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Highlights

WWTPs reduce but do not eliminate total and resistant E. coli and other coliforms
Good removal of A. baumanii and K. pneumoniae was reported in most WWTPs
ESBL genes were only slightly reduced or even enriched after treatment

CP genes such as blayve and blavim were frequently enriched during the process

Concentrations of blaive and blavim were affected by specific WWTP characteristics
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ABSTRACT

Extended-spectrum B-lactamase (ESBL)- and carbapenemase-producing Enterobacterales are
a critical global health problem and wastewater treatment plants (WWTPSs) can promote their
spread into the environment; yet their efficacy is not well characterized. Here, we have used
conventional culturing to monitor coliform bacteria and quantitative PCR to monitor ESBL
(blatem and blactx-m-32) and carbapenemase (CP) genes (blakpc-3, blaoxa-ss-like, blanpwm,
blaive, blavim) and enteric opportunistic pathogens (EOPs; E. coli, Enterococcus spp., A.
baumannii, K. pneumoniae) in the influent and effluent of 7 Croatian WWTPs in two seasons.
In general, levels of total, cefotaxime- and carbapenem-resistant coliforms were significantly
reduced but not eliminated by conventional treatment in most WWTPs. Most WWTPs
efficiently removed K. pneumoniae and A. baumanii, while E. coli and Enterococcus spp. were
reduced but still present in relatively high concentrations in the effluent. ESBL genes were only
slightly reduced or enriched after treatment. CP genes, blakec-s, blanom and blaoxa-ss-like, were
sporadically detected, while blaip and blavim were frequently enriched during treatment and
were influenced by specific features of the WWTPs. Our results suggest that improvements in
wastewater treatment technologies are needed to minimize the risk of environmental

contamination with top priority EOPs and ARGs and the resulting public health.

Keywords: wastewater treatment, ESBL, carbapenemase, antibiotic resistance genes, enteric
opportunistic pathogens
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1. Introduction

One of the greatest threats to human health in the 21st century is the ineffectiveness of
antibiotics in treating bacterial infections. Modern living standards have led to uncontrolled,
continuous and ubiquitous use of antibiotics for therapeutic purposes in humans and animals,
and for growth promotion and prophylaxis in livestock. This has accelerated the emergence and
spread of antibiotic-resistant bacteria (ARB) and their antibiotic-resistance genes (ARGS) in
both clinical and non-clinical environments (natural and engineered), and threatens global
public health (Ashbolt et al., 2013; Bengtsson-Palme et al., 2018; WHO, 2018; Ben et al., 2019).
Of particular concern is the increasing bacterial resistance worldwide to B-lactam antibiotics
such as 3rd generation cephalosporins (extended-spectrum cephalosporins, ESC) and
carbapenems. ESC are typically used to treat infections caused by Gram-negative bacteria, but
with the increase in these types of infections, their use has increased dramatically and
contributed to the emergence of resistant enterobacteria. The most common mechanism of
resistance to ESC involves the expression of enzymes called extended-spectrum B-lactamases
(ESBLs). ESBLs are commonly found in Gram-negative bacteria, but are very heterogeneous
including TEM, SHV, CTX-M and OXA ESBL families (Bradford, 2001). However, the
increasing prevalence of infections caused by ESBL-producing enterobacteria has led to the
increased use of carbapenems as the crucial antibiotics of last resort used to treat these
infections. The most common mechanism of carbapenem resistance involves the production of
carbapenemase (CP) enzymes (Suay-Garcia and Pérez-Gracia, 2019). The most clinically
important among them are the KPC, NDM, VIM, IMP and OXA-48 types (Walsh, 2010; Nasri
et al., 2017; Makowska et al., 2020). Of even greater concern, genes for ESBLs and CPs are
commonly found on plasmids, along with genes for resistance to other classes of antibiotics,
and spread readily among different bacterial species (Haller et al., 2018; Sib et al., 2020)

Therefore, carbapenem-resistant and ESBL-producing Enterobacterales have been identified
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by WHO as the critical antibiotic-resistant “priority pathogens” that pose the greatest threat to
human health due to limited therapeutic options (WHO, 2017.)

Wastewater treatment plants (WWTPs) are considered potential reservoirs for enteric
opportunistic pathogens (EOPs) and ARGs, putative hotspots for their horizontal gene transfer
(HGT), and sources for their dissemination in the environment (Karkman et al., 2018; Pazda et
al., 2019; Wang et al., 2020). WWTPs receive wastewater from a variety of sources, including
households and hospitals, so environmental bacteria and pathogenic gut bacteria released with
the feces (some of which carry acquired ARGS) can interact and exchange genes horizontally.
This HGT of ARGs is the main cause of the spread of resistance in most Gram-negative bacteria
and is facilitated in WWTPs by high bacterial densities, high nutrient loads and various types
of pollutants, including antibiotics and other selectors of antibiotic resistance (Hembach et al.,
2017; Karkman et al., 2018). In general, the abundance of ARB and ARGs is reduced during
the wastewater treatment process (Caucci et al., 2016; Wang et al., 2020). However, some
ARGs and ARB have been shown to be enriched in treated wastewater compared to raw
wastewater, and then released into the aquatic environment (Nasri et al., 2017; Proia et al.,
2018; Kumar et al., 2020). Therefore, WWTPs can serve either as a pathway for the spread of
antibiotic resistance or as a barrier to limit the release of anthropogenic antibiotic resistance
into the environment (Nguyen et al., 2021). Further knowledge on the impact of the wastewater
treatment process on the abundance and removal of ARB and ARGs, especially horizontally
transmissible and clinically relevant ARGs, is therefore of great importance.

