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Zimapan dam in Mexico, a reservoir of extended-spectrum-
beta-lactamase-producing bacteria and arsenic resistance
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Description of the subject. In aquatic environments, prolonged exposure to heavy metals and/or antimicrobials selects for
resistant bacteria, increasing the health risk for the population.

Objectives. To evaluate antimicrobial and arsenic (As) resistance, presence of addiction systems and biofilm production in
Gram-negative bacilli isolated from the Zimapan dam.

Method. Surface water was sampled from 10 sites in the western area of the dam. CHROMagar™ ESBL and mSuperCARBA™
plates were used to isolate fermenting (FGB) and non-fermenting (NFGB) Gram-negative bacilli resistant to beta-lactams and
carbapenems, respectively. Resistance was verified by the agar-diffusion method and double-disk synergy test. Genes for
extended spectrum beta-lactamases (ESBL), carbapenemases and addiction systems were detected by PCR. Biofilm production
and resistance to As and/or cefotaxime (CTX) were measured by spectrophotometry. The tolerance As was determined by
serial dilution in LB agar adding variable concentrations of Na,AsO,.

Results. Of 47 beta-lactams resistant strains, 77.5% produced ESBL, with blaCTX-M (38% and 62%) and blaTEM-2 (41%
and 51%) genes being detected in pisciculture and recreational areas, respectively. Significant resistance to imipenem and
meropenem was detected, although no carbapenemase genes were detected; relE, pnd, ccdA, and vagC addiction system genes
were the most frequent. Nineteen strains showed resistance up to 183 ppm of Na,AsO,, 11 strains at 400 ppm and 3 strains up
to 2,000 ppm. Biofilm production was detected in 83% of the strains.

Conclusions. Contamination of the Zimapan dam with multidrug-resistant, biofilm-forming, As- and CTX-tolerant bacteria
with different plasmid addiction systems requires urgent prevention and environmental control strategies.

Keywords. Environmental microbiology, public health, water quality, heavy metal contamination, waterborne pathogens,
multidrug resistance, plasmids.

Barrage de Zimapan au Mexique, réservoir de bactéries productrices de béta-lactamases a spectre étendu et de
résistance a I’arsenic

Description du sujet. En milieu aquatique, une exposition prolongée aux métaux lourds et/ou aux antimicrobiens sélectionne
des bactéries résistantes, augmentant ainsi le risque pour la santé de la population.

Objectifs. Evaluer la résistance aux antimicrobiens et a 1’arsenic (As), la présence de systémes de dépendance et la production
de biofilm dans les bacilles a Gram-négatif isolés du barrage de Zimapan.

Méthode. Des échantillons d’eau de surface ont été prélevés sur 10 sites dans la zone ouest du barrage. Des plaques
CHROMagar™ ESBL et mSuperCARBA™ ont été utilisées pour isoler des bacilles a Gram-négatif fermentant (FGB) et non
fermentant (NFGB) résistants aux béta-lactamines et aux carbapénemes, respectivement. La résistance a été vérifiée par la
méthode de diffusion sur gélose et le test de synergie double disque. Les génes des béta-lactamases a spectre étendu (BLSE),
des carbapénémases et des systemes de dépendance ont été détectés par la réaction en chaine par polymérase. La production
de biofilm et la résistance a I’ As et/ou au céfotaxime (CTX) ont été mesurées par spectrophotométrie. La tolérance a I’As a été
déterminée par des dilutions en série sur de la gé€lose LB en ajoutant diverses concentrations de Na,AsO,.

Résultats. Sur 47 souches résistantes aux béta-lactamines, 77,5 % produisaient des BLSE, les génes blaCTX-M (38 % et
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significative a I’imipénéme et au méropéneme a été détectée, bien qu’aucun géne de carbapénémase n’ait été détecté. Les
geénes du systeme addictif relE, pnd, ccdA et vagC étaient les plus fréquents. Dix-neuf souches ont montré une résistance
jusqu’a 183 ppm de Na,AsO,, 11 souches jusqu’a 400 ppm et 3 souches jusqu’a 2000 ppm. La production de biofilm a été

détectée dans 83 % des souches.

