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Abstract: The proliferation of antibiotic-resistant bacteria (ARB) and the prevalence of antibiotic
resistance genes (ARGs) in wastewaters are well-established factors that contribute to the reduced
potency of antibiotics used in healthcare worldwide. The human health risk associated with the
proliferation of ARB and ARGs need to be understood in order to design mitigation measures to combat
their dissemination. Using the PCR analysis of genomic DNA, the prevalence of 41 ARGs active
against the commonly used six classes of antibiotics was evaluated in 60 bacterial isolates obtained
from pharmaceutical wastewaters in Nigeria. The ARGs most frequently detected from the bacterial
isolates in each of the antibiotic classes under study include catA1 (58.3%); sulI (31.7%); tet(E) (30%);
aac(3)-IV (28.3%); ermC (20%); blaTEM, blaCTX-M, blaNDM-1 at 18.3% each; which encode for resistance to
chloramphenicol, sulfonamides, tetracycline, aminoglycoside, macrolide-lincosamide-streptogramin
and β-lactams and penicillins, respectively. Acinetobacter spp., accession number MH396735 expressed
the highest number of ARGs of all the bacterial isolates, having at least one gene that encodes for
resistance to all the classes of antibiotics in the study. This study highlights wide distribution of ARB
and ARGs to the antibiotics tested in the wastewater, making pharmaceutical wastewater reservoirs of
ARGs which could potentially be transferred from commensal microorganisms to human pathogens.

Keywords: antibiotic resistance genes (ARGs); antibiotic-resistant bacteria (ARB); pharmaceutical
wastewater; tetracycline; aminoglycoside

1. Introduction

There is a global concern over the use of antibiotics and the development of resistance to the drugs
in clinical treatments of infectious diseases [1]. The use of antibiotics in hospitals—particularly with
the excretion of their potent forms into the environment—has long rendered clinical sewages as major
sources of antibiotic resistance determinants in aquatic environments [2]. Recently, reports show that
there are other relevant sources of antibiotic resistance in the environment, such as animal farms [3–5],
wastewater treatment plants (WWTPs) [6–8], etc. Antibiotic resistance genes are now considered as
environmental pollutants, there is an obvious need to prevent their further spread [9,10]. To achieve this,
there is the need to elucidate their potential reservoirs—especially within the environment. However,
the evolution of resistance and the spread of ARGs in wastewater generated from pharmaceutical
production processes are less understood.

Pharmaceutical wastewaters contain large traces of antibiotics and other compounds, which at
low concentrations—below therapeutic levels—are able to exert selection pressure [11,12]. Studies
have shown that wastewaters generated from pharmaceutical production processes are reservoirs of

Water 2020, 12, 1897; doi:10.3390/w12071897 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
http://www.mdpi.com/2073-4441/12/7/1897?type=check_update&version=1
http://dx.doi.org/10.3390/w12071897
http://www.mdpi.com/journal/water


Water 2020, 12, 1897 2 of 11

antibiotic-resistant bacteria (ARB) and antibiotic resistance genes (ARGs) [8,13,14] and may accelerate
possible horizontal transfer of environmental resistance determinants across endogenous microbial
community [11]. This possibility may pose health risks to human and animals [15], with considerably
high morbidity and mortality rates, with associated cost implications. Hence, the presence of both ARB
and ARGs in environmental samples has been closely associated with the development of antibiotic
resistance in treatment of clinical infections [16].

The risks of such clinical infections are potentially more serious in low- and middle-income
countries where many hospitals either do not have wastewater treatment plants or they are ineffective.
To worsen the situation, in many places—but particularly rural areas—surface water is used for
agriculture and domestic purposes or even consumed untreated [2]. Antibiotic resistance genes
are disseminated in such waters and have been reported to be more widespread in environmental
non-pathogenic microbial populations than was originally believed [17–19]. Such resistances spread
among bacterial populations have been reported to propagate through two major ways: vertical gene
transfer (in the process of proliferation) and horizontal gene transfer, i.e., conjugation, transformation
and transduction, promoted by mobile genetic elements (MGEs) [20,21]. However, antibiotic resistance
is recognized as a major threat to human public health worldwide, the diversity, distribution and fate
of ARGs in urban water systems remain unclear [22].