Resistance to ESC and carbapenems among clinical isolates is increasing and reported in many
countries (Khan et al., 2018; Lepuschitz et al., 2019; Krilanovi¢ et al., 2020). Croatia is one of
the countries with high rates of resistance of clinical enterobacteria, especially K. pneumoniae,
to ESC (53% in 2019; ECDC, 2020). In addition, an increase in carbapenem resistance rates

from 2% in 2018 to 12% in 2019 was observed in clinical K. pneumoniae isolates in Croatia
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(ECDC, 2020). In addition to characterizing clinical ARB, recent studies have also quantified
ESBL and CP genes by quantitative PCR in various European WWTPs. For example, the ESBL
genes blatem and blactx-m were detected in all 16 effluents from WWTPs from 10 countries,
and the CP genes blaoxa-4g and and blaxrc were sporadically detected in some effluent samples
(Cacace et al., 2019). In contrast, CP genes such as blamp, blavim and blakec were found in
some influent samples in different EU countries (Parnanen et al., 2019). A recent study looking
at ESC-resistant coliforms in WWTPs on 5 continents showed that despite good removal of
these coliforms in most WWTPs, significant concentrations (> 10® CFU/mL) were occasionally
found in final effluents (Marano et al., 2020). However, little is known about the prevalence of
ESC- and carbapenem-resistant coliforms and the corresponding ARGs in Croatian wastewater,
which represent a potential dissemination pathway for ESC and carbapenem resistance into
natural waters. The aim of this study was therefore to quantify and compare the abundance of
ARB/ARGs in the influent and effluent of WWTPs in seven selected Croatian cities over two
seasons (winter and summer). The focus was on culturable cefotaxim (ESC)- and carbapenem-
resistant coliforms, selected ESBL (blatem and blactx-m-32) and CP genes (blakrc-3, blaoxa-ss-
like, blanom, blaive and blaviv) and genetic markers specific for EOPs (E. coli, Klebsiella
pneumoniae, Acinetobacter baumannii, Enterococcus spp.) to provide information as a basis

for risk assessment.
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2. Materials and methods

2.1. Sample collection

The 24-h composite samples of untreated wastewater (influent) and treated wastewater

(effluent) were collected at the municipal wastewater treatment plants (WWTPs) from 7

Croatian cities: Zagreb, Zadar, Karlovac, Vinkovci, Bjelovar, Cakovec and Varazdin (Fig. 1,

Table 1). The sampling campaigns were performed during three consecutive days (Tuesday,

Wednesday and Thursday) on two separate occasions in 2020 — January/February (winter

season) and June/July (summer season). The samples were collected in sterile glass bottles (2.5

L), transported in coolers with ice blocks and processed in a laboratory within 2 h.

Table 1. Characteristics of the cities and wastewater treatment plants (WWTPs) included in the

study
Vinkovci | Bjelovar Zagreb Cakovec | Varaidin Karlovac Zadar

. NO'.Of 35,000 40,000 790,017 57,169 58,500 66,823 75,000
inhabitants

Population

equivalent 43,000 50,000 1,2000.000 | 75,000 140,000 98,500 100,000
of WWTPs

Mean

wastewater | 16,000(W) | 9840(W) | 307,556(W) | 9548(W) | 16,500 (W) | 14,990 (W) | 9862 (W)
flow 10,000 (S) | 8867 (S) | 261,620 (S) | 9310(S) | 15,500 (S) 14,605 (S) 11,012 (S)
(m®/day)*

Hospitals in 1 1 9 1 1 5 1
catchment

No. of

hospital 262 272 6333 346 968 614 483
beds

No. of

biological 2 2 <2 >2 <2 3 >2
stages

*mean wastewater flow (m3/day) in two seasons: winter (W) and summer (S)
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Fig. 1. Map of Croatia with indicated sampling locations

2.2. Physicochemical analyses

Collected wastewater samples were analyzed for their physicochemical characteristics
using internationally validated methods (ISO standards; for more details see Table S1). A
number of basic parameters was analyzed including temperature, pH, conductivity, total
suspended solids, chemical oxygen demand, biochemical oxygen demand, nitrogen forms (total

N, ammonium-N, nitrate-N) and total phosphorus.
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2.3. Enumeration of culturable coliform bacteria

Samples for microbial cultivation were first serially diluted in 0.85% NaCl (tenfold
dilutions up to 1:10,000), and then filtered in triplicate through sterile mixed cellulose ester
membrane disc filters (47 mm diameter, 0.22-um pore size, GE Healthcare, Life Science, SAD)
by using vacuum. The filters were then placed on the Rapid’E. coli 2 (Bio- Rad, France) agar
plates to enumerate total (non-resistant) coliform bacteria and supplemented with 4 mg/L
cefotaxime (Sigma-Aldrich, SAD) to enumerate cefotaxime-resistant (CTX-R) coliforms.
CHROMagar mSuperCARBA (CHROMagar, France) agar plates were used to enumerate
carbapenem-resistant (CR) coliforms. After incubation at 37°C for 24 h, two types of colonies
(based on color) were distinquished and enumerated on Rapid’E. coli 2 and CHROMagar
mSuperCARBA plates — E. coli and other non-E. coli coliforms (e.g. Klebsiella, Enterobacter,
Citrobacter, Serratia). Bacteria concentrations for each culture medium and sample were

calculated as colony-forming units (CFU) per milliliter of wastewater (CFU/mL).

