Bacterial strains and growing conditions

The bacterial strains used in the experiments were isolated from the
activated sludge samples collected aseptically from the municipal
wastewater treatment plant in Poznan, Poland (52°25'53.1' N,
16°57'31.8' E) using a selective cultures method (selective agents: NFT
or FTD) in accordance with the procedure described previously
(Pacholak et al., 2019).

After isolation process, the microbial growth of the single bacterial
strains was monitored through culture optical density by measuring
absorption spectrophotometrically at 600 nm (Multiskan 152 Sky
Microplate Spectrophotometer, Thermo Fisher Scientific, Waltham, MA,
USA). Three bacterial strains which showed the best growth in the
presence of NFT and FTD were selected to further experiments. The
strains were identified using biochemical (Vitek® 2 system, bioMérieux,
Warsaw, Poland) and molecular techniques which allowed determina-
tion of their taxonomic affiliations (Kaczorek et al., 2013). Their 16S
rRNA gene sequences have been deposited in the GenBank database
under the following accession numbers: Sphingobacterium caeni FTD2
(Sph, GenBank: MK493331.1); Achromobacter xylosoxidans NFZ2 (Acb,
GenBank: MK493330.1); Pseudomonas hibiscicola FZD2 (Psd, GenBank:
MK493329.1).

In order to induce a long-term stress response, the bacteria isolated
were cultivated overall for 12 months on the Mueller-Hinton (MH) solid
media supplemented with nitrofurantoin (20 mg L) or furaltadone (20
mg L™). The bacteria were subcultivated every 14 days in order to
provide fresh nutrients and a selective agent (NFT or FID). Simulta-
neously, the reference samples were cultivated on the MH agar plates
without the addition of 5-NFs (bioMérieux, Warsaw, Poland). The
reference bacterial strains were sub-cultivated to the new MH media as
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often as the bacteria treated with nitrofurans. Such activities allowed
determine the impact of prolonged contact of microorganisms with
selected pharmaceuticals on the changes in the bacterial cell envelope
(Fig. S1). After 12 months of continuous cultivation of bacteria in the
presence of NFT and FTD, the cells under stress conditions (exposed to
NFT or FTD) and the reference bacteria (non-exposed) were subjected to
topography measurements (AFM and TEM imaging), analysis of their
surface mechanical and biochemical properties (bacterial inner and total
membrane permeability, Congo Red adsorption and fatty acids compo-
sition). Each experiment was preceded by liquid cultures preparation.
The cultures were carried out in 250 mL DURAN® laboratory glass
bottles containing 45 mL of minimal medium (composition: NaoHPO4
7.0; KHoPO4 2.8; NaCl 0.5; NH4Cl1 1.0 g L’l), microelements solution
(FeS04-7H20  35.0; MgS04-7H20 350.0; MnSO4-5H20  200.0;
CuS04-7H20 200.0; CoSO4-7H20 25.0; H3BO3 285.0; ZnCl 105.0 mg
L 1), 5 mL of inoculum (cells freshly grown on agar plates, washed with
sterile medium, optical density adjusted to 1.0 + 0.1), 0.1 mL 20% so-
dium succinate as a source of carbon, nitrofurantoin or furaltadone (the
final concentration 5 mg L™!). The cultures were incubated in 30 °C
with shaking (120 rpm) for 48 h to obtain cells in the exponential
growth phase.

2.3. Preparation of bacterial samples for AFM analysis

Long-term treated (NFTs and FTDs) and untreated (Ctrl) cells from
liquid cultures were washed three times with sterile DPBS (Dulbecco’s
Phosphate-Buffered Saline) solution. The pellets were gently resus-
pended in DPBS to obtain cells’ concentration of 1 x 10° cfu mL~}, and
subsequently the cells were rinsed with distilled water. 10 pl of a given
bacterial suspension was placed on a freshly cleaved mica surface and
left to dry in air at room temperature for 2 h before imaging. The mica
was attached to a steel puck using double-sided adhesive tape and then
was transferred into the sample stage on the AFM microscope.

2.4. Bacterial cells surface characterization by AFM

An atomic force microscope (Park NX10, Park Systems Corp., Suwon,
Korea) was implemented in the experiments to analyze changes in the
cell topography of three bacterial strains subjected to long-term expo-
sure to 5-NFs. The surface plots were made to provide a three-
dimensional perspective of the surface, from which changes in the
bacterial surface were analyzed and roughness parameters were calcu-
lated. Measurements were performed using non-contact mode using All-
in-One cantilever, type D (BudgetSensors, Sofia, Bulgaria) with nominal
resonance frequency of 350 kHz and nominal force constant of 40 N m™
. The scan size was set to 5 x 5 ym? with sampling of 512 lines for each
image and scan rate of 0.4-0.5 Hz. For each sample, at least three
measurements of 10 x 10 um? were performed in different positions in
order to localize the bacterial cells and choose the best view of sample
positioning. The measurements were performed in air at room temper-
ature (about 22 °C). The results of imaging were further investigated by
Gwyddion open-source software.

2.5. Surface roughness determination by AFM

Surface roughness was calculated from single cell images over a
linear profile of the cell in the central region of the given cells, from
images of 5 x 5 um size. For each experimental setup at least 25 cells
were included in calculations. Three height parameters (Ra, RMS, R3z)
and one spacing parameter (Aq) were chosen as indicative of bacterial
cell surface modifications:

- the average roughness (Ra) — which represents the average arith-
metical height of the profile;

- root mean square roughness (RMS) — being the root mean square of
the height values of the profile;
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- average roughness depth (R3z) — the third highest peak to third
deepest valley height, this parameter omits the two highest peaks
and the two lowest valleys, it measures the vertical variation of the
third highest peak from the third deepest valley over the evaluation
length;

- wavelength of the profile (Aq) — root mean square of the average
wavelength (the parameter that relates the average roughness with
the individual frequencies and amplitudes of the local peaks and
valleys) of the profile.

The parameters in question are expressed in nm. The final results are
expressed as the median of the replicates and the error bars indicate 95%
CL

2.6. Mechanical properties of bacteria determination by AFM

PinPoint™ Nanomechanical Mode from Park Systems enabled eval-
uation of high-resolution data using force-distance spectroscopy with
simultaneous measurements of topographical data. This allowed calcu-
lation of changes in selected quantitative nanomechanical properties of
bacterial cells. The median loading force was 270 nN with a constant
approach and retract velocity of 30 um s~'. The cells nanomechanical
properties include parameters as follows: adhesion energy, adhesion
force, deformation, energy dissipation, elastic modulus, stiffness and
elastic modulus. For each experimental setup at least 25 cells were
included in calculations.

2.7. TEM analysis

The morphology of the non-exposed and 5-nitrofurans exposed cells
were also characterized by transmission electron microscopy using
Transmission Electron Microscope HT7700 (Hitachi, Tokyo, Japan).
Each bacterial suspension was placed on a copper grid coated with
carbon film and negatively stained with 2% tungstic acid. Such prepared
cells were left to dry in air at room temperature for 2 h before imaging.

2.8. Changes in the bacterial cell envelope

The experiments determining the impact of 5-NFs 12-month expo-
sure on modifications of bacterial cell envelope were performed on the
bacteria exposed to NFT, bacteria exposed to FTD and the reference
bacteria. Additionally, modifications in the cell membrane permeability
and Congo Red adsorption were measured in reference samples sub-
jected to 7-day contact with NFT or FTD (short-term exposure) in min-
imal medium.

The experiments in question include: (i) Analysis of the cellular fatty
acid profiles. Fatty acids’ isolation and identification were conducted
according to (Kaczorek et al., 2013). (ii) Modifications of the bacterial
total and inner membrane permeability; (iii) adsorption of the Congo
Red dye (cell surface hydrophobicity). The measurements of the total
membrane permeability were based on the changes of Crystal Violet
uptake by bacterial cells. The ones of the inner membrane permeability
were based on determination of the release of $-galactosidase from the
cell interior. Cell surface hydrophobicity measured bacterial cell capa-
bility of adsorbing hydrophobic dye Congo Red (Congo Red Assay). The
last three tests were performed as described previously (Pacholak et al.,
2019) with some modifications. The reaction volume was reduced to
0.2 mL, the reactions were carried out in the 96-well plates and spec-
trophotometric measurements were done using Microplate Spectro-
photometer (Multiskan 152 Sky, Thermo Fisher Scientific, Waltham,
MA, USA).

2.9. Statistical analysis

The results of the experiments are reported as median values calcu-
lated from at least three independent experiments (biological repetitions
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— three independent samples inoculated at day 0). For each biological
sample, three technical repetitions were performed. A statistical signif-
icance of differences between the means of test samples and reference
samples was determined by two-way analysis of variance and Tukey’s
test for multiple comparisons. P-values calculated report up to three
digits after the decimal point and are described in the graphs as follows.
Significance level was 5%. The calculations were performed using
GraphPad Prism (GraphPad Software, LLC, San Diego, CA, USA).
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3. Results
3.1. Morphology and topography of bacterial cells

Representative AFM phase measurements before and after 12-month
exposure to NFT and FTD of Sphingobacterium caeni FTD2, Achromobacter
xylosoxidans NFZ2 and Pseudomonas hibiscicola FZD2 are shown in
Fig. la—c. The images of cells of all strains exposed to NFT or FTD
exhibited considerable modifications of bacterial cells shape in com-
parison to control samples, indicating changes in cells surface structure
induced by prolonged exposure to pharmaceuticals. Measurements of
the cells under stress conditions (both NFT- and FTD-exposed cells)
evidenced a smooth, homogenous surface topography in all directions,

300 nm
250

0.34 um

-0.04 pm

0.21 ym
-0.01 pm

0.34 ym
0.01 ym

Fig. 1. Representative surface three-dimensional plots (5 um x 5 pm) and height images illustrating the bacterial topography after 12-month exposure to nitro-
furantoin or furaltadone. Bacterial strains: (a) Sphingobacterium caeni FTD2, (b) Achromobacter xylosoxidans NFZ2 and (c) Pseudomonas hibiscicola FZD2 (Psd). Ctrl —
control samples (bacteria not exposed to nitrofurans); NFTs — bacteria after 12-month exposure to nitrofurantoin; FTDs — bacteria after 12-month exposure to

furaltadone.
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Fig. 1. (continued).

especially in the case of S. caeni (Fig. 1a). Bacteria were homogenous and
no obvious damage in the cells subjected to prolonged exposure to ni-
trofurans was observed. An increase in the length of the cells under
stress conditions in comparison to control samples was observed for all
strains except for NFT-treated S. caeni (Table 1). In particular, NFT-
exposed and FTD-exposed cells of A. xylosoxidans showed a loss of
their original shape and seemed to be vastly inflated. Irregular cells
architecture which could be attributed to cells damage can be observed
in AFM pictures (Fig. 1b). This phenomenon was also strongly observed
in the case of P. hibiscicola strain whose the cells became more spherical.
The control cells of all strains tested showed strong aggregation which
was not always observed in the case of bacteria under stress conditions.
The smallest differences between control samples and treated samples
were noted for S. caeni strain.

Fig. 2 represents bacterial morphology of the cells of S. caeni,
A. xylosoxidans and P. hibiscicola measured by transmission electron
microscopy. The cell surfaces of bacteria in the images are intact, stained
well and the cells have mostly unimpaired cell envelopes. The bacterial

surface of control cells (Fig. 2a, d, g) is slightly waved. The cells of all
strains exposed to NFT (Fig. 2b, e, h) and FTD (Fig. 2c, f, i) exhibit
considerable modifications in comparison to control samples, indicating
changes in cells surface structure. S. caeni control cells (Fig. 2a) exhibit
elongated worm-like morphology and are characterized by a wide, dark-
colored boundary which could be attributed to the presence of extra-
cellular substances secreted by the cells. Such observations have been
also noticed for S. caeni exposed to NFT. A complete loss of dark
boundary around the cell was noticed for FTD-treated S. caeni cells. The
lengths of NFT- and FTD-exposed S. caeni cells have increased, the cells
seem to be fluffier and inflated in comparison to control samples. The
control cells of A. xylosoxidans (Fig. 2d) exhibit a slightly elongated
morphology. There are dark condensed structures visible in the middle
of the cells. Heterogeneous appearance of the cytoplasm, presence of
condensed spots and septal rings (circle) as well as disintegration and
thickening of the cell wall (arrow) can be observed in A. xylosoxidans
after treatment with NFT (Fig. 2e). The morphological changes in FTD-
treated cells (heterogeneous appearance of the cytoplasm and
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Fig. 1. (continued).

Table 1
Dimensions of individual cells calculated from AFM images. The results are
presented as the mean value =+ standard deviation.

Strain  Sample  Cell length [pm] Cell width [pm] Cell height [pm]

Sph Ctrl 1.40 £ 0.24 0.75 = 0.12 0.31 +0.13
NFTs 1.42 £0.21 0.89 + 0.05 0.17 + 0.01
FTDs 1.10 £ 0.16** 0.75 + 0.07 0.13 + 0.05

Acb Ctrl 0.88 +0.13 0.41 + 0.08 0.35 + 0.02
NFTs 1.02 £ 0.11* 0.52 + 0.04 0.39 + 0.07
FTDs 1.14 £ 0.15%** 0.70 &+ 0.10*** 0.34 +0.03

Psd Ctrl 1.40 £ 0.27 0.50 = 0.03 0.10 + 0.02
NFTs 0.78 + 0.17*** 0.30 = 0.08 0.17 + 0.10*
FTDs 0.80 + 0.25%** 0.58 + 0.07 0.32 + 0.06

Asterisks indicate a statistically significant difference (treated cells vs. control
cells) calculated using one-way ANOVA: P-value: < 0.001(***); (0.001; 0.01 >
(9% > 0.01 ().

condensed spots, Fig. 2f) of A. xylosoxidans appear to be similar to those
induced by NFT-treated ones. The TEM images of P. hibiscicola strain
show that the shape and surface structure of the cells after treatment
with NFT (Fig. 2h) and FTD (Fig. 2i) resemble that of control cells
(Fig. 2g) - they exhibit elongated morphology and the structure is
waved. However, the cells under stress conditions seem to have slightly
increased width and reduced length. Moreover, the images of treated
cells show intracellular inclusion bodies, which can be seen as light gray
irregularly shaped circles.

3.2. Bacterial cell surface roughness determination by AFM

Bacterial surface roughness parameters are summarized in Fig. 3.
Among all strains tested, the highest initial roughness was calculated for
A. xylosoxidans. The prolonged exposure of bacterial cells to nitrofuran
antibiotics contributed to the substantial increase of roughness average
(Ra). The average roughness of S. caeni increased from 3.1+ 0.4 nm
(Ctrl) to average 4.5 nm (FTDs, NFTs). There was no difference between
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Fig. 2. TEM images of bacterial cells illustrating the morphology of three bacterial strains after 12-month exposure to nitrofurantoin or furaltadone. Bacterial strains:
Sphingobacterium caeni FTD2 (Sph), Achromobacter xylosoxidans NFZ2 (Acb) and Pseudomonas hibiscicola FZD2 (Psd). Ctrl — control samples (bacteria not exposed to
nitrofurans); NFTs — bacteria after 12-month exposure to nitrofurantoin; FTDs — bacteria after 12-month exposure to furaltadone.

NFT- and FTD-exposed cells. Similar observations were made for
P. hibiscicola, however, the average Ra of treated bacteria was twice as
high as that of control cells (P < .001), Regarding A. xylosoxidans, pro-
longed exposure to FTD did not induce statistically significant changes
in the average roughness of the bacterial cells. Different observations
were made for root mean square roughness (RMS). The parameter in
question did not exhibit such significant modifications as Ra. The sta-
tistical differences between samples were calculated only in the case of
P. hibiscicola. RMS of the control cells was 3.4 + 0.7 nm and a substantial
increase to 6.9 + 1.6 nm was observed in NFT-treated cells (P < .001)
and to 6.6 4 0.7 nm in FTD-treated cells (P < .001). On the other hand,
the modifications of average roughness depth (R3z) of all strains tested
resemble these of Ra: a significant increase in NFT- and FTD-exposed
cells in comparison to Ctrl of S. caeni as well as P. hibiscicola, and sig-
nificant difference between NFT-exposed and FTD-exposed cells of
A. xylosoxidans. 12-month exposure of the cells to nitrofurans induced
significant alterations in the wavelength of the profile (Aq) of NFT-
treated A. xylosoxidans for which a substantial increase was calculated
in comparison to control sample.

3.3. Bacterial cell surface nanomechanical properties determination by
AFM

The violin plots in Fig. 4 show the frequency distribution of the data
obtained for bacterial mechanical properties measurements. These
include adhesion energy, adhesion force, deformation, elastic modulus
and stiffness. The initial adhesion energy calculated for control samples
was different for each strain tested. S. caeni was characterized by the
lowest value (75.8 + 9.0 aJ) and P. hibiscicola by the highest one (100.1
+ 10.3 aJ). Bacteria subjected to prolonged contact with nitrofurantoin
significantly increased adhesion energy in comparison to control sam-
ples (all samples, Ctrl vs. NFTs, P < .001). The average adhesion energy
for these bacteria was at least 130 aJ. Bacteria exposed to furaltadone
had always lower adhesion energy than the ones exposed to nitro-
furantoin (all samples, NFTs vs. FIDs, P < .001). When compared the
bacteria after treatment with furaltadone to control samples, a statisti-
cally significant difference was observed only for P. hibiscicola (increase
from 100.1 + 10.3 to 121.6 + 10.2 aJ).

Regarding adhesion force, the average initial value was again the
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Fig. 3. Cell surface roughness parameters of Sphingobacterium caeni FTD2 (Sph, blue color in the graphs), Achromobacter xylosoxidans NFZ2 (Acb, red color in the
graphs) and Pseudomonas hibiscicola FZD2 (Psd, green color in the graphs). Ctrl — control samples (bacteria not exposed to nitrofurans); NFTs — bacteria after 12-
month exposure to nitrofurantoin; FTDs — bacteria after 12-month exposure to furaltadone. Ra — the average roughness; RMS — root mean square roughness, R3z
— average roughness depth; Aq — wavelength of the profile. The results are expressed as the mean of the replicates and the error bars indicate 95% CI. P-values in bold
indicate statistically significant difference; ns — not significant. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

lowest in S. caeni (19.08 + 2.2 nN) and the highest in P. hibiscicola
(34.21 +1.41 nN). The prolonged contact with 5-NF induced alterations
of bacterial adhesion force in all strains tested, however, the strongest
ones were noted for A. xylosoxidans. An increase from 21.16 + 0.93 nN
to 33.32 £ 2.91 nN (P < .001) was noted for NFT-exposed cells and to
24.79 + 2.25 nN for FTD-exposed cells (P < .001). A long-term contact
of S. caeni strain with nitrofurans induced a statistically significant
decrease in adhesion force in the case of furaltadone. Different obser-
vations were made for P. hibiscicola in which a statistically significant
increase in adhesion force was noted after treatment with nitro-
furantoin. The adhesion force of FTD-treated cells was similar to that of
control cells.

Analysis of the deformation of the cell envelope using atomic force
microscopy has provided some information about elastic properties of
bacterial cells. A significant increase in deformation was noted for NFT-
exposed cells of all strains in comparison to control samples (P < .001).
These cells showed significant heterogenicity which is exhibited by
considerable difference between 25th and 75th percentile (dotted lines
in the violin plots). When the bacteria were subjected to prolonged

contract with FTD, the deformation of S. caeni cells was not significantly
different from that of untreated cells. Statistically significant alterations
of deformation of the cells under stress conditions were visible in the
case of A. xylosoxidans and P. hibiscicola. Bacterial 12-month exposure to
both, NFT and FTD, provoked a statistically significant increase in
deformation of both strains in question (A. xylosoxidans: Ctrl vs. NFTs,
FTDs, P < .001; P. hibiscicola: Ctrl vs. NFTs, FTDs and NFTs vs. FTDs,
P <.001).

Elastic properties of bacterial cells expressed by elastic modulus
(Young’s modulus, Y) are presented in Fig. 4d. The control samples of all
strains tested had the lowest capacity to undergo elongation or
compression. Among them, the lowest average elastic modulus was
calculated for A. xylosoxidans (0.38 £ 0.06 GPa). The prolonged contact
of the bacterial strains with NFT or FTD has undoubtedly increased their
elastic properties. The cells of S. caeni and P. hibiscicola treated with
nitrofurantoin exhibited higher difference between control samples than
the cells of these strains treated with furaltadone. The average values of
Young’s moduli of these cells were 2.38 + 0.10 GPa and 2.02 +
0.29 GPa, respectively. The Young’s modulus of NFT-treated
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Fig. 4. Surface nanomechanical properties of the bacterial cells of Sphingobacterium caeni FTD2 (Sph, blue color in the graphs), Achromobacter xylosoxidans NFZ2
(Acb, red color in the graphs) and Pseudomonas hibiscicola FZD2 (Psd, green color in the graphs). Ctrl — control samples (bacteria not exposed to nitrofurans); NFTs —
bacteria after 12-month exposure to nitrofurantoin; FTDs — bacteria after 12-month exposure to furaltadone. Box upper and lower lines represent maximum and
minimum value, midline is sample median, dotted lines in the box stand for quartiles. P-values in bold indicate statistically significant difference; ns — not significant.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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A. xylosoxidans cells was similar to that of FTD-treated cells with the
average value of 0.97 GPa. It is worth to emphasize that the cells which
showed significant alterations on Young’s modulus, exhibited also
considerable heterogenicity.

The prolonged exposure of bacterial cells to the presence of nitro-
furan antibiotics induced modifications of stiffness, the last surface
nanomechanical property measured. The direction of these
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modifications was similar to that of elastic modulus. Statistically sig-
nificant changes were noted for all strains which had the stiffness
increased under stress conditions. In the case of S. caeni and
A. xylosoxidans the treatment with NFT induced stronger alterations
than the treatment with FTD. Different observations were made for
A. xylosoxidans, where both antibiotics affected the bacterial cell stiff-
ness similarly.
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3.4. Modifications of the cell membrane permeability and cell surface
hydrophobicity

The next part of the experiments performed was devoted to analyzes
of changes in the total and inner membrane permeability as well as
bacterial cell surface hydrophobicity. The results of the tests are pre-
sented in Fig. 5. Total membrane permeability (TMP) of S. caeni was the
lowest in control sample (39.9 + 1.9%) and a substantial increase by
around 10% was noted for all other samples (P < .001). However, there
was no significant difference between these samples in the total
permeability of bacterial membrane. Different observations were made
for A. xylosoxidans and P. hibiscicola. In these strains, the highest mod-
ifications of TMP were observed between control samples and bacteria
after short-term contact with pharmaceuticals as well as between bac-
teria in question and the ones after 12-month exposure to selected ni-
trofurans. Short-term exposure to nitrofurantoin and furaltadone
induced significant increase in TMP in comparison to Ctrl (Ctrl vs. NFT
and Ctrl vs. FTD, P < .001, both strains). However, by comparison with
bacteria after short-term exposure, bacteria after 12-month exposure
with nitrofurans have the TMP lowered.

The directions of the modifications of the inner membrane perme-
ability (IMP) measurements were similar to these of the TMP. Ctrl
sample of S. caeni had the lowest permeability of the inner membrane
and considerable increase in permeability was noted for all other sam-
ples in comparison to Ctrl (P < .001). The same situation was observed
in the case of A. xylosoxidans except for bacteria after long-term expo-
sure to FTD where statistically significant reduction of IMP was observed
when compared to both reference sample and bacteria (Ctrl vs. FTDs,
P =.038; FTD vs. FTDs, P < .001). The strongest alterations of inner
membrane permeability were measured for P. hibiscicola. Exposure of
each cell line to nitrofurantoin or furaltadone resulted in increased IMP.
Nevertheless, the highest values were noted for samples after short-term
contact with pharmaceuticals. It seems that these bacteria had not
adapted to the presence of nitrofurans in their environment and the
pharmaceuticals might have induced a disintegration of bacterial
membrane.

