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1. Introduction

The awareness about pollution of the environment by antimicrobials/antibiotics is increasing
globally. So is the literature, which is predominantly on antibiotic resistant bacteria, antibiotic resistance
genes and antibiotic residues in the environment. The main concern about this, is the fear that resistance
in the environment will get transferred to the clinical pathogens (for example, through horizontal gene
transfer) leading to untreatable infectious diseases. It is estimated that antibiotic resistance may result
in deaths of several million per year, if suitable measures are not taken up to mitigate the resistance
problem [1]. The World Health Organization and the United Nations General Assembly have therefore
called antimicrobial resistance a global threat that needs to be resolved with top priority [2,3].

The resistance generating sources in the environment are mainly human waste, animal waste and
manufacturing waste. Both humans and animals (agriculture, poultry, aquaculture etc.), release large
amounts of antimicrobials/antibiotics, which are consumed by them for therapeutic and prophylactic
use, in the environment through excretions and improper disposal, and also the resistant bacteria in
their systems, and make the environment prone to multiplication of resistant bacteria and abundance
of resistance genes. An additional issue in this is the inappropriate use of antibiotics by humans for
themselves and for their animals, because of lack of awareness regarding appropriate use of antibiotics.
Interventions in the form of increasing public awareness and knowledge are the most commonly
used strategies for effecting appropriate antimicrobial use and reducing antimicrobial resistance [4].
For example, in a survey in China it was found that the pig farmers’ knowledge regarding antibiotic
use for their pigs was very poor and it was accompanied with improper behaviour. The survey
results further showed that the probability of improper antibiotic use decreased with the increase in
farmers’ knowledge about appropriate antibiotic use, and about the hazards of antibiotic residues in the
environment [5]. The drug manufacturing units also, through their effluents, pollute the environment
by antimicrobials. The available treatments/treatment plants for treating wastewater/effluents not
being efficient to neutralize these pollutants, there is an abundance of antimicrobials/antibiotics,
resistant microbes/bacteria and resistance genes in the environment. The share of literature is higher
for antibiotic resistant bacteria compared to antibiotic residues and resistance genes as the detection of
the latter two is relatively more expensive and also requires a little higher level of technology. In this
article, we will mainly deal with antibiotic resistant bacteria, resistance genes and antibiotic residues in
the environment.
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IJERPH 2019, 16, 4614

2. Non-Aquatic Environment

Studies from several parts of the world have reported the presence of antibiotic residues, antibiotic
resistant bacteria, as well as resistance genes in various non-aquatic environmental compartments
such as soil, manure, animal meat, plants etc. [6–10]. In the context of resistance, the literature
is more abundant for poultry, it being known as an extensive user of antimicrobials for growth
promotion/prophylaxis besides the therapeutic use, and there are several reports of antibiotic residues,
resistant bacteria and resistance genes being detected in poultry environment [11–13].

3. Aquatic Environment

Most of the antimicrobials/antibiotics used for various purposes and that from manufacturing
plant effluents end up in the aquatic systems of the world environment, as well as the resistant
bacteria and resistance genes generated by them. Thus, there are reports of their occurrence
in hospital wastewater [14–18], rivers [19–21], rainwater-harvesting tanks [22], canal waters [23],
recreational waters [24], municipal/community wastewater [25], and pharmaceutical plant effluent [26].
These wastewater discharges further have impact on various water bodies and contaminate them [27].

4. Non-Aquatic and Aquatic Environment Combined

While there are studies which look into only one of the many non-aquatic or aquatic compartments
of the environment, there are many studies that cover both these types encompassing a composite
environment. For example, water and plants [28], water and sand [24], wastewaters, natural and
drinking waters and solid matrices such as sludge, sediment, and soil [8,29].

5. Resistance Built up in Bacteria after Exposure to Antibiotics in Environment

While in vitro studies show a link between antibiotic exposure and antibiotic resistance,
experiments are also needed to be done in actual environmental niches to see whether resistance
gets built up in the presence of antibiotics in an environmental compartment and whether antibiotic
exposure causes any adverse effects on the environmental system. Two such experiments are cited
here. In one experiment, in a turkey farm, it was found that resistance to enrofloxacin was detected
at a very high frequency after treatments with enrofloxacin via drinking water, a representation of
poultry drinking water from natural sources contaminated with antibiotic residues [30]. In another
hydroponic experiment, representing plants growing in antibiotic contaminated waters, exposing
pakchoi (Brassica chinensis L.) to antibiotic contaminated waters, resulted in detection of target antibiotics
at concentrations ranging from 6.9 to 48.1 μg·kg−1 in the vegetable grown in contaminated water,
and the rates of antibiotic-resistant endophytic bacteria as well as the resistance genes significantly
increased in the plants [31].

6. Environmental Contamination by Antibiotics and One Health

We define here ‘One Health’ in the context of environment and antimicrobial resistance as,
One Health is a study and interpretation of an integrated paradigm of antimicrobials and antimicrobial
resistance dynamics and epidemiology, that encompasses human health, biodiversity health and
ecosystem health including socio-behavioural aspects, that informs on the processes leading to the
occurrence and recurrence of infectious agents and resistance and their dissemination and extinction
in organic and inorganic habitats/environments, for the purpose of development of antimicrobial
resistance management strategies. Few studies, projects or literature reviews encompassing all these
dimensions for an organism or an antimicrobial in a particular niche/geographical area/ecosystem
are evident in literature (e.g., [27,29]). Studies mostly occur in separate events and not as a conscious
integrated event. In our project in India entitled ‘APRIAM-Studies on Antibiotic Use, Antibiotic
Resistance and Antibiotic Residues in the Environment of India with a Context of Antibiotic Resistance
Management in a One Health Approach’, we kept in focus a One Health approach while using varying

2



IJERPH 2019, 16, 4614

study dimensions and while creating certain protocols [32,33]. Although the project is still ongoing,
a mention of some of its results is worthwhile here to create a context between environmental antibiotic
residues, antibiotic resistance, resistance genes and One Health. We found that, in people’s and
healthcare worker’s perception, environment was intimately connected to occurrence of infectious
diseases, antibiotic use and resistance development [34,35]; a time-series analysis study also showed
that climatic factors influenced occurrence of Methicillin-Resistant Staphylococcus aureus (MRSA)
skin and soft-tissue infections [36], and further we found that, resistance patterns were shared for
Escherichia coli from humans, animal (cow) and their associated water when from an inland area,
whereas, when located in the proximity of sea, resistance of E. coli from humans, animals and water
had a shared pattern but it was different from the inland one [37]. We also found that in a niche area in
a village, there was not only commonality of a resistance pattern of E. coli in humans, animals and
the water in their environment but the commonality also extended to resistance genes [38]. In further
exploration, we found that antibiotic residues, antibiotic resistance and resistance genes in water and
sediments of a nearby river share some commonality [21]. As socio-behavioural and anthropogenic
aspects also have an impact on the generation of resistance in the environment [39]. We also conducted
studies on the same river about the impact of a special anthropogenic activity particular to India,
holy dip and congregative holy dip of millions of persons in a holy river (Kumbh Mela) on antibiotic
residues, antibiotic resistance and resistance genes (to be published). When our studies are complete,
all these will be mapped from a One Health perspective.

7. Current Wastewater Treatment Failure

Wastewater is produced daily from various sectors and segments of society. Worldwide,
113 countries have data available on wastewater production, 103 countries on wastewater treatment,
and62 countries on wastewater use [40] E ven after treatment, antibiotic residues, antibiotic resistant
bacteria and resistance genes are still present in the wastewater, and the wastewater treatment
plants (WWTP) are considered ‘hot spots’ of resistance multiplication [41] The wastewater from
households, animal rearing facilities and WWTP effluents mostly get released into nearby waterways,
wherefrom it might be used for irrigation purposes and studies have shown that some antibiotics
have very long half-lives in agricultural soils: 55 to 578 days for tetracycline and 120 to 2310 days
for ciprofloxacin [42–44]. Conventional wastewater treatment facilities typically have biological
degradation, for example using the activated sludge process, whereas advanced facilities have tertiary
treatment processes, such as reverse osmosis, ozonation, sonolysis and advanced oxidation technologies
like fenton oxidation, heterogenous-photocatalysis with TiO2 etc. These treatments do not necessarily
fully remove antibiotic residues, antibiotic resistant bacteria and resistance genes from the wastewater.
For example, there are reports that antibiotic residues, antibiotic resistant bacteria and resistance
genes still remain even after the conventional treatment [16,45]. Additionally, even after the advanced
treatment processes currently in use, the problem is not fully resolved, for example, a study showed
that even after ozonation treatment about 20% of sulfonamides, trimethoprim and macrolides still
remained in the effluent [46].

8. Complete Remediation of Environmental Antibiotic Residues, Resistant Bacteria
and Resistance Genes

Considering these issues and also that the normal photocatalysts used for disinfection are
expensive materials like silver (Ag), titanium (Ti) etc., there was a need to develop photocatalysis based
on inexpensive resources. Our research group has developed a technique using cheap resources like
iron (Fe) or kaolinite nanoparticles and sunlight or visible light, that results in complete disinfection of
multi-drug resistant pathogenic enteric bacteria and Salmonella from natural waters such as from ponds,
rivers, lakes, tap water etc. [47–49].The same technique using the cheap resource of Fe and sunlight is
also successful in 100% decontamination of environmentally highly stable antibiotics like ciprofloxacin
from natural waters [50].This technique using sunlight is also useful with the conventional expensive
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photocatalysts [51]. Further, for this technique, we have been able to show that the genetic resistance
material gets completely degraded by this technique and in the process, we have also developed an
insight into how the resistance gets broken down [49,52].

9. Conclusions

There is a need for regulations to be established and implemented in many areas related to
antimicrobials in the environment. The areas to focus are the pharmaceutical industry, hospitals,
wastewater treatment plants, aquaculture farms, poultry farms, pig farms, and households. Other key
areas to focus are strengthening and persevering awareness and education, antimicrobial stewardship
strategies inclusive of environmental risk sensitization and management, pharmaceutical take-back
programs, designing greener antimicrobials with better degradability in the environment, implementing
environmental risk assessment prior to the launch of new drugs, monitoring release of antimicrobials
into the environment, and eco-pharmacovigilance. The risk of using sewage/wastewater for irrigation
needs to be carefully evaluated. Toxicological effects of antimicrobial use on non-target organisms
and the environment should be addressed and informed to practitioners. There is a need to use less
costly methods for antimicrobial residue measurements. Additionally, there should be methods of
monitoring progress of correctives.

The whole gamut of antimicrobial/antibiotic use, antimicrobial/antibiotic residues,
antimicrobial/antibiotic resistance, resistance genes, and horizontal gene transfer is interconnected,
one leading to another and finally resulting in increased antimicrobial/antibiotic use, which further
leads to the same consequences. Therefore, there is a need to develop and implement instruments to
carefully monitor antimicrobial/antibiotic use in community, animals, and hospitals, as well as residues,
resistant microbes/bacteria and resistance genes in all compartments of the environment, and to update
this information on a continuous basis. The crisis of antimicrobial/antibiotic resistance is reaching
unmanageable proportions and if immediate measures are not taken to resolve the problem, simple
infections may become life threatening.

Funding: This research received no external funding.
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Abstract: Improper use of veterinary antibiotics (VAs) has led to antibiotic resistance and food
safety issues that are harmful for sustainable development and public health. In this study, farmers’
knowledge influencing their usage of veterinary antibiotics was analyzed based on a survey of 654
pig farmers in Funing County, China. A behavior probability model was constructed, and a Matlab
simulation was used to evaluate the dynamic changes in farmers’ behavioral choice regarding VAs
use. The survey results showed that the 654 pig farmers’ knowledge of VAs were relatively poor,
along with a high occurrence of improper behavior. Specifically, 68.35% of the 654 surveyed pig
farmers admitted their violation of VAs use regulations, while 55.50% among them overused and
24.31% among them misused VAs. The simulation results showed that the probability of improper
VA use decreased with the increase in farmers’ knowledge about VA use specification, and when
farmers’ knowledge about the hazards of VA residues increased. However, when farmers had a
high level of knowledge about relevant laws and their penalties, there was still a high probability of
improper VA use.

Keywords: farmer; veterinary antibiotics use; knowledge; behavior probability model; China

1. Introduction

Antibiotics are the most important finding in the 20th century for controlling bacterial infections
and protecting health [1]. In addition to human treatment, antibiotics have been widely used in
agriculture, the food industry, and aquaculture [2]. Veterinary antibiotics (VAs) are widely used
in the treatment and prophylaxis of diseases in food-producing animals and in non-therapeutic
applications [3,4]. However, the misuse or overuse of VAs is the culprit for increasing antibiotic
resistance and food chain contamination [5,6]. Improper use of VAs, on one hand, leads to a
high proportion of VA residues that pollute the ecological environment and exacerbate antibiotic
resistance. On the other hand, VA residues may accumulate in animals and enter the food chain in
the form of chemical hazards, thus causing food safety risks that endanger the health of consumers
(i.e., public health) [7–9]. It is noteworthy that the development of antibiotic resistance has exacerbated
the overuse of antibiotics in veterinary drugs [10], while the release of antibiotics into the environment
has accelerated the development of antibiotic-resistant bacteria. This results in a vicious cycle that
poses a tremendous threat to the ecological environment and public health.

Since antibiotic resistance has become a common global problem, [11,12], there is increasing concern
regarding VAs in developing countries. China is not only the largest producer and user of antibiotics in
the world [1,13], but also the largest pig producer and consumer [14]. In 2013, antibiotic consumption in
animals accounted for approximately 52% of the total antibiotic consumption of approximately 162,000
tons in China [15]. The negative effects of improper use of VAs by pig farmers are evident to varying
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degrees in the vast rural areas of China [16]. In many countries around the world, including China,
there are a large number of small-scale farmers of meat-producing animals who are the direct users of
VAs. In China, farmers tend to overuse VAs, use human antibiotics, or do not follow the withdrawal
time recommendations due to their poor knowledge of VAs and the pursuit of economic benefits from
meat-producing animals [14].

Minimizing antibiotic resistance should be the responsibility of all members of society [17].
The crucial role of farmers in shaping and preserving multifunctional agro-ecosystems, has been
highlighted by agricultural scientists over the past decades [18]. It has been pointed out in some studies
that improper antibiotic use by farmers is closely related to their knowledge of antibiotics [19,20].
Kuipers et al. (2016) [21] found that professionally trained farmers (i.e., farmers with higher knowledge
level) tend to use less VAs in dairy herds. However, the possible use of VAs by farmers with different
knowledge levels and under different regulatory policies (e.g., in China) has been rarely reported.
Therefore, this study empirically investigated the knowledge and use of VAs by pig farmers in rural
areas in China. A behavior probability model was constructed based on the knowledge of pig farmers
that affected their VA use. The dynamic changes in farmers’ behavioral choice regarding the use of
veterinary antibiotics, was then observed by Matlab simulation, when considering their knowledge
regarding VAs and the different government regulation environments. Based on the findings, policy
recommendations were made to regulate improper VA use by farmers.

2. Materials and Methods

2.1. Sample Site

Funing County (located in Jiangsu Province) was selected as it is a famous pig farming base
in China (Figure 1), known as “the hometown of piglets”. Pig farming is an important source of
family income for farmers in Funing, and more than 50% of the pigs were produced by small-scale
household farming. As small-scale household pig farming where VAs are directly used by farmers
will persist over a long period of time in China, investigating the use of VAs in Funing has important
practical significance.

Figure 1. Location of the survey area in China. Note: This is merely a schematic diagram and does not
cover the issue of territorial sovereignty.

2.2. Study Design

Prior to the formal survey, a preliminary survey was conducted among pig farmers in Xinlian
Village, Sanzao Town, Wangji Village, Longwo Village, and Shuanglian Village in Funing County.
A final questionnaire was developed after problems were identified and solved based on the findings
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of the preliminary survey. The formal survey was conducted by random sampling and home visits
in all 13 towns/villages in Funing County. Since face-to-face interviews can effectively avoid the
respondents’ possible misunderstanding of survey questions and improve the response rate, the survey
was performed by properly trained investigators (postgraduate and doctoral students) who were
familiar with the questionnaire and interview process. A total of 654 valid questionnaires were
collected for the final analysis.

2.3. Instruments

The questionnaire was developed based on the literature review and the authors’ field
observations [14,16,22]. The questionnaire was divided into three parts. The first part was designed
to collect the demographic characteristics of respondents including gender, age, education, annual
production, farming income, and years of farming experience. In the second part, the use and
knowledge of VAs were assessed. In view of the diversity and complexity of improper use of VAs,
the three most common types: overdose (addition of VAs at a higher than specified concentration),
use of human antibiotics instead of VAs, and non-compliance with withdrawal time requirements
were investigated. To assess the respondents’ knowledge about VAs, their knowledge about VA
use specifications, hazards of VA residues, and relevant laws and their penalties were examined.
Theirs level of knowledge was scored on five-point Likert scale where 1 = no knowledge, 2 = little
knowledge, 3 = moderate knowledge, 4 = good knowledge, and 5 = complete knowledge. The third
part examined the effect of government regulation the use of VAs by farmers. The respondents were
asked about the frequency of spot checks of pig farmers’ VA use by local government regulators,
how and to what extent government spot checks affected pig farmers’ VA use, whether farmers were
punished for improper use of VAs according to law, and what was the effect of punishment. Note that,
strictly in China’s newest Regulations on Administration of Veterinary Drugs, there is no permitted
use of human drugs on animals

3. Model Approach and Simulation Scenarios

This paper referred to a literature for the modeling and scenario methods [22].

3.1. Model Construction for Farmers’ Behavior Choice

3.1.1. Basic Model Assumptions

Due to the fact that farmers operate in a complex environment, the simulation could not take into
account all the factors that may affect their VA use. Therefore, this study focused on how the differences
in farmers’ knowledge affected their VA use during pig farming. The following assumptions were made:

(1) There are only two choices—either proper or improper—for pig farmers regarding the use of VAs.
Proper use refers to the use of VAs in a correct and reasonable way according to requirements.
Improper use comprises of one or more behavior of VA overdose, use of human antibiotics,
and non-compliance with withdrawal time requirements.

(2) Pig farmers are economically rational. Their use of VAs follows the cost–benefit approach.
(3) The government makes spot checks of farmers’ VA use during pig farming. Farmers will be

subject to financial penalties, pressure of public opinion, and moral pressure, if improper use
is discovered.

(4) Pig farmers’ choice regarding VA use is a dynamic process affected by the behaviors of peers in
real-world situations.

3.1.2. Farmers’ Knowledge

In the simulation experiments, pig farmers were the primary actor in economic activity.
Their knowledge and cognitive capacity were the main factors affecting their estimation of expected
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return [23], thus influencing their use of VAs. According to the literature research and the author’s
field observations, the farmers’ knowledge was summarized into three categories: knowledge of VA
use specification, knowledge of hazards of VA residues, and knowledge of relevant laws and their
penalties, represented by ϕi1, ϕi2, and ϕi3, respectively. As the five-point Likert scale was used in
the measurement of the farmers’ knowledge level, it was assumed that ϕi1, ϕi2, and ϕi3 take a value
in [1,5], respectively, where 1 means no knowledge and 5 means complete knowledge. Since the
knowledge level of each farmer is not exactly the same in reality, the values were given for ϕi1, ϕi2,
and ϕi3, respectively, in the simulation.

3.1.3. Farmers’ Expected Returns

Based on the above basic assumptions, the farmers’ expected returns were related to government
regulation in their behavioral decision regarding the use of VAs. To regulate the use of VAs,
government regulators make spot checks to monitor pig farmers’ VA use, and punish the improper
use of VAs in accordance with laws and regulations. Government regulation and punishment of pig
farmers for improper VA use have an impact on their use of VAs. Therefore, the farmers’ expected
returns can be described as follows.

Farmers’ expected return from proper VA use is:

W1 = G (1)

Farmers’ expected return from improper VA use is:

W2 = (1 − q)× (ΔG + G) + q × (ΔG + G − C1 − C2) (2)

where ΔG = θ × G, where G is the farmers’ return from proper VA use; ΔG is the farmers’ extra return
from improper VA use; C1 are the financial penalties imposed by government regulators on farmers for
improper VA use; C2 are the social costs of discovered improper VA use for farmers including pressure
from public opinion and moral pressure, etc.; θ is the ratio of farmers’ increased return from improper
VA use to that from proper use; q is the probability of the farmers’ improper VA use to be checked by
government regulators.

3.1.4. Behavior Probability Model

As pig farmers’ VA use is affected by multiple factors, the choice probability for VA use varies
among farmers. Sun et al. [23] developed a mathematical model of behavior probabilities to assess
the probability of choosing a certain behavior under the general reward expectation on that behavior.
For individual pig farmers, behavior probability is a description of behavioral uncertainty, that is,
the probability of a farmer choosing a certain use of VAs in the “behavior set”. Correspondingly,
for the pig farmer group, behavior probability is the proportion of individual farmers who choose a
certain use of VAs in the group. If all individuals in the group have the same return expectation on
each use of VAs, they will all choose the same use of VAs, and there is no need to discuss behavior
probability. However, in fact, there is a big difference in farmers’ return expectation on each use of
VAs. The differences in cognitive capacity and bias regarding VA use specification, hazards of VA
residues, and relevant laws and regulations among each individual actor in the group lead to different
probabilities for each farmer in choosing the use of VAs. Based on the literature [23] and the knowledge
of farmers, a behavior probability model was developed in this study to simulate the farmers’ VA use
during pig farming under different return expectations.
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According to the assumptions, the farmers’ VA use was simplified into two categories:
either proper use a+ or improper use a−. The behavior set was A = {a+, a−}. The following behavior
probability model was developed:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

pi(a+) =
e{ϕi0+(ϕi1+ϕi2+ϕi3)wi(a+)−(ϕi4+ϕi5+ϕi6)wi(a−)}

1 + e{ϕi0+(ϕi1+ϕi2+ϕi3)wi(a+)−(ϕi4+ϕi5+ϕi6)wi(a−)}

pi(a−) = 1 − pi(a+) = 1 − e{ϕi0+(ϕi1+ϕi2+ϕi3)wi(a+)−(ϕi4+ϕi5+ϕi6)wi(a−)}

1 + e{ϕi0+(ϕi1+ϕi2+ϕi3)wi(a+)−(ϕi4+ϕi5+ϕi6)wi(a−)}

=
1

1 + e{ϕi0+(ϕi1+ϕi2+ϕi3)wi(a+)−(ϕi4+ϕi5+ϕi6)wi(a−)}
pi(a+)
pi(a−)

= e{ϕi0+(ϕi1+ϕi2+ϕi3)wi(a+)−(ϕi4+ϕi5+ϕi6)wi(a−)}

(3)

where ϕij is the regression coefficient, i ∈ [1,2, . . . ,N], j ∈ [1,2, . . . ,6], and ϕij > 0. It should be noted
that when j = 0, ϕi0 ∈ (−∞,+∞). When ϕi0 determines that the expected returns from the two different
behavioral choices, i.e., proper and improper VA use, are both 0, that is, wi (a+) = wi (a−) = 0, the
i-th actor’s behavior occurs without a driving force. The behavior probability in this case is called
spontaneous probability. In fact, the farmer’s choice regarding VA use is influenced by their judgment
of the expected return. Based on the behavior probability model, the probabilities of proper use a+

and improper use a−, pi (a+) and pi (a−), were simulated under the influence of farmers’ knowledge
and return expectations. It is assumed that when pi (a+) ≥ pi (a−), the i-th actor chooses proper use;
otherwise, they choose improper use. The group behavior probability was obtained by the observation
of a total of N actors.

3.2. Simulation Experiment Description

In this study, the independence and interaction of individual pig farmers as an actor were
simulated in a computer-generated environment when considering the influences of their knowledge
and actor-to-actor information exchange on their VA use. The simulation was performed using Matlab
based on Wu’s and Zhou’s research [22,24], and is described as follows:

(1) The simulation area is a 20 × 20 square area. At the start of the simulation, 100 farmers were
randomly distributed in this area. Specific parameters are listed in Table 1 below.

Table 1. Settings of experimental parameters.

Model Parameters Parameter Value (Symbol)

Area 20 × 20
Total number of farmers, N 100

Farmers: proper use A
Farmers: improper use B

Vacancy O

(2) Vision values of farmers. Farmers’ VA use is closely related to the behavior of their peers [25].
“Vision value” was used to indicate the ability of farmers to collect surrounding information in the
model. The larger the value, the higher the ability to collect surrounding information. At the start of
the simulation, 100 vision values were randomly generated and assigned to each farmer. A vision
value of two means that a farmer can observe the behaviors of other farmers in 2× 4 grids surrounding
them. It was assumed that: (a) If a farmer’s behavior is A, and the number of A within their range
of vision ≥ the number of B, they will maintain their own behavior; otherwise, their behavior will
change to B; and (b) if a farmer’s behavior is B, they will maintain their own behavior if the number
of B within their range of vision ≥ the number of A; otherwise, their behavior will change to A.