2.4. DNA extraction and quantitative PCR analyses

For DNA extraction from wastewater, samples (30 - 100 mL of influent and 100 - 700 mL
of effluent) were filtered in triplicate through the same membrane filters as mentioned above,
and the total community DNA was extracted from filters using the DNeasy Powersoil Kit
(Qiagen, USA) according to the manufacturer's recommendations. Prior to the extraction
procedure, the filters were cut into small pieces with sterile scissors. DNA quality (260/280
ratio) was assessed using a Nanodrop spectrophotometer (BioSpec Nano, Shimadzu, Japan),
and DNA quantity using a Qubit Fluorometer 3.0 (Thermo Fisher Scientific, USA). All
extractions were stored at -20 °C until use.
Quantitative PCR (gPCR) was used to quantify two ESBL genes (blatem and blactx-m-32), five

CP genes (blakpc-3, blanowm, blaoxa-ss-like, blaive and blavim) and 16S rRNA gene as marker
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for total bacteria. In addition, marker genes for EOPs were also quantified: yccT (Escherichia
coli), gltA (Klebsiella pneumoniae), secE (Acinetobacter baumannii) and 23S rRNA
(Enterococcus spp.). The primers targeting these genes and gPCR conditions are listed in Table
S2. All gPCR assays were performed on the ABI 7300 Real-time PCR thermocycler (Applied
Biosystems, USA) with Power SYBR® Green PCR Master Mix (10 uL, Applied Biosystems,
USA), 1 uM of each primer (Table S2) and 2 ng of DNA template in a total volume of 20 L.

The qPCR thermal cycling conditions for ARGs and EOPs were as follows: 95 °C for 15 min,
30 cycles (blavim), 35 cycles (yccT, gltA, secE and blamve) or 40 cycles (blaoxa-4s-like, blanpm,
blakpec-3 and 23S rRNA) at 95°C for 15 s, specific annealing temperature for each gene and
primer pair (Table S2) for 30 s, and 72°C for 30s, respectively. For quantification of the 16S
rRNA gene, thermal cycling conditions were according to Lopez-Gutiérrez et al., (2004).

The plasmids pGEM-T with the corresponding inserts were used as quantification standards for
the quantification of the genes blanpm, blaoxa-ss-like, blavim, blamve, yccT, secE and gltA. The
PNORM1 plasmid (Rocha et al., 2020) was used to quantify the blatem and blacTx-m-32 genes,
while the plasmid pUC19 (HeR et al., 2018) was used to quantify the blakpc-3 gene. Plasmid
DNA was extracted with ExtractNow™ Plasmid Mini kit (Minerva Biolabs GmbH, Germany)
and used after linearization to generate a standard curve (10?-108). For enterococci, the 23S
rRNA gene from the reference strain (Enterococcus avium) was used as the quantification
standard. Negative controls (NTC) were included in each of the assays. Efficiency and accuracy
values (Table S2) were determined using six points of serial dilutions of the plasmid carrying
ARG. Both samples and standards were analyzed in technical duplicates. Possible qgPCR
inhibition was assessed by conducting an inhibition test using 10- and 100-fold diluted samples,
as previously described (Petric et al., 2011). The detection limit for all target genes was 102
gene copies per reaction. Gene abundances were calculated per 1 mL of a sample (absolute

abundance) and per number of copies of the 16S rRNA gene (rrn) (relative abundance), and
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results were log transformed. Abundances of yccT gene of E. coli, gltA gene of K. pneumoniae,
secE of A. baumannii and 23S rRNA gene of enterococci and 16S rRNA gene of total bacteria
were reported as cell egivalents (CE)/mL. In the case of E. coli, K. pneumoniae and A.
baumannii only one copy of the target gene is present in a cell (Clifford et al., 2012; Gadsby et
al., 2015); thus, one copy number corresponds to one cell. However, in case of enterococci and
total bacteria, average copy number of 23S rRNA and 16S rRNA genes is five and three,
respectively (Stoddard et al., 2015); therefore 23S rRNA and 16S rDNA copies determined by

gPCR were dived by 5 and 3, respectively, to convert into CE.

2.5. Data analysis

Bacterial and gene concentration data were first logl0-transformed. Before deeper
analysis, the data were subjected to a Shapiro-Wilk test to assess their normality. This was
performed in R Studio v4.0.3. and confirmed that the data followed a normal distribution. Paired
t-tests were performed to compare the average concentrations of culturable bacteria, EOPs or
ARGs between the influent and effluent of each WWTP and between seasons. In addition,
Welch's t-test was assesed to compare the average concentrations of EOPs from influents and
effluents in all 7 Croatian WWTPs. These analyses were performed using GraphPad Prism
version 8.02 for Windows (GraphPad Software, San Diego, California, USA). Log removal
values were calculated by taking the logarithm of the ratio of CFU or relative/absolute gene
abundance in influent and effluent water of each WWTP.

All further statistical analyses and visualizations were performed in R. Boxplot comparison of
relative abundances of resistance/taxonomic genes from effluent in relation to physicochemical
WWTP characteristics was performed using the package ‘ggplot2’ (Wickham and Chang,
2016). Pearson’s rank correlation tests were performed to evaluate the correlations between the
physicochemical parameters and the relative abundance of ARGs or the absolute abundance of

gene markers for EOPs. A correlation matrix was constructed using the package ‘corrplot’ (Wei
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and Simko, 2017). A non-metric multidimensional scaling (NMDS) analysis was performed to
evaluate the distribution of ARGs in WWTPs' influent and effluent in two seasons based on the
Bray-Curtis distance calculated using the package ‘vegan’ (Oksanen et al., 2018). In addition,
the Adonis test was applied with the ‘vegan’ package to analyze the differences in the relative
abundance of ARGs between the influent and effluent of each WWTP and between two seasons.

All statistical tests were considered significant at p < 0.05.