We investigated the antibiotic resistance gene profiles of bacterial isolates obtained from
wastewater samples collected from fourteen pharmaceutical facilities in Lagos and Ogun states,
Nigeria (Figure S1). In addition, a central wastewater treatment plant located at Agbara Estate in Ogun
State (Figures S2 and S3) that collects both pharmaceutical and household wastewaters within the same
industrial settlement was sampled, including the river water that receives the effluent. The selected
pharmaceutical facilities are key players in antibiotic production at the secondary and tertiary stage of
production in these regions. Pharmaceutical industries in Nigeria produce varying classes of antibiotics
and other drug types on a single production plant. In most cases, they lack wastewater treatment before
the effluents are released into receiving water bodies [23]. This practice has constituted a potential
risk system to the water sources available to end users. This study is aimed at evaluating the degree
to which the pharmaceutical wastewater can serve as reservoirs of ARGs which could potentially be
transferred to human pathogens.

2. Materials and Methods

2.1. Study Sites and Sample Collection

The study sites and the sample collection procedures were previously described [14]. Briefly,
the wastewater samples were collected directly from individual pharmaceutical facilities that play
major roles in production and distribution of antibiotics. Most of which were untreated wastewater
discharges. The samples were selected from fourteen pharmaceutical companies’ sites in Nigeria over
a twenty-six month period. In addition, wastewater samples were collected from a central wastewater
treatment plant located in Agbara Industrial Estate of Ogun State. The river that receives the treated
effluent was also sampled. Table S1 in the supplementary document show the study sites and sources
of samples. A total of 20 samples were collected in duplicates from each site in sterile containers and
aseptically transported to the laboratory in 2-L brown glass bottles. The duplicate samples were pooled
together to form composite sample and stored at 4 ◦C until processed for isolation of bacteria between
8 to 24 h after sample collection.

2.2. Bacterial Identification

Bacterial characterization procedures and susceptibility test were as previously described [14].
Bacterial compositions of the water sources were isolated. Wastewater and river water samples were
serially diluted and plated on nonselective media, tryptone soya agar (TSA) and plate-count agar (PCA)
(Oxoid, Ltd., Basingstoke, Hampshire, United Kingdom) and characterized by the PCR amplification
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of the 16S rRNA genes, with subsequent grouping using restriction fragment length polymorphism
(RFLP) patterns, using BioNumerics version 6.01 (Applied Maths, SintMartens-Latem, Belgium).
The 16S rRNA gene amplicons were sequenced (ABI 3730 capillary sequencer (Applied Biosystems))
and classified by construction of phylogenetic trees using the neighbor-joining algorithm with the
Ribosomal Database Project II release 9.49 and the GenBank database using the BLAST program.

2.3. DNA Extraction

The genomic DNA was isolated from the sixty bacteria cells using the TIANamp bacteria DNA kit
(TIANGEN Biotech Co., Beijing, China) according to the manufacturer’s instructions. The extracted
DNA concentrations and quality were checked using the NanoDrop®, (ND-1000, Thermo Scientific,
Wilmington, NC, USA.) and agarose gel electrophoresis and stored at −20 ◦C for further analysis.