Experiments on adsorption of Congo Red dye by bacterial cells
allowed indicate cells adhesion properties. Among all strains tested, the
highest modifications were noted for P. hibiscicola. This strain was
characterized by the most hydrophobic properties. Short-term exposure
to NFT and long-term exposure to FTD provoked significant reductions
in its hydrophobic properties. The bacteria of A. xylosoxidans were hy-
drophilic. Prolonged exposure of Acb cells to nitrofurans provoked a
reduction of hydrophobic properties and a short-term exposure induced
an increase in these properties, however modifications were statistically
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significant only between control samples and samples after short-term
exposure to furaltadone (Ctrl vs. FTD, P < .001) as well as between
the samples in question and FTDs (FTD vs. FTDs, P < .001). Moreover,
no statistically significant changes were measured for S. caeni, the mean
cell surface hydrophobicity of these cell ranged between 22.5 + 6.7 and
28.1 + 4.3%.

3.5. Fatty acids profiles

In order to determine the effect of long-term exposure of nitro-
furantoin or furaltadone on whole cell-derived fatty acids profiles of
S. caeni, A. xylosoxidans and P. hibiscicola, fatty acids methyl esters were
isolated from these bacteria exposed and non-exposed to a given 5-NF.
The identified fatty acids were divided into two major groups: unsatu-
rated and saturated and fatty acids. The second group included: straight-
chain, hydroxy, cyclopropane and branched fatty acids. Fig. 6 presents
the total percentage of the fatty acids and shows the compositional
changes during growth of examined strains in the presence of nitro-
furantoin or furaltadone for 12 months. For A. xylosoxidans strain in the
presence of both NFT and FTD, a significant reduction in the percentage
share of cyclopropane fatty acids and increase in the percentage share of
unsaturated fatty acids as compared to the control cells were observed.
As a consequence, the changes in the saturated/unsaturated fatty acids
ratio for this strain were observed (21.88, 9.45, 8.67 for Ctrl, NFTs and
FTDs, respectively). The treatment with nitrofurantoin or furaltadone of
S. caeni, induced an increase in the percentage share of straight-chain
fatty acids only. Most changes in the fatty acid profiles were observed
in P. hibiscicola strain. However, in this case an increase in the saturated/
unsaturated fatty acids ratio from 3.28 (Ctrl) to 5.87 (NFTs) and 5.53
(FTDs) was observed. The only fatty acids which had not been affected
by nitrofurans belong to hydroxylated fatty acids group.

4. Discussion

Antimicrobial compounds are among the most widely used phar-
maceuticals worldwide. Their residual amounts in the natural environ-
ment may negatively affect environmental bacterial strains and
subsequently promote ecosystems’ imbalance. An important issue that
should be highlighted is the fact that nitrofurans attract less scientific
attention regarding their environmental fate and impact than the other
antibiotics. In this study, two representatives of 5-nitrofuran derivatives
were investigated in terms of their long-term influence on the cell en-
velopes of newly isolated environmental bacterial strains.

First of all, we analyzed changes in the bacterial cell morphology and
topography of the cells subjected to a 12-month exposure to NFT and
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Fig. 6. Changes in the fatty acids’ composition induced by prolonged exposure to nitrofurans. Bacterial strains: Sphingobacterium caeni FTD2 (Sph), Achromobacter
xylosoxidans NFZ2 (Acb) and Pseudomonas hibiscicola FZD2 (Psd). Experimental setups: Ctrl — control samples (bacteria not exposed to nitrofurans); NFTs — bacteria
after 12-month exposure to nitrofurantoin; FTDs — bacteria after 12-month exposure to furaltadone.
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FTD using an atomic force microscopy and transmission electron mi-
croscopy. The results obtained were compared to control cells, which
had not been previously subjected to such exposure. The research
revealed that all bacterial strains tested have undergone significant
modifications in terms of cells structure and shape. In general, bacteria
under stress conditions seemed to be inflated and their surface has been
more undulating than that of untreated control cells (Figs. 1 and 2). In
most cases bacteria after NFT exposure behaved differently than the
ones after FTD exposure, suggesting that these two nitrofuran com-
pounds do not affect bacterial cell in the same way. However, the exact
mechanism of changes in the cell shape after bacterial adaptation to the
presence of antibiotics detected in this research is currently unknown
and requires further investigation. Modification of bacterial surface in
response to the presence of xenobiotics has also been observed by
Ahmed et al., (2020). They measured cell topography and morphology
of some beneficial soil bacteria exposed to antimicrobial agents. Irreg-
ular cells architecture, cells heterogenicity, leakage of the cellular con-
tent and cellular damage after exposure to nanoparticles were measured
using AFM and TEM. In our research slight damage of bacterial cells
exposed to 5-NFs could have been observed in the case of A. xylosox-
idans. The most essential difference between the studies of Ahmed et al.,
(2020) and ours is the time of bacterial exposure to antimicrobial agents.
In our studies bacterial cells have been cultivated continuously in the
presence of xenobiotics for 12 months while in the studies of Ahmed
et al., (2020) the cultivation time varied from 12 to 48 h. The latter
points to a powerful and efficient adaptative capability of bacterial
strains employed in our research, in particular S. caeni, and can be an
explanation of different observations. It is also worth highlighting that
the massive release of extracellular polymeric substance as well as
elevated biofilm formation are important adaptative responses of bac-
teria living in the harsh environments. Such strategies may help them
survive in the presence of xenobiotics and might have been implemented
by the strains employed in our studies (Cai et al., 2018; Ma et al., 2017;
Ouyang et al., 2020). Moreover, the difference in the nature of the
compounds studied cannot be neglected.

Another significant point for consideration in bacterial topography
characterization is the cell texture. Surface texture is measured by sur-
face roughness, which in turn is represented by different quantitative
parameters, among which roughness average (Ra) is the most widely
used (De Oliveira et al., 2012). Nevertheless, in order to fully charac-
terize a surface, more sophisticated parameters should be used (like R3z,
RMS). Surface topography has been known to strongly affect bacterial
attachment which is greatly connected to biofilm formation (Cheng
et al., 2019; Wu et al., 2018). Studies on the bacterial cell surface
roughness are becoming more current, however, the available papers
mostly focus on Ra, whilst a deep analysis of other important roughness
parameters is also essential. Most often than not, treatment of bacterial
cells with xenobiotics results in increased cell surface roughness. Soon
et al., (2009) observed a substantial increase in the Ra of A. baumanii
after treatment with colistin. In another study, Ahmed et al., (2020)
observed a substantial increase in the Ra of three bacterial strains after
treatment with Ag- and ZnO-nanoparticles. Moreover, Uzoechi and Abu-
Lail (2020) measured increased RMS of two E. coli strains after treatment
with antibiotics in comparison to untreated cells. In the studies pre-
sented here, a statistically significant increase in Ra and R3z of all strains
exposed to NFT and FTD in comparison to Ctrl was observed except for
FTD-treated A. xylosoxidans. Increase in the cell surface roughness might
have indicated cell membrane destruction, however, TEM and AFM
images do not indicate unquestionable leakage of cell content or mem-
brane damage. Increased cell surface roughness can also result from
increased production of biopolymers on the bacterial surface. These
biopolymers are believed to support the bacterial membrane integrity
(Uzoechi and Abu-Lail, 2020; Limoli et al., 2020).

Surface roughness parameters of A. xylosoxidans were not signifi-
cantly affected by prolonged exposure to furaltadone. In contrast, sig-
nificant modifications of nanomechanical properties and changes in the
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topographical features were noted for this strain. Moreover,
A. xylosoxidans was the only strain exhibiting slight disintegration and
thickening of the cell wall which was visible in the microscopic images.
Different observations were noted for P. hibiscicola and S. caeni in which
a substantial increase in surface roughness parameters was calculated
for the cells cultivated under stress conditions. Changes in the surface
roughness were accompanied by modifications of nanomechanical
properties (Fig. 4) as well as membrane permeability (Fig. Sc, f) and CR
adsorption (Fig. 5i). Therefore, there is evidence suggesting that these
modifications might have arisen from the adaptative response occurring
in the cells.

Studies that focus on quantitative evaluation of the mechanical
properties of bacterial cells are limited (Auer and Weibel, 2017; Uzoechi
and Abu-Lail, 2020). To the best of our knowledge, changes in nano-
mechanical properties of bacterial cells after long-term exposure to an-
tibiotics have not yet been investigated. The parameters tested include
adhesion energy, adhesion force, deformation, elastic modulus and
stiffness. Peptidoglycan, the main component of the bacterial cell wall is
believed to be one of the key elements that influence cells mechanical
properties (Auer and Weibel, 2017; Dorobantu and Gray, 2010). Previ-
ous studies investigating changes in the bacterial adhesion in response to
the presence of antibiotics have shown an increase in adhesion force
after treatment with pharmaceuticals which was consistent with an in-
crease in the cell roughness (Uzoechi and Abu-Lail, 2020; Laskowski
et al., 2018). However, in the research presented here; the adhesion
force increased with the increasing surface roughness for two of three
strains tested. These include A. xylosoxidans and P. hibiscicola. Sub-
stantial changes in the adhesion force were mainly observed for bacteria
after prolonged exposure to NFT. The increase in adhesion is often
attributed to the leakage of the bacterial cell content. The leakage is
believed to be caused not only by the presence of antimicrobial agents
but also by AFM tip penetrating inside the cytoplasm (Uzoechi and Abu-
Lail, 2020). Another strategy that explains changes in adhesion force
assumes modification of bacterial cell surface hydrophobicity in order to
increase bacterial adhesion to various surfaces. This phenomenon was
measured by (Uzoechi and Abu-Lail, 2020, 2019). This shows that the
studies of bacterial cells mechanics taken together with classic
biochemical research provide complex information about bacterial cell
behavior (Aratjo et al., 2019). In our research the results of adhesion
energy were consistent with the results of the cell surface hydropho-
bicity for S. caeni after 12-month exposure to FTD.

Understanding remodeling of the cell wall in response to pharma-
ceuticals and correlation of structural mechanics with changes in
biochemical properties are significant in cellular microbiology (Dor-
obantu and Gray, 2010). An important parameter is bacterial cell elas-
ticity which can be expressed by elastic modulus, stiffness and
deformation (Fig. 4c-e). Gaveau et al., (2017) noted a decrease in
Young’s modulus after treatment with antibiotics of three Gram-positive
and Gram-negative strains. The values were not higher than 800 kPa for
untreated and 380 kPa for treated cells. These values differ significantly
from the results presented in Fig. 4d, because Gaveau et al., (2017)
measured these properties in liquid medium and we measured modifi-
cations of elastic properties on dry cells. Measurements of the bacterial
mechanics strongly depend on the experimental conditions and signifi-
cant differences are visible in values measured by various techniques.
For example, dehydrating and imaging in air may lead to increase in cell
stiffness and change the properties of the envelope which may be the
reason of high values of elastic modulus obtained in our research. Hence
it is extremely important to compare data between the samples prepared
similarly and measured by the same method (Aradjo et al., 2019; Auer
and Weibel, 2017). In another study, the cells with a damaged mem-
brane were characterized by an elastic modulus twice as high as that of
bacteria with unimpaired cells membranes (Cerf et al., 2009). Moreover,
Uzoechi and Abu-Lail (2020) suggest that increased elasticity may
reflect impermeability in cellular membrane. In our research increased
Young’s modulus was accompanied by enhanced total membrane
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permeability of NFT- and FTD-treated S. caeni as well as NFT-exposed
P. hibiscicola. Moreover, the directions of changes of elastic modulus
were similar to those of the inner membrane permeability for all long-
term exposed strains except for A. xylosoxidans exposed to FTD. On
the one hand, these directional modifications may indicate damaged cell
membranes, however, cell imaging with AFM and TEM microscopy did
not indicate cell impairment, especially of S. caeni cells.

Young’s Modulus variations measured before and after antibiotic
treatment can also be attributed to the cell wall stiffness modifications.
In the studies of Pogoda et al., (2017), Bacillus subtilis cells exhibited
increased stiffness, adhesion force and Young’s modulus, after treatment
with antimicrobial agents called ceragenins. Apart from antimicrobials
agents which directly interact with bacterial membranes, there are other
cell mechanics modulators. These include: a degree of cross-linking of
peptidoglycan; the level of expression of genes connected to cell me-
chanics (Auer et al., 2016); the presence of proteins in the cell wall that
affect mechanical properties of the cell by altering the cross-linking and
glycan chain length of peptidoglycan (penicilin-binding proteins,
OMpA, Tol-Pal complex) (Auer and Weibel, 2017). The examples
mentioned may be also involved in the mechanism of the cell wall
stiffness enhancement.

It has been suggested that more homogenous population of bacterial
cells indicates better bacterial adaptation to external stimuli (Uzoechi
and Abu-Lail, 2020). In our research, some bacterial cells showed
considerable heterogenicity in such parameters as adhesion energy,
elastic modulus or stiffness. This phenomenon has often repeated in the
same type samples.

The main components of the Gram-negative bacterial cell envelope
contribute to the mechanical stability of the cell and serve as barrier that
facilitates transport of molecules between the surrounding environment
and the cell (Hwang et al., 2018). Many studies have reported changes in
the bacterial cell membrane permeability after exposure to antibiotics
(Ferreira and Kasson, 2019; Krishnamoorthy et al., 2017; Mohamed
et al., 2016; Pacholak et al., 2019; Yu and Zhao, 2020). However, the
experiments focusing on the changes in membrane permeability after
long-term adaptation of bacteria to the presence of pharmaceuticals are
limited. Ahmed et al., (2020) measured changes in the bacterial inner
membrane permeability using the same method as here. After exposure
to nanoparticles, the p-galactosidase activity significantly increased.
Bacterial p-galactosidase is an intracellular enzyme which is often
measured to observe the cell damage triggered by stressor molecules
(Ahmed et al., 2020). We observed increased release of p-galactosidase
in all samples treated with antibiotics in comparison to control samples.
Most often than not, bacteria under short-term stress revealed stronger
impairment of cell membrane in comparison to those subjected to long-
term stress. In our previous study, we demonstrated that exposure of
environmental bacterial strains to nitrofurantoin increased bacterial cell
surface hydrophobicity (Pacholak et al., 2019). Moreover, the enhanced
hydrophobicity was correlated with higher degradation efficiency. This
may indicate that higher hydrophobic properties facilitate the uptake of
xenobiotics by bacterial cells. In the research presented here modifica-
tions of cell surface hydrophobicity were different for each strain.

It is well known, that the major adaptive response of the bacterial
cells to toxic compound is to keep the fluidity of their membranes at a
constant value. Such stabilization of membrane fluidity prevents the loss
of the mechanical and chemical properties of the lipid bilayer (Di Pasqua
etal., 2006; Nowak et al., 2016). Adaptation of bacterial cell membranes
to changing environmental conditions is also manifested by changing
the composition of fatty acids. This may be regulated by the degree of
unsaturation, the chain length, branching or cyclisation of bacterial
membrane fatty acids (Bajerski et al., 2017; Eberlein et al., 2018). The
obtained results confirm the previous reports that changes occurring in
the profile of fatty acids under the influence of xenobiotics are an in-
dividual feature of bacterial strains (Mrozik et al., 2005; Nowak et al.,
2016).

The research presented in this work have provided information
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about possible interactions of selected nitrofuran derivatives with
autochthonous, beneficial bacterial strains in the natural environment.
The results have proven that prolonged exposure of bacterial strains to
nitrofurantoin and furaltadone contribute to significant modifications of
bacterial inner membrane and outer membrane. The latter may
contribute to natural ecosystems imbalance. Therefore, we are confident
that the environmental impact of nitrofurans requires further
investigation.

5. Conclusions

As a conclusion, in this study, we have demonstrated that prolonged
exposure of bacterial cell to antibiotics is able to induce changes in the
bacterial cell envelope, as evaluated with microscopic and biochemical
methods. Electron microscopy and atomic force microscopy revealed
morphological changes induced by 12-month exposure of bacteria to the
presence of nitrofurantoin or furaltadone. Nanomechanical properties of
environmental bacterial strains have been altered after 12-month bac-
terial exposure to nitrofurans. Modifications of the bacterial cell struc-
ture were strongly modulated by the nature of the pharmaceutical’s
molecule and the bacterial cell type. In most of the cases, nitrofurantoin
provoked stronger remodeling of the cells structure than furaltadone,
which was particularly visible in the measurements of surface roughness
and nanomechanical properties. Among all strains tested, Pseudomonas
hibiscicola FZD2 showed most significant alterations in cell texture and
surface properties after prolonged exposure to nitrofurans. Despite
visible multilevel adaptation occurring in the cells, the prolonged
presence of nitrofurans in the environment leads to significant alter-
ations in the cell structure. The knowledge obtained within the research
presented help enhance our understanding of nitrofurans that attract
little scientific attention but pose a threat to the environment and human
health.
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The purpose of this research was to investigate the biodegradation of nitrofurantoin (NFT), a typical nitrofuran
antibiotic of potential carcinogenic properties, by two microbial communities derived from distinct environ-
mental niches — mountain stream (NW) and seaport water (SS). The collected environmental samples represent
the reserve of the protected area with no human intervention and the contaminated area that concentrates
intense human activities. The structure, composition, and diversity of the communities were analyzed at three
timepoints during NFT biodegradation. Comamonadaceae (43.2%) and Pseudomonadaceae (19.6%) were the most
abundant families in the initial NW sample. The top families in the initial SS sample included Aeromonadaceae
(31.4%) and Vibrionaceae (25.3%). The proportion of the most abundant families in both consortia was
remarkably reduced in all samples treated with NFT. The biodiversity significantly increased in both consortia
treated with NFT suggesting that NFT significantly alters community structure in the aquatic systems. In this
study, NFT removal efficiency and transformation products were also studied. The biodegradation rate decreased
with the increasing initial NFT concentration. Biodegradation followed similar pathways for both consortia and
led to the formation of transformation products: 1-aminohydantoin, semicarbazide (SEM), and hydrazine (HYD).
SEM and HYD were detected for the first time as NFT biotransformation products. This study demonstrates that
the structure of the microbial community may be directly correlated with the presence of NFT. Enchanced
biodiversity of the microbial community does not have to be correlated with increase in functional capacity, such
as the ability to biodegradation because higher biodiversity corresponded to lower biodegradation. Our findings
provide new insights into the effect of NFT contamination on aquatic microbiomes. The study also increases our
understanding of the environmental impact of nitrofuran residues and their biodegradation.

1. Introduction

challenging problem that needs to be utterly addressed (Al-Waili et al.,
2012).

Pollution of the natural environment with chemical compounds
poses one of the largest dangers to humanity. Many anthropogenic
chemicals are toxic after release into the biosphere and geosphere which
poses direct risks to all living organisms (Gruber, 2018; Naidu et al.,
2021). Pesticides, antibiotics, growth-promoters and other substances
have been detected in the human food chain at levels that are higher
than acceptable (Dinh et al., 2020; Griboff et al., 2020; Mccracken et al.,
2005; Tang et al., 2021; Wu et al., 2021). This contamination is a

Researchers have studied the occurrence, fate, and risk assessment of
various antibiotics in natural environments (S. Li et al., 2019; Wang
etal., 2020; Xu et al., 2021). Important classes of antibiotic compounds
include p-lactams, tetracyclines, aminoglycosides, macrolides, glyco-
peptides, sulfonamides, quinolones, and nitrofurans (Kumar et al., 2019;
Kiimmerer, 2009). Among antibiotics listed, nitrofurans (5-NFs) are
given less attention even though they might pose carcinogenic proper-
ties. 5-NFs are bactericidal, broad-spectrum antimicrobial agents. In the

Abbreviations: AHD, 1-aminohydantoin; AHD-NBA, 2-nitrobenzaldehyde derivative of 1-aminohydantoin; ESI, electrospray ion source; HYD, hydrazine; NBA-
HYD-NBA, 2-nitrobenzaldehyde derivative of hydrazine; NBA, 2-nitrobenzaldehyde; NFT, nitrofurantoin; NW, mountain stream water sample; OECD, The Organi-
zation for Economic Co-operation and Development; PCoA, principal coordinates analysis; RT, room temperature; SEM, semicarbazide; SEM-NBA, 2-nitro-
benzaldehyde derivative of semicarbazide; SS, seaport water sample; TPs, transformation products; 5-NFs, (5-)nitrofurans.
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past they were used in the husbandry of livestock as growth promoters,
however, this practice is now prohibited in many countries. The repre-
sentatives of the 5-NFs family include nitrofurantoin (NFT), nitro-
furazone, furazolidone and furaltadone (Kokulnathan and Chen, 2020).
The alleged excessive misuse of 5-NFs as well as illicit application in
agriculture promote their continuous discharge into the natural
environment.

The environmental fate of 5-NFs (as well as many other antibiotics) is
not fully understood. A phenomenon that involves most pharmaceutical
pollutants and occurs in nature over time is bioremediation. This is the
process of using biological organisms such as bacteria, yeast, and fungi,
to decompose hazardous substances into less toxic or nontoxic sub-
stances (Chandran et al., 2020; Techtmann and Hazen, 2016). Natural
biodegradation, based on the indigenous consortia is usually slow but at
the same time much more sustainable than other remediation technol-
ogies (Chandran et al., 2020; Jgrgensen, 2011). Another important
factor that needs to be addressed is microbial adaptation to chemical
compounds. Bacterial exposure to environmental pollutants plays a key
role in this complex process. It is generally believed that microbial
adaptation may stimulate biodegradation of organic pollutants, how-
ever, its impact on biodegradation requires further investigation
(Poursat et al., 2019).

Microorganisms that degrade contaminants interact with other
community members and the surrounding environment. Physicochem-
ical parameters of the ecosystem (e.g., availability of growth- and
biomass-limiting nutrients, temperature, pH, light, and presence of
other pollutants) are among crucial factors limiting bioremediation ef-
ficiency. Other factors that determine the rate and the extent of reme-
diation technologies are related to the biological properties of microbial
communities (e.g. their structure, tolerance to toxicity, activity, surface
properties) and characteristics of the pollutants (e.g. concentration,
molecular structure, physicochemical properties) (Head et al., 2006;
Ossai et al., 2020; Zainab et al., 2020).

Mixed microbial communities have the most powerful potential to
metabolize the complex mixtures of the organic compounds in the
polluted area. (Jordening and Winter 2005). Importantly, the primary
biodegradation of antibiotics by microbial consortia is often incomplete
and leads to formation of transformation products (TPs). These can
remain unchanged in the ecosystems for a long time and show higher
toxicity than the parent compounds (Zainab et al., 2020).

The composition of microbial communities changes dynamically
during biodegradation (Wang et al., 2018; Xiong et al., 2019). Under-
standing and monitoring microbial community dynamics allows for
optimal microbiome selection and may help detect common patterns
associated with bioremediation. The importance of learning about these
modifications lies in the possibility of targeting groups of microorgan-
isms that control environmental concentrations of pollutants to increase
their activity to accelerate bioremediation efficiency (Head et al., 2006).
Molecular biology approaches such as fingerprinting of communities,
metagenomics, proteomics, transcriptomics, metabolomics, or detection
of specific enzymes associated with decomposition of pollutants enable
deep insight into the microbial world inhabiting a particular ecosystem.
This progressively allows for improving the reliability, monitoring, and
effectiveness of natural remediation processes (Kouzuma and Watanabe,
2011).

Metagenomics generally relies on the analysis of the total genomic
content of a microbial community (Chandran et al., 2020). Some studies
have demonstrated the functional and structural responses of bacterial
communities during treatment with anthropogenic contaminants (Dong
et al., 2022; Xiong et al., 2019). However, relatively little is known
about the interactions of environmental microorganisms with antibiotic
pollutants, especially 5-NFs.

We hypothesized that bacterial exposure to environmental pollutants
plays a significant role in biodegradation of NFT. The goal of this study
was (a) to understand the biodegradation of NFT by bacterial commu-
nities derived from two distinct environmental niches, and (b) to
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investigate the effect of NFT on the composition and diversity of the
bacterial consortia. This study demonstrates, for the first time, the effect
of NFT contamination on aquatic microbiomes. The study also increases
our understanding of the environmental impact of 5-NFs and their
biodegradation.