(3) Knowledge of farmers. As set forth, ϕi1 (the farmers’ knowledge of VA use specification),
ϕi2 (knowledge of hazards of VA residues), and ϕi3 (knowledge of relevant laws and their
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penalties), take a value in [1,5] in the simulation, respectively, where 1 means no knowledge
and 5 means complete knowledge. Based on the behavior probability model, ϕi1, ϕi1, and ϕi3
are the coefficient part of proper use, and ϕi4, ϕi5, and ϕi6 are the coefficient part of improper
use. As proper and improper VA uses are two opposite behaviors, when a farmer has a high
willingness to perform one behavior, the willingness to perform the other behavior will be
relatively low. Therefore, it is assumed that the relationship between the two sets of coefficients is
as follows: ⎧⎪⎨

⎪⎩

ϕi1 + ϕi4 = 5
ϕi2 + ϕi5 = 5
ϕi3 + ϕi6 = 5

(4)

To ensure scientific rigor and practical relevance of the simulation, the 100 farmers were assumed
to have a lower-middle level of knowledge at the start of the simulation. It was assumed that ϕi0
= 2 and ϕi1 = ϕi2 = ϕi3 = 3, that is, the farmers’ three categories of knowledge fluctuated in the
range of [1,3].

(4) Farmers’ expected return. The farmers’ expected return can be calculated by Equations (1) and
(2). Farmers’ normal return, G, follows uniform distribution in [5,9] (in ten thousand yuan). θ is
the ratio of farmers’ increased return from improper VA use to that from proper usage. In general,
the higher the knowledge level regarding VA use specification, the lower the probability of an
improper return. Therefore, θ is correlated with ϕi1. To ensure that θ is nonnegative, it was
assumed that θ + ϕi1 = 5. Based on the finding of field interview regarding spot checks for pig
farmers that were conducted by government regulators each year, the initial value of q was set to
0.3. According to the Regulations on Administration of Veterinary Drugs in China, the penalty
for improper VA use was set to 30,000 yuan considering the various forms of improper use.
Hence, C1 = 3. The higher the farming return, the higher the pressure from public opinion and
moral pressure when the misconduct is disclosed and sanctioned. Hence, it is assumed that
C2 = 2 × G.

4. Results and Discussion

4.1. Sample Characteristics

Statistical analysis was performed by SPSS 20.0 (SPSS Inc., Chicago, IL, USA). Demographic
characteristics of respondents are shown in Table 2. According to our investigation, of the 654 pig
farmers surveyed, 59.2% were male and 40.8% were female. The average age was 56.2 years.
Generally, economic development in rural agricultural zones in China is lower than urban areas.
The fact makes most younger generation workforce leave the rural agricultural zones to seek jobs in
urban ones. This explains well why the average age of our sample is relatively high. Future studies
can focus on the age factor and see if this variable can impact the relationship between knowledge and
VA use. Furthermore, 58.7% of the respondents had an education level of primary school or below,
and 28.4% had junior high school. A large proportion of respondents (51.4%) had a family size of five
or more. The majority of respondents (66.1%) had a pig farming income accounting for 30% or less of
total household income, and 78.9% of them had over ten years of pig farming experience.

4.2. Behaviors and Knowledge of Farmers Regarding Veterinary Antibiotics (VAs) Use

In terms of behaviors regarding VA use, 68.3% of the 654 pig farmers surveyed reported
non-compliance with withdrawal time requirements, 55.5% overdosed VAs, and 24.3% used human
antibiotics instead of VAs. Some farmers reported two or more types of improper VA use.

With regard to knowledge regarding VA use (Table 3), 78.0% and 19.3% of the respondents
had no and little knowledge of VA use specification, respectively (97.3% altogether); 66.2% and
22.5% had no and little knowledge that antibiotics customized for humans cannot be used in pig
farming (88.7% altogether); 48.2% and 28.9% had no and little knowledge of hazards of VA residues,
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respectively (77.1% altogether); and 64.7% and 22.0% had no and little knowledge of punishment for
violating VA use regulations, respectively.

Table 2. Demographic characteristics of the surveyed farmers.

Characteristics Categories Frequency (n) Percentage (%)

Gender
Male 387 59.2

Female 267 40.8

Education Attainment
Primary school and lower 384 58.7

Middle school 186 28.4
High School and Above 84 12.9

Number of household members

1 12 1.8
2 57 8.7
3 93 14.2
4 156 23.9

5 or more 336 51.4

Proportion of pig production to
family income

30% or less 432 66.1
31–50% 78 11.9
51–80% 54 8.3
81–90% 33 5.0

91% or more 57 8.7

Years of farming

1–3 years 45 6.9
4–6 years 42 6.4

7–10 years 51 7.8
Over 10 years 516 78.9

Slaughter amount
1–30 pigs 417 63.8

31–100 pigs 135 20.6
Over 100 pigs 102 15.6

In terms of effect of government regulation, the majority of respondents (68.81%) believed that
government supervision and inspection had no effect on their daily farming behaviors. Only 3.21%
reported a great effect or a very great effect. Moreover, the vast majority of respondents (91.74%)
were not penalized for violating VA use regulations. Only 7.34% and 0.92% were occasionally and
frequently penalized for violations, respectively.

Table 3. Farmers’ knowledge about VAs (in %).

Knowledge 1 = No Knowledge
2 = Little

Knowledge
3 = Moderate
Knowledge

4 = Good
Knowledge

5 = Complete
Knowledge

VAs should be used as directed by a
veterinarian in strict accordance with the

manufacturer’s instructions
78.03 19.27 0.30 1.22 1.22

Antibiotics customized for human cannot be
used in pig farming 66.21 22.48 1.22 7.34 2.75

VA residues can cause antibiotic resistance
and endanger human health 48.17 28.90 7.80 12.84 2.29

Farmers will be punished by the government
for improper VA use 64.68 22.02 3.67 8.26 1.37

4.3. Simulation Experiment Results

The effects of each knowledge category on pig farmers’ VA use were simulated using Matlab.
The effectiveness of government regulation on preventing and controlling pig farmers’ improper VA
use was also analyzed. In figures regarding the simulation experiments, the black and gray curves
indicate the probabilities of proper and improper uses in the farmer group, respectively.

4.3.1. Influence of Knowledge about VA Use Specification on Farmer’s Behavioral Choices

The farmers were randomly distributed in the simulation area at the start of the simulation and
then interacted with each other over time. Repeated experiments revealed relatively obvious curve
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changes when the value of knowledge of VA use specification, ϕi1, was set to 1, 2, 3, and 5. Figure 2
reflects the co-variation between knowledge about VA use specification and behavioral choices of pig
farmers. As shown in Figure 2, the behavioral choices of farmers appeared to have some regularity
under the four different parameter settings of VA use knowledge of farmers—likelihood of good VA
use behavior increases with increasing knowledge about VS use specification. When the value of ϕi1
was 1, that is, the farmers generally have a low level of knowledge of VA use specification, there was
a high probability of improper VA use, fluctuating between 95% and 100%, in the farmer group,
as shown in Figure 2a. The probability of improper VA use decreased gradually when the value of ϕi1
changed from 1 to 2 and 3. When ϕi1 = 3, the probabilities of proper and improper uses fluctuated
around 50%. When ϕi1 further increased to 5, the probability of improper VA use was significantly
lower than that of proper use. The above findings indicated that the probability of improper VA use
decreased with an increase in the farmers’ knowledge of VA use specification. This was consistent
with the conclusion of Wu [26]. However, the probability of improper VA use was still higher than
that of proper use. Only when the level of knowledge was sufficiently high were farmers inclined to
use VAs properly. Also, such result echoes to the finding of Pham and colleagues [27] that the farmers
seldom know the real and specific purpose of using VA. Therefore, persistent improvement of pig
farmers’ knowledge about VA use specification plays a fundamental role in promoting proper VA
use. Note that in the model, the x-axis represents a parameter of time, but we did not specifically
assign a time unit for that parameter. By not specifying time period can extend the flexibility and
generalizability of the models and results [24].

 
(a) ϕ i1 = 1 (b) ϕ i1 = 2 

  
(c) ϕ i1 = 3 (d) ϕ i1 = 5 

Figure 2. Simulation results of the changes of farmers’ behavioral choices regarding VA use under the
variation of their knowledge about VA use specification: (a) the value of ϕi1 (the farmers’ knowledge
of VA use specification) was set to 1; (b) the value of ϕi1 was set to 2; (c) the value of ϕi1 was set to 3;
(d) the value of ϕi1 was set to 5.

4.3.2. Influence of Knowledge about the Hazards of VA Residues on Farmer’s Behavioral Choices

Figure 3 demonstrates the relationship between farmers’ knowledge about the hazards of VA
residues on the behavioral choices of them. As can be seen from Figure 3a (ϕi2 = 1), when farmers
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had no knowledge about the hazards of VA residues, there was a high probability of improper VA
use, fluctuating around 90%, in the farmer group. This result was consistent with the survey finding
that respondents with improper VA use had a poor knowledge about the hazards of VA residues.
Moreover, the probability of proper VA use increased significantly when the whole group’s knowledge
about the hazards of VA residues increased to a certain level, as shown in Figure 3b. When ϕi2 = 3,
the probabilities of improper and proper VA use fluctuated between 40% and 60%. A comparison of
Figure 3b (ϕi2 = 3) and 3c (ϕi2 = 4) indicated that the probability of improper VA use did not significantly
decrease with the further increase in knowledge about the hazards of VA residues. One possible reason
is the difficulties in government regulation due to decentralized farming. Moreover, the economic
benefits from improper VA use in pig farming are attractive enough for most farmers due to the general
absence of strict supervision and punishment by the government [26]. Therefore, it is necessary to
educate farmers about the hazards of improper VA use, and at the same time impose financial penalties
for improper VA use to reduce willful misconduct.

 
(a) ϕ i2 = 1 (b) ϕ i2 = 3 

 
(c) ϕ i2 = 4 

Figure 3. Simulation results of the changes of farmers’ behavioral choices regarding VA use under the
variation of their knowledge about hazards of VA residues: (a) the value of ϕi2 (knowledge of hazards
of VA residues) was set to 1; (b) the value of ϕi2 was set to 3; (c) the value of ϕi2 was set to 4.

4.3.3. Influence of Knowledge about the Relevant Laws and Their Penalties on Farmer’s
Behavioral Choices

Figure 4 demonstrates the influences of knowledge about the relevant laws and penalties on
farmers’ behavioral choice. Farmers’ VA use is closely related to their knowledge about relevant
laws and their penalties. When farmers’ knowledge about relevant laws and their penalties ϕi3 = 1,
there was a relatively high probability of improper VA use, fluctuating between 70% and 80%, as shown
in Figure 4a,b. When the value of ϕi3 changed from 1 to 3, the probability of proper VA use in the farmer
group did not increase substantially, while the probability of improper use decreased by 5–10%. As can
be seen from Figure 4c, when farmers had a relatively high level of knowledge about the relevant
laws and their penalties, improper VA use still occurred at a probability of around 50%, which was
similar to the probability of proper use. In fact, current pre- and post-slaughter pig quarantine in China
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only focuses on foot-and-mouth disease, swine fever, swine vesicular disease, and other diseases.
VA residues in live pigs are not strictly monitored. The testing of antibiotic residues only includes
several common types of VAs. This has resulted in a low probability of discovering improper VA
use by farmers, and consequently, there has been insufficient punishment. From the perspective of
policy regulation, pig farmers in China is allowed to execute routine treatments by themselves, just like
some advanced nations including The Netherlands (e.g., Kuipers et al., 2016 [21]). This and other
similar permissions have allowed farmers in China more autonomy in medical related behaviors.
Therefore, it is possible that farmers, driven by economic interests and endorsed with higher behavioral
autonomy, deliberately choose improper VA use, despite knowing the penalties.

  
(a) ϕ i3 = 1 (b) ϕ i3 = 3 

 
(c) ϕ i3 = 4 

Figure 4. Simulation results of the changes of farmers’ behavioral choices regarding VA use under the
variation of their knowledge about relevant laws and their penalties: (a) the value of ϕi3 (knowledge of
relevant laws and their penalties) was set to 1; (b) the value of ϕi3 was set to 3; (c) the value of ϕi3 was
set to 4.

4.4. Influence of Government Regulation on Farmer’s Behavioral Choices

Regulative tactics can influence antibiotic use in different ways [28]. Hence, in our simulation
experiments, government regulation of pig farmers’ VA use was reflected by spot checks and penalties
for improper use. The experimental results are shown in Figure 5, which illustrates the relationships
between government regulation (in terms of different numbers of random checking and amount of
penalty) and farmers’ VAs use. When the sampling rate in spot checks and the penalties were both low,
the proportion of farmers with improper VA use (approximately 80%) was much larger than that with
proper use (approximately 20%). When the sampling rate in spot checks increased, the proportion of
farmers with proper VA use (fluctuating between 50% and 60%) was slightly higher than that with
improper use. Furthermore, when the penalties were increased, the number of farmers with proper
VA use was significantly higher than that with improper use. This was consistent with the findings of
Chen et al. [29] on the behaviors of pig farmers.
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(a) q  = 0.3, C1 = 3 (b) q  = 0.4, C1 = 3 

 
(c) q  = 0.4, C1 = 4 

Figure 5. Simulation results of the changes of farmers’ behavioral choices regarding VA use under
the variation of government regulation: (a) the probability of the farmers’ improper VA use checked
by government regulators was set to 0.3 (q = 0.3), and the penalty for improper VA use was set to
30,000 yuan (C1 = 3); (b) q = 0.4, C1 = 3; (c) q = 0.4, C1 = 4.

5. Conclusions and Policy Implications

In this study, the dynamic changes in farmers’ behavioral choice regarding VA use were observed
by simulation when considering their knowledge regarding VAs and farmer-to-farmer interaction.
First, the simulation results showed that the probability of improper VA use decreased with the
increase in farmers’ knowledge about VA use specification. When the level of this knowledge was
high enough, farmers were inclined to make proper use of VAs. In short, their use of VAs was
significantly affected by their knowledge about VA use specification. Second, the probability of
improper VA use decreased at a decreasing rate as farmers’ knowledge about the hazards of VA
residues increased. In general, the farmers’ use of VAs is related to their knowledge about the hazards
of VA residues. Third, when farmers had a high level of knowledge about the relevant laws and their
penalties, there was still a high probability of improper VA use, which was similar to that of proper
use. The farmers’ choice regarding the use of VAs was not significantly affected by their knowledge
about the relevant laws and their penalties.

These important findings call for the improvement of VA management policies and the
development of sustainable interventions in China to prevent the improper use of VAs by pig farmers,
in order to reduce antibiotic resistance and improve pork safety for the protection of public health.
Considering the fact that improper VA use is common among pig farmers in China, the following
policy recommendations are offered based on the above conclusions. First, support should be provided
to help farmers, the end-user of VAs, to improve their knowledge about VA use specification and to
keep records of VA use. Changes of management practices (e.g., veterinary professionals’ involvement
and professionals-farmers communications) may help increase the level of farmers’ awareness [21].
Second, support should be provided to help farmers understand the hazards of VAs and thus make
proper use of them. Nonetheless, such provision of supportive resources and information should
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be highly relevant to farmers’ special situations (e.g., Garforth et al., 2013 [30]), so as to be highly
appreciated and adopted by farmers. For farmers with different levels of knowledge, specific and
different resources and information should be endorsed in different ways. For example, for farmers
with lower knowledge level of VA, more visual (non-text) and life-related case stories should be told,
while for farmers with higher-level knowledge, more systematic information and resource packages
should be supplied. Third, as the food safety regulator, the government should improve and publicize
relevant laws and regulations to enhance the legal awareness of farmers [28]. Moreover, the government
should enhance supervision and inspection, increase the sampling rate in spot checks, and impose
harsher penalties for improper VA use.
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Abstract: Antimicrobial resistance (AMR) has emerged as a global health threat, which has elicited a
high-level political declaration at the United Nations General Assembly, 2016. In response, member
countries agreed to pay greater attention to the surveillance and implementation of antimicrobial stewardship.
The Nigeria Centre for Disease Control called for a review of AMR in Nigeria using a “One Health approach”.
As anecdotal evidence suggests that food animal health and production rely heavily on antimicrobials,
it becomes imperative to understand AMR trends in food animals and the environment. We reviewed
previous studies to curate data and evaluate the contributions of food animals and the environment
(2000–2016) to the AMR burden in Nigeria using a Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) flowchart focused on three areas: Antimicrobial resistance, residues, and
antiseptics studies. Only one of the 48 antimicrobial studies did not report multidrug resistance. At least
18 bacterial spp. were found to be resistant to various locally available antimicrobials. All 16 residue
studies reported high levels of drug residues either in the form of prevalence or concentration above the
recommended international limit. Fourteen different “resistotypes” were found in some commonly used
antiseptics. High levels of residues and AMR were found in food animals destined for the human food chain.
High levels of residues and antimicrobials discharged into environments sustain the AMR pool. These had
evolved into potential public health challenges that need attention. These findings constitute public health
threats for Nigeria’s teeming population and require attention.
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1. Introduction

The reliance of public health and animal health on antimicrobials since the last century is
well known and undisputable [1]. Paradoxically, this reliance (sometimes, over-reliance) and its
attendant successes have evolved to become a threat to global animal and human health through
the phenomenon of antimicrobial resistance (AMR) [2]. Following the development and use of an
antimicrobial, various pathogens, in their attempt to survive or evade current and new antimicrobials,
undergo evolutionary processes, which results in a short to long term resistance [3]. AMR is the ability
of a microorganism (bacteria, viruses, and certain parasites) to prevent an antimicrobial (antibiotics,
antivirals, and antimalarials) from working against it [4]. This may lead to resultant ineffectiveness of
standard treatments and the infections may persist, with a higher likelihood of spread [5]. The World
Health Organization (WHO) presented the level of exposure of the challenges of AMR through the
report of the general worldwide situation analysis [4]. This magnitude of threat associated with AMR
then received the highest level of political commitment from world leaders and was discussed at
the United Nations General Assembly in 2016, where a political declaration on AMR was issued [6].
Hitherto, WHO and the Food and Agriculture Organization of the United Nations (FAO) produced
some fundamental documents toward curbing the threat of AMR. These include the WHO Global
action plan on antimicrobial resistance and the FAO action plan on antimicrobial resistance 2016–2020,
respectively [7,8]. The report from the monitoring of the global action plan by FAO has suggested
and recommended the need for situation analysis and production of action plans for individual
countries [9].

Food producing animals are linked to humans via the food chain and shared environment [10].
Thus, a One Health approach is necessary to study and understand how to control burdens of AMR,
including those presented through foodborne transmission routes [11,12], as well as create a sound
and broad-based antimicrobial stewardship program worldwide [12].

Nigeria is also confronted with the burdens of AMR. The Nigerian Centre for Disease Control
(NCDC), in collaboration with other institutions, has made efforts to develop an approach to
combat AMR using an evidence-based method. Meanwhile, NCDC (2017) reported that Nigeria
has experienced huge resistance to antimicrobials in humans, especially in sepsis, respiratory, and
diarrheal infections. These include childhood-related life-threatening diseases and are supported by
empirical evidence, which are replete and scattered in peer-reviewed and grey literature, as well as
commissioned reports [13]. In addition, the situation analysis and recommendations on AMR and drug
use in Nigeria has recently been documented [13]. This document still requires detailed information
about several sources of AMR, creating a gap in the trend, status, and situation of AMR arising from
food animals and the environment. This study fills that gap through a systematic review of published
studies and available reports. Specifically, the study collates, curates, and analyzes data on AMR in
Nigeria related to food producing animals and the environment, and the immediate human link as
contributors to the burdens of AMR in Nigeria. This study is required as a reference source towards
the development of a good antimicrobial stewardship program by stakeholders through the “One
Health Platform” for Nigeria.

2. Materials and Methods

2.1. Research Question(s)

We developed some research questions that were used as guides during the study to pursue
the attainment of our objectives towards establishing the situation analysis of AMR in the Nigerian
environment from food animals. What was the status of antimicrobial resistance in the food producing
animals and the environment in Nigeria in the previous studies? What was the pattern of resistance
among the classes of antimicrobials tested? What was the status of resistance among the common
Nigerian antiseptics and disinfectants that sought to control pathogens at the environmental interface?
What were the common organisms and their AMR resistance patterns studied in Nigeria to date?
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2.2. Search Design

We searched specific databases (Pub Med-NCBI, Google Scholar, Cabdirect, Medline, Embase,
Cochrane, and African Journals Online) and various institutional repository of Nigeria using broad
terms, “antimicrobial, resistance, and Nigeria”. Where necessary, search terms were stated as strings:
Antimicrobial resistance OR Antibiotic resistance OR Antibiotic residue OR Antimicrobial susceptibility
OR Antibiotic abuse OR Antibiotic misuse AND Nigeria AND animals; “animals” was substituted
with environment and different animal names (poultry, goat, sheep, cattle, camel, pig, etc.). References
in the identified materials were also searched and contacted. This effort yielded a broad list of 2393
studies from all sources by the contributors. After removing duplicates, we obtained 435 studies,
which were screened to 235 studies by excluding studies conducted prior to the year, 2000, and those
with Nigerian authors or affiliations, but focused on samples from outside Nigeria. Upon assessment,
we obtained 139 publications and a further 80 were excluded to give 59 publications included in the
review and analysis. Each publication was treated as a study, which contains single or multiple reports.
The 80 studies excluded did not directly relate to the objectives or yielded information that could be
subjected to organized peer review and data analysis. The 59 included studies were sorted into three
categories of 42 antimicrobial resistance studies [14–55], 16 antimicrobial residue studies [56–71], and 1
antiseptic or disinfectants study [72]. The PRISMA-style flowchart was modified and used for this
analytical review (Figure S1) [73].

2.3. Analysis

The number of publications (Table 1a), diversity of methods of data reporting, multiple
appearances of study populations reported (Table 1b) in each study, and the objectives of the various
studies of the 59 publications we reviewed made it expedient to find a system of accommodating the
information through a uniform standard for data harmonization and interpretation in line with the
objectives of this study. The various methods of data analysis in all the studies were reviewed to form
a unified scale as presented in Table 2. This scale was developed to harmonize the diverse data for
analyzing the situation of AMR in Nigeria within the 42 antimicrobial resistance studies (AMRS) and
16 antimicrobial residue studies (ARS). Therefore, the data of reported resistance and residue in the
studies were categorized and interpreted according to the standard developed (Table 2). Percentage
in Table 2 referred to the percentage (portion) of resistant microbe populations (species) per study.
The methods used in most studies were descriptive statistics simple percentages. Some ARS reports
were presented in relation to the FAO or WHO standard of maximum residue limit (MRL) at the time
of publication. In such studies, the report where no residue was found is categorized as “No residue”,
the report where there was residue below standards is categorized as “Low residue”, and the report
where the mean residue level was above the MRL is categorized as “Very high residue”. Analysis
of the data was then done with MS Excel using simple descriptive statistical analysis, pivot tables,
and charts.

Table 1. Rate of publication per year (a) and population groups identified in the studies (b).

a. Rate of Publication per Year

Publication Year AMRS ARS SDA Total Reports

2001 1 1
2002 2 2
2003 1 1
2005 1 1
2007 2 2
2008 1 1
2009 4 4
2010 4 1 5
2011 2 1 3
2012 6 7 13
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Table 1. Cont.

a. Rate of Publication per Year

Publication Year AMRS ARS SDA Total Reports

2013 7 1 8
2014 4 1 5
2015 5 5
2016 7 1 8
Total 42 16 1 59

b. Population Groups Identified in the Studies

Sample Population AMRS ARS SDA Total Reports

Environment 45 - 1 46

Cattle 28 6 - 34

Poultry 26 6 - 32

Pig 10 2 - 12

Goat 6 3 - 9

Vegetables 3 - - 3

Human 3 - - 3

Bats 2 - - 2

Camel 2 - - 2

Sheep 2 - - 2

Fish 1 1 - 1

Total 128 18 1 146

AMRS: Antimicrobial resistance studies. ARS: Antimicrobial residue studies. SDA: Surface disinfectants and
antiseptics. Table 1: This is a table to show the number of studies for different measurement parameters: (a) Showed
the number of studies on each measured parameter for each year; and (b) showed the total number of reports of
appearance of each population group for each measurement parameter.