2.4. PCR Screening for Antibiotic Resistance Genes and Class 1 Integrons

The screening for specific ARGs encoding resistance was carried out for antibiotics which belong to the
classes of tetracycline, aminoglycoside, β-lactams and penicillins, macrolides-lincosamide-streptogramin
and chloramphenicol. A total of 16 tetracycline (tet) resistance genes were screened for in all 60 bacterial
isolates. The tet genes encoding for tetracycline efflux protein tet(A–E, G, J, Y and Z), ribosomal
protection protein tet(BP, M, O, Q, T and W) and inactivating enzyme (tetX), which frequently appear in
various environmental compartments, were screened for. In the screening for Aminoglycoside resistance
genes, 11 genes conferring resistance to aminoglycoside acetyl transferases (aac(3)-IV, aac(6’)-Ib(aacA4),
aac(3)-I, aac(3)-II and aac(3)-III), aminoglycoside phosphotransferases aph(3’)-Ia (aphA1), aph(3”)-I(strA)
and aph(6)-Id(strB) and aminoglycoside nucleotidyltransferases (adenylyltransferases) (ant(3”)-Ia (aadA),
ant(6)-I (aadE) and ant(2”)-Ia (aadB) were screened for in the bacterial isolates. In the same vein, the
presence of 5 clinically important β-lactam resistance genes (bla) encoding β-lactamase TEM, NDM-1,
OXA, IMP and CTX-M in the bacterial isolates were screened for. A total number of 5 MLS resistance genes
which includes ermA, ermB, ermC and ereA were also investigated. The genes catA1 and cmlA which encode
for Chloramphenicol acetyltransferases and specific exporters, respectively were investigated. Also, the
presence of 3 sulfonamide resistance genes, sul1, sul2 and sul3) were screened for in the 60 bacterial isolates.
The integron 1 (int1) gene was investigated in all the 60 bacterial isolates.

Fifty µL PCR buffer containing 1.5-mM MgCl2, 200 µM of each deoxynucleoside triphosphate,
10 pmol of each primer, 1.25 U of TaKaRa rTaq polymerase and 1 µL of DNA template was used for the
screening test (Takara, Dalian, China). The PCR program consisted of initial denaturation at 94 ◦C for
5 min, followed by 30 cycles of 1 min at 94 ◦C, 1 min at different annealing temperatures and extension
at 72 ◦C for 1 min and final extension step at 72 ◦C for 10 min. The specific primers for all the ARGs for
each group of antibiotics including the class 1 integrons and their different annealing temperatures
for amplification are listed in the supplementary document (Tables S2–S4). Amplified products were
separated by 1.5% (wt/vol) agarose gel electrophoresis and visualized under UV light after staining
with ethidium bromide.

3. Results

3.1. Tetracycline Resistance Genes

The tetracycline resistance (tet) gene screening detected at least one tet gene in 51.7% of the
bacterial isolates that were tested (Table 1). The prevalence of tet genes encoding efflux proteins were
clearly more abundant than those encoding ribosomal protection proteins and enzymatic modification
in the bacterial isolates (Table 2). The most common tetracycline resistance gene in the bacterial isolates
was tet(E), identified in 30.0% of the total bacterial isolates under study and 58% of all bacterial isolates
with the tet genes, followed by tet(B), tet(A) and tet(J) (Figure 1). The aforementioned tet genes encode
efflux proteins as presented in Table 2. The only ribosomal protection protein determinants, tet(T) was
found in 1.7% of the isolates. In addition, tet(X) was the only tetracycline resistance gene encoding
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for enzymatic modification protein with a prevalence of 5% in the tested bacterial isolates. Table 1
shows a summary of the resistance gene profiles of the bacterial isolates studied and Figure 1 shows
their prevalence. It shows that tet genes were not found in all the bacterial isolates that were screened
for, but bacterial isolates that carried more than one kind of tet gene were common. Staphylococcus
saprophyticus with accession number MH396763 has the highest number of tetracycline resistance genes,
the tet genes encountered in this bacterium were tet(A), tet(B), tet(E), tet(J), tet(L) and tet(X).

Table 1. Phenotypic pattern of antibiotics resistance and resistance gene profile of bacterial isolates.

