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Abstract This study was conducted to evidence
the dissemination potential of antibiotic resistance
genetic elements in E. coli isolates of Costa Rican
domestic wastewater treatment plants (WWTPs). Few
studies have addressed this phenomenon in WWTPs
in Central America. Phenotypical resistance profiles
to p-lactams, quinolones, aminoglycosides, pheni-
cols, tetracyclines, and folate pathway inhibitors of
133 Escherichia coli isolates from the influent and
effluent of two urban WWTPs located in the Greater
Metropolitan Area of Costa Rica were described.
Thirty multidrug-resistant profiles were identified
and grouped into 15 genetic clones by ERIC-PCR; 6
of 15 genetic clones were from effluents. Six of the
seven examined genes (sull, sulll, intl1, intl2, bla;g,,,
and fetA) were found in multidrug-resistant isolates,
whereas blay, was absent. The horizontal gene con-
jugation test confirmed the gene transfer capacity of
all tested isolates n = 8. Multidrug-resistant isolates in
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effluents with horizontal gene transfer capacity sug-
gest that Costa Rican WWTPs represent spots related
to antibiotic resistance spread to the environment. In
domestic WWTPs, we found that nearly 22% of E.
coli isolates presented a multidrug-resistant pheno-
type capable of transferring their resistance determi-
nants by conjugation processes.
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1 Introduction

Antimicrobial resistance remains a global health
threat. By 2050, it is estimated that up to 10 mil-
lion deaths associated with antimicrobial resist-
ance will occur (O’Neill et al., 2016). The World
Health Organization has described the multifacto-
rial causes of antimicrobial resistance (The Intera-
gency Coordination Group on Antimicrobial Resist-
ance (IACG), 2019). Misuse in clinical contexts
(Goossens et al., 2005) and even expected antibiotic
use in dense populations exert a selective pressure
on bacteria to maintain antibiotic resistance ele-
ments, among other factors (Levy & Bonnie, 2004).
In addition, the prophylactic use of antibiotics as a
growth factor in animal breeding and agricultural
processes liberates these molecules into the envi-
ronment (Davies & Davies, 2010). Likewise, the
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industrial production of antibiotics releases high
concentrations of antimicrobial drugs into the envi-
ronment through wastewater (Akhil et al., 2021).

Wastewater treatment plants (WWTPs) have been
described as hot spots for the dispersion and evolution
of antibiotic-resistant bacteria as they are antibiotic
accumulation sites and generally have low antimicro-
bial compound removal efficiencies where resistance
selection pressures exist (Michael et al., 2013). Water
used in industrial processes, domestic households,
and healthcare facilities is discarded and directed to
wastewater treatment systems. Both organic and inor-
ganic compounds, such as nutrients, drugs — includ-
ing antibiotics — and heavy metals, are combined
with a rich diversity of microbes (Hubeny et al.,
2021). In Costa Rica, 53% of installed WWTPs use
activated sludge as a treatment technology. Regarding
end-use, 77% are disposed in a receiving water body,
and 18% are reused (Centeno Mora & Murillo Marin,
2019).

Multiple bacterial species are considered reser-
voirs of resistance in WWTPs (Everage et al., 2014).
For example, Escherichia coli is a well-known bio-
marker for contamination associated with human
activity, as it is a constituent part of the intestinal
microbiome. In addition, multidrug-resistant E. coli
strains are present in influents, effluents, and sludge
of WWTPs (Garcia et al., 2007), and horizontal gene
transfer mechanisms have been identified (Silva et al.,
2006), making it a good model to study resistance
determinants in WWTPs and their dissemination.
Furthermore, Escherichia coli removal by activated
sludge technology is estimated between 1 and 2 log10
(Barrios-Hernandez et al., 2020), which can lead to
high concentrations of E. coli being discharged into
receiving water bodies. Also, there is limited infor-
mation regarding WWTPs’ role in resistance dissemi-
nation in Central America (D. C. Dominguez et al.,
2021).

This study aimed to investigate the dissemination
potential of resistance determinants of Costa Rican
WWTPs. Phenotypical resistance profiles of E. coli
isolates from the influent and effluent of two urban
activated sludge-based WWTPs located in the Greater
Metropolitan Area of Costa Rica were described.
From multidrug-resistant isolates, clonal diversity
and specific resistance genes were determined. Fur-
thermore, phenotype changes and molecular analysis
were used to assess the horizontal resistance-related
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gene transfer capacity of E. coli multidrug-resistant
isolates.