Table 2. Categorization for the measure of resistance or residue level.

Group Scale Categorization Antimicrobial Resistance Studies Antimicrobial Residue Studies

1 ≤1% Sensitive or No resistance No residue
2 >1 ≤ 24% Moderately sensitive or very low resistance Low residue
3 >24 ≤ 50% Weakly sensitive or Low resistance Slightly high residue
4 >50 ≤ 74% Low sensitive or High resistance High residue
5 >74% Very low (no) sensitive or Very high resistance Very high residue

Table 2: This is a table showing the scale developed to measure the level of resistance or residue in a harmonized
form from different diverse measurements from the several studies. Percentage referred to the proportion of
resistant microbe populations (species) per study.

3. Results

We observed that few studies were undertaken before 2009, with no AMRS, but only four ARS,
after which there was an increase in AMRS research from 2009 until recently (Table 1a). The study
population involved were environment, cattle, poultry, pig, goat, vegetables, human, bats, camel,
sheep, and fish listed in descending order of the number of reports and the type of resistance reported
(Table 1b). The study populations appeared singly or in multiple in a study (Table 1b). Also, each
study reported from one zone or several geopolitical zones of Nigeria (Figures S2 and S3). Our review
revealed that these studies on samples from animals and the environment carried out between 2000
and 2016 fell into three categories (Table 1b).

3.1. Antimicrobial Resistance Studies (AMRS)

This category included 42 studies, with the inclusive eligibility criteria in which diverse
phenotypic or genotypic methods were utilized ([14–55], Tables S1–S3). These studies sought to
detect the presence and extent of AMR in collected samples with a selected panel of antibiotics.
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Cumulatively, these 42 studies tested 68 antimicrobials (Table 3) belonging to different classes and
generations of antibiotics from the first to fourth generation of antibiotics, including others that cannot
be classified based on generations that were placed on “no generational classification” (NGC) in the
course of the analysis (Table 3, Figure S4a,b, and Figure S5a). These resulted in the report of 1139
antimicrobial resistance findings. Out of the 42 studies, only one study on camel samples [45] did not
report multidrug resistance (MDR). Two studies [30,38] reported low MDR in cattle and camel samples,
and the remaining 39 studies confirmed various patterns of MDR. The AMRS were based on 18
organisms (genus) with species or serovars appearing at least once (Figure 1). The five most important
pathogens in which AMR testing was carried out were E. coli, Salmonella serovars, Staphylococcus aureus,
Pseudomonas spp., and Klebsiella spp. Enterococcus spp., Vibrio spp., Proteus spp., and Listeria spp. are
other microbes used by researchers in AMRS (Figure 1).The nationwide geographical distribution
pattern based on geopolitical zones demonstrated that the highest number of reports were from South
West Nigeria (44 studies) and, in descending order, from South South (28), North West (16), North
Central (10), North East (4), and the lowest was South East (1), which showed poor distribution of
studies at the North East and South East (Figure 2, Figure S2).

Table 3. List of antibiotics used and the number of reports of each antimicrobial resistance.

Antibiotics in Peer-Reviewed Studies
(n)

Class Generation

Number of Reports & Category of Resistance Level

Very
High

High Low
Very
Low

No Total

Amikacin (AMK) (5) Aminoglycoside NGC 1 0 3 6 7 17
Amoxicillin (AMX) (10) β-lactam 3 17 4 10 8 1 40

Amoxycillin-clavunanic acid (AMC) (23) β-lactam + 4 18 7 9 4 7 45
Ampicillin (AMP) (20) β-lactam 3 22 5 5 7 8 47

Ampicillin-cloxacillin (APX) (3) β-lactam 4 4 2 5 4 3 18
Ampicillin-sulbactam (AMS) (1) β-lactam + 4 0 0 0 3 0 3

Apramycin (APR) (5) Aminoglycoside NGC 0 0 0 0 5 5
Aztreonam(AZT) (5) β-lactam 1 2 0 2 7 4 15

Cabenicillin (CBN) (3) β-lactam 4 2 1 1 3 1 8
Cefalexin (CLX) (1) β-lactam 2 0 0 0 0 1 1
Cefalotin (CLT) (3) β-lactam 1 0 0 0 4 1 5

Cefazoline (CFZ) (1) β-lactam 1 0 0 0 2 1 3
Cefepime (CFP) (3) β-lactam 4 1 0 0 0 6 7
Cefixime (CFX) (1) β-lactam 3 0 0 1 0 0 1

Cefoperazone (CPZ) (1) β-lactam 3 1 1 3 0 1 6
Cefotaxime (CTX) (10) β-lactam 3 2 1 3 2 10 18

Cefoxitin (CXT) (4) β-lactam 2 1 0 1 0 4 6
Cefpodoxime (CPM) (2) β-lactam 3 0 1 0 2 1 4
Ceftazidime (CAZ) (6) β-lactam 3 5 1 2 3 7 18

Ceftiofur (XNL) (6) β-lactam 3 0 0 0 0 6 6
Ceftriaxone (CRO) (8) β-lactam 3 2 2 13 13 3 33
Cefuroxime (CXM) (6) β-lactam 2 4 0 3 3 7 17

Chloramphenicol (CHL) (21) Phenicol NGC 16 3 11 12 6 48
Ciprofloxacin (CIP) (30) Quinolone 2 8 6 8 28 23 73
Clindamycin (CLI) (5) Macrolide NGC 0 3 1 1 0 5
Cloxacillin (CXL) (4) β-lactam 2 2 0 2 0 0 4

Colistin (COL/CT) (7) Polypeptide 1 0 0 0 0 7 7
Enrofloxacin (ENR) (3) Quinolone 2 1 0 1 1 0 3

Ertapenem (ETP) (1) β-lactam NGC 0 0 0 0 3 3
Erythromycin (E) (17) Macrolide NGC 18 2 12 3 4 39
Florfenicol (FFC) (6) Phenicol NGC 0 0 0 2 4 6

Fosfomycin (FFM) (1) Organophosphate NGC 2 1 2 1 0 6
Fusidic acid (FUA) (3) Steroid NGC 2 0 0 1 0 3

Gentamycin (CN/GEN) (33) Aminoglycoside NGC 7 2 17 29 26 81
Imipenem (IMP) (4) β-lactam NGC 1 0 0 2 6 9
Kanamycin (K) (2) Aminoglycoside NGC 0 0 1 1 0 2

Levofloxacin (LVF) (1) Quinolone 3 0 1 3 1 1 6
Linezolid (LIZ) (2) Oxazolidinone NGC 0 0 0 1 1 2

Lomeofloxacin (LMF) (1) Quinolone 2 2 2 2 0 0 6
Nalidixic acid (NAL) (16) Quinolone 1 7 5 9 9 6 36

Neomycin (N) (8) Aminoglycoside NGC 1 1 4 6 5 17
Nitrofuran (NIT) (8) Furan NGC 5 6 4 5 2 22

Norfloxacin (NOR) (3) Quinolone 2 0 0 2 3 1 6
Meropenem (MPM) (2) β-lactam NGC 1 0 0 0 3 4
Mezlocillin (MZC) (1) β-lactam 4 2 1 2 0 1 6

Mupirocin (MP) (2) Carbolic acid NGC 0 0 0 0 2 2
Ofloxacin (OFX) (11) Quinolone 2 5 1 9 17 8 40

Oxacillin (OX) (7) β-lactam 2 3 1 1 1 3 9
Penicillin (P) (6) β-lactam 1 7 0 1 1 1 10
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Table 3. Cont.

Antibiotics in Peer-Reviewed Studies
(n)

Class Generation

Number of Reports & Category of Resistance Level

Very
High

High Low
Very
Low

No Total

Pefloxacin (PEF) (9) Quinolone 2 10 1 5 13 15 44
Piperacillin (PPC) (1) β-lactam 4 0 1 0 0 0 1

Piperacillin-tazobactam (PTB) (4) β-lactam + β-LI 4 1 0 2 1 9 13
Quinupristin (QUI) (1) Streptogramins 2 0 0 1 0 0 1
Sparfloxacin (SPF) (4) Quinolone 3 6 0 7 12 1 26
Rifampicin (RIF) (1) Ansamycin NGC 0 0 0 1 0 1

Spectinomycin (SPE) (6) Aminoglycoside NGC 0 0 1 2 4 7
Streptomycin (S) (22) Aminoglycoside NGC 17 10 16 13 9 65

Sulphadimidine (SDN) (1) Sulfonamides NGC 8 0 0 0 1 9
Sulfamethoxazole (SMX) (10) Sulfonamides NGC 7 2 2 4 1 16

Triple sulphur (TS) (1) Sulfonamides NGC 1 0 0 0 0 1
Co-trimoxazole (COT) (17) Sulfonamides + DI NGC 22 9 14 9 3 57

Teicoplan (TCP) (1) Glycopeptide NGC 6 0 0 0 0 6
Tetracycline (T) (30) Tetracycline NGC 32 10 15 8 7 72
Ticarcillin (TCC) (2) β-lactam 4 1 1 2 2 3 9

Tigecycline (TGC) (1) Tetracycline NGC 0 0 0 0 3 3
Tobramycin (TMN) (3) Aminoglycoside NGC 1 0 2 3 4 10

Trimethoprim (TMP) (10) DI NGC 4 4 3 1 2 14
Vancomycin (V) (4) Glycopeptide NGC 1 2 0 1 2 6

Total (42) 289 100 223 266 261 1139

NGC: No generation classification. 1,2,3 and 4: First and second generation antibiotics, respectively. β-lactam
+ β-LI : β-lactam + β-lactamase inhibitor. β-lactam + means β-lactam combined with another antibiotics; DI:
Diaminopyrimidine inhibitor. Sulfonamides + DI: Sulfonamides + Diaminopyrimidine inhibitor. (n): Number of
peer reviewed studies for each antibiotic are placed in bracket after each antibiotic.

Figure 1. Distribution of organisms studied in the antimicrobial resistance studies based on reports.

Figure 2. Number of reports yearly per organism for the geopolitical zones of Nigeria. NC = North
central, NE = North east, NW = North West, SE = South East, SS = South South, SW = South West.
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3.1.1. Antimicrobial Resistance According to Generation of Antibiotics

Antimicrobial resistance within the generational classification of antibiotics used in AMRS
(Table 3) revealed that the 68 antibiotics used in all 42 studies involved first, second, third, and fourth
generations, and NGC. The generational classification (Table 3) was done using the WHO and the
World Organization for Animal Health (OIE) lists of critically important antimicrobial in humans
and animals [74–76]. This classification is, essentially, based on the spectrum of activity, which
increased from first to fourth generation, implying narrow to broad coverage of antibiotics’ action [74].
Cumulatively, of the 1139 antimicrobial report findings, the NGC had the highest number of reports of
537 in the studies of different resistance levels, followed by second and third generation at 210 and 205
reports, respectively; then, fourth generation at 100 and first generation at 86 reports of the resistance
findings (Table 3, Figure S4a). The pattern of resistance (Figure S4b) based on proportional percentages
of reports showed about 30% of reports on third and fourth generation, and NGC antimicrobials; 20%
of first and second generation had very high levels of resistance. It was only 30% of the reports on
first, second, and fourth generation, then 20% of third and NGC antimicrobials that had no resistance
(Table 3, Figure S4b).

3.1.2. Resistance Level within the Classes of Antibiotics

The 1139 antimicrobial report findings from the 68 antimicrobials included in the panels
of all the studies (AMRS) belonged to 19 classes of antibiotics: Aminoglycoside, Ansamycin,
Carbolic acid, Diaminopyrimidine inhibitor (DPI), Furan, Glycopeptide, Macrolide, Organophosphate,
Oxazolidinone, Phenicol, Polypeptide, Quinolone, Steroid, Streptogramins, Sulfonamides,
Sulfonamides + Diaminopyrimidine combinations (SDPI), Tetracycline, β-lactam, and β-lactam +
β-lactamase inhibitor combination (Tables 3 and 4). The number of appearances along the resistance
level of these classes (Table 4) revealed β-lactam, Quinolone, and Aminoglycoside as the predominant
classes studied. The distribution of these classes along the generation showed that β-lactam derivatives,
Quinolone, polypeptide, and streptogramins were the antibiotics with generational classification,
while others fall in NGC (Tables 3 and 4, Figure S5a,b). Therefore, the distribution of resistance within
them have great connected implications in human health as they are mostly used in treating disease
conditions in hospitals [76].

Using the developed standard (Table 2), we observed the distribution pattern of resistance levels
within classes (Table 4) demonstrated that polypeptides and carbolic acids were the only classes where
organisms studied had all the reports to be the “no resistance” category (Table 4). Oxazolidinone,
Ansamycim, streptogramins, and Aminoglycosides antibiotics were, at best, categorized as “very
low resistance”. Meanwhile, phenicol, β-lactam DPI, SDPI, furan, glycopeptides, macrolides,
organophosphate, and tetracycline were, at best, of the “very high resistance” category. The highest
level of resistance within the resistance pattern distributions among the antibiotic classes were in
steroids and sulfonamides, with 70% of the reports on them having “high resistance” to “very high
resistance” (Table 4, Figure S5a,b). Each class had peculiar patterns of resistance among the antibiotics
belonging to them, which is important for further exposure of the situation of AMR.

Table 4. Number of reports of each resistance level category within the classes of antimicrobial in the
Antimicrobial resistance studies.

Class of Antimicrobials
Number of Reports of Each Resistance Level Category

Very High High Low Very Low No Total n (%)

Aminoglycoside 27 13 44 60 60 204 (17.9%)
Ansamycin 0 0 0 1 0 1 (0.09%)

Carbolic acid 0 0 0 0 2 2 (0.18)
DPI 4 4 3 1 2 14 (1.2)

Furan 5 6 4 5 2 22 (1.9)
Glycopeptide 7 2 0 1 2 12 (1.1%)

Macrolide 18 5 13 4 4 44 (3.9)
Organophosphate 2 1 2 1 0 6 (0.5%)
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Table 4. Cont.

Class of Antimicrobials
Number of Reports of Each Resistance Level Category

Very High High Low Very Low No Total n (%)

Oxazolidinone 0 0 0 1 1 2 (0.16)
Phenicol 16 3 11 14 10 54 (4.8%)

Polypeptide 0 0 0 0 7 7 (0.6%)
Quinolone 39 16 46 84 55 240 (21.1%)

Steroid 2 0 0 1 0 3 (0.2%)
Streptogramins 0 0 1 0 0 1 (0.08)
Sulfonamides 16 2 2 4 2 26 (2.3%)

Sulfonamides + DI 22 9 14 9 3 57 (5.0%)
Tetracycline 32 10 15 8 10 75 (6.6%)
β-lactam 80 22 57 64 85 308 (27.0%)

β-lactam + β-LI 19 7 11 8 16 61 (5.4%)
Total 289 100 223 266 261 1139 (100%)

DI = Diaminopyrimidine inhibitor β-LI = β-lactamase inhibitor.

β-lactam Derivatives

These were the most tested, constituting 32.4% of all classes of antimicrobials in this study
(Table 4). The β-lactam combinations consisted of β-lactam 27% and β-lactam combinations (β-lactam
and β-lactamase inhibitors) at 5.4%. The combinations were supposed to improve the sensitivity of
the antibiotics against resistant organisms. However, in this study, the organism tested demonstrated
higher levels of resistance to β-lactam combinations (19/61) over β-lactam (80/308), which reported
very high resistance levels (Table 4, Figure 3a, Figure S6). We observed Amoxycillin-clavunalic acid as
one of the most studied β-lactam derivatives, with organisms showing the highest resistance levels
to it among the β-lactam combinations, while Piperacillin-tazobactam was the most sensitive, with a
lesser proportion of reports of resistance among β-lactam combinations (Tables 3 and 4, Figure 3a).
Among the β-lactams, the third generation antibiotics were the most researched, with Ampicillin
and Amoxycillin highest in study rate and also with the highest number of reported resistance, with
above 50% of reports on them having very high resistance (Figure 3a, Figure S6). Among all β-lactam
derivatives, cefalexin in second generation, Ceftioufur in third generation, and ertapenem in NGC
were the only antimicrobials that had all reports on them to be “no resistance” (Figure 3a, Figure S6).
All other β-lactams had various patterns of resistance level.

Quinolones

This was the second most studied (21.1%) class of antibiotics (Table 4). It comprised nine
antimicrobials, with Ciprofloxacin as the most studied. Lomeofloxacin, of the second generation
antibiotics, had the highest resistance level, with over 65% of its reports being “high resistance” to
“very high resistance” (Figure 3b, Figure S7). The pattern of resistance had little difference along the
generation within this class.

Aminoglycosides

These constituted 17.77% of the studied antibiotics (Table 4), with gentamycin and streptomycin
dominating the antibiotics researched in this group. Streptomycin had the highest level of resistance
from organisms tested, with a proportion of 40% of its report to be “high to very high resistance”
(Figure 3c, Tables 3 and 4, Figure S8). Apramycin was the only antibiotic that was not resisted; all reports
on it had “no resistance”, while spectinomycin had 80% of its reports with no resistance. The antibiotics
in this class demonstrated various patterns of resistance levels (Figure 3c, Figure S8).

Macrolide, Phenicol, and Tetracycline

All these three classes belonged to the NGC. Tetracycline, chloramphenicol, and erythromycin
dominated, in descending order, respectively. Tetracycline had the highest level of resistance, with 58%
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of its report to be “high” to “very high resistance” from the organisms researched. It was followed by
erythromycin (50%) and chloramphenicol (40%) had “high” to “very high resistance”, then clindamycin,
with 60% of reports on it being “high resistance”. Tigercycline was the only one that had all the reports
on it as “no resistance” and florfenicol, with 65% as no resistance (Figure 3d, Figure S9).

Sulfonamides Derivatives

All the sulfonamides studied belonged to NGC. The three classes and antibiotics studied were
Diaminopyrimidine inhibitor (Trimethroprim), Sulfonamides (sulfamethoxazole, sulphadimidine,
and triple sulphur), and sulfonamides-diaminopyrimidine inhibitor combination (co-trimoxazole).
The reported proportional resistance level in these classes of antibiotics was the most heightened.
The combination (co-trimoxazole) was the most studied and 55% of the studies on it reported “high”
to “very high resistance level” from organisms studied. The triple sulphur had only one report and
the study reported “very high resistance” level to it. Sulphadimidine had eight out of nine reports
(90%) to be “very high resistance level”, while trimethoprim and sulfamethoxazole both had 55% that
reported a “high” to “very high resistance” level (Figure 3e, Table 4, Figure S10).
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Figure 3. Cont.

29



IJERPH 2018, 15, 1284

 
(c) 

 
(d) 

 
(e) 

0
10
20
30
40
50
60
70
80
90

Am
ik

ac
in

Ap
ra

m
yc

in

Ge
nt

am
yc

in

Ka
na

m
yc

in

Ne
om

yc
in

Sp
ec

tin
om

yc
in

St
re

pt
om

yc
in

To
br

am
yc

in

NGC

Aminoglycoside

Nu
m

be
r o

f r
ep

or
ts

No-resistance Very low Low High Very high

0
10
20
30
40
50
60
70
80

NGC NGC NGC NGC NGC NGC

Clindamycin Erythromycin Chloramphenicol Florfenicol Tetracycline Tigecycline

Macrolide Phenicol Tetracycline

Nu
m

be
r o

f r
ep

or
ts

No-resistance Very low Low High Very high

Figure 3. Number of reports of antimicrobial resistance levels of (a) β-lactam derivatives,
(b) Quinolones; (c) Aminiglycosides; (d) Macrolides, Phenicols, and Tetracyclines; and (e) Sulfonamides
derivatives antimicrobials.

Other Classes of Antibiotics

The other classes contributed a minute number of report findings, with each class consisting
of one antibiotic only; hence, they were pooled together for analysis. Among them, nitrofuran was
the most studied and had a high resistance level like vancomycin and fosfomycin, with 50% of the
reports having a “high” to “very high resistance” from the organisms studied. In this group, colistin
and mupirocin were the most sensitive because they had all reports on them as the “no resistance”
level; rifampicin had all its report as “very low resistance”, while teicoplan had the highest resistance,
with all the reports on it as “very high resistance” from organisms studied. Then fusidic acid responded
to the isolates, with about 70% of the reports to be ”very high resistance” (Figures S11 and S12).

30



IJERPH 2018, 15, 1284

3.1.3. Resistance along the Organisms Studied

The AMRS were based on 18 organisms (genus), with species or serovars appearing at least
once (Figure 1). The organisms’ appearance, in descending order, were: Escherichia coli, Salmonella,
Staphylococcus, Pseudomonas, Klebsiella, Bacillus, Enterococcus, Proteus, Vibrio, Listeria, streptococcus,
Citrobacter, Aerobacter, Clostridium, Enterobacter, Micrococcus, and Serratia (Figure 1). The distribution of
the organisms studied yearly at geopolitical zones demonstrated some organisms were studied more
in particular regions or geopolitical zones of Nigeria (Figure 2).

Escherichia coli (E. coli)

It was the most studied organism (25%) in Nigeria, but had a skewed distribution, with a higher
concentration of E. coli studies in South West Nigeria and none in the North East and South East
(Figure 2). The distribution of the studies revealed that 57 antibiotics were used to test AMR in
E. coli isolates, with gentamycin, tetracycline, ciprofloxacin, cotrimoxazole, ampicillin, streptomycin,
amoxicillin-clavulanic acid, ofloxacin, ceftriaxone, nitrofuran, perfloxacin, amoxicillin, nalidixic acid,
chloramphenicol, cefuroxime, ceftazidime, neomycin, and sparfloxacin being the most prominent in
descending order, respectively (Figure 4a). All the reports on E. coli isolates revealed “no resistance”
to Apramycin, cefepime, cefoxitin, ceftiofur, colistin, florfenicol, Imipenem, meropenem, vacomycin,
cefazoline, ertapenem, and tigecycline in the studies that incorporated into the panel of antimicrobial
tested. The E. coli isolates researched showed “very-low resistance” to “no-resistance” levels in some
antibiotics: Amikacin, aztreonam, norfloxacin, ofloxacin, tobramycin, cefalotin, ticarcillin clavulanate,
and cefpodoxime in all reports that used them. However, all reports had a “very high resistance” level
to cloxacillin, penicillin, teicoplanin, and sulphadimidine where they were included. We observed
other various patterns of resistance levels to the remaining antibiotics studied (Figure 4a, Figure S13).

Salmonella

It was the second most studied organism (14%) in all geopolitical zones, except the South East
and South South where there were none (Figures 1 and 2). The distribution of the studies revealed
that 27 antibiotics were used to test for AMR in Salmonella isolates, with a close distribution in the
number of appearances of individual antibiotics (Figure 4b). The pattern of resistance reported showed
that Salmonella, studied in all the reports, had no resistance to apramycin, aztreonam, cefotaxime,
ceftiofur, colistin, pefloxacin, and co-trimoxazole. We observed that florfenicol, neomycin, ofloxacin,
and spectinomycin, respectively, had 40%, 50%, 50%, and 30% of the report on them to be “very low
resistance”, but had the remaining 60%, 50%, 50%, and 70% of their reports as the “no resistance”
category. Cefalotin and kanamycin had all their reports as the “very low resistance” category. However,
all reports on amoxicillin, enrofloxacin, and triple sulphur had “very high resistance”. Other various
patterns of resistance were observed in the remaining antibiotics studied (Figure 4b, Figure S14).

Staphylococcus

This genus was the third most studied (12%) pathogen for AMR in Nigeria, with the widest spread
across all geopolitical zones (Figures 1 and 2). The distribution of the studies of all antibiotics used
revealed that 32 antibiotics were used to test the AMR of Staphylococcus isolates (Figure 4c). The pattern
of resistance reported for Staphylococcus showed that all studies that tested cefuroxime, nitrofuran,
mupirocin, and cefalexin revealed “no resistance”. All that tested rifampicin and tombromycin
reported “very low resistance”. Only two studies reported on linezolid, with one each of “very low
resistance” and “no resistance”, and the only study that tested trimethoprim on Staphylococcus showed
“low resistance” (Figure 4c). However, the two reports on ampicillin had “very high resistance” for
Staphylococcus isolates. Other patterns (mixed) for the remaining antibiotics tested were observed
(Figure 4c, Figure S15).