Conclusions. La contamination du barrage de Zimapan par des bactéries multirésistantes, formant un biofilm, tolérantes a
I’As et au CTX avec différents systeémes de dépendance aux plasmides nécessite des stratégies urgentes de prévention et de

contrdle environnemental.

Mots-clés. Microbiologie environnementale, santé publique, qualité de I’eau, métaux lourds, contamination, pathogénes
d’origine hydrique, résistance aux médicaments multiples, plasmide.

1. INTRODUCTION

In Mexico, the Zimapan dam maintains recreational
and pisciculture areas with species of tilapia, carp,
and bass (Figure 1) (Flores, 2017). Contamination
of this dam by arsenic (As) has been reported in
the water and sediments (Armienta et al., 1997,
Armienta et al., 2001; Mendez & Armienta, 2003;
Perez et al., 2003; Pérez, 2004; Osuna-Martinez
et al., 2021), while population monitoring showed
risks of cardiovascular disease by exposure to As
in children and residents from the Zimapan region
(Torres-Arellano et al., 2020). Microorganisms can
adapt to different levels of As concentration (Mellado
et al., 2011; Munoz-Silva et al., 2019). This selective
pressure causes the development of chromosomal
or plasmid mechanisms for decontamination and/
or tolerance to As, which has been reported to be
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Figure 1. Map of the Zimapan dam showing the sampling
sites. Sites 1-3 are in the hot springs (recreational zone), sites
4-7 are located along the central part of the dam, and sites
8-10 are located around the fish farms — Carte du barrage
de Zimapan montrant les sites d’échantillonnage. Les sites 1
a 3 sont situés dans les sources chaudes (zones de loisirs), les
sites 4 a 7 sont situés le long de la partie centrale du barrage
et les sites 8 a 10 sont situés autour des piscicultures.

linked to antimicrobial resistance (Kaur et al., 2011).
In this sense, chromosomal genes arsRBC of the
arsenic operon have been reported in Pseudomonas
aeruginosa, thereby conferring increased resistance to
sodium arsenate and sodium arsenite (Prithivirajsingh
etal.,2001). In addition, bacterial plasmids conferring
arsenic resistance encode specific pumps that extrude
arsenite (AslIl). In Gram-negative bacteria, the efflux
pump consists of a complex formed by an ATPase
(ArsA) associated with a membrane anion channel
(ArsB). Furthermore, arsenate (AsV) is converted
to arsenite by a soluble reductase (ArsC). Proteins
ArsB and ArsC, but not the ATPase, are also found
in Gram-positive bacteria (Cervantes, 1995). The
transformation of As as a bacterial defense mechanism
and its association with the production of biofilms
provides a suitable environment for fish pathogens
to resist antimicrobial treatments (Cai & Arias,
2017; Pandey & Kumar, 2021). The prophylactic and
metaphylactic use of antimicrobials in aquaculture
is associated with resistance because they are not
specific to aquaculture and persist and spread in the
aquatic environment (Cabello, 2006; Burridge et al.,
2010; FAO, 2017), promoting co-resistance and
cross-resistance in human pathogens (Kerry et al.,
1996; Rhodes et al., 2000; Furushita et al., 2003;
EMA, 2014). In Mexico, the most used antibiotics
in aquaculture to counteract infections by bacteria
of the genus Vibrio are oxytetracycline, florfenicol,
ormethoprim - sulfamethoxazole, sarafloxacin and
enrofloxacin (Santiago et al., 2009). Aquaculture
systems are ‘“‘genetic reactors” of new resistance
profiles and genetic exchange (Sgrum, 2008; Cabello
et al., 2013; Watts et al., 2017). In sediments, bacteria
have shown to possess plasmid-coded beta-lactamases
(Sousa et al., 2011; Yang et al., 2013; Czekalski
et al., 2014; Chen et al., 2015) or plasmid addiction
systems that remain in the bacteria even in the absence
of selection (Tsang, 2017), this shows the need to
evaluate antimicrobial resistance in the Zimapdn
dam, as well as to characterize the capacity of biofilm
formation of the resistant isolates. The obtained data
will be helpful for designing prevention measures in
areas where pisciculture, recreational activities and
water consumption are carried out.
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2. MATERIALS AND METHODS