Isolates Accession No. Source a Resistance Genes Profile

Lysinibacillus sp. 210_22 MH396730 UTWW aac(3)-IV, aadE, blaCTX-M, catA1, cmlA, ermC,

Bacillus methylotrophicus MH396733 UTWW tet(A), tet(C), aadA, aadE, aphA1, aacA4, aac(3)-II, aac(3)-IV, strA,
strB, blaTEM, blaCTX-M, catA1, cmlA, sulI, sulII, intl1

Pseudomonas gessardii MH396734 UTWW tet(AP), tet(B), tet(J), aacA4, aadB, blaNDM-1, catA1, cmlA, sulI, intl1
Bacillus sp. MH396755 UTWW No resistance gene detected

Proteus mirabilis MH396753 TWW tet(E), tet(30), blaCTX-M, catA1, ermC
Staphylococcus saprophyticus MH396742 TWW No resistance gene detected

Acinetobacter sp. MH396735 TWW tet(A), tet(C), tet(E), aac(3)-II, aadA, aadE, aac(3)-IV, aphA1, aacA4,
strA, strB, blaTEM, blaCTX-M, catA1, cmlA, ermC, sulI, sulII, intl1

Escherichia coli – TWW tet(L)
Klebsiella pneumoniae MH396759 TWW aac(3)-IV, aadA, aadE, strA, strB, blaTEM, catA1, sulI, sulII, intl1

Staphylococcus sp. MH396744 TWW aadB, aadE, blaTEM, catA1, cmlA, sulI, intl1
Staphylococcus sp. MH396757 RWDS aac(3)-IV, aadE, catA1
Staphylococcus sp. MH396766 RWDS No resistance gene detected

Bacillus sp. MH396725 RWUS No resistance gene detected
Bacillus flexus MH396726 UTWW tet(A), catA1

Pseudomonas sp. MH396727 UTWW intl1
Serratia marcescens MH396732 UTWW tet(B), aac(3)-IV, aadE, catA1, cmlA, intl1

Enterobacter hormechei – WWHT tet(A), tet(E), aadA, aac(3)-II, aphA1, aacA4, strA, strB, catA1, cmlA,
blaTEM, sulI, sulII, intl1

Serratia marcescens – WWHT tet(C), tet(E), tet(T), aac(3)-II, aac(3)-IV, aadA, aadE, aphA1, strA, strB,
blaTEM, blaNDM-1, catA1, cmlA, sulI, sulII, intl1

Bacillus safensis MH396728 WWHT No resistance gene detected

Staphylococcus saprophyticus MH396752 WWHT tet(B), tet(AP), tet(L), tet(E), aac(3)-II, aac(3)-IV, aphA1, strA, strB,
blaTEM, catA1, cmlA, sulI, sulII, intl1

Acinetobacter sp. MH396768 WWHT tet(B)
Acinetobacter sp. MH396769 WWHT No resistance gene detected
Proteus vulgaris MH396738 WWHT tet(AP), tet(E), tet(J), tet(X), aadB, blaCTX-M, catA1, cmlA,

Stenotrophomonas rhizophila MH396739 WWHT aac(3)-IV, strA, strB, sulII, blaNDM-1, catA1, cmlA, intl1
Enterobacter sp. MH396740 WWHT tet(B), catA1, intl1

Stenotrophomonas maltophilia MH396760 WWHT No resistance gene detected
Pseudomonas reactans MH396741 WWHT No resistance gene detected

Proteus mirabilis MH396745 WWHT aac(3)-IV, intl1

Staphylococcus saprophyticus MH396763 WWHT tet(A), tet(B), tet(E), tet(J), tet(L), tet(X), aac(3)-II, aadB, strB, catA1,
cmlA, sulI

Staphylococcus saprophyticus MH396751 WWHT tet(B), aadB, aphA1, blaCTX-M, blaNDM-1, cmlA, catA1, ermC, sulI
Stenotrophomonas maltophilia MH396764 WWHT tet(B), tet(C), tet(E), aadE, blaOXA, blaNDM-1, catA1, ermC, sulII

Proteus mirabilis MH396765 WWHT No resistance gene detected

Bacillus sp. – WWHT tet(B), aac(3)-II, aac(3)-IV, aadE, aphA1, strA, strB, blaTEM, blaCTX-M,
blaNDM-1, catA1, cmlA, ermC, sulII