31



IJERPH 2018, 15, 1284

Pseudomonas

This represents the fourth most studied organism (11%) for AMR in Nigeria and had
a spread similar to E. coli research (Figures 1 and 2). The distribution of the studies of all
antimicrobials used revealed that 38 antimicrobials were used to test the AMR in Pseudomonas isolates
(Figure 4d). Unlike other organisms, there were no antibiotics from the 38 tested with Pseudomonas
without resistance (Figure 4d). There was “very high resistance” by all Pseudomonas studied to
amoxicillin, amoxicillin-clavunanic acid, ampicillin-cloxacillin, cefuroxime, meropenem, mezlocillin,
and teicoplanin and “high resistance” to cefotaxime, erythromycin, nitrofuran, piperacillin, tobramycin,
ticarcillin clavulanate, cefoperazone, lomeofloxacin, and fosfomycin (Figure 4d). All reports of studies
that tested chloramphenicol with Pseudomonas spp. had 75% of them to be “very high resistance” and
the remaining 25% of reports were “high resistance”. Various resistance patterns were observed in the
remaining antibiotics studied (Figure 4d, Figure S16).

Klebsiella

This is the fifth most studied organism and contributed 9% of the overall studies for AMR in
Nigeria, with spread across four out of the six geopolitical zones (South West, South South, North
West, and North Central) of Nigeria (Figures 1 and 2). The distribution pattern of the appearance of all
antimicrobials used revealed that 33 antimicrobials were used to test the AMR of Klebsiella isolates
(Figure 4e). All the Klebsiella spp. studied demonstrated “no resistance” to amikacin, aztreonam,
cefotaxime, ceftazidime, piperacillin-texobactam, tobramycin, mezlocillin, ticarcillin clavulanate,
and cefoperazone and “low resistance” to cefuroxime and levofloxacin; but, “very high resistance”
to ampicillin-cloxacillin, nitrofuran, lomeofloxacin, teicoplanin, fosfomycin, and sulphadimidine
(Figure 4a). Meanwhile, it demonstrated a high proportion of “very high resistance” in amoxicillin
(60%), amoxicillin-clavunanic acid (75%), ampicillin (75%), chloramphenicol (50%), erythromycin
(50%), neomycin (33%), and co-trimoxazole (80%) (Figure 4e, Figure S17).

Other Organisms

All other organisms that made minute contributions were pooled together for analysis. They were
spread across the four geopolitical zones of South West, South South, North West, and North Central
of Nigeria (Figures 1 and 2). Analysis revealed 43 antimicrobials were used to test for AMR in these
organisms (Figure 4f). The organisms were Proteus, Listeria, Enterococcus, Enterobacter, Citrobacter,
Aerobacter, Vibrio, Streptococcus, Serratia, Micrococcus, Bacillus, and Clostridium (Figure 1). All of them
had “very high resistance” to fusidic acid and teicoplanin; “high resistance” to clindamycin; but, “very
low resistance” to enrofloxacin (Figure 4f). However, they had resistance levels that were “very high
resistance” and “high resistance” (combined) to some popular antimicrobials in Nigeria: Amoxicillin
(30%), amoxicillin-clavunanic aicd (65%), ampicillin (82%), ampicillin-cloxacillin (20%), aztreonam
(15%), cefotaxime (15%), ceftazidime (15%), cefuroxime (35%), chloramphenicol (50%), ciprofloxacin
(15%), cloxacillin (30%), erythromycin (55%), nalidixic acid (40%), nitrofuran (30%), ofloxacin (30%),
Oxacillin (100(50/50)%), penicillin (75%), perfloxacin (20%), sparfloxacin (25%), streptomycin (50%),
sulfamethoxazole (60%), co-trimoxazole (50%), tetracycline (75%), tobramycin (35%), trimethoprim
(100(50/50)%), vacomycin (100(50/50)%), carbenicillin (20%), mezlocillin (30%), ticarcillin clavulanate
(30%), cefoperazone (30%), lomeofloxacin (30%), and fosfomycin (35%) (Figure 4f, Figure S18).
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Figure 4. Number of reports of antimicrobial resistance categories for (a) Escherichia coli; (b) Salmonella;
(c) Staphylococcus; (d) Pseudomonas; (e) Klebsiella; and (f) other bacteria.

3.2. Antimicrobial Residue Studies (ARS)

Summarized in Table 5, in this category, 16 studies were identified that dealt with antimicrobial
residues in animals and the environment between 2000 and 2016. We considered published research
involving qualitative and quantitative assessment of antimicrobial residues in tested samples. We observed
the geographical spread of the studies in this category was poor and was skewed to the South West of
Nigeria, with few studies in the South East, North Central, and North West, and no studies from the
North East and South South (Table 5, Figure S3). The test procedures utilized by the researchers in the
studies included microbiological assay (MA), immunological assay, and chromatography. Specifically,
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the Ridascreen chloramphenicol ELISA kits, Premi test kit (version 0505, Gelen contain Bacillus
stearothermophilus), MA (seeded with Bacillus subtilis), MA (seeded with Bacillus stearothermophilus),
microbial inhibition test (contain Micrococcus luteus), liquid chromatography, High Performance Liquid
Chromatography (HPLC), four plate agar diffusion test (FPT), antibody-online ELISA kits, and the agar
diffusion method was used (Table 5, Figure 5a). The reference drugs used for the measurement of residue
in all studies singly or in pairs were penicillin, amoxicillin, oxytetracycline, and chloramphenicol, and
some researchers only measured antimicrobial residue without mentioning a specific drug (Table 5,
Figure 5a). Using a unified scale developed (Table 2), no study revealed “No residue”; while they all
reported different levels of residue (Table 5, Figure 5a,b). Tetracycline demonstrated to be the most
researched (Figure 5a), with reports demonstrating about 40% as a “Very high residue” level (Figure 5b).
Other antibiotics demonstrated lower “Very high residue” levels, with the exception of amoxicillin as
shown in Figure 5a,b (Table 5, Figure 5b).

Table 5. Summary evaluation of antimicrobial residue studies.

Ref.
Sample Zone Test Procedure Positive Tested Antimicrobial Residue Level

Population Type Size Site TET CHL AMX PEN AR

56 Cattle Liver, kidney &
muscle 180 Ogun

Lagos SW Agar diffusion method Low
(16.63%) - - - -

57 Cattle Urine 500 Zaria NW Microbial Inhibition Test
with Micrococcus luteus - - - Low

(7.4%)

58
Goat and

pig
liver, kidney &

muscle 360 Ogun
Lagos SW Agar diffusion method Low

(15.6%) - - - -

59 Poultry Imported layer birds
meat 100

Ogun,
Lagos,
Oyo

SW Microbiological assay
seeded with B.S 1

Low
(14%) - - - -

60 Cattle Beef 180 Akure SW High Performance Liquid
Chromatography

High
(54.4%) - - - -

61 Poultry Eggs 35 Enugu SE Microbiological assay
seeded with B.S 2 - - - -

Slightly
high

(30–36%)

62 Goat Milk 166 Ibadan, SW Liquid Chromatography - -
Very
high

(100%)

Very
high

(100%)
-

63 Poultry Chicken egg 125 Ibadan SW High Performance Liquid
Chromatography

Very
high
>80%

- - - -

64
Goat and

pig
Muscle, liver &

kidney 240 Nsukka SE Four plate agar diffusion
test (FPT) - - - -

Slightly
high

25–30%

65 Cattle Kidney, Liver,
Muscle, Urine 448 Abuja NC Premi test kit, version 0505,

Gelen contain B.S 2 - - - - Very high
89.3%

66 Poultry Eggs, muscles, liver,
& kidney 168 Ibadan SW Ridascreen CHL ELISA kits - High - - -

67 Fish Fresh & frozen fish 60 Ibadan SW High Performance Liquid
Chromatography

Very
high

Very
high - - -

68 Poultry Frozen chicken 100
Lagos

&
Ibadan

SW High Performance Liquid
Chromatography

Very
high - - - -

69 Cattle Organs: kidney, liver,
muscles 90 South

west SW High Performance Liquid
Chromatography Low - - Low -

70 Poultry Chicken eggs 288 Abuja NC Antibody-online ELISA kits - Low - - -

71 Cattle Dairy products 598 Oyo
state SW High Performance Liquid

Chromatography - - - Slightly
high -

TET: Tetracycline, CHL: Chloramphenicol, AMX: Amoxicillin, PEN: Penicillin B.S 1: Bacillus subtilis. B.S 2:
Bacillus stearothermophilus AR: Antimicrobial residue.
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Figure 5. (a) Test procedure for each antibiotic tested in antimicrobial residue studies; (b) Relative
level of antimicrobial residue. Tetracycline: Very high residue (n = 3), High (n = 1), Low (n = 4);
Chloramphenicol: Very high (n = 1), High (n = 1), Low (n = 1); Amoxicillin No: (n = 1); Penicillin: Very
high (n = 1), Slight high (n = 1), Low (n = 1); and Antimicrobial residue generally: Very high (n = 1),
Slightly high (n = 2), Low (n = 1).

3.3. Antiseptics and Disinfectant Chemicals

Only one study identified human and chicken isolates of Campylobacter jejuni to show resistance
to at least 19 different commonly used chemicals to control microbes [72].

4. Discussion

We found that several patterns of multidrug resistance were reported in the different studies
reviewed and confirmed high levels of resistance to various antimicrobials and common chemical
agents [76–79]. mostly used in Nigeria for prophylactic and therapeutic purposes in animals, as well as
for the control and management of multiple bacterial pathogens encountered in veterinary and human
medical environments [76]. These corroborated the reports of some researchers that antibiotics were
readily available over the counter (without prescription) against the existing legislation, prompting a
very high level of self-medication [77].

The geographical spread of the reviewed studies showed that the problem of AMR is developing
nationwide despite increased awareness demonstrated by the number of studies over time. Few human
samples were involved in this study where the researchers collected samples from humans along with
other samples without separating the result based on sample population. The results in this study,
therefore, reflected an interaction with humans. The overall outcome is an indication towards the
situation in humans. However, a similar evaluation in the human health system like the current study
had revealed that Escherichia coli, Shigella, Salmonella Typhimurium, and S. Enteritidis were more isolated
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in human diagnostic samples, with evidence of zoonotic infections [78]. Patterns of antimicrobial
resistance in humans are similar to what we have also established in animal populations and the
environment as indicated in this work. Resistance to penicillin, tetracycline, ampicillin, nalixidic acid,
chloramphenicol, and cotrimaxole, among others, has been established in humans [78]. Whether the
patterns in humans, animals, and the environment have some association cannot be established in
this study, but anecdotal evidence suggests that food animals are often slaughtered and pass into the
human food chain without the establishment of residual antimicrobials. We found from observation
of study populations that camels were relatively free compared to other animals, but this is only in
one study. We are careful to make deductions in this regards as a single study may be tricky to make
predictions on the level of antimicrobials in camels, although field situation does not support the
widespread use of antibiotics in camels. Also, other studies also demonstrated very low levels of AMR
in camels. These studies suggested that the situation of AMR reported may be from the predictor of
production management because the herders rarely use antimicrobials in camels in comparison to
their use in other food animals [38,44].

Staphylococcus was the only organism included in all studies in all geopolitical zones and had the
widest spatial spread. Therefore, the analysis of studies on Staphylococcus had the greatest national
reflection of the situation of AMR in Nigerian food animals and the environment. All studies on
Staphylococcus reported very high levels of resistance to ampicillin. This corroborated the report that
ampicillin and its combinations were the most consumed over-the-counter (self-medicated) drugs by
humans and in animals in Nigeria [77]. This is of great concern because ampicillin is a third generation
and ampicillin-cloxacillin is a fourth generation, both of β-lactams. Although, E. coli was the most
studied, Pseudomonas spp. had the highest AMR because this pathogen demonstrated resistance to all
antibiotics tested. Also, Salmonella demonstrated greater AMR than E. coli.

Observations of AMR within the classes of antibiotics along the generation reflected higher
percentages of resistance in the antibiotics belonging to the β-lactam derivatives and quinolones of the
third and fourth generation, and aminoglycosides. This raised further concerns of the threat posed
by AMR. These concerns are heightened as these drugs are listed by WHO as critically important
antibiotics required in the management of severe disease conditions. Considering the concerns raised
by the drop in global inventions and lack of advances in the production of new antibiotics in the last
three decades, which has necessitated monitoring of the circulation of antibiotics worldwide, this
current situation is critical. WHO, in response to the above, produced and categorized all antibiotics,
which is regularly updated yearly. Therefore, the heightened concerns are necessary to stimulate
the Nigerian government and the “One Health Platform”, which is under formation, to be proactive
towards monitoring, improving, and controlling the current trend.

The reported rate of “high to very high level” of residue levels in the ARS is a confirmation of
the demonstration of resistance levels in the AMR studies. All reference drugs tested in the ARS are
commonly used in human and food animals in Nigeria [79]. Very high levels of drug residue in goats’
milk (100%) is of concern. This portends a problem of AMR of food origins in humans [62]. Meanwhile,
the high drug residues in Nigeria food delicacies, including muscle, liver, kidney, and milk, means that
human exposure risk is high.

High level of resistance implies that most antibiotics are insensitive to most pathogens in the
Nigerian environment. This has also affected antimicrobials’ use as antiseptics. These high levels of
residues and AMR found in food animals consumed by humans and discharged into environments
sustain the AMR pool in addition to the observed resistance by chemicals commonly used as antiseptics
to control infection at the point of entrance. This portends a high potential risk to public health
management and necessitates the establishment of an institutionalized system that will establish,
monitor, control, and promote good antimicrobial stewardship using a one health approach to reduce
the current spread of antimicrobial resistance.

Finally, high levels of multiple antibiotic resistance have been observed against many microbial
organisms affecting humans and animals. However, most of the studies conducted to date do not
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use international standards in the delivery of the research results. Future research, in this regard,
must carefully consider global standards as part of their methods to engage in carrying out research
in Nigeria.

5. Limitations

It was difficult to harmonize our results based on the various AMRS approaches used in studies
available for assessment. Moreover, in many of the studies, the Kirby-Baeur method was used,
but adequate reference to standards from either Clinical & Laboratory Standards Institute (CLSI) or
the European Committee on Antimicrobial Susceptibility Testing (EUCAST) was not provided.

Studies on antibiotics residues were scarce in Nigeria during the years under consideration, with
limited studies available for analysis. The methods in most of the studies considered commercial kits,
with a dearth of in-depth information on the procedures, which should have given ample opportunity
to compares the biases in the methods used in the various residue studies. Relevant equipment that
should support such studies on residue testing was wanting at the time of these studies in Nigeria.

6. Conclusions

Multidrug resistance has shown a heightened rise in Nigeria based on this study. The need to
use international standards to evaluate most studies on AMR nationwide, in view of the variance
of these standards, is necessary. Most of the antimicrobials observed in this study are on the WHO
2017 list of essential antimicrobials and are also listed in OIE 2017 Terrestrial animal health code has,
thus, necessitated the evaluation of the situation of AMR in humans [76,80].

It is necessary to design a carefully planned, multi-sectoral, surveillance plan, which can be
adopted for research and diagnostic purposes in various aspect of AMR. The need for standardization
in all studies in the future and, possibly, the development of guidelines that should harmonize studies
across platforms using the “One Health Approach” is imperative. This should target the promotion of
good practices and antimicrobial stewardship, which should be enforced by the government, with the
cooperation of all stakeholders

The relevant ministries and government departments should enforce: Registration and monitoring
of animal production premises, especially, food producing animals; improvement of biosecurity
compliance of food animal environments; prohibition of the use of antibiotics for growth promotion
and prophylactic treatment; and putting in place a system to implement drug withdrawal periods in
food animals.

More detailed descriptions of the results (figures) are available in the Supplementary materials,
which are available online.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/6/1284/
s1, Figure S1: Flow chart of the methodological strategy (PRISMA 2009 Flow Diagram), Figure S2: Nigeria
geopolitical zonal spread of the AMRS reports, Figure S3: Geopolitical zonal spread of the Antimicrobial Residue
reports, Figure S4a: Level of resistance within generation of antimicrobials tested, Figure S4b: Proportional (%)
pattern of resistance levels within generation of antimicrobials tested, Figure S5a: Frequency of Antimicrobial
Resistance levels of classes of antibiotics, Figure S5b: Antimicrobial resistance patterns within classes along
generation of antibiotics, Figure S6: Antimicrobial resistance patterns of β-lactam derivatives antibiotics, Figure S7:
Antimicrobial resistance patterns of Quinolones, Figure S8: Antimicrobial resistance patterns of Aminoglycosides,
Figure S9: Antimicrobial resistance patterns of Macrolide, Phenicol, and Tetracycline, Figure S10: Antimicrobial
resistance patterns of Sulfonamides derivatives, Figure S11: Frequency of antimicrobial resistance levels of other
classes of antibiotics, Figure S12: Antimicrobial resistance patterns of other classes of antibiotics, Figure S13:
Pattern of antimicrobial resistance of Escherichia coli, Figure S14: Pattern of antimicrobial resistance of Salmonella,
Figure S15: Pattern of antimicrobial resistance of Staphylococcus, Figure S16: Pattern of antimicrobial resistance
of Pseudomonas, Figure S17: Pattern of antimicrobial resistance of Klebsiella, Figure S18: Pattern of antimicrobial
resistance of other bacteria, Table excel S1: Raw data AMRS, S2: Comprehensive AMRS data, S3: Categorized
AMRS data analytical.
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Abstract: Mobile genetic elements play an important role in the dissemination of antibiotic resistant
bacteria among human and environmental sources. Therefore, the aim of this study was to determine
the occurrence and patterns of integrons and insertion sequences of extended-spectrum β-lactamase
(ESBL)-producing Escherichia coli isolated from different sources in Navarra, northern Spain. A total
of 150 isolates coming from food products, farms and feeds, aquatic environments, and humans
(healthy people and hospital inpatients), were analyzed. PCRs were applied for the study of class
1, 2, and 3 integrons (intI1, intI2, and intI3), as well as for the determination of insertion sequences
(IS26, ISEcp1, ISCR1, and IS903). Results show the wide presence and dissemination of intI1 (92%),
while intI3 was not detected. It is remarkable, the prevalence of intI2 among food isolates, as well
as the co-existence of class 1 and class 2 (8% of isolates). The majority of isolates have two or
three IS elements, with the most common being IS26 (99.4%). The genetic pattern IS26–ISEcp1
(related with the pathogen clone ST131) was present in the 22% of isolates (including human isolates).
In addition, the combination ISEcp1–IS26–IS903–ISCR1 was detected in 11 isolates being, to our
knowledge, the first study that describes this genetic complex. Due to the wide variability observed,
no relationship was determined among these mobile genetic elements and β-lactam resistance.
More investigations regarding the genetic composition of these elements are needed to understand
the role of multiple types of integrons and insertion sequences on the dissemination of antimicrobial
resistance genes among different environments.

Keywords: ESBL-producing E. coli; β-lactamase genes; antimicrobial resistance; integrons;
insertion sequences

1. Introduction

Antimicrobial resistance (AMR) has become a public health problem, reaching alarming levels
in many parts of the world [1,2]. In recent years, resistances in the Enterobacteriaceae family have
increased significantly because of the extensive use of antibiotics in human treatment, veterinary,
and agriculture, leading to the selection and global spread of resistant clones [3,4]. In particular,
the dissemination of extended-spectrum β-lactamases (ESBLs) have increased dramatically in the
recent years, becoming a serious global threat [5,6].

Several genetic mechanisms have been involved in the acquisition and dispersion of antimicrobial
resistances. The commonly called “mobilome” [7,8] is composed of a variety of mobile genetic elements
(MGEs), including plasmids, transposons (Tn), insertion sequences (IS), integrons (intI), and introns.
Conjugation, transformation, and transduction are the main mechanisms for the horizontal transfer of
MGEs [9,10].
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Integrons are DNA elements capable of capturing gene cassettes (including antimicrobial
resistance genes) and disseminating them using an MGE [11]. Integrons are usually composed of two
conserved segments (termed 5′-conserved region (5′-CS) and 3′-conserved region (3′-CS)) separated by
a variable region which contains the gene cassettes. The 5′-CS end includes (i) the int gene coding for
an integrase, that belongs to a distinct family of the tyrosine-recombinase; (ii) a primary recombination
site (attI); and (iii) a promoter (Pc), which ensures the transcription of the cassette genes. On the
other hand, the 3′-CS region is formed by (i) a truncated gene of resistance to quaternary ammonium
compounds (qacEΔ1); (ii) a sulfonamide resistance gene (sul1); and (iii) an unknown function sequence
(orf5) [12]. Class 1 (intI1) and class 2 (intI2) integrons are the most commonly involved in antibiotic
resistances [13–17], while limited work has shown the presence of class 3 (intI3) in Enterobacteriaceae.
The gene intI3 was reported for the first time in a carbapenem-resistant Serratia marcescens strain [18]
and has been also detected in Klebsiella pneumoniae isolates [19] and other Enterobacteriaceae [20].
In addition, bla ESBL genes have been associated with insertion sequences. These IS are the smallest
transposable elements (<2.5 kb), and are classified into families according to different characteristics,
with transposases (enzymes that catalyze the IS movement) being the main classification system
used [21,22]. It has been well documented that IS26, ISEcp1, ISCR1, and IS903, in association with class
1 integrons, are the most involved elements in the antimicrobial resistance to β-lactamics [23–27].

Therefore, the investigation of these elements might be critical, in order to predict the potential
spread of ESBL-producing strains. In this context, the aim of this study was to evaluate the
presence of different types of integrons (intI1, intI2, and intI3) and insertion sequences (ISEcp1, IS26,
ISCR1, and IS903) in a collection of 150 ESBL-producing E. coli isolated from different sources in
Navarra, Spain.

2. Materials and Methods

2.1. Sample Collection

A total of 150 ESBL-producing Escherichia coli were selected from a wide collection of
ESBL-producing Enterobacteriaceae, isolated in Navarra from different environments: food products
(n = 48), farms and feeds (n = 20), rivers and wastewater treatment plants (WWTPs) (n = 33) and
human origins, including healthy volunteers (n = 13) and hospital inpatients (n = 36). Clinical isolates
from hospital inpatients were provided by Clínica Universidad de Navarra, and were collected
from January 2009 to December 2012 [5]. Food and environmental samples were collected from
different locations in Navarra in two sampling periods (2010–2013 [5,28,29]; 2015–2016 [30]) and,
finally, isolates from healthy people were collected from September 2015 to September 2016 (data not
published). All samples were already identified, and phenotypically and genotypically characterized,
in order to know the antimicrobial susceptibility pattern, the types of β-lactamase genes, and the
phylogenetic group [28–30]. Isolates were selected according to the following criteria: they must
show multidrug-resistant phenotype (to at least three different classes of antimicrobials) and must
carry at least one ESBL gene. The main characteristics of the selected isolates, regarding type of ESBL,
is shown in Table 1. Resistance profiles and complete information of each isolate is presented in the
Supplementary Material, Tables S1–S6).
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Table 1. Genotypic characteristics of extended-spectrum β-lactamase (ESBL)-producing E. coli
according to their origin [5,28–30].

Sample Origin
Percentages of Detected bla Genes

blaCTX-M-14 blaCTX-M-15 blaCTX-M-1 blaTEM-42 blaTEML-171 blaSHV-12

Hospital inpatients 41.7 61.1 8.3 11.1 NA 5.5
Healthy people 46.2 30.8 15.4 0 46.2 0

WWTP and rivers 33.3 30.3 18.2 6 NA 6
Food 32.7 4.1 18.3 12.3 31.8 35.6

Farms and feeds 31.6 5.26 47.4 26.3 5 21

NA: Not analyzed.

2.2. DNA Extraction and Detection of Integrons

DNA extraction was performed with DNeasy® Blood & Tissue kit (Qiagen, Barcelona, Spain),
using a pre-treatment protocol for Gram-negative bacteria, and following the manufacturer’s
instruction. The quantity and quality of the DNA was analyzed using a Nanodrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).

Detection of class 1, class 2, and class 3 integrons in ESBL-producing E. coli was performed
according to PCR, as described by Mazel et al. [31], and using only the primers shown in Table 2.

Table 2. Primers used for the detection of integrons.

Primer Sequence (5′-3′) Amplicon
Size (pb)

T (◦C ) 3 GenBank
Accession No

Reference

intI1-Fw 1 GGTCAAGGATCTGGATTTCG 483 62 U49101 [31]
intI1-Rv 2 ACATGCGTGTAAATCATCGTC 483 62 U49101 [31]
intI2-Fw 1 CACGGATATGCGACAAAAAGGT 789 62 L10818 [31]
intI2-Rv 2 TAGCAAACGAGTGACGAAATG 789 62 L10818 [31]
intI3-Fw 1 AGTGGGTGGCGAATGAGTG 600 60 D50438 [31]
intI3-Rv 2 TGTTCTTGTATCGGCAGGTG 600 60 D50438 [31]

1 Fw: forward; 2 Rv: reverse; 3 T (◦C): annealing temperature.

DNA amplification was performed in a DNA thermal cycler GeneAmp® PCR system 2700
(Applied Biosystems Division, Foster City, CA, USA) in a final volume of 25 μL containing 2 μL of
DNA extract mixed with 2.5 μL of 10× buffer (Bioline, London, UK), 5 μL of dNTPs (Bioline, London,
UK), 1.5 μL of MgCl2 50 mM (Bioline, London, UK), 2 μL of each primer Sigma-Aldrich, Steinheim,
Germany), and 1.5 U of Inmolase™ DNA polymerase (Bioline, London, UK). The conditions of the
amplification were as follows: initial denaturation at 94 ◦C for 10 min, followed by 30 cycles of DNA
denaturation at 94 ◦C for 45 s, primer annealing at 62 ◦C (intI1 and intI2) or 60 ◦C (intI3) for 35 s,
primer extension at 72 ◦C for 2 min, and a final elongation at 72 ◦C for 7 min. Positive and negative
controls [17] were included in all PCR assays, and 1 kb ladder (Invitrogen) was used as a molecular
size standard. After amplification, PCR products were separated by electrophoresis on 1% agarose
gel in 1× TBE buffer, stained with ethidium bromide and visualized by UV transillumination. E. coli
C828, K. pneumoniae C933 (provided both by Centro de Investigación Biomédica de la Rioja) and
E. coli isolated from hospital inpatients, confirmed as carrying intI2 by DNA sequencing, were used as
positive controls for intI1, intI3, and intI2, respectively.

2.3. Detection of Insertion Sequences

DNA extracts were examined for the detection of different insertion sequences associated
with ESBL genes, performing PCRs assays using the specific primers and conditions showed in
Table 3 [27,32,33].

The PCRs were performed in a final volume of 25 μL containing 2 μL of DNA extract mixed
with 2.5 μL of 10× buffer (Bioline, London, UK), 5 μL of dNTPs (Bioline, London, UK), 1.5 μL of

46



IJERPH 2018, 15, 2308

MgCl2 50 mM (Bioline, London, UK), 2 μL of each primer (Sigma-Aldrich, Madrid, Spain), and 1.5 U of
Inmolase™ DNA polymerase (Bioline, London, UK), in a DNA thermal cycler GeneAmp® PCR system
2700 (Applied Biosystems Division, Foster City, CA, USA). Amplification conditions were modified
in order to improve the specificity using an initial denaturation at 94 ◦C for 12 min, followed by
35 cycles of DNA denaturation at 94 ◦C for 1 min, and primer annealing temperature depending
on the IS (Table 3), primer extension at 72 ◦C for 2 min, and a final elongation at 72 ◦C for 10 min.
PCR products were separated by electrophoresis on 1% agarose gels and were visualized under UV
light after staining with ethidium bromide.

Table 3. Primers and conditions used for the amplification of insertion sequences.

Primer 1 Sequence (5′-3′) Amplicon
Size (pb)

T (◦C) 3 GenBank
Accession No.

Reference

ISEcp1-Fw 1 ATCTAACATCAAATGCAGG 1381 60 AJ972954 [27]
ISEcp1-Rv 2 AGACTGCTTCTCACACAT 1381 60 AJ972954 [27]
IS26-Fw 1 TCACTCCACGATTTACCGCT 557 61 AF205943 [27]
IS26-Rv 2 CTTACCAGGCGCATTTCGCC 557 61 AF205943 [27]

ISCR1-Fw 1 TCGCTGCGAGGATTGTCATC 1100 60 AF174129 [32]
ISCR1-Rv 2 CTCGCTTGAGGCGTTGCAT 1100 60 AF174129 [32]
IS903-Fw 1 CATATGAAATCATCTGCGC 473 56 EU056266 [33]
IS903-Rv 2 CCGTAGCGGGTTGTGTTTTC 473 56 EU056266 [33]

1 Fw: forward; 2 Rv: reverse; 3 T (◦C): annealing temperature.

2.4. Sequence Analysis

Amplicons obtained in the different PCRs were sequenced to confirm the presence of integrons
and insertion sequences. Bidirectional DNA sequence analysis was performed by the Macrogen
EZ-Seq purification service (Macrogen Europe, Amsterdam, The Netherlands). Searches for DNA
and protein homologies were carried out using the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/) using the BLAST program and the alignment of DNA and amino
acids sequences were performed using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/).

2.5. Statistical Analysis

The results were subjected to statistical processing with the SPSS 15 software (SPSS Inc., Chicago,
IL, USA), applying the chi-square test with a level of significance of p < 0.05.

3. Results and Discussion

3.1. Distribution of Integrons in ESBL-Producing E. coli

The occurrence and types of integrons, according to the isolate origin, is presented in Figure 1.
As expected, class 1 showed the highest dissemination, being present in 92% of the isolates (n = 138) and
in all environments, without significant differences among them (p < 0.05). Class 1 integrons have been
reported as the most ubiquitous type among enteric bacteria [34–36]. In a similar way, Solberg et al. [37]
reported the presence of class 1 integron in 70% of E. coli causing community-acquired infections.
According to Roe et al. [38], the occurrence of class 1 integrons in healthy people suggests a possible
acquisition of resistance genes circulating in different environments by a constant horizontal exchange
of these genes. By contrast, class 2 integron was found in only 13 strains (8.5%), in accordance with
the study of Ozgumus et al. [39], who found this class of integron in pathogenic, environmental,
and commensal E. coli with a lower frequency than class 1. Finally, intI3 was not detected, similarly to
the report by Vinué et al. [40]. In fact, limited studies describe the presence of class 3 integron in
E. coli [14,41] and, to date, there are no published data reporting the presence of this integron in
ESBL-producing E. coli isolated from Spain.
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Figure 1. Prevalence (percentages) and distribution of (A)class 1 (intI1) and (B) class 2 (intI2) integrons
in ESBL-producing E. coli according to their origin. ESBL: Extended spectrum beta-lactamases.

It should be noted that intI2 was mainly detected in food isolates (18.4%), but not in farming
environments (p = 0.044). This situation seems a little bit contradictory, but it could be due to
the low number of isolates coming from farms and feed (n = 20), compared with food (n = 48).
Probably, if we extended the study by increasing n, we would find positive results for this type of
integron, as shown in the literature. In any case, our results are comparable to those obtained by
Goldstein et al. [42], who demonstrated the presence of class 1 and class 2 integrons in food, livestock,
and water contaminated with farm animal feces. In a similar way, intI2 has been detected in poultry
products [38].

In addition, it is remarkable that intI1 and intI2 coexist in 8% of the isolates (92.1% of those
carrying intI2). Rizk et al. [20] reported the co-existence of more than one type of integron in 36.9%
of isolates, and a prevalence of 38% was reported by Kargar et al. [41] in a study performed in
69 multidrug-resistant (MDR) E. coli. By contrast, Kor et al. [43] found only one isolate carrying
both integrons among clinical isolates, and Odetoyin et al. [16] reported a prevalence of 2.4% in
fecal E. coli isolated from mother–child pairs in Nigeria. The simultaneous existence of multiple
integrons represents a great threat for the dissemination of antimicrobial resistance genes among
Enterobacteriaceae [31].

3.2. Analysis of Insertion Sequences

The prevalent type was IS26 (99.4%), followed by ISEcp1 (68%) and IS903 (65.3%), while ISCR1 was
detected only in 19 isolates (12.6%). The wide presence of IS26 in almost all multidrug-resistant isolates
is a hint that IS26 is not associated with multidrug resistance, but only with ESBL-producing isolates.

The four insertion sequences were present in all environments (Figure 2), except ISCR1, that was
not detected in farm and feeds. This latest result contrasts with the reported by Ali et al. [44],
that showed the connection between ISCR1 and intI1 in strains isolated from diverse dairy farms in
China. However, the wide dissemination of IS among different niches has been reported by other
authors. For instance, Cullik et al. [25] showed the association between blaCTX-M with the common
elements ISEcp1, IS26, and IS903, in ESBL-producing E. coli isolated in a German Hospital. The ISEcp1
type has been detected in clinical isolates from Korea, and in isolates from healthy or diseased
food-producing animals, including swine and avian [45,46].
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Figure 2. Prevalence (percentages) and distribution of insertion sequences in ESBL-producing E. coli
according to their origin. (A) IS26; (B) ISEcp1; (C) IS903; (D) ISCR1.

In addition, the frequent co-existence of several insertion sequences in the same strain has
been detected, in agreement with other studies [25–27,47]. Genetic patterns are presented in Figure 3,
showing that the majority of isolates carried two or three IS (42% and 40.7%, respectively), whereas 10%
of them carried only one. The three prevalent genetic patterns were IS26–ISEcp1–IS903 (n = 55),
IS26–ISEcp1 (n = 33), and IS26–IS903 (n = 28) (37%, 22%, and 19%, respectively). The combination
IS26–ISEcp1 has been related with the pathogen clone ST131 [25,48], and it was present in 4 isolates
coming from healthy people (n = 2) and hospital inpatients (n = 2), that supposes a possible risk
situation for the healthy population. Finally, it is remarkable that 7.3% of isolates contain the four IS
(ISEcp1–IS26–IS903–ISCR1), a situation that, to our best knowledge, is being described in the literature
for the first time. These isolates come mainly from hospital inpatients (n = 9), but we also found the
genetic patterns in isolates from a river (n = 1) and from a chicken hamburger (n = 1). In summary,
these results show the complexity of mobile genetic elements, and suggest the facility to acquire
different mechanisms to disseminate resistance genes through all environments.
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Figure 3. Genetic patterns and prevalences among the studied ESBL-producing E. coli.

3.3. The Important Role of Horizontal Genetic Elements in the Dissemination of ESBLs

Correlation between the presence of genetic elements and ESBL has been reported by several
authors [25,49,50], and our results support this fact (Table 4). IS26 have been observed flanking the
open reading frame (orf) regions of β-lactamase genes [51], and prevalences higher than 94% in all
ESBL types were observed in this study. Similar results were detected in a study carried out in Kenya
with 27 E. coli strains obtained from hospitalized patients, in which over 40% of isolates carrying
blaTEM-52, blaSHV-5, or blaCTX-M-14, were linked to the IS26 [50]. Otherwise, Billard-Pomares et al. [52]
reported the characterization of a P1 bacteriophage from an ESBL-E. coli strain which had acquired
two foreign DNA fragments, one of them being a fragment mobilized by two IS26 elements containing
a blaSHV-2 gene. Finally, Doi et al. [53] reported the relation between OXA (Beta lactamase product
of blaOXA genes) and IS26 downstream of a class 1 integron in a K. pneumoniae strain. In summary,
as Cullik et al. affirm [25], IS26 have an important role in the spread of resistance genes.

Table 4. Prevalences of insertion sequences and integrons among the different types of ESBL-E.
coli producers.

bla Genes IS26 IS903 ISEcp1 ISCR1 intI1 intI2

blaCTX-M 99.2 90.3 79 11.3 94 6.5
blaTEM 100 89.9 88.5 16 94 7.3

blaOXA-1 94.5 83.3 50 5.5 100 0
blaSHV 100 56.5 26 0 95.7 21.8

Similarly, ISEcp1-like insertion sequences have been observed upstream of orfs encoding members
belonging to the CTX-M-1, CTX-M-2, and CTX-M-9 clusters. Kim et al. [45] found the association of
ISEcp1 and CTX-M in clinical isolates, especially in strains containing CTX-M-14 (in agreement with
the 37% observed in our study). A similar association was found in China by Sun et al. [54] in healthy
and sick pets. In addition, Tamang et al. [55] reported that 97.6% blaCTX-M genes (isolated from cattle,
farm workers, and the farm environment) possessed the insertion sequence ISEcp1 upstream of blaCTX.
On the other hand, our results show that 9 out of 102 isolates carrying ISEcp1 (isolated from WWTP,
river, farm soil and feed) were disrupted by IS26. Similar findings have been reported in a German
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University Hospital [25], where cases of ISEcp1 disrupted by an intact IS26 were detected. In the
same way, Wang et al. [48] detected a truncated copy of ISEcp1 gene with an IS26 gene being located
upstream in 3 out of 9 ESBL-producing E. coli isolated from fecal samples of food producing animals
and healthy humans. Finally, despite the lower prevalence of ISCR1 observed in the present study
(12.6%), the aforementioned IS is another important element in the genetic platforms associated with
the dissemination of CTX-M genes [22,56,57]. In general, ISCR1 has been associated with CTX-M-2
and CTX-M-9 subtypes [57–59], but the majority of our strains carrying this IS were CTX-M-14 and
CTX-M-15 producers. That could explain the low number of strains carrying ISCR1. Moreover,
ISCR1 mediates the formation of a complex with class 1 integrons [23,57]. From the total of isolates
carrying ISCR1, 94.7% contain intI1, and even one of them contained both integrons (intI1 and intI2).
However, we have not found a specific association between the isolates containing intI1 and the
different ESBLs, due to its wide presence (92% of isolates). On the other hand, CTX-M-14 was present
in the 46% of the isolates containing intI2 (the same as SHV-12), whereas TEM and CTX-M-1 were
detected in 38.5% and 15.4%, respectively, of intI2 carriers.

Moreover, it must be pointed out that ISEcp1-IS903 is known as one of the major genetic
platforms [22,27,54]. Our results showed that IS903 and ISEcp1 were present in 55 isolates in
co-existence with IS26 (IS26-ISEcp1-IS903). Similarly, a recent report detected this genetic platform [46]
in CTX-M-14-producing E. coli isolated from animals [48]. Furthermore, all the analyzed strains show
multidrug-resistant (MDR) phenotype, which means that they are resistant to at least three different
classes of antimicrobials [28,29]. Similar results were reported by Woodford et al. [60] that found the
plasmid pEK499 harboring 10 genes that confer resistance to eight antibiotic classes and also carrying
IS (IS26 and ISEcp1).

Finally, Table 5 summarizes the relationship between the number of IS present in the same isolate,
and the number of ESBL types produced by each microorganism. It can be seen that as the number of
ESBL enclosed in the same genetic environment increases, the number of insertion sequences present
also increases.

Table 5. Relationship between number of IS in each isolate and the number of expressed ESBLs.

Number of IS
in Each Isolate

N Isolates
N Isolates (%) Producing

1 ESBL 2 ESBL 3 ESBL 4 ESBL

1 15 46.6 40 0 0
2 63 46 46 8 0
3 61 49 41 8.2 1.6
4 11 0 81.8 18.2 0

To sum up, the MDR ESBL-producing E. coli analyzed in the present study carried at least one
genetic element (integron and IS). Since the strains were isolated from different sources (clinical isolates,
healthy carriers, farms and feeds, food samples, WWTPs and rivers), these data revealed the potential
risk for the dissemination of antimicrobial resistances among environmental and human bacteria.

4. Conclusions

In conclusion, this study highlights the high prevalence of different horizontal genetic elements
among ESBL-producing E. coli isolates from food, environmental, and human samples. The analysis
of integrons, showed that intI1 was present in the majority of strains and in all sources, while the
prevalence of intI2 was lower but remarkable in the food isolates. Concerning insertion sequences,
the multiple associations, like IS26-ISEcp1, are relevant. Thus, the co-existence of diverse types of
integrons and insertion sequences suggest possible risk for the dissemination of resistance genes among
different environments and, therefore, additional investigations regarding the genetic composition
of these integrons and insertion sequences are encouraged, to understand the role of these mobile
elements in the spread of multidrug-resistant bacteria.
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Supplementary Materials: Table S1: Antimicrobial profiles of ESBL-producing E. coli according to their origin;
Table S2: Phenotypic and genotypic characteristics of strains isolated from hospital inpatients (n = 36); Table S3:
Phenotypic and genotypic characteristics of aquatic strains included in the study (n = 33); Table S4: Phenotypic and
genotypic characteristics of strains isolated from food (n = 48); Table S5: Phenotypic and genotypic characteristics
of strains from farm origin included in the study (n = 20); Table S6: Phenotypic and genotypic characteristics of
strains isolated from healthy people (n = 13).
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Abstract: This study examined antibiotic susceptibility, genetic diversity, and characteristics of
virulence genes in Campylobacter isolates from poultry. Chicken (n = 152) and duck (n = 154) samples
were collected from 18 wet markets in Korea. Campylobacter spp. isolated from the carcasses were
identified by PCR. The isolated colonies were analyzed for antibiotic susceptibility to chloramphenicol,
amikacin, erythromycin, tetracycline, ciprofloxacin, nalidixic acid, and enrofloxacin. The isolates
were also used to analyze genetic diversity using the DiversiLabTM system and were tested for the
presence of cytolethal distending toxin (cdt) genes. Campylobacter spp. were isolated from 45 poultry
samples out of 306 poultry samples (14.7%) and the average levels of Campylobacter contamination
were 22.0 CFU/g and 366.1 CFU/g in chicken and duck samples, respectively. Moreover, more than
90% of the isolates showed resistance to nalidixic acid and ciprofloxacin. Genetic correlation analysis
showed greater than 95% similarity between 84.4% of the isolates, and three cdt genes (cdtA, cdtB,
and cdtC) were present in 71.1% of Campylobacter isolates. These results indicate that Campylobacter
contamination should be decreased to prevent and treat Campylobacter foodborne illness.

Keywords: Campylobacter; poultry; antibiotic susceptibility; Rep-PCR; cdt toxin

1. Introduction

Campylobacter spp. are Gram-negative, microaerophilic bacteria, and the most common cause of
bacterial foodborne illness in the world [1–4]. Among 17 Campylobacter species, Campylobacter jejuni and
Campylobacter coli are the major causative agents of foodborne illness in human [5–7]. Animal species
such as chicken, cattle and wild birds are reservoirs for Campylobacter [8,9]. Campylobacter infection
causes watery diarrhea, fever, bloody stools, abdominal pain, and some complications such as
Guillain-Barré syndrome (GBS) and Reiter’s syndrome in severe case [10]. Facciolà et al. [10] suggested
that it is difficult to find the contamination sources because Campylobacter outbreaks were sporadic and
caused by cross-contamination.

Recently, campylobacteriosis have increased dramatically in South Korea. Until 2002, there were
no Campylobacter outbreaks, but 831 people were infected by Campylobacter in 2016 [11]. In Switzerland,
campylobacteriosis have also been increased, and healthcare cost for the patients was $7.5 million per
year, expected to increase steadily [12]. Campylobacter have several virulence factors such as flagellin,
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capsular polysaccharides, and cytotoxins [13]. Regarding cytotoxin production, Campylobacter can
produce cytolethal distending toxin (CDT), which is encoded by cdtA, cdtB, and cdtC genes [14–16].
This toxin can induce the host cell distension, then lead to cell death [17]. In severe cases, antibiotic
(erythromycin, ciprofloxacin, tetracycline, etc.) treatment is necessary to treat Campylobacter infection,
but Campylobacter spp. have recently begun to show resistance to several antibiotics [18–20]. In a
previous study, 159 Campylobacter isolates from poultry samples in China were examined for antibiotic
resistance and 94% (149 isolates) of Campylobacter isolates were resistant to tetracycline, doxycycline,
and erythromycin [18]. Thus, Campylobacter isolates need to be investigated for antibiotic susceptibility.

To analyze the genetic correlation among bacterial isolates, restriction-based, amplification-based,
and sequencing-based methods have been used [21]. Restriction-based methods include
plasmid analysis, restriction fragment length polymorphism (RFLP) analysis, and pulsed-field gel
electrophoresis (PFGE). Amplification-based methods are amplified fragment length polymorphisms
(AFLP), random amplified polymorphic DNA PCR (RAPD-PCR), and repetitive element
PCR (Rep-PCR). Sequencing-based methods include multilocus sequence typing (MLST) and
single-nucleotide polymorphism (SNP) analysis. Rep-PCR can assign molecular fingerprints according
to the repetitive sequences in bacterial genomes [22,23]. Compared to other PCR typing methods,
Rep-PCR has advantages: processing is rapid and it has the ability to analyze small amounts of
DNA [21,24]. Abay et al. [25] also suggested that Rep-PCR was more powerful for typeability of
Campylobacter than PFGE.

The objective of this study was to investigate the prevalence of Campylobacter in poultry carcasses
in wet markets, determine antibiotic susceptibility patterns, the presence of cdt genes, and analyzed
the genetic diversity between the Campylobacter isolates.

2. Materials and Methods

2.1. Sample Collection

Chicken (n = 152) and duck (n = 154) carcasses were purchased from 18 wet markets throughout
Korea during the summer (June–August, in 2014) and winter seasons (December in 2014 to February
in 2015) (Figure 1). Three to ten samples for both chicken and duck carcasses were collected per market
and per visit, and each market was visited twice for summer and winter. The samples were placed in a
cooler on ice and transported to a laboratory. They were analyzed within 24 h.

Figure 1. The locations of wet markets for poultry samples collected in Korea.
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2.2. Campylobacter Isolation, Enumeration, and Identification

Each poultry sample was placed into a sample bag containing 400 mL 0.1% buffered peptone
water (BPW, Becton, Dickinson and Company, Sparks, MD, USA) and gently shaken for 60 s.
For Campylobacter isolation, the rinsate (27 mL) was mixed with 27 mL 2 × blood-free Bolton broth
(Oxoid Ltd., Basingstoke, Hampshire, UK) and the mixture was enriched at 42 ◦C for 48 h. Loopful
portions (10 μL) of the enrichments were streaked on modified charcoal-cefoperazone-deoxycholate
agar (mCCDA; Oxoid Ltd., Basingstoke, UK) and incubated at 42 ◦C for 48 h in a microaerobic
environment (5% O2, 10% CO2, and 85% N2) created by CampyGenTM gas packs (Oxoid Ltd.,
Basingstoke, UK). The two presumptive Campylobacter colonies (gray, mucoid, and flat) on a plate
were selected and each colony of them was streaked on two Colombia agar plates (bioMérieux,
Marcy-l’Étoile, France) for aerobic and microaerobic conditions at 42 ◦C for 48 h under both aerobic
and microaerobic conditions. The colonies grown under microaerobic conditions were further analyzed
to identify Campylobacter by PCR using the primers listed in Table 1. To extract Campylobacter DNA,
the presumptive colonies at plate were suspended in 0.2 mL of sterilized distilled water, and heated
at 99 ◦C for 10 min. The suspensions were centrifuged at 14,000 rpm for 3 min, and supernatants
were then used for PCR amplification. The program was as follows: pre-denaturation at 95 ◦C for
15 min, 25 cycles of denaturation at 95 ◦C for 0.5 min, annealing at 58 ◦C for 1.5 min, and extension at
72 ◦C for 1 min. A final extension step at 72 ◦C for 7 min was performed [26]. The PCR products were
visualized by electrophoresis and UV-transillumination. The isolates were used in further experiments
for analysis of antibiotic resistance, genetic diversity and cdt genes. To enumerate Campylobacter
cells, 1 mL of the rinsate was serially diluted using 0.1% BPW, and 0.1 mL of aliquots were plated
on mCCDA (Oxoid Ltd., Basingstoke, UK). The plates were then incubated at 42 ◦C for 48 h under
microaerobic conditions. Five presumptive colonies on each plate were then analyzed by PCR using
the conditions described above. The contamination levels of Campylobacter were determined by
multiplying the number of positive colonies per five presumptive colonies to the total number of
colonies. Additionally, each carcass was weighted to calculate the colony forming units per g (CFU/g).

Table 1. Primer sequences used to identify the Campylobacter genus and species.

Species Target Gene Primer Sequence (5’→3’) Size (bp) Reference

Genus Campylobacter 16S rRNA
C412F GGATGACACTTTTCGGAGC

816 [27]C1228R CATTGTAGCACGTGTGTC

Campylobacter jejuni cj0414 C-1 CAAATAAAGTTAGAGGTAGAATGT
161 [28]C-3 CCATAAGCACTAGCTAGCTGAT

Campylobacter coli ask
CC18F GGTATGATTTCTACAAAGCGAG

502 [27]CC519R ATAAAAGACTATCGTCGCGTG

2.3. Antibiotic Susceptibility Testing

The isolated colonies were further analyzed for antibiotic susceptibility to chloramphenicol,
amikacin, erythromycin, tetracycline, ciprofloxacin, nalidixic acid, and enrofloxacin (Sigma-Aldrich,
St Louis, MO, USA), according to the guidelines of the Clinical & Laboratory Standards Institute [29].
To determine antibiotic resistance, the breakpoints suggested by CLSI [29], CDC [30], Hong et al. [31],
and Kang et al. [32] were used as follows: chloramphenicol at 32 μg/mL, amikacin at 64 μg/mL,
erythromycin at 32 μg/mL, tetracycline at 16 μg/mL, ciprofloxacin at 4 μg/mL, nalidixic acid at
64 μg/mL, and enrofloxacin at 4 μg/mL. The Campylobacter isolates on Colombia agar (bioMérieux,
Marcy-l’Étoile, France) were suspended in Mueller-Hinton broth (MHB; Becton, Dickinson and
Company, Sparks, MD, USA) to obtain a McFarland 0.5 standard, and further diluted 10-fold.
Using needles, Campylobacter isolates were spotted on Mueller-Hinton agar (MHA; Becton, Dickinson
and Company, Sparks, MD, USA) with 5% lysed horse blood plates (Oxoid Ltd., Basingstoke, UK),
formulated at 0.5–128 μg/mL with seven antibiotics. The plates were incubated under microaerobic

58



IJERPH 2017, 14, 1400

conditions at 37 ◦C for 48 h. MIC was determined by colony formation on the plates and the reference
strain used was Campylobacter jejuni ATCC33560.

2.4. Analysis of Genetic Diversity

To analyze the genetic diversity, 45 Campylobacter isolates from poultry were streaked on Colombia
agar (bioMérieux, Marcy-l’Étoile, France), followed by microaerobic incubation at 42 ◦C for 48 h.
DNA was extracted from Campylobacter isolates using a commercial kit (UltraCleanTM Microbial DNA
Isolation Kit, MoBio Laboratories, Solana Beach, CA, USA). The extracted DNA was amplified using
DiversiLab Campylobacter Kit (bioMérieux, Marcy-l’Étoile, France). The amplified products were
separated by electrophoresis on microfluidics chips (Agilent Technologies, Palo Alto, CA, USA) and
analyzed with the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). The peak
and band data were analyzed by DiversiLabTM software version 2.1.66 (bioMérieux, Marcy-l’Étoile,
France) using Pearson’s correlation coefficient and unweighted pair group method with the arithmetic
mean, followed by dendrogram generation. The cutoff value was 95% for determining genetic
similarity [33,34].

2.5. Analysis of Cytolethal Distending Toxin Genes

To observe the presence of cdt genes (cdtA, cdtB, and cdtC) from isolates, the extracted DNA
was amplified using the primers listed in Table 2 [14]. The PCR products were visualized by gel
electrophoresis and UV-transillumination.

Table 2. PCR primers and amplification conditions used to analysis of cdt genes for
Campylobacter isolates.

Genus Gene Sequence (5’→3’) Amplification (1) Condition Size (bp)

Campylobacter jejuni

cdtA
F: AGGACTTGAACCTACTTTTC 94 ◦C, 30 s

−55 ◦C, 30 s
−72 ◦C, 30 s

631
R: AGGTGGAGTAGTTAAAAACC

cdtB
F: ATCTTTTAACCTTGCTTTTGC 94 ◦C, 30 s

−56 ◦C, 30 s
−72 ◦C, 30 s

714
R: GCAAGCATTAAAATCGCAGC

cdtC
F: TTTAGCCTTTGCAACTCCTA 94 ◦C, 30 s

−55 ◦C, 30 s
−72 ◦C, 30 s

524
R: AAGGGGTAGCAGCTGTTAA

Campylobacter coli

cdtA
F: ATTGCCAAGGCTAAAATCTC 94 ◦C, 30 s

−55 ◦C, 30 s
−72 ◦C, 30 s

329
R: GATAAAGTCTCCAAAACTGC

cdtB
F: TTTAATGTATTATTTGCCGC 94 ◦C, 30 s

−56 ◦C, 30 s
−72 ◦C, 30 s

413
R: TCATTGCCTATGCGTATG

cdtC
F: TAGGGATATGCACGCAAAAG 94 ◦C, 30 s

−55 ◦C, 30 s
−72 ◦C, 30 s

313
R: GCTTAATACAGTTACGATAG

(1) Amplification: denaturation-annealing-extension.

2.6. Statistical Analysis

The data for the prevalence and contamination levels of Campylobacter between chicken and duck
were statistically analyzed by SAS version 9.3 (SAS Institute Inc., Cary, NC, USA), and Chi-square test
and t-test were used for prevalence and contamination levels, respectively, to determine significance at
α = 0.05.
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3. Results and Discussion

3.1. Prevalence and Contamination Levels of Campylobacter

Of 306 poultry samples, Campylobacter spp. were identified from 45 samples (14.7%, 15 chicken
samples and 30 duck samples) after enrichment (qualitative), but the number of positive samples
was higher in quantitative results than in qualitative samples (Table 3). Since other bacteria may also
be enriched with Campylobacter, resulting in disturbing the identification, the prevalence rate was
lower in qualitative results than in quantitative results. The mean contamination levels of the isolated
Campylobacter spp. in chicken and duck samples were 22.0 ± 36.3 CFU/g and 366.1 ± 733.6 CFU/g,
respectively (Table 3).

Table 3. Prevalence and contamination levels of Campylobacter in chicken and duck carcasses at wet
markets in Korea during summer and winter.

Seasons Sample
Prevalence (No. of Positive

Samples/No. of Samples (%))

Contamination Level

No. of Positive Samples/No. of Samples (%) Mean ± SD (CFU/g)

Summer
Chicken 7/80 (8.8) 3/80 (3.8) 32.1 ± 21.0

Duck 15/80 (18.8) 7/80 (8.8) 15.7 ± 14.2
Subtotal 22/160 (13.8) 10/160 (6.3) 20.6 ± 17.2

Winter
Chicken 8/72 (11.1) 19/72 (26.4) 20.4 ± 38.8

Duck 15/74 (20.3) 38/74 (51.4) 427.4 ± 780.2
Subtotal 23/146 (15.8) 57/146 (39.0) 301.1 ± 673.1

Total
Chicken 15/152 (9.9) A 22/152 (14.5) 22.0 ± 36.6 b

Duck 30/154 (19.5) A 45/154 (29.2) 366.1 ± 733.6 a

Total 45/306 (14.7) 67/306 (21.9) 259.8 ± 628.9

Different upper letters (A, a, and b) in the same column indicate a difference (p < 0.05).

These results suggest that a quantitative method may be appropriate to investigate Campylobacter
prevalence rather than a qualitative method, and duck samples have a higher contamination frequency
and have higher levels of contamination significantly (p = 0.0210) than those in chicken samples in
the Korean markets. Campylobacter was isolated regardless of the season; however, the contamination
levels of Campylobacter were higher in the winter than in the summer. Of the 45 Campylobacter spp.
isolates, 29 isolates were C. jejuni and 16 isolates were C. coli. In France, 372 of 425 chicken samples
(87.5%) were Campylobacter positive, and their mean contamination level was 2.4 log CFU/g [35].
Also, Garin et al. [36] showed that Campylobacter spp. were detected from 491 of 750 chicken carcasses
(65.5%) in five countries (Senegal, Cameroon, Madagascar, New Caledonia and Vietnam), and the mean
value of contamination level was 3.2 log CFU/g. Additionally, Zhu et al. [37] analyzed 1587 chicken
carcasses collected from seven provinces in China, and 716 carcasses (45.1%) were contaminated to
Campylobacter, and the contamination level was 2.1 log CFU/g (median value). These studies indicate
that Campylobacter contamination levels were similar among countries, however, the prevalence of
Campylobacter can be considered low in wet markets in Korea. Campylobacter are microaerophilic
bacteria. Thus, the bacterial cell counts can be gradually decreased under aerobic condition during
distribution. Hence, long exposure time to aerobic condition during distribution to wet markets may
induce low prevalence of Campylobacter in poultry in Korea.

3.2. Antimicrobial Resistance Patterns

Because antimicrobial resistance patterns were not different between C. jejuni and C. coli, the data
were combined in Table 4. The Campylobacter isolates were resistant to nalidixic acid (93.3%),
ciprofloxacin (91.1%), and tetracycline (71.1%) (Table 4). The isolates showed especially strong
resistance to antibiotics such as nalidixic acid ciprofloxacin, tetracycline. However, Campylobacter
isolates were sensitive to chloramphenicol (others), enrofloxacin (fluoroquinolones), erythromycin
(macrolides), and amikacin (aminoglycosides) (Table 4). In Italy, Campylobacter isolates also showed
high resistance rates to ciprofloxacin, tetracycline, and nalidixic acid [38]. Similarly, in the USA, the rate
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of antimicrobial resistance to tetracycline was very high, at 99.1% in Campylobacter isolates from broiler
carcasses, followed by resistance to nalidixic acid and ciprofloxacin [39].

Table 4. Percentage of susceptibility and resistance of seven antibiotics for Campylobacter isolates
from poultry.

Class Antibiotics
Susceptibility Resistance

No. of Isolates Ratio (%) No. of Isolates Ratio (%)

A (1) Amikacin 25 55.6 20 44.4
M Erythromycin 43 95.6 2 4.4
T Tetracycline 13 28.9 32 71.1
F Ciprofloxacin 4 8.9 41 91.1
F Enrofloxacin 38 84.4 7 15.6
Q Nalidixic acid 3 6.7 42 93.3

Others Chloramphenicol 45 100.0 0 0.0
(1) A: Aminoglycosides, M: Macrolides; T: Tetracyclines; F: Fluoroquinolones; Q: Quinolones.

Raeisi et al. [40] showed that Campylobacter isolates from poultry were resistant to ciprofloxacin,
tetracycline and nalidixic acid. Also, 100% of C. jejuni isolates (n = 31) from chicken in China had
resistance to ciprofloxacin and nalidixic acid [41]. In Poland, Campylobacter isolates were susceptible
to erythromycin and resistant to tetracycline and ciprofloxacin [42]. Taken together, we can conclude
that both poultry and human isolates of Campylobacter spp. are generally resistant to quinolone and
fluoroquinolone antibiotics, such as nalidixic acid and ciprofloxacin. This may be caused by the use of
these antibiotics in veterinary and human medicine. Therefore, this result suggests that antibiotics
used for humans should not be used in poultry.

3.3. Genetic Diversity between Isolates

Campylobacter isolates were group according to the Rep-PCR dendrogram patterns (Figure 2).
In genetic diversity, more than 95% similarity was shown in 38 isolates (84.4%) and these isolates were
grouped into 10 groups (Figure 2). When comparing the 10 groups, obvious geographic correlations
were not observed (Figure 2). For instance, key numbers 21–23 in group 6 were isolated from same
location (Ulsan). Although 26–27 in group 7, and 39–41 in group 9 were isolated from same location
(Cheongju), they were placed in different genetic group. However, Hiett et al. [43] subtyped for
50 Campylobacter isolates, and the most isolates from same location were genetically very similar.
Like this result, very close genetic similarity can be expected for the isolates from same locations, but it
was not observed in Korea as discussed above. This result indicates that chicken and duck in different
wet markets in Korea may be distributed from only few slaughterhouses.
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Figure 2. Dendrogram and gel-like image of the DiversiLab systems for Campylobacter isolates from
poultry samples.
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3.4. Distribution of cdtA, cdtB, and cdtC

Campylobacter can produce CDT, composed of A, B, and C subunits, which are encoded by cdtA,
cdtB, and cdtC genes [44]. The 71.1% of the Campylobacter isolates had these three genes (Table 5). Nine of
15 chicken Campylobacter isolates and 23 of 30 duck Campylobacter isolates had the three cdt genes.
Four isolates were found to be without any cdt genes and nine isolates had two cdt genes (cdtA+/cdtB+,
cdtA+/cdtC+, or cdtB+/cdtC+). There was no relationship between the distribution of cdt genes and
the regions the isolates had been obtained from. Oh et al. [45] showed that 37 C. jejuni isolates out of
38 chicken samples had all cdt genes. Findik et al. [5] found that 75.6% of C. jejuni isolates (127 isolates
out of 168) from various sources, including human, poultry, cattle, sheep, and dog, had all cdt genes
and five isolates were without cdt genes. In Brazil, all cdt genes were detected in 66.7% of Campylobacter
isolates [46]. These results indicate that most Campylobacter isolates from our study have the potential
to produce CDT.

Table 5. Cytolethal Distending Toxin (CDT) gene profiles of Campylobacter isolated from chicken and
duck carcasses at wet markets.

Toxin Profile

Number of Isolates

Chicken Duck
Total (%)

Summer Winter Summer Winter

Negative 1 - 2 1 4 (4.3)
cdtA+ - - - - -
cdtB+ - - - - -
cdtC+ - - - - -

cdtA+/cdtB+ - 1 - 1 (2.2)
cdtA+/cdtC+ - - 1 - 1 (2.2)
cdtB+/cdtC+ 1 4 1 1 7 (15.6)

cdtA+/cdtB+/cdtC+ 5 4 10 13 32 (71.1)
Total 7 8 15 15 45 (100.0)

4. Conclusions

In this study, the prevalence of the pathogen, antibiotic resistance, genetic diversity, and the
presence of cdt genes in Campylobacter isolates were identified from poultry in Korean wet markets.
Although the prevalence of Campylobacter in poultry was relatively low compared to that in other
countries, antibiotic resistance patterns of the isolates were similar to those in other countries.
In addition, geographic genetic diversity was not observed and a high proportion of cdt genes were
present in Campylobacter isolates. Therefore, Campylobacter contamination should be decreased in order
to prevent and treat the Campylobacter foodborne illness.

Acknowledgments: This research was supported by a grant (14162MFDS077) from the Ministry of Food and
Drug Safety in 2015.

Author Contributions: Jeeyeon Lee participated in the design and coordination of the study, performed the
experiments, analyzed the data, and wrote the manuscript. Jiyeon Jeong participated in the design of the
study, performed the experiments and analyzed the data. Heeyoung Lee participated in the design of the study
and helped draft the manuscript. Jimyeong Ha, Sejeong Kim, Yukyung Choi, and Hyemin Oh performed the
experiments and helped the draft the manuscript. Kunho Seo participated in the design and coordination of the
study. Yohan Yoon participated in the design of the study, oversaw the data collection in the study and contributed
to the manuscript revision process. Soomin Lee also participated in the design of the study and contributed to the
manuscript revision process. All authors read and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

63



IJERPH 2017, 14, 1400

References

1. Han, K.; Jang, S.S.; Choo, E.; Heu, S.; Ryu, S. Prevalence, genetic diversity, and antibiotic resistance patterns
of Campylobacter jejuni form retail raw chickens in Korea. Int. J. Food Microbiol. 2007, 114, 50–59. [CrossRef]
[PubMed]

2. Miflin, J.K.; Templeton, J.M.; Blackall, P.J. Antibiotic resistance in Campylobacter jejuni and Campylobacter
coli isolated from poultry in the South-East Queensland region. J. Antimicrob. Chemother. 2007, 59, 775–778.
[CrossRef] [PubMed]

3. Qin, S.-S.; Wu, C.-M.; Wang, Y.; Jeon, B.; Shen, Z.-Q.; Wang, Y.; Zhang, Q.; Shen, J.-Z. Antimicrobial resistance
in Campylobacter coli isolated from pigs in two provinces of China. Int. J. Food Microbiol. 2011, 146, 94–98.
[CrossRef] [PubMed]

4. Suzuki, H.; Yamamoto, S. Campylobacter contamination in retail poultry meats and by-products in the world:
A literature survey. J. Vet. Med. Sci. 2009, 71, 255–261. [CrossRef] [PubMed]

5. Findik, A.; Ica, T.; Onuk, E.E.; Percin, D.; Kevenk, T.O.; Ciftci, A. Molecular typing and cdt genes prevalence
of Campylobacter jejuni isolates from various sources. Trop. Anim. Health Prod. 2011, 43, 711–719. [CrossRef]
[PubMed]

6. Moore, J.E.; Corcoran, D.; Dooley, J.S.F.; Fanning, S.; Lucey, B.; Matsuda, M.; McDowell, D.A.; Mégraud, F.;
Millar, B.C.; O’Mahony, R.; et al. Campylobacter. Vet. Res. 2005, 36, 351–382. [CrossRef] [PubMed]

7. On, S.L. Taxonomy of Campylobacter, Arcobacter, Helicobacter and related bacteria: Current status, future
prospects and immediate concerns. J. Appl. Microbiol. 2001, 90, 1S–15S. [CrossRef]

8. Refregier-Petton, J.; Rose, N.; Denis, M.; Salvat, G. Risk factors for Campylobacter spp. contamination in
French broiler-chicken flocks at the end of the rearing period. Prev. Vet. Med. 2001, 50, 89–100. [CrossRef]

9. Skarp, C.P.A.; Hänninen, M.L.; Rautelin, H.I.K. Campylobacteriosis: The role of poultry meat.
Clin. Microbiol. Inf. 2016, 22, 103–109. [CrossRef] [PubMed]

10. Facciolà, A.; Riso, R.; Avventuroso, E.; Visalli, G.; Delia, S.A.; Laganà, P. Campylobacter: From microbiology to
prevention. J. Prev. Med. Hyg. 2017, 58, E79–E92. [PubMed]

11. Ministry of Food and Drug Safety. Statistics of Foodborne Illness. Available online: http://www.foodsafetykorea.
go.kr/portal/healthyfoodlife/foodPoisoningStat.do?menu_no=519&menu_grp=MENU_GRP02 (accessed on
17 October 2017).

12. Schmutz, C.; Mäusezahl, D.; Bless, P.J.; Hatz, C.; Schwenkglenks, M.; Urbinello, D. Estimating healthcare
costs of acute gastroenteritis and human campylobacteriosis in Switzerland. Epidemiol. Infect. 2017, 145,
627–641. [CrossRef] [PubMed]

13. Zilbauer, M.; Dorrell, N.; Wren, B.W.; Bajaj-Elliott, M. Campylobacter jejuni-mediated disease pathogenesis:
An update. Trans. R. Soc. Trop. Med. Hyg. 2008, 102, 123–129. [CrossRef] [PubMed]

14. Asakura, M.; Samosornsuk, W.; Hinenoya, A.; Misawa, N.; Nishimura, K.; Matsuhisa, A.; Yamasaki, S.
Development of a cytolethal distending toxin (cdt) gene-based species-specific multiplex PCR assay for the
detection and identification of Campylobacter jejuni, Campylobacter coli and Campylobacter fetus. FEMS Immunol.
Med. Microbiol. 2008, 52, 260–266. [CrossRef] [PubMed]

15. Bolton, D.J. Campylobacter virulence and survival factors. Food Microbiol. 2015, 48, 99–108. [CrossRef]
[PubMed]

16. Yamasaki, S.; Asakura, M.; Tsukamoto, T.; Faruque, S.M.; Deb, R.; Ramamurthy, T. Cytolethal distending
toxin (CDT): Genetic diversity, structure and role in diarrheal disease. Toxin Rev. 2006, 25, 61–88. [CrossRef]

17. Weis, A.M.; Miller, W.A.; Byrne, B.A.; Chouicha, N.; Boyce, W.M.; Townsend, A.K. Prevalence and
pathogenic potential of Campylobacter isolates from free-living, human-commensal American crows.
Appl. Environ. Microbiol. 2014, 80, 1639–1644. [CrossRef] [PubMed]

18. Ge, B.; White, D.G.; McDermott, P.F.; Girard, W.; Zhao, S.; Hubert, S.; Meng, J. Antimicrobial-resistant
Campylobacter species from retail raw meats. Appl. Environ. Microbiol. 2003, 69, 3005–3007. [CrossRef]
[PubMed]

19. Gibreel, A.; Tracz, D.M.; Nonaka, L.; Ngo, T.M.; Connell, S.R.; Taylor, D.E. Incidence of antibiotic resistance in
Campylobacter jejuni isolated in Alberta, Canada, from 1999 to 2002, with special reference to tet(O)-mediated
tetracycline resistance. Antimicrob. Agents Chemother. 2004, 48, 3442–3450. [CrossRef] [PubMed]

20. Zhong, X.; Wu, Q.; Zhang, J.; Shen, S. Prevalence, genetic diversity and antimicrobial susceptibility of
Campylobacter jejuni isolated from retail food in China. Food Control 2016, 62, 10–15. [CrossRef]

64



IJERPH 2017, 14, 1400

21. Foley, S.L.; Lynne, A.M.; Nayak, R. Molecular typing methodologies for microbial source tracking and
epidemiological investigations of Gram-negative bacterial foodborne pathogens. Infect. Genet. Evol. 2009, 9,
430–440. [CrossRef] [PubMed]

22. Behringer, M.; Miller, W.G.; Oyarzabal, O.A. Typing of Campylobacter jejuni and Campylobacter coli isolated
from live broilers and retail broiler meat by flaA-RFLP, MLST, PFGE and REP-PCR. J. Microbiol. Meth. 2011,
84, 194–201. [CrossRef] [PubMed]

23. Hulton, C.S.J.; Higgins, C.F.; Sharp, P.M. ERIC sequences, a novel family of repetitive elements in the
genome of Escherichia coli, Salmonella typhimurium and other enterobacterial. Mol. Microbiol. 1991, 5, 825–834.
[CrossRef] [PubMed]

24. Appuhamy, S.; Parton, R.; Coote, J.G.; Gibbs, H.A. Genomic fingerprinting of Haemophilus somnus by a
combination of PCR methods. J. Clin. Microbiol. 1997, 35, 288–291. [PubMed]

25. Abay, S.; Kayman, T.; Otlu, B.; Hizlisoy, H.; Aydin, F.; Ertas, N. Genetic diversity and antibiotic resistance
profiles of Campylobacter jejuni isolates from poultry and humans in Turkey. Int. J. Food Microbiol. 2014, 178,
29–38. [CrossRef] [PubMed]

26. Yamazaki-Matsune, W.; Taguchi, M.; Seto, K.; Kawahara, R.; Kawatsu, K.; Kumeda, Y.; Kitazato, M.;
Nukina, M.; Misawa, N.; Tsukamoto, T. Development of a multiplex PCR assay for identification of
Campylobacter coli, Campylobacter fetus, Campylobacter hyointestinalis subsp. hyointestinalis, Campylobacter
jejuni, Campylobacter lari and Campylobacter upsaliensis. J. Med. Microbiol. 2007, 56, 1467–1473. [CrossRef]
[PubMed]

27. Linton, D.; Owen, R.J.; Stanley, J. Rapid identification by PCR of the genus Campylobacter and five
Campylobacter species enteropathogenic for man and animals. Res. Microbiol. 1996, 147, 707–718. [CrossRef]

28. Wang, R.F.; Salvic, M.F.; Cao, W.W. A rapid PCR method for direct detection of low numbers of Campylobacter
jejuni. J. Rapid Methods Autom. Microbiol. 1992, 1, 101–108. [CrossRef]

29. Clinical and Laboratory Standards Institute. Performance Standards for Antimicrobial Susceptibility Testing;
20th Informational Supplement; M100-S20; CLSI: Pennsylvania, PA, USA, 2010.

30. Centers for Disease Control and Prevention. National Antimicrobial Resistance Monitoring System for Enteric
Bacteria (NARMS): 2005 Human Isolates Final Report; Department of Health and Human Services, CDC:
Atlanta, GA, USA, 2008.

31. Hong, J.; Kim, J.M.; Jung, W.K.; Kim, S.H.; Bae, W.; Koo, H.C.; Gil, J.; Kim, M.; Ser, J.; Park, Y.H. Prevalence and
antibiotic resistance of Campylobacter spp. isolated from chicken meat, pork, and beef in Korea, from 2001 to
2006. J. Food Prot. 2007, 70, 860–866. [CrossRef] [PubMed]

32. Kang, Y.S.; Cho, Y.S.; Yoon, S.K.; Yu, M.A.; Kim, C.M.; Lee, J.O.; Pyun, Y.R. Prevalence and antimicrobial
resistance of Campylobacter jejuni and Campylobacter coli isolated from raw chicken meat and human stools in
Korea. J. Food Prot. 2006, 69, 2915–2923. [CrossRef] [PubMed]

33. Herbold, N.M.; Clotilde, L.M.; Anderson, K.M.; Kase, J.; Hartman, G.L.; Himathongkham, S.; Lin, A.;
Lauzon, C.R. Clustering of clinical and environmental Escherichia coli O104 isolates using the DiversiLab™
repetitive sequence-based PCR system. Curr. Microbiol. 2015, 70, 436–440. [CrossRef] [PubMed]

34. Ross, T.L.; Merz, W.G.; Farkosh, M.; Carroll, K.C. Comparison of an automated repetitive sequence-based
PCR microbial typing system to pulsed-field gel electrophoresis for analysis of outbreaks of
Methicillin-resistant Staphylococcus aureus. J. Clin. Microbiol. 2005, 43, 5642–5647. [CrossRef] [PubMed]

35. Hue, O.; Le Bouquin, S.; Laisney, M.J.; Allain, V.; Lalande, F.; Petetin, I.; Rouxel, S.; Quesne, S.; Gloaguen, P.Y.;
Picherot, M.; et al. Prevalence of and risk factors for Campylobacter spp. contamination of broiler chicken
carcasses at the slaughterhouse. Food Microbiol. 2010, 27, 992–999. [CrossRef] [PubMed]

36. Garin, B.; Gouali, M.; Wouafo, M.; Perchec, A.M.; Thu, P.M.; Ravaonindrina, N.; Urbès, F.; Gay, M.;
Diawara, A.; Leclercp, A.; et al. Prevalence, quantification and antimicrobial resistance of Campylobacter spp.
on chicken neck-skins at points of slaughter in 5 major cities located on 4 continents. Int. J. Food Microbiol.
2012, 157, 102–107. [CrossRef] [PubMed]

37. Zhu, J.; Yao, B.; Song, X.; Wang, Y.; Cui, S.; Xu, H.; Yang, B.; Huang, J.; Liu, G.; Yang, X.; et al. Prevalence and
quantification of Campylobacter contamination on raw chicken carcasses for retail sale in China. Food Control
2017, 75, 196–202. [CrossRef]

38. Di Giannatale, E.; Di Serafino, G.; Zilli, K.; Alessiani, A.; Sacchini, L.; Garofolo, G.; Aprea, G.; Marotta, F.
Characterization of antimicrobial resistance patterns and detection of virulence genes in Campylobacter
isolates in Italy. Sensors 2014, 14, 3308–3322. [CrossRef] [PubMed]

65



IJERPH 2017, 14, 1400

39. Son, I.; Englen, M.D.; Berrang, M.E.; Fedorka-Cray, P.J.; Harrison, M.A. Antimicrobial resistance of Arcobacter
and Campylobacter from broiler carcasses. Int. J. Antimicrob. Agents 2007, 29, 451–455. [CrossRef] [PubMed]

40. Raeisi, M.; Khoshbakht, R.; Ghaemi, E.A.; Bayani, M.; Hashemi, M.; Seyedghasemi, N.S.; Shirzad-Aski, H.
Antimicrobial resistance and virulence-associated genes of Campylobacter spp. isolated from raw milk, fish,
poultry, and red meat. Microb. Drug Resist. 2017, 23, 925–933. [CrossRef] [PubMed]

41. Ma, H.; Su, Y.; Ma, L.; Ma, L.; Li, P.; Du, X.; Gölz, G.; Wang, S.; Lu, X. Prevalence and characterization of
Campylobacter jejuni isolated from retail chicken in Tianjin, China. J. Food Prot. 2017, 80, 1032–1040. [CrossRef]
[PubMed]

42. Szczepanska, B.; Andrzejewska, M.; Spica, D.; Klawe, J.J. Prevalence and antimicrobial resistance of
Campylobacter jejuni and Campylobacter coli isolated from children and environmental sources in urban
and suburban areas. BMC Microbiol. 2017, 17, 80. [CrossRef] [PubMed]

43. Hiett, K.L.; Seal, B.S.; Siragusa, G.R. Campylobacter spp. subtype analysis using gel-based repetitive extragenic
palindromic-PCR discriminates in parallel fashion to fla A short variable region DNA sequence analysis.
J. Appl. Microbiol. 2006, 101, 1249–1258. [CrossRef] [PubMed]

44. Mortensen, N.P.; Schiellerup, P.; Boisen, N.; Klein, B.M.; Locht, H.; Abuoun, M.; Newell, D.; Krogfelt, K.A.
The role of Campylobacter jejuni cytolethal distending toxin in gastroenteritis: Toxin detection, antibody
production, and clinical outcome. APMIS 2011, 119, 626–634. [CrossRef] [PubMed]

45. Oh, J.Y.; Kwon, Y.K.; Wei, B.; Jang, H.K.; Lim, S.K.; Kim, C.H.; Jung, S.C.; Kang, M.S. Epidemiological
relationships of Campylobacter jejuni strains isolated from humans and chickens in South Korea. J. Microbiol.
2017, 55, 13–20. [CrossRef] [PubMed]

46. Carvalho, A.F.D.; Silva, D.M.D.; Azevedo, S.S.; Piatti, R.M.; Genovez, M.E.; Scarcelli, E. Detection of CDT
toxin genes in Campylobacter spp. strains isolated from broiler carcasses and vegetables in São Paulo, Brazil.
Braz. J. Microbiol. 2013, 44, 693–699. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

66



International  Journal  of

Environmental Research

and Public Health

Article

Diversity and Antimicrobial Resistance Genotypes in
Non-Typhoidal Salmonella Isolates from Poultry
Farms in Uganda

Terence Odoch 1,*, Camilla Sekse 2, Trine M. L’Abee-Lund 3, Helge Christoffer Høgberg Hansen 3,

Clovice Kankya 1 and Yngvild Wasteson 3

1 Department of Bio-security, Ecosystems and Veterinary Public Health, College of Veterinary Medicine,
Animal Resources and Biosecurity (COVAB), Makerere University, P.O. Box 7062, Kampala, Uganda;
clokankya@yahoo.com

2 Norwegian Veterinary Institute, 0106 Oslo, Norway; camilla.sekse@vetinst.no
3 Department of Food Safety and Infection Biology, Faculty of Veterinary Medicine, Norwegian University of

Life Sciences (NMBU), 0454 Oslo, Norway; trine.labee-lund@nmbu.no (T.M.L.-L.);
helge.hansen@nmbu.no (H.C.H.H.); yngvild.wasteson@nmbu.no (Y.W.)

* Correspondence: odochterence@gmail.com or odoch@covab.mak.ac.ug; Tel.: +256-772-360168

Received: 14 December 2017; Accepted: 9 February 2018; Published: 13 February 2018

Abstract: Non-typhoidal Salmonella (NTS) are foodborne pathogens of global public health
significance. The aim of this study was to subtype a collection of 85 NTS originating from poultry
farms in Uganda, and to evaluate a subgroup of phenotypically resistant isolates for common
antimicrobial resistance genes and associated integrons. All isolates were subtyped by pulsed-field
gel electrophoresis (PFGE). Phenotypically resistant isolates (n = 54) were screened by PCR for the
most relevant AMR genes corresponding to their phenotypic resistance pattern, and all 54 isolates
were screened by PCR for the presence of integron class 1 and 2 encoding genes. These genes
are known to commonly encode resistance to ampicillin, tetracycline, ciprofloxacin, trimethoprim,
sulfonamide and chloramphenicol. PFGE revealed 15 pulsotypes representing 11 serotypes from
75 isolates, as 10 were non-typable. Thirty one (57.4%) of the 54 resistant isolates carried at least one
of the seven genes (blaTEM-1, cmlA, tetA, qnrS, sul1, dhfrI, dhfrVII) identified by PCR and six (11%)
carried class 1 integrons. This study has shown that a diversity of NTS-clones are present in Ugandan
poultry farm settings, while at the same time similar NTS-clones occur in different farms and areas.
The presence of resistance genes to important antimicrobials used in human and veterinary medicine
has been demonstrated, hence the need to strengthen strategies to combat antimicrobial resistance at
all levels.

Keywords: antimicrobial resistance; genotypes; non-typhoidal Salmonella; poultry; genes; integrons;
subtyping

1. Introduction

Salmonella enterica subsp. enterica include serotypes that are global foodborne pathogens
significantly affecting public health and economy [1–3]. In humans, salmonellosis is classified into
typhoid and non-typhoidal salmonellosis. Most cases of non-typhoidal Salmonella (NTS) disease
are associated with consumption of contaminated foods of animal origin, particularly poultry, meat
and in some instances vegetables [4–6]. Globally, NTS is estimated to cause 93.8 million cases of
gastroenteritis annually, of which 80 million cases are foodborne and causing 155,000 deaths [7].
Although African countries have low estimated cases of NTS gastroenteritis compared to other parts of
the world, they have a much higher level of invasive non-enteric NTS infections [7,8]. NTS bacteraemia
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is an emerging opportunistic infection in individuals infected with HIV and is reported to be highly
correlated with malaria, especially in children and elderly persons [9–13].

In poultry, transmission of NTS can occur by direct contacts with infected birds, consumption
of contaminated feeds and water, and contact with environmental reservoirs [13]. Transmission
can also occur through cross contamination anywhere along the production chain, and for specific
serotypes, vertical transmission is also possible [14,15]. However, NTS infections in poultry is mainly
asymptomatic [14], and may therefore not get the necessary attention with regard to prevention and
control. The diversity of NTS circulating in poultry and livestock production environment in most
developing countries is poorly understood, as very limited studies have been undertaken. Molecular
typing is important for characterization of bacteria to establish genetic relatedness between isolates
in order to elucidate the dynamics of the bacterial populations. Although whole genome sequencing
is getting more established, pulsed-field gel electrophoresis (PFGE) technique is still considered an
adequate molecular method suitable for subtyping of serotypes of Salmonella.

The increasing development of antimicrobial resistance (AMR) in NTS is complicating treatment of
bacteraemia cases and results in poorer treatment outcomes. Even more worrying is the emergence of
multidrug resistance (MDR) in NTS against commonly used antibiotics in human and animal treatment,
which has become a serious public health challenge [15–18]. Resistance is increasing not only against
first line antibiotics, but also against clinically important antimicrobial agents like fluoroquinolones and
third generation cephalosporins [19]. Inappropriate use of antimicrobials in agriculture is known to be
a key factor contributing to the development of AMR, and the influence of livestock environment in
the development of MDR in NTS has been demonstrated [20]. Increased intensification of production
in agriculture, use of antibiotics as feed additives, and prophylactic treatment are some of the practices
that influence development of AMR [21,22]. MDR NTS can be transferred from the poultry reservoirs
to humans through the food chain, but AMR can also be transferred from one bacterium to another
through resistance genes associated with integrons and mobile genetic elements such as plasmids and
transposons. Most studies on AMR in poultry are done in developed countries while in most developing
countries, including Uganda, there are no surveillance and monitoring programs for important foodborne
pathogens and AMR in primary production units. To date in Africa, only a few limited studies have
documented AMR and corresponding genes in NTS isolated from humans, animal products, and poultry
farms [23–29]. Therefore, data is scarce and the extent of NTS and AMR remains poorly known. As a
result, development of appropriate mitigation measures and control efforts is compromised. The aim
of this study was to characterize a collection of NTS isolates from poultry by using PFGE for molecular
subtyping and to investigate the presence of integrons and acquired antimicrobial resistance genes from
the phenotypically resistant isolates. The NTS were isolated from faecal samples collected from poultry
farms in three districts (Wakiso, Lira, and Masaka) in Uganda between 2015 and 2016 [30].

2. Materials and Methods

2.1. The NTS isolate collection

The majority (75/85) of the NTS isolates used in this study were from a previous study by
Odoch et al. [30]. The remaining 10 isolates originated from additional sampling. However, all 85 isolates
were from fecal samples collected from poultry houses in three districts with high numbers of commercial
poultry farms (Wakiso, Lira, and Masaka) in Uganda between 2015 and 2016, according to a sampling
design and procedure described in Odoch et al [30]. A map of the study area is provided as Supplementary
Materials Figure S1. NTS were isolated, identified, serotyped and tested for antimicrobial sensitivity
according to standard methods as earlier described [30]: Culture and isolation of NTS were done
according to ISO 6579:2002/Amd 1:2007, Annex D: Detection of Salmonella spp. in animal faeces and in
environmental samples from the primary production [31]. Biochemical confirmatory tests were done by
using the API-20E (BioMerieux, Marcy l’Etoile, France) identification system. All isolates were serotyped
according to the Kauffman–White–Le–Minor technique at the Norwegian Veterinary Institute. Phenotypic
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susceptibility testing of 13 antimicrobials (gentamicin, sulonamide, trimethoprim-sulfamethoxazole,
ciprofloxacin, cefotaxime, meropenem, chloramphenicol, ceftazidime, ampicillin, amoxicillin/clavulanic
acid, trimethoprim, tetracycline, and enrofloxacin) was performed by the disc diffusion test. The metadata,
serotype and phenotypic resistance of the isolates are presented in the Supplementary Materials (Table S1).

2.2. Pulsed-Field Gel Electrophoresis (PFGE) and Bionumerics Analysis

The PulseNet standardized protocol for PFGE for molecular subtyping of Salmonella (https://www.
cdc.gov/pulsenet/pathogens/pfge.html) was used on all the 85 isolates. Overnight cultures were used
to prepare DNA templates according to the PulseNet protocol. DNA was digested with the restriction
enzyme XbaI and Salmonella Braenderup H9812 was used as a molecular size standard in all PFGE
investigations. Electrophoresis was performed with the CHEF-DR III system (Bio-Rad Laboratories,
Hercules, CA, USA) with the following set parameters: initial switch time 2.2 s, final switch time 63.8
s, voltage-6 V, time-19 h and temperature 14 ◦C. The gels were stained with ethidium bromide and
the bands visualized under UV transillumination and captured by GelDoc EQ system with Quantity
One®software (Version 4.2.1; Bio-Rad Laboratories, Hercules, CA, USA). PFGE banding patterns were
compared using a combination of visual inspection and the BioNumerics software vers. 6.6.11 (Applied
Maths, Ghent, Belgium). A dendrogram was generated using band-based dice similarity coefficient and
the unweighted pair group method using a geometric average (UPGMA) with 1.2% position tolerance
and 1.2% optimization. A cutoff of 97% similarity was used to define a PFGE pulsotype (PT).

2.3. Bacterial DNA Extraction

Total DNA for PCR were extracted using the boiled lysate method [32]. This was done by taking
200 μL of an overnight culture, mixing with 800 μL of sterile distilled water and boiling for 10 minutes.
The resultant solution was centrifuged at 13,000 rpm for five minutes and the supernatant was used as
a DNA template. This was kept at −20 ◦C for subsequent use.

2.4. Detection of Integrons and Antibiotic Resistance Genes

The isolates that were classified as resistant according to the results of the disc diffusion test
(n = 54) were screened by PCR for the most relevant AMR genes corresponding to their phenotypic
resistance pattern. In addition, all resistant isolates were screened by PCR for the presence of integron
class 1 and 2 encoding genes. The isolates tested were S. Newport (n = 18), S. Bolton (n = 8), S. Hadar
(n = 6), S. Mbandaka (n = 4), S. Heidelberg (n = 8), S. Typhimurium (n = 2), and S. Zanzibar (n = 8)
serotypes. The existence of class 1 integron was investigated by PCR for the detection of genes encoding
the variable part between the 5’ conserved segment and the 3’ conserved segment of the variable
region [33]. Presence of class 2 integron was investigated by detection of hep74 and hep51 genes using
primers and following PCR conditions previously reported [33]. Presence of 22 AMR genes (Table 1)
known to confer resistance to six commonly used classes of antimicrobials (β-lactams, tetracyclines,
phenicols, fluoroquinolones, trimethoprim, and sulfonamides) were investigated by PCR. The primer
sets used for detection of integrons and AMR genes are shown in Table 1. Ampicillin resistant isolates
(n = 4) were screened for four β-lactamase resistance encoding genes, and ciprofloxacin resistant
isolates (n = 40) were screened for four fluoroquinolone plasmid mediated quinolone resistance
(PMQR) determinant genes. Chloramphenicol resistant isolates (n=4) were screened for four phenicol
resistance genes, tetracycline resistant isolates (n=12) were screened for three genes. Sulfonamide
resistant isolates (n = 21) were screened for two genes and six trimethoprim resistant isolates were
screened for five trimethoprim resistance genes. These genes were selected because they are the most
frequently detected genes associated with the corresponding phenotypes of the NTS isolates [34].
All the integron PCR products were purified and sequenced (GATC Biotech, Cologne, Germany)
and the sequence results were analysed using BLAST and compared to GenBank database (http:
//blast.ncbi.nlm.nih.gov/blast.cgi). Similarly, one PCR product from each of the AMR PCRs was
sequenced to confirm the PCR results. Negative controls were included in all PCR analyses.
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The β-lactamase encoding genes (blaPSE-1, blaCMY-2, blaTEM-1, blaOxA) encode production of
β-lactamase enzyme that breaks the β-lactam antibiotic ring open and deactivates the molecule’s
antibacterial properties. The plasmid mediated quinolone resistance genes (qnrA, qnrB, qnrC, qnrS)
encode pentapeptide repeat proteins that bind to and protects DNA gyrase and topoisomerases IV
from the inhibition of quinolones. The phenicol resistance genes, (cat1, cat2) encode chloramphenicol
acetyltransferase enzyme that inactivates chloramphenicol, chloramphenicol resistance gene, cmlA
and florfenicol resistance gene floR, encode efflux pump proteins. Sulfonamide resistance genes sul1
and sul2 encode insensitive sulfonamide-resistant dihydropteroate synthase which cannot be inhibited
by sulfonamide. Tetracycline resistance genes (tetA, tetB, tetG) encode membrane associated efflux
pump proteins that export tetracycline from the cell and reduces drug concentration and thereby
protecting ribosomes. Trimethoprim resistance genes (dhfrI, dhfrV, dhfrVII, dhfrIX, dhfrXIII) encode a
drug-insensitive dihydrofolate reductase which cannot be inhibited by trimethoprim.

3. Results

3.1. Pulsed-Field Gel Electrophoresis Typing

A total of 75 Salmonella isolates were typable, and 15 PTs were identified (Figure 1) and the
PFGE banding pattern of all isolates were included in a dendrogram as the Supplementary Materials
(Figure S2). The 10 nontypable (NT) isolates belonged to different serotypes; Salmonella Bolton (n = 1),
S. Newport (n = 3), S. Typhimurium (n = 1), S. Hadar (n = 4), and S. Heidelberg (n = 1). For the majority
of the typable isolates, there was a complete association between serotype and PT. The 21 typable S.
Newport isolates all belonged to PT (H), but were isolated from several farms in all districts (Figure 1).
Ciprofloxacin resistant isolates were the majority and most diverse in terms of serotypes, pulsotypes
and geographic distribution. Four S. Mbandaka isolates were characterized by the same PT (N) and
phenotypic resistance pattern, but were isolated from three different farms in two districts. A similar
distribution pattern was also observed for 10 S. Aberdeen isolates of PT (F); these were isolated from
nine different farms from all districts. However, the isolates were fully sensitive in the disc diffusion
test. The exceptions from the serotype-PT associations were S. Hadar and S. Heidelberg. A total of
seven S. Hadar isolates were typable. Four of them with identical PT originated from the same district,
but from two farms, and had same phenotypic resistance towards three antimicrobials. The other three
S. Hadar isolates had three different PTs, however, two of these isolates were similar with only one
band difference (Figure S2). The typable S. Heidelberg isolates consisted of two different PTs; one PT
(A) with two isolates from the same district and one PT (B) with seven isolates from the other two
districts. The isolates in PT (A) were fully susceptible in the disc diffusion test, while all in PT (B)
expressed ciprofloxacin resistance and two also expressed sulfonamide resistance.

3.2. Detection of Integrons and Antibiotic Resistance Genes

Genes encoding class 1 integrons were only detected in six S. Hadar isolates, four belonging
to PT (G) and two nontypable. The integrons were similar in size, with approximately 1700 bp.
All the S. Hadar isolates that carried integrons originated from four farms in one district, Wakiso.
Genes encoding class 2 integrons were not detected in any of the isolates. Sequencing of the six
integron PCR products revealed the presence of aadA1 and dfrA15 genes that confer resistance to
streptomycin/spectinomycin and trimethoprim, respectively.

AMR genes were detected in 31 (57.4%) of the 54 phenotypically resistant. Only seven
genes (blaTEM-1, cmlA, qnrS, tetA, sul1, dhfrI, dhfrVII) of the 22 AMR genes were detected
among the selected phenotypically resistant isolates. These genes are known to confer resistance
to six categories of antimicrobials (β-lactams, chloramphenicol, fluoroquinolones, tetracyclines,
sulfonamides, and trimethoprim).
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Figure 1. Dendrogram based on Pulsed-Field gel electrophoresis (PFGE) patterns of 75 non-typhoidal
Salmonella from poultry from Uganda. A cutoff level of 97% similarity defines a PFGE profile.
For each isolate the isolate number, PFGE profile, serotype, farm, size of farm, district,
phenotypic resistance (Ci; ciprofloxacin, S; sulphonamide, Te; tetracycline, Tm; trimethoprim, St;
sulphamethoxazole_trimethoprim, Cl; chloramphenicol, Am; ampicillin) and identified genotypic
resistance genes (qnrS, sul1, tetA, dhfrI, dhfrVII, cmlA, blaTEM-1, integrons, dfrA15, aadA1) have been included.
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All four ampicillin and chloramphenicol resistant S. Mbandaka strains harbored the blaTEM gene
that confers resistance to β-lactams, but only one of them was harboring the chloramphenicol resistance
gene cmlA. The PMQR gene qnrS was detected in 16 (18.8%) out of the total 85 isolates. Forty of these
displayed ciprofloxacin resistance, of which 16 (40%) carried qnrS. All 13 tetracycline resistant isolates
were positive for the tetA gene. The sulfonamide resistant gene sul1, was the only one identified in six
of the 21 sulfonamide resistant isolates (sul2 was not detected). Out of the six trimethoprim resistant
S. Hadar strains, four were resistant to sulfonamide/trimethoprim and they all harbored the dhfr1
gene (Table S1). Three of the six harbored both dhfr1 and dhfrVII (Figure 1).

4. Discussion

The diversity of NTS circulating in poultry in most developing countries is poorly understood,
as few studies have been undertaken [44–46]. In this study, 15 PTs from 11 different serotypes of NTS
isolates were identified, with most of the identified serotypes having only one PT implying they are
clonally related. The PFGE dendrogram combined with the geographical origin of the isolates indicate
that many related clones are circulating in geographically diverse areas. For example S. Newport,
the most prevalent serotype of all, belonged to the same PT and was isolated from all the districts.
This situation is not surprising considering the uncontrolled movement of poultry and poultry products
in Uganda. In addition, most commercial farms share sources of chicks, feeds, feed ingredients, and live
bird markets and these are all potential common sources of NTS contamination. A similar situation has
been reported in Senegal [46]. Because NTS is known to persist in the environments for months [47,48],
they can easily be spread over large geographical areas. Some of the NTS serotypes represented in this
study have caused foodborne illnesses and outbreaks globally [49]. There were isolates with similar
PTs that varied with regard to their content of resistance genes, the AMR genes tested for are acquired
genes, and not through mutations in chromosomally encoded genes, therefore the genes might be
spread among isolates due to their location on plasmids, transposons and integrons. Integration of
these elements does not necessarily result in changes in PT.

Through this study, the occurrence of AMR genes among a diversity of NTS isolates from poultry
farms in the study districts have been unveiled. The isolates were screened for the genes conferring
resistance to the antibiotics to which the isolate revealed a resistance phenotype. The genes detected
confer resistance to some of the most important antimicrobials used for treatment of bacterial infections
in humans and animals [50]. However, among the 22 AMR genes that are commonly occurring within
the Enterobacteriaceae family, only seven genes were identified. Discordance was seen where observed
phenotypic AMR was not reflected by the detection of corresponding AMR genes. For example, neither
sul1 nor sul2 genes were detected in the nine phenotypically sulfonamide resistant S. Newport isolates.
This discordance could be due to presence of other and more unusual resistance mechanisms encoded
by genes not included in this study.

Previous investigations on the occurrence of integrons in NTS isolates from animal sources have
yielded varying results [51–53]. Class 1 integrons are known for their roles in the dissemination of
AMR, especially in the carrying of multiple AMR genes. In this study, integrons were identified in six
S. Hadar isolates and all of them were identified with aadA1 and dfrA15 genes that confer resistance
to streptomycin/spectinomycin and trimethoprim, respectively. It is in agreement with studies and
reports that most of these genes are found in gene cassettes located within class 1 and 2 integrons [41,51].
In addition, PCR identified four of these S. Hadar isolates with dhfrI genes with three of the four carrying
both dhfrI genes and dhfrVII genes. More than 30 gene variants encoding dihydrofolate reductase have
been identified [38] and dfrA are the most commonly genes identified from NTS.

Class I integrons are always associated with sul1 genes. In this study, sul1 gene was the
only sulfonamide resistance gene identified in six of the 21 phenotypically sulfonamide resistant
isolates. Previous studies have reported that in NTS, sul1 is more common than sul2 and sul3 and
these genes encode the dihydropteroate synthase [54]. As reported earlier, increase in resistance to

74



IJERPH 2018, 15, 324

sulfonamides/trimethoprim in Uganda has serious public health implications as it is the main drug
used to control opportunistic infections in HIV/AIDS patients [30].

The PMQR gene qnrS was the only PMQR gene detected from the NTS isolates that were
phenotypically resistant to ciprofloxacin. This finding is in agreement with some similar studies
undertaken previously [55–57]. It may, however, be noted that the detection of the qnrS genes was
restricted to the serotypes S. Newport, S. Bolton and S. Mbandaka, while they were not detected in
S. Zanzibar, S. Typhimurium, S. Heidelberg. PMQR genes are rapidly spreading globally, although
their presence only mediate low levels of fluoroquinolone resistance, they can interact with genomic
determinants to increase the minimum inhibitory concentrations of fluoroquinolones of the PMQR
harboring bacteria [58]. Ciprofloxacin is an important fluoroquinolone used in Uganda and other
countries for treatment of salmonellosis and other bacteraemic infections. It is often used as a last
resort antimicrobial in the treatment of blood stream infections in children and is classified by World
Health Organization (WHO) as critically important [50]. In the current study areas, a potential
risk exits that ciprofloxacin resistance genes could get transferred to humans through contact with
poultry, and consequently complicate the use of ciprofloxacin. The high occurrence of qnrS in NTS
from poultry needs to be explored further to determine whether it could be associated with use of
enrofloxacin in poultry. Enrofloxacin, also a fluoroquinolone, is sometimes used prophylactically and
metaphylactically in combination with other drugs in some commercial poultry farms in Uganda [30].
As all fluoroquinolones have the same mechanism of inhibition of the topoisomerase genes, resistance
to any one of them will confer resistance to all others. High presence of the plasmid-mediated quinolone
resistance gene qnrS therefore shows the potential of horizontal transfer of resistance genes [59].

In this study, all the tetracycline resistant isolates carried tetA genes, they were all negative for
tetB and tetG genes. This result is similar to what has been reported in previous studies undertaken in
Thailand, Australia, Germany, Morocco, and Egypt [18,60–63]. However, the results is also in contrast
to another study in Egypt [64]. Many genes responsible for tetracycline resistance have been identified
and described [65]. The occurrence of tetA gene is known to be widespread in NTS and is associated
with non-conjugative transposons. These genes are associated with efflux pump mechanisms implying
that these are the predominant mechanisms for tetracycline resistance in NTS in these areas. High
presence of tetA genes is not surprising as tetracycline is an extensively used drug in human and
veterinary medicine, mainly because it is cheap and readily available [66].

All four S. Mbandaka isolates that were resistant to chloramphenicol were negative for phenicol
resistance encoding genes floR, cat1, cat2, and only one was positive for cmlA genes. This finding is
consistent with an earlier study [67]. The chloramphenicol exporter gene cmlA has been previously
found in plasmid-located class 1 integrons in S. Typhimurium. Use of chloramphenicol for animal
treatment is banned in many countries, including Uganda, due to health hazards associated with the
persistence of residues in foods [68]. These same isolates of S. Mbandaka were identified with qnrS gene
and blaTEM-1 gene but were negative for all the other screened β-lactamase encoding genes( blaPSE-1,
blaCMY-2, blaOxA). The gene blaTEM-1, is reported to be the most widely distributed of the β-lactamase
genes worldwide [52] and is mainly known to be spread by plasmids. Not much information is
available on the occurrence of beta-lactamase encoding genes in isolates from poultry in Uganda,
but similar results have been reported in studies elsewhere [69–71]. Carriage of the blaTEM-1 gene is a
threat to the potency of β-lactam antibiotics and in the case of Uganda, ampicillin is still widely used
in human and veterinary medicine.

The interpretation of results from this study needs to be taken with a bit of caution, especially
when looking at the bigger picture of the whole country. This study evaluated a limited number of
resistance genes and only on phenotypically resistant isolates from a previous study [30], the sample
size was quite small and samples were collected from only three districts that were purposively
selected. However, as far as we are concerned, it is the first of its kind in Uganda and the data
generated should make a significant contribution towards the national and international efforts to
control antimicrobial resistance.

75



IJERPH 2018, 15, 324

5. Conclusions

This study was a follow up of a previous study that determined prevalence, antimicrobial
susceptibility and risk factors associated with NTS in Uganda [30]. The occurrence of AMR genes
and integrons in Salmonella enterica isolates from Ugandan poultry has been unveiled, and through
subtyping, the diversity of NTS isolates from three districts in Uganda has been explored.

The study has put into perspective the need to monitor use of antimicrobials and occurrence
of AMR genes in farm ecosystems in developing countries, in order to institute measures to contain
spread of AMR. Poultry keeping is predicted to continue growing in developing countries and in
Uganda it will remain an important economic activity. However, as demonstrated, poultry farm
environments remain a significant source of spread of AMR genes. Farmers have to be educated on the
adoption of strict biosecurity measures, prudent use of antimicrobials and better management practices.
More investigations need to be undertaken to further enhance understanding of the driving forces
in farm ecosystems for the development of AMR in important foodborne pathogens like Salmonella.
This study underscores the need for using the One Health approach to generate data on AMR in
Salmonella organisms originating from humans, animals, and environmental samples.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/2/324/s1,
Figure S1: A map of the study areas, Figure S2: A PFGE dendrogram of all typable isolates including the PFGE
banding pattern, Table S1: List of all Salmonella isolates with metadata.
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Abstract: The environmental spread of antibiotic-resistant bacteria has been recognised as a growing
public health threat for which hospitals play a significant role. The aims of this study were
to investigate the prevalence of antibiotic resistance and antibiotic resistance genes (ARGs) in
Escherichia coli isolates from hospital wastewater in Vietnam. Wastewater samples before and after
treatment were collected using continuous sampling every month over a year. Standard disk diffusion
and E-test were used for antibiotic susceptibility testing. Extended-spectrum beta-lactamase (ESBL)
production was tested using combined disk diffusion. ARGs were detected by polymerase chain
reactions. Resistance to at least one antibiotic was detected in 83% of isolates; multidrug resistance
was found in 32%. The highest resistance prevalence was found for co-trimoxazole (70%) and the
lowest for imipenem (1%). Forty-three percent of isolates were ESBL-producing, with the blaTEM
gene being more common than blaCTX-M. Co-harbouring of the blaCTX-M, blaTEM and qepA genes was
found in 46% of isolates resistant to ciprofloxacin. The large presence of antibiotic-resistant E. coli
isolates combined with ARGs in hospital wastewater, even post-treatment, poses a threat to public
health. It highlights the need to develop effective processes for hospital wastewater treatment plants
to eliminate antibiotic resistant bacteria and ARGs.

Keywords: antibiotic resistance; antibiotic resistance genes; blaCTX-M; blaTEM; qepA; hospital wastewater

1. Introduction

The environmental spread of antibiotic resistant bacteria has been recognized as a growing public
health threat [1,2]. Hospitals are “hotspots” for antibiotic use and not only play an important role in
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antibiotic dissemination but also in the release of antibiotic resistant bacteria into the environment.
Hospital wastewater treatment plants containing antibiotic residues can favour the development
of antibiotic resistance due to the selective pressure placed on bacteria [3,4]. Moreover, antibiotic
resistance genes (ARGs) carried by bacterial contaminants can be transferred to other bacterial
populations including pathogenic bacteria found in hospital wastewater [1]. Hospital effluents can
reach water bodies used in agriculture or for domestic purposes. From there, antibiotic resistant
bacteria and/or ARGs can be transferred to humans.

In recent years, the presence of antibiotic resistant Escherichia coli (E. coli), particularly
extended-spectrum beta-lactamase (ESBL)-producing isolates, in surface water has attracted
attention [5]. A direct relationship between clinical E. coli isolates and the quantity of ESBL-producing
E. coli strains found in hospital wastewater has been demonstrated [6]. Consequently, the existence of
ESBL-producing E. coli carriers in hospitals may lead to their environmental spread [6].

Antibiotic resistance causes prolonged illness, excess mortality, and higher costs for patients and
health systems [7–9]. Despite increased warnings and numerous efforts to contain it, antibiotic
resistance has been increasing [10–13]. At the recent United Nations general assembly, it was
highlighted that antibiotic resistance is among the greatest global health risks, requiring urgent
attention [14].

The risks 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 make matters worse, in
many places, but particularly rural areas, surface water is used for agriculture and domestic purposes
or even consumed untreated. Most research on antibiotic resistant bacteria in hospital wastewater
originates from high-income countries [15].

Therefore, this study sought to investigate the prevalence of resistant E. coli isolates to commonly
used antibiotics, ESBL-producing isolates along with genes coding for cephalosporin resistance
blaCTX-M and blaTEM, and a gene coding for ciprofloxacin resistance qepA, in hospital wastewater
in a rural and an urban hospital in Vietnam.

2. Materials and Methods

This is a repeated cross-sectional study with monthly data collection in one rural and one
urban hospital in Vietnam, a lower middle-income country. The rural hospital has 220 beds and
is situated 60 km northwest of central Hanoi. The 520-bedded urban hospital is located in central
Hanoi. Both hospitals’ wastewater is routed to wastewater treatment plants (WWTPs) where it
is treated using filtering, microbiological, and biochemical mechanisms. After treatment, hospital
effluents are discharged into sewer systems, which lead to nearby rivers.

2.1. Collection of Water Samples

The collection of water samples is described in detail elsewhere [4]. Briefly, samples of wastewater
before treatment (WBT) as well as wastewater after treatment (WAT) were collected using 24 h
continuous sampling on a weekday during the last week of every month in 2013. The water samples
were stored in closed containers surrounded by ice and transferred to the microbiological laboratory
in Bach Mai Hospital in central Hanoi within 6 h of testing. The urban hospital and its wastewater
treatment plant was under reconstruction from June to August 2013, therefore sampling was ceased
during this period.

2.2. Antibacterial Susceptibility Testing and Detection of ARGs

Coliforms were detected with the most probable number procedure [16]. A presumptive
test involved three subsets of tubes containing different amounts of lactose or lauryl tryptose
broth. Each subset contained five tubes with inverted Durham tubes to collect gas produced
by fermentation. The three subsets were inoculated with water samples of 10, 1.0, and 0.1 mL,
respectively. The tubes were then incubated for 24 h at 35–37 ◦C. A positive test for gas formation was
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presumptive evidence of coliforms. A confirmatory test for coliforms was made by inoculating
another broth from one of the positive tubes. The test was completed by final isolation of the
coliforms on selective and differential media, Gram staining the isolates, and reconfirming gas
production. Coliform isolates were then sub-cultured on BrillianceTM UTI agar to collect presumptive
E. coli isolates. Following biochemical confirmation using standard tests, identified E. coli isolates
were tested for antibiotic susceptibility using the standard Kirby Bauer disc diffusion method for:
(i) amoxicillin/clavulanic acid; (ii) ceftazidime; (iii) ceftriaxone; (iv) ciprofloxacin; (v) co-trimoxazole
(trimethoprim/sulfamethoxazole); (vi) fosfomycin; (vii) gentamicin; and (viii) imipenem. The selected
antibiotics were commonly used in the hospitals and routinely tested in clinical laboratories.
Antibiotic susceptibility test results were interpreted as resistant, intermediate, and susceptible using
Clinical and Laboratory Standard Institute guidelines (CLSI M100-2013) [17]. Minimum inhibitory
concentrations (MICs) were determined for ciprofloxacin and ceftazidime using E-test. Disc diffusion
zone diameters were also compared with epidemiological cut-off values (ECOFF) [18].

For E. coli isolates resistant to third generation cephalosporins, extended-spectrum beta-lactamase
(ESBL) production was tested using combined disc diffusion. Genotypic confirmation was done
through polymerase chain reactions. Genes coding for beta-lactam resistance, blaCTX-M and blaTEM,
were tested in ESBL-producing isolates and qepA gene was tested for in ciprofloxacin-resistant
isolates [19,20].

2.3. Data Analysis

Prevalence of resistance to at least one of the studied antibiotics, to each studied antibiotic, and
multidrug resistance (MDR) in E. coli isolates were analysed. The definition of MDR reported by
Magiorakos et al. (2012) from ECDC Joint Expert Meetings was applied; according to that, bacterial
isolates were considered multidrug-resistant if they were non-susceptible to at least one agent in three
or more antibiotic categories [21]. Fisher’s exact test was applied to test the difference between the
prevalence of antibiotic resistant E. coli isolates before and after wastewater treatment in each hospital
using Stata 12 (StataCorp LP, College Station, TX, USA).

3. Results

In total, 265 E. coli isolates were collected from both the hospitals during the study period; 158 from
the rural hospital (WBT = 84; WAT = 74) and 107 isolates from the urban hospital (WBT = 60; WAT = 47).

3.1. Resistance to Studied Antibiotics

In the rural hospital, 85% of E. coli isolates were resistant to at least one of the tested antibiotics
(WBT = 94%; WAT = 74%). Resistance was most common towards co-trimoxazole, with 70% of isolates
being resistant to it (WBT = 86%; WAT = 53%). Resistance to ceftriaxone was found in 49% of isolates
(WBT = 55%; WAT = 42%), and resistance to ceftazidime, gentamicin, and amoxicillin/clavulanic acid
was around 40%, respectively. Thirty percent of the isolates were resistant to ciprofloxacin (WBT = 25%;
WAT = 35%), and 2% were resistant to fosfomycin (WBT = 1%; WAT = 3%). Resistance to imipenem
was only detected in one isolate (1%). MDR was found in 35% of isolates (WBT = 44%; WAT = 26%).
Prevalence of resistance to the studied antibiotics in E. coli isolates from WAT was less common
than WBT, with the exception of ciprofloxacin and fosfomycin, for which enrichment of resistant
E. coli isolates after wastewater treatment was found. The differences are statistically significant for
amoxicillin/clavulanic acid, co-trimoxazole, gentamicin, resistance to at least one studied antibiotic,
and MDR (Table 1).

In the urban hospital, 79% of E. coli isolates were resistant to at least one of the studied antibiotics
(WBT = 88%; WAT = 68%). Co-trimoxazole resistance was again most common, with resistance found
in 71% of isolates (WAT = 80%; WAT = 60%), followed by ceftriaxone resistance (39%) (WBT = 45%;
WAT = 32%). Resistance to gentamicin and ceftazidime was found in 29% and 28% of isolates,
respectively, followed by amoxicillin/clavulanic acid (24%) and ciprofloxacin (21%). Fosfomycin
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resistance was least common, as it was detected in only 8% of isolates. MDR was found in 27% of
isolates (WBT = 32%; WAT = 21%). Prevalence of resistance to the studied antibiotics in E. coli isolates
from WAT was lower than WBT. The differences were statistically significant for co-trimoxazole,
fosfomycin, and resistance to at least one studied antibiotic (Table 1).

The distribution of MIC values for ceftazidime and ciprofloxacin susceptibility testing is presented
in Figure 1. The number of E. coli isolates with high MIC values is large compared to the number of
isolates with lower MIC values, indicating high levels as well as high proportions of resistance.

Table 1. Prevalence of resistance to studied antibiotics in Escherichia coli isolates found in
hospital wastewater.

Studied Antibiotics

Rural Hospital (n = 158) Urban Hospital (n = 107) Both
Hospitals
(n = 265)

Overall (%)

WBT
(%)

n = 84

WAT
(%)

n = 74
p-Value

Overall
(%)

WBT
(%)

n = 60

WAT
(%)

n = 47
p-Value

Overall
(%)

Amoxicillin/clavulanic acid 51 24 0.001 * 39 28 19 0.36 24 33
Ceftazidime 42 36 0.52 39 32 23 0.40 28 35
Ceftriaxone 55 42 0.11 49 45 32 0.23 39 45

Ciprofloxacin 25 35 0.22 30 23 17 0.50 21 26
Co-trimoxazole 86 53 <0.001 * 70 80 60 0.03 * 71 70

Fosfomycin 1 3 0.60 2 15 0 0.005 * 8 4
Gentamycin 51 31 0.02 * 42 33 23 0.30 29 37
Imipenem 1 0 1.00 1 0 0 N/A 0 1

At least one antibiotic 94 74 0.001 * 85 88 68 0.02 * 79 83
MDR 44 26 0.02 * 35 32 21 0.30 27 32

MDR: multidrug resistance; N/A: not available; WBT: wastewater before treatment; WAT: wastewater after
treatment. * Differences in prevalence of resistant Escherichia coli strains isolated from WBT and WAT are significant.

Figure 1. Distribution of minimum inhibitory concentration (MIC) values for ceftazidime and
ciprofloxacin susceptibility testing.

When applying ECOFF values, we found decreased susceptibility to amoxicillin/clavulanic acid
(45% of isolates), ceftazidime (39% of isolates), ceftriaxone (48% of isolates), ciprofloxacin (29% of
isolates), and imipenem (2% of isolates).

MDR patterns are presented in Table 2 with identified antibiotic combinations. MDR to six out of
eight studied antibiotics was found in 25 isolates (10%).
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Table 2. Multidrug resistance patterns in Escherichia coli isolates found in hospital wastewater (the
number of MDR isolates having the respective pattern).

MDR Pattern
Rural Hospital (n = 158) Urban Hospital (n = 107)

WBT WAT WBT WAT

CTX + CIP + SXT 0 0 0 2
CTX + GEN + SXT 7 0 3 0
AMC + GEN + SXT 0 0 1 0
GEN + CIP + SXT 0 4 7 1

CAZ + CTX + AMC + CIP 2 0 0 0
CAZ + CTX + AMC + SXT 2 0 0 2
CAZ + CTX + GEN + SXT 6 0 1 0
CAZ + CTX + CIP + SXT 0 0 0 1

CAZ + CTX + SXT + FOM 1 0 0 0
CTX + GEN + CIP + SXT 4 1 2 0
AMC + GEN + CIP + SXT 0 1 0 1

CAZ + CTX + GEN + CIP + SXT 2 2 3 0
CAZ + CTX + AMC + CIP + SXT 0 1 0 0
CTX + GEN + CIP + SXT + FOM 0 1 0 0
CTX + AMC + GEN + CIP + SXT 1 0 0 0
IMP + CAZ + CTX + AMC + SXT 1 0 0 0

CAZ + CTX + AMC + GEN + CIP + SXT 11 9 1 3
CAZ + CTX + AMC + GEN + CIP + FOM 0 0 1 0

Total (%)
37 (44%) 19 (26%) 19 (32%) 10 (21%)

56 (35%) 29 (27%)

MDR: multidrug resistance; WBT: wastewater before treatment; WAT: wastewater after treatment; AMC:
amoxicillin/clavulanic acid; CAZ: ceftazidime; CIP: ciprofloxacin; CTX: ceftriaxone; FOM: fosfomycin; GEN:
gentamicin; IMP: imipenem; SXT: trimethoprim/sulfamethoxazole (co-trimoxazole).

3.2. ESBL-Producing E. coli, ESBL, and Quinolone Resistance Genes

In the rural hospital, 76 E. coli isolates were ESBL-producing (48%). Among them, blaTEM was
detected in 97% of isolates and blaCTX-M in 76%. Both blaCTX-M and blaTEM were detected in 75% of
isolates. Quinolone-resistance gene (qepA) was detected in 72% of ciprofloxacin-resistant isolates.
All three genes were detected in 51% of ciprofloxacin-resistant isolates (Table 3).

Table 3. Genetic analysis of extended-spectrum beta-lactamase (ESBL)-producing and
ciprofloxacin-resistant Escherichia coli strains found in hospital wastewater.

Genetic Analysis

Rural Hospital Urban Hospital
Both

Hospitals

WBT n
(%)

WAT n
(%)

Overall n
(%)

WBT n
(%)

WAT n
(%)

Overall n
(%)

Overall n
(%)

ESBL-producing 45 (54) 31 (42) 76 (48) 27 (45) 12 (26) 39 (36) 115 (43)
blaCTX-M 29 (64) 29 (94) 58 (76) 14 (52) 2 (17) 16 (41) 74 (64)
blaTEM 44 (98) 30 (97) 74 (97) 27 (100) 10 (83) 37 (95) 111 (97)

blaCTX-M + blaTEM 29 (64) 28 (90) 57 (75) 14 (52) 2 (17) 16 (41) 73 (63)

Ciprofloxacin resistance 21 (25) 26 (35) 47 (30) 14 (23) 8 (17) 22 (21) 69 (26)
qepA 14 (67) 20 (77) 34 (72) 12 (86) 7 (88) 19 (86) 53 (77)

qepA + blaCTX-M + blaTEM 13 (62) 11 (42) 24 (51) 6 (43) 2 (25) 8 (36) 32 (46)

WAT: wastewater after treatment; WBT: wastewater before treatment.

In the urban hospital, 39 E. coli isolates were ESBL-producing strains (36%). Among them, blaTEM
was detected in 95% of isolates and blaCTX-M in 41%. Both blaCTX-M and blaTEM were detected in 41%
of isolates. Quinolone-resistance gene (qepA) was detected in 86% of ciprofloxacin-resistant isolates.
All three genes, blaTEM, blaCTX-M, and qepA, were detected in 36% of ciprofloxacin-resistant isolates
(Table 3).
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4. Discussion

Our novel findings show that, in Vietnam, bacteria resistant to commonly used antibiotics along
with genes coding for resistance are present in hospital wastewater, even after treatment. Prior to
our study, Duong et al. examined E. coli resistance to ciprofloxacin and norfloxacin in hospital
wastewater of another Hanoian hospital and reported that E. coli strains isolated from WAT samples
were susceptible [22]. In their study, water samples were collected over two days using grab sampling
and only 15 E. coli isolates, including three isolates from treated water samples, were tested. Conversely,
in our study, water samples were collected every month over one year using continuous sampling and
a total of 265 E. coli isolates were tested.

In both hospitals, E. coli isolates were most resistant to co-trimoxazole (around 70% of isolates).
Previous reports show comparatively lower prevalence rates. In 2004–2005, an Indian study indicated
that 55% of enteric bacteria found in hospital wastewater were resistant to co-trimoxazole [23]. A study
from Poland showed that 20% of E. coli isolates from hospital wastewater collected before 2013
were resistant to co-trimoxazole [24]. Co-trimoxazole is a combination of sulfamethoxazole and
trimethoprim. Sulfamethoxazole, one of the first antibiotics to be developed, was put into clinical use in
1935 and trimethoprim was first used in 1962. The two antibiotics first started to be used in combination
in 1968. Over the past decades, its extensive use in clinical settings to treat a variety of bacterial
infections, such as urinary tract infections and respiratory tract infections, which was also the case in
the studied hospitals, might explain the high occurrence of co-trimoxazole resistance [25]. Moreover,
both sulfamethoxazole and trimethoprim are not readily degradable and their residues found every
month over the studied period in the same hospital wastewater could favour the development of
co-trimoxazole resistance in the bacteria [4].

Cephalosporin resistance was also found in higher proportions than other antibiotics investigated.
Similar prevalence rates of cephalosporin resistant bacteria in hospital effluent were shown by
Chagas et al. [26]. Resistance mechanisms to second and third generation cephalosporins differ, with
ESBLs being the most important [27]. ESBL enzymes are capable of hydrolysing and inactivating
beta-lactam antibiotics and are often plasmid-mediated [28]. The plasmid genes encoding ESBLs can
be transferred between different bacterial strains (horizontal gene transfer), facilitating easy spread of
antibiotic resistance within as well as between species. Moreover, plasmid-encoded ESBL-producing
bacteria can show co-resistance to quinolones, aminoglycosides, and sulfonamides [29]. Consequently,
infections caused by ESBL-producing bacterial strains can be difficult to treat due to the restricted
amount of antibiotics left for successful treatment.

ESBLs were first isolated in the 1980s [30]. In a study conducted in an urban and rural hospital in
central India, Chandran et al. reported a very high prevalence of ESBL-producing E. coli in the hospital
wastewater (96%) [31]. In our study, the prevalence was around 40%, lower than the aforementioned
study but relatively higher than the figures reported by Diwan et al. (25%), Abdulhaq et al. (25%),
and Korzeniewska et al. (37%) [22,32,33]. Among genes coding for ESBL production, TEM and
CTX-M are the most common [34]. Our findings indicate the presence of blaCTX-M and blaTEM in
ESBL-producing strains, with the blaTEM gene being predominant. This is in accordance with the
findings of Varela et al., where blaTEM was found to be the most prevalent ESBL-encoding gene,
followed by blaCTX-M [35]. In contrast, Chandran et al. reported higher prevalence of blaCTX-M than
blaTEM in hospital wastewater in India [31]. However, not all the blaTEM genes are responsible for ESBL,
and in our study, we were not able to do further sequencing to show the frequency of the ESBL blaTEM.
In addition, according to the PCR protocol used, the detected blaCTX-M were restricted to CTX-M group
1 including CTX-M-1, CTX-M-3, and CTX-M-15. Ciprofloxacin resistance was detected in our samples,
with gene qepA coding for high proportions of the resistant strains. Similar to ESBL-coding genes
blