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Abstract 

Wastew ater tr eatment plants (WWTPs) pr ovide a suita b le envir onment for the interaction of antibiotic resistant bacteria and 

antibiotic-resistance genes (ARGs) from human, animal, and environmental sources. The aim was to study the influent and efflu- 
ent of two WWTPs in Croatia to identify bacterial hosts of clinically important beta-lactamase genes ( bla TEM, bla VIM 

, bla OXA-48-like ) and 

observe how their composition changes during the treatment process. A culture-independent epicPCR (Emulsion, Paired isolation and 

Concatenation Polymerase Chain Reaction) was used to identify the ARG hosts, and 16S rRNA amplicon sequencing to study the entire 
bacterial comm unity. Differ ent w astew ater sources contributed to the significant differ ences in bacterial composition of the w astew- 
ater between the two WWTPs studied. A total of 167 genera were detected by epicPCR, with the Arcobacter genus, in which all ARGs 
studied were present, dominating in both WWTPs. In addition, the clinically important genera Acinetobacter and Aeromonas contained 

all ARGs examined. The bla OXA-48-like gene had the highest number of hosts, followed by bla VIM 

, while bla TEM 

had the narrowest host 
r ange . Based on 16S rRN A gene sequencing, ARG hosts w er e detected in both a bundant and rar e taxa. The n umber of hosts carr ying 
investigated ARGs was reduced by wastewater treatment. EpicPCR provided valuable insights into the bacterial hosts of horizontally 
transmissible beta-lactamase genes in Croatian wastewater. 

Ke yw ords: 16S rRNA; antibiotic-resistance genes; bacteria; Croatia; epicPCR; wastewater 
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Introduction 

Antimicr obial r esistance (AMR) is one of the major health issues 
of the modern era. World Health Organization has ranked AMR 

as one of the top 10 threats for the global health (WHO 2019 ).
Waste water tr eatment plants (WWTPs) ar e of particular inter est 
for the study of AMR because they collect w astew ater from mul- 
tiple sources, including human and non-human sources, and pro- 
vide a suitable environment for close bacterial interaction and 

exchange of antibiotic-resistance genes (ARGs). In WWTPs, high 

nutrient concentration, high bacterial density, and the presence 
of sub-inhibitory concentrations of antibiotics and other selective 
a gents suc h as heavy metals and disinfectants favour horizon- 
tal gene transfer (HGT) in bacteria (Rizzo et al. 2013 , Karkman et 
al. 2018 , Manaia et al. 2018 , Pazda et al. 2019 ). Of particular in- 
terest is to know which bacteria are the hosts of clinically sig- 
nificant ARGs and how the composition of the hosts is altered 

b y the w astew ater tr eatment pr ocess. EpicPCR (Em ulsion, P air ed 

Isolation and Concatenation Pol ymer ase Chain Reaction) allows 
us to link a gene of interest to its host bacterium in a culture- 
independent way (Spencer et al. 2016 ). Pr e viousl y, this tec hnique 
has been used to determine the bacterial host diversity of the dis- 
similatory sulfite reductase gene dsr B from lake water (Spencer 
et al. 2016 ), two ARGs ( tet M, bla OXA-58 ), and the class 1 integron- 
integrase gene ( int I1) from w astew ater (Hultman et al. 2018 ), or 
the integr ativ e and conjugativ e XT/R391 elements fr om riv er wa- 
ter (Roman et al. 2021 ). All of these pr e vious studies hav e demon- 
strated the efficiency of epicPCR in the analysis of complex envi- 
ronmental samples. 
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The aim of this study was to investigate by epicPCR the hosts of
he beta-lactamase genes bla TEM 

, bla VIM 

, and bla OXA-48-like from the
WTPs of a large (Zagreb) and a small (Varazdin) continental city

n Croatia. These genes were selected based on their high clinical
ignificance and poor r emov al during waste water tr eatment, as
etermined in a pr e vious study by Puljko et al. ( 2022 ) using quan-
itative PCR (qPCR). Beta-lactamase bla TEM 

genes contain variants 
elonging to the extended-spectrum beta-lactamases that con- 
er resistance to antibiotics of importance in human medicine,
uch as third generation cephalosporins (Castanheira et al. 2021 ).
la OXA-48-like and bla VIM 

ar e carba penemase genes that hydr ol yse
lmost all beta-lactams, including carba penems, whic h ar e used
s a last resort in the treatment of infections caused by multidrug-
 esistant Gr am-negativ e pathogens (Queenan and Bush 2007 ). All
f the above genes are commonly found on plasmids, making
hem easil y tr ansfer able between envir onmental bacteria and hu-

an and animal pathogens that could be induced in WWTPs. 