Staphylococcus saprophyticus MH396754 WWHT tet(B), blaCTX-M, catA1, cmlA, ermC
Staphylococcus saprophyticus MH396756 WWHT No resistance gene detected

Myroides marinus MH396758 WWHT blaCTX-M, ermC

Aeromonas aquariorum – WWHT tet(B), tet(J), aac(3)-II, aac(3)-IV, aphA1, strA, strB, blaTEM, catA1,
cmlA, sulI, sulII, intl1

Stenotrophomonas maltophilia MH396736 WWHT –
Staphylococcus saprophyticus MH396770 WWDP tet(B), aadB, aadE, aphA1, catA1, cmlA, sulI

Stenotrophomonas sp. MH396743 WWDP tet(A), tet(AP), tet(E), tet(J), tet(X), aadB, aadE, aphA1, blaNDM-1,
catA1, cmlA, sulI

Proteus mirabilis MH396761 WWDP tet(J)
Enterobacter hormechei MH396762 WWDP No resistance gene detected

Bacillus subtilis MH396746 WWHT aac(3)-IV, intl1
Aeromonas aquariorum – WWHT intl1
Enterobacter hormechei MH396771 WWHT No resistance gene detected
Uncultured bacterium – WWHT tet(A), tet(E), catA1, ermC, intl1
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Table 1. Cont.

Isolates Accession No. Source a Resistance Genes Profile

Enterobacter sp. – WWHT aphA1, strA, strB, blaTEM, blaCTX-M, blaNDM-1, catA1, cmlA,
sulII, intl1

Aeromonas aquariorum MH396747 WWHT tet(A), tet(E), catA1
Myroides marinus MH396729 WWHT aac(3)-IV, aadE, catA1, ermC

Enterobacteriaceae bacterium MH396731 WWHT tet(AP), tet(E), tet(30), aadA, strA, strB, blaNDM-1, catA1, cmlA, sulI,
sulII, intl1

Proteus mirabilis – WWHT intl1
Agrobacterium tumefaciens MH396720 WWHT intl1

Bacillus sp. MH396721 WWHT tet(A), tet(E), aadA, aadB, aadE, aac(3)-IV, blaTEM, catA1, cmlA,
sulI, intl1

Pseudomonas stutzeri MH396749 WWHT aadA, aadE, aac(3)-IV, catA1, sulI, intl1
Klebsiella pneumoniae MH396723 WWHT tet(A), tet(E), aadA, blaOXA, blaNDM-1, catA1, cmlA, sulI, sulII, intl1

Bacillus sp. MH396750 WWHT No resistance gene detected
Alcaligenes fecalis MH396722 WWHT tet(A), tet(E), aadE, aac(3)-IV, catA1, sulI, intl1

Bacillus sp. MH396724 WWHT tet(E), tet(L)

Staphylococcus sp. MH396767 WWHT tet(AP), tet(B), tet(E), tet(J), tet(L), aadB, aphA1, blaNDM-1, catA1,
cmlA, ermC, sulI

Enterobacter hormechei MH396719 WWHT tet(A), tet(B), tet(E), blaCTX-M, catA1, cmlA, ermC, intl1
a wastewater treatment plant: UTWW—untreated wastewater and TWW—treated wastewater; River water:
RWDS—river water downstream and RWUS—river water upstream; pharmaceutical facility wastewater:
WWHT—wastewater holding tank and WWDP—wastewater discharge point.

Table 2. Prevalence of antibiotic resistance genes and mobile genetic elements from bacterial isolates.

Gene Class Resistance Genes Bacterial Isolates n (%)

Tetracycline resistance genes
� Efflux tet (A, B, C, E, J, L, 30, AP) 9 (15)
� Ribosomal Protection tet (T) 1 (1.7)
� Enzyme Modification tet (X) 3 (5.0)

Aminoglycoside resistance genes
� Acetyl transferases aac(3)-II, aac(3)-IV, aacA4 10 (16.7)
� Nucleotidyl transferases aadA, aadB, aadE 11 (18.3)
� Phosphor transferases aphA1, strA, strB 12 (20)
β-lactam resistance genes bla(TEM, OXA, CTX-M, NDM-1) 9 (15)
Chloramphenicol genes catA1, cmlA 30 (50)

MLS genes ermC 12 (20)
Sulfonamide genes sulI, sulII 16 (26.7)

Mobile genetic elements Int1 26 (43.3)
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3.2. Aminoglycoside Resistance Genes

The prevalence of aminoglycoside resistance genes in the bacterial isolates is shown in Table 2.
Bacterial isolates that carried at least one kind of aminoglycoside resistance gene were observed in 48.3%
of the bacterial isolates. The aminoglycoside resistance genes aac(3)-IV encoding acetyltransferase
enzymes were the most abundant aminoglycoside resistance gene in the bacterial isolates (Figure 1),
followed by aadE, a nucleotidyltransferase enzymes encoding gene (Figure 1). This group was
followed by phosphotransferases enzyme encoding gene, aphA1 and strB both occurring in 20.0% of the
bacterial isolates (Table 2). Acinetobacter sp. accession number MH396735 and Bacillus methylotrophicus,
accession number MH396733, showed the highest number of aminoglycoside resistance genes (Table 1).
The isolates expressed the same eight aminoglycoside resistance genes, aacA4, aac(3)-II, aac(3)-IV, aadA,
aadE, aphA1, strA and strB in their genomes, as shown in Table 1.

3.3. β-Lactams and Penicillin Resistance Genes

Sixty bacterial isolates were screened for the β-lactamase encoding gene and 41.7% of the isolates
contain at least one bla gene (Table 1). The β-lactamase encoding genes, blaTEM, blaCTX-M and blaNDM-1

showed the highest prevalence in the isolates, with the three occurring in 18.3% of the bacterial isolates;
followed by blaOXA which is prevalent in 3.3% (Figure 1) of the isolates. Bacillus sp. and Enterobacter sp.
(Table 1) had most the bla genes detected. They both showed expression for the three bla genes, blaTEM,
blaCTX-M and blaNDM-1. The β-Lactamase encoding gene, blaIMP, was not found in any of the bacterial
isolates screened.

3.4. Macrolide–Lincosamide–Streptogramin and Chloramphenicol Resistance Genes

The MLS resistance gene, ermC was present in 20% of the bacterial isolates (Table 2) and was the
only MLS resistance gene expressed. The chloramphenicol resistance genes catA1 and cmlA revealed a
high expression of both genes (Table 1) in the bacterial isolates. The genes catA1 and cmlA were present
in 56.7% and 40.0% of the bacterial isolates, respectively. The result showed that 38.3% of the bacterial
isolates had both catA1 and cmlA genes expressed (Figure 1); whereas 56.7% of the bacterial isolates
expressed at least one of the chloramphenicol resistance genes, catA1 and cmlA. The results for the
sulfonamide ARGs (sulI and sulII) and integron 1(intl1) have been described previously [14].

4. Discussion

Our results indicate that ARGs are widely distributed among the bacterial isolates. Acinetobacter
spp. with accession number MH396735 expressed the highest number of ARGs (50%) of all the bacterial
isolates under studied (Table 1). It was isolated from a wastewater treatment plant under study [14].
Acinetobacter sp. was a major bacteria group referred in a review that profiled antibiotic-resistant
bacteria that are deemed to be of particular concern in the 21st century [24]. Hence, its relevance in
wastewater bacterial communities which agrees with this study, particularly Acinetobacter baumannii, a
clinically important antibiotic-resistant bacterium [25,26], reported to be naturally resistant to many
antibiotics due to both poor membrane penetration and active efflux pumps [27]. However, the two
other Acinetobacter sp. showed no expression for the ARGs under study, except for the one with
accession number MH396768 that was tet(B) positive (Table 1). The genes conferring resistance to
chloramphenicol was the most frequently detected ARG in the genomes of several species of the
isolates. However, reports from other studies show that the total relative abundance of ARGs declined
during the wastewater purification process [28–30], but the relative abundance of some genes are
enriched in the effluent bacterial community [22,31], with accompanying health implications.