3. Results
3.1. Abundance of culturable coliforms and their reduction by biological treatment in
municipal WWTPs of Croatian cities
We quantified non-resistant E. coli and non-E. coli coliforms as well as CTX-R and CR E.
coli and non-E. coli coliforms in influent and effluent water from 7 different Croatian WWTPs
by plating on agar media with and without antibiotics.
The average concentrations of combined coliforms (E. coli + non-E. coli coliforms) in all
influent samples ranged from 1.52 x 10* to 1.37 x 10° CFU/mL (Fig. 2) and were generally
significantly reduced in the effluents (except in Bjelovar) by about 0.97 — 2.22 log units in
winter and by about 1.02 — 2.47 log units in summer (except in Cakovec and Varazdin; Fig. 2).
As shown in Table S3, E. coli concentrations decreased in the effluents to an average of 7.02 x
102 CFU/mL in winter, except in Bjelovar, and to 3.06 x 10° CFU/ml in summer, except in
Cakovec and Varazdin. The concentrations of non-E. coli coliforms decreased in the effluents
to an average of 1.88 x 103 CFU/mL(Table S3), with no significant variations between seasons
(p > 0.05, paired t-test).
The average CTX-R combined coliform levels in the influents ranged from 1.01 x 10% to 4.14
x 10® CFU/mL in both seasons (Fig. 2.). These levels were significantly lower in all WWTP
effluents (average 1.8 log units in both seasons), except in Bjelovar and Varazdin in winter and

in Cakovec and Varazdin in summer. The average concentrations of presumptive CTX-R E.
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coli ranged from 1.73 x 10! to 7.83 x10?> CFU/mL in the influents of both seasons, while the
concentrations of CTX-R non-E. coli ranged from 8.37 x 10* to 3.36 x 10° CFU/ml (Table S3).
However, no significant changes were observed between the influent and effluent of CTX-R E.
coli and CTX-R non-E.coli coliforms in Bjelovar and Varazdin WWTPs in winter, and in
WWTPs from Varazdin (CTX-R E. coli and non-E. coli), Vinkovci (CTX-R E. coli) and
Cakovec (CTX-R non-E.coli) in summer.

CR combined coliform counts ranged from 4.05 x 10! to 4.81 x 102 CFU/mL in the influents,
with no significant seasonal variation for each WWTP (p > 0.05, paired t-test; Fig. 2, Table S3).
CR coliforms were significantly reduced in the effluents of all WWTPs (removal efficiency:

1.39 to 2.72 log units), except for Varazdin WWTP in both seasons.
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Fig. 2. Quantification of non-resistant combined coliforms (E. coli + non-E. coli coliforms),
cefotaxime-resistant (CTX-R) and carbapenem-resistant (CR) comined coliforms in influent
and effluent samples from WWTPs of 7 Croatian cities (Vinkovci, VK; Bjelovar, Bj; Zagreb,
7g; Cakovec, Ck; Varazdin, Vz; Karlovac, Ka; Zadar, Zd) in winter and summer. A multiple
paired t-test was performed on the log transformed data. Asterisks indicate a statistically
significant difference between influent and effluent (*p < 0.05; **p < 0.01; ***p < 0.001).
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3.2. Abundances of EOPs in WWTPs and their removal efficiencies

Apart from the culturable coliforms, the abundance of 16S rRNA gene copies used as a
proxy for total bacterial concentration and the abundance of yccT, gltA, secE and 23S rRNA
genes used as a proxy for total concentration of E. coli, K. pneumoniae, A. baumannii and
Enterococcus spp., were determined by gPCR in all influent and effluent samples during winter
and summer (Fig. 3 and Table S4).

The gPCR-based analyses showed that the mean concentration of total bacteria in the
influent samples was approx. 4 x 108 CE/mL in winter and 7 x 10" CE/mL in summer (Fig. 4).
Significant decreases in total bacteria counts were achieved at all 7 WWTPs (Fig. 4, Tab. S4),
resulting in reductions ranging from 0.13 to 1.92 logs, with no significant seasonal differences
(p > 0.05, paired t-test). Among the target EOPs, enterococci were most prevalent in the
influents (around 10° CE/mL in both seasons), followed by E. coli (around 10* and 10° CE/mL
in winter and summer, respectively), A. baumanni (around 10* CE/mL, in both seasons) and K.
pneumoniae (around 10° CE/mL in both seasons) (Fig. 3). Concentrations of Enterococcus spp.
and E. coli in effluents decreased by approx. 1.4 log units and 1.7 log units, respectively (two-
seasonal average) (Fig. 3 and Table S4). Concentrations of K. pneumoniae were below the
detection limit in all effluents in both seasons, as were concentrations of A. baumanni in winter
and in the majority of summer samples (5/7 WWTPs). In only two WWTPs where A.
baummanii was detected in the effluent, a reduction of 1.50 (Zagreb WWTP) and 0.59 logs
(Varazdin WWTP) was observed (Table S4).

A comparison of E. coli concentrations in influent and effluent from all studied WWTPs
determined by gPCR of the yccT gene with those determined by plating is shown in Fig. S1.
The gPCR-based E. coli concentrations were higher (0.5 - 0.99 log units) than the
concentrations determined by the culture-based approach in both influent and effluent in both

seasons. However, a similar reduction of E. coli concentrations due to the conventional
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Fig. 3. Absolute abundances of total bacteria (16S rRNA), Enterococcus spp. (23S rRNA), A.
baumannii (seck), Klebsiella pneumoniae (gltA) and E. coli (yccT) determined by qPCR of
taxon-specific genes (cell equivalents (CE)/mL) in influents and effluents from all 7 studied
WWTPs in two seasons. Boxes indicates the median and quartiles, whiskers represent minimal
and maximal values. Significance of reduction is assessed by Welch’s t-test and is indicated by
asterisks (*p < 0.05; **p < 0.01; ***p < 0.001; p < 0.0001). CTX-R, cefotaxime resistant; CR,
carbapenem resistant.
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3.3. Distribution of ESBL and CP genes in WWTPs

The abundance of two ESBL genes (blatem and blacrx-m-32) and five CP genes (blakpc-s,
blaviv, blanom, blaoxass-like and blajve) in total community DNA from 7 investigated WWTP
influents and effluents was analyzed by using gPCR (Fig. 4, Table S5). The NMDS plot in Fig.
4A, based on Bray-Curtis similarity, shows that influent and effluent samples were clustered
separately based on the relative abundance of the ARGs analyzed (adonis: R2 = 0.70376, p <
0.001). In addition, influent and effluent samples from the different sampling periods
(winter/summer) were also grouped separately (adonis: R2 = 0.46506, p < 0.001).

