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Abstract

Antibiotics discovery was a significant breakthrough in the field of therapeutic medicines, but
the over (mis)use of such antibiotics (in parallel) caused the increasing number of resistant
bacterial species at an ever-higher rate. This study was thus devised to assess the multi-drug
resistant bacteria present in sanitation-related facilities in human workplaces. In this regard,
samples were collected from different gender, location, and source-based facilities, and sub-
sequent antibiotic sensitivity testing was performed on isolated bacterial strains. Four classes
of the most commonly used antibiotics i.e., -lactam, Aminoglycosides, Macrolides, and Sul-
phonamides, were evaluated against the isolated bacteria. The antibiotic resistance profile of
different (70) bacterial strains showed that the antibiotic resistance-based clusters also fol-
lowed the grouping based on their isolation sources, mainly the gender. Twenty-three bacte-
rial strains were further selected for their 16s rRNA gene based molecular identification and
for phylogenetic analysis to evaluate the taxonomic evolution of antibiotic resistant bacteria
(ARB). Moreover, the bacterial resistance to Sulphonamides and beta lactam was observed
to be the most and to Aminoglycosides and macrolides as the least. Plasmid curing was also
performed for multidrug resistant (MDR) bacterial strains, which significantly abolished the
resistance potential of bacterial strains for different antibiotics. These curing results sug-
gested that the antibiotic resistance determinants in these purified bacterial strains are pres-
ent on respective plasmids. Altogether, the data suggested that the human workplaces are
the hotspot for the prevalence of MDR bacteria and thus may serve as the source of horizon-
tal gene transfer and further transmission to other environments.

Introduction

An antibiotic is a substance produced (synthetically or mostly) by an organism to kill or inhibit
the growth of another organism [1]. Antibiotics can mainly be classified based on their molec-
ular structure [2] and mode of action [3] and so, they are beta lactam, macrolides,
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Aminoglycosides and Sulphonamides. Moreover, the very first antibiotic discovered, i.e. peni-
cillin is a beta lactam [4].

Though, antibiotic discovery was one of the most significant breakthroughs in the field of
therapeutic medicines enabling the treatments of serious bacterial infections [5] and thus cru-
cially reducing the morbidity and mortality across the globe [6]. However, soon after the intro-
duction of antibiotics in the clinical settings, the microbes were also reported to develop
different strategies and mechanisms to overcome the effects of these antibiotics, cumulatively
called antibiotic resistance (AR) via the presence of antibiotic resistance genes (ARGs) [7].
Such resistance may develop due to the mis/overuse of antibiotics in treating the infections
and also because of the antibiotics’ frequent use in agriculture, aquaculture and veterinary
practices [8]. Along with antibiotics resistance development, these factors may also contribute
significantly to resistance spread in the environment [9]. The overuse of antibiotics, poses a
selection pressure under which the susceptible bacterial strains are eliminated while resistant
ones survive and even transfer their resistant capability further to other bacterial (susceptible)
strains [10]. Consequently, the number of antibiotic resistant bacteria (ARB) are increasing
over time. Ultimately, the antibiotic resistant bacterial (pathogenic) strains can cause serious
health issues to human and animals [11].

To become resistant to antimicrobial drugs, bacteria have adopted various molecular strate-
gies [12] i.e., genetic mutations and resistant gene (transfer) acquisition [13]. These antibiotic
resistance determinants can prevail in microbial communities and even be transferred in the
environment from one point to another, and such transfer from one bacterium to another is
normally termed as horizontal gene transfer (HGT). Mobile DNA can move from one part of
the genome to another or between different genomes, and antibiotic resistant genes are gener-
ally present on such mobile DNA e.g., plasmids and transposons [14]. Noticeably, the plasmids
are extrachromosomal DNA, replicating independently from the host chromosome and are an
essential source of HGT. While, conjugation, transformation, and transduction are the main
mechanisms of horizontal gene transfer in bacteria [11].

Along with biological and molecular factors, the environment is also playing a significant
role in the spread of antibiotic resistance. One of the environmental factors which contribute
to multi-drug resistance is sanitation and non-hygienic conditions [1]. Specifically, the
improper use of antibiotics causes their residues and metabolites to prevail in human and ani-
mal wastes i.e., in water, soil, and water-dependent food crops [3] and consequently the bacte-
ria present in these environments (and exposed to these antibiotics’ effect) may acquire
antibiotic resistance [3]. For instance, the wastewater treatment plants are known as hotspots
for antibiotic resistance and their subsequent spread [15]. Water from various sources flows
into these treatment plants where a variety of bacteria and resistance genes are present, which
may also transfer from one bacterium to another and further contribute in the environmental
spread of drug resistance [1]. The sanitation and hygienic conditions in Pakistan are deplor-
able, which may significantly contribute to the spread of pathogenic bacteria and infectious
diseases to the people living (and/or working) in such environments. Such unhealthy hygienic
practices contribute to the spread of antibiotic resistance and, ultimately, the resistant strains
of bacteria [16].