2 Materials and Methods
2.1 Sample Collection

Wastewater samples were collected from two
urban WWTPs located in the Greater Metropoli-
tan Area of Costa Rica (WWTP1: 9°56'26.0159”
N, 84°16'36.3719” W; WWTP2: 9°55'14.9880” N,
84°14'35.9519” W, coordinate system WGS84). Both
WWTPs are considered small (i.e., treating waste
from less than 4000 inhabitants) and only receive
domestic wastewater. They consist of primary treat-
ment followed by secondary treatment via conven-
tional activated sludge processes. No further disinfec-
tion processes are used. The effluents are discharged
into river surface waters that were also source water
for agricultural irrigation.

Samples from the influent (250 mL) and effluent
(250 mL) of both WWTPs were collected on three
consecutive days between 9:00 a.m. and 12:00 p.m.
Six samples (three influent and three effluent) for each
WWTP were collected. Sample collection occurred in
May (samples from A642 to A655), October (samples
from A1156 to A1176), and December (samples from
A1516 to A1539) 2013. In total, 36 samples (18 influ-
ent and 18 effluent) were collected in sterile amber
bottles and maintained at 4 °C until further analysis.

2.2 Escherichia coli Quantification

All samples were analyzed for Escherichia coli using
Standard Methods for the Examination Water and
Wastewater 9221E Method (most probable number
method) within eight hours of collection (Ameri-
can Public Health Association (APHA) et al., 2017).
Briefly, influent and effluent samples were serially
diluted to 1:1,000,000 and 1:100,000, respectively.
Dilutions were inoculated in a series of five tubes
with lauryl sulfate broth and incubated at 35 °C for
48 +4 h. After this enrichment step, an inoculum of
each positive tube (bacterial growth and gas) was
transferred to EC medium with methylumbelliferyl-
B-glucuronide (EC-MUG) broth and were incubated
for 24+2 h at 44.5 °C; positive samples for Escheri-
chia coli had bacterial growth, gas, and fluorescence
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characteristics (Chacén et al., 2020). A positive
control (E. coli ATCC 25922), a negative control
(S. enterica serovar Enteritidis ATCC 13076), and
a blank (containing the dilution buffer as the inocu-
lum) were analyzed alongside all samples. No con-
tamination was observed, and all positive and nega-
tive controls generated positive and negative results,
respectively.

2.3 Escherichia coli Isolation

All positive tubes of the most concentrated dilution
from the enrichment phase (turbidity and gas) were
pooled. Each pool was inoculated in MacConkey
(Ox0id®) following Chacoén et al. (2012). After 24+2h
of incubation at 35+0.5 °C, 15 lactose-positive and five
lactose-negative colonies — a total of 20 per sample
— were inoculated in trypticase soy broth with 20%
of glycerol (Oxo0id®). Lastly, all broths were incubated
for 24+2 h at 35+0.5 °C and then stored at—70 °C
for further analyses. Our study included 36 wastewater
samples (18 influent and 18 effluent) from which 720
isolates were isolated.

2.4 Escherichia coli Biochemistry Characterization
and Isolation

Each frozen broth was inoculated onto Levine EMB
agar (Oxoid®). After 18-24 h of incubation at
35+0.5 °C, colonies with typical E. coli phenotype
(greenish metallic sheen by reflected light) were
selected for further phenotypical confirmation using
EC medium supplemented with methylumbelliferyl-
p-glucuronide (EC-MUG broth, (Ox0id®)) and incu-
bated for 24 +2 h at 44.5 °C. Those isolates display-
ing gas production and fluorescence at 295 nm were
considered E. coli. E. coli ATCC 25922 was used as a
control, both in the Levine EMB agar and CEC-MUG
broth.

2.5 Antibiotic Susceptibility Testing

Kirby-Bauer disc diffusion method was performed
using Miiller Hinton agar (Ox0id®) (Hudzicki,
2009). CLSI thresholds were used to classify isolates
as susceptible or resistant (CLSI, 2018). The follow-
ing antimicrobial susceptibility discs (OXOID®)
were used: penicillin (amoxicillin (AML 10 pg)),
first-generation cephalosporins (cephalothin (KF

30 pg), cefazolin (KZ 30 pg)), third-generation
cephalosporins (ceftazidime (CAZ 30 pg) and cefo-
taxime (CTX 30 pg)), aminoglycosides (gentamicin
(CN 10 pg) and amikacin (AK 30 pg)), quinolones
(nalidixic acid (NA 30 pg), fluoroquinolones (nor-
floxacin (NOR 10 pg)), tetracycline (TE 30 pg), chlo-
ramphenicol (C 30 pg), and folate pathway inhibi-
tors (trimethoprim-sulfamethoxazole (SXT 25 ug)).
E. coli ATCC 2592 was used as a reference strain.
Those isolates resistant to three or more antibiotics
from different categories were classified as multid-
rug-resistant strains (Magiorakos et al., 2012).