aterials and methods 

ampling 

wo WWTPs in two continental cities (Za gr eb and Var azdin) in
r oatia wer e inv estigated. Both WWTPs hav e primary tr eatment,
her e lar ger particles ar e r emov ed mec hanicall y, and secondary

r eatment with activ ated sludge . T he Za gr eb WWTP is the largest
WTP in the country. It is located in the capital and is designed for

 200 000 population equivalents and receives domestic and hos-
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ital w astew ater (nine hospitals). The Varazdin WWTP is designed
or 140 000 population equivalents and receives domestic, hospi-
al, and industrial w astew ater (dairy and poultry industry). The
4-h composite samples of the influent and effluent were taken by
he technical staff of the two WWTPs on thr ee consecutiv e days
28 September 2021, 29 September 2021, and 30 September 2021).
hese samples were considered as biological replicates. Samples
ere collected in sterile 500 ml (influent) and 2.5 l (effluent) bot-

les and brought to the laboratory within 3 h of collection. Samples
ere then immediately filtered and centrifuged as described be-

ow and further analysed using methodologies outlined in Fig. 1 . 

N A extr action and 16S rRN A amplicon 

equencing 

or DNA extractions, 50–60 ml of influent and 100–400 ml of ef-
uent wer e filter ed in triplicate thr ough sterile membr ane filters
ith a pore size of 0.2 μm (ME 24/21 ST, diameter 47 mm, What-
an, GE Healthcare, Life Science, USA). The filters were cut into

maller pieces with sterile scissors and placed in tubes for DNA
xtraction using the Po w erSoil Kit (Qiagen, USA). DN A quantity
as determined using Qubit Fluorometer 3.0 (Thermo Fisher Sci-
ntific, USA), and quality (ratio 260/280) was determined using
anodr op Spectr ophotometer (BioSpec Nano, Shimadzu, Japan).
he DNA extracts were stored at −20 ◦C. 

PCR amplification of the V3–V4 region was performed with
rimers 341F1-4 and 785R1-4 containing Illumina TruSeq adapter
equences at the 5 ′ ends using Phusion Hot Start Pol ymer ase with
C buffer (New England Biolabs, MA, USA). PCR conditions and a

ist of primers are given in the Supplementary material (Table S1) .
mplicons were sequenced on the Illumina MiSeq platform at

he Institute of Biotec hnology, Univ ersity of Helsinki, Finland. All
mplicon sequences have been submitted to the Sequence Read
rc hiv e (PRJNA1012856). 

picPCR 

o collect cells for epicPCR, 2 ml of the influent was centrifuged
t 11 000 × g for 5 min, and 200 ml of the effluent was centrifuged
t 8000 × g for 40 min. Cell pellets were stored in 20% glycerol
t −20 ◦C. The ARGs selected in this study are bla TEM 

, bla VIM 

, and
la OXA-48-like . Prior to performing epicPCR, conventional PCR was
erformed using the primers and conditions described pr e viousl y

Puljko et al. 2023 ) to confirm the presence of the tested genes
n all extracted DNA from the collected samples. At the Zagreb

WTP, the presence of bla VIM 

and bla TEM 

was confirmed in the in-
uents and effluents. Ho w e v er, the pr esence of bla OXA-48-like was
onfirmed by PCR in the influent, but not in the effluent. At the
ar azdin WWTP, bla TEM 

and bla OXA-48-like wer e confirmed in the in-
uent and effluent, but bla VIM 

only in the effluent. Only the genes
hat were detected in both the influent and effluent were analysed
ith epicPCR. 
EpicPCR w as performed accor ding to the original protocol de-

cribed by Spencer et al. ( 2016 ) with modifications described by
ultman et al. ( 2018 ) and Roman et al. ( 2021 ). To obtain an es-