Moreover, humans can also contribute in drug resistance, as the intestine contains a diver-
sity of bacteria, which can potentially be a source of antimicrobial resistance [17]. For example,
extra intestinal pathogenic E. coli is measured as most critical contributor to antibiotic resis-
tance [18]. Furthermore, different people are exposed to different environments and different
microbiota (e.g., pathogens) and when they interact in a common workplace, there is a higher
chance of bacterial and ARGs’ transfer to each other [19]. The confined habitats, like the
human workplaces, are normally characterized by particular microbial communities. And,
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various indoor measures taken in workplaces like hospitals may cause selective pressures to
microbes for the development of multi drug resistance [20]. In these environments, different
commensal bacteria are also present which themselves are non-pathogenic but can develop
resistance via interacting with other antibiotic resistant bacteria and may even transfer the
resistance genes to pathogenic bacteria [16]. A Canadian study has earlier demonstrated a
highly variable microbial community present in a university campus [21]. In this regard, the
Abbottabad region of KPK province in Pakistan is a densely populated area with inappropriate
hygienic management and so presents a suitable situation to monitor the existence of drug
resistance within human populated workplaces.

In this study, we, therefore, have evaluated different educational institutes of Abbottabad to
assess the prevalence and spread of antibiotic resistance in the context of existing hygienic con-
ditions. Educational institutes have a high human flow, and so the chances of AR spread are
more [21] because a large number of (commensal as well as pathogenic) bacteria are present in
such environments. The transfer potential of AR genes in these situations is greatly enhanced,
subsequently leading to the production of multi-drug resistant pathogenic bacteria [22]. The
overall purpose of this study was to isolate and identify the bacteria showing resistance to mul-
tiple antibiotics and also to characterize them for antibiotics susceptibility. The specific objec-
tives were, (1) Isolation, identification, and characterization of multi-drug resistant bacterial
strains from populated human workplaces of Abbottabad, and (2) Plasmid curing of bacterial
strains, to evaluate the drug resistance mechanisms, isolated from various sanitation-related
environmental samples.

Materials and methods
Sample collection

Samples from sanitation facilities were collected from three different human-populated loca-
tions in Abbottabad Pakistan (34°12'15"N 73°14'19"E) i.e., COMSATS University campus (A-
block), Ayub Medical College (AMC), and Ayub Teaching Hospital (ATH). These three loca-
tions are in close proximity i.e. within 2 Km?”. The sampling layout is illustrated in Fig 1. Spe-
cifically, the samples were collected from places with high chances of bacterial presence i.e.,
washrooms. Sludge samples were collected (in sterilized glass vials containing autoclaved
water) from the washrooms’ basins and sanitary pots via using sterilized swab sticks. More-
over, the male and female washrooms were sampled separately. Three (turbid aquaculture)
(sub)samples from each location and object were sampled to make a composite representative
sample and, this way, three independent biological replicates were collected for each treatment
scenario. The samples were then transported to the microbial ecology laboratory (B1.5) in
COMSATS in a thermos-flask packed with ice to keep the biological/chemical material of the
samples intact and, to perform the subsequent necessary analyses.

Purification of hygiene-related bacterial isolates

The cultivable bacteria were cultured on Luria-Bertani agar (LBA, Sigma-Aldrich, Germany)
plates. For this purpose, serial dilutions of the hygiene-related sludge samples were performed,
and 100yl of the appropriate dilution was spread on LBA plates and consequently incubated at
30°C for 24-48 hours [23]. After the incubation, plates were observed for bacterial growth and
colony forming units (CFUs) were counted for each plate. After evaluating the initial bacterial
growth, different colonies were selected (based on their distinct morphology) for purification
through the streak plat method [24].
Fresh LBA plates were prepared, and each selected bacterial strain was inoculated for

proper growth until the appearance of purified monotonous colony type. The single purified
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Fig 1. Schematic description of the sampling plan executed in this work, to evaluate the antibiotic resistant
bacterial load present in hygiene related scenarios of populated human workplaces of Abbottabad, PK.

https://doi.org/10.1371/journal.pone.0233325.9001

colonies were then used for further experiments. Moreover, all the purified bacterial strains
were grown in Luria-Bertani broth (LB, Sigma-Aldrich, Germany) and preserved in glycerol
solution to store at -80°C as stock for future use.

Antibiotic susceptibility testing for purified bacterial strains

For hygiene-related isolated bacterial strains, antibiotic susceptibility tests were performed for
eight commonly used antibiotics of four different chemical classes i.e., B-Lactams, aminoglyco-
sides, macrolides, and Sulphonamides (Table 1). For this purpose, fresh LBA plates were pre-
pared via mixing the sterilized aliquots of test antibiotics in the autoclaved medium [25] ata
concentration of 100pg/ml. Moreover, the bacteria were also inoculated on LBA plates with no
antibiotic and were used as a control for microbial growth under the same incubation
conditions.

The isolated pure bacterial strains were inoculated (via taking young cells of over-nightly
grown fresh bacterial cultures of similar optical density) on each of the antibiotic assisted LBA
plates and incubated at 30°C. After 24 hours, the plates were observed for the presence of bac-
terial growth. According to this antibiotic susceptibility test, performed on agar plates, the

Table 1. Antibiotics used in this study along with their chemical classification and established mode of action.

Name of Antibiotics
Co-amoxiclav
Ampicillin
Amoxicillin
Amikacin
Gentamicin
Clarithromycin
Azithromycin

Co-trimoxazole

https://doi.org/10.1371/journal.pone.0233325.t001

Antibiotic class Mode of action

B-Lactams Inhibition of bacterial cell wall synthesis
Aminoglycosides Inhibition of bacterial cell membrane / protein synthesis
Macrolides Inhibition of bacterial protein synthesis

Sulphonamides Inhibition of bacterial folate synthesis
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inoculated bacterial strains growing on an antibiotic assisted plate were considered as resistant
to that particular antibiotic and were also selected for further evaluations. While the bacteria
not growing (even after 3-days) on antibiotic assisted LBA, though growing on non-antibiotic
LBA (control) plates, were recorded as susceptible for that particular antibiotic.

Molecular analyses

DNA extraction. DNA was isolated from multi-drug resistant culturable bacterial strains
as well as from culture-independent initial environmental (sludge) samples. For bacterial
strains, for instance, the cultures were grown overnight in nutrient broth at 30°C, subsequently
centrifuged at 13,000 rpm for 1 minute. The supernatant was discarded, and the resultant cell
pellet was re-suspended in 600 pl of lysis buffer [SDS (sodium dodecyl sulfate), proteinase K
and Tris-EDTA (TE)]. Then, it was shaken to homogenize by vortex mixing and incubated for
1 hour at 37°C. Afterwards, phenol: chloroform was added and mixed until the homogeneous
mixture was formed. The centrifugation was done at 13,000 rpm for 5 minutes to establish two
separable layers. The upper layer containing DNA was transferred into another tube. An equal
amount of 3M sodium acetate was added, mixed well and centrifuged at maximum speed for 5
minutes. The aqueous (transparent) layer was transferred to another tube. Chilled isopropanol
was then added to the mixture and gently mixed. The tube was kept at -20°C for one hour, cen-
trifuged at 13,000 rpm for 10 minutes, and the supernatant was removed. DNA pellet was then
washed with 1ml 70% ethanol [centrifugation at 13,000 rpm for 2 minutes), and precipitated
DNA was air- dried, and finally resuspended in TE buffer [26]. Each sample’s DNA was evalu-
ated on agarose gel for purity and concentration.

Polymerase chain reaction. To identify the unknown bacterial strains, the 16s rRNA
gene was amplified through PCR. The universal primers 27F (5 AGA CTC TCC TGA TGG
GTT AG 3’)and 1492R (5’ ACG TTA TTG CGA ACC GCT CTT 3’) were used for gene
amplification [26]. The PCR ingredients for one reaction contained 1.5ul of extracted DNA,
12.5pl of the 2X ThermoScientific PCR master mix, 1ul of forward and reverse primers each
and nuclease free water to make the volume up to 25ul.

After the reaction preparations, the PCR was conducted in a PTC-100 thermocycler as fol-
lows: denaturation at 94°C for 3 minutes and then 30 cycles at 94°C for 1 minute (denatur-
ation), 56°C for 1 minute (annealing) and 72°C for 1 minute (elongation). The amplification
products were analyzed on 1% agarose gel electrophoresis in TBE buffer (Tris-base, boric acid
and 2mM EDTA) [27].

DNA sequencing, Basic Local Alignment Search Tool (BLAST) and
phylogenetic analyses

The DNA amplified through PCR was purified and used for DNA sequencing. The ingredients
used in sequencing reaction were DNA polymerase, primer (27F), four nucleotides (dATP,
dTTP, dCTP, dGTP), fluorescent tags and DNA template.

After the acquisition of DNA sequences, data was manually validated with Chromas (ver-
sion 2.6.5). The resulting sequences were compared with those already present in the database,
and bacteria were thus molecularly identified [28]. This BLAST analyses of bacterial 16s rRNA
gene sequences were performed via online NCBI tools.

Based on the coverage and percent identity to our sequences, the similar bacterial sequences
were downloaded from the NCBI database and used as reference sequences for subsequent phy-
logenetic analysis for our hygiene-related bacterial isolates. After the multiple sequence align-
ment, with MEGA (version X), a phylogenetic tree (based on the neighbor-joining analysis) was
constructed, which showed the evolutionary relationship between the isolated bacterial strains
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and the reference sequences obtained from the genomic database. The newly acquired hygiene-
related bacterial sequences were deposited (with accession numbers MT370522-MT370523,
MT370525-MT370529, MT370531- MT370533, MT370535-MT370538 and MT370540-MT
370544) in open access genomic database (NCBI) for public future use.

Plasmid curing for hygiene-related bacterial strains

The plasmid curing was performed according to the protocol developed earlier [29]. Briefly,
the LB broth medium was prepared, sterilized by autoclavation, and acridine orange (filter
sterilized) was added at a concentration of 0.1mg/ml. Then 5ml of this medium was poured
into test tubes, and antibiotic resistant bacteria were inoculated separately. It was then incu-
bated at 30°C and 175 rpm for 24 hours. After 24 hours, the growth cultures were ten times
diluted in fresh medium (i.e. LB with acridine orange). Similarly, after 1, 2, 3, 5, and 7 days of
incubation, the grown bacterial cultures were serially diluted and spread onto (respective) anti-
biotic assisted LBA plates. The strains not growing on these antibiotics assisted LBA, but grow-
ing on normal LBA, were considered as cured (plasmid losing) bacterial strains. The cured
bacterial strains were also tested for antibiotic susceptibility profile (as described above). The
colonies still growing on antibiotic assisted LBA (resistant ones) indicated that they did not
lose plasmid via acridine orange and/or their resistance was not plasmid-borne (but is present
on chromosomal DNA).

Statistical analyses

All the statistical analyses were performed in at least triplicates, and the obtained results are
presented as averages. The data variations are expressed as standard deviations, shown in text
(mostly in brackets) as numeric values and in graphs as error bars. For the assessment of culti-
vable bacteria, the CFU data were transformed into Log units per ml of the sampled sludge,
and averages were presented in the graphs. ANOVA, t-test, and Tukey’s tests were performed
(where applicable) to obtain the level of significance in variations of data (S1 Table and S2
Table in S1 File). For the bacterial antibiotic resistance profiling, “R” studio analysis software
was used. A dendrogram was constructed through cluster analysis in which the bacteria were
grouped according to their antibiotic resistance to common antibiotics. DNA sequence analy-
sis softwares (i.e., Chromas (v2.6.5) and MEGA X) were used for the validation and subsequent
alignment analyses for the bacterial sequences.

Results

Cultivable bacterial abundance and diversity within sanitation facilities of
human populated workplaces

Bacterial numbers, observed on each plate as colony forming units (CFUs), were enumerated
(Fig 2A) showing the Log CFU/ml of the samples collected from COMSATS University, Ayub
Medical College, and Ayub Teaching Hospital. Two sanitary basin samples (CMB and TFB)
showed the highest numbers of bacteria i.e. 10> CFU/ml while in other two female origin sam-
plesie., CFB (COMSATS Female washroom sanitary basin) and CFP (COMSATS Female
washroom sanitary pot), the CFU values were the lowest i.e., 10° and 5x10° CFU/ml for CFB
and CFP respectively. However, the CFU values for other eight samples were in the range of
107-10°® CFU/ml with no significant difference for total cultivable bacterial abundance either
between genders or between the sanitary places of sampled locations (Fig 2A).

Along with this, all the cultured bacteria were observed for varying colony morphology
based on the colony shape, margins, pigmentation, and elevation from the agar surface. Based
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Fig 2. Culturable bacterial load present in different sampling points of populated human workplaces. (a) represents the colony forming units per ml for multiple
places while (b) indicates bacterial morphotypes (Blue bars) observed at each workplace and the the number of bacterial strains (Orange bars) selected per site for further
analyses. Error bars in (a) represent the standard deviations (n = 3) while (b) represents the absolute numbers, thus, does not have error bars.

https://doi.org/10.1371/journal.pone.0233325.9g002

on these criteria, twenty-four different bacterial morphotypes were observed (as briefed in S3
Table in S1 File). Out of these 24, maximally three different morphotypes were observed in a
single sample, while four different samples showed this diversity of 3-morphotypes (S1 Fig in
S1 File). Interestingly three out of these four (i.e., CMP, HMB, HMP, and HFP) bacterially
diverse samples were of the hospital, male and sanitary pot origin. On the contrary, four sam-
ples (i.e., CFB, CFP, TFB, and HFB) showed only one bacterial morphotype, and noticeably, all
four were of female origin having three samples from washbasins and two from COMSATS
origin (S1 Fig in S1 File).

For further bacterial analyses, seventy different bacterial strains were purified on the basis
of varying morphotypes (i.e., approximately three bacteria from each morphotype of 24 in
total). Samples with diversified cultivable bacteria were chosen for the purification of 8-12 bac-
terial strains from each, while 2-3 bacteria were selected from monomorphic sanitary samples
(S1 Fig in S1 File). Out of three sampled locations, ATH-hospital showed maximum diversity
(ten different morphotypes) and so was the bacterial numbers selected from this location while
other two locations were comparable for microbial diversity and selected number of bacteria
for further assessments (Fig 2B).

Antibiotic resistance profile of the sanitation related bacterial strains

The antibiotic resistance profile of all purified 70 bacterial strains, were determined (using their
resistance or sensitivity assays) via culturing the bacteria separately on the LBA medium contain-
ing various antibiotics of four different chemical classes (as detailed in Table 1). Out of seventy
tested bacterial strains, 71% were resistant to Co-trimoxazole followed by Ampicillin (i.e., 67%)
resistance, leaving only 29% and 33% tested bacteria to be sensitive for these antibiotics. While
only 13% and 14% bacterial strains were resistant to and the rest (i.e., 87% and 86% respectively)
were sensitive to Amikacin and Azithromycin respectively, which means that these are the most
effective antibiotics against these tested bacterial strains (Fig 3A) while the other four tested anti-
biotics exhibited the mediocre effect (approximately 60% sensitivity) for the sanitation-related
bacterial strains. The effect of antibiotics as bacterial growth inhibiting variables has bifurcated
the clustering into mild as well as distinguished treatment groups (S2 Fig in S1 File).