2.6 Molecular Analysis
2.6.1 DNA Extraction

DNA extraction from multidrug-resistant isolates was
executed according to Barrantes et al. (2010) using
the phenol-chloroform method. First, each isolate
was inoculated in 1.5-mL trypticase soy broth and
incubated overnight at 35+0.5 °C. After overnight
growth, they were centrifuged at 6000 rpm (Eppen-
dorf® 5417C) for 6 min. The resultant pellets were
resuspended in 560 pL of TE buffer (10 mM Tris-
HCI, 1 mM EDTA, pH 8.0). Thirty microliters of
SDS (10% v/v, Sigma®) and 70 pg of proteinase
K (Thermo Fisher Scientific®) were added. Once
homogenized, this mixture was incubated for 1 h at
38 °C+0.5 °C. Afterward, 100 uL of NaCl 5 M (Fer-
mont®) and 80 uL of a mixture of CTAB (0.28 M)/
NaCl (0.7 M) (Merck® and Fermont®) were added
and incubated for 10 min at 65 °C+0.5 °C.

After this incubation, 650 pL of chloroform/isoa-
myl alcohol (24:1) (Sigma-Aldrich®) was added
and mixed. Then, to separate the phases, the mixture
was centrifuged for 10 min at 10,000 rpm (Eppen-
dorf® 5417C). Next, the supernatant was transferred
and mixed with 650 uL of a mixture of phenol/chlo-
roform/isoamyl alcohol (25:24:1) (Sigma-Aldrich®)
was added. Then, it was centrifuged for 10 min at
10,000 rpm (Eppendorf® 5417C). Later, this super-
natant was recovered. Then 450 uL of ice-cold iso-
propanol (Sigma-Aldrich®) was added and incu-
bated overnight at 4 °C. Microtubes were centrifuged
at 12,000 rpm for 10 min (Eppendorf® 5417C). The
resultant pellets were washed with 70% ice-cold etha-
nol twice. Then, each pellet was resuspended in 250 pL
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of TE buffer. After 24 h, purity and concentration were
measured using BioPhotometer Plus (Eppendorf ®).
DNA was stored at — 80 °C until further analysis.

2.6.2 Escherichia coli 16SrRNA Gene

The presence of the specific 16S rRNA gene from
E. coli was confirmed for each bacterial isolate.
Briefly, a 25-uL reaction was prepared using
DreamTaq 2X Master Mix (Thermo Fischer Sci-
entific®), 0.8 uM of each primer (detailed prim-
ers and cycling conditions are shown in Table 1),
and 200 ng of DNA. A Veriti thermal cycler sys-
tem (Applied Biosystems®) was used to perform
PCR. E. coli ATCC 25922 was used as a positive
control.

Table 1 Primer sequence and amplicon size used in the study

2.6.3 Enterobacterial Repetitive Intergenic
Consensus Sequences (ERIC)

The ERIC-PCR method proposed by Versalovic et al.
(1991) and the Gell software (Heras et al., 2015)
were used to analyze the clonal relationship of all E.
coli isolates. Twenty-five microliter reaction volumes
were prepared using GoTag® 5xMaster Mix (Pro-
mega®), 1.75 mM MgCl,, 0.2 mM of a dNTPs mix
(Promega®), 1.2 uM of each primer (detailed prim-
ers and cycling conditions are shown in Table 1), and
two units of GoTag® DNA polymerase (Promega®).
Two hundred nanogram of isolate DNA was used as a
template. Thus, a clonal relationship between isolates
was established. A Pearson correlation matrix from
densitometric band analysis was calculated to obtain
a similarity index between isolates using the software