imate of the number of cells to be used for the epicPCR proto-
ol (1 −2 × 10 7 cells), cells were stained with SybrGreenII (Thermo
isher Scientific, Waltham, USA) and counted using a Petroff-
ausser counting chamber and a fluor escence micr oscope (Nik on
clipse e600, Japan). After counting, cells were encapsulated into
olyacrylamide beads as described in Hultman et al. ( 2018 ). The
resence of single cells in individual beads was confirmed by flu-
r escence micr oscop y. Fusion PCR w as then performed to amplify
nd merge the desired ARG and a part of the 16S rRNA gene as de-
cribed in Spencer et al. ( 2016 ). For fusion PCR, Phusion Hot Start
ol ymer ase with GC buffer (New England Biolabs, USA) was used.
fter purification of PCR fusion products using a Monarch PCR
nd DNA Cleanup Kit (New England Biolabs, USA), blocking PCR
as performed as described by Roman et al. ( 2021 ) to r emov e non-

used products . T he blocking PCR products were purified and a
nal nested PCR was performed using Illumina TruSeq adapters
o increase specificity within the fused products (Spencer et al.
016 ). The nested PCR products were sequenced on the Illumina
iSeq platform at the Institute of Biotec hnology, Univ ersity of
elsinki, Finland. The list of all primers and PCR conditions is pro-
ided in the Supplementary material (Table S2) . All epicPCR se-
uences have been submitted to the Sequence Read Archive (PR-

NA1012856). 

6S rRNA gene data analysis 

utadapt v.3.5 (Martin 2011 ) was used to remove primers from
he 16S rRNA sequences. FastQC v.0.11.8 (Andr e ws 2010 ) and m ul-
iqc v.1.12 (Ewels et al. 2016 ) were used for quality c hec king. Am-
licon sequence variant (ASV) inference was done in R Studio
.4.2.2 (Posit team 2023 ) with D AD A2 v.1.26.0 (Callahan et al. 2016 )
ipeline. Trimming length was set to 280 bp for forward reads and
20 bp for r e v erse r eads, and maxim um expected err ors wer e set
o 2 for both r eads. Chimer as wer e r emov ed using r emov eBimer-
Denovo and taxonomic classification against the Silva database
.138.1 (Quast et al. 2013 ) was performed using assignTaxonomy
unction. ASVs annotated as Mitochondria and Chloroplasts were
 emov ed fr om the data befor e an y further anal ysis. 

All statistical analyses were performed in R Studio v.4.2.2 (Posit
eam 2023 ). Alpha diversity was assessed by calculating the Shan-
on diversity index using the phyloseq pac ka ge v.1.42.0 (McMur-
ie and Holmes 2013 ). The comparison between the alpha diver-
ity of the WWTPs was carried out using the Wilcoxon rank sum
est. To compare the alpha diversity of different sample types us-
ng Shannon diversity index values, a linear mixed effects model
as created using the lme4 v1.1.33 pac ka ge (Bates et al. 2015 ).
ample type was considered a fixed effect, and WWTPs were con-
idered a random effect. An analysis of variance was performed
o assess if the constructed model was statistically significant. To
ssess beta diversity, samples were transformed to proportions.
rincipal coordinate analysis (PCoA) plot using the Bray–Curtis
issimilarity index was generated using phyloseq v.1.42.0 (McMur-
ie and Holmes 2013 ). Comparisons of bacterial composition be-
w een samples w er e performed with perm utational m ultiv ariate
nalysis of variance (PERMANOVA) and the Bray–Curtis dissimi-
arity index using the adonis2 function from the vegan package
.2.6.4 (Oksanen et al. 2022 ). 

picPCR data analysis 

he quality of epicPCR sequences was c hec ked using FastQC
.0.11.8 (Andr e ws 2010 ) and m ultiqc v.1.12 (Ewels et al. 2016 ).
em ultiplexing, primer r emov al, quality filtering, and sequence
pliting was performed using cutadapt v.3.5 (Martin 2011 ). Mini-
um length of the reads was set to 150 bp, ov erla p to 10 bp and

rr or r ate to 0.25. The quality cutoff values for forw ar d reads w ere
 and 20 for r e v erse r eads. Onl y r eads containing both the 16S
RNA and ARG parts wer e filter ed (to exclude false positiv es) and
plit into two separate fastq files based on functional gene se-
uences . T he ARG sequences were verified with BLASTN against
he NCBI database to ensure that the correct ARG was ampli-
ed. Annotation of the 16S rRNA gene sequence was performed
sing mothur v.1.48.0 with the classify.seqs command (Schloss

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae081#supplementary-data
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Figure 1. Outline of the r esearc h methods used in this study. 
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et al. 2009 ) against the Silva database v.138.1 (Quast et al. 2013 ).
Gi ven the qualitati ve nature of epicPCR resulting from many cy- 
cles in three PCR steps, data were analysed based on the pres- 
ence/absence of a gene in a taxon. A taxon was considered present 
if it was found in all three biological replicates. All visualizations 
wer e cr eated using the ggplot2 v.3.4.2 pac ka ge (Wic kham 2016 ). 

Results 

Bacterial composition in w astew ater 
The composition of the bacterial community in the Za gr eb WWTP 
was c har acterized by a high r elativ e abundance of the Arcobac- 
ter aceae famil y (40 ± 11%) in the influent, while the Flavobacte- 
riaceae (27 ± 7%) and Moraxellaceae (16.3 ± 0.2) families dom- 
inated the effluent (Fig. 1 ). The two most abundant families in 

the influent of the Varazdin WWTP w ere Ar cobacteraceae (19 ±
10%) and Streptococcaceae (23 ± 8.2%), while in the effluent, the 
families Rhodocyclaceae (27.2 ± 1.2%) and Arcobacteracae (25 ±
3.3%) were dominant (Fig. 2 ). Based on the Shannon diversity in- 
dex, the w astew ater fr om the Var azdin WWTP had slightl y higher 
alpha diversity compared to the Zagreb WWTP, but without sta- 
tistical significance ( Supplementary material, Fig. S1 ). The bac- 
terial community of the influents of both WWTPs was more di- 
verse than that of the effluents (linear mixed effects model, P = 

0.04). The bacterial composition of the influent and effluent of the 
same WWTP a ppear ed to be significantl y differ ent ( P = 0.008, R 

2 = 

32.33), as well as between the two WWTPs studied ( P = 0.01, R 

2 = 

31.56), based on PERMANOVA using the Bray–Curtis dissimilarity 
index (Fig. 3 ). 

Hosts of the studied ARGs 

A total of 167 bacterial genera were identified as potential hosts 
of ARGs tested by epicPCR: bla TEM 

, bla VIM 

, and bla OXA-48-like . A list of 
all taxa detected by epicPCR is given in Supplementary material 
(Table S3) . In Za gr eb WWTP, bla VIM 

was detected in mor e hosts in 

influents (103 genera) than in effluents (40 genera), while bla TEM 

was detected in almost equal numbers in both w astew ater types 
(26 influent, 28 effluent) (Fig. 4 ). In addition, the ARGs bla TEM 

and 

bla VIM 

shared 25 host genera in the influent and 19 genera in the 
effluent of the Za gr eb WWTP. 

In the Varazdin WWTP, ho w ever, higher number of hosts car- 
rying bla TEM 

was found in the influent (61 genera) than in the 
effluent (21 genera) (Fig. 4 ). The read quality of the sequences 
of bla OXA-48-like in the influent was of poor quality and was dis- 
carded for further analysis . T herefore , only the bacterial hosts of 
the bla OXA-48-like gene from the Varazdin WWTP effluent were pre- 
sented her e, whic h wer e r epr esented in 106 gener a, making it the 
ene with the highest number of hosts in this study (Fig. 4 ). The
RGs bla TEM 

and bla OXA-48-like shared 20 host genera in the effluent
f the Varazdin WWTP. 

In terms of bacterial abundance, the most dominant genus car-
ying all the genes studied in both WWTPs was Arcobacter (Fig. 5 ).
urthermor e, the gener a Acinetobacter and Aeromonas were also
bundant carriers of all investigated genes in both WWTPs. Other
ignificant ARG-carrying genera in the Zagreb WWTP in terms of
 elativ e abundance were Alkanindiges , Bacteroides , Flavobacterium ,
treptococcus , and Trichococcus (Fig. 5 ). In the Varazdin WWTP, ad-
itional abundant ARG hosts were Dechloromonas spp., Lactococcus 
pp ., Pseudarcobacter spp ., Streptococcus spp ., and Trichococcus spp.
Fig. 5 ). 