2. Materials and methods
2.1. Chemical reagents

Standards (i.e. NFT, 1-aminohydantoin, semicarbazide), microbio-
logical media components (i.e. minimal microbial growth medium),
organic solvents (i.e. HPLC grade methanol), and all other reagents were
purchased from Merck (Darmstadt, Germany) unless otherwise stated.
Brain Heart Infusion broth (BHI) was from bioMerieux (Warsaw,
Poland). The chemicals were of the highest analytical grade (at least
99%) and used without further purification. The solutions were pre-
pared using ultra-purified Milli-Q water (Arium® Pro, Sartorius, Kostr-
zyn WIkp., Poland). The glassware and autoclavable solutions were
steam sterilized. Other solutions were filter sterilized using Captiva 0.22
pm EconoFilters (Agilent, CA, USA). A biological safety cabinet (Lab-
culture® Class II, Esco, Singapore) was used during activities associated
with bacterial samples.

2.2. Sampling sites description, preparation of cultures inoculum, and
growing conditions

The water samples were collected from two distinct environmental
niches - the mountain stream and seaport water in May 2019. The
mountain stream water sample (NW) was collected from the area nearby
Siklawica Waterfall in Tatra National Park in Poland (geographical
location: 49°15'34”N 19°55'44"E). It represents the reserve of the pro-
tected area with no human intervention. The seaport water sample (SS)
was collected from the area of the Port of Gdansk, one of the largest
seaports on the Baltic Sea located on the southern coast of Gdarsk Bay in
Poland (geographical location 54°23'36”N 18°40'12"E). The seaport
represents the area that concentrates diverse human activities and re-
ceives numerous contaminants including petroleum hydrocarbons,
pesticides, microplastic, and metals.

The water samples were collected by aseptic sampling technique
using sterile bottles, containers, and sterile disposable gloves. Water was
sampled away from the bank, from approximately 30 cm below the
water surface. Exposure of water samples, sampling equipment, and the
interior of sampling containers to the environment was minimized. The
collected samples were stored in iceboxes with freezer packs and
delivered to the laboratory on the same day. The procedures of water
samples collection were adapted from guidelines provided by The New
South Wales Department of Primary Industries (NSW Department of
Primary Industries, 2019).

Samples were aerated at room temperature (RT) on a horizontal
shaker (Chemland, Stargard, Poland) for 24 h at 120 rpm. The enrich-
ment cultures were established by adding 1 mL of the initial samples to
9 mL of half-strength BHI broth. Microbial suspensions were incubated
overnight at RT. Next, the cells were washed twice with sterile Dul-
becco’s phosphate-buffered saline and resuspended in the buffer to
adjust the optical density at 600 nm to 1.0 + 0.1 using Multiskan 152
Sky Microplate Spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Such prepared microbial suspensions were used for inocu-
lation to start the microbial cultures.

2.3. Liquid cultures preparation

The liquid cultures were prepared in sterile 250 mL Duran® labo-
ratory bottles. The cultures components included: 45 mL of NFT solution
prepared directly in a minimal medium, 0.1 mL of microelements so-
lution, 0.1 mL of 20% sodium succinate (easily absorbed source of
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carbon and energy for the microbes), and 5 mL of inoculum. Four con-
centrations of NFT were chosen for testing: 5, 10, 15 and 20 mg - L™,
The composition of the microelements solution and the medium solution
containing phosphates buffered at pH 7.4 was described previously
(Pacholak et al., 2020a). The sterile abiotic control samples were ob-
tained by autoclaving the biomass at 121 °C for 15 min and addition of
2% sodium azide to inhibit the proliferation of bacteria. The cultures
were incubated at RT on a horizontal shaker in the dark. The removal
efficiency was measured for 28 days according to the guidelines of The
Organization for Economic Co-operation and Development (OECD).

2.4. Samples collection, TPs derivatization, and LC-MS/MS analysis

To investigate the biodegradation rate, detect degradation products
and analyze shifts in the microbial communities, 1.5mL samples were
collected aseptically from the cultures every few days. Day O samples
were collected after 1h incubation to ensure the initial equilibration and
homogeneity of the sample. The samples were centrifuged at 13,000 g
for 2 min. Cell debris was used for bacterial DNA extraction, superna-
tants were used for chromatographic analyses. To calculate the degra-
dation rate, the supernatants were diluted with HPLC grade methanol
and filtered using 0.2 pm polytetrafluoroethylene membrane syringe
filters (Agilent, Santa Clara, CA, USA). Disposable Injekt® Solo syringes
were provided by B. Braun (Melsungen AG, Hessen, Germany). The
filtered samples were analyzed qualitatively and quantitatively for the
residual NFT using liquid chromatography coupled with mass spec-
trometry (LC-MS/MS). To detect degradation products, the supernatants
were derivatized. The detailed protocols of NFT metabolites derivati-
zation and LC-MS/MS analysis are presented in the Supplementary In-
formation. To determine total organic matter removal, measurements of
ultraviolet absorption at 254 nm wavelength were also performed as the
literature reports a high correlation between UV absorption at 254 nm
and Total Organic Carbon (TOC) content (Albrektiene et al., 2012;
Frankowski et al., 2021).

2.5. Bacterial DNA extraction, PCR amplification and sequencing

DNA was isolated from each sample in duplicate using GenElute™
Bacterial Genomic DNA Kit (NA2100) provided by Sigma-Aldrich (St.
Louis, MO, USA). The purity and concentration of the DNA samples were
examined by measuring absorbance at 260 nm, 280 nm and 320 nm on
Multiskan 152 Sky Microplate Spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). DNA quality was evaluated by electro-
phoresis on a 0.8% agarose gel. The DNA samples were stored at —80 °C
before use. To evaluate the microbial community structure in the cul-
tures, iTag sequencing of 16S rRNA genes was performed. The detailed
protocol of sequencing is presented in the Supplementary Information.

Data availability: Sequences are available in the NCBI Sequence Read
Archive (BioProject no. PRINA845907).

2.6. Statistical analysis

GraphPad Prism (GraphPad Software, LLC, San Diego, CA, USA) was
used to analyze the differences in the residual NFT and TPs. The data are
expressed as the mean + standard deviation. All data were normally
distributed and had equal variances according to Shapiro-Wilk and
Levene’s tests. A statistical significance of differences between the
means of the samples was determined by a two-way analysis of variance
followed by Tukey’s range test (the significance level of 5%). Shifts
within and between the microbial communities’ structures were deter-
mined by alpha and beta diversity calculated based on the OTUs tables.
The bioinformatics analysis was performed with R software, using the
following packages: phyloseq, vegan and dendextend. The Observed
OTUs, Chaol, ACE, Shannon and Simpson indices were used to analyze
the alpha diversity of each bacterial community at each timepoint
analyzed. The similarity patterns between the bacterial communities
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were analyzed by beta diversity based on Bray-Curtis ordination. Graphs
were created using GraphPad Prism (GraphPad Software, LLC, San
Diego, CA, USA) and heatmapper online software (Babicki et al., 2016).

3. Results
3.1. NFT primary biodegradation

Fig. la shows the biodegradation rate by the microbial consortia
present in the mountain stream (NW) sample. The highest removal rate
was observed during the first day of the process for all concentrations
tested. The culture with the lowest initial content of NFT (5 mg - L_l)
was characterized by the highest removal of the antibiotic. The average
removal after 12 h of incubation was 92.3 + 0.1%. The consortium
collected from water in the National Park area was able to completely
degrade 5 mg - L™! NFT in less than two days. A similar situation was
observed for the NW culture with an initial concentration of 10 mg - L™
NFT. On average, 78.2 + 1.3% of NFT was removed from the culture in
12h, 90.4 + 0.7% in 24 h, and a complete removal was observed on the
4th cultivation day. In the 15 mg - L culture, 79.0 + 1.4% of NFT was
degraded after 24 h. The elimination of NFT was progressively
increasing, reaching 94.0 + 0.5% on the 28th day. The lowest degra-
dation was observed in the cultures that contained the highest initial
NFT concentration (20 mg - Lfl). In the 24-h cultures the residual NFT
content was 37.1% (62.9 + 0.5% biodegradation). Total removal of NFT
has not been achieved, in 28-day cultures 88.3 + 1.0% biodegradation
was measured.

Fig. 1b shows the results of NFT primary biodegradation by bacteria
collected from the seaport water (SS) sample. They showed significantly
lower degradation capabilities than the bacteria from the mountain
stream, however, the effect of NFT concentration on degradation ability
was similar. The cultures with the lowest initial NFT content showed the
highest removal and the cultures with the highest initial NFT concen-
tration showed the lowest biodegradation. A complete removal has
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Fig. 1. The biodegradation rate by two microbial consortia at four initial
concentrations of NFT: 5, 10, 15 and 20 mg - L%, (a) Mountain stream water
sample (NW) represents the bacterial community collected from the protected
area with no human intervention. (b) Seaport water sample (SS) represents the
bacterial community collected from the seaport area that receives numerous
contaminants.
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never been measured for SS bacterial consortium. Ina 5 mg - L™! culture,
the highest decrease (69.4 + 3.0%) in NFT concentration was measured
on the first day and was followed by the steady gradual elimination of
NFT. After reaching a peak of 90.6 + 1.7% removal in a 4-day culture,
NFT concentration remained relatively stable by the end of the experi-
ment (0.4 mg - L™Y). In the 10 mg - L™} cultures, the average NFT
removal after 12 h of incubation was 20.5 + 0.5%. 24-hour incubation
resulted in 35.6 £+ 1.5% NFT removal. This was followed by a gradual
decrease in NFT concentration, reaching the average value of 2.4 mg -
L1 at the end of the cultivation period (76.3 + 1.6% biodegradation).
The bacterial cultures incubated with 15 mg - L' NFT showed different
biotransformation rates than the ones with lower initial content of NFT.
Here, NFT elimination was steady and gradual throughout the entire
time. The average biodegradation after 24 h was 27.6 = 1.9%. This
value doubled on the sixth day. The final removal rate was 70.3 + 4.9%
with a residual NFT concentration of 4.5 mg - L™1. A similar charac-
teristic of the antibiotic elimination rate was observed for the sample
with a 20 mg - L™} initial concentration. The average biodegradation in
the cultures after 12 h was only 7.0 + 3.0%. 24-hour culture resulted in
15.7 £ 0.2% NFT removal. The residual NFT concentration was 7.3 mg -
L1 after 28 days of incubation. In addition, concentrations measured in
the abiotic control samples showed that after 28 days no more than 5%
of the NFT was abiotically removed from the culture medium.
Separate analyses were performed to estimate dynamic changes of
TOC content in the bacterial cultures. The results show a considerable
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difference between NW and SS communities (Supplementary Informa-
tion). The calculated TOC decreased with time for most of the samples
and the greatest decline was noted between 4th and 11th day. The
higher initial concentration of NFT in the microbial cultures, the higher
TOC was calculated.

3.2. NFT transformation products

According to the OECD, primary biodegradation is defined as the
modification of the structure of the chemical compound that results in
the loss of the specific properties of that compound. Primary biodegra-
dation is also referred to as biotransformation. In this study, the TPs of
NFT primary biodegradation by two microbial consortia were identified.
For this purpose, the LC-MS/MS system was used. To increase the con-
centrations of TPs and allow for detection of secondary transformation
products, and a more accurate proposition of degradation pathway, TPs
were analyzed at the highest initial concentration of NFT. We suggest
that these TPs may be formed because of cleavage at the carbon-carbon
bond linking the aromatic 5-nitrofuran ring and the specific tail group in
the NFT molecule as well as modification of the side ring moiety. The
suggested TPs of NFT biodegradation include 1-aminohydantoin (AHD),
semicarbazide (SEM) and hydrazine (HYD) (Fig. 2).

LC-MS/MS analysis of the samples collected from the bacterial cul-
tures derivatized with 2-nitrobenzaldehyde (NBA) confirmed our as-
sumptions (Supplementary Information). In the chromatograms, the TPs
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Fig. 2. Degradation pathway - a scheme of the derivatization process for NFT metabolites. AHD-NBA is the 2-nitrobenzaldehyde derivative of 1-aminohydantoin,
SEM-NBA is the 2-nitrobenzaldehyde derivative of semicarbazide, NBA-HYD-NBA is the 2-nitrobenzaldehyde derivative of hydrazine (both NH2 groups of hydra-

zine were derivatized).
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were identified at m/z values corresponding to the protonated NBA
derivatives (AHD-NBA, SEM-NBA, and NBA-HYD-NBA). NBA-AHD
conjugate was found at m/z = 249 and NBA-SEM at m/z = 209, while
HYD was observed as the protonated molecule derivatized from its both
ends, i.e. NBA-HYD-NBA at m/z = 299 (Supplementary Information).
AHD was assumed to be the primary transformation product, which was
then transformed into two secondary TPs: SEM and HYD. Hydrazine asa
product of NFT degradation was observed for the first time in this study.
Biodegradation of NFT followed similar pathways for both consortia and
led to the formation of similar TPs.

Fig. 3 shows the changes in AHD and SEM content during NFT
biodegradation. A significant increase in the concentration of AHD in
both microbial consortia was measured during the first four days of the
biodegradation process. This is consistent with the results of primary
biodegradation (Fig. 1) which show that the highest increase in NFT
elimination rate was observed during the first four incubation days. The
peak in AHD content was followed by a gradual decrease until the end of
the process. A microbial consortium that showed better degradation
efficiency (NW), exhibited a higher concentration of AHD than the
consortium with lower biodegradation (SS).

SEM, a secondary NFT biodegradation product generated by the
decomposition of AHD, was identified in samples with both consortia.
The SEM signal increased over time in both cultures. The highest in-
crease of the SEM signal in NW bacterial consortium was noted in the
first four incubation days. This is contrary to the SS consortium, where
the SEM signal was gradually increasing. The SEM signal in the SS
consortium was significantly higher than that in the NW consortium.
This indicates that SS could have metabolized NFT to a lower extent, but
its mineralization was more complete. Both TPs have been found in the
samples even in the 20-day bacterial cultures indicating that they were
not completely transformed. The remaining TPs in the bacterial cultures
could be of environmental concern.
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3.3. Shifts in microbial communities during NFT biodegradation

3.3.1. NGS sequencing results

Seven NW and six SS DNA samples were subjected to metagenomic
sequencing. A total of 1,936,497 raw 16S rRNA reads were obtained.
Merging and quality filtering reduced the total number of sequences to
1,524,952 reads with an average of 117,304 reads per sample. Bacterial
sequences were predominant in each sample (>99.5%). At least 99%
sequence similarity was measured in 73.8 + 1.4% of total reads
(109,925 reads on average). The remaining reads were associated with
archaeal 16S sequences which were excluded from further analyses. In
the NW consortium 74.3 £ 0.9% of reads were classified at taxonomic
levels from phylum to family and 50.5 + 10.4% were classified at the
genus level. In the SS consortium at least 72.5 + 2.4% of reads were
classified at taxonomic levels from phylum to family and 48.7 + 9.1%
were classified at the genus level. The bacterial profiles of each bacterial
community were constructed by extracting the bacterial reads among
samples at various taxonomic levels from phylum to genus. The relative
abundance at the family level in the samples is illustrated in Fig. 4a.

3.3.2. The mountain stream (NW) bacterial community

All NW cultures were dominated by species within phyla Proteo-
bacteria and Bacteroidetes. Of the Proteobacteria, classes Gammaproteo-
bacteria and Betaproteobacteria dominated the communities (Fig. 4a).

Flavobacteriia was the most abundant class in the Bacteroidetes
phylum. The top five families in the control NW sample at day 0 were
Comamonadaceae (43.2%), Pseudomonadaceae (19.6%), [Weeksellaceae]
(12.1%), Enterobacteriaceae (9.1%), and Xanthomonadaceae (7.0%). The
proportion of the two largest families was remarkably reduced in all
treatments. On the 4th cultivation day, the proportion of Pseudomona-
daceae was higher than on the 28th day in 5 and 10 mg - L™! samples,
however, it increased with increasing NFT concentration. A significant
increase in the proportion of [Weeksellaceae] to 43.5% and 40.0% was
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Fig. 3. Changes in the analytical signal of 1-aminohydantoin (AHD) and semicarbazide (SEM) during NFT biodegradation. (a) Mountain stream water sample (NW)
represents the bacterial community collected from the protected area with no human intervention. (b) Seaport water sample (SS) represents the bacterial community

collected from the seaport area that receives numerous contaminants. The numbers 2, 4, 11, and 20 indicate the sample collection days.
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Fig. 4. Comparison of taxonomic differences in two bacterial communities treated with NFT (5, 10, 15 and 20 mg - L~1). Mountain stream water sample (NW)
represents the bacterial community collected from the protected area with no human intervention. Seaport water sample (SS) represents the bacterial community
collected from the seaport area that receives numerous contaminants. The numbers dO, d4, and d28 indicate the sample collection days. (a) Relative abundance
(above 1%) of the 16S rRNA gene sequence at the family level. The classifications with less than 1% abundance are gathered into the category “Joined OTUs less than
1%*. (b) Domination matrices between bacterial taxa defined as relative abundance of a bacterial genus >10%.

observed in the 4-day cultures treated with 5 and 10 mg - L™ NFT, while
the relative abundance was 12.1% in the control sample at day 0.

A longer incubation time (28 days) resulted in a decrease in the
relative abundance of [Weeksellaceae] in all NFT-treated samples. Sig-
nificant alterations in the abundance of Enterobacteriaceae and Xantho-
monadaceae were also observed. Enterobacteriaceae decreased on day 4
in both 5 and 10 mg - L™! NFT. Xanthomonadaceae abundance decreased
in cultures treated with 5 mg - L' to 3.4% and increased in 10 mg - Lt
cultures to 14.7%. Xanthomonadaceae dominated all cultures on the 28th
day reaching the proportion of 20.1-37.7%. Caulobacteraceae, Brucella-
ceae, Phyllobacteriaceae, and Alcaligenaceae were below 1% at the initial
sampling day, however, an increase in their proportion was observed
after treatment with NFT.

To further explore these observations, we assessed co-domination
patterns between bacterial genera in each culture (Fig. 4b). Co-
domination is defined here as the presence of species at 10% relative

abundance or higher. In the initial NW sample (d0) the most abundant
genus was Delftia sp. reaching 42.6% and comprising about 99% of the
Comamonadaceae family which was also the most abundant in the NW
consortium. The two other top genera in the NW consortium included
Pseudomonas sp. (13.5%) and Chryseobacterium sp. (12.1%). The specific
bacterial species were unidentified within these two genera. In the 4-day
culture at the initial concentration of NFT 5 mg - L™! co-dominance of
two species was observed, Oceanimonas sp. (31.4%) and Vibrio sp.
(25.2%). The situation has changed in 28-day samples where again co-
domination of Delftia sp. and Chryseobacterium sp. was measured. A
similar situation was noted in 10 mg - L™* samples, but the proportions
of these genera were lower than in 5 mg - L™! cultures. In 15 mg - L™!
cultures, an unclassified genus within the Xanthomonadaceae family was
the most abundant (35.5%). The other genera that showed abundance
above 10% included Chryseobacterium (13.8%) and an unclassified
genus within the Enterobacteriaceae family. In 20 mg - L™! treatment,
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domination of an unclassified genus from Xanthomonadaceae was
observed. The other genera that showed similar abundance between 10
and 14% included unclassified Enterobacteriaceae, Chryseobacterium,
Delftia sp., and Pseudomonas sp. The proportion of the genera that did
not show any domination increased with the concentration of NFT
suggesting that NFT promotes greater biodiversity within bacterial
cultures.

3.3.3. Seaport seawater (SS) bacterial community

The SS consortia were composed of species within phyla Proteobac-
teria, Bacteroidetes, Firmicutes, and Actinobacteria as plotted in Fig. 4a. Of
the Proteobacteria, class Gammaproteobacteria dominated the commu-
nities. Class Flavobacteriia dominated within the Bacteroidetes phylum.
The top five families in the control SS sample at day 0 were Aero-
monadaceae, Vibrionaceae, Pseudoalteromonadaceae, [Acid-
aminobacteraceae], and Shewanellaceae. The proportion of the three
largest families remarkably decreased in the samples treated with NFT
compared with the control. The greater the initial NFT concentration,
the lower proportion of these families in the microbial community was
detected. [Weeksellaceae], Xanthomonadaceae, Pseudomonadaceae,
Comamonadaceae and Phyllobacteriaceae were more abundant in all
communities treated with NFT than in the control community. The
greatest increase was noted for [Weeksellaceae] (33.9%, 5 mg - L~'/d4)
and Xanthomonadaceae (40.5%, 20 mg - L 1/d28)‘ These two families
were barely detected in the control sample. The relative abundance of
the [Weeksellaceae] family decreased with time by at least 3-fold in 5 mg
- L7! bottles. In 28-day microbial communities [Weeksellaceae] propor-
tion was the highest at the lowest concentration of NFT (5 mg - L) and
the lowest at the highest NFT concentration (20 mg - L™1). On the
contrary, the proportion of Xanthomonadaceae significantly increased
over time and NFT concentration.

Domination and co-domination patterns in the SS sample, plotted in
Fig. 4b, indicate that the most abundant group (29.6%) in the initial SS
sample included bacterial genera with no domination. The top five
genera with domination between 11 and 20% included two unclassified
genera within the Xanthomonadaceae and Enterobacteriaceae families,
Delftia sp., Pseudomonas sp. and Chryseobacterium sp. In the 4-day 5 mg -
L ! consortium co-dominance of Chryseobacterium and Oceanimonas was
observed. Interestingly, the proportion of Oceanimonas was enriched or
remained stable at greater NFT concentration, and Chryseobacterium
remarkably decreased reaching 5.5% in 28-day 20 mg - L™ culture. In
10 and 15 mg - L 1 treatments, co-domination of Oceanimonas and un-
classified genus within the Xanthomonadaceae family was measured. The
relative abundance of the latter substantially increased with the
increasing content of NFT. Within Oceanimonas genus, Shewanella algae
was detected with the proportion of 6.23% in the initial sample. The
abundance of S. algae decreased to 0.5% in NFT-treated cultures.

3.3.4. Alpha and beta diversity of the microbial consortia

To estimate the richness and diversity of each bacterial consortium
treated with NFT as well as differences in bacterial composition between
the samples, alpha and beta diversity indices were calculated. The
richness (Observed OTUs, Chaol, ACE) and diversity (Shannon and
Simpson) indices were used to analyze the alpha diversity of each bac-
terial community (Supplementary Information). The lowest OTUs in
both consortia were measured in the initial samples at day 0. OTUs in the
NW consortium were significantly higher than in the SS consortium. The
OTUs indices significantly increased in all samples treated with NFT.
Both Chaol and ACE indices were the lowest in the initial samples in
both consortia. They increased by around 40% in the NW consortium in
NFT-treated samples. In the SS consortium, the two indices increased by
at least 2-fold in all NFT-treated samples.

In both NS and SS consortia, Shannon and Simpson indices remark-
ably reduced in 4-day NFT-treated cultures in comparison to the initial
samples. In the NW consortium, these indices were higher in 10 mg - L™}
cultures than in the 5 mg - L™! ones. The highest values were calculated
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in 28-day cultures. In the SS consortium, Shannon and Simpson indices
decreased with the increasing initial concentration of NFT. The initial
NW (samples collected at day 0) was characterized by higher richness
and lower diversity as opposed to SS. NFT-treated samples significantly
increased Observed OTUs, Chaol, and ACE indices in both consortia.

The similarity patterns between the bacterial communities were
analyzed by beta diversity based on Bray-Curtis ordination (PCoA) as
shown in Fig. 5a and b. Fig. 5a shows that the samples from the same
consortium are clustered together in many cases. PCoA analysis suggests
that the NW consortium exhibited higher PCoA1 values, accounting for
61.2% of the variation. The SS community sampled upon experiment
initiation (SS, d0) was distinctly different from the others. Using PCoA
analysis data, we found a significant separation based on the period of
communities’ incubation with NFT. Both communities exhibited a sig-
nificant variation over time. The samples isolated from 28-day cultures
were ordinated closer to one another indicating that they were more
similar than those ordinated further away (4-day samples). The NW
communities in 28-day samples clustered together in the bottom right
quadrant and they were more like each other than the corresponding
communities in the SS cultures. The differences in the NFT treatments
were also observed in a cluster dendrogram presented in Fig. 5b. Beta
diversity heatmap compares the species of communities’ differences
between the samples. The larger the index, the more differences between
the samples. The samples from each consortium clustered together. The
distances of samples were smaller in the NW consortium than in the SS
consortium. The distance between 15 and 20 mg - L™! cultures of the NW
consortium collected on the 28th day was the smallest. The largest dif-
ferences were observed between the initial SS consortium and all NW
samples.