Fig. 4B shows the distributions (relative abundance) of two ESBL genes in influent and
effluent samples from the studied WWTPs. In general, the relative abundance of the two ESBL
genes in the influent and effluent samples of all WWTPs was about one order of magnitude
higher in summer than in the corresponding winter samples. The blatem gene was detected in
measurable concentrations in almost all samples studied, except in the winter effluent of the
WWTPs of two smaller continental cities (Karlovac and Cakovec). The average relative
abundance of this gene in the winter influent samples was -3.99 log gene copies/rrn copies and
-2.91 log gene copies/rrn copies in the summer influent samples. In most of the studied WWTPs
(4/7), the relative abundance of blatem in the effluent decreased only slightly compared to the
influent in winter, with the lowest removal rate observed for Zagreb (0.17 log units) and the
highest for Bjelovar (0.56 log units) (Fig. 4A, Table S5). During the summer, the relative
abundance of this gene either slightly decreased after treatment in the WWTPs of four smaller
continental cities (Bjelovar, Cakovec, Varazdin and Karlovac; 0.13 — 0.53 log reduction) or
even increased in the small city of Vinkovci (0.15 log increase) and in the two larger urban
centers (Zagreb and Zadar, 0.11 and 0.49 log increase, respectively). The other ESBLgene,
blactx-m-32, was detected in all influent samples in winter (-5.54 to -4.47 log gene copies/rrn

copies), but its concentration in effluent samples from all 7 WWTPs was below the detection
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limit (Fig. 4A, Table S5). In contrast, this gene was quantified in all analyzed samples in
summer, with no statistically significant difference (p > 0.05, paired t-test) between influent
and effluent levels (average -3.62 log copies/rrn copies). However, when considering the
absolute abundance of ESBL genes, larger log reductions were generally observed for both
blatem (average 1.22) and blactx-m-32 genes (average 1.29) than for the relative gene
abundances (0.35 and 0.15 average log reduction for blatem and blactx-m-32, respectively,
excluding samples with log increase; Tables S5 and S6).

The distribution of CP genes in the WWTP influent and effluent samples examined is
shown in Fig. 4C. blakpc-3 and blaive were detected sporadically in the influent of some
WWTPs only in winter (about -4 log gene copies/rrn copies), but their concentrations in all
summer influents were below the detection limit (Fig. 4C, Table S5). Among the effluents,
blakpc-3 was detected only in the winter effluent of the Bjelovar WWTP, while blawe was
detected in the effluents of 5 cities (Vinkovci, Bjelovar, Zagreb, Karlovac and Zadar) in winter
(average -4.05 log gene copies/rrn copies) and 3 cities (Zagreb, Karlovac and Zadar) in summer
(average -3.36 log gene copies/rrn copies). However, some differences in the removal
efficiency of blaime were observed when absolute gene abundance was considered. For
example, blaive removal in Vinkovci WWTP was 0.85 log units in winter (Table S6), while an
opposite 0.68 log increase was observed when relative blaive abundance was considered (Table
S5). The blanom gene was detected during winter in influents of 5 continental cities (Vinkovci,
Bjelovar, Zagreb, Varazdin and Karlovac; average -5.25 log copies/rrn copies), and only in
effluents of 2 of these smaller cities (Bjelovar and Karlovac), with relative abundance values
slightly higher than in the paired influents (Fig. 4C, Table S5). In contrast, when considering
absolute blanom gene abundance, a relative decrease (1.27 log units) was observed for the

Karlovac WWTP in winter (Table S6). However, in summer, only the influent from the
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Bjelovar WWTP had a quantifiable amount of the blanom gene (about -4 log copies/rrn copies),
but none of the other 6 influents or all the effluents (Fig. 4C, Table S5).

Gene blaoxa-s-like was quantified in the influent of all cities except Karlovac in winter
(average -5.35 log) and in 5/7 cities in summer (-3.92 to -2.54 log gene copies/rrn copies).
However, it was below the detection limit in all effluent samples, except in Bjelovar in winter
(0.20 log reduction) and Varazdin in summer (0.19 log increase) (Fig. 4B, Table S5). However,
when considering the absolute abundance of the blaoxa-4s-like gene, a log reduction of 0.60 was
observed for Varazdin WWTP during summer (Table S6). The blaviv gene was detected
(average -4.79 log) in the influents of 4 of the 7 studied cities (Bjelovar, Cakovec, Varazdin,
Zadar) during the winter season, but only in the effluents of two cities (Bjelovar and Cakovec)
it fell below the detection limit, while a slight relative increase was observed in the WWTPs of
Varazdin (0.1 log) and Zadar (0.21 log) (Fig. 4B, Table S5). The opposite was observed when
considering the absolute blayviv abundance (log reductions of 0.17 and 0.50 in Varazdin and
Zadar WWTPs, respectively). The blaviv gene was also quantified in the winter effluents of the
Zagreb and Karlovac WWTPs (about -4 log copies/rrn copies), but not in the paired influents.
During the summer, blaviv was detected in all influents (average -3.84 log copies/rrn copies),
except in the Karlovac WWTP, and in all effluents, except in the Cakovec WWTP. A decrease
of this gene by 0.02 to 1.11 log was observed in two WWTPs (Bjelovar and Zadar), and an
increase by 0.12 to 0.53 log was observed in three WWTPs (Vinkovci, Zagreb and Varazdin)
(Fig. 4B, Table S5). However, in contrast to the enrichment of this gene in the Vinkovci, Zagreb
and Varazdin WWTPs based on relative gene abundance data (Table S5), log reductions of
1.27, 1.08 and 0.46, respectively were found for these WWTPs when absolute gene abundance

