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Treatment Plants and Their Effluents,
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Several physicochemical and season factors have been related to the abundance of
antibiotic resistance genes (ARGs) in wastewater treatment plants (WWTPs), considered
hotspots of bacterial resistance. However, few studies on the subject have been carried
out in tropical countries endemic for resistance mechanisms such as blakpc. In this study,
the occurrence of ARGs, particularly blakes, was determined throughout a WWTP, and
the factors related to their abundance were explored. In 2017, wastewater samples were
taken from a WWTP in Colombia every 15 days for 6 months, and a total of 44 samples
were analyzed by quantitative real-time PCR. sull, sul2, blaxpc, and ermB were found to
be the most prevalent ARGs. A low average reduction of the absolute abundance ARGs in
effluent with respect to influent was observed, as well as a greater absolute abundance of
ARGs in the WWTP effluent in the rainy season. Factors such as temperature, pH, oxygen,
total organic carbon (TOC), chemical oxygen demand (COD), and precipitation were
significantly correlated with the absolute abundance of several of the ARGs evaluated. A
generalized linear mixed-effects model analysis showed that dissolved oxygen and
precipitation in the sampling day were important factors related to the absolute
concentration of blakpc over time. In conclusion, the abundance of ARGs in the WWTP
could be influenced by endemic conditions and physicochemical and climatological
parameters. Therefore, it is necessary to continuously monitor clinical relevant genes in
WWTPs from different global regions, even more so in low-income countries where
sewage treatment is limited.

Keywords: antibiotic resistance genes, wastewater treatment plants, quantitative PCR, blakpc,
carbapenemases gene
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INTRODUCTION

Antimicrobial resistance constitutes an important and
multifactorial public health problem worldwide. Therefore, its
study and control cannot focus only on hospital institutions since
humans, animals, and various interconnected environmental
habitats can contribute to the emergence, evolution, and
spread of antimicrobial resistance (Hernando-Amado
et al., 2019).

Accordingly, other environments such as wastewater
treatment plants (WWTPs) have been considered for study
and intervention since they are one of the main receptors for
antibiotics, resistant bacteria, and antibiotic resistance genes
(ARGs) from anthropogenic activities (Berendonk et al., 2015).
Additionally, their effluents are one of the sources of these
emerging pollutants, constituting a potential risk to human
health (Hong et al., 2013; Berendonk et al., 2015; Berglund
et al., 2015). In recent years, WWTPs have been evidenced as
becoming a reflection of the problem of resistance in the
community (Sims and Kasprzyk-Hordern, 2020).

It has been described that the type of WWTP process can
have important effects on the bacterial populations present in the
water. For example, WWTPs with activated sludge technology
would accelerate the genetic exchange processes of ARGs among
bacterial populations due to the density and diversity of the
bacterial populations present. Moreover, these populations can
be selected due to the continuous contact with antibiotics and
become reservoirs of ARGs, increasing the possibility of the
appearance and dissemination of new resistance determinants
(Hong et al., 2013; Novo et al,, 2013; Yang et al., 2013).

Likewise, several studies have presented specific
characteristics of the WWTP related to physicochemical,
environmental, and even climatological variables, which seem
to influence the abundance of ARGs in the treatment plants and
their effluents (Hong et al., 2013; Novo et al,, 2013). However,
despite the advances in this regard, the great variability of factors
such as operational conditions, and the particularities of each
WWTP, makes it necessary to search, monitor, and evaluate the
abundance of ARGs in treatment plants and effluents in different
regions at a global level.

In this sense, molecular tools such as quantitative real-time
PCR (qPCR) represent great advantages by giving an
approximation of the prevalence, abundance, and
dissemination of ARGs (Allen, 2014; Berendonk et al., 2015)
that allows an approximation of bacterial resistance behavior in a
given population to be made. Additionally, the analysis of the
distribution of ARGs throughout the plant, together with the
evaluation of the physicochemical and environmental
characteristics, allows information on factors that can influence
the presence of ARGs in a particular WWTP.

In South America and particularly in Colombia, the bacterial
resistance problem is alarming, and antibiotics are used
indiscriminately by the populations. Colombia is considered
endemic for antibiotics resistance mechanisms of clinical

Abbreviations: ARG, Antibiotic resistance genes; WWTPs, wastewater treatment
plants; COD, chemical oxygen demand; TOC, total organic carbon.

relevance such as blaxpc carbapenemase production
(Munoz-Price et al., 2013). In 2005, blaxpc was detected for
the first time in hospital isolates (Virginia Villegas et al., 2006);
since then, blagpc prevalence has been increased in the hospitals,
which has limited the available therapeutic options (Mojica et al.,
2012; Munoz-Price et al., 2013). Recently, this resistance
mechanism has been reported in Gram-negative bacilli from
the WWTP evaluated in this study, evidencing its presence in
wastewater (Rodriguez et al., 2020).

Although in South America, Brazil, Chile, Argentina, and
Colombia have advanced in describing the situation of resistance
bacteria in aquatic environments (Chagas et al., 2011; Picdo et al.,
2013; de Oliveira et al., 2017; Aristizabal-Hoyos et al., 2019;
Leon-Felix et al., 2020; Rodriguez et al., 2020), only a few studies
have been carried out that quantify the occurrence and
abundance of ARGs (Santamaria, 2011; Bueno et al., 2019;
Arsand et al, 2020; Bueno et al, 2020). There are no long-
term studies that evaluated the effect or influence of the
climatological conditions of tropical countries and
physicochemical factors in the presence and abundance of
ARGs in the WWTPs and effluents, including those ARGs of
clinical importance as blagpc.