The genera detected by epicPCR that contain clinically signif- 
cant pathogens are shown in Table 1 . Interestingly, all clinically
ignificant genera listed in Table 1 were the hosts of bla OXA-48-like . In
ddition, ther e wer e some gener a that wer e pr esent in both influ-
nt and effluent (based on 16S rRNA gene sequencing) but carried
tudied ARG only in the effluent (based on epicPCR), which could
ndicate possible HGT e v ents. In the Za gr eb WWTP, suc h e v ents
ere detected for both bla VIM 

and bla TEM 

in 7 and 10 gener a, r e-
pectiv el y. In the Var azdin WWTP, four e v ents wer e r ecorded for
la TEM 

. Ther e ar e no data on possible HGT e v ents of bla OXA-48-like ,
s the hosts were not detected in the influent with epicPCR. 

iscussion 

n this study, the bacterial composition of w astew ater from two
roatian WWTPs (influent and effluent) was investigated using 
6S rRNA amplicon sequencing. In parallel, epicPCR was used 

o identify host bacteria of clinically important beta-lactamase 
enes . T he bacterial composition of the influent w astew ater
hanged during the treatment process in both WWTPs, as evi-
enced by significant differences between the influent and efflu- 
nt w astew ater in terms of alpha and beta diversity. The bacte-
ial community of the raw influent w astew ater w as more diverse
higher Shannon diversity index values) than that of the treated
ffluent, which is contrary to several previous reports (Hultman 

t al. 2018 , Azli et al. 2022 ). The reasons for this opposite obser-
ation could be different physical and chemical variables that oc-
ur during the w astew ater tr eatment pr ocess, r esulting in lo w er
pecies diversity and abundance (Do et al. 2019 ). In addition, the
CoA plot and PERMANOVA tests r e v ealed that the influent was
ignificantl y differ ent fr om that of the effluent at each WWTP and
etween WWTPs . T he differ ent composition of waste water sam-
les (both influent and effluent) between the two WWTPs was to
e expected given the different size of the cities and the influence
f industrial w astew ater in the Varazdin WWTP. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae081#supplementary-data
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Figure 2. Bacterial composition of wastewater from Zagreb and Varazdin WWTPs in influent (IN1-3) and effluent (EF1-3) based on analysis of 16S rRNA 

amplicon sequences. Top 20 families with the highest r elativ e abundance are presented. 

F igure 3. Principal coor dinate anal ysis plot of the r elativ e abundance of bacteria in waste water samples using the Bray–Curtis dissimilarity index. The 
significant difference of all sample types from each other was confirmed with permutational multivariate analysis of variance. 
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Figure 4. Number of genera detected by epicPCR carrying antibiotic-resistance genes studied. The genes bla OXA-48-like (in the effluent of the Varazdin 
WWTP) and bla VIM (in the influent of the Za gr eb WWTP) had the highest number of hosts. 
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The 16S rRNA gene analysis further revealed that the Arcobac- 
ter aceae famil y, especiall y Arcobacter spp. dominated in the Za gr eb 
WWTP influent. Hultman et al. ( 2018 ) recorded the same dom- 
inance of Arcobacteraceae in raw influents of Finnish WWTPs.
Members of the famil y Arcobacter aceae ar e found in div erse 
aquatic environments with the highest prevalence in sewage 
(Venâncio et al. 2022 ). Among the gen us Ar cobacter , ther e ar e se v- 
er al clinicall y important species that cause infections in humans,
such as A. butzleri and A. cryaerophilus (Venâncio et al. 2022 ), mak- 
ing the detection of ARGs in Arcobacter particularly interesting.
Mor eov er, in this study, all thr ee tar geted beta-lactamase genes 
( bla VIM 

, bla OXA-48, and bla TEM 

) were detected by epicPCR in Arcobac- 
ter spp., suggesting that this genus may serve as an unexplored 

r eservoir for clinicall y important ARGs. Based on the 16S rRNA 

gene sequencing results presented here, the w astew ater treat- 
ment process at the Zagreb WWTP appears to effectively reduce 
the r elativ e abundance of bacteria fr om the Arcobacter aceae fam- 
il y. In contr ast, at the Var azdin WWTP, the abundance of Arcobac- 
teraceae in the treated w astew ater slightly increased, indicating 
the differ ent envir onmental conditions favouring the surviv al of 
this family by the wastewater treatment process. 

Flavobacteriaceae and Moraxellaceae were also very abundant 
families in the effluent of the Za gr eb WWTP. Both families contain 

members that are typical environmental bacteria found in various 
en vironments , as well as opportunistic pathogens for humans and 
nimals. Members of the genus Flavobacterium contained bla VIM 

nd bla OXA-48-like genes in the effluents of the two WWTPs stud-
ed. In the Moraxellaceae family, the genus Acinetobacter , which
arried all beta-lactamase genes studied, was particularly abun- 
ant. Some members of Acinetobacter spp. such as A. junii are im-
ortant populations in the w astew ater treatment process because
hey can effectiv el y accum ulate pol yphosphates (Han et al. 2018 ).
n the other hand, A. baumannii is a clinically important emerg-

ng opportunistic pathogen in humans with a high le v el of antibi-
tic r esistance, and m ultidrug r esistant str ains wer e pr e viousl y

solated from the Zagreb WWTP by Hrenovic et al. ( 2016 ). Another
ignificant genus that contained all of the ARGs examined ( bla VIM 

,
la OXA-48 , and bla TEM 

), as shown by the epicPCR in this study, is
eromonas . Members of this genus are ubiquitous in aquatic en-
ironments and thrive in water distribution systems due to their
bility to form strong biofilms (Batra et al. 2016 ). In addition, the
pecies A. hydrophila , A. caviae , A. veronnii , and A. sobria are emerg-
ng human pathogens that cause gastrointestinal infections (Ba- 
ra et al. 2016 , Bello-López et al. 2019 ). Aeromonas spp. ar e alr eady
nown to possess a variety of ARGs localized on mobile genetic
lements and they r eadil y exc hange genes with geneticall y dis-
ant bacteria (Bello-López et al. 2019 ). In a pr e vious study by Drk
t al. ( 2023 ), the plasmid-localized carbapenemase genes bla VIM 

nd bla OXA-48-like were detected for the first time in Aeromonas
solates, particularly pathogenic A. caviae , isolated from effluent 
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Figure 5. Bacterial genera detected by 16S rRNA amplicon sequencing. The size of the circle indicates r elativ e abundance. Onl y gener a with a r elativ e 
abundance of ≥0.5% are shown. If the investigated antibiotic-resistance gene was detected in a particular genus by epicPCR, it is marked with a full 
circle, otherwise the circle is empty. 
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amples of the Za gr eb WWTP. Together with the epicPCR detec-
ion of these genes in Aeromonas in this study, this confirms that
eromonas spp. with carba penem-r esistant genotypes r emaining

n w astew ater after treatment could pose a potential public health
hreat if transmitted to humans via w astew ater. 
The family Streptococcacae, in particular the genera Lactococ-
us and Streptococcus (group of lactic acid bacteria) were among
he most abundant species in the influent of the Varazdin WWTP
nd pr obabl y originated fr om the waste water of the neighbouring
airy industry. In this work, members of both genera were found
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Table 1. Clinically significant bacterial genera detected with epicPCR that carry studied antibiotic-resistance genes. 

Clinically significant genera 
detected with epicPCR 

Zagreb WWTP Varazdin WWTP 

bla VIM 

bla TEM 

bla TEM 

bla OXA-48-like 

IN EF IN EF IN EF EF 

Acinetobacter + + + + + + + 

Aeromonas + + + + + + + 

Arcobacter + + + + + + + 

Bacteroides + + + + + 

Clostridium sensu stricto 1 + + + 

Enterobacter + 

Esc heric hia-Shigella + + + + + + + 

Flavobacterium + + + + 

Klebsiella + + + + + 

Prevotella + 

Pseudomonas + + + + + + 

Shewanella + + + 

Streptococcus + + + + + + 

Yersinia + 
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to carry bla TEM 

and bla OXA-48-like genes by epicPCR, while bla VIM 

was 
only detected in Streptococcus spp. In addition to Arcobacteraceae, 
effluent from the Varazdin WWTP was dominated by Rhodocy- 
claceae, a family of environmental bacteria with diverse lifestyles.
The most abundant genus, Dechloromonas , is common in WWTPs 
worldwide and is considered an important genus capable of de- 
gr ading ar omatic compounds (P etriglieri et al. 2021 ). Ho w e v er, this 
w ork sho w ed that Dechloromonas spp. carried all of the ARGs stud- 
ied ( bla VIM 

, bla OXA-48-like, and bla TEM 

), suggesting that this genus may 
serve as a reservoir for the dissemination of horizontally trans- 
missible ARGs of clinical importance in the environment. 

The number of bla VIM 

and bla TEM 

gene hosts decreased by the 
w astew ater treatment process, which is consistent with Hultman 

et al. ( 2018 ). Based on the quantification of ARGs by qPCR in 

w astew ater from the same WWTPs, Puljko et al. ( 2022 ) in 2020 de- 
tected no statistically significant difference in the relative abun- 
dance of targeted genes between influent and effluent. There- 
fore, the decline in the host range of bla VIM 

and bla TEM 

is prob- 
ably due to the reduced abundance of hosts carrying the ARGs.
Based on the 16S rRNA gene detection, Puljko et al. ( 2022 ) reported 

a 1.54 ± 0.06 (in Za gr eb) and 0.71 ± 0.1 (in Varazdin) log reduc- 
tion of total bacteria in w astew ater in the summer after passing 
thr ough the waste water tr eatment pr ocess. Additionall y, Puljk o 
et al. ( 2022 ) observed lo w er relative abundance of bla VIM 

(in Za- 
greb) and bla OXA-48-like (in Varazdin) by qPCR compared to bla TEM 

.
Ho w e v er, in the present study, bla VIM 

and bla OXA-48-like were de- 
tected in more genera than bla TEM 

, indicating their broader host 
range . T his suggests that higher gene relative abundance does not 
impl y br oader host r ange . P ossible HGT e v ents wer e identified for 
bla VIM 

and bla TEM 

. Ho w e v er, it is unclear if all those e v ents ar e in-
deed HGT or if some genera are very rare and therefore below de- 
tection limit of the method. 

The bla OXA-48-like gene is a highly mobile carbapenemase gene 
commonly found in the Enterobacteraceae family (Boyd et al.
2022 ). Ho w e v er, in this study, bla OXA-48-like was detected in 54 differ- 
ent families, including potential pathogens (e.g. Acinetobacter spp.,
Klebsiella spp., Esc heric hia–Shigella spp ., Enterobacter spp .), indicating 
a broad host range in w astew ater and highlighting the potential 
of WWTP effluent as an environment for the spread of bla OXA-48-like 

genes through vertical and horizontal transmission. This gene was 
also r ecentl y found in enterobacterial isolates belonging to clini- 
ally important genera of the family Enterobacteraceae, such as 
sc heric hia and Klebsiella , in effluent water from the Zagreb WWTP
Puljko et al. 2024 ). 

Due to the current limitation of epicPCR, it is not possible to
etermine the ARG hosts down to the species le v el because the
mall V4 region of the 16S rRNA gene is amplified. In addition,
he method onl y pr ovides qualitativ e data for the ARGs tar geted
er e (pr esence/absence of a gene in a genus). Ther efor e, it is im-
ortant to couple the epicPCR data with 16S rRNA amplicon se-
uencing data to gain insight into the r elativ e abundance of each
etected genus. In addition, se v er al r ar e gener a wer e detected us-

ng epicPCR but not 16S rRNA gene sequencing, which was ex-
ected because epicPCR uses different primers to amplify a part
f the 16S rRNA gene. In this stud y, e picPCR pro vided an o v ervie w
f the hosts of clinicall y r ele v ant beta-lactamase genes in Croat-
an w astew ater, which provides a good basis for further r esearc h
hat could be directed to w ar ds the cultivation of specific bacterial
enera. 
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