2.1. Sampling and isolation of bacterial strains

The Zimapan dam is located in the so-called Infiernillo
canyon, formed mainly by the San Juan and Tula rivers,
spilling out to form the Moctezuma River (Figure 1).
The dam floods land in the municipalities of Zimapan,
Tasquillo and Tecozautla, in the state of Hidalgo, and
the municipality of Cadereyta de Montes in the state
of Querétaro. The dam has an approximate area of
2,600 ha, is elongated and has an exit (arch) in the
center. Fishing and aquaculture activities are among the
productive activities carried out around the Zimapan
dam, followed by agriculture and recreational areas.

For this study, surface water was sampled from
10 sites along the western zone (Figure 1), numbered
from upstream (site 1) to the central outlet (site 10).
Sites 1-3 are in the hot springs (recreational zone), sites
4-7 are located along the central part of the west side,
with higher agricultural activities, and sites 8-10 are
where the fish farms are located.

For the intake of surface water, the protocol
established by the Mexican standard NMX-AA-042-
SCFI-2015 for WATER ANALYSIS was followed
(https://www.gob.mx/cms/uploads/attachment/
file/166147/nmx-aa-042-scfi-2015.pdf),  but  the
amount of water obtained was increased (500 ml,0.5 m
depth). Surface water taken from all sampling locations
were placed in preprepared sterile glass bottles and
stored in a refrigerator at 4 °C as soon as possible for
processing within 24 h. All water samples were plated
on MacConkey Agar to detect Gram-negative bacilli
as biomarkers of dam water quality (Rios-Tobén
etal.,, 2017) and grouped as fermenting (FGB) and
non-fermenting (NFGB) Gram-negative bacilli. The
quality of the water samples was classified according
to what was reported by Mufioz-Rojas et al. (2016):
A; completely satisfactory (0 Colony Forming Unit-
milliliter' [CFU-ml']), B; satisfactory and represents
low risk (1-10 CFU-ml", C; marginally unsatisfactory
(10-100 CFU-ml"), D; unsatisfactory with high risk
(100-1,000 CFU-ml "), E; unacceptable with very high
risk (> 1,000 CFU-ml").Subsequently, each bacterial
isolate was grownin LB broth (Luria Bertani),incubating
for 24 h at 37 °C.They were then grown in chromogenic
and selective culture media of CHROMagar™ ESBL
and mSuperCARBA™ | to detect bacteria resistant to
beta-lactams and carbapenems, respectively, following
the manufacturer’s specifications.

2.2. Phenotypic detection of Extended Spectrum
Beta-Lactamases (ESBL)

The agar diffusion method was used to evaluate
resistance to the following antimicrobials: ceftazidime

(30 ug) [CAZ] and cefotaxime (30 pg) [CTX], both with
or without clavulanic acid (10 yg) [CLA], meropenem
(10 ug) IMEM] and imipenem (10 ug) [IMP]. A double
disk synergy test (DDST) was performed to confirm
ESBL. A difference greater than or equal to 5 mm in
inhibition halos between CAZ-CLA and CAZ discs or
between CTX-CLA and CTX was interpreted as positive.

2.3. Detection of antimicrobial resistance genes
(ARGsS)

Genomic DNA was extracted using the Wizard Genomic
kit (Promega), following the manufacturer’s instructions.
PCR was performed for the detection of the ESBL genes
blaSHV (encodes for a 3-lactamase enzyme known as
SHV [sulfhydryl variable]), blaTEM (encodes for a
[-lactamase enzyme known as TEM [Temoneira]), and
blaCTX-M (encodes for a 3-lactamase enzyme known as
CTX-M [cefotaximase]) (Galani et al., 2002; Aarestrup
etal.,2003; Edelstein et al., 2003). In addition, Multiplex
PCR was performed for the amplification of the following
genes that confer resistance to carbapenems: blaVIM
(encodes for a metallo--lactamase enzyme known as
VIM [Verona integron-encoded metallo-f3-lactamase]),
blaOXA (encodes for an oxacillinase enzyme),
blaIMP, blaSPM (encodes for a metallo-f3-lactamase
enzyme known as Sao Paulo metallo-f3-lactamase
[SPM]), blaNDM (encodes for New Delhi metallo-f3-
lactamase [NDM]), and blaKPC (encodes for Klebsiella
pneumoniae carbapenemase [KPC]) (Poirel et al., 2011).
The amplified products were run on 2% agarose gel,
stained with Gel Green, in 1X TBE buffer at 80 volts for
1 h, and the results were analyzed on the iBright CL1000.

2 4. Characterization of plasmid addiction systems

Plasmid DNA was extracted using the Purelink™
Quick Plasmid Miniprep Kit (ThermoFisher Scientific)
according to the manufacturer’s specifications. Five
genes of plasmid addiction systems regulated by protein-
antitoxins were amplified by PCR: pemK (plasmid
emergency maintenance),ccdA/B (coupled cell division),
relB/E (relaxed control of stable RNA synthesis), parD/E
(encode the antitoxin Peml identical to Kis, killing
suppressor), vagC/D (virulence-associated protein), and
three plasmid systems regulated by antisense RNA: hok/
sok (host killing and suppression of killing genes from
plasmid), srnB/C (stable RNA degradation) and pndC/A
(promotion of nucleic acid degradation) (Mnif et al.,
2010).

2.5. Characterization of As and beta-lactam
tolerance

The tolerance was determined by serial dilution in a
plate with LB agar adding variable concentrations of
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Na3AsO2 [sodium arsenite] (25; 50; 100; 150; 183;
400; 600; 1,200; 1,400; 1,600; 1,800 and 2,000 ppm).
The bacterial cultures were plated at 0.5 McFarland.
LB plates without As were inoculated to be used
as controls. They were incubated at 37 °C for 72 h
(Campos et al., 2007).

To measure the effect on bacterial growth with
cefotaxime and Na,AsO,, the optical density was
measured in 96-well plates (absorbance at 520/540 nm
in X-Mark BioRad spectrophotometer). The strains
were placed in LB broth with cefotaxime (300 ug-
ml') and As (400 ppm), As alone, cefotaxime alone,
and with neither of those components and the optical
density was measured every 2 h for 24 h. Each strain
was cultivated in duplicate, and negative controls were
mounted on each plate.

2.6. Production of biofilm

The production of biofilm was assessed according to
Kwiecinska-Pirog et al. (2020). Overnight cultures
of the strains (2 uL) were added to TSB (Tryptic
Soy Broth) supplemented with 1% glucose (198 uL).
The biofilm was quantified by measuring the optical
density after staining by crystal violet at 570 nm. The
P. aeruginosa strain (M-PAO1) was used as a positive
control, and sterile broth culture as a negative control
to verify sterility and non-specific binding. The cut-
off point was calculated using the negative control
(NC), considering negative strains those with values
< average (0.084) + 30 (0.007) of the negative control
and biofilm producers with values > than the cut-off
(0.106).

3.RESULTS

In 10 sampled sites in the Zimapan dam, 47 strains were
identified as resistant to beta-lactams, of which 68%
(32/47) were FGB, and 32% (15/47) were NFGB. The
distribution of these 47 strains was not homogeneous
along the sampling site (Figure 2), with the largest
number of strains found in the middle of the west dam
(sites 4-6), where most of the agricultural activities
around the dam is taking place.

Of these 47 resistant strains, 77.5% were positive
for ESBL by CHROMagar™ ESBL and DDST, which
coincides with a high frequency of resistance to CAZ
and CTX (Figure 3a) and a high frequency of genes
blaCTX-M y blaTEM-2 genes (Figure 3b). Significant
resistance to imipenem and meropenem was found
in these strains (Figure 3a), although the studied
carbapenemase genes were not found. In addition, 38%
of strains carrying blaCTX-M and 41% of blaTEM-2
were located in the pisciculture area (around and
inside cages). The remaining 62% of blaCTX-M- and
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Figure 2. Distribution of the strains identified as resistant
to beta-lactams in the different sampling sites of the
Zimapan Dam — Répartition des souches identifiées comme
résistantes aux béta-lactamines dans les différents sites de
prélévement du barrage de Zimapan.
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Figure 3. Frequency of antimicrobial resistance and
addiction system: a. phenotypic resistance to 3% generation
of cephalosporins, carbapenems and ESBLs; b. frequency
of antimicrobial resistance genes and plasmid addiction
genes — Fréquence de la résistance aux antimicrobiens et
des systemes d’addiction : a. résistance phénotypique aux
céphalosporines de 3¢ génération, carbapénémes et BLSE ;
b. fréquence des genes de résistance antimicrobiens et des
genes de dépendance aux plasmides.
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51% of blaTEM-2-carrying bacteria were found in the
recreational area.

The isolated bacteria presented different plasmid
addiction systems in both areas, with relE, pnd, ccdA,
and vagC being the most frequent (Figure 3b). Of these,
41%, 33%, 53%, and 46%, respectively, were found in
pisciculture areas, while 51%, 67%, 47%, and 54% of
these genes, respectively, were found in the recreational
area. Only 8% of the plasmid addiction system relE
were found in the strains from the central sites of the
west dam.

Many of the strains showed resistance up to 183 ppm
of As (19 strains), but a smaller proportion grew still
at 400 ppm (11 strains), with 3 strains withstanding
up to 2,000 ppm (Figure 4). FGB showed a different
growth pattern than the NFGB in the negative controls
(Figure 5a and Figure 6a), but the growth pattern was
affected under the effect of either or both As and CTX.
Nevertheless, the strains showed very slow growth in
both groups of bacteria at an early phase, after 8-12 h
of incubation, the strains started to adapt and increase
their growth, reaching significant levels, with optical
densities 1.0-1.4 for FGB (Figures 5b and Sc¢), and 1.1-
1.6 for NFGB (Figure 6b and 6¢), showing, first that
when exposed to these compounds, the bacteria is able
to turn on mechanisms that let them not only survive but
even grow up to significant densities, and second, that all
of the strains isolated for being resistant to beta-lactams
(as seen in the presence of CTX) are also resistant of As,
which was not used for selecting these bacteria, showing
aclear association between both types of resistance. The
worse inhibition was seen when both compounds were
present (Figure Sd and Figure 6d), which could be
affecting the bacteria at multiple systems, making their
growth slower, although, not killing them.

Number of strains

O O 0 OO D O OIS POPO D
POLEEE SR LSS
NG SONY AT Q0

Maximum As concentration (ppm)

Figure 4. Capacity of As resistance at increasing
concentrations amongthe 47 isolated strains. Bars are showing
the number of strains still able to grow at each particular As
concentration — Capacité de résistance a l’arsenic a des
concentrations croissantes chez les 47 souches isolées. Les
barres indiquent le nombre de souches encore capables de
croitre a chaque concentration particuliere d’As.

Regarding the production of biofilm, 83% (39/47)
of the strains presented biofilm production (Figure 7),
showing very similar proportions in both groups but
observing more variations in the optical densities in the
NFGB.

4. DISCUSSION

Antimicrobial resistance is a public health challenge in
the Zimapan dam, where recreational and aquaculture
activities are carried out in an environment contaminated
with multiresistant bacterial strains that carry ESBL
and are tolerant to As. The World Health Organization
establishes Enterobacteria and NFGB resistant to
third generation cephalosporins and carbapenems as a
critical priority (Cherak et al., 2021). This problem in
Zimapan could be due to sublethal concentrations of
antibiotics and As that creates a selective environment
for resistance. Trace levels of antibiotics are reported
worldwide in surface waters due to high human and
veterinary use of antimicrobials that are inefficiently
eliminated in wastewater (Jonkers et al., 2020).

Various types of plasmids are associated with ESBL
in humans, animals, and the environment (Cottell et al.,
2011; Dhanji et al., 2011a and 2011b; Randall et al.,
2012), but their spread along the Zimapan dam could be
explained by the presence of different plasmid addiction
systems in the tested strains, coinciding with Doumith
et al. (2012) who reported that ESBLs encoded by
transformable, multiresistant plasmids and with multiple
addiction systems, favors their spread and maintenance
in the environment.
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Figure 7. Detection of biofilm production in the studied
strains by the staining technique — Détection de la
production de biofilm dans les souches étudiées par la
technique de coloration.
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Figure S. Growth curves of the FGB strains isolated in this study: a. LB broth, b. LB broth + Na,AsO, (400 ppm), ¢. LB
broth + cefotaxime (300 zg-ml™), d. LB broth + Na,AsO, (400 ppm) + cefotaxime (300 yg-ml") — Courbes de croissance
des souches FGB isolées dans cette étude : a. bouillon LB, b. bouillon LB + Na AsO, (400 ppm), c. bouillon LB + céfotaxime
(300 pg-ml'), d. bouillon LB + Na AsO2 (400 ppm) + céfotaxime (300 pg-ml”).

Bacterial survival in environments contaminated in non-toxic compounds, which results in the form
with As such as Zimapan implies that bacteria use metal of remediation of contaminated sites. However,
ion pumping mechanisms encoded in chromosomes tolerance to heavy metals, like As, has been correlated

and/or plasmids, in addition to transforming the ions to antimicrobial resistance and could become a worse



298 Biotechnol. Agron. Soc. Environ. 2023 27(5), 292-301

NFGB Control

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Optical density

0 4 8 12 24 36
Time (h)

NFGB CTX

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Optical density

0 4 6 8 10 12 16 20 24 28 32 36
Time (h)
—732B — 73.3B1 — 73.3B2
—742B — 745B —751B

— 76.2B — /6.3B — 76.4B1
. 76.4B2 e /6.6B Z9.1B

NFGB Arsenic

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Optical density

0 4 6 8 10 12 16 20 24 28 32 36
Time (h)

NFGB Arsenic + CTX

1.8
1.6
1.4
1.2
1.0
0.8
0.6

0.4
0.2
0.0

Optical density

0 4 6 8 10 12 16 20 24 28 32 36
Time (h)

Figure 6. Growth curves of the NFGB strains isolated in this study: a. LB broth, b. LB broth + Na,AsO, (400 ppm), ¢. LB
broth + Cefotaxime (300 ug-ml"), d. LB broth + Na,AsO, (400ppm) + Cefotaxime (300 ug-ml") — Courbes de croissance des
souches NFGB isolées dans cette étude : a. Bouillon LB, b. Bouillon LB + Na ,AsO, (400 ppm), ¢. Bouillon LB + Céfotaxime
(300 ug-ml'), d. Bouillon LB + Na,AsO, (400 ppm) + Céfotaxime (300 pg-ml").

threat to the treatment of infections in plants, animals,
and humans (Kaur et al., 2011).

Another interesting aspect is the formation of biofilm
in the Zimapan strains, which allows the coexistence of
micro niches with different physiological requirements,
where contaminants interact, having a high accumulation

capacity of heavy metals from the surrounding
environment, being able to actively influence their
absorption, desorption, and transformation that
determine the fate of As in the environment (Barral-Fraga
et al., 2018). In addition, biofilm-associated bacteria
are highly resistant to antibiotics, and efflux pumps are
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widely implicated in antibiotic resistance because they
can expel most clinically relevant antimicrobials but
also play a role in biofilm formation (Alav et al., 2018).

5. CONCLUSIONS

This preliminary study shows the presence of
multidrug-resistant bacteria, tolerant to As and
CTX and able to form biofilm in the Zimapan dam,
evidencing the need for a multidisciplinary approach
to propose control and prevention strategies for public
health problems that may arise from agriculture, fish
farming and recreational activities that are held in this
dam. The problem is even worse knowing that the
water of the dam is used for human consumption.

The regular monitoring of the presence of resistant
bacteria, the detection of antimicrobials and heavy
metals, like As, are needed to make a more detailed
evaluation of this problem. Also, restrictive measures
in the use of antimicrobials by the farmers and fish
farmers are needed, as well as education interventions
in the communities surrounding the dam, are necessary
for everyone to be part of the solution.
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