Taking the aforementioned into account, the objectives of this
work are I) to determine the presence and abundance of ARGs
for B-lactams, tetracyclines, sulfonamides, macrolides, and
quinolones in an activated sludge treatment plant and II) to
establish the stages of the treatment plant process and
environmental and climatological factors that could be related
to the presence of resistance genes and, in particular, the blaxpc
gene in the WWTP over time because blaxpc is one of the most
relevant resistance mechanisms in hospital isolates of the city
and is very important in the world.

MATERIALS AND METHODS

Place and Sample Collection

A cross-sectional study was conducted in a WWTP in Antioquia.
Wastewater entering the treatment plant is a mixture of domestic
and industrial wastewater. The average flow rate of wastewater
treated by the WWTP over 1 year is 1.8 m*/s (ca.150,000 m’/day)
with a removal efficiency of 80% biological oxygen demand and
85% suspended solids. The WWTP uses aerobic-activated sludge
process technology and effectively treats 80% of the river’s flow
that enters the plant. Due to its location, the WWTP collects
wastewater from several schools, universities, hospitals, business
offices, shops and clubs, and some industries. It processes the
wastewater of 614,410 inhabitants.

Samples were collected every 15 days over 6 months (January
to July 2017) for 11 samplings at 4 sites, totalizing 44 samples.
This period included dry and rainy seasons. The four specific
sampling sites throughout the WWTP are raw influent (RI),
aeration tank (AeT), return activated sludge (RS), and final
effluent (FE) (Figure 1). To avoid effects associated with
organic loading fluctuations, samples were collected every 15
days on the same day between 14:00 and 16:00. For each sample,
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500 ml was collected and conserved at 4°C until
laboratory analysis.

Determination of Physicochemical
Parameters and Atmospheric Conditions
The following physicochemical measurements were determined
in situ and in triplicates with the use of Multiprobe (HACH
HQ40d multi) (APHA et al, 2017): temperature (°C), pH,
conductivity (US/cm), dissolved oxygen (mg/L), and oxygen
saturation (%). Other physicochemical parameters such as total
solids (mg/L), chemical oxygen demand (COD), (mg/L), and
total organic carbon (TOC) (mg/L) were measured according to
the Standard Methods for Examination of Water and
Wastewater (APHA et al., 2017). Additionally, atmospheric
conditions such as seasons (dry and rainy) and water
precipitation were obtained from the database of the Colombia
Institute of Hydrology, Meteorology, and Environmental Studies
(IDEAM - Instituto de Hidrologia, 2017).

DNA Extraction

A volume of 200 ml of each water sample was centrifuged at 13,000
rpm (17.950 g) for 15 min before DNA extraction. The supernatants
were discarded, and the sediments were used in the extraction
(approximately 0.1 to 0.33 g depending on the sample). For DNA
extraction, the PowerSoil DNA Kit was used (Mo Bio, Carlsbad, CA,
USA) (Xiong et al., 2014). The DNA concentration and purity were
determined using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, Wilmington, DE, USA), and all DNA samples were
stored at —20°C until further analysis.

Quantification of ARGs

Quantitative PCR (qPCR) was used to quantify ARGs of clinical
importance and that have been detected in aquatic
environments, encoding resistance for beta-lactams (blagpc,
blaypms blaoxa-as, blactx-m, and blagyyy), macrolides (ermB),
sulfonamides (sull and sul2), tetracyclines (tetW), and
quinolones (gnrA). Also, the 16S rRNA gene was analyzed to
quantify total bacterial populations and normalize the
abundance of ARGs in the collected samples.

Standard curves were prepared according to Marti et al.
(2013). Each target gene was cloned into a pGEMR-T Easy
Vector (Promega Corporation, Madison, WI) and transformed
into Escherichia coli competent cells following the
manufacturer’s protocol (Promega Corporation, Madison, WI).
The amplicon-carrying pPGEMR-T Easy Vector was purified with

Return actived sludge

FIGURE 1 | The figure shows the four sampling points of the wastewater treatment plant: raw influent, aeration tank, return activated sludge, and final effluent.

QIAprep Miniprep (QIAGEN, Germany) and linearized with
Bcul (Spel) restriction enzyme (Thermo Scientific, Wilmington,
DE, USA) before use. The plasmids concentration was
determined using a NanoDrop spectrophotometer (Thermo
Scientific, Wilmington, DE, USA), and the copy number was
calculated according to Lee et al. (2006). The standard curve of
each gene was generated by 10-fold dilution of plasmids carrying
the target gene, ranging from 1 x 10” to 1 x 10" copies with three
replicates. The amplification efficiencies of the standards for 16S
rRNA and ARGs ranged between 87.5% and 104.9%. The R2
values of the standard curves for 16S rRNA and ARGs were in the
range of 0.994 to 1.

All qPCR assays were performed with the CFX96 Touch™
Deep Well Real-Time PCR Detection System (Bio-Rad, Hercules,
CA, USA), and PCR reactions were carried out in a 10-pl volume
that contained 1 pl of template DNA (1 ng/ul), 1.6 pl of each
primer (400 nM), 0.8 pl of nuclease-free water, and 5.0 ul of
SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA).
Table S1 summarizes primer sequences. The quantification
was performed in triplicate for each sample within the same
run together with the standard curves and DNA-free negative
controls. The PCR inhibitors were eliminated by diluting the
DNA with nuclease-free water. The specificity of qPCR assays
was evaluated by the analysis of a melting profile. The limit of
quantification (LOQ) was defined as the lowest number of target
copies that can be reliably quantified. LOQ was determined as
the minimum concentration of the target for which two
replicates give a positive result with the coefficient of variability
for Ct being no more than 0.5 Ct.