data were considered (Table S6).
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Fig. 4. Analysis of antibiotic-resistance gene distribution in influent and effluent samples from
wastewater treatment plants of 7 Croatian cities (Vinkovci, Bjelovar, Zagreb, Cakovec,
Varazdin, Karlovac, Zadar). A) Non-metric multidimensional scaling (NDMS) plot of all
samples, labelled by sample type (circles and triangles represent influent and effluent samples,
respectively) and by sampling time (green and yellow — summer; red and blue - winter).
Relative abundance of B) ESBL (blarem and blactx-m-32) and C) carbapenemase genes (blaoxa-
ag-like, blakpc-3, blanom, blave and blaviv) in all samples in winter and summer. Asterisks
indicate statistical differences in relative gene abundance between influent and effluent (p <

0.05, multiple paired t-test ).

3.4. Correlation of ARG/bacterial abundances and physicochemical properties of

effluent samples

We performed a Pearson'’s correlation analysis to investigate the relationship between the
target ARGs (relative abundances) and the EOPs (absolute abundances), as well as the
culturable coliforms and the physicochemical parameters of the effluent samples from all 7
WWTPs (Fig. 5). The relative abundances of both ESBL genes, blatem and blactx-m-32, were
strongly and significantly correlated with temperature (r = 0.86, p < 0.001 and r = 0.90, p <
0.001, respectively). In addition, blarem correlated significantly with E. coli (r = 0.58, p < 0.05)
and with blactx-m-32 and blavim (r = 0.79, p < 0.001 and r = 0.54, p < 0.05, respectively). A
significant negative correlation was observed with blanom genes (r = -0.53, p < 0.05). Among
the CP genes, blakpc-3 was significantly correlated with BODs (r = 0.74, p < 0.01), suspended
solids (r = 0.57, p <0.05) and blanowm (r = 0.66, p < 0.01), and negatively correlated with E. coli
(r =-0.62, p <0.05). The blavim showed a significant positive correlation with pH (r = 0.70, p
< 0.01) and blatem (r = 0.54, p < 0.05), but a significant negative correlation with COD (r = -
0.69, p < 0.01) (Fig. 5). The blaoxa-ss-like correlated significantly with enterococci and A.
baumannii (r = 0.57, p < 0.05 and r = 0.71, p < 0.01, respectively). In addition to correlations

with ARGs, E. coli was also significantly correlated with temperature (r = 0.55, p < 0.05), while



435  Enterococcus spp. were significantly correlated with COD (r = 0.55, p < 0.05) and suspended
436  solids (r=0.75, p <0.01) (Fig. 5).

437  The concentrations of all culturable coliforms tested (non-resistant, CTX-R and CR combined
438  coliforms) were significantly positively correlated with suspended solids (r = 0.55, p < 0.05; r
439 =0.75,p<0.01;r=0.80, p <0.001, respectively). In addition, both CTX-R and CR coliform
440  bacteria had a significant positive correlation with COD (r = 0.62 and 0.58, respectively; p <
441  0.05), while CR coliforms were additionally significantly correlated with blaoxa-ss-like and A.

442  baumannii (Fig. 5).
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446  (CFU/mL) and physicochemical parameters of final effluent samples. Cell colors from blue to
447  red indicate positive and negative Pearson correlations, respectively, white indicates no

448  correlation. Asterisks indicate significant correlations (*, p < 0.05; **, p <0.01; *** p <

449  0.001).
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3.5. Influence of WWTP characteristics on the abundance of ARGs and EOPs

The impact of specific WWTP characteristics on the relative abundance of ARGs and
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the absolute abundance of EOPs (E. coli, K. pneumoniae, A. baumannii and Enterococcus spp.)
was investigated by dividing the data obtained for each WWTP parameter into two groups and
comparing them using the two-sample t-test. Parameters that showed a significant correlation

with the tested gene abundances are the WWTP size, the number of hospitals and hospital beds

3 R ® Q

A9 0 0 o ¢ ¢ e &

S N S o

o ¢° F€ SR
Q}‘\q}@n’ g

(w/30)°'60)

A
9
S

Q R 2
\{"Q\ {\\%e &

J &

¥ EL Fo
FE \?3 'b\:p&

o2 Q(\Q\yv‘)\

Fig 6. Boxplot comparison of relative abundance of ARGs or absolute abundance of taxonomic
genes as proxies for EOPs (E. coli, Enterococcus spp., K. pneumoniae and A. baumannii)
between selected WWTP parameters from both sampling seasons. Boxes represent quartiles
and the median, whiskers are 1.5 x IQR, and circles represent outliers. *indicates significant
difference at p < 0.05 and ** indicates significant difference at p < 0.01 between gene
abundances in effluents from two groups of plants.

For example, plant size had a significant effect on the blamp gene. The relative

abundance of this gene was significantly increased (p < 0.05) in WWTPs with more than 80,000

population equivalents. In addition, both blame (p < 0.001) and blavim (p < 0.05) were
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significantly increased in plants that had two or more hospitals in the catchment area and COD
levels in effluents below 30 mg O2/L. Also, blavim was significantly increased (p < 0.05) in
WWTP catchments with 500 or more hospital beds (Fig. 6). No significant correlation with
resistance or taxonomic gene concentrations was observed for any other parameter examined

(Fig. S2).