For details, the resistance profile of 70-bacterial strains was transformed into a numerical
matrix, and principle component analysis (PCA) has grouped them into four identifiably
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separate groups (S3 Fig in S1 File). Moreover, the “R studio” analysis software was used to ana-
lyze the grouping pattern of these tested bacterial strains (Fig 3B). The bacterial strains show-
ing resistance to the same group of antibiotics were included in the same cluster, and so, in
this way, nine different clusters were formed. The first cluster contained the bacterial strains
(13 in number), which were sensitive to all the tested antibiotics. Interestingly, 11 out of 13
strains were isolated from male washroom samples, 7/13 are from washbasin, while 6/13, 5/13,
and 2/13 were from the hospital, college, and COMSATS, respectively. On the contrary, the
cluster-7 consists of six bacterial strains, resistant to all tested antibiotics. Noticeably, five out
of six bacteria were isolated from sanitary pot samples while 4/6, 1/6, and 1/6 belonged to the
hospital, college, and COMSATS respectively, while gender showed no specific role here (Fig
3B).

The largest cluster in this analysis was the group-6 containing fourteen bacterial strains
resistant to ampicillin, amoxicillin, clarithromycin, and co-trimoxazole. Out of these fourteen,
nine strains were isolated from the sanitary pot and five from washbasin (similar distribution
is for female and male gender respectively) while 6/14, 4/14, and 4/14 bacterial strains origi-
nated from the hospital, COMSATS and college respectively (Fig 3B).

All other clusters showed varying antibiotic resistance potential of different tested bacterial
strains. For instance, the cluster-2 showed resistance to B-lactam antibiotics. The cluster-3
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Fig 3. Antibiotic resistance profile of bacterial strains isolated from hygiene related environments of the populated human workplaces. (a) represents the
percent resistant (Blue) and sussceptible (Orange) bacterial strains (n = 70) tested for eight different antibiotics; (b) represents the antibiotic resistance profile of
all tested bacterial strains grouped in various clusters based on their differential potential to resist various antibiotics; (c) indicates the multiple drug resistance
(MDR) potential of purified bacterial strains against varied number of tested antibiotics. In (b) C, cluster; red colored text indicates the bacterial sampling
origin potentially infuencing the AR profile clustering.

https://doi.org/10.1371/journal.pone.0233325.9003
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consists of bacterial strains, showing resistance to azithromycin and co-trimoxazole. The
fourth cluster consists of seven bacterial strains that show resistance to all the B-lactam antibi-
otics, clarithromycin, gentamicin, and co-trimoxazole. Cluster-5 contains 9 bacterial strains
resistant to two B-lactam antibiotics, gentamicin and co-trimoxazole. The number 8 cluster
showed resistance to gentamicin and co-trimoxazole. And, cluster-9 contains three bacterial
strains resistant to only Sulphonamide.

If we evaluate these clusters for ARBs relevance with their isolation source (origin), majority
(7/9) are derived by the gender and some (4/9) are influenced by the sampled sanitary place
(mostly pot) while the sampling location seems to have mere effect on ARB grouping, based
on their antibiotic resistance profiles (Fig 3B).

Multi-drug resistant hygiene related bacterial strains

As mentioned above, the majority of the tested hygiene-related bacterial strains were resistant
to multiple antibiotics used in this work (S4 Table in S1 File). Noticeably, the number of resis-
tant bacteria decreased in number as the number of tested antibiotics was increased (Fig 3C)
that showed the inverse proportionate relationship between the both. Based on these observa-
tions, 23-bacteria were selected to further evaluate their identification and plasmid curing
capabilities. Out of these 23 multi-drug resistance (MDR) bacterial strains, nine strains were
from Ayub Teaching Hospital, seven strains each from Ayub Medical College, and COMSATS
University (Table 2). Of the nine multi-drug resistant bacterial strains isolated from ATH,
seven strains were from male washroom samples, and five strains were from washroom basin
samples. Out of the seven MDR bacterial strains isolated from AMC samples, four belongs to
female washroom samples and washroom sanitary pot samples, while the seven MDR bacterial
strains isolated from COMSATS University contain five strains from the male washroom and
washroom sanitary pot samples.

In regards to the molecular analysis of MDR, the earlier work has reported the presence of
tetracycline resistance genes in bacterial species isolated from wastewater samples [30]. There-
fore, the qualitative presence of tetracycline-resistant genes i.e., Tet A and Tet M was also eval-
uated (PCR via gene-specific primers) in our sanitation-related MDR bacterial strains. And,
only one strain i.e., Pseudomonas putida CMP-16, isolated from male washroom samples of
COMSATS, was found positive for both of these genes.

Molecular and phylogenetic analyses of sanitation related MDR bacteria

The hygiene- related 23 bacterial strains and the similar reference sequences, along with per-
cent gene identity, are listed in Table 2. The majority of the 16s rRNA gene sequences of our
sanitation-related bacterial isolates shared 99-100% homology with already reported bacterial
sequences (Table 2). Moreover, a phylogenetic analysis was performed to exhibit the evolu-
tionary relationship of different bacteria with each other. The resultant phylogenetic tree
grouped our 23 bacterial strains into various taxonomic clusters (Fig 4). For instance, the bac-
terial strains HMP-17, TMB-67, CMP-16, and TMB-11 clustered with Pseudomonas oryzihabi-
tans and P. putida, strains that were isolated from soil and industrial wastewater having similar
origin like the antibiotic resistance strains we isolated. Interestingly, all these four bacterial
strains were isolated from male washroom samples. Another group of P. putida strains
includes HFP-7, TFB-35, and HMB-47, which were originated from ATH/AMC while the ref-
erence sequences are from wastewater, lake sediment samples, and river water. TFP-24 and
HMP-60, both strains isolated from sanitary pot samples, are clustered with P. japonica and P.
putida strains, also isolated from wastewater and wastewater treatment plant. CMB-51 is
grouped with P. fluorescens and P. gessardii strains isolated from patients, WWTP, and sludge.
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Table 2. Characteristics of purified bacterial strains and their 16s rRNA gene based molecular identification.