4. Discussion

This study focused on the biodegradation of NFT by two distinct
environmental consortia, and the determination of NFT degradation
products. The microbial consortia were isolated from two aqueous
environmental niches: the National Park in Southern Poland and the
seaport in Northern Poland. Protected areas, such as national parks,
wilderness areas and nature reserves, due to their long-term protection
are expected to be a mainstay of biodiversity conservation. Unfortu-
nately, in recent years, the loss of biodiversity in the protected areas has
been reported (Abessa et al., 2018; Butchart et al., 2010; Watson et al.,
2014). Protected areas should be characterized by low concentration of
anthropogenic pollutants. We hypothesized that microorganisms pre-
sent in the water bodies of such pristine areas have not been exposed to
anthropogenic contaminants, therefore, they might not have the adap-
tative mechanisms developed. Therefore, the bacteria could be very
sensitive to chemical residues and exhibit low biodegradation potential.
On the other hand, we expected that the aqueous environmental com-
partments, such as seaport water, contain microorganisms that have
higher biodegradation potential. The microorganisms were expected to
have adaptive responses greatly developed to survive in adverse envi-
ronments due to the numerous contaminants they receive. Our
conception was based, among other, on the papers written by Zhang
et al. (2018) and Poursat et al. (2019) who suggested that increased
concentration of toxic pollutants enhances bacterial adaptation which
stimulates biodegradation efficiency. According to Thouand et al.
(2011), diverse microbial consortia are more efficient in the biodegra-
dation of anthropogenic substances. The results presented here were
unexpected because NFT biodegradation by microorganisms in the NW
sample was significantly more efficient than biodegradation by microbes
in the SS sample (Fig. 1). A complete NFT primary biodegradation by the
NW consortium has been achieved in samples with the two lowest initial
concentrations of NFT (5 and 10 mg - L Yas opposed to the analogic
samples containing the SS consortium. Moreover, in the cultures with
the highest initial NFT concentration (20 mg - L’l), the NW consortium
degraded more NFT (88.1 + 1.0%) than the SS consortium (63.5 +
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2.2%). By contrast, our previous studies on the biodegradation of four
5-NFs by the activated sludge collected from the municipal and rural
wastewater treatment plants (WWTPs) show that the consortia from the
municipal WWTP were characterized by greater degradation potential
than the microbes from the rural WWTP (Pacholak et al., 2020b).
However, metagenomic analysis of municipal microorganisms that were
exposed to a greater concentration of pollutants showed increased
biodiversity in comparison with microorganisms that had lower expo-
sure to the anthropogenic contaminants which reflects the results pre-
sented here. Recently, many researchers have focused on the biological
removal of antibiotic pollutants from the environment, however, infor-
mation about the biological degradation of 5-NFs is limited (Liao et al.,
2017; Shi et al., 2021; Zhu et al., 2021). It has been reported that 5-NFs
are unstable and rapidly metabolized in vivo (Gong et al., 2020; Khan
and Lively, 2020; Yuan et al., 2020). Due to this instability, their level in
the environment may be difficult to determine. In our samples, NFT was
detected unmetabolized after 28 days of incubation with microorgan-
isms, and this certainly proves that this antibiotic is quite stable and not
easily degradable. No articles to our knowledge describe the NFT
biodegradation capacity of the natural environmental consortia.
Therefore, further studies are needed.

The primary biodegradation of anthropogenic substances may lead
to the formation of TPs that can remain unchanged in the ecosystems for
a long time (Zainab et al., 2020). In this study, the proposed TPs of NFT
biodegradation include AHD, SEM, and HYD. We suggest that their
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Fig. 5. Beta diversity of two bacterial communities
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formation resulted from the cleavage at the carbon-carbon bond linking
the aromatic 5-nitrofuran ring and the specific tail group in the NFT
molecule as well as modification of the side ring moiety. AHD is a
well-known metabolite of NFT formed by higher organisms. It has been
frequently determined in animal products due to its ability to bind tissue
proteins, and therefore, is used to monitor the residues of NFs in animal
products (Li et al., 2017; Sheng et al., 2013; Yuan et al., 2020). Another
product of NFT transformation detected here was SEM which previously
has been a known intermediate in the degradation of nitrofurazone,
another antibiotic from the nitrofuran group. Neither AHD nor SEM was
detected as TPs in biodegradation experiments before. This may be due
to very limited information about NFT biodegradation. Szabo-Bardos
etal. (2020), however, detected AHD as a product of NFT photocatalytic
degradation. This suggests that the mechanism of biological NFT
removal may be similar to physicochemical degradation. Importantly,
both compounds were detected in the natural environment which proves
their persistence (Goessens et al., 2022; Yu et al., 2013). HYD, a
well-known precursor to blowing agents, pesticides and pharmaceuti-
cals, was detected in our study as a secondary product of NFT biodeg-
radation. HYD is known for its genotoxic and carcinogenic properties
(Wang et al., 2016). The similarity of the chemical structure of NFT with
other 5-NFs (such as nitrofurazone, furazolidone, and furaltadone)
suggests that HYD might be formed during the biodegradation of these
compounds as well. In this study, the TPs from NFT biodegradation were
still detected in 20-day cultures. This indicates that NFT was not
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completely transformed. The content of primary biodegradation product
(AHD) decreased with time and secondary biodegradation product
(SEM) slightly increased with time. This indicates that TPs would remain
unchanged in water for a long time. The remaining TPs in the bacterial
cultures could be of environmental concern because they often show
higher toxicity than the parent compound. Increased toxicity of TPs of
various xenobiotics has been recently documented (Gutowski et al.,
2015; Pacholak et al., 2022; Sosa-Martinez et al., 2020).

In addition to the biodegradation studies, the bacterial biodiversity
and composition of the two bacterial communities were examined in this
study. The composition of the consortia was determined from the
phylum to the species level. In total, 6 phyla, 13 classes, 31 orders, 65
families, 119 genera, and 134 species were found in our samples. Pro-
teobacteria was the most dominant phylum in both communities fol-
lowed by Bacteroidetes. Similar results were found previously in soil,
marsh sediments and aquaculture water by other authors (Li et al., 2022;
Seeley et al., 2020; Wongkiew et al., 2022). Based on alpha and beta
diversity measures, the increasing concentration of NFT resulted in
differences in the overall bacterial community diversities. All alpha di-
versity indices indicate that NFT-treated SS consortia were more diverse
than the NW consortia. The biodiversity significantly increased in both
consortia treated with NFT compared to the initial samples. These
findings are not supported by Li et al. (2019) who found out that the
biodiversity of the natural microbial communities decreased signifi-
cantly during the biodegradation of hydrocortisone and dexamethasone.
Our results, however, clearly demonstrate that NFT contamination af-
fects the composition of aqueous microbial communities and microbial
community structure may be directly correlated with the presence of
this antibiotic. Other authors also suggested that anthropogenic pollut-
ants shape the structure of microbial communities (Bourhane et al.,
2022; Li et al., 2022; Seeley et al., 2020). Significant variations in the
bacterial community composition may also be caused by differences in
pH, salinity, and TOC concentration of the outside environment. In
general, Acidobacteria dominate environments with acidic pH, the neu-
tralophilic bacteria grow well at pH values 5.5 to 9. Despite many re-
searchers studied effect of pH on the bacterial communities, the
mechanisms by which pH acts on the composition and biodiversity of
bacterial communities are still poorly understood (Rousk et al., 2010;
Yavitt et al., 2021). Rath et al. (2019) found high community salt
tolerance is positively correlated with Bacteroidetes and the Gammapro-
teobacteria. Effect of salinity on the structure of bacterial community has
been investigated also by other authors, however, the research is often
focused on the soil microbiome (Bai et al., 2020; Kaartokallio et al.,
2005; Li et al., 2021).

Previous studies show that microorganisms responsible for antibi-
otics degradation are broadly distributed taxonomically, including
Proteobacteria, Firmicutes, Cyanobacteria, Bacteroidetes, Chloroflexi, and
Acidobacteria (Kumar et al., 2019; Liao et al., 2017; Zhu et al., 2021).
Changes in the microbial composition of both microbial consortia
studied indicate that the Xanthomonadaceae family was significantly
enriched in all samples treated with NFT in comparison with the initial
consortia. Moreover, the proportion of Xanthomonadaceae was higher in
the cultures where the complete primary biodegradation was measured
(Fig. 4a). The unclassified Xanthomonadaceae species showed domina-
tion in these cultures. This suggests that the strain in question could be
one of the main drivers of NFT biodegradation in the NW consortium.
Previous studies show that the species in the Xanthomonadaceae family
(i.e. Pseudoxanthomonas sp. strain NyZ600, Stenotrophomonas maltophilia
DT1) are responsible for the biodegradation of recalcitrant compounds,
such as polymers, hydrocarbons and pharmaceuticals (Bell et al., 2013;
Leng et al., 2016; Thelusmond et al., 2016; Yue et al., 2021). On the
other hand, the proportion of Comamonadaceae and Pseudomonadaceae
significantly decreased in NW in the treated samples of the NW con-
sortium suggesting that these species did not contribute to biodegrada-
tion. The Weeksellaceae family remarkably increased in the 4-day
cultures which was followed by a strong reduction in the abundance of
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these microbes. This suggests that the Weeksellaceae family could have
been responsible for the primary biodegradation of NFT. Chrys-
eobacterium, a genus from the Weeksellaceae family, has been detected as
one of the dominating genera in bacterial cultures. The Chryseobacterium
species are known degraders of many xenobiotics, including fungicides
(carbendazim) (Silambarasan and Abraham, 2020), keratin waste
(Gurav et al., 2020), or herbicides (glyphosate) (Zhang et al., 2022). The
results presented here indicate that NFT contamination may lead to an
increased abundance of the Chryseobacterium species.

5-NFs are generally known as old antibiotics, and their use has
increased recently. They are very broad-spectrum antibiotics and this
multiactivity allows the repurposing of these drugs from agricultural
chemicals and basic antibiotics to efficient pharmaceuticals against
human life-threatening diseases. The alleged excessive misuse and the
illegal application in husbandry contribute to 5-NFs continuous release
into the natural environment, which may negatively affect all living
organisms. The negative impact of 5-NFs on the environmental bacteria
has been investigated in our previous papers (Pacholak et al., 2020a,
2020b; Smutek et al., 2022; Zdarta et al., 2021), however, it still raises
many questions and requires further investigation. In the last few years,
scientists have been increasingly interested in the environmental impact
of antibiotics. The greatest attention has been drawn to tetracyclines,
sulfonamides, macrolides, and beta-lactams. 5-NFs are among the few
antibiotic groups whose environmental impact is not sufficiently un-
derstood. Fulfilling the research gap in this field will contribute to better
understanding of the environmental impact of 5-NFs and their biodeg-
radation. This, in turn, could be helpful in designing the bioremediation
technologies.

5. Conclusions

Investigation of NFT biodegradation and shifts in the microbial
communities’ compositions revealed that aqueous bacterial commu-
nities are likely influenced by NFT. There were clear deviations between
the two communities. The initial microbial consortium from the
contaminated aquatic systems was more diverse than the consortium
isolated from the pristine area. Through our analysis, we also revealed
that an increase in microbial community diversity does not have to be
correlated with an increase in functional capacity, such as the ability to
biodegradation. In this study, higher biodiversity corresponded to lower
biodegradation. In addition, bacterial exposure to environmental pol-
lutants was not related with increased NFT biodegradation. The highest
removal efficiency was observed for microbial communities at the
lowest NFT concentration. Besides, among TPs formed during biodeg-
radation, HYD was reported for the first time. Higher primary degra-
dation of NFT was followed by a higher concentration of primary TPs
and lower concentration of secondary TPs, however, lower primary
degradation of NFT was followed by low concentration of primary TPs
and high concentration of secondary TPs. Our results demonstrate that
NFT contamination affects the composition of aqueous microbial com-
munities and microbial community structure may be directly correlated
with the presence of this antibiotic. The study also increased under-
standing of the environmental impact of 5-NFs and their biodegradation.
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S1. Procedure of NFT metabolites derivatization

1 mL of 0.1 M HCI and 0.1 mL of 100 mM 2-nitrobenzaldehyde (NBA) methanol solution were
added to 1 mL of the collected sample. The samples were mixed for 5 min and incubated at
37°C for 16 hours. Then they were cooled to RT and 0.5 mL of 0.2 M NazHPO, and 0.1 mL of 1
M NaOH were added. The samples were then extracted twice with ethyl acetate following which
the solvent was evaporated using a steady stream of nitrogen gas. The dry residues were
redissolved in 1 mL of 40% HPLC grade methanol and analyzed by LC-MS/MS.

S2. Procedure of liquid chromatography-mass spectrometry

Primary biodegradation and identification of degradation products were performed using a
chromatographic system UltiMate 3000 HPLC (Dionex, Sunnyvale, CA, USA) coupled with a
4000 QTRAP mass spectrometer manufactured by ABSciex (Foster City, CA, USA). 5 pL
samples were injected into a column Gemini-NX C18 (100 mm x 2.0 mm |.D.; 3 um) purchased
from Phenomenex (Torrance, CA, USA) maintained at 35°C. The mobile phase consisted of 5
mM ammonium acetate in water and methanol at a flow rate of 0.3 mL - min-" in two different
elution gradients, depending on the analysis performed. Gradient elution for NFT biodegradation
was performed by linearly increasing methanol percentage from 75% to 80% in 2 min, and then
linearly increasing the percentage to 100% in 1 min. Methanol gradient elution for detection of
derivatized NFT transformation products was as follows: 1 minute 30%, then in 4 minutes
increase to 100%, and the phase composition was maintained for another 2 minutes. The
electrospray (ESI) ion source operated in positive and negative modes. Nitrogen was used in
both the source and the mass spectrometer. The following parameters of the ESI source and
mass spectrometer were used: curtain gas pressure 10 psi, nebulization gas pressure 40 psi,
auxiliary gas pressure 45 psi, source temperature 450°C, ESI voltage +4500 V. Chromatograms
were collected in the MRM mode and enhanced product ion mode in a 50 — 500 m/z range.
Selected ions were fragmented in the enhanced product ion mode. The detected and confirmed

mass transitions and specific parameters of each analyte are summarised in Table S1.
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Table S1. Parameters of mass spectrometric detection characteristic of the analytes

Analyte Parent Dpa Multiple reaction monitoring transitions
ion V]
Analytical CEP | CXPe | Confirmatory [ CE CXP
[eV] V] [eV] [Vl
NFT [M-H] -60 237 — 152 -17 -10 237 — 124 -20 -10
NBA-AHD [M+H]* 70 249 — 134 18 7 249 — 178 22 10
NBA-SEM | [M+H]* 40 209 — 166 14 9 209 — 192 17 11

DPa - declustering potential, CEP - collision energy, CXP¢ — collision cell exit potential

S3. Procedure of PCR amplification and sequencing

To evaluate the microbial community structure in the cultures, iTag sequencing of 16S rRNA genes
was performed. In total, the microbial communities in 13 samples were analyzed. Bacterial V3-V4
16S rDNA regions were amplified from 2.5 pL of DNA samples diluted to 5 ng pL' using the
following primers:

341F:5 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG,
785R:5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC.
The primers contain lllumina adaptor sequence (bold) and V3-V4 16S rRNA locus-specific
sequence. All steps including amplification, indexing and library quantification were performed
according to the protocol provided by lllumina "16S Metagenomic Sequencing Library Preparation”
with one maodification: Q5 High-Fidelity Polymerase (New England Biolabs) was used. Next
Generation Sequencing was performed using the lllumina MiSeq System in 2 x 300 PE (paired
ends) mode. Quality filtering of the reads and classification to the species level was performed

using the QIIME package according to the GreenGenes (v.13_8) reference database.
16S V3 and V4 Amplicon Workflow is presented in figure S1.
The components of amplicon PCR [in square brackets volume used for 1 reaction is indicated]:

- Microbial DNA (5 ng/ul) [2.5 pl]
- Amplicon PCR Forvard Primer 1 uM [5 ul]
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- Amplicon PCR Reverse Primer 1 uM [5 pl]
- 2 x KAPA HiFi HotStart Ready Mix [12.5 pl]

The PCR program details:
e 95°C for 3 minutes
e 25 cycles of:
e — 95°C for 30 seconds
e — 55°C for 30 seconds

e — 72°C for 30 seconds
e 72°C for 5 minutes
¢ Hold at 4°C

PCR amplify template out of genomic DNA using
region of interest-specific primers with overhang adapters

Forward primer overhang adapter:
5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3' . ) o

e Region of interest-specific primer

Region of interest-specific primer

\ Reverse primer overhang adapter:
5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3'

= —

Attach indices and lllumina sequencing adapters
using the Nextera® XT Index Kit

P5
Index 2

Index 1
\ P7

Normalize and pool libraries

Sequence

Figure S1. 16S V3 and V4 Amplicon Workflow
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Figure S2 — Typical chromatograms of the derivatized degradation products. (a) 1-aminohydantoin
and semicarbazide multiple reaction monitoring chromatogram, (b) hydrazine extracted from the

enhanced mass spectra chromatogram.
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1. Introduction

Industrial chemicals have contributed significantly to economic devel-
opment and living standards of the modern world. Not surprisingly, many
of them are ubiquitous in wastewater and wastewater-impacted water bod-
ies, at a trace level of up to a few pg'L.~ ! (Luo et al., 2014; Tran etal., 2019).
At a sufficiently high level, they present notable human health and ecolog-
ical concerns. Examples include endocrine disrupting effect caused by syn-
thetic hormones and several other industrial chemicals (Giulivo et al.,
2016). In particular, their impact on the microbial community can be signif-
icant, although, to date, it has only been examined in a very few studies
(Rodriguez et al., 2018).

Conventional cultivation-dependent microbiological methods have re-
cently been complemented with powerful multi-omics approaches and
other modern analytical techniques such as microscopy, electrochemistry,
mass spectrometry and bioinformatics (Gutleben et al., 2018). Omics tech-
nologies allow for comprehensive analysis of the cells' complete genetic or
molecular profiles (Palazzotto and Weber, 2018), while bioinformatics can
be used to develop genomic and proteomic databases for better understand-
ing of the detailed microbial components and their functions (Bansal,
2005).

Combining novel and conventional methods enables us to better charac-
terize the bacterial species and describe their responses to a changing envi-
ronment (Marx, 2017; Vilanova and Porcar, 2016). The application of
various complementary methods may prove helpful for the prediction of
the effect of environmental pollution on natural bacterial habitats and im-
prove our understanding of the consequences of anthropogenic processes
on the natural environment.

Excessive consumption of antibiotics (over 100,000 tons per annum)
has contributed to a heightened risk of environmental pollution. Their pres-
ence in the natural environment promotes the spreading of antibiotic resis-
tance by bacteria. Recently, antibiotic resistance genes have been found in
various natural environments using information extracted from multi-
omics data (Gutleben et al., 2018; Nguyen et al., 2021). Antimicrobial
resistance is not the only concern regarding the pollution of ecosystems
with antibiotics. The presence of antimicrobial compounds in the environ-
ment may result in ecological toxicity and disturb the balance of the micro-
bial ecosystem. It accelerates, among others, oxidative damage within
microbial cells (Chen et al., 2019). Oxidative stress occurs through exces-
sive reactive oxygen species (ROS) formation by partial reduction of oxy-
gen. Oxidative damage can have a destructive effect on proteins, nucleic
acids, cellular components, and processes, disrupting normal physiology
and leading to cell death. The reduction of oxidative stress in the cells can
be achieved by producing enzymes (e.g. catalases, superoxide dismutase,
peroxiredoxins) that react with ROS and neutralize them into harmless
products (Ezraty et al., 2017).

Nitrofurans (5-NFs) are broad-spectrum, bactericidal antibiotics used to
treat urinary tract infections caused by Gram-negative pathogens. Nitrofu-
rans include nitrofurantoin (NFT), furaltadone (FTD), nitrofurazone, fura-
zolidone and many other compounds that contain a 5-nitrofuran ring.
They have been used in livestock husbandry since the 1940s, but this prac-
tice is now prohibited in many countries due to potential carcinogenic prop-
erties of some nitrofurans (Kokulnathan and Chen, 2020). The alleged
excessive misuse and the illegal application in husbandry contribute to
the continuous release of nitrofurans into the natural environment, which
may negatively affect all living organisms (Zhang et al., 2019). Nitrofurans
are among the few antibiotic groups whose environmental impact is not
sufficiently understood, and data on their concentration in the environment
is limited.

To address the above identified gap, two representatives of nitrofurans,
specifically NFT and FTD, were investigated in terms of their long-term in-
fluence on the bacterial strains. The bacteria used in this study were iso-
lated from the municipal activated sludge and exposed to 5-NFs for 12
months as reported previously (Pacholak et al., 2020a). The strains used
in this study were characterized by high tolerance and showed relatively
good growth in the presence of 5-NFs. These species have been found in
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many environmental compartments, and some of them have shown the po-
tential application in the bioremediation of anthropogenic contaminants
(Ahmad et al., 2018; Gao et al., 2014; Xiong et al., 2020). Our previous re-
sults have proven that prolonged exposure of the strains to NFT and FTD
causes significant modifications of the bacterial cell wall which may con-
tribute to natural ecosystem imbalance (Pacholak et al., 2020a). This was
the basis for a deeper investigation of nitrofurans impact towards these en-
vironmental species. Consequently, experimental work was carried out to
support two hypotheses: (H1) Prolonged exposure of bacterial strains iso-
lated from wastewater to nitrofuran antibiotics leads to significant alter-
ations of cell metabolism; and (H2) the effect can be compound specific.
Genomic analysis of the strains served as the basis of their further investiga-
tion of underlying genetic aspects of response to nitrofurans. To verify the
hypotheses, this study applied a combination of molecular biology, electro-
chemical, and culture methods to functionally analyze the bacteria sub-
jected to prolonged exposure to 5-NFs. Metabolomics analysis was used to
analyze selective metabolites in cell extracts. This study aimed to reveal
the effects of 12-month continuous exposure of the strains to selected 5-
NFs on DNA damage, metabolic activity, and stress response within the
cells. The results provide new insights into the potential risks of the
prolonged presence of antimicrobial compounds in the environment and
provide some information on the possible impacts of 5-NFs on the bacterial
cells.

2. Materials and methods
2.1. Chemicals, bacterial strains, and growth conditions

All chemicals were of analytical grade and purchased from Merck
(Darmstadt, Germany) unless stated otherwise. They were used without
any further purification. Microbiological media were from bioMérieux
(Warsaw, Poland). Loading buffer for agarose electrophoresis was from
A&A Biotechnology (Gdynia, Poland), SYBR™ Gold Nucleic Acid Gel Stain
from Thermo Fisher Scientific (Waltham, MA, USA), and Nova 100 bp
DNA ladder from Novazym (Poznan, Poland). Ultra-purified Milli-Q water
(Arium® Pro, Sartorius, Kostrzyn Wlkp., Poland) was used to prepare all
solutions in this study. The glassware was autoclaved before use. Non-
autoclavable solutions were filter-sterilized (0.22 pm) using Captiva
EconoFilters from Agilent (Santa Clara, CA, USA).

Three bacterial strains, namely Sphingobacterium siyangense FTD2 (here-
after referred to as Sph, NCBI accession number: CP080574), Achromobacter
pulmonis NFZ2 (Acb, JAIFOT010000000), and Stenotrophomonas maltophilia
FZD2 (Stm, CP080573) were isolated from the municipal wastewater treat-
ment plant in Poznan (Poland) using a previously described protocol
(Pacholak et al., 2020a). These strains were continuously cultivated in the
presence of either NFT or FTD (20 mg-L. ") for 12 months to induce long-
term stress response. Cultures of these bacteria without any NFT and FTD
were also maintained as the control. Media composition, cultures compo-
nents and growing conditions were described previously (Pacholak et al.,
2020a).

2.2. DNA isolation

DNA was extracted using the GenElute® Bacterial DNA extraction kit
from Merck (Darmstadt, Germany). The purity and concentration of DNA
extracted from the bacterial cells were determined by spectrophotometry
using a NanoDrop OneC (Thermo Fisher Scientific, Waltham, MA, USA).
DNA was subjected to electrophoresis (Biometra Compact XS/S, Analytik
Jena, Jena, Germany) in 1 % agarose gel in TAE buffer (40 mM Tris-
acetate, 1 mM EDTA, pH 8.3). The gel was stained with the SYBR Gold
Nucleic Acid Gel Stain, and DNA was visualized by scanning gels on Biorad
Gel Doc XR Imaging System (Bio-Rad Laboratories, Hercules, CA, USA).

Quality of DNA samples was confirmed by spectrophotometry before
any further analysis (sequencing and electrochemical analysis). DNA
concentration was measured at 260nm using a Multiskan 152 Sky Micro-
plate Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
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according to the Lambert-Beer law. DNA purity was evaluated at 230, 260,
and 280 nm. The ratios of 260/280 and 260/230 were 1.81 + 0.04 and
2.1 + 0.07, respectively. These are within the expected range of pure DNA.

2.3. Bacterial genome sequencing

The genomic libraries were prepared according to the standard protocol
implemented by Genomed (Warsaw, Poland). The genomic DNA was
fragmented using Covaris E210 ultrasonicator (Covaris, Woburn, MA,
USA), and libraries for Illumina were prepared using NEBNext Ultra I DNA
Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA, USA)
while for MinION (OxfordNanopore, Oxford, Great Britain) using Ligation
Sequencing Kit 1D (SQK-LSK108). Sequencing was conducted on MinION
equipment and SpotON Flow Cell Mk I (R9.4) plates. For pair-end MiSeq se-
quencing, MiSeq Reagent Kit v3 (Illumina, San Diego, CA, USA) was utilized
according to the manufacturer's protocol. The reads from MiSeq were filtered
with Cutadapt (version 3.0) (Martin, 2011) while assessment of sequencing
quality was performed by FastQC. For analysis of the MinION data Guppy
toolkit (version 4.0.15) was used (Ueno et al., 2003). Finally, de novo assem-
bly was performed with the Unicycler program (version 0.4.7) (Wick et al.,
2017). The sequencing results were deposited in National Center for Biotech-
nology Information (NCBI) database under PRINA752031 BioProject. The
assessment of genomic data quality was performed with BUSCO (version
5.3.2) (Manni et al., 2021).

2.4. Phylogenetic analysis and secondary metabolite gene clusters prediction

Phylogenetic trees were constructed by extracting and aligning the core
proteomes of isolated strains and type strains using M1CROB1AL1Z3R
(Avram et al., 2020). Poorly aligned regions were removed using Gblocks
(version 0.91b) (Talavera and Castresana, 2007). A maximum-likelihood
phylogenetic tree was inferred using MEGA (version 10.2.6) (Kumar
et al., 2018) using the Jones-Taylor-Thornton matrix-based model (Jones
et al., 1992) and 1000 bootstraps. To predict biosynthetic gene clusters
for secondary metabolite synthesis Antibiotic and Secondary Metabolite
Analysis Shell (antiSMASH) version 6.1.1 was utilized (Blin et al., 2019,
2017). The functional analysis of sequenced genomes was performed with
EggNOG-mapper (version 2.1.7) (Huerta-Cepas et al., 2019).

2.5. Bacterial response to prolonged exposure to antibiotics

2.5.1. Metabolomic analysis

The cells from 48-hour liquid cultures were rinsed twice with sterile
Dulbecco's phosphate-buffered saline, centrifuged for 10 min (3000g at
4 °C) using an Eppendorf 5910R Centrifuge, and resuspended in the buffer
to adjust the optical density at 600 nm to 2.0 = 0.1 using Multiskan 152
Sky Microplate Spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). 5 mL of the cell suspensions were rinsed once with cold water
and resuspended in 2 mL of fresh portion of cold water. Such prepared
bacterial suspensions were used for cell disintegration. Sonication was
performed on the Ultrasonic Homogenizer (Sonoplus HD 3100, Bandelin,
Germany), using the following settings: power 75 W, 5s ON/5 s OFF pulses,
+4 °C water bath. The total sonication time was 5 min 20 s. Next, 1 mL of
each cell suspension was extracted with 4 mL of methanol. The samples
were vortexed for 5 min, sonicated for 10 min and precipitated at —20 °C
for 60 min. Then they were centrifuged for 10 min at 10,000g, and
700 pL of supernatant was transferred into the new tubes and evaporated.
The dried extracts were derivatized with 50 pL of methoxyamine hydro-
chloride in pyridine (20 mg:mL~?) at 37 °C for 90 min with agitation
(950 rpm). Next, 80 pL of MSTFA was added and the mixtures were
incubated at 37 °C for 30 min with agitation (950 rpm). Samples were
centrifuged (10 min, 10,000g) and analyzed by gas chromatography mass
spectrometry (GC/MS) in splitless mode (1 pL injection). Each sample
was prepared in two technical replicates. Quality control (QC) samples
were prepared by mixing 10 pL of each sample together. One QC sample
was injected every 5 samples.
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The GC/MS analysis was performed using TRACE 1310 Gas Chromato-
graph (Thermo Fisher Scientific, Waltham, MA, USA) coupled with
TSQ8000 Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA). In-source fragmentation was performed with 70 eV energy. Mass
spectra were recorded in the mass range 35-1000 m/z. All spectra were
subjected to automatic peak detection, deconvolution, retention index cal-
culation and library search by MSDial software, version 4.60. The obtained
profiles were normalized by the LOESS algorithm using QC samples in
MSDial. The alkane series mixture (C-11 to C-33) was used to correct reten-
tion time and to determine the retention index for each compound.

2.5.2. Detection of DNA damage

Electrochemical measurements were performed using the potentiostat
PGSTAT12 with GPES version 4.9 software (Eco Chemie, Utrecht, the
Netherlands) and a three-electrode system consisting of a carbon paste
working electrode (CPE), Ag/AgCl (3 M KCl) reference electrode, and a
platinum wire counter electrode. The CPE (1 mm diameter) was made
from carbon paste prepared by mixing the graphite powder with mineral
oil at a ratio of 70:30 (w/w) using a method described previously (Ligaj
et al., 2008). The surface of the working electrode was regenerated before
use by removing the outer layer of carbon paste and polishing it to a smooth
finish on a frosted glass microscope slide. After that, the CPE surface was
pretreated by applying a potential of +1.7 V for 60 s in 0.05 M phosphate
buffer with 0.01 M KCI (pH 7.0). For the electrochemical analysis of the ge-
netic material damage, the electrodes were immersed for 2 min in a phos-
phate buffer containing DNA isolated from bacteria at a concentration of
10 pgmL ™!, with the applied potential of +0.5 V. The measurements
were carried out using the square wave voltammetry (SWV) with the pa-
rameters: step potential of 0.01 V, the amplitude of 0.04 V, frequency of
100 Hz, and volume of 80 pL.

To confirm genetic polymorphism occurring within the cells, random
amplification of polymorphic DNA (RAPD-PCR) was performed. The de-
tailed procedure is presented in Supplementary Information 1.

2.5.3. Bacterial stress response

Lipid peroxidation (LPX), the activity of superoxide dismutase (SOD),
catalase (CAT), and glutathione S-transferases (GSTs) were measured to an-
alyze the bacterial stress response to the prolonged exposure to NFT and
FTD. LPX level, SOD, and CAT activities were quantified spectrophotome-
trically according to protocols adapted from Zur et al. (2021). GSTs activity
was measured as described previously (Pacholak et al., 2020b) using a mi-
croplate reader (Multiskan 152 Sky Microplate Spectrophotometer,
Thermo Fisher Scientific, Waltham, MA, USA). The procedure for relative
metabolic activity is presented in Supplementary Information 1. To deter-
mine the level of LPX, SOD, and CAT activity, the liquid cultures were
lysed by sonication, while the protein contents in the crude extracts were
determined using the Bradford method. To measure GSTs activity, proteins
were extracted using CelLytic™ B Plus Kit purchased from Merck and their
concentration was determined by PierceTM BCA Protein Assay from
Thermo Fisher Scientific.

2.6. Statistical and bioinformatics analysis

The results of the experiments are reported as the mean = 95 %
confidence interval calculated from at least three independent experiments
(biological replicates). To analyze differences in the control and treated
samples in electrochemical and biochemical experiments, GraphPad
Prism (GraphPad Software, LLC, San Diego, CA, USA) was used. All data
were normally distributed and had equal variances according to Shapiro-
Wilk and Levene's tests. A statistical significance of differences between
the means of the samples was determined by two-way ANOVA followed
by Tukey's range test (the significance level of 5 %). Statistical analyzes of
metabolomic profiles were performed using Perseus 1.6.15 (Cox and
Mann, 2008) and MetaboAnalyst 5.0. (Xia et al., 2009) to identify differen-
tially accumulated metabolites (DAMs). Quantitative spectral data were log
transformed. Then, the significance of differences between groups was
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estimated using either the two-sample t-test or one-way ANOVA. A p-value
of <0.05 was considered statistically significant. Multivariate analyzes
were carried out by untargeted principal component analysis (PCA), partial
least squares discriminant analysis (PLS-DA), and hierarchical clustering.
For hierarchical clustering and heat map visualization, the data were
normalized to a Z-score. Functional analysis was performed utilizing
MetaboAnalyst software and the KEGG database to determine the top ca-
nonical pathways and biological processes affected in each comparison.
The cut-off value of the metabolic pathway impact was set to 0.5, and
pathways with a value >0.5 were selected as the potential key metabolic
pathways. There is no universal cut-off suitable for all analyses because
different data generate different results. Therefore, in this study, significant
changes are identified as metabolic pathways with p < 0.05 (—1og10(p) >
1.3) and pathways located in the top right region (pathway impact > 0.5)
(Chong et al., 2019; Xia and Wishart, 2011). The graphs were created
using GraphPad Prism (GraphPad Software, LLC, San Diego, CA, USA)
and MetaboAnalyst software.

3. Results and discussion
3.1. Bacterial isolation and whole genome sequencing

In this study, three bacterial strains were isolated from wastewater
collected from the municipal wastewater treatment plant. Phylogenetic anal-
ysis based on whole genome sequencing was used to identify the strains,
namely Sph, Acb, and Stm (as described in Section 2.1). Phylogenetic trees
constructed are presented in Supplementary Information 1, Fig. S1-1.
Whole genome sequencing allowed for assembly of circular chromosomes
for Sph and Stm and assembly of Acb genome into two contigs. The genomic
data quality assessment performed using BUSCO shows high-quality com-
pleteness for all three sequenced genomes being 99.8 % for Sph and Stm
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Fig. 1. PCA model comparing metabolomic profiles for Sph - Sphingobacterium
siyangense FTD2 (a), Acb - Achromobacter pulmonis NFZ2 (b), and Stm -
Stenotrophomonas maltophilia FZD2 (c) strains among three sample groups: Ctrl —
control cells (red), NFTs/FTDs — cells exposed to nitrofurantoin (blue)/furaltadone
(green). The percentage of variance is shown in parentheses on each axis.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 1 (continued).

and 99.7 % for Acb (Supplementary Information 2, Tab. 1). The genomes
mining with antiSMASH revealed seven biosynthetic gene clusters in Sph,
nine in Acb, and four in Stm (Supplementary Information 2, Tab. 2). No bio-
synthetic gene clusters were found to be common for all analyzed strains,
with exception of aryl polyenes cluster, which is one of the most widespread
family of bacterial biosynthetic gene clusters. Aryl polyenes are involved in
various processes such as aggregation, adhesion to surfaces, and biofilm
formation (Johnston et al., 2021). The functional analysis performed with
the EggNOG-mapper of genes present in the genomes of analyzed strains
was also performed (Supplementary Information 2, Tab. 3-6).
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The Sph strain belongs to the Sphingobacterium siyangense species (previ-
ously identified as Sphingobacterium caeni), for which only a few strains
were isolated, SY1T (=KCTC 22131T = CGMCC 1.6855T) from farm
soil, PDNC006 from plastic debris and T12B17 from soil (Davis et al.,
2019; Lee et al., 2013; Liu et al., 2008). The Acb strain was identified as
Achromobacter pulmonis (previously identified as Achromobacter
xylosoxidans), for which the genomes of three other strains were sequenced
to date. The A. pulmonis strains LMG 26696 and LMG 26788 were isolated
from sputum of cystic fibrosis patients, and the ANB-1 strain was isolated
from soil contaminated by pesticides. The ANB-1 strain exhibits aniline
degradation abilities (Davis et al., 2019; Vandamme et al., 2013). The Stm
strain belongs to the Stenotrophomonas maltophilia species, which is a ubig-
uitous bacterium in water, soil, plant-associated habitats, animal tissues,
and the human body. The S. maltophilia strains are known as degraders of
various xenobiotics and are characterized by intrinsic resistance to various
groups of antibiotics (Berg and Martinez, 2015; Pinski et al., 2020). Indeed,
Pseudomonas species, which are closely phylogenetically related to
Stenotrophomonas genus, are naturally resistant to NFT (Saati-Santamaria
etal.,, 2021).

The significance of this study is justified by several factors. First, bacte-
ria isolated from wastewater are good indicators to understand the effect of
prolonged exposure to nitrofurans. These strains have been already em-
ployed in bioremediation and biodegradation studies. Antibiotics residues
can affect bacterial cells and therefore it is important to understand the re-
sponse of single strains to these chemicals.

3.2. Metabolomic profile

GC/MS analysis of metabolites showed a total of 1371 signals corre-
sponding to the compounds in the mass range from 35 to 1000 Da. The
PCA analysis was performed to understand the aggregation of the samples
and the general metabolomic profile of each group (Fig. 1). In the PCA
models derived from all three strains, the control samples clustered sepa-
rately from both the FTDs and NFTs, indicating that they had strikingly dif-
ferent metabolomic characteristics. The most visible separation between
the control and treated samples was found for the Stm strain (Fig. 1c) and
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the smallest separation was observed for the Acb strain (Fig. 1b). The sam-
ples exposed to NFT and FTD were ordinated closer to one another, eliciting
a similar but not identical response in all analyzed strains.

Further analysis revealed 184 DAMs that differed significantly among
the strains and the treatments. These metabolites were classified as amino
acids and derivatives (27 compounds), long chain fatty acids (11), o-
glycosyl compounds (6), fatty acids methyl esters (6), hexoses (5) and
others (Supplementary Information 1, Fig. S1-2; Supplementary Informa-
tion 2, Tab. 7 and 8). All DAMs were subjected to the functional bioinfor-
matic analysis to investigate if certain pathways or processes are
significantly different between the control and treated samples.

Fig. 2 shows significant impact of long-term nitrofuran exposure on met-
abolic pathways of the strains. The most significantly altered pathways were
observed in amino acid (Ala, Asp, Glu, Phe, Tyr, Trp, Arg and Pro) metabo-
lism, sugar (glucose, galactose) metabolism, aminoacyl-tRNA (aa-tRNA) bio-
synthesis and novobiocin biosynthesis. Asp and Glu metabolism was the only
pathway observed in all three strains that was significantly affected by both
NFT and FTD treatment. A total of eight metabolic pathways were identified
as related to NFT-prolonged exposure. Seven pathways were detected in the
Stm strain (Ctrl vs NFTs), five pathways in Sph and three in the Acb strain
(Fig. 2). The common pathway of great importance for all strains that was im-
paired in response to NFT exposure was novobiocin biosynthesis. The most
significant alteration was measured in the Stm strain, and least important al-
teration was found for Sph. A total of seven metabolic pathways were identi-
fied as related to FTD-prolonged exposure: all pathways were identified in
the Sph strain, two in Acb and three in Stm. The smallest differences in the
metabolic pathway analysis were noted for NFTs vs FTDs comparisons indi-
cating that the bacterial response to the prolonged presence of these antibi-
otics was similar. A significant difference between NFT and FTD treatment
were observed in Acb strain for Phe metabolism only.

Variations in concentration of differentially accumulated amino acids
among three sample groups are shown in Fig. 3. Accumulation of most
amino acids and derivatives significantly decreased in cells of all strains ex-
posed to FID and NFT except for Trp, Ile, DL-2,3-Diaminopropionic acid
and 1-Amino-1-cyclopentanecarboxylic acid. In the Sph strain, Trp and DL-
2,3-Diaminopropionic acid increased after both NFT and FTD exposure, Ile
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Fig. 3. Differences in abundance of differentially accumulated amino acids among three sample groups based on normalized intensity of the compounds. Ctrl - control cells,
NFTs/FTDs - cells exposed to nitrofurantoin/furaltadone. Sph - Sphingobacterium siyangense FTD2 (a), Acb - Achromobacter pulmonis NFZ2 (b), Stm - Stenotrophomonas
maltophilia FZD2 (c). The scale bar represents normalized intensity of the compounds. A complete list of metabolites is presented in Supplementary Information 2, Table 7.
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increased after treatment with NFT, and 1-Amino-1-cyclopentanecarboxylic
acid increased in FTD-treated samples. The latter increased also in NFT-
and FTD-exposed samples of the Stm strain. For the Acb strain cells, the
lower accumulation of all protein-building amino acids was observed in re-
sponse to both antibiotics.

Significantly decreased accumulation in response to prolonged expo-
sure to both NFT and FTD in cells of all three strains was also noted for
capric acid. Accumulation of some DAMs increased in the bacterial cells ex-
posed to the examined antibiotics. For example, the level of dodecanol in-
creased in response to prolonged exposure to NFT, and S-adenosyl-L-
methionine increased in response to prolonged exposure to both NFT and
FTD in cells of all three strains.

The most affected metabolites found in metabolomic analysis are
components of biological pathways involved in amino-acid and sugar
metabolism as well as aa-tRNA biosynthesis. It has been proposed that
nitrofurantoin's mechanism of action is based on the ability to bind to ribo-
somes and inhibit the activity of enzymes involved in the synthesis of DNA
and RNA, however, a detailed mode of antimicrobial action of 5-NFs is still
unclear (Blass, 2015; Huttner et al., 2015). NFT was found to inhibit total
protein synthesis by non-specific reaction with both ribosomal proteins
and rRNA (McOsker and Fitzpatrick, 1994). A significant decline in the
abundancy of protein-building amino acids in response to NFT and FTD
was noted which is in agreements with the proposed mode of action of
these antibiotics.

Aa-tRNAs are ubiquitous compounds responsible for delivering amino
acids for protein synthesis at the ribosome. Aa-tRNAs are also involved in
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several other cellular processes such as protein biosynthesis, cell wall for-
mation or cell envelope remodeling (Moutiez et al., 2017). In this study,
several amino acids involved in aa-tRNAs biosynthesis were downregulated
in response to NFT- or FTD-exposure. The largest number of downregulated
amino acids was noted for the Sph strain in response to the NFT treatment.
The smallest number of downregulated amino acids was found for the Stm
strain in response to NFT treatment. The results of this research are consis-
tent with those of our previous paper, which demonstrated that long-term
exposure of cells to NFT causes stronger remodeling of the cells structure
than FTD (Pacholak et al., 2020a). To the best of our knowledge, this is a
first study to highlight the role of the aa-tRNA biosynthesis pathway in
the bacterial response to nitrofuran antibiotics. Nevertheless, a recent
study showed that aa-tRNA biosynthesis was one of the pathways that dom-
inated in microbial communities residing in sediments collected from the
estuaries of rivers in China with various degrees of chemical pollution (Lu
etal., 2017).

Interesting results were also obtained for the metabolism of glutathione
(GSH), a tripeptide which plays important role in bacterial redox-regulation
and adaptation to stress in bacterial cells (Smirnova and Oktyabrsky, 2005).
The metabolomic analysis showed eight compounds (amino acids, mono-
and dialkylamines) involved in metabolism of GSH. These compounds in-
clude glycine, glutamic acid, cysteine, 5-oxoproline, spermidine, ornithine,
putrescine, and cadaverine (Fig. 4). Exposure of all strains to NFT and FTD
resulted in decreased accumulation of these metabolites. The most notable
changes were noted for glycine and glutamic acid in the Sph and Acb strain.
The fewest modifications were observed in the Stm strain.
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Significant changes in the accumulation of the compounds involved in
GSH metabolism together with modified LPX, SOD, CAT, and GSTs
(Section 3.4) reflect that bacterial exposure to 5-NFs decreases cell ability to
cope with environmental stress. This was specifically visible in the Sph strain
for which the strongest decline in the parameters in question were visible.

To further investigate the metabolomic characteristics of the strains and
correlate these data with the genetic information provided by the whole
genome sequencing, the KEGG analysis of the identified DAMs was
performed. The pathways of GSH metabolism and aa-tRNA biosynthesis
with the genes present in each strain and detected DAMs are summarized
in Supplementary Information 1, Figs. S1-3 to S1-8. Five and six downreg-
ulated metabolites involved in the GSH metabolic pathway were revealed
in the Sph and Acb strains. In the Stm strain, no DAMs were detected in
response to NFT-prolonged exposure, and two DAMs were detected in re-
sponse to FTD-prolonged exposure. The largest number of downregulated
metabolites involved in the aa-tRNA pathway was detected in the Sph strain
exposed to NFT, the smallest number was observed in the NFT-exposed Stm
strain. Upregulated metabolites were not detected in both pathways.

3.3. Electrochemical detection of DNA damage

Fig. 5 shows the voltametric signals of nucleobases of DNA extracted
from the bacterial cells. Under the measurement conditions applied, the
8-0xodG, guanine, and adenine signals were observed at the potential re-
gions at +0.7 V (signal 1), +0.95 V (signal 2) and +1.15 V (signal 3).
Out of all signals present in the voltammograms, the peaks coming from
the nucleobases in question indicated the strength of guanine oxidation
and the formation of 8-oxodG, which, represents 5-NFs long-term muta-
genic effect on the genetic material. Fig. 5a shows the signals of nucleobases
oxidation in DNA isolated from the Sph strain. The long-term exposure of
the strain with NFT and FTD generated a significant reduction in the elec-
tric current of guanine. A loss of the guanine peak was accompanied by a
strong signal appearance at +0.7 V in FTD-treated samples only. The re-
sults of voltametric analysis of DNA isolated from the Acb are shown in
Fig. 5b. The long-term exposure with NFT and FTD generated a formation
of signals at the potential region +0.7 V, indicating the presence of 8-
oxodG (signal 1). The signal was more intense after treatment of the strains
with FTD. The signal of adenine after treatment with FTD decreased while
no change was observed in DNA extracted from NFT-treated cells of the Acb
strain. FTD-treated samples of the Stm strain demonstrated a decreased
guanine peak and two strong, distinct oxidation signals at potential maxima
of approximately 0.65 V and 0.75 V, as exemplified in Fig. 5c. The adenine
signal was shifted towards the lower potential, indicating breaking the
hydrogen bonds between the nucleotide base pairs in double-stranded
DNA. The samples exposed to NFT were also characterized by decreased
guanine peak, but the signal was negligible due to its electrochemical
oxidation. There was no adenine signal present. The changes in the DNA
of the strains exposed to NFT or FTD were confirmed by RAPD-PCR as
illustrated in Supplementary Information 1 (Fig. S1-9).

Electrochemical detection of DNA damage revealed 5-NFs long-term
mutagenic effect on the bacterial strains investigated in this study. For all
analyzed DNA samples, an increased width of guanine signals was ob-
served, which indicates the breaking of some hydrogen bonds stabilizing
the double-stranded structure of DNA and is observed as a result of
dsDNA intercalation. In addition, the 8-0xodG signal was observed in the
analyzed genetic material, which was particularly evident in long-term re-
sponse to FTD, indicating a potentially mutagenic effect of these antibiotics
(Bruskov, 2002). It is generally known that 5-NFs participate in generating
ROS and NO through their nitro group reduction (Zolla and Timperio,
2005). The obtained results confirmed the influence of 5-NFs on the oxida-
tive damage of bacterial genetic material (Héjkova et al., 2017).

3.4. The bacterial stress response to the long-term presence of 5-NFs

Fig. 6 shows the bacterial stress response to the prolonged exposure to
nitrofurans in terms of LPX, SOD, CAT, and GSTs activities. LPX refers to
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Fig. 6. The specific level of lipid peroxidation (a), superoxide dismutase inhibition rate (b), catalase activity (c), and glutathione S-transferases activity (d). Sph -
Sphingobacterium siyangense FTD2, Acb - Achromobacter pulmonis NFZ2, Stm — Stenotrophomonas maltophilia FZD2. Ctrl - control cells, NFTs/FIDs - cells exposed to

nitrofurantoin/furaltadone.

the oxidative degradation of lipids. SOD and CAT protect cells from oxida-
tive damage by ROS while GSTs play a key role in cell detoxification.

Each strain subjected to the long-term exposure to NFT or FTD
responded differently to the increasing concentration of each antibiotic
(Supplementary Information 1, Fig. S1-10). The Sph strain was character-
ized by the increased relative metabolic activity (RMA) when cultivated
at concentrations of NFT ranging from 5 to 15 mg.L.~’. No significant
modifications in the RMA of Sph-FTDs were observed at concentrations of
5-15 mgL~! FTD. Cultivation of the Sph-NFTs strain and Sph-FTDs strain
at 20 mgL. ™" of NFT or FTD reduced RMA of the cells. RMA of the Acb-
NFTs strain cultivated with NFT was strikingly lower than that in the con-
trol cells regardless of the antibiotic concentration. Cultivation of the Acb-
FTDs strain at a concentration of 10 mg:L ~* or higher induced a significant
reduction in its RMA. No significant effect of NFT concentration on the
RMA of the Stm-NFTs strain was detected. The increased concentration of
FTD did not result in decreased RMA of the Stm strain.

In addition to the potential effects of NFT and FTD on metabolic
activity, there is also evidence of bacterial stress response to the presence
of these antibiotics. Results in Fig. 6 are related cells cultivated with
5 mgL ™" of NFT or FID. Fig. 6a shows changes in LPX induced by long-
term exposure of the Sph, Acb, and Stm strains to NFT and FTD. LPX was de-
termined by the detection of MDA produced as a result of oxidative degra-
dation of lipids. The results revealed different patterns of MDA synthesis for
each treatment. For the Sph strain, LPX has been detected for the control
and the cells exposed to FTD. For the Acb strain, LPX was observed only
for cells treated with NFT. For the Stm strain both treatments induced
LPX, which has not been observed in the control cells. In bacteria, NFTs
are transformed into highly reactive electrophiles which may inhibit the
bacterial protein synthesis which was confirmed in this study by
metabolomic analysis. Besides, LPX induction in the bacteria exposed to
NFTs and FTDs was strictly strain specific. The lack or very low LPX may

be related to the insignificant involvement of cytochrome P450 in 5-NFs
metabolism.

Fig. 6b shows modifications of the SOD inhibition rate occurring in the
tested strains. No statistically significant differences in SOD were observed
for the Sph strain, however, the observed values of SOD were the highest
among the tested strains, reaching up to 90 %. This suggests that high dis-
mutase activity is an intrinsic trait of Sphingobacterium sp. A statistically sig-
nificant increase in SOD was noted for FTDs in comparison to Ctrl for the
Acb strain. Exposure to NFT did not affect SOD. Among all tested strains,
the Stm strain was characterized by the lowest SOD. Exposure to FTD signif-
icantly reduced SOD, however, no change was observed for the Stm-NFTs
cells.

Catalase, an enzyme responsible for neutralization of ROS, protects the
cells from the toxic by-products of oxygen metabolism. In this study, the
lowest activity of CAT was observed for the Sph strain (Fig. 6¢). Both
NFTs and FTDs exposure resulted in decreased CAT. A similar situation
was observed for the Acb strain, however, in this case CAT was much
higher, reaching up to 3000 pM-min~"mg of proteins ! for the control.
The opposite situation was observed for the Stm strain which significantly
increased CAT in response to NFTs and FTDs treatment. Difference between
NFTs and FTDs was not statistically significant.

The activity of GSTs in the control cells was the lowest in the Acb strain
and the highest in the Sph strain. Long-term exposure of the Sph to FID re-
sulted in a decreased activity of GSTs; there was no significant difference
between the control and the NFTs. Different observations were made for
two other strains, which significantly increased the GSTs activity when
cultivated under stress conditions. Exposure to NFT resulted in more potent
induction of the GSTs enzymatic pathways than exposure to FTD in both
strains.

The highest oxidative stress measured by the GSTs, CAT activity level
was observed for the Stm strain, especially pronounced for antibiotics
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treated cells. The obtained results for the Stm strain confirm the previous re-
ports by Bagnyukova et al. (2006) that CAT activity increases with elevated
LPX products concentrations.

4. Conclusions

Results from this study provide new insights into possible impacts of
selected nitrofurans on beneficial bacterial strains isolated from wastewa-
ter. Prolonged exposure of bacterial strains to nitrofurantoin (NFT) and
furaltadone (FTD) altered metabolomic characteristics, disrupted protein
biosynthesis, triggered mutagenic effects, and promoted oxidative stress
within the cells. Downregulated amino acids and derivatives were
the main differentially accumulated metabolites. Aminoacyl t-RNA biosyn-
thesis, which plays a key role in protein biosynthesis was one of the most
significantly altered pathways. Nitrofurans-induced oxidative stress was ev-
ident through elevated levels of glutathione S-transferases and catalase.
NFT and FTD showed similar mechanisms of action towards environmental
bacteria. Interactions of these antibiotics with the bacterial cells depends
more on characteristics of the strain than properties of the individual nitro-
furans.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.162199.
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Sixty primers were screened for presence of distinct and consistent bands. The following

primers were used:

143

P01 CAGGCCCTTC |P16 TGCTCTGCCC |P31 AAAGCTGCGG |P46 ACCTGAACGG
P02 TGCCGAGCTG |P17 GGTGACGCAG |P32 TGTCATCCCC |P47 TTGGCACGGG
P03 AGTCAGCCAC |P18 GTCCACACGG |P33 AAGCCTCGTC |P48 GTGTGCCCCA
P04 AATCGGGCTG |P19 TGGGGGACTC |P34 TGCGTGCTTG |P49 CTCTGGAGAC
P05 AGGGGTCTTG |P20 CTGCTGGGAC |P35 GACGGATCAG |P50 GGTCTACACC
P06 GGTCCCTGAC |P21 TTCGAGCCAG |P36 CACACTCCAG |P51 AGCGCCATTG
P07 GAAACGGGTG |P22 GTGAGGCGTC |P37 TTCCCCCCAG |P52 CACCGTATCC
P08 GTGACGTAGG |P23 GGGGGTCTTT |P38 TGAGTGGGTG |P53 GGGGTGACGA
P09 GGGTAACGCC | P24 CCGCATCTAC |P39 GTTGCCAGCC |P54 CTTCCCCAAG
P10 GTGATCGCAG | P25 GATGACCGCC |P40 ACTTCGCCAC |P55 CATCCGTGCT
P11 GTTTCGCTCC |P26 GAACGGACTC |P41 ACCGCGAAGG |P56 AGGGCGTAAG
P12 TGATCCCTGG |P27 GTCCCGACGA |P42 GGACCCAACC |P57 TTTCCCACGG
P13 CATCCCCCTG |P28 TGGACCGGTG |P43 GTCGCCGTCA |P58 GAGAGCCAAC
P14 GGACTGGAGT |P29 CTCACCGTCC |P44 TCTGGTGAGG |P59 CTGGGGACTT
P15 TGCGCCCTTC |P30 TGTCTGGGTG |P45 TGAGCGGACA |P60 ACCCGGTCAC

Seven primers were found useful:

Number | Sequence Number of the primer in the
paper
P04 | 5°-AAT CGG GCT G-3 P1
P44 | 5-TCT GGT GAG G-3 P2
P03 | 5°-AGT CAG CCA C-3° P3
P48 | 5-GTG TGC CCC A-3 P4
P57 | 5-TTT CCC ACG G-3° P5
PO1 5-CAG GCC CTT C-3° P6
P02 | 5-TGC CGA GCT G-3 P7

The components of PCR reaction:
e 10 ng template DNA,
e buffer Tris—=KCI (20 mM Tris—HCI, 50 mM KCI, pH 8.4)

e 2 mM MgCly,
e 1 uM primer,
e 1 mMANTP,

e 5 U of Tag DNA polymerase (each reaction)
o sterile deionized water to a total volume of 25 pl.
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The PCR program details:

e 95°C for 3 minutes

e 30 cycles of:
— 92°C for 30 seconds
— 31-40°C for 30 seconds
— 72°C for 60 seconds

e 72°C for 5 minutes

e Hold at 4°C

PCR amplified DNA fragments were separated by electrophoresis in agarose gel (1.5%) and
stained with ethidium bromide (20 yg 100 miI-'). A sample without DNA was included as a
negative control in each experiment. Electrophoretic profile was visualized under UV radiation
with BIO-RAD transilluminator. Sizes of DNA fragments were estimated by comparison with
standard Ladder 100-10,000 bp. Electrophoretic profiles were analyzed for polymorphism
based on the presence and absence of DNA bands on agarose gel.

RAPD-PCR analysis was performed with the kind assistance of Dr. Beata Dudziriska-Bajorek
from Hipolit Cegielski State College of Higher Education in Gniezno, Poland.

1.2. Metabolic activity procedure

Cell metabolic activity was measured after 24 h of bacterial exposure to NFT and FTD at a
concentration of 5, 10, 15, and 20 mg L-! using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay.

Bacterial cultures were washed two times and resuspended in Dulbecco’s Phosphate Buffered
Saline (DPBS), the optical density was adjusted to 0.2 £0.02. Next, 200 pL of the cell
suspension was transferred into the sample wells of the sterile 96-well microplate and optical
density at a wavelength 600 nm was measured. MTT solution (5 mg mL-" solution in sterile
water) was added to the wells using multichannel pipette. Mixtures were incubated for 2 h in
30 °C in the dark with shaking on an orbital shaker. Later, the cells were centrifuged (4500x
g, 30 min, 20 °C, Centrifuge 5910R, Eppendorf, Germany), supernatants were carefully
discarded, and the remaining cell pellets were suspended in dimethyl sulfoxide (200 pL).
Following a 15-min incubation, the microplates were centrifuged again (4000x g, 15 min) and
150 pL of supernatant from each well was transferred to a new microplate and absorbance at
560 nm was measured. The higher absorbance of the solution indicated the greater number
of viable, metabolically active cells in the sample well. The metabolic activity is defined in MTT
reducing units (MRU) and was calculated according to following equation:

A560 -SV K

MRU =
TV 0D600

where:
As¢o—absorbance of the formazan dissolved in DMSO;
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SV —the volume of the test sample [mL];

TV —total volume of the reaction mixture [mL];

K—dilution factor;

0D —optical density of the bacterial cells collected from the cultures.

Results are presented as relative metabolic activity which is defined here as the ratio between

the activity of test samples (bacteria exposed to nitrofurans) and the activity of the control
samples (bacteria not exposed to nitrofurans).

2. Additional results

2.1. Phylogenetic trees

Sphingobacterium paucimobilis HER1398 (ATDL00000000)

100
a —_s
( ) 100 Sphingobacterium yanglingense DSM 28353 (SNYV01000000)

100

Sphingobacterium nematocida DSM 24091 (FUZF00000000)

99
0.020 . L Sphingobacterium alkalisoli Y3L14 (SUKA01000000)

100 Sphingobacterium lactis DSM 22361 (CP049246)

Sphingobacterium paludis CGMCC 1.12801 (SNZV01000000)
—m:phingobacterium psychroaquaticum DSM 22418 (FXAU00000000)

Sphingobacterium faecium DSM 11690 (QBKH01000000)

Sphingobacterium thalpophilum DSM 11723 (JMLD00000000)

100

Sphingobacterium detergens CECT 7938 (RAPY01000000)

100
Sphingobacterium multivorum NCTC11343 (UAUU01000000)

100
100 Sphingobacterium siyangense PDNCO006 (CP070350)

100t Sphingobacterium siyangense FTD2 (CP080574)

Pedobacter borealis DSM 19626 (JAUG00000000)

(b) 1001 Achromobacter denitrificans NBRC 15125 (BCTQ00000000)
100 Achromobacter denitrificans PheN1 (CP033730)
100 Achromobacter insolitus NCTC13520 (LR134361)
| — Achromobacter arsenitoxydans SY8 (AGUF00000000)
0.02 4|100 _I: Achromobacter piechaudii ATCC 43553 (ADMS00000000)
100 Achromobacter spanius NCTC13519 (LR134302)
100 Achromobacter insuavis LMG 26845 (CADIJR000000000)
_lechmrnobaCter xylosoxidans ATCC 27061 (CP006958)

100 Achromobacter pulmonis LMG 26696 (CADIJV000000000)
100[ Achromobacter pulmonis NFZ2 (JAIFOT010000000)

Bordetella bronchiseptica NCTC452 (UFTS01000000)
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Stenotrophomonas maltophilia NBRC 14161 (BCUI00000000)
(C) 36 Stenotrophomonas maltophilia K279a (AM743169)
100 Stenotrophomonas maltophilia FZD2 (CP080573)

Stenotrophomonas pavanii MHSD12 (JAAKGL010000007)

10 L Stenotrophomonas pavanii DSM 25135 (LDJNO1000000)
100 Stenotrophomonas lactitubi M15 (PHQX01000000)
—_

0020 100 L_ Stenotrophomonas lactitubi WS40 (PEJS01000000)

Stenotrophomonas chelatiphaga DSM 21508 (LDJK01000000)

Stenotrophomonas rhizophila DSM 14405 (CP007597)

Stenotrophomonas panacihumi JCM 16536 (LLXU01000000)

10 Stenotrophomonas acidaminiphila JCM 13310 (LDJO01000000)
{tenotrophomonas nitritireducens DSM 12575 (LDJGO1000000)
100 Stenotrophomonas humi DSM 18929 (LDJI01000000)

£ Stenotrophomonas terrae DSM 18941 (LDJJ01000000)

Stenotrophomonas ginsengisoli DSM 24757 (LDJM01000000)

Fig. S1-1. Phylogenetic tree based on alignment of the core proteomes of three strains:
Sphingobacterium siyangense FTD2 (based on 162 core genes which yield 52,915 amino
acids) (a), Achromobacter pulmonis NFZ2 (1541 genes, 496,172 amino acids) (b), and
Stenotrophomonas maltophilia FZD2 (780 genes, 269,641 amino acids) (c). The NCBI
accession numbers for genomes are shown in brackets. The tree was constructed using the
maximum likelihood method. The scale bars indicate 1% nucleotide sequence divergence.

2.2. Gene ontology category function groups
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Fig. S1.2. Top significant gene ontology category function groups of the analysed strains (each
group contains at least 3 differentially accumulated metabolites (DAMs)). Values labelled in a
legend depict the number of the metabolites in each group.
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2.3. Pathways of GSH metabolism (a) and aa-tRNA biosynthesis

(a) Sph, Ctrl vs NFTs, GSH metabolism
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(b) Sph, Ctrl vs NFTs, aa-tRNA biosynthesis
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Fig. S1-3. Pathways of GSH metabolism (a) and aa-tRNA biosynthesis (b) in the
Sphingobacterium siyangense FTD2 (Sph) in response to prolonged exposure to NFT.
The genes are marked in gray and the downregulated compounds in red. No upregulated
compounds involved in the pathways were observed.
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(a) Sph, Ctrl vs FTDs, GSH metabolism
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(b) Sph, Ctrl vs FTDs, aa-tRNA biosynthesis

AMINOACYLARNA BIOSYNTHESIS I
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Fig. S1-4. Pathways of GSH metabolism (a) and aa-tRNA biosynthesis (b) in the
Sphingobacterium siyangense FTD2 (Sph) in response to prolonged exposure to FTD. The
genes are marked in gray and the downregulated compounds in red. No upregulated
compounds involved in the pathways were observed.
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(a) Acb, Ctrl vs NFTs, GSH metabolism
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(b) Acb, Ctrl vs NFTs, aa-tRNA biosynthesis
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Fig. S1-5. Pathways of GSH metabolism (a) and aa-tRNA biosynthesis (b) in the
Achromobacter pulmonis NFZ2 (Acb) in response to prolonged exposure to NFT. The genes
are marked in gray and the downregulated compounds in red. No upregulated compounds
involved in the pathways were observed.
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(a) Acb, Ctrl vs FTDs, GSH metabolism
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(b) Acb, Ctrl vs FTDs, aa-tRNA biosynthesis

AMINOACYLARNA BIOSYNTHESIS |
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Fig. S1-6. Pathways of GSH metabolism (a) and aa-tRNA biosynthesis (b) in the
Achromobacter pulmonis NFZ2 (Acb) in response to prolonged exposure to FTD. The genes
are marked in gray and the downregulated compounds in red. No upregulated compounds

involved in the pathways were observed.
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(a) Stm, Ctrl vs NFTs, GSH metabolism

GLUTATHIONE METAB OLISM ]

4329
5-Oxoproline S‘q_ 3529 1
§Glutamnte
O
Y
L Araino acidQ #—————— e v
. Glutamate
L-Cysteine’ b reetsholisra
4329
Cyanoaraino acid
L-y-Glutarayl-
L-arino acid § EE— e €1V T
Peph [[3.4.11.2|Pepll
PepB || LAP3
Pej DUG1
[ ——FQ LCyseingl-
glycme
Glutathione
CE] —
O% 1311 O Bis-y-glutarnyl
L-y-Glutarayleysteine
L-Glutaraate O ineQ O Acetyl-Cods
O 2 0) (o]
12 R-5-Cysteine Iercapturic acid
1833 (11119111127 NA8P+ NA%’H
1841 1844 2813 A —— ]
1851 1541 1843] 1847 LIk §
Dehyriro-
ascorbate Ascorbate
P\lhescmeo—-—2.5.1.16 OL (111111] 3)
i
4. 7 o T thione
) 7 3 *Q dince
Lomiined Sal T mex] ¥
T doxin Tryparedoxin
| s
Aiginine biosynthesis
Glutathionyl Bis(gly i -
spermine spermine 1 .
T
———{ s —»0 ) 1 TR | 50 Ristghte
TeTryS TeTryR
Lo TE | T
Cadaverine O—{25.1.16 O Tof_ o o : L ToR | > O Horotoyy
Aminopropyl- TeTrys Glutathionyl- —! Homotrypanothione
cadsverine aninopropyl: 01155
cadavering
00430 4114720
(c) Kanehisa Laboratories

15



Amanda Pacholak, PhD Dissertation |

(b) Stm, Ctrl vs NFTs, aa-tRNA biosynthesis
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Fig. S1-7. Pathways of GSH metabolism (a) and aa-tRNA biosynthesis (b) in the
Stenotrophomonas maltophilia FZD2 (Stm) in response to prolonged exposure to NFT. The
genes are marked in gray and the downregulated compounds in red. No upregulated
compounds involved in the pathways were observed.
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(a) Stm, Ctrl vs FTDs, GSH metabolism
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(b) Stm, Ctrl vs FTDs, aa-tRNA biosynthesis
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Fig. S1-8. Pathways of GSH metabolism (a) and aa-tRNA biosynthesis (b) in the
Stenotrophomonas maltophilia FZD2 (Stm) in response to prolonged exposure to FTD. The
genes are marked in gray, the downregulated compounds in red, and the enzymes catalyzing
the reactions in green. No upregulated compounds involved in the pathways were observed.
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2.4. RAPD-PCR
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Fig. S1-9. RAPD-PCR patterns generated by Sphingobacterium siyangense FTD2 (a),
Achromobacter pulmonis NFZ2 (b), and Stenotrophomonas maltophilia FZD2 (c). Samples
labels: Ctrl — control cells, NFTs/FTDs — cells exposed to nitrofurantoin/furaltadone, M - 1 kb
DNA Ladder, P1-P7 — primers used in RAPD-PCR reaction.

RAPD-PCR analysis was performed with the kind assistance of Dr. Beata Dudziriska-Bajorek
from Hipolit Cegielski State College of Higher Education in Gniezno, Poland.
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2.5. Cell metabolic activity
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« Primary biodegradation of nitrofurantoin
by Serratia marcescens ODW152 reached
96 %.

Atomic force microscopy and flow cytom-
etry revealed variations of cell properties.
Increase in surface roughness of non- -
active cells was observed.

« Nitrofurantoin biodegradation led to for-
mation of stable transformation products.
Transformation products affected the
physiology and structure of bacterial cells.

Multi-faceted analysis of bacterial transformation of nitrofurantoin
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physiology and structure of bacterial cells. Cell properties change dynamically during
degradation process. Non-active subpopulation has increased cell surface roughness.

ARTICLE INFO ABSTRACT

Editor: Frederic Coulon Excessive presence of antibiotics and their residues can be dangerous to the natural environment. To reduce this neg-

ative effect, efficient strategies to remove them from the ecosystem are required. This study aimed to explore the po-

Keywords: tential of bacterial strains to degrade nitrofurantoin (NFT). Single strains isolated from contaminated areas, namely
A.tomic force m.icroscopy Stenotroph acidaminiphila NOB, Pseud. indoloxydans WB, and Serratia marcescens ODW152 were employed
ﬁzgzxz)sﬁf;rsmauon in this study. Degradation efficiency and dynamic changes within the cells during NFT biodegradation were investi-
Single cell microbiology gated. For this purpose, atomic force microscopy, flow cytometry, zeta potential, and particle size distribution mea-
Toxicity surements were applied. Serratia marcescens ODW152 showed the highest performance in removal of NFT (96 % in

28 days). The AFM images revealed modifications of cell shape and surface structure induced by NFT. Zeta potential
showed significant variations during biodegradation. Cultures exposed to NFT had a broader size distribution than the
control cultures due to increased cells agglomeration or aggregation. 1-Aminohydantoin and semicarbazide were de-
tected as nitrofurantoin biotransformation products. They showed increased cytotoxicity toward bacteria as deter-
mined by spectroscopy and flow cytometry. Results of this study suggest that nitrofurantoin biodegradation leads to
formation of stable transformation products that significantly affect the physiology and structure of bacterial cells.

1. Introduction

Abbreviations: AFM, atomic force microscopy; AHD, 1-aminohydantoin; AHD-NBA, 2-
nitrobenzaldehyde derivative of 1-aminohydantoin; BHI, Brain Heart Infusion; DPBS,
Dulbecco's phosphate-buffered saline; MHA, Mueller Hinton Agar; NBA, 2-nitrobenzaldehyde;
NFT, nitrofurantoin; PS, particle size; Ra, roughness average; SEM, semicarbazide; SEM-NBA,
2-nitrobenzaldehyde derivative of semicarbazide; TPs, transformation products; RCA, relative
cellular activity; RFI, relative fluorescence units; ZP, zeta potential.
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Antibiotics are powerful compounds that play a vital role in curing
numerous infections and promoting livestock growth. Nowadays, they are
the most produced drugs worldwide (Li et al., 2022a). Among the most
important classes of antibiotics, nitrofurans are often used in the excessive
quantities, however, they lack enough attention of the scientific commu-
nity. Nitrofurantoin (NFT), a major representative of the nitrofurans
group, is a cyclic amide containing a 5-nitrofuran ring. This synthetic
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broad-spectrum antibiotic is used in medicine, livestock, and aquaculture
due to effectiveness and low production costs. Despite NFT is an old drug,
its mechanism of action against bacteria is not fully understood. Probably
it presents multiple mechanisms of action such as inhibition of enzymes
involved in DNA and RNA synthesis (Huttner et al., 2015; McOsker and
Fitzpatrick, 1994). Utilization of nitrofurans in husbandry and farming
has been prohibited in many countries (Commission Regulation (EC),
1995). The illegal use in agriculture and livestock as well as pharmaceutical
treatment and manufacturing promote the continuous discharge of nitrofu-
rans into the natural environment (Kumar et al., 2018a; Li et al., 2022b;
Sakthivel et al., 2023). Presence of NFT residues in the environment can
be hazardous at various trophic levels — from microorganisms, through
plants and animals to humans (Bessone et al., 2023; de Oliveira et al.,
2020; Lewkowski et al., 2019; Pacholak et al., 2019). The report of the
European Food Safety Authority published in 2015 described several
aspects of hazardous action on humans and environment of five nitrofuran
antibiotics (EFSA Panel on Contaminants in the Food Chain (CONTAM),
2015).

To minimize the negative impact of antibiotics on organisms in the re-
ceiving environments, it is essential to remove them from the ecosystems.
The main decontamination methods for antibiotics contaminated sites in-
clude physical remediation, chemical remediation, bioremediation, and a
combination of the above-mentioned technologies. Compared to physical-
chemical treatment technologies, biological treatment (phytoremediation
or microbial remediation) is more promising because of robustness, cost-
effectiveness, and eco-friendly approach (Ye et al., 2017). Microbial biore-
mediation relies only on natural metabolic processes of microorganisms
and their ability to transform hazardous contaminants into simple, less
toxic, or non-toxic compounds. According to the OECD guidelines, the
total mineralization (ultimate biodegradation) occurs when a compound
of interest is completely utilized by microorganisms. As a result, carbon di-
oxide, water, mineral salts, and biomass are produced. During primary bio-
degradation (biotransformation) the structural change of a parent
compound occurs resulting in the loss of specific properties of that com-
pound (OECD, 1992).

Recently, new, and effective remediation technologies develop succes-
sively. The global bioremediation market size was estimated at USD 106
billion in 2019 and is expected to reach USD 335 billion by 2027 (Tran
et al., 2021). The bacterial strains that can be used in bioremediation pro-
cesses are usually isolated from natural bacterial communities inhabiting
chronically contaminated sites. A general scheme to isolate pure strains in-
cludes four major steps: aseptic environmental sample collection, isolation
and screening of pure strains in a medium containing the target compound,
identification of single species by 16 SRNA sequencing, and evaluation of
biodegradation potential (Pacholak et al., 2019; Tran et al., 2021). It is gen-
erally believed that microbial communities have more powerful potential
to biodegrade the mixtures of organic compounds than the single strains
(Nnabuife et al., 2022; Pacholak et al., 2023). However, bioaugmentation
of contaminated sites with autochthonous, highly efficient species capable
of directly degrading the pollutants is a promising strategy for bioremedia-
tion (Li et al., 2020). The bacterial species recently used for bioremediation
include Bacillus paramycoides SDB4 (remediation of sulfamethoxazole)
(Chen et al., 2022), Bacillus sp. LS1 (polychlorinated biphenyls) (Han
et al., 2023), Burkholderia cepacia (tetracycline) (Hong et al., 2020),
Ochrobactrum sp. TCC-2 (triclocarban) (Bai et al., 2021). A novel approach
also includes augmentation of contaminated sites with non-direct de-
graders (NDDs). NDDs are organisms unable to directly biodegrade the pol-
lutants of interest but they modify metabolic pathways of target compounds
by other organisms and thus their potential contribution can be significant
(Li et al., 2020).

Physicochemical parameters of the ecosystem, characteristics of the pol-
lutants, and biological properties of the microbial cells are among crucial
factors limiting bioremediation efficiency (Ossai et al., 2020). The latter in-
clude, among others, cells tolerance to toxicity, structure of microbial com-
munities, viability, metabolic activity, or surface properties of the cells (Ma
et al., 2018; Pacholak et al., 2023). Metabolic activity and viability of cells
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change dynamically during biodegradation and are important parameters
considered when monitoring the bioremediation process. They can be
measured using different methods based on either bulk measurement of
microbial suspension or single cell measurements that can rapidly provide
information about cell function (Nebe-von-Caron et al., 2000). Cell surface
properties affect uptake and bioavailability of the contaminants. Therefore,
they can play a key role in biodegradation of antibiotics. These properties
include, among others, cell surface zeta potential, cell size, ultrastructure,
and morphology. To date, dynamic changes occurring within the bacterial
cells during biodegradation of antibiotics are not well documented
(Ma et al., 2018).

Each degradation process tends to decompose the hazardous pollutant
of interest to a harmless state. The processes are usually focused on the par-
ent compounds only, despite they can contribute to formation of hazardous
transformation products (TPs) (Vasquez et al., 2013). TPs can remain phar-
macologically active in the environment for a long time. Knowledge about
them is insufficient, therefore TPs should be monitored and their effect on
organisms should be evaluated (Lopez-Serna et al., 2013).

To fulfill the above-mentioned research gaps, this study aimed to isolate
the pure bacterial strains from contaminated environments, investigate bio-
degradation of nitrofurantoin by these novel species, identify biotransfor-
mation products, and evaluate their impact on the bacterial cells. As
microbiological parameters are essential in monitoring biodegradation pro-
cess, dynamic changes in the cell surface properties and metabolic activity
were investigated during biodegradation of nitrofurantoin. For this pur-
pose, a combination of atomic force microscopy, flow cytometry, zeta po-
tential and particle size distribution measurements was applied. To the
authors knowledge, this is the first time that nitrofurantoin biodegradation
coupled with evaluation of dynamic changes within the cells is being inves-
tigated. This study also aimed to reveal the effects of transformation prod-
ucts identified on the cell membrane permeability and cell metabolic
activity determined by spectroscopy and flow cytometry. Results provide
new insights into potential ability of indigenous environmental strains to
decompose nitrofurantoin and provide information on the possible effect
of transformation products on the autochthonous bacterial cells.

2. Materials and methods
2.1. Reagents

M9 minimal salts, organic solvents, standards, and other chemicals
were purchased from Merck (Darmstadt, Germany) unless otherwise stated.
Mueller Hinton Agar (MHA) and Brain Heart Infusion broth (BHI) were pur-
chased from bioMerieux (Warsaw, Poland). All chemicals were of analytical
grade (at least 99 %) and were used as received without further purifica-
tion. HPLC-grade water used to prepare aqueous solutions was obtained
from ultrapure water system (Arium® Pro, Sartorius, Kostrzyn Wlkp.,
Poland). Glassware and autoclavable solutions were steam sterilized
(HMC-Europe, Tiissling Germany). Other solutions were filter sterilized
using Captiva 0.22 pm EconoFilters (Agilent, CA, USA). A biological safety
cabinet (Labculture® Class II, Esco, Singapore) was used during activities
associated with bacterial samples to prevent contamination.

2.2. Bacterial strains and growth conditions

The bacterial strains were isolated from three contaminated sites: two
soil types and water reservoir. During the isolation process, which was car-
ried out using a selective culture method, NFT solution acted as a selective
agent (Pacholak et al., 2019). After eight weeks of the continuous cultiva-
tion, 100 pL of each culture was seeded in triplicate onto the MHA plate
and incubated for 24 h at 30 °C. The colonies grown in the largest quantities
were selected for biochemical identification and susceptibility testing
(Vitek® 2 system, bioMérieux, Warsaw, Poland). The selected strains
(one strain from each collected environmental sample) were identified by
molecular techniques (Kaczorek et al., 2013). The 16S rRNA gene se-
quences of the strains have been deposited in the GenBank database
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under the following accession numbers: Stenotrophomonas acidaminiphila
NOB isolated from contaminated soil (hereinafter referred to as Sta,
GenBank: KY561351.1), Pseudomonas indoloxydans WB isolated from
water reservoir from the contaminated area (Psi, MK503999.1), Serratia
marcescens ODW152 isolated from contaminated soil (Srm, MN960427.1).
Phylogenetic tree was constructed by the neighbor joining method using
MEGA X software, with bootstrap values set to 1000 replicates. The per-
centage of replicate trees in which the associated taxa clustered together
in the bootstrap test was shown next to the branches. The branch lengths
were estimated by the Maximum Likelihood method (Felsenstein, 1985;
Kumar et al., 2018b; Saitou and Nei, 1987). To establish the enrichment
cultures, three to five colonies of each strain were picked from freshly
grown MHA plate and added to 9 mL of the BHI broth. The bacteria were
incubated overnight at 30 °C, washed twice with sterile Dulbecco's
phosphate-buffered saline (DPBS) and resuspended in this buffer to adjust
the optical density at 600 nm to 1.0 + 0.1 using Multiskan 152 Sky Micro-
plate Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Such prepared microbial suspensions were used for inoculation to start
the bacterial cultures. Media composition and cultures components were
described previously (Pacholak et al., 2020a). Cultures of the bacteria with-
out any NFT as well as sterile abiotic samples were also maintained as the
controls. The abiotic samples were obtained by autoclaving the biomass
for 15 min at 121 °C and adding 2 % sodium azide to inhibit the prolifera-
tion of bacteria. Cultures containing NFT at initial concentration of
5 mg~L’1 were incubated in the dark at 30 °C with shaking (120 rpm) for
28 days.

2.3. Primary biodegradation and detection of transformation products

The removal efficiency was measured for 28 days according to the
guidelines of The Organization for Economic Co-operation and Develop-
ment. To investigate the ability of the single strains to biodegrade NFT,
1.5 mL samples were collected aseptically from the cultures every few
days. Initial samples were collected after 1 h incubation to ensure the equil-
ibration and homogeneity of the sample. The biomass was harvested
(13,000 g, 2 min) and stored at — 20 °C by the end of the experiment. To
calculate the degradation rate, the supernatants were diluted with HPLC-
grade methanol and filtered using 0.2 pm PTFE syringe filters (Agilent,
Santa Clara, CA, USA). The samples were analyzed qualitatively and quan-
titatively for the residual content of NFT using LC/MS-MS (UltiMate 3000
LC (Dionex, Sunnyvale, CA, USA)/API 4000 QTRAP (Applied Biosystems/
MDS Sciex, Waltham, MA, USA). Removal of NFT during abiotic degrada-
tion was subtracted from the results of NFT biological degradation. To iden-
tify the degradation products, the supernatants were derivatized. The
detailed protocols of metabolites derivatization and LC-MS/MS analysis
are presented in the Supplementary Information.

2.4. AFM analysis of the bacterial cell surface

An atomic force microscope Park NX10 from Park Systems (Suwon,
South Korea) was used to analyze changes in the cell topography of the bac-
teria. The changes in the morphology of the cells were analyzed from the
surface plots according to the procedure described previously (Pacholak
et al., 2020a).

2.5. Zeta potential and size distribution measurements

Zeta potential of the bacterial suspensions during biodegradation of
NFT was determined with the Zetasizer Nano ZS (Malvern Panalytical,
Malvern, UK). The cells collected from the bacterial cultures were
suspended in DPBS and adjusted to OD600 of 0.5 =+ 0.1. The polydispersity
index (PDI) and particle size distribution of the microbial cultures was de-
termined using the same instrument. Measurements were conducted in a
cuvette at 90 degree scattering angle for both untreated and NFT-treated
bacterial cells. The Zeta potential and PDI measurements were performed
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in DPBS buffer solution (pH 7.4) to reduce any influence of pH and
conductivity.

2.6. Flow cytometric analysis

Variations in the metabolic activity and viability of the bacterial cells
during biodegradation of NFT were determined using BacLight™ Redox
Sensor™ Green Vitality Kit from Thermo Fisher Scientific (Waltham, MA,
USA) and a flow cytometer (cell sorter) BD FACS Aria™1III from Becton Dick-
inson (San Jose, CA, USA). The configuration of the instrument was as fol-
lows: 4 lasers (375 nm, 405 nm, 488 nm, and 633 nm), 11 fluorescence
detectors, forward scatter (FSC) and side scatter (SSC) detectors; 70 pm noz-
zle and 70 psi (0.483 MPa) sheath fluid pressure. Sample preparation and
instrument settings were based on the protocol described by Duber et al.
(2018). BacLight™ Redox Sensor™ Green Kit contains RedoxSensor Green
reagent (RSG), which is a fluorogenic redox indicator dye. This compound
is subjected to conversion by microbial reductases involved in electron
transport chain. The converted dye, following excitation (maximum =
490 nm) emits a green fluorescence (maximum = 520 nm). The intensity
of green fluorescence emission is directly proportional to cellular redox po-
tential (CRP), indicating the levels of microbial cells' metabolic activity
(Diaz et al., 2010). The determination of cellular redox potential of the an-
alyzed microorganisms was based on the measurement of green fluores-
cence intensity (FITC detector) from a redox potential-sensitive reagent
(RedoxSensor™ Green reagent from Thermo Fisher Scientific). Data were
acquired in a four-decade logarithmic scale as area signals (FSC-A, SSC-A
and FITC-A) and analyzed with FACS DIVA software (Becton Dickinson).
The discrete subpopulations of non-active (Q1) and active (Q2) cells were
defined on bivariate dot plots FITC-A (x axis) vs. SSC-A (y axis) correspond-
ing to cellular redox potential vs. side scatter measurement. Based on per-
centages of cells from the defined subpopulations (Q1 and Q2) the
relative cellular activity (RCA) values were calculated according to Eq. (1).
treated sample #% o

active (%of Q2)
non — active (%of Q1)

RCA =
control sample

Three ranges of relative cellular activity (RCA) values were defined:
RCA > 1.1 —increase in the number of active cells in the treated sample rel-
ative to control; RCA < 0.9 — decrease in the number of active cells in
treated sample relative to control; RCA = (0.9-1.1) — no effect of treat-
ment on the cellular activity.

In addition to RCA values, the significant differences among medians of
green fluorescence intensity (from RedoxSensor Green reagent) for active
cells were also observed. An analogy to Q1 and Q2 percentages-based
RCA calculation was used to define RFI (relative fluorescence intensity)
values. RFI were calculated as medians of fluorescence intensity emitted
by active cells from treated sample relative to control (Eq. 2). RFI were de-
fined as relative fluorescence units (RFU).

_ treated sample (medians of RSG fluorescence (RFU))
" control samples (medians of RSG fluorescence (RFU))

RFI 2

2.7. Cell sorting and cell surface roughness analysis

After 28 days of degradation process, cells were sorted using flow
cytometry assisted cell sorting into subpopulations representing two
physiological states (active and non-active) to analyze them using AFM.
The cells from the defined non-active (Q1) and active (Q2) subpopulations
were isolated using BD FACS Aria™III cell sorter for the subsequent
examination of cellular surface using AFM analysis. Cell sorting preceded
doublets discrimination procedure with the use of height versus width
scatter signals measurement (SSC-H vs. SSC-W and FSC-H vs. FSC-W) to
discriminate single cells from conglomerates allowing high purity sort.
The AccuDrop™ beads (Becton Dickinson, San Jose, CA, USA) were used
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to setup the drop delay for the best sorting performance. The FACS Aria™III
cell sorter settings were established for gaining highest purity level. Cells
were sorted to 5 mL cytometric tubes. The cells were subjected to AFM im-
aging to investigate differences in the average cell surface roughness during
biodegradation of NFT. The procedure was adapted from Pacholak et al.
(2020a).

2.8. Growth curve measurements

The growth of bacteria treated with NFT and its two transformation
products as well as untreated control bacteria was monitored by measuring
the optical density of the cell suspensions at the wavelength of 600 nm
(0OD600) as described by Krishnamurthi et al. (2021). The growth curve
measurements were performed with a microplate reader (Multiskan 152
Sky, Thermo Fisher Scientific, Waltham, MA, USA) and the 96-well clear
bottom sterile microplates. 200 pL of the prepared bacterial cultures were
transferred to the microplate wells. The plates were maintained at 37 °C
with pulse shaking. The OD600 of each well were read every 10 min for
24 h.

2.9. Effect of transformation products on bacterial cells

The experiments determining the impact of NFT, SEM, and AHD expo-
sure on bacterial cells include: (i) Modifications of the bacterial membrane
permeability — the measurements were based on the Crystal Violet uptake
by the cells (Pacholak et al., 2020a); (ii) Relative cytotoxicity of the com-
pounds in question measured with the colorimetric test AlamarBlue® Cell
Viability Assay (Pacholak et al., 2022); and (iii) Metabolic activity of cells
measured with the flow cytometry. (Duber et al., 2018). TPs used to estab-
lish the bacterial cultures were purchased from Merck (Darmstadt,
Germany).

2.10. Statistical analysis

Results are reported as the average values calculated from at least three
independent biological replicates. For each replicate, at least two technical
replicates were performed. A statistical significance of differences between
the means of control samples and reference samples was determined by a
one-way or two-way ANOVA. Tukey's method was used for post-hoc testing
with a significance level of 0.05. P values calculated report up to three digits
after the decimal point, not significant comparisons with P-values = 0.05
are not labelled in the graphs. In the violin plots, representing the empirical
distribution of the data, midline is plotted at the median and dotted lines
represent first and third quartiles. The calculations were performed using
GraphPad Prism (GraphPad Software, LLC, San Diego, CA, USA).

3. Results and discussion
3.1. Biodegradation of nitrofurantoin

3.1.1. Strains isolation and nitrofurantoin removal efficiency

In this study, three Gram-negative bacterial strains were isolated and
identified from various environmental niches: two types of soil and water.
Phylogenetic analysis based on 16S rRNA sequencing was used to identify
the strains, namely Sta, Psi, and Srm (as described in Section 2.2). Phyloge-
netic trees constructed are presented in Supplementary Information,
Figs. S1-S3. The Sta strain belongs to Stenotrophomonas acidaminiphila spe-
cies, which is a rod-shaped bacterium that widely exists in the environment.
S. acidaminifilia have been previously isolated by other authors from the
long-time contaminated sites for potential use in bioremediation (Li et al.,
2022a; Zhang et al., 2023). Li et al. (2022b) isolated S. acidaminiphila Y4B
strain from the activated sludge which was capable of complete biodegra-
dation of herbicide glyphosate (50 mg-L~" was removed within 72 h).
Zhang et al. (2023) isolated S. acidaminiphila BDBP 071 from contaminated
tomato rhizosphere soil. The strain showed a promising biodegradation ef-
ficiency of dibutyl phthalate at various concentrations. The Psi strain was
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identified as Pseudomonas indoloxydans. P. indoloxydans was isolated for
the first time in 2008 from a pesticide-contaminated site in India
(Manickam et al., 2008). To date, P. indoloxydans strains isolated from envi-
ronmental matrices have been known for their ability to promote plant
growth and degrade environmental pollutants (Shahid et al., 2020; Tara
et al., 2019). Shahid et al. (2020) proved that inoculation of macrophytes
with the bacterial consortium containing P. indoloxydans can enhance re-
moval of trace metals from polluted river water. Tara et al. (2019) success-
fully used P. indoloxydans NT-38 strain to support treatment of textile
industry wastewater. The Srm strains belongs to the Serratia marcescens spe-
cies which is a ubiquitous bacterium in soil, water, plant surfaces, and ani-
mals, including humans (Hou et al., 2022). The presented examples prove
that the strains can be used in removal of various pollutants. This suggests
that they could be also suitable in bioremediation of antibiotic-polluted
sites. Further research focused on possible application of the strains in bio-
augmentation is necessary to understand the interactions of the pure strain
with complex mixture of soil particles and other community members of
the ecosystem.

Fig. 1 shows the results of NFT primary biodegradation rate by the Sta,
Psi, and Srm strains. The highest removal was observed for the Srm strain.
The average NFT removal after 24 h of incubation was 82 %. After reaching
a peak of 91.3 + 2.1 % degradation in four days, NFT concentration re-
mained relatively stable by the end of the experiment. Final biodegradation
was 96.5 * 1.4 %. The strains Psi and Sta showed significantly lower deg-
radation capability than the Srm strain. On average, 45 % of NFT was re-
moved from the culture medium in one day and 60 % in four days by the
Psi strain. A complete removal of NFT has not been achieved, 83.8 +
4.3 % biodegradation was measured in 28-day cultures (remaining average
NFT concentration: 0.81 mg:L ™). Removal efficiency of the Sta strain was
significantly lower than that of the Psi strain. The highest decrease in NFT
concentration was measured on the first day and was followed by steady
gradual elimination. The average biodegradation after 24 h was 29 %.
This value doubled on the eleventh day. The final removal rate measured
after 28 days was 75.6 + 3.0 % with a residual average NFT concentration
of 1.2 mgL ™. The concentrations measured in the abiotic samples showed
that after 28 days no >5 % of the NFT was abiotically eliminated from the
cultures.

Previous studies focused on biodegradation of NFT by both, mixed mi-
crobial consortia and single strains indicate that some environmental bacte-
ria are quite capable of degrading NFT (Pacholak et al., 2019, 2020b, 2023;
Smutek et al., 2021). For example, Sphingomonas paucimobilis K3a and
Ochrobactrum antrophi K3b were able to degrade on average 90 % of NFT
in 28 days (initial concentration of 5 mg:L~"). That study, however, did
not aim to identify biodegradation products generated during the process
(Pacholak et al., 2019). This work describes products of NFT biodegrada-
tion by single strains for the first time, however, this research area still
raises numerous questions and requires further investigation.
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Fig. 1. Nitrofurantoin removal efficiency by three bacterial strains. Sta refers to
Stenotroph acidaminiphila NOB, Psi to F 1 indoloxydans WB, Srm to
Serratia marcescens ODW152.
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Fig. 2. Representative surface two-dimensional height images illustrating the bacterial topography during biodegradation of nitrofurantoin. The numbers 1, 3, 7, and 28

7

indicate the sample collection and analysis days. Sta refers to Stenotr

iniphila NOB, Psi to Pseudomonas indoloxydans WB, Srm to Serratia marcescens

ODW152. Ctrl denotes bacteria from the control cultures, NFT - bacteria from the cultures containing nitrofurantoin.

3.1.2. Detection of morphological changes during biodegradation

Fig. 2 shows the representative AFM images of the individual cells of the
Sta, Psi, and Srm strain. The samples were collected and analyzed after 1, 3,
7,and 28 incubation days. The analyses were performed to investigate mor-
phological changes in cell surface and shape due to potential cell damage.
The AFM images of all strains exposed to NFT exhibited substantial modifi-
cations of cells shape in comparison to control samples, indicating changes
in cells surface structure induced by NFT. Images of the control cells of each
strain evidenced a smooth, homogenous surface topography in all direc-
tions, especially during the first week of cultivation. Bacteria were homog-
enous and no apparent damage in the cells was observed (control samples
of all strains, observation days 1, 3, and 7). In 28-day cultures, the surface
of control cells showed some deformation and corrugation, especially in
the Srm strain (Fig. 2¢). Exposure to NFT had a significant effect on cell sur-
face of each strain as they were completely different in the samples exposed
to NFT than the control samples. The presence of NFT resulted in significant
deformation of the cells and corrugation of their surface. In particular, the
NFT-exposed Sta and Psi strains (Fig. 2a and b) showed a loss of their orig-
inal structure. Irregular cells architecture could be attributed to cells dam-
age. A similar but less severe phenomenon was observed in the Srm strain
after 7 and 28 days. Cells deformation could be due to limited nutrient
access or the need to escape xenobiotic substances (NFT and TPs). Cells
corrugation could affect attachment of extracellular particles on the bacte-
rial surface (Kdmérdinen et al., 2020; Young, 2006). These could indicate
activated mechanisms of cell protection. A decrease in the length and
width of cells of the Sta strain under stress conditions was observed. A slight
increase in the length and width of cells of the Psi strain under stress condi-
tions was noted at each time point except for 28-day sample. The fewest
variations in the cell dimensions caused by NFT were observed for the
Srm strain. Previous study also revealed considerable modifications of bac-
terial cells shape and structure indicating calls damage caused by prolonged
exposure of bacteria to nitrofurans. However, the cells showed a loss of
their original shape and seemed to be vastly inflated upon exposure to

antibiotics (Pacholak et al., 2020a). In another study carried out in Pseudo-
monas aeruginosa NFT3, NFT did not have a significant effect on the cell
structure, since the treated cells showed the same properties as the control
cells (Smutek et al., 2022).

3.1.3. Stability of the microbial suspension during biodegradation

The dispersive properties of the bacterial cultures, including zeta poten-
tial (ZP), particle size (PS) and polydispersity index (PdI), were measured
for the initial cultures at day zero, and 1-, 3-, 7-, and 28-day cultures
(Fig. 3).