4. Discussion

The increasing prevalence of resistance to ESC and carbapenems among clinically
important pathogens, particularly enterobacteria, is of great concern due to limited antibiotic
treatment options worldwide. WWTPs can be an important source for the spread of such ARB
and their ARGs as well as EOPs in the environment. Therefore, a better understanding of the
fate of ESC- and carbapenem-resistant determinants and various EOPs during wastewater
treatment is needed to enable the development of strategies to reduce the risk to public health.
Here, we used conventional culturing to monitor coliform bacteria (non-resistant, CTX-R and
CR) and gPCR assays to monitor EOPs (E. coli, A. baumannii, K. pneumoniae and
Enterococcus spp.) and ARGs of special clinical concern (ESBL and CP genes) in 7 Croatian
WWTPs during sampling campaigns in winter and summer. All studied WWTPs operated with
conventional activated sludge treatment (CAS), but their design capacities (43,000 — 1,2000
000 p.e.) and the number of hospitals/hospital beds in the catchment areas varied in a rather
large range.

Analysis of the levels of non-resistant, CTX-R and CR coliforms in the influent and
effluent of the WWTPs showed a significant decrease in most of the WWTPs in both seasons.
CTX-R and CR coliforms showed a similar average decrease of about 2 log units in both
seasons. These results are comparable to those obtained for the removal of CTX-R coliforms in
international WWTPs using similar methods (2.1 log reduction for CAS treatment) (Marano et

al., 2020). Despite the observed decrease in CTX-R and CR E. coli and other coliforms in
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effluent samples, the WWTPs of one large (Zagreb) and one small (Varazdin) continental city
still discharge up to 10** CTX-R or CR E. coli and up to 10'> CTX-R or CR other coliforms per
day into natural waters. This is consistent with previous studies showing that WWTPs can
discharge about 101° — 102 ESC-resistant E. coli daily into the aquatic environment, depending
on the size of the plant (Bréchet et al., 2014; Kwak et al., 2015). In addition, the concentrations
of CTX-R and CR coliforms, especially in winter, were usually among the highest in the
influents of the Varazdin WWTP, which can be associated with several factors, including
contamination from the local poultry industry. On the other hand, the content of CTX-R and
CR coliforms in the influent was not significantly reduced after the treatment, indicating lower
effectiveness of the Varazdin WWTP in removing these resistant populations compared to other
analyzed plants. In Croatia, there is a regulation on the presence of E. coli in municipal effluent
discharged to surface waters for bathing and recreational purposes. The E. coli concentration
should not exceed 10® CFU/100 mL in this effluent (Official Gazette of the Republic of Croatia
26/2020). In the present study, culturable (non-resistant) E. coli were found in concentrations
greater than 10° CFU/100 mL (up to 10° CFU/100 ml) in all final effluents at both seasons,
although the receiving waters of the studied WWTPs are not official bathing areas. Moreover,
the concentrations of CTX-R and CR E. coli in the effluent of the Varazdin WWTP were above
10% CFU/100 mL in both seasons and in Bjelovar in winter. These concentrations were higher
than the concentrations of ESC-resistant E. coli found in the effluent from Dutch WWTPs
(about 10! CFU/100 mL; Verburg et al., 2019), but lower than in effluents from Polish WWTPs
with different modifications of treatment processes (about 10* CFU/100 mL; Osinska et al.
(2017). Additionally, positive correlations between parameters such as COD, suspended solids
and effluent levels of CTX-R and CR coliform bacteria were observed in this study. Therefore,

our data suggest that wastewater treatment processes in Croatian municipal WWTPs need to be
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improved and supplemented with disinfection technologies to control the spread of CTX-R and
CR E. coli and other coliforms via effluents into receiving waters.

Because removal of E. coli and other EOPs in WWTPs may be inadequate, discharge of
treated wastewater may be a pathway for widespread dissemination of EOPs. We therefore
applied gPCR to monitor several EOPs such as E. coli, A. baumannii, K. pneumoniae and
Enterococcus spp. in 7 WWTPs studied. The results show that most WWTPs generally remove
A. baumanii and K. pneumoniae populations efficiently, as they were rarely or not detected in
the final effluents. On the contrary, although E. coli and enterococci were generally
significantly reduced by biological treatment in the majority of the analyzed WWTPs, they were
still present in the effluents in high amounts, in the range of 10%-10° CE/100 mL in both seasons.
The exception is the WWTP in the city of Varazdin, where the removal of E. coli and
enterococci was the lowest and therefore, the concentrations in the effluent were the highest
(10°-107 CE/100 mL), in agreement with the data for culturable coliforms. The E. coli levels
observed in the effluents in this study were comparable to those reported by HeR et al. (2016)
and Jager et al. (2018) based on qPCR of the uidA and yccT genes, respectively (10%-10° CE/100
mL). However, the enterococci levels found in the effluents in this study (about 10° CE/100
mL) were about 2 orders of magnitude higher than in two German studies based on qPCR of
the 23S rRNA gene (Jager et al., 2018; Hembach et al., 2019). In addition, higher concentrations
of E. coli determined by gPCR compared to those determined by culturing are to be expected
in this study, as qPCR also detects dead cells and cells that are in a “"viable but not culturable”
status. In addition to EOPs, we targeted the 16S rRNA gene as a marker for total bacteria and
found that it was present at concentrations of about 107-10%° CE/100 mL after conventional
treatment, which is comparable to previous reports on WWTPs with conventional (Czekalski
etal., 2012; Nolvak et al., 2013; J&ger et al., 2018) and advanced treatment (ozonation) (Hel? et