The ARG quantification results were expressed as absolute
abundance and relative abundance. The absolute abundance of
each ARG was expressed as the number of copies per milligram
of the sample, and the relative abundance of each ARG was
calculated by normalizing the absolute copy number of each gene
to 16S rRNA gene copy numbers (ARG copies/16S rRNA copies).

Statistical Analysis
According to data distribution, the description of the variable
was made, calculating mean and standard deviation or median
and interquartile ranges. ANOVA or Kruskal-Wallis tests were
used to detect the statistically significant differences in the
variables between the sampling points (p < 0.05).

The average reduction of the absolute abundance of ARGs in
the different treatment stages concerning what entered to RI was
evaluated using calculations [(average log reduction = log,
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(mean gen copies influent)/(mean gen copies in respective
WWTP stage)] (Pallares-Vega et al., 2019).

The relationship between the absolute abundance of ARGs,
physicochemical parameters, and atmospheric conditions by
sampling points was estimated by Spearman or Pearson
correlations, and the level of significance was p-value < 0.05.
Before this statistical analysis, the absolute abundance of each
ARG was log;o-transformed to meet normality assumptions.

Due to different samplings being carried out at the same time
and place, a mixed-effects generalized linear model was applied
to analyze factors related to the absolute abundance of blagpc in
the WWTP during the study time. The outcome variable was the
absolute abundance of blaxpc. Initially, a bivariate analysis was
performed, where the variables included were season (dry and
rainy), water temperature (°C), pH, conductivity (uS/cm),
dissolved oxygen (mg*L-1), TOC (mg*L-1), COD (mgO2/L),
total solids (mg*L-1), precipitation 1 day before sampling (mm),
and precipitation in the sampling day (mm).

For multivariate analysis, variables that had a p-value of 0.25
were included and, considering that Colombia is a tropical country,
the seasonal variables (dry and rainy) and precipitation in the
sampling day also were included. A mixed-effects model with a
random intercept family (gamma) and link (log) was used. Three
models were generated and adjusted by sampling time. The
likelihood approach was used to compare the models (Hall et al.,
2000) based on the goodness-of-fit index as per the Akaike
information criterion and the Bayesian information criterion (van
den Hout et al,, 2013). The lowest Bayesian information criterion
was accepted as appropriate. Significant differences were reported at
a p<0.05 level. The statistical analyses were carried out using the
Stata v.14.0 software package (StataCorp LP, College Station, TX).

RESULTS

Physicochemical Parameters and
Atmospheric Conditions

Table 1 shows the physicochemical parameters and atmospheric
conditions determined during the study. The values found for

the physicochemical parameters evaluated in the 6 months of
the study complied with the values established locally on the
requirements of specific wastewater discharges in surface water
bodies and public sewerage systems (Resolution 0631 of 2015)
(Ministry of Environment and Sustainable Development
Colombia, 2015).

The treatment plant was observed to be operating efficiently
in the reduction of organic matter and the improvement of water
quality. Regarding the atmospheric conditions, 5 of the 11
samplings were carried out during the dry season and 6 during
the rainy season. This classification was based on the one carried
out for 2017 by the Colombia Institute of Hydrology,
Meteorology, and Environmental Studies (IDEAM - Instituto
de Hidrologia, 2017).

The Occurrence of ARGs in the WWTP

The occurrence of ARGs (sull, sul2, ermB, blaxpc, blanpms
blaoxa.-as> blactx.m» blasyy, tetW, and gnrA) was determined
in 44 residual water samples (11 samples per point) during a
6-month period.

The results are summarized in Table S2 and Figure 2.
Regarding the number of copies of the bacterial 16S rRNA
gene, the average was 2.89 x 10° copies/ml. Regarding the
absolute abundance of ARGs, among the most prevalent were
sull, sul2, blaxpc, and ermB. The sull and sul2 genes were found
in average concentrations of 5.74 x 10® and 4.54 x 10® copies/ml,
respectively, the blaxpc gene showed an average of 2.33 X 10®
copies/ml, and the ermB gene was found in an average
concentration of 2.03 x 10% copies/ml. Concerning other
ARGs, it was detected in descending order of abundance:
blaoxa. as gene (8.74 x 107 copies/ml), tetW gene (1.92 x 107
copies/ml), blacrx.m gene (1.42 x 107 copies/ml), blagyy gene
(1.14 x 107 copies/ml), gnrA gene (1.22 x 10° copies/ml), and
blanpym gene (2.99 x 10* copies/ml).

The genes sull, sul2, blaxpc, tefW, and blacrx.p were present
in all the samples evaluated. Conversely, the genes ermB, blagxa_4s
and blaggy were detected in 36 of the 44 samples analyzed (Table
$3), whereas the blaxpy and gnrA genes were the least detected
found in 15 and 31 of the 44 samples evaluated, respectively.

TABLE 1 | Characteristic of wastewater and atmospheric conditions.

Characteristic Raw influent (n=11)

Aeration tank (n=11)

Return activated sludge (n=11) Final effluent (n=11)

Water temperature (°C)° 25.2 (0.79) 25.25 (1.18) NA 24.8 (1)

Min (24) Max (26) Min (23.7) Max (27) Min (23.4) Max (26.8)
pH? 7.68 (7.47-9.36) 7.325 (7.23-7.6) NA 7.58 (7.41-8.03)
Conductivity (uS/cm)® 999.9 (277.7) 98.8 (212) NA 923.8 (117.825)
Dissolved Oxygen (mg*L™")°* 2.50 (1.03) 0.45 (0.42) NA 4.5(0.5)
Oxygen saturation (%)** 37 (21-41) 4.8 (2.8-8.2) NA 63.4 (61.4-70.4)
TOC (mg*L)° 97.67 (85.82) NA NA 44.3 (29.9)
COD (mg O,/L)° * 692.7 (110.73) NA NA 267.7 (79.56)
Total solids (mg*L™")°* 892.15 (128.37) NA NA 546.5 (68.74)
Suspended solids (mg*L ™)™ 248 (205-386) 956 (832-1364) NA 110 (42-166)
Precipitation 1 day before sampling (mm)?® 1.2 (0-10.9) 1.2 (0-10.9) 1.2 (0-10.9) 1.2 (0-10.9)
Precipitation in the sampling day (mm)? 1.9 (0-6.8) 1.9 (0-6.8) 1.9 (0-6.8) 1.9 (0-6.8)

Characteristics of wastewater and sludge samples in 11 months. IQR, interquartile range; COD, chemical oxygen demand; TOC, total organic carbon. ?Median (IQR), maximum (MAX),

minimum (min), ®mean (SD). *Significant differences (p < 0.05) between the points.
NA, not applicable.
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The relative abundance of ARGs normalized to the 16S rRNA
(ARG copies/16S rRNA copies) revealed trends in ARGs
distribution (Figure 3). It was observed that the sull, sul2, and
blacrx.m genes’ relative concentration decreased in the AeT and
increased in the RS and FE. In the blakpc, tetW, and ermB genes,
it was found that the relative abundance of these decreased in the
secondary treatment and increased in the FE, sometimes even in
higher concentration than in the RI. In the case of blaoxa s,
blasyry, qnrA, and blaxpy, great variability was found in the
relative abundance of these genes. The blagxa 4 gene analysis
showed a decrease through the plant but an increase in the FE.
The blagyy gene increased in the RS and FE, and, in gnrA and
blaxpym genes, very similar values were observed at all the points
of the WWTP.

When comparing the differences in the ARG distribution
between the points of the plant evaluated, significant differences
were detected in most ARGs except for sull, sul2, and ermB
(Table S2, Figure 3).

The Reduction the Absolute Abundance of
ARGs With Respect to Raw Influent

The average reduction of the absolute abundance of genes in the
different treatment stages sampled concerning what entered to RI
was evaluated (Figure 4, Table S4). A logarithmic reduction for
the 16S rRNA gene was observed mainly in the AeT (0.44 + 0.62
logs), which means an average decrease of 63.9% of the gene;
however, when the FE is analyzed, the average log reduction is
only 20.3% (0.10 + 0.12 logs).

3 T T T
RI AeT RS FE
Sampling points
- 16S rRNA - blaypc @ blayyy, @ blagy, s
e blacry .y @ blagyy @ ermB @ sull
sul2 & gnrA -®- retW

FIGURE 2 | Absolute concentration of the 76S rRNA gene and ARGs in the WWTP. The data represent the average concentrations of ARGs. The results are
expressed in logyo copies per ml. Significant differences were found in the distribution of the ARGs between the sampling points except for the sull, sul2, and ermB
genes. R, raw influent; AeT, aeration tank; RS, return activated sludge; FE, final effluent.

Regarding the ARGs, it was observed that, in the AeT, the
highest percentage of reduction was for the blacrx.m gene
(98.59%, 1.85 + 0.12 logs) and the lowest was for sul2 (62.23%,
0.42 + 0.44 logs). In the RS, the highest reduction percentage was
for blagyy (95.75%, 1.37 £ 1.27 logs) and the lowest was for sul2
with a percentage of 0.36%. Finally, in the FE, the average
reduction, in general, was low, showing a greater percentage
of reduction in the gnrA gene (60.21%, 0.40 + 0.70 logs) and
no reduction in the blagxa 4 and sul2 genes, which, instead of
decreasing, increased in the FE, mainly blaoxs 4s (Figure 4,
Table S4).

Relationship Between Physicochemical
Parameters and Atmospheric Conditions
and Absolute Abundance of ARGs
Throughout the Treatment Plant
To establish the physical-chemical variables that could be related to
the absolute abundance of ARGs in the WWTP, a correlation
analysis (Pearson or Spearman) was used between physicochemical
parameters and atmospheric conditions and the absolute
abundance of ARGs at each point of the plant (Table 2). In
general, correlations were found for most of the ARGs in at least
one of the points of the plant except for the blaypy and gnrA genes.
All correlation analyses are found in Table S5 and Supplementary
Figures 1-3.

The water temperature showed a positive correlation with the
absolute abundance of the ermB (0.607) and sul2 (0.739) genes in
the AeT. The TOC and COD parameters were positively
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FIGURE 3 | Relative abundance of ARGs in the WWTP. Within the box plot chart, the crosspieces of each box plot represent (from top to bottom) maximum, upper
quartile, median (black bar), lower quartile, and minimum values. ermB, blaxpc, blanom, blaoxa-as, blacTxm, blashy, tetW, and gnrA showed a statistically significant
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FIGURE 4 | Reduction of concentration of 76S rRNA and ARGs in the stages of the WWTP in comparison with raw influent [average log reduction = logso (mean
gen copies influent)/(mean gen copies in respective WWTP stage)]. RI, raw influent; AeT, aeration tank; RS, return activated sludge; FE, final effluent.

correlated with the blagxa_ss gene count in the RI (TOC (0.681)),
COD (0.718)), and FE (TOC (0.672)).

Regarding dissolved oxygen, a positive correlation was found
between the RI and the blagyy (0.619) and tetW (0.770) genes.
tetW also showed a positive correlation with oxygen saturation
(0.768) at this point in the plant.

The presence of suspended solids showed a positive
correlation for the absolute concentration of the sull (0.717)

and sul2 (0.640) genes in the RI, and the pH presented a positive
correlation with the gnrA (0.619) gene in the AeT.
Atmospheric conditions were also positively related to the
absolute concentration of ARGs. Thus, precipitation 1 day before
sampling was correlated with blacrx.a (0.680) in the AeT and
blagyy (0.621), sul2 (0.642), and tetW (0.438) in the FE.
Additionally, the precipitation in the sampling day showed
significant positive correlations with blagpc (0.651) in the RI

TABLE 2 | Statistical estimation correlation between ARGs, physicochemical parameters, and atmospheric conditions.

Stage of the Characteristic
WWTP
Water pH Dissolved Oxygen TOC coD Suspended Precipitation 1 day Precipitation in the
temperature Oxygen saturation (mg*L™") (mgOy/L) solids before sampling (mm) sampling day (mm)
(°C) (mg*L™) (%) (mg*L™)
Raw influent
blakpc -0.259 -0.194 0.516 0.452 0.208 0.065 0.190 0.529 0.651
blaoxa-as 0.527* 0.246 0.065* 0.058 0.681 0.718* 0.138 -0.106 0.054
blasyy 0.090* 0.226 0.619* 0.538 0.540 0.109* 0.336 0.471 0.451
sull -0.077 0.000 0.357 0,204 0.275 0.306 0.717 0.104 0.566
sul2 -0.521* 0.404 0.543* 0.404 0.609 0.069* 0.640 0.295 0.583
tetW -0.266* 0.224 0.770* 0.768 0.270 -0.257* 0.312 0.535 0.549
Aeration Tank
blacrx-m -0.13* 0.058 0.481* 0.318 NA NA 0.426 0.680* 0.233
ermB 0.607 0.294 0.132 0.069 NA NA -0.202 -0.028 0.213
sul2 0.739* 0.373 NA -0.075 NA NA 0.522 -0.114 -0.150
qnrA 0.630 0.810 0.412 0.235 NA NA 0.388 0.011 -0.301
Final effluent
blakpc -0.451* -0.118 0.119* -0.103 0.112 0.103 -0.390 0.173 0.683
blaoxa-4s 0.123* 0.109 -0.084* -0.060 0.672 0.189 0.474 0.153 0.532
blacrx-m -0.587* 0.277 0.357* 0.235 0.312 0.128 -0.481 0.426 0.699
blagyy -0.426 -0.122 0.357 0.224 0.215 0.082 -0.233 0.621 0.741
sult -0.496* -0.280 0.295* 0.127 -0.055 0.357 -0.143 0.339 0.772
sul2 -0.709* -0.060 0.419* 0.179 0.114 0.179 -0.343 0.642* 0.784
tetW -0.724* -0.078 0.275* 0.039 -0.020 0.117 -0.383 0.438 0.629

Significant differences (p < 0.05) are shown in dark gray and bold. The table shows only those variables in which correlations were detected.

Spearman or *Pearson correlations.
NA, not applicable.
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and with bl[leC (0683), blaCTx,M (0699), blaSHV (0, 741), sull
(0.772), sul2 (0.7840), and tetW (0.629) in the FE.

Considering the findings of correlations, it is evidenced by a
direct relationship between precipitation and the absolute
abundance of ARGs in the effluent of the plant. The effect of
the seasons (dry and rainy) on the absolute concentration of
ARGs at each point of the treatment plant was evaluated. It was
found that the absolute concentration of the majority of the
resistance genes showed a characteristic pattern: in the dry
season, a greater absolute abundance of ARGs was observed in
the RI and RS, whereas in the rainy season, a greater absolute
abundance of ARGs was observed in the FE and AeT except for
the tetW and gnrA genes (Figure 5).

Factors Related to the Absolute
Abundance of blakpc in the WWTP
During the Study Time

Figures S4 and 5 show the distribution of blaxpc by season
(Figure 5) and over the study period (Supplementary Figure 4)
by sampling place. In both, a slight increase in the absolute
abundance of blagpc is observed in the FE compared to the RI. A
mixed-effects generalized linear model analysis was performed to
analyze the factors related to the absolute abundance of blaxpc
during the study period. Two models were generated (Tables S6,
S7, and Table 3). The model that showed the best fit is shown in
Table 3. In the models, the variable related to the absolute
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TABLE 3 | Model 2. Factors related to the abundance of blakpc in the WWTP during the study time.

Factor Crude Adjusted

B p-value Cl 95% B p-value Cl 95%
Dissolved oxygen (mg/L) 0.746 0.000 0.390 1.103 0.675 0.000 0.328 1.022
Precipitation in the sampling day (mm) 0.018 0.630 -0.055 0.090 0.057 0.051 -0.002 0.116

Multilevel mixed-effects generalized linear model (GLM). Gama, f3: model estimate. Adjusted by sampling time.

abundance of blagpc during the study period was the increase in
dissolved oxygen. When this variable was evaluated together
with meteorological variables such as the season of the year
(Table S7) or precipitation in the sampling day (Table 3), it was
that for each increase in the concentration of dissolved oxygen
(p <0.001) and precipitation in the sampling day (p <0.051), the
absolute abundance of blagpc increased in the WWTP.

DISCUSSION

In this work, the presence and abundance of ARGs throughout a
WWTP in a tropical country over 6 months was determined.
This allowed a follow-up and evaluation of ARG concentration
over time and an analysis of different factors related to the
absolute abundance of ARGs in the plant. It is also one of the first
studies in the region on the subject and focused on describing
those factors related to the absolute abundance of blagpc in a
WWTP, an endemic resistance gene in South America.

Our results show that the absolute abundance of ARGs in a
WWTP is a dynamic and multifactorial process influenced by the
specific operating conditions of each WWTP, the physicochemical
parameters, the atmospheric conditions such as the rainy season,
and possibly the epidemiology trends of the bacterial resistance in
each region. These types of findings highlight the importance of
continuous monitoring and epidemiological surveillance of the
presence and abundance of ARGs in treatment plants and effluents
in different regions globally, and more so in geographic areas such
as South America where wastewater treatment is limited, and
bacterial resistance represents a great threat to public and
environmental health.

The Presence and Abundance of

ARGs in WWTPs

In the study, significant differences were found in the
distribution of ARGs between the points of the plant. Due to
the large number of reports on the sull and sul2 genes in the
WWTP and their importance as markers of environmental
contamination, the absolute abundance of these sulfonamide
resistance genes was evaluated. The results showed a high
abundance of sull and sul2 genes in the WWTP (sull 5.74 x
10% and sul2 4.54 x 108 copies/ml) and corroborated previous
findings in other WWTPs, where they describe them as the most
abundant resistance genes (Pei et al., 2006; Wang et al., 2013;
Calero-Caceres et al., 2014; Mao et al., 2015; Cacace et al., 2019;
Pallares-Vega et al., 2019; Paulus et al., 2020). The high absolute
abundance of sulfonamide resistance genes in wastewater is due
to the extensive use that has long been made of these antibiotics

in human and animal practices (Aminov et al., 2001; Pei et al,,
2006); besides, they are generally found in mobile genetic
elements such as class 1 and class 2 integrons, which are
frequently described in aquatic environments (Gillings, 2014;
Koczura et al., 2016).

Likewise, in the treatment plant, the presence of ermB gene
was screened. This macrolide resistance gene was detected at
considerable absolute concentrations (2.03 x 10° copies/ml). As
with the sul genes, ermB gene is one of the most evaluated and
found resistance genes in wastewater worldwide (Pallares-Vega
et al., 2019; Paulus et al., 2020). Its presence in water has been
associated with water pollution by antibiotics such as
azithromycin and industrial effluents’ discharges (Milakovic
et al., 2019).

Another gene analyzed was tefW (resistance to tetracycline)
that was detected at average concentrations of approximately
1.92 x 107 copies/ml. In Colombia, a previous study conducted
on water bodies from agricultural and livestock operations
showed the presence of tetracycline resistance genes
(Santamaria, 2011). This work shows the presence of
tetracycline resistance genes in an urban WWTP in Colombia.
The high abundance of these ARGs is explained by the wide use
of tetracyclines, mainly in livestock activities. Likewise, tet genes
are considered indicators of fecal contamination (Aminov et al.,
2001; Pei et al, 2006), which explains their presence in
the WWTP.

In the treatment plant, some genes were found to be in lower
absolute abundance. One of these was the plasmid-mediated
quinolone resistance (PMQR) determinant gnrA (1.22 x 10°
copies/ml). This gene confers resistance to quinolones, one of the
most commonly prescribed antibiotics for human and animal
infections. PMQR has been detected in bacterial isolates of
hospital and municipal wastewater (Marti and Balcazar, 2013;
Vaz-Moreira et al., 2016). The search for these determinants is
important because these genes are associated with extended-
spectrum beta-lactamases (ESBL) and plasmid-mediated
cephalosporinases and favor the selection of additional
chromosomally encoded quinolone resistance mechanisms
(Poirel et al., 2008).

Likewise, clinically relevant ARGs blaxpc, blanpms, blaoxa as
blacrx.m> and blagyy were evaluated in this study. The blacrx.m
and blagyy genes were found in medium proportions in the
WWTP (blacrxv 1.42 x 107 copies/ml and blagyy 1.14 x 107
copies/ml), corroborating previous findings on beta-lactamase-
producing Enterobacteriaceae, where these resistance genes were
frequently detected.

Regarding genes that encode carbapenemase-type beta-
lactamases (blagxpc, blanpym, and blagxa.ag), the blagpc gene

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

August 2021 | Volume 11 | Article 686472


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Rodriguez et al.

Factors Related to Abundance blakpc in WWTP

was detected in considerable absolute concentrations in the
WWTP (an average of 2.33 x 10° copies/ml). This finding
coincides with previous results at the local level for our
research group, where high endemicity of this resistance
mechanism is reported in carbapenem-resistant Gram-negative
bacilli isolated from hospitalized patients and the WWTP
(Ocampo et al., 2016; Rodriguez et al., 2020). It also coincides
with the global findings of countries such as China, where reports
of high concentration blaxpc in wastewater are increasingly
frequent (Yang et al, 2016; Yang et al, 2017). However, the
results are contrary to those reported in European countries,
where a low abundance of blaxpc is described (Cacace et al,
2019; Schages et al., 2020); among them is Germany, which
reported other carbapenemases with higher frequency (Schages
et al., 2020). These differences respond to the local epidemiology
of bacterial resistance and justify the search and continuous
surveillance of common ARGs in hospital settings. Likewise, the
finding of the blaxpc gene in the effluent indicates the risk of
spread in the environment.

The other genes that encode carbapenemases, such as blaypy
(2.99 x 10* copies/ml) and blagx a_4g (8.74 x 107 copies/ml), had low
occurrence and absolute abundance in the WWTP compared to
blagpc. The low absolute abundance found is again explained by the
country’s epidemiology trends, where also a low frequency of these
resistance genes has been observed in hospitals. Unlike what
happens in Europe and Asia, these ARGs are frequently detected
in hospitals and aquatic environments (Yang et al., 2016; Cacace
et al, 2019; Schages et al., 2020). However, due to their clinical
relevance, the blanpy and blaoxa_yg sporadic detection reveals the
need to continue their follow-up and monitoring because, although
in low circulation, they could become a critical bacterial resistance
problem at the local level.

Generally, the analysis of the presence and absolute abundance
of ARGs in the WWTP showed two relevant aspects. First, those
ARGs frequently reported globally in WWTPs such as sull, sul2,
and ermB were also presented in abundance in the WWTP
evaluated. This result agrees with the findings of Cacace et al.
(2019) who describe few differences in biogeographic patterns with
respect to the abundance of these genes in urban WWTP effluents.
Therefore, they suggest that although sull, sul2, and ermB are
considered markers of the degree of antibiotics water pollution, their
evaluation in urban WWTPs may not be helpful and their search
could be more directed in rural environments. Second, ARG
monitoring in WWTPs should be directed to clinical relevance
ARGs with potential risk in public health, such as carbapenems-
resistant genes. In addition to showing the impact of resistance in
the population, clinical relevance ARG abundance, generally in
wastewater, responds to bacterial resistance’s local epidemiology,
which justifies their constant follow-up to detect the emergence of
these ARGs in the population.

ARGs: The Distribution and Reduction

of ARGs Throughout the Different Points
of WWTP

The distribution analysis of all ARGs throughout the plant,
together with the reduction values of absolute abundance, gives

an overview of the role of WWTPs in the elimination of ARGs
(Pallares-Vega et al., 2019), relevant information to target
wastewater treatment. Although the relative abundance of the
ARGs evaluated throughout the plant was different, in all cases,
an increasing trend of ARGs in the effluent was evident. These
results were supported by the low percentage of absolute
abundance reduction of bacterial 16S rRNA and ARGs in the
effluent, which were found at an even lower percentage than
those reported in effluents of a conventional activated sludge
WWTP (Czekalski et al., 2012; Rodriguez-Mozaz et al., 2015;
Makowska et al., 2016; Rafraf et al., 2016; Pallares-Vega
et al., 2019).

The finding of low bacterial 16S rRNA removal alerts about
the functioning of the WWTP in bacterial removal. This
behavior has been reported in other studies, where the
reduction of 16S rRNA in the effluent has been described as
insignificant, and an increase in this gene in the FE has been
reported (Rafraf et al., 2016; Korzeniewska and Harnisz, 2018).
However, this differs from other works, where removal
percentages of bacterial 16S rRNA of up to 98.2% in the
effluent have been described (Pallares-Vega et al., 2019).

Regarding the distribution of the relative abundance of
blaxpc, blagxa.as, tetW, and ermB, it was observed that these
genes decrease during treatment; good removal percentages were
observed in tanks and sludge but increased in the effluent. These
results may indicate several things: on one hand, the dispersion
processes of ARGs from secondary treatment, where ARGs are
released from bacteria that carry these ARGs by predation
processes by bacterivorous protozoa or by the effect of
treatment in which low hydraulic retention times or
environmental phenomena such as rain (discussed later), or
both, allow these genes to arrive from specific points of the
plant to the FE. On the other hand, the specific functioning of the
WWTP studied, where only 80% is treated, and the additional
20% is mixed with the FE, would explain the sudden increase in
genes such as blagpc, which showed a low relative abundance in
the recirculating sludge but a sudden increase in the effluent.
Although this WWTP design is uncommon, this result indicates
the importance of treating 100% of the flow that enters the
WWTP, which would help improve the removal of ARGs.

Different behavior was observed when the distribution of the
relative abundance of sull, sul2, and blacrx was analyzed: these
genes decreased in tanks and increased in the sludge and effluent.
These results agree with the removal analysis where low percentages
were observed in sludge and effluent for genes such as sul2 (0.36%).
Both results may show selective processes in recirculation activated
sludge for these resistance genes by substances such as antibiotics,
which are described as the main selective factors in treatment plants.
These findings are consistent with the results of previous studies
from the same treatment plant, where compounds such as
sulfamethoxazole and trimethoprim were found in abundance in
the WWTP effluent (Botero-Coy et al., 2018). Likewise, they may
result from the lack of control in the use of antibiotics in the
community in the country of study.

Finally, variability in the relative abundance of blagxa 4s
blasyry, qnrA, and blaypy; was observed throughout the study,
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which may be due to the sporadic and low detection of these
genes in the WWTP. Therefore, it is difficult to generate
hypotheses on the factors that would explain the distribution
of these ARGs in the WWTP points evaluated.

Environmental Factors Related to the
Presence of Resistance Genes and in
Particular of the blakpc Gene in WWTPs
Over Time

Different physicochemical factors seem to influence the absolute
abundance of ARGs in treatment plants and their effluents
(Hong et al., 2013; Novo et al., 2013). Our results indicate how
the particular operating conditions of WWTPs and weather
conditions favor the presence of ARGs in the WWTP. It was
found that variables such as water temperature, TOC, COD,
oxygen, pH, and rainfall can probably affect the absolute
abundance of some ARGs at specific points in the WWTP. All
these factors directly affect bacterial growth, and some of the
bacterial species that carry these resistance genes may be more
sensitive to the changes produced by these variables, and, for this
reason, they increase or decrease, which is directly reflected in
the concentration of these genes in specific parts of the WWTP.

Previous studies have indicated an important effect of
temperature on bacterial resistance (Manaia et al, 2018). A
positive correlation between temperature and ermB and sul2
abundance was observed in the AeTs in this work. The
correlation found may be due to an overgrowth of
microorganisms typical of the microbial communities that
carry these ARGs at this point in the plant. An opposite effect
was observed in the influent and in the effluent, which is possibly
explained because these points of the WWTP are bacterial transit
points, where retention times are short and, therefore, the
temperature does not have a significant effect on the growth
of microorganisms.

Other parameters described to be related to the absolute
abundance of ARGs in WWTPs are TOC and COD (Manaia
et al., 2018), which, in this work, were correlated positively with
the blapxa.as gene in the influent and the effluent. TOC and
COD could be favoring the growth and survival of bacteria
carrying blaoxa as in the influent and the effluent, considering
that, in the study’s WWTP, a treatment is carried out on 80% of
the flow and the other 20% of the water is untreated. A slight
increase in the organic load (TOC and COD) in the FE is
expected. This behavior could explain the low average
reduction of blagxa.sg in the effluent. Other studies have
reported a relationship of TOC with other ARGs, including
ermB and tetracycline resistance genes (Kim et al., 2007;
Manaia et al., 2018).

With regard to the effect of weather conditions on the
absolute abundance of ARGs in the WWTP, in general, few
studies have explored these variables (Caucci et al., 2016;
Koczura et al., 2016; Lamba and Ahammad, 2017;
Pallares-Vega et al.,, 2019; Schages et al., 2020) and especially
in tropical countries where the seasons are not distinctly defined.
Interestingly, we found a positive relationship between
atmospheric conditions such as precipitation 1 day before

sampling and precipitation in the sampling day with the
absolute abundance of blagpc, blactx.m, blasyy, sull, sul2, and
tetW mainly in the effluent. This finding was confirmed with the
analysis of the distribution of absolute concentration of ARGs
according to the weather season (rainy or dry) and with a mixed-
effects generalized linear model applied to analyze factors related
to the absolute abundance of blagpc. In these analyses, variables
such as precipitation in the sampling day and the increase in
dissolved oxygen could be related to the increased absolute
concentration of blagpc in the WWTP during the study time.

Our results contradict what was described by Mao et al.
(2015) and Lamba and Ahammad (2017) who did not find
changes in the abundance of genes in WWTPs in rainy or dry
seasons; however, they agree with what was previously described
by other authors who have detected changes in abundance
according to the time of the year or the presence of rain (Yang
et al., 2013; Di Cesare et al., 2017; Sui et al., 2017; Schages
et al., 2020).

For most of the ARGs, a greater absolute concentration was
observed in the effluent in the rainy season. An increase in the
abundance of ARGs in the effluent in the winter or rainy season
in the WWTP and rivers has been previously reported (Yang
et al,, 2013; Caucci et al., 2016; Koczura et al., 2016; Di Cesare
et al,, 2017). The abundance of ARGs in rainy seasons has been
related to the increase in the consumption of antibiotics in the
populations (Caucci et al., 2016), which would lead to an increase
in selective processes in the WWTP; however, in this case, this
variable could not be determined.

Based on the analysis of the effect of the seasons on the
absolute concentration of ARGs at each point of the WWTP, we
hypothesize that the variations in the abundance of ARGs found
in the different points of the plant during the seasons could be
related not only to selective processes but also to dispersion
processes and the dilution of ARGs. Thus, in the rainy season,
the decrease in ARGs in the influent may be due to the dilution
process of bacteria and ARGs that would reach the WWTP in
lower concentrations due to the increase in the riverbed.
Likewise, the increase in ARGs in the effluent may be due to
an increase in the hydraulic load of the WWTP, which would
lead to a process of less hydraulic retention time in tanks.
Therefore, the rain would favor dispersion phenomena of
resistant bacteria and ARGs in tanks to the effluent. This
hypothesis can be supported by the previous findings of
Pallares-Vega et al. (2019) where it is described how a higher
hydraulic load can disturb the treatment processes and affect in
some way the efficiency of ARG reduction during treatment.
Likewise, Di Cesare et al. (2017) described the effect of moderate
rains on the abundance of ARGs in a river, finding that they
increase significantly in rainy seasons (total ARGs: 24 times)
concomitantly with microbial aggregates that could detach
possibly due to disturbances generated by rain (Di Cesare
et al., 2017).

Because the generation and dissemination of antibiotic
resistance in the environment is a complex process, and the
result of the interaction of different variables that can be masked
with correlation analysis, a mixed-effects generalized linear
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model analysis was performed to determine factors related to the
absolute abundance of blagpc during the study time. Our results
showed that the blagpc concentration increased concomitantly
with the increase in the dissolved oxygen concentration and the
precipitation in the sampling day. Rain is an important factor
that can generate variations in the physicochemical parameters
of the water, and it has been seen that, in high volumes of rain
together with a rapid rate of flow, dissolved oxygen is
significantly increased (Girardi et al., 2016). This would
explain the relationship between these variables and their
impact on the increase in blagpc in the WWTP. Similar
analyses have shown that the abundance of ARGs has been
related, in addition to rainfall, to the increase in total
phosphorus, N-NH4, and microbial aggregates (Di Cesare
et al., 2017).

Finally, in this study, all water samples were centrifuged for
DNA extraction, and sediments were used. The methodology
variation is due to the number of solids found in the samples
analyzed and the particular WWTP operation, where a part of
the FE is again mixed with the initial RI (20%). Therefore, there
was an important amount of solids in some samples, which made
the filtering method difficult. Although it is not a common
method in wastewater studies, due to the conditions described,
we consider it an adequate approximation of what is happening
in the WWTP. All samples (including sludge) were processed
under the same conditions and normalized, decreasing the noise
that could be generated when the samples are processed with
different extraction methods, whereby the results could allow a
more precise comparison between the points of the plant.
Likewise, due to changes in the methodology, the results were
not directly compared with the ARG quantification of other
studies. Nevertheless, more studies are needed to confirm
the findings.

CONCLUSIONS

The results of this work allowed the monitoring and evaluation
of the treatment process in a WWTP and abundance of ARGs,
including blagpc, over a period of time. These suggested that
the particular operating conditions of the WWTP, i.e.,
physicochemical factors (water temperature, TOC, COD,
oxygen, and pH), the climatic conditions of tropical countries
(rain and drought), and the prevalence of resistance mechanisms
such as blagpc in local hospitals, could be related to the absolute
abundance of ARGs in the WWTP. Further investigations
should be conducted to explore other variables that could
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