All bacteria in this study exhibited a negative ZP. This was due to nega-
tively charged functional groups associated with lipopolysaccharide, phos-
pholipids, and proteins on the surface of the cells (Ferreyra Maillard et al.,
2021). ZP of the initial cells of the Sta strain was —13.9 + 1.2mV (Fig. 3a).
ZP of the non-treated Sta cells was —16.6 = 2.1mV and —16.0 = 1.2mV
of the treated cells on the first day (significant difference compared to the
initial sample, both comparisons p < 0.001). Much higher values of ZP
were observed during subsequent measurements on days 3, 7, and 28. A
statistically significant differences between the control and NFT-treated
samples were observed only in 7- and 28-day cultures. The treated samples
exhibited lower ZP than the control samples. ZP of the initial cells of the Psi
strain was lower than that of the Stm strain (Fig. 3b). ZP of the non-treated
Psi cells reduced significantly in 1- and 3-day cultures compared to the ini-
tial samples (all p-values < 0.001) indicating increased stability of the bac-
terial suspension. Differences between the control and NFT-treated samples
over time were noted only in 3- and 7-day cultures. The fewest differences
in bacterial surface charge between the cultures over time were measured
for the Srm strain (Fig. 3c). The Srm strain was also characterized by the
lowest ZP among all strains tested. The initial ZP was —7.9 + 0.8 mV.
Significant differences between the initial sample and control samples
over time were measured in 7- and 28-day cultures. A statistical difference
between the control (—9.1 + 1.2 mV) and NFT-treated (— 6.3 = 0.8 mV)
cells over time were noted only after seven days of incubation.
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Fig. 3. Zeta potential of bacteria and particle size distribution of cell suspensions during biodegradation of nitrofurantoin. The samples were collected and analyzed at the
beginning of biodegradation (day 0) and after 1, 3, 7, and 28 days. Ctrl refers to bacteria from the control cultures, NFT to bacteria from the cultures containing nitrofurantoin.

The surface charge of bacteria depends on the metabolic stage of cells.
Higher values can be observed for cells at the stationary phase of growth
where cellular death is greater, and an elevated leakage of charged mole-
cules into the environment is observed (Ayala-Torres et al., 2014). Zeta po-
tential can provide direct information about many cell properties, such as
membrane permeability and viability. This indicates that the fewest modi-
fications were observed for the Srm strain, which also showed the highest
degradation potential.

Tables in Fig. 3 summarize the ranges of the cell size in every bacterial
culture together with the average polydispersity index (PdI). The average
size distribution of bacteria in each culture over time presented a unimodal
pattern. In the Sta strain (Fig. 3a), size range in the control culture was from
615 to 1484 nm, and in the treated culture was from 615 to 1718 nm. In the
control cells, PdI decreased from 0.43 + 0.09 on day zero to 0.13 = 0.07
on day 28. Higher PdI values indicate that the distribution is broad. The
results obtained indicate that monodispersity of the bacterial suspension
increased with the incubation time increasing. A similar situation was

observed in the NFT-treated cells, however, PdI reached the highest value
(0.55 = 0.07) on day one which was followed by a steady gradual decrease.
Suspensions exposed to NFT had always a broader size distribution than the
control cultures. This can be due to increased cells agglomeration or aggre-
gation. The control cultures of the Psi strain were characterized by size
ranging from 615 to 1718 nm. A broader size range (342-2669) accompa-
nied by greater PdI values was observed for NFT-treated cells. For the Srm
strain, the size distribution was very similar to that of the other strains,
however, the differences between the control and treated cells were much
smaller.

3.1.4. Metabolic activity determined by flow cytometry during biodegradation
Flow cytometry in combination with specific fluorescent staining en-
abled the characterization of physiological states of bacterial cells within
tested samples (Fig. 4). Interpretation of the flow cytometric results was
based on determining the percentages of the defined subpopulations
(non-active Q1 and active Q2, Fig. 4b) to assess their distribution within
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the entire population of bacterial cells from tested samples. The relative cel-
lular activity (RCA) values (calculated based on the percentages of non-
active and active cells evaluated within control and NFT-treated samples)
referred to germicidal effect of NFT on tested bacterial strains (Fig. 4a). In
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fact, the opposite effect indicating the stimulation of metabolic activity of
bacterial cells was also observed. The above conclusion emerged from the
RCA results of the strain Srm. It demonstrated the increase of active cells
in treated sample relative to control in three time points (1-, 3-, and 7-day
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Fig. 4. The relative cellular activity (RCA) of the bacteria treated with NFT over a period of 28 days based on cellular redox potential of microbial cells (a). Flow cytometric
analysis of the metabolic activity of microbial cells from NFT-treated and untreated cultures of selected strains (b). Diagrams are examples of the flow cytometric results (Q1
and Q2 correspond to non-active (violet) and active (green) subpopulations) from days 1 and 28 and strains Sta and Srm representing the 3 ranges of RCA values: RCA > 1.1 —
increase of active microbes in treated sample relative to control (light grey colored box with the name of bacterial strain and culture stage); RCA < 0.9 — decrease of active
microbes in treated sample relative to control (dark grey colored box with the name of bacterial strain and culture stage); RCA = (0.9-1.1) — no effect to microbes cellular
activity after treatment (white colored box with the name of bacterial strain and culture stage). Sta refers to Stenotroph acid iphila NOB, Psi to Pseudomonas
indoloxydans WB, Srm to Serratia marcescens ODW152. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 5. The average cell surface roughness of the strains: Sta — Stenotropt iphila NOB (a), Psi — Pseudomonas indoloxydans WB (b), Srm — Serratia marcescens
ODW152 (c). Ctrl refers to bacteria from the control cultures, NFT to bacteria from the cultures containing nitrofurantoin. Q1 refers to non-active subpopulation, Q2 to active

subpopulation.

cultures) — RCA values were 1.32, 1.31 and 1.17, respectively. The cellular
metabolic activity of the Sta strain was also stimulated by NFT but this ef-
fect was observed only on first day of experiment reaching RCA value of
1.36. Sta was the only strain which did not demonstrated the germicidal ef-
fect in last day of experiment (day 28) with the RCA value of 1.06 indicating
the neutral effect of NFT on cellular metabolic activity. The strain Psi oc-
curred the most sensitive to NFT treatment (revealed the highest degree
of bactericidal effect) as significant decrease in active bacterial cells was ob-
served for each tested time points (culture age) — RCA values were 0.57,
0.80, 0.16, and 0.67 in 1-, 3-, 7-, and 28-day cultures, respectively. RFI
values positively correlated with RCA calculations in all tested 4 time points
and all 3 tested strains, demonstrating cellular activity ration of treated vs
non-treated bacterial cells above 1 when RCA values indicated the increase
of active microbes in treated sample relative to control (RCA > 1.1) and
below 1 when RCA values indicated decrease of active microbes in treated
sample relative to control (RCA > 0.9). The only exception was strain Srm
from day 1 revealing RFI of 0.9732, while its RCA value indicated increase
of active microbes in treated sample relative to control. The flow cytometric
evaluation of microbial cell metabolic activity enabled the characterization
of bacterial cells physiology to evaluate the germicidal or stimulant effects
based on the calculated relative cellular activity (RCA) values.

3.1.5. Determination of cell surface roughness by AFM

On the last incubation day, bacterial samples were collected and sorted
using flow cytometry into two subpopulations representing two physiolog-
ical states (active and non-active). The sorted cells were analyzed using
AFM to calculate modifications in cell surface roughness. Roughness aver-
age (Ra) calculated for active and non-active cells of control and treated cul-
ture of each strain is summarized in Fig. 5.

Non-active cells in each culture were characterized by substantially
higher Ra than the active cells. Specifically, the Sta strain showed signifi-
cant differences between the non-active (Q1 subpopulation) and active
(Q2 subpopulation) cells from the control culture (6.2 + 1.4 vs 2.7 +
0.8 nm, p < 0.001) as well as the NFT culture (7.6 = 1.2 vs 4.7 =
1.2 nm, p < 0.001) were observed (Fig. 5a). For the Psi strain, differences
between the two subpopulations in both cultures were not statistically sig-
nificant (Fig. 5b). For the Srm strain, substantial differences between the
non-active and active subpopulation of the control culture (11.2 + 1.8 vs
6.5 = 1.0 nm, p < 0.001) as well as the NFT culture (8.1 + 1.3vs 4.8 =
1.4 nm, p < 0.001) were noted (Fig. 5¢). Differences between Ra of active
and non-active cells has also been observed by Niedzwiedz et al. (2020)
who discovered significantly increased Ra of non-active (dead) cells in com-
parison to active cells. In this study, additional comparisons were made
among the same subpopulations of different cultures. Differences between
Ra of non-active cells collected from the control and treated cultures were

statistically significant for each strain, e.g., in the Sta strain a significant in-
crease was observed in NFT-treated cells (6.2 *+ 1.4 nm (Ctrl) vs 7.6 =
1.2 nm (NFT), p = 0.016). The two other strains showed decreased Ra in
NFT-treated non-active subpopulations (Psi: 5.4 = 1.6 nm (Ctrl) vs
3.9 = 0.7 nm (NFT), p = 0.004; Srm: 11.2 = 1.8 nm (Ctrl) vs 8.1 =
1.3 nm (NFT), p < 0.001). An opposite situation was observed for active
subpopulation. An increase in the Ra of the Sta strain and a decrease in
the two other strains were observed (the Sta strain: 2.7 + 0.8 nm (Ctrl)
vs 4.7 + 1.2 nm (NFT), p < 0.001; the Psi strain: 5.0 = 1.4 nm (Ctrl) vs
3.5 = 0.9 nm (NFT), p = 0.003; the Srm strain: 6.5 + 1.0 nm (Ctrl) vs
4.8 = 1.4 nm (NFT), p = 0.004). Over the years, AFM techniques have
been used for imaging bacterial cells at nearly molecular resolution and
unravelling the detailed architecture of cell surface. Important feature in
in bacterial topography characterization is surface roughness which mea-
sures the micro-irregularities on the cell surface (Dufréne et al., 2021;
Paiva et al., 2022). In this study, the highest roughness was calculated
non-active subpopulation of control Srm cells. Non-active cells always rep-
resented higher roughness than active cells suggesting severe membrane
damage of the non-active subpopulation. Increased roughness in damaged
cells was also observed by other authors (Ahmed et al., 2020; Francius
et al., 2008).

3.2. Transformation products and their effect on the cells

3.2.1. Identification of transformation products

In this study, two TPs of nitrofurantoin primary biodegradation by three
bacterial strains were identified. To identify TPs, the samples were col-
lected from the microbial cultures at two timepoints (14 and 28 incubation
day) and derivatized with 2-nitrobenzaldehyde (NBA). The chromatograms
obtained from the LC-MS/MS analysis of the samples are presented in
Fig. 6a. TPs were identified at m/z values that correspond to the protonated
NBA derivative of 1-aminohydantoin (AHD) and semicarbazide (SEM).
NBA-AHD conjugate was found at m/z 249 and NBA-SEM was detected at
m/z = 209. AHD was accepted as the primary transformation product,
which was next transformed into SEM (secondary TP) as presented in
Fig. 6b. Both TPs were detected in liquid medium collected from cultures
of all three strains: Sta, Psi, and Srm. This indicates that NFT biotransforma-
tion followed similar pathways for every strain and led to the generation of
similar TPs. These TPs have been formed because of modification of the
side moiety of 5-nitrofuran ring and cleavage at the carbon-carbon bond
linking the aromatic ring and the specific tail group in the NFT molecule.
Fig. 6¢ and d shows peak areas of AHD and SEM in samples collected
from 14- and 28-day cultures of the Sta, Psi, and Srm strain. The AHD signal
increased over in both cultures. The lowest signal was noted for the Psi
strain. No relationships between primary degradation efficiency and AHD
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were found. On the contrary, the SEM signal increased over time for
the Sta and Srm strains. For these two strains the highest increase in
the SEM signal was noted in the two timepoints. The SEM signal was
significantly higher in the Sta strain than that in the Srm strain. The
Srm strain showed almost complete primary NFT biodegradation
while the final removal rate measured for the Sta strain was the lowest
among all strains tested and accounted for 75.6 = 3.0 %. This indicates
that the Srm strain has transformed NFT to a higher extent and its deg-
radation was more complete. However, both AHD and SEM have been
detected in all samples even during the last degradation day. This
clearly indicates that NFT was not completely transformed and TPs in
question could remain unchanged in the environment for a long time.
Results in this study are consistent with our previous research focused
on biodegradation of NFT by two microbial consortia. In that study,
both AHD and SEM were detected, among others, as NFT transforma-
tion products (Pacholak et al., 2023). This shows that biodegradation
of NFT leads to formation of stable products and follows similar path-
ways regardless of the source of microorganisms used for biodegrada-
tion study. AHD was also detected by Szabd-Bardos et al. (2020) as a
product of NFT photocatalysis.

3.2.2. Effect of NFT and transformation products on bacteria

We next monitored growth of the Sta, Psi, and Srm strains in absence
and presence of NFT, AHD, or SEM (Fig. 7) and assessed modifications in
the cell membrane permeability and cell viability (Fig. 8).

As shown in Fig. 7, the shape of a microbial growth curve was different
for each strain. None of the strains showed the conventional growth curve
that has four discernible stages. Bacteria of the Sta strain adjusted to the
new environment quickly and started dividing regularly in less than an
hour (Fig. 7a). After about 3 h, cells entered the stationary phase. The con-
trol cultures showed the same growth rate as the cultures containing NFT,
AHD, and SEM. Growth of the Psi strain differed significantly depending
on the selecting agent used (Fig. 7b). The best growth was observed for
the control cultures and the cultures containing AHD. The exponential
phase of growth was observed about 4 h after starting the cultures. Bacterial
growth in the presence of NFT was delayed (cells entered the log phase after
about 5 h), however, the cultures reached the same optical density. Growth
of the Psi strain in the presence of SEM was significantly inhibited. Substan-
tial differences in bacterial growth were observed also in the Srm strain
(Fig. 7¢). As with the Psi strain, the cells showed the best growth in the
control cultures and the cultures containing AHD. The greatest reduction
in cell density was measured in the presence of NFT. Bacterial growth in
cultures containing SEM was greater than NFT cultures but lower than
Ctrl and AHD cultures.

Microbial growth curve reflects cellular events that are regulated by
metabolic processes occurring within the individual cells. It is worthwhile
to note that growth curves provide additional, useful information for eval-
uating the growth of microbes, however, they do not contain sufficient in-
formation to assess the specific processes regulating cells physiological
state (Peleg and Corradini, 2011).

Analysis of the cell membrane permeability, cell metabolic activity
and viability allowed to assess the effect of NFT and two identified TPs
on the tested bacterial strains (Fig. 8). Membrane permeability of the
Sta strain was the highest in the control sample (45.9 * 4.1 %) A sub-
stantial decrease to 37.0 = 4.2 % and 36.9 + 3.2 % was noted for
cells exposed to AHD and SEM. Control samples of the Psi strain also
showed the highest permeability of bacterial membrane (50.0 =+
6.3 %). A substantial reduction by around 25 % was noted for all other
samples. Different observations were made for the Srm strain which
showed significantly increased membrane permeability in the presence
of SEM. The Srm strain also exhibited the lowest permeability among all
strains tested. Permeability of control cells accounted for 5.5 + 2.5 %,
increase to 23.0 + 3.3 % was measured in cells exposed to SEM. It is
worthwhile to note that among all strains tested, the Srm strain showed
the highest biodegradation potential and the smallest variations in cell
properties during degradation process.

The alamarBlue® Assay based on detection of metabolic activity of
cells was used to establish relative cytotoxicity of NFT, AHD, and SEM.
The average reduction of alamarBlue reagent in NFT-exposed cells of
the Srm strain was 96.8 % (Fig. 8d). Exposure to AHD resulted in slightly
reduced metabolic activity and exposure to SEM resulted in slightly in-
creased metabolic activity. A statistically significant difference was ob-
served between AHD- and SEM-exposed cells only (p = 0.032). The
greatest changes in the metabolic activity were observed for the Psi
strain. The highest metabolic activity was measured in the AHD-
exposed cells (120.4 = 7.9 %) and the lowest activity in cells exposed
to SEM (43.1 = 8.1 %). The Srm strain was also characterized by the
highest metabolic activity in the presence of AHD, however, it was
much lower than that of the Psi strain (92.4 + 3.6 %).

Flow cytometry analysis allowed to estimate cellular metabolic ac-
tivity and viability of the bacterial strains exposed to NFT, AHD, or
SEM. The highest proportion of active cells was observed for the Sta
strain and accounted for 93 % in the controls and cultures exposed to
NFT and AHD. The proportion of active cells in culture exposed to
SEM decreased significantly to 70.0 + 2.3 %. This is not consistent
with results of alamarBlue assay where metabolic activity of cells was
the highest in the SEM sample. Control culture of the Psi strain
contained 51.8 = 12.9 % of active cells, an increase to 66.4 = 12.2 %
in the proportion of active cells was observed in culture containing
NFT (p = 0.014). The proportion of active cells in AHD culture did
not change significantly in comparison to control, however, exposure
of the Psi strain to SEM resulted in dramatically reduced content of ac-
tive cells (5.8 = 1.7 %). A very similar direction of changes was ob-
served for the alamarBlue assay results. The Psi strain exposed to SEM
also showed decreased membrane permeability in comparison to con-
trol (Fig. 8b) and its growth was significantly inhibited (Fig. 7b). In gen-
eral, the lowest proportion of active subpopulation among all strains
tested was observed in the Srm strain (between 18 and 26 %). However,
treatment of the Srm strain with NFT, AHD, and SEM did not decrease
the abundance of active cells. The average percentage of active cells
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was 18.7 % in control sample, 26.9 % in NFT-treated sample, 20.3 % in

AHD-treated sample, and 24.6 % in SEM-treated sample. Srm cells also

showed the lowest membrane permeability in the Ctrl, NFT, and AHD
cultures. Interestingly, the Srm strain showed the best degradation effi-
ciency, and the fewest modifications within other cells features during

biodegradation were observed for this strain.

4. Practical applications and future perspectives

Nitrofurans are broad-spectrum synthetic antibiotics. Their major repre-
sentative is nitrofurantoin. The use of nitrofurans has increased recently be-
cause of their multiactivity which contributes to repurposing of these

chemicals from growth-promoting substances and basic antibiotics to



A. Pacholak et al.

efficient pharmaceuticals used to treat other human diseases. Illegal use in
agriculture as well as pharmaceutical treatment and manufacturing pro-
mote continuous discharge of nitrofurans into the natural environment.
This study explored dynamic changes occurring within the cells during
biotransformation of nitrofurantoin by pure bacterial strains isolated from
contaminated environments. Results indicate that nitrofurantoin biodegra-
dation leads to generation of 1-aminohydantoin and semicarbazide. The oc-
currence of antibiotic residues in the natural environment is a complex
phenomenon which requires global efforts from governments and rele-
vant organizations. Contamination of the environment with antibiotic
residues should be reduced starting from regulating antibiotic consump-
tion. In addition, development of novel powerful strategies to remove
nitrofurantoin residues from the ecosystem is required. Importantly, en-
vironmental impact of nitrofurans is not well-understood. Studies that
explain biodegradation of nitrofurantoin and its metabolic pathways
are limited. Modifications occurring at the molecular level in the cells
of strains biodegrading these drugs remain unknown. This research
has contributed to a better understanding of the environmental impact
of nitrofurantoin and its intermediates. Results could be helpful in de-
signing the technologies of bioremediation of contaminated sites.

5. Conclusions

Results from this study provide new insights into potential ability of
autochthonous bacterial strains isolated from contaminated sites to decom-
pose nitrofurantoin. Results also provide information on the possible effect
of transformation products on the isolated bacteria. Serratia marcescens
ODW152 strain was able to eliminate nitrofurantoin almost completely,
however, stable transformation products were formed because of biodegra-
dation. The fewest variations in cell properties were observed for this strain
during nitrofurantoin biodegradation. The two other strains were charac-
terized by greater variations during the process. Cell sorting and surface
roughness analysis revealed increased roughness of non-active cells relative
to active cells. The corresponding subpopulations collected from different
cultures were characterized by significant differences in average surface
roughness. 1-aminohydantoin was detected as a primary nitrofurantoin
biotransformation product and semicarbazide as a secondary product.
Semicarbazide showed higher toxicity than nitrofurantoin and 1-
aminohydantoin in strains with low degradation potential. Membrane
permeability and metabolic activity decreased after exposure to
nitrofurantoin, 1-aminohydantoin, and semicarbazide. Taken together,
our results suggest that nitrofurantoin biodegradation leads to genera-
tion of hazardous transformation products which can remain in the en-
vironment for a long time.
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I. LC/MS-MS analysis for evaluation of NFT biodegradation potential

The samples collected from the bacterial cultures were centrifuged and supernatants were diluted and
filtered through a 0.2 pm PTFE syringe filter before their determination on a LC-MS/MS system. The
system consisted of an UltiMate 3000 liquid chromatograph from Dionex (Sunnyvale, CA, USA)
coupled to an API 4000 QTRAP mass spectrometer from Applied Biosystems/MDS Sciex (Waltham,
MA, USA). A Gemini-NX C18 column (100 mm x 2.0 mm, 3 pum) from Phenomenex (Torrance, CA,
USA) thermostated at 35°C was used for the chromatographic separation, onto which 5 pL of the sample
was applied. A mixture of 5 mM ammonium acetate (A) and methanol (B) was used as the mobile
phase. The mobile phase gradient was used for the separation at a flow of 0.3 mL/min. The initial phase
composition was 75% B, followed by the increase of component B to 80% in 2 minutes and then to
100% in 1 minute. The eluent flowing from the column was directed to the mass spectrometer using an
ESI-type ion source operating in the negative ion mode. The source and spectrometer parameters were
set as follows: curtain gas pressure 10 psi, nebulizing gas pressure 40 psi, auxiliary gas pressure 45 psi,
temperature 450 °C, electrospray voltage -4500 V, and collision gas was set to medium. NFT was
ionized at declustering potential of -60 V. The analytical transition was from m/z 237 to m/z 152 at the
collision energy of -17 eV and the collision cell exit potential of -10 V. The confirmatory transition was

from m/z 237 to m/z 124 at the collision energy of -20 eV and the collision cell exit potential of -10 V.

1I. Protocol of NFT metabolites derivatization

1 mL of 0.1 M HCl and 100 pL of 100 mM NBA methanol solution were added to the Eppendorf tubes
containing 1 mL of liquid culture medium. The solutions were incubated for 16 hours at 37 °C. After
cooling the tubes to room temperature, 100 uL of 1 M NaOH and 0.5 mL of 0.2 M pH 7 buffer to ensure
a neutral environment. Next, the transformation producst were extracted twice with two 2 mL portions
of ethyl acetate. The extracts were then combined and evaporated to dryness under a gentle stream of
nitrogen. The dry residue was dissolved in 400 uL of methanol and then 600 pL of water was added.
After filtering through a 0.2 um PTFE syringe filter, the samples were analyzed by the LC-MS/MS
system described in section I. The same analytical column thermostated at 35°C was used and 5 pL of
the sample was injected. A mixture of 5 mM ammonium acetate (A) and methanol (B) was used as the
mobile phase at a flow of 0.3 mL/min. The initial phase composition was 30% B held for 1 minute,
followed by the increase of component B to 100% in 4 minutes and hold for 2 minutes. The eluent
flowing from the column was directed to the mass spectrometer using an ESI-type ion source operating
in the positive ion mode. The source and spectrometer parameters were set as follows: curtain gas
pressure 10 psi, nebulizing gas pressure 40 psi, auxiliary gas pressure 45 psi, temperature 450 °C,
electrospray voltage 4500 V, and collision gas was set to medium. The mass spectrometer was operated
in the MRM mode (monitoring of selected ion transition reactions). Additional parameters of the mass

spectrometer are presented in Tab. S1.
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Tab. S1 — Parameters of the mass spectrometer

Metabolite | PP* | Analytical CE® CXP° | Confirmatory CE CXP
[V] transition [eV] [V] transition [eV] [V]
AHD 70 249 — 134 18 7 249 — 178 22 10
SEM 40 209 — 166 14 9 209 — 192 17 11

a — declustering potential, b — collision energy, ¢ — cell exit potential
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