® Strain code Origin No. of Nearest hit (NH) - Accession number of NH
g % Site Gender Place Antibiotics 5
R |s g

1 HFP.7 4 4 Pseudomonas putida MHT-PSE-01 98% MH279662.1
2 TMB.11 5 3 Pseudomonas oryzihabitans ML-25-4 98% KJ401064.1

3 CMP.16 3 5 Pseudomonas putida AGL 13 100% EU118779.1
4 HMP.17 8 0 Pseudomonas oryzihabitans FP42 99% MH620723.1
5 CMP.19 4 4 Stenotrophomonas rhizophila 99% FM178869.1
6 HMB.21 3 5 Acinetobacter Iwoffii 2A 98% KF993657.1
7 TFP.24 5 3 Pseudomonas japonica 58F5 99% MG269716.1
8 CMP.25 4 4 Rheinheimera sp. 193 100% JQO012969.1
9 HMP.26 5 3 Comamonas denitrificans 14 99% DQ836252.1
10 CFB.28 4 4 Delftia sp. D6 99% MG594845.1
11 CFP.31 4 4 Bacillus cereus LAHAAB_29 99% KX908030.1
12 TFB.35 6 2 Pseudomonas sp. WS14 97% MG807361.1
13 TFP.40 1 7 Acinetobacter johnsonii 98% MH636837.1
14 TMP.46 6 2 Sphingobacterium alimentarium 99% FN908504.1
15 HMB.47 5 3 Pseudomonas putida strain HTcl 99% JF703647.1
16 CMB.51 5 3 Pseudomonas fluorescens FC6846 98% MH497588.1
17 CMP.55 2 6 Bacillus thuringiensis DST212 99% MH?793408.1
18 HMP.60 4 4 Pseudomonas putida PP 98% MH368654.1
19 HMB.64 5 3 Bacillus anthracis USW-ERY-2 99% MF083049.1
20 TFP.65 7 1 Aeromonas caviae Moschidae 99% KX648715.1
21 TMB.67 4 4 Pseudomonas putida D19 99% EF204247.1
22 HMB.69 2 6 Brevundimonas diminuta 264AG7 97% KF836539.1
23 HFP.70 6 2 Brevundimonas terrae STM25 99% KY393019.1

7 17 e 15 s o |1 |

*Green color indicates the origin of bacteria. C, COMSATS; T, medical teaching college; H, hospital; M, male; F, female; B, washbasin; P, sanitary pot; R, resistant; S,

sensitive.

https://doi.org/10.1371/journal.pone.0233325.t002

TFP-40 strain is grouped with Acinetobacter sp. having their sources from lake sediments
and plant roots. Whilst, HMB-21 and TFP-65 are grouped with A. Iwoffii and Aeromonas
strains, which have similar isolation sources like of our strains i.e., human skin, wastewater,
and WWTP. CMP-19 is clustered with Rheinheimera sp., while HMP-26 and CFB-28 have evo-
lutionary closeness with Comamonas denitrificans and Delftia sp. strains isolated from sludge
waste, WWTP, wastewater sludge and contaminated water. HMB-69 and HFP-70 have an evo-
lutionary relationship with Brevundimonas diminuta and B. terrae strains. TMP-46 shared a
common cluster with Sphingobacterium alimentarium strains. Noticeably, the hygiene-related
bacterial strains CFP-31, CMP-55, and HMB-64 have been clustered with Gram-positive Bacil-
lus strains (Fig 4).

Plasmid curing and antibiotics resistance profiling of hygiene related MDR
bacteria

Plasmid curing experiment was performed for (34) bacterial strains that were resistant to mul-
tiple antibiotics. After 5-days of bacterial culture incubation (along with plasmid replication
inhibitor i.e. acridine orange), 10 out of 34 bacterial strains (i.e., HFB-3, HMP-6, CMP-26,
HMB-36, TFB-37, CMB-40, HMP-42, HFP-44, CMP-45 and HFB-54) lost their plasmids.
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Fig 4. Phylogenetic analysis of the purified antibiotic resistant bacterial strains, based on their 16s rRNA gene
sequences. The tree is constructed via neighbor joining method considering Maximum Composite Likelihood model

with Bootstrap replicates of 1000, and bootstrap values equal to or greater than 50 are shown.

https://doi.org/10.1371/journal.pone.0233325.9004

More specifically, 5.9% of the bacteria were found cured after 2-days and further 23.5% of the
strains got cured after 5-days of incubation. While the further incubation did not produce any-
more curing.