al., 2016; Hembach et al., 2019).
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Further focus on gPCR quantification of B-lactam resistance genes of major importance in
clinical setting (blactx-m-32, blatem, blakpec-3, blaoxa-4s-like, blanowm, blavim and blaime) showed
that the abundance of these genes in influent and effluent varied greatly depending on the type
of gene, the sampling location, and the sampling period. B-lactams are one of the most
frequently prescribed classes of antibiotics worldwide, including in Croatia, and the most
worrisome types of resistance are ESBLsS, which confer resistance to ESC, and carbapenemases
which confer resistance to carbapenems and all other p-lactams (Paterson and Bonomo, 2005;
Sawa et al., 2020). Here, both ESBL genes, blatem and blactx-m-32, were present in all influent
samples, with relative abundance about an order of magnitude lower in winter than in summer.
With the exception of blactx-m-32 in the winter samples, these two genes were predominantly
only slightly reduced or even increased after treatment, indicating variation in relative host
abundance or possible HGT to new hosts during treatment. Both blatem and blacTtx-m-32 genes
were detected in effluent samples from different European WWTPs at concentrations one order
of magnitude lower than here (Cacace et al., 2019) and in influent and effluent from Polish
WWTP at higher concentrations than here (Zielinski et al., 2021). CTX-M-type B-lactamases
are the most common types of ESBLs (Mlynarcik et al., 2021) and TEM type B-lactamases are
the most common and widespread plasmid-encoded B-lactamase in the environment (Narciso-
Da-Rocha et al., 2014; Proia et al., 2018). Plasmids carrying blatem often contain blactx-m
genes (Hembach et al., 2017), which is consistent with the strong positive correlation between
blatem and blactx-m-32 observed in this study. The observation that these two genes correlate
strongly with temperature suggests that the proliferation and persistance of bacteria carring
these genes is stimulated at warmer temperatures. In addition, a significant positive correlation
was found between blatem and E. coli, suggesting that E. coli may be the host of this gene, as

previously shown in the literature (Adekanmbi et al., 2020).



569

570

o71

572

573

o574

575

576

o717

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

The most frequent carbapenemases in Enterobacterales reported in Europe are KPC,
VIM, IMP, NDM and the OXA-48-like enzymes (ECDC, 2013). Of particular concern is the
fact that carbapenemases are no longer limited to hospital isolates. In addition to hospitals, they
have also been found in long-term care facilities, in the community, in sewage and in receiving
waters (Buelow et al., 2018; Proia et al., 2018; Jeli¢ et al., 2019; Sib et al., 2020). Moreover,
they continue to spread because their genes, often found in plasmids (Nasri et al., 2017;
Freeman et al., 2020), are associated with mobile elements that facilitate their acquisition (e.g.,
by clonal and horizontal transfer) and their spread from bacterium to bacterium (Subirats et al.,
2017; Zhang et al., 2020). Surveillance among clinical enterobacterial isolates in Croatia
showed that the most frequent carbapenemases from 2008-2012 were VIM and NDM, while
from 2015-2017, OXA-48 became predominant (Zuji¢ Atali¢ et al., 2014; Bedeni¢ et al., 2018)
In the present study, blakpc-3, blanom and blame were sporadically detected in the influent of
some WWTPs, mainly in winter (about -3 to -5 log copies/rrn copies), which is consistent with
reports for some European WWTPs (Subirats et al., 2017; Parndnen et al., 2019). However,
they were rarely detected in effluents, except for blawve. Interestingly, in seven cases (4 in
winter, 3 in summer), blaive was found only in the final effluent (about -3 log copies/rrn copies)
but not in the paired influent, suggesting an enrichment of the bacteria carrying it during
wastewater treatment. The opposite was observed for blaoxa-4s, which was detected mainly in
the influent (about -5 log copies/rrn copies in winter and -3 log copies/rrn copies in summer)
but not in the paired effluents of the different WWTPs (except for two WWTPs), indicating its
good removal during conventional wastewater treatment. This could be the result of a good
removal of A. baumannii as a potential host of this gene in the studied WWTPs (qPCR data),
since a positive correlation was found between blaoxa-sg and A. baumannii. This pathogen has
already been shown to carry blaoxa-4s-like genes (Gongalves et al., 2013;Assem et al., 2017).

Finally, the blavim gene was detected in the majority of influents (average -4.2 log copies/rrn
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copies) and effluents (average -4 log copies/rrn copies) of the studied WWTPs, being enriched
in four WWTPs in winter and in summer. This gene was also found in some influent samples
in different European countries (Parndnen et al., 2019) and in effluents from different German
WWTPs (Hembach et al., 2019; Sib et al., 2020), but at lower concentrations (10* copies/mL)
than in the effluents analyzed in this study (107 - 10° copies/mL).

Finally, our results also showed that specific WWTP characteristics affect the amount of
some ARGs released via the final effluent. In contrast to earlier findings (Cacace et al., 2019),
we showed that facility size and number of hospitals correlated with concentrations of blampe
in WWTP effluents, while number of hospitalized patients correlated with concentrations of
blavim in effluents. However, the concentrations of both blame and blavim were found to be

inversely correlated with the effluent concentration of COD.

5. Conclusions

This study represents the first comprehensive investigation of the presence and removal of
culturable coliforms, specific EOPs and ARGs, which are of utmost importance in the clinical
field, in municipal WWTPs of various Croatian cities. We demonstrated that the total bacterial
load and the load of culturable coliforms, including CTX-R and CR coliforms, and EOPs such
as E. coli and Enterococcus spp. were reduced but not eliminated during conventional
treatment. Our research also showed that target ESBL genes were only slightly reduced or even
enriched after treatment. Target CP genes, which can be horizontally transmitted, such as
blakec, blanom and blaoxa-ss-like, were sporadically detected in influents and/or effluents,
while blave and blavim genes were frequently enriched during the process. Therefore, advanced
treatment technologies should be employed to reduce the emission of bacteria, including top
priority EOPs and ARGs, in effluent and minimize the risk of environmental pollution and

resulting public health.
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