Target Primer sequence (5'-3") Product size (bp) Cycling conditions Reference
16S rRNA  (F) GGGATGAAAGTTAATACCTTTGCTC 584 5 min 94 °C Chacén et al. (2012)
(R) TTCCCGAAGGCACATTCT 35 cycles
30594 °C
30556 °C
30s72°C
Final extension
2 min 72 °C
ERIC (F) ATGTAAGCTCCTGGGGATTCAC Variable 7 min 95 °C Versalovic et al. (1991)
(R) AAGTAAGTGACTGGGGTGAGCG 30 cycles
30s95°C
60s52°C
8 min 65 °C
Final extension
16 min 65 °C
blayyy (F) ATGAAAAACACAATACATATCAACTTCGC 820 5 min 95 °C Barrantes et al. (2014)
(R) GGGTGTGTTTAGAATGGTGATCGCATT 30 cycles
blayg,  (F) ATGAGTATTCAACATTTCCG 859 1 min 94 °C Barrantes et al. (2014)
(R) ACCAATGCTTAATCAGTGAG 30555 °C
intl] (F) ATGGCCGAGCAGATCCTGCACG 899 }l:lr:ll;l ;%eniion Barrantes et al. (2014)
(R) GCCACTGCGCCGTTACCACCGC 5 min 72 °C
intl2 (F) CACGGATATGCGACAAAAAGGT 789 Mazel et al. (2000)
(R) GTAGCAAACGAGTGACGAAATG
sull (F) ATGGTGACGGTGTTCGGCATTCTG 840 Hu et al. (2008)
(R) CTAGGCATGATCTAACCCTCGGTC
sul2 (F) GCGCTCAAGGCAGATGGCATT 293 Kerrn (2002)
(R) GCGTTTGATACCGGCACCCGT
tetA (F) GTGAAACCCAACATACCCC 888 5 min 94 °C Maynard et al. (2003)
(R) GAAGGCAAGCAGGATGTAG 30 cycles
30594 °C
30s50°C
70572 °C
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GelJ (Heras et al., 2015). The unweighted pair group
method with arithmetic mean (UPGMA) linkage
method was followed to build the dendrogram (Heras
et al., 2016). The threshold to consider isolates as the
same clone was 0.90 (Alsultan & Elhadi, 2022).

2.6.4 Detection of Antibiotic Resistance Genes

Antibiotic resistance genes (blagy,, blargy, intll,
intlll, sull, sulll) were amplified using Barrantes et al.
(2010) methods. In addition, the protocol from May-
nard et al. (2003) was used to amplify the zetA gene.
The expected amplicon size for each set of primers
and cycling conditions are shown in Table 1. The total
volume for each reaction was 25 pL, of which 200 ng
was isolated DNA. E. coli ATCC 25922 was used as
a negative control. INISA 03 strain, E. coli A653-2
strain (accession number: GCA_008806725.1), and
Aeromonas hydrophila INISA 09 strain were used as
positive controls.

2.7 Resistance Transfer Determination

During the experiment, E. coli JM107 strain was used
as a gene acceptor strain to test horizontal gene trans-
fer by conjugation between MDR E. coli isolates.
This strain is resistant to nalidixic acid (NA) and sus-
ceptible to ampicillin (AMP). Eight selected isolates
from this study (susceptible to NA and resistant to
AMP) were the donor strains.

First, each donor strain was inoculated onto Luria
Bertani (LB) agar plates supplemented with ampi-
cillin (100 ug mL™Y). Then, acceptor strain E. coli
JM107 was cultivated on LB agar plates supple-
mented with nalidixic acid (25 pug mL~™') during
18-24 h at 35+ 2 °C. After incubation, E. coli IM107
(acceptor strain) was mixed with a donor strain using
a 5:1 recipient—donor ratio for each cross. Next, this
mix was single-streaked on LB agar without antibiot-
ics for 18-24 h at 35+ 2 °C. Later, an inoculum from
the mixture was subcultured for 18-24 h at 35+2 °C
on LB plates supplemented with nalidixic acid and
ampicillin. The presence of resistance (blayy,, sull,
sulll) and integron (intll, intl2) genes was deter-
mined in transconjugant bacteria using the PCR as
above-mentioned methods. Additionally, resistance
phenotype to SXT and AML was performed using the
Kirby-Bauer disc diffusion method (Hudzicki, 2009).
Antibiotic discs used were SXT (25 pg) and AML

(10 pg) (OXOID ®). The interpretation was made fol-
lowing the CLSI (2018) thresholds.

2.8 Statistical Analysis

Differences in the prevalence of antibiotic resistance
between influent and effluents of WWTPs were ana-
lyzed by using non-parametric test: chi-square, using
the software SPSS Statistic 20® software.

3 Results
3.1 Escherichia coli Quantification and Isolation

E. coli counts are shown in the Supplementary Mate-
rial (Table S1). Removal percentages are shown
in Table SI. Influent counts range from 7.9 10°
to>1.6x10" MPN/100 mL. Effluent counts range
from 1.3x10° to>1.6x10° MPN/100 mL. Further-
more, both WWTPs discharged over the maximum
permitted value into the receiving water body which
is 3 log,/100 mL according to national legislation
(Ministerio de Ambiente, E. y T., & Ministerio de
Salud, 2007). From the 36 wastewater samples, a total
of 140 suspected E. coli isolates were recovered from
Levine’s agar. According to biochemical criteria,
133 isolates out of 140 were considered E. coli using
CEC-MUG broth (OXOID®).

3.2 Antibiotic Susceptibility Testing

Ninety-five percent (n=126) of isolates with bio-
chemical characteristics of E. coli were considered
resistant to at least one of the antibiotics tested. All
133 resistance profiles of the isolates are shown in the
Supplementary Material (Table S2). In terms of the
frequency of resistance phenotypes, considering both
WWTP influent and effluent together, 91% of iso-
lates (n=121) were amoxicillin resistant, followed by
cephalothin (38.3%, n=>51/133), tetracycline (22.6%,
n=30), and nalidixic acid (15.8%, n=21) (Table 2).
Notably, only a single sample was resistant to third-
generation cephalosporin. There was a significant
increase (X2=6,813, df=1, p value=0.014) in the
prevalence of sulfonamide resistance between influ-
ents and effluents (7.4% vs. 24.6%) as can be seen in
Table 2. With other resistance determinants, statisti-
cal tests showed no difference between influents and
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Table 2 Percentage of resistant isolates by type of sample and antibiotic resistance categories

Antimicrobial category Antibiotic Percentage X
Influent (n=69) Effluent (n=64) p value
Third-generation cephalosporins Ceftazidime (CAZ)* 0% 0% -
Cefotaxime (CTX)* 0% 1,5% 1.000
Aminoglycosides Amikacin (AK) 2.9% 0% 0.497
Gentamicin (CN) 1.5% 1.5% 1.000
Fluoroquinolones Norfloxacin (NOR) 5.9% 3.1% 0.682
Phenicols Chloramphenicol (C) 7.4% 6.2% 1.000
Folate pathway inhibitors Trimethoprim-sulfamethoxa- 7.4% 24.6% 0.014%
zole (SXT)
Quinolones Nalidixic acid (NA) 13.2% 18.5% 0.476
Tetracyclines Tetracycline (TE) 25.0% 20% 0.407
First-generation cephalosporins Cephalothin (KF) 33.8% 41.5% 0.371
Cefazolin (KZ)* 5.9% 6.2% 1.000
Penicillins Amoxicillin (AML) 88.2% 93.8% 0.369

“The disc diffusion test was only performed in the 51 KF resistant isolations. n =total of resistant isolates. p <0.05

effluents (p>0.05) (Table 2). Furthermore, we deter-
mined that 22.6% of the isolates (n=230) were classi-
fied as multidrug-resistant strains showing resistance
from three up to seven different antibiotics. The most
common phenotype in effluents was combined resist-
ance to AML-NA-SXT. The most complex resistance
phenotype in effluents was AML-KF-KZ-CTX-TE-
CN-STX phenotype; meanwhile, in influents, it was
AML-KF-TE-NOR-NA-AK-SXT. In total, 17 differ-
ent multidrug-resistant profiles were described, as
shown in Table S3.

3.3 Detection of Antibiotic Resistance Genes

All 30 multidrug-resistant isolates were confirmed
as E. coli by 16S rRNA. According to the ERIC-PCR
method, these isolates were clustered into 15 clonal
groups (Fig. 1). Complete ERIC-PCR electropho-
resis results can be seen in Supplementary Material
(Fig. S1). The presence of class 1 and 2 integrons
was confirmed (Table 3). Also, four out of five stud-
ied antibiotic resistance genes were detected, except
the bla,y, gene. It should be noted that the pheno-
type and genotype profiles for isolates belonging to
the same clone may differ, as seen in Table 3, except
for 4 isolates. Also, the genotypic profiles are shown
in Table S3, where the blaTEM, sull, sulll, intll,
and fetA genotype was the most common in effluents
of the 18 different profiles found in multi-resistant
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bacteria. This genotype was mainly present in efflu-
ents of WWTP 1.