After the plasmid curing, these MDR bacterial strains were re-evaluated for their resistance
potential against tested antibiotics (Fig 5). The bacterial strain HFB-3 was ampicillin- resistant
before plasmid curing, but it lost this resistance after plasmid curing. CMP-26 strain was resis-
tant to amikacin and gentamicin, but plasmid curing made it sensitive for both. Similarly, the
TFB-37 strain was resistant to ampicillin and gentamicin, which were lost due to plasmid cur-
ing. Strain HMP-42 was also resistant to co-amoxiclav and gentamicin but not anymore after
plasmid curing. The resistance of HFP-44 to ampicillin was also diminished by its plasmid
loss. CMP-45 was also no longer resistant to gentamicin. Similarly, the resistance of HFB-54 to
co-amoxiclav and amoxicillin was also lost after plasmid curing (Fig 5).

The evidence that bacterial strains lost their resistance to tested antibiotics after plasmid
curing may corroborate that the antibiotic resistance genes in these bacterial strains were pres-
ent on their respective plasmids. While the bacterial strains, resistant to the antibiotics before
and even after plasmid curing experiment, may have their resistance genes present on their
genomic DNA or on other incompatible plasmids.

Discussion

This study has assessed the prevalence of multi-drug resistant bacteria in various hygiene
related conditions prevailing in populated human workplaces. The unhygienic environment
normally serves as a reservoir for antibiotic resistance in different bacteria through HGT, lead-
ing to environmental multi-drug resistance. In these reservoirs, different pathogenic microbes,
if present, may cause different infectious diseases in humans [31]. In this regard, our results
suggest that the bacterial strains isolated from AMC-ATH show resistance to similar antibiot-
ics, meaning that they may have transferred their AR genes to each other. Both these sample-
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Fig 5. Pre and post plasmid-curing antibiotic resistance profile of isolated bacterial strains, depicting their
antibiotic resistance conduit potentially on their respective plasmids. The post plasmid-curing loss of antibiotic
resistance potential indicates the likely presence of antibiotic resistant gene(s) on the cured (lost) plasmid for that
particular bacterium.

https://doi.org/10.1371/journal.pone.0233325.9005

locations are present in very close proximity to each other, and human flow from one location
to another is very common, meaning that the transfer of bacteria from one location to another
might be through human movement, which may ultimately pose the concerns for ARGs trans-
fer to other bacterial hosts.

Bacterial numbers were observed quite high in our sanitation-related samples i.e., up to 10®
CFU/ml in many samples. Moreover, the bacterial morphological and taxonomical diversity
was also very high, which means both of these factors (abundance and diversity) may increase
the chances of resistance genes transfer through HGT between different bacterial species. This
has earlier been reported that ARGs are abundantly present in wastewater and increase the
chances of antibiotic resistance in bacteria present in there [32]. The bacteria may also adopt
and mutate their genome due to the selection pressure of antibiotics present in their
environment.

Antibiotic resistance profiling was performed for hygiene-related bacterial strains, isolated
from various places of washrooms. The samples from male and female washrooms were sepa-
rately evaluated, and the results showed that female washroom samples from COMSATS have
significantly fewer bacteria as compared to the male washrooms of the same location (Fig 2A).
This is consistent with previous literature where statistically significant differences were
observed between male and female samples for E. coli susceptibilities against different antibiot-
ics [33]. Recently, a 10-years study of Portuguese patients’ also reported the difference in anti-
biotic resistance by patient’s sex [34]. These researchers reported that urinary E. coli isolates
from the male were more resistant to their tested antibiotics as compared to the female-origin
isolates [34]. Yet, another study reported their male samples at a higher risk for selecting anti-
microbial resistance [35] that coincides with our observations where gender influences the AR
profile (Fig 3B).

Beyond the gender influences on bacterial community establishment and AR development,
the populated human workplaces may even offer the possibilities of AR dissemination [22].
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These places being the hotspots for human gatherings, interactions and subsequently may
serve as the source for microbial pileup and genetic shift over between different bacteria [20].
Our results have shown that the workplaces with enhanced human flow have increased risk of
ARB presence, and therefore the transfer of ARGs may significantly be more in such places.
According to a report, antibiotics used in agriculture, can still be found in dairy, pig, poultry
and factory farms and may travel into the municipal wastewater and even contaminate the
groundwater, hence promoting the antibiotic resistance [36]. Humans may also get infected
with ARB via exposure to contaminated environments. Different studies have earlier shown
that European broiler farmers and turkey farmers, as well as other workers, were at increased
risk of colonization with antimicrobial resistant E. coli and Enterococcus because of their occu-
pational exposure to these contaminated environments [37]. A study performed in the Nether-
lands showed that MRSA infections were estimated to be 29% in pig farmers as compared to
the general population where it was only 0.1% [38]. Similarly, hospitals and intensive care
units also contribute greatly to the development and spread of ARB [39]. The health care staff
and attendants are at greater risk of ARB because they are in contact with patients infected
with different bacteria, and with surfaces like door handles, contaminated equipment’s and
patients’ body fluids [40].

Bacterial strains identified in this study showed resistance to multiple antibiotics. It has
been reported in many earlier studies that Pseudomonas putida is pathogenic under certain
conditions, can infect humans and may become resistant to many antibiotics [41]. Similarly,
our data that exhibited the resistance potential of Pseudomonas putida to B-lactam, macrolides,
and Sulphonamide antibiotics. Acinetobacter Iwoffii strains cause nosocomial infections in
humans [9], and our Acinetobacter strains are resistant to multiple antibiotics that demonstrate
the potential relevance with human-inhabited environments. Similarly, Bacillus cereus is well-
known pathogen causing diarrhea, food poisoning to humans and harbors a variety of plas-
mids carrying ARGs with transfer potential to other bacterial species, thus, playing a role in
the prevalence of MDR environmental bacterial strains [42]. In this regard, our Bacillus strains
showed resistance to macrolide antibiotics, and Bacillus anthracis has already been reported to
cause anthrax infection [43]. Interestingly, our three Bacillus strains (HMB64, CMP55, and
CFP31) have different sources of isolation, though COMSATS, male washroom, and the sani-
tary pot is common in two of these three strains. These three bacteria were resistant to ampicil-
lin and sensitive to azithromycin and amikacin with differentiating profiles for the other five
tested antibiotics. These characteristics, along with taxonomic identity, indicate their common
AR strategy, which probably has been evolved at some interception (e.g., sanitation) where
their isolation sources may mix up [42].

Moreover, Brevundimonas diminuta has become a major opportunistic pathogen associated
with nosocomial and urinary tract infections. These species have the ability to pass even
through sterilizing filters, which may reinforce their potential for harmful infections [44].
Noticeably, our hygiene-related bacterial collection contains two tentative MDR Brevundimo-
nas isolates (HMB69 and HFP70) of hospital origin and, therefore, the disease prevention pro-
grams should consider temporal investigations for Brevundimonas spp. monitoring and
possible outbreaks as these bacteria are of severe clinical significance [45]. Stenotrophomonas
maltophilia, on the other hand, is highly pathogenic and can cause serious diseases [46], with
its intrinsic resistance to a number of antibiotics [47]. S. maltophilia has earlier been reported
as resistant to different sulphonamide antibiotics that is in line with our results showing S. mal-
tophilia CMP19 as resistant to sulphonamide and other antibiotics tested here.

Earlier studies have also demonstrated that the antibiotic resistance in bacteria is usually
present on plasmids, which transfer to other bacteria through HGT, and thus these plasmids
are the real players for AR spread [48]. In our study, plasmid curing abolished the resistance of
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different bacterial strains against some antibiotics, which suggests that ARGs in our tested bac-
teria are also present on plasmids. For instance, Comamonas denitrificans strain HMP-26 and
Acinetobacter johnsonii strain TMP-40 were originally resistant to amikacin, gentamicin, and
ampicillin, but this resistance was diminished after plasmid curing. A similar study demon-
strated that plasmid curing decreased the bacterial resistance to -lactams, aminoglycosides,
and tetracycline antibiotics [49].

Our results also showed that bacteria having similar AR patterns cluster together for their isola-
tion source as well (Fig 3B), e.g., male/female washroom samples, sanitary pot/basin, and sam-
pling workplaces. Some bacterial strains isolated from ATH (hospital) showed resistance to
similar antibiotics such as strains HFP-44, HMP-36, HMB-69 are resistant to azithromycin, and
Sulphonamide. This may indicate that bacterial strains showing resistance to similar antibiotics,
and also isolated from the same location (like in [22]), may have acquired resistance from the
same source, probably, through HGT. Similarly, bacterial strains TMB-51 and HMP-47 are both
resistant to B-lactam antibiotics, sulphonamides and clarithromycin, while both strains are origi-
nated from the male washroom source, and their presence in medical college and teaching hospi-
tal indicates the possibility of bacterial resistance transfer (like in [20]) from hospital to college or
vice versa which would have happened through human (students) movement in their workplaces.

From our data, it has also been observed that amikacin (aminoglycoside) is the most effec-
tive antibiotic as only 9 bacterial strains (out of 70) were resistant while Co-trimoxazole (Sul-
phonamide) was the least effective with 50 resistant strains. Therefore, Co-trimoxazole
resistance seems rapidly developing that actually is an alarming situation for human health.
Interestingly, the bacterial abundance and diversity in female washroom samples (particularly
in COMSATYS) were considerably less as compared to the respective male washroom samples.
The possible reason for this observation could be the hygienic sense of females or the likely use
of cosmetic items, which may inhibit bacterial growth [50] (e.g., via heavy metal supplementa-
tion in makeup products). It has also been observed that 22 bacterial strains isolated from
female washroom samples were mostly resistant to -Lactam antibiotics. Moreover, the scien-
tific investigations in future should extend the sampling to several other workplaces with
diversified sampling locations like offices etc. along with extended spectrum of test antibiotics.
On parallel, the potential use of such bacterial strains [51] and their molecular analyses e.g. co-
occurrence, quantification of different ARGs and mobile genetic elements are also very impor-
tant for research community of varied interests.

Conclusion

It may be concluded that the hygiene-related sanitary conditions contribute greatly in occur-
rence and potential spread of antibiotic-resistant bacteria. Bacterial strains isolated from wash-
room samples of human workplaces showed resistance to multiple antibiotics that are currently
in clinical use. Such increased number of multiple antibiotic resistant bacteria will have a very
negative impact on human health in future. Therefore, it is the need of time to overcome this
bacterial resistance. And, the limited use of antibiotics is one option so that the bacteria are not
put on pressure to adopt or acquire the antibiotic resistance. And, according to “One Health”
initiative of United Nations, there is also a need to improve the global hygienic conditions and
sanitation facilities to decrease the bacterial growth in various environments and consequently
to alleviate the chances of infection prevalence within the human workplaces.
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