Tetracycline-resistant bacteria were reported to emerge in the environments with the introduction of
tetracycline [32]. Most environmental tet genes code for transport proteins, which pump the antibiotics
out of the bacteria cell and keep the intercellular concentrations low to make ribosomes function
normally [33]. In our study, the efflux genes, tet(E), tet(B) and tet(A) were the main tetracycline-resistance
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genes identified, but tet(E) was the most prevalent of the tet gene, being distributed in 18 genomes
of the bacterial isolates. These efflux genes, tet(A–C and E) have been frequently reported in various
environmental compartments including activated sludge of sewage treatment plants (STPs) [34] and
surface water [35]. The enzyme modification gene tet(X) was the only tet gene encountered in this
category in our study. The dissemination of tet(X) resistance gene is of special concern because it
confers resistance also against third generation tetracycline tigecycline [36]. However, the use of
this antibiotic is strictly regulated; tet(X) has already been observed among pathogenic bacteria [37].
Staphylococcus saprophyticus with accession number MH396763 which showed the highest expression of
tetracycline resistance genes, also showed resistance to other groups of ARGs tested, except for the
β-lactams and penicillins genes and the MLS genes (Table 1).

Aminoglycoside resistance genes have a major mechanism of resistance, which is the direct
deactivation of the antibiotics by enzymatic modification [38]. Aminoglycoside resistance genes
encoding for three transferase enzymes, acetyltransferases (AAC), nucleotidyltransferases (ANT) and
phosphotransferases (APH), responsible for inactivation of aminoglycoside were detected. In the
bacterial isolates, about 50% expressed at least one of the aminoglycoside resistance genes, with the
acetyltransferases the most abundant, having aac(3)-IV as the highest occurrence. Reports of several
works on the aminoglycoside resistance gene show that the genes of aacC1, C2, C3 and C4, encoding
aminoglycoside-3-N-acetyltransferase were often detected in microbial communities or isolates from
STPs [39–41]. Acinetobacter sp. (MH396735) and Bacillus methylotrophicus (MH396733) expressed 8
out of 9 aminoglycoside resistance genes that tested positive. Coincidentally, both isolates showed
expression for the same ARMs genes in this class, despite belonging to Gammaproteobacteria and
Firmicutes bacterial groups, respectively.

The β-Lactams are the most widely used antibiotics; resistance to these antibiotics is a severe threat
because they have low toxicity and are used to treat a broad range of infections [42]. Resistance usually
occurs via hydrolysis of the β-lactam ring, mediated by a wide range of β-lactamases [43] produced
by resistant strains that are capable of inactivating beta-lactam drugs. The mechanisms of β-lactam
resistance include an inaccessibility of the antibiotics to their target enzymes, modifications of target
enzymes and/or direct deactivation of the antibiotics by β-lactamases [44,45]. The bacterial isolates
β-lactamase resistance genes, blaNDM-1, blaTEM and blaCTX-M showed the highest prevalence. In line
with this, a variety of bla genes have been identified in bacteria derived from STPs [46,47] and surface
water [35]. In a similar study of a WWTP of a pharmaceutical industry in China, all of the strains
of ESBL-producing Escherichia coli were found to carry at least one β-lactamase gene and the most
prevalent ARGs type was blaCTX-M [48]. Their findings were in line with other studies that showed
that blaCTX-M was the most dominant ARGs type in WWTPs of industrial origin. These environmental
compartments may further serve as reservoirs for β-lactam resistance genes. Enterobacter sp. (Table 1)
showed expression for 3 out of the 4 bla genes that tested positive, agreeing with the study which
detected bla genes in animal-derived environmental pathogens that includes Enterobacter [47].

Structurally, macrolides, lincosamide and streptogramin are different; they are often investigated
simultaneously for microbial resistance since some macrolide resistance genes (erm) encode resistance
to two or all three of these compounds [49]. MLS resistance is mostly mediated by rRNA methylases
(encoded by erm genes), which methylate the adenine residues to prevent the three antimicrobials
from binding to ribosomal protein [33,50]. The erm genes can easily be transferred from one host
to another [51], since they are usually acquired and associated with mobile elements, such as
transposons [52]. The result shows that ermC was the only MLS resistance gene detected in the isolates.
It was also found to be expressed in the genome of Acinetobacter sp. (MH396735). The co-resistance
between tetracyclines and MLS antibiotics has been reported to be due to the occurrence of genetic
determinants for tetracycline and MLS resistance on very promiscuous transposons that can form
genetic linkages. These linkages are capable of increasing the risk for transfer of resistances to
pathogenic species that may lead to therapeutic failure with severe consequences [52].
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The mechanisms responsible for resistances to chloramphenicol include chloramphenicol
acetyltransferases (encoded by cat genes), specific exporters (encoded by cml genes) and multidrug
transporters [53]. In the study, bacterial isolates were screened for chloramphenicol resistance catA1
and cmlA. Our results indicate that catA1 and cmlA are widely distributed among the environmental
bacterial isolates; with the catA1 gene frequently detected in the genomes of several species. The result
shows a very high expression of both genes. The resistance gene catA1 was present in most of the
bacterial isolates. In the bacterial isolates there was also a very high expression of cmlA in the genome
of most of the bacterial isolates (Table 1). The chloramphenicol resistance gene catA1 shows the highest
prevalence of all the resistance gene classes screened for (Table 1), both genes were expressed both in
Acinetobacter spp. (MH396735) and Bacillus methylotrophicus (MH396733) genomes.

The location of ARGs on mobile genetic elements, such as integrons makes the horizontal transfer
of antibiotic resistance in wastewater possible and easy to achieve among bacteria with same or diverse
origins [54]. As presented in the result above (Table 1), integron 1 (Intl1) was detected in almost 50% of
the bacterial isolates tested (Table 1). The presence of Intl1 in the genome of the bacterial isolates may
indicate a high possibility of horizontal gene transfer of ARGs within the wastewater, hence the high
prevalence of ARGs found in the bacterial isolates. Our findings show that sulI is closely associated
with the Intl1, this conforms to the report that sulI is a part of class I integron and can be disseminated
and transferred horizontally within and between bacterial species in wastewater [40]. This may account
for the prevalence of sulI in almost all the compartments sampled. In addition, ARGs to β-lactams and
aminoglycoside where found associated with Intl1. Other studies have demonstrated that transposons
and integrons carrying more than one type of ARGs often occur in sewage treatment plants [41,46] and
surface waters [35]. Integrons were not found in any of the three bacterial isolates from the river water
samples (Table 1), this may contribute to the few to none ARGs found in these isolates.

5. Conclusions

This study spread across wastewater obtained from mostly individual pharmaceutical facilities
because very few of them have their wastewater passed through a routine/conventional wastewater
treatment plant, which was also sampled. The Acinetobacter spp. (MH396735) with the highest
expression of ARGs in its genome was isolated from the acclaimed treated water sample from the
WWTP. This study clearly demonstrates that pharmaceutical wastewaters are important reservoirs
of ARGs for a number of antibiotic classes such as to chloramphenicol, sulfonamides, tetracycline,
aminoglycoside, MLS and β-lactams and penicillins. They play a significant role in the emergence of
these ARGs. More studies are required to establish the pathways involved in their spread within the
environment. Our findings highlight the need for strengthening the active surveillance of the activities
of pharmaceutical industries in Nigeria, particularly in the handling and management of wastewater
generated from their facilities, with stringent compliance of regulatory authorities in these sectors.
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