Of the thirty multi-resistant isolates, 26 were
unique regarding phenotype and genotype. blaTEM
was present in 19 isolates, of which 16 also had sull,
16 sulll, and 14 tetA, and 15 had at least one intl gene.
Five isolates show a sul gene without intl. There are
no differences in the presence of these between influ-
ents or effluents.

3.4 Resistance Transfer Determination

Of the donor strains assessed, 100% generated suc-
cessful transconjugants with NA and AMP resistance
phenotype. Resistance to AML (8/8) and SXT (4/4)
was identified in all cases according to the donor
strain (Table 4). Furthermore, it was possible to iden-
tify the resistance genes present in the donor strain in
the transconjugant bacteria.

4 Discussion

The role of WWTPs in multidrug-resistant bac-
teria and resistance genetic determinant dissemi-
nation and their impact on the environment of
Central America has yet to be well studied, with
just a handful of studies carried out in the region
(Amaya et al., 2012). In this study, the frequency of
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Fig. 1 Dendrogram of 30 multiresistant E. coli isolates from two WWTP

resistance phenotypes observed was consistent with
the use of antibiotics in Costa Rica. Particularly,
penicillin resistance was found in 88.2% of influ-
ent isolates. Penicillins are nowadays the most used
antibiotics by the Costa Rican population, followed
by other beta-lactam molecules, tetracyclines, and
sulfonamides (World Health Organization, 2018).
Other studies in the Latin American region show
lower resistance rates in domestic sewage were
reported, but high rates were found in hospital sew-
age systems from Ledn, Nicaragua (Amaya et al.,
2012). In Mexico, lower penicillin resistance rates
(lower than 25%, n=200) have been found in waste-
water plant effluents, while this study found 93.8%
(n=133) of resistance in the same matrix. This is
despite the fact that in both countries, beta-lactams
are the most prescribed antibiotics. These differ-
ences could be due to decreased selective pressure,
poor resolution of the methods, or dilution effects
(Rosas et al., 2015).

Regarding molecular characterization within
clonal groups, E. coli clones may have different phe-
notypes but similar genotypes (Aristizabal-Hoyos
et al., 2019). Therefore, it is necessary to study both
clonal relationships and resistance profiles to observe
these events. Six of the 15 different multidrug-resist-
ant clones (with one or more isolates) identified
in this study were isolated from WWTP effluents.
Also, even in the same clone, different genotypes and
phenotypes were identified in our study, as seen in
Table 3, where different highly related strains isolated
from the same sample presented a core of antibiotic
resistance genes and phenotypes. For instance, clone
1.3 isolated from WWTP 1 in different months shares
blayp, sulll, and intl] genes and AML, KF, and NA
resistance. However, despite their close genetic rela-
tionships within the clone, each strain can gain or lose
resistance determinants and change its phenotype.
This event suggests a dynamic transfer environment
within WWTPs and the presence of mobile genetic
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Table 3 Antibiotic resistance genotype, phenotype, and ERIC profile of Escherichia coli multidrug-resistant isolates recovered from
two wastewater treatment plants (WWTP) in Costa Rica

Isolation source ERIC profile ~ Multidrug- Antibiotic resistance
resistant isolate
Genotype profile Phenotype profile
Influent of WWTP1 ~ WWTP1.4 A642-3 blaygy, sull, sul2, intll, tetA AML, KF, KZ, C, TE
A642-4 blapgy, sul2, intll, tetA
A642-5 blargy, sull, sul2, intll, intl2, tetA
WWTP1.5 A642-2 blargy, sull, sul2, intl2, tetA AML, C, TE
WWTPI1.6 A642-1 blargy, sull, sul2, intll, intl2, tetA AML, KF, KZ, C, TE, NA
Effluent of WWTP1 WWTPI.1 A653-3 sul2, tetA AML, TE, SXT
WWTP1.2 A653-1 sull, sul2, intll, tetA
WWTP1.3 A1517-5 blagyy, sull, sul2, intl], tetA AML, KF, KZ, CTX, TE, CN, SXT
A1527-1 blaygy, sul2, intll AML, KF, NA
A1527-5 blaygy, sull, sul2, intll, intl2
A653-5 blaygy, sull, sul2, intll, tetA AML, KF, KZ, TE, SXT
A653-2
A653-4 AML, KF, TE, SXT
Influent of WWTP2 ~ WWTP2.2 A1538-2 blargy, sull, intl2, tetA AML, TE, NA
A1538-3 blaygy, sull, tetA AML, TE, NA
WWTP2.5 Al176-1 sull, sul2, intl1 AML, KF, AK
WWTP2.7 A1156-3 blaygy, sull, sul2, intll, intl2, tetA  AML, KF, TE, NOR, NA, AK, SXT
A1156-5 sull, sul2, intll, intl2, tetA AML, TE, NOR, NA, SXT
WWTP2.8 A1156-1 sull, sul2, intl2, tetA AML, KF, TE, NOR, NA, SXT
A1156-2
Effluent of WWTP2 ~ WWTP2.1 A1539-1 blargy, sul2 AML, KF, TE, NOR, NA, SXT
WWTP2.3 A1167-5 blargy, sull AML, NA, SXT
WWTP2.4 A1529-2 blargy, sull, sul2, tetA AML, KF, KZ, C, TE, NA, SXT
A1529-3 blargy, sull, sul2, intll, tetA AML, KF, C, TE, NA, SXT
A1529-1 sul2, intl] AML, KF, C, TE, SXT
Al167-1 blargy, sull, sul2, intl] AML, NA, SXT
A1167-2
WWTP2.6 A1167-3 sull, sul2, intl1 AML, NA, SXT
Al167-4
WWTP2.9 A655-5 blargy, sull, sul2, intll, tetA AML, KF, TE, NOR, NA, SXT

elements both in influents and effluents, as we con-
firmed with the conjugation test. Therefore, as both
effluents of the WWTPs discharge in surface water
bodies without further disinfection processes, in this
scenario, they can contribute to the spread of transfer-
able resistant determinants into aquatic environments.

Even though this study’s genotyping method was
not extensive, this phenomenon was still observed.
Methods, such as multilocus sequence typing
(MLST), are recommended and widely used for this
purpose, but ERIC-PCR assays were compatible with
both the aim of this study and our available resources.

@ Springer

Therefore, future studies should use MLST-based
analyses to standardize strain identification whenever
possible.

Further analysis of the genotypical results obtained
from the thirty multidrug-resistant isolates, all pos-
sessed a gene associated with resistance to sulfona-
mides: 12% carried only sull, 20% carried only sulll,
and 68% carried both. Using the CARD database
(Alcock et al., 2022), of the WGS sequences depos-
ited at NCBI for E. coli, the sull gene is present in
17% and sulll in 23%. This study’s overall frequen-
cies in multidrug-resistant strains were 80% and
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Table 4 Antibiotic resistance genotype and phenotype of Escherichia coli transconjugant isolates recovered from multidrug-resist-
ant isolates obtained from two wastewater treatment plants (WWTPs) in Costa Rica

Transconjugant Multidrug-  Isolation source Antibiotic resistance
isolate resistant
donor Genotype profile Phenotype profile
Transconjugant Donor Transconjugant Donor
A642-2 TC A642-2 Influent blaggy, sull, sul2,  blagg, sull, sul2, NA, AMP, AML AMP, AML
intl2 intl2
A642-3 TC A642-3 sull, sul2, intl2 blapgy, sull, sul2, NA, AMP, AML  AMP, AML
intl2
A642-4 TC A642-4 sul2, intll sul2, intll NA, AMP, AML AMP, AML
A642-5 TC A642-5 sull, sul2, intI2 sull, sul2, intll, NA, AMP, AML AMP, AML
intl2
A653-2 TC A653-2 Effluent sull, sul2 blargy, sull, sul2, NA, AMP, AML, AMP, AML, SXT
intll SXT
A653-4 TC A653-4 blargy, sull, sul2, blarg,, sull, sul2, NA, AMP, AML, AMP, AML, SXT
intl] intl] SXT
A1517-5TC Al1517-5 sull, sul2, intl] sull, sul2, intl] NA, AMP, AML, AMP, AML, SXT
SXT
A1529-1 TC A1529-1 sul2, intll sul2, intll NA, AMP, AML, AMP, AML, SXT
SXT

88%, respectively. Regarding the other genes stud-
ied, blagg,.; is present in 22% and tetA in 21% of
the E. coli reported in the CARD database; mean-
while, in this study, those genes were present in 72%
and 68% of the multi-resistant isolates, respectively.
When interpreting these data, as they are multi-resist-
ant, they are expected to have higher frequencies of
resistance and more mechanisms of horizontal gene
transfer.

All isolates from effluents were STX® and had
functional sul genes. Isolates from influents also
were positive for sul genes, but 66% of the multi-
resistant isolates from influents were susceptible to
SXT despite carrying one or both of these markers.
Previous reports confirmed the presence of sulfona-
mides in both WWTP influents and effluents from
other wastewater plants in Costa Rica (Ramirez-
Morales et al., 2020). Sulfonamides or similar mol-
ecules may have a selective pressure for functional
genes in WWTPs. Fazel et al. (2019) also reported
a higher prevalence of sulfonamide-resistant genes
than phenotypic resistance. sull genes are generally
associated with class I integrons by their presence
as part of a conserved 3’-CS region (Deng et al.,
2015; Jiang et al., 2019), but not exclusively, as
Table 3 shows. The observed antibiotic susceptibil-
ity in these isolates is possible when the promoter

variant located at the 5'CS position of the integron
is weakly expressed and mediates poor transcription
of the cassettes (Moura et al., 2012). Also, when
the cassettes are far from intl, there is a lower tran-
scription and translation rate (Boucher et al., 2007).
Moreover, mutated genes encoding no functional
proteins do not confer resistance to SXT, (Homma
et al., 2002), reversing the resistant phenotype.

On the other hand, sulfonamide resistance genes
were transferred successfully even in the absence
of the intll gene (M. Dominguez et al., 2019). This
result has also been described previously in clini-
cal isolates (Gilindogdu et al., 2011). However, it
is more likely that sull resides on other mobile
genetic elements because of that conjugation capac-
ity. In our study, 16 of 18 isolates with the ferA
gene also had sulll, which aligns with the associa-
tion between sull and ISCR elements and co-trans-
ference between fetA and sulll genes (Jiang et al.,
2019). Interestingly in this study, even strains with-
out resistance to SXT but with sull or sulll genes
could transfer these genes, and those transconju-
gant strains were also susceptible, supporting pre-
vious suggestions. Similar differential expression
occurred with two blayp,,-positive isolates (A642-2
and A1167-1), with no consistent phenotype with
beta-lactam resistance.

@ Springer
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Multidrug-resistant enterobacteria isolated from
WWTPs have also been identified as carrying
B-lactam resistance determinant genes like blayy,
blargy, blagyy, and/or blacrx-, indicating that
these sites are conducive to their storage, release,
and lateral transmission. The bla;p, gene is eas-
ily disseminated among enterobacteria and consti-
tutes a risk of horizontal transmission in WWTPs
(Korzeniewska & Harnisz, 2013). In this study, 19
of 26 isolates with unique genotype—phenotype
were positive for this extended-spectrum beta-lacta-
mase gene. It was also possible to demonstrate the
bacterial capacity to carry this out with the bla;g,
gene (Table 4).

Similar phenotypes and genotypes (Table S3)
were found in both influents and effluents within
WWTP, with significant enrichment just in the
phenotypic sulfonamide resistance and a tendency
to increase for beta-lactamics in effluents at phe-
notypical level (Tables 2 and 3). It is reported that
the activated sludge WWTPs have limited effect in
removing ARGs (Uluseker et al., 2021) and poor
removal efficiencies for fecal indicators (Table S1).
This suggests that WWTPs can be reservoirs and
hotspots for the enrichment and potential transfer-
ence of functional genes that enter the wastewater
system.

These results show that multidrug-resistant micro-
organisms can be released from WWTP effluents. As
mentioned, both WWTP’s effluents discharge in sur-
face water bodies without further disinfection steps,
which contributes to spreading resistant determinants
in the environment. Furthermore, we found functional
elements of mobile resistance in conjugation assays
and differential expression and genotype of resist-
ance genetic determinants even in closely related
strains, suggesting a highly dynamic genetic pool
within WWTPs that is released into the surrounding
natural environment. Knitting these biological phe-
nomena with removal efficiencies of conventional
activated sludge technology, the disposal of effluents
in receiving water bodies or their reuse, and the lack
of legislation regarding ARGs present in discharges
(Mohammadali & Davies, 2017) presents a worri-
some scenario for the spread of resistance in develop-
ing economies such as Costa Rica and other countries
which are not contemplating this emerging pollutant
and its impact in the environment and thus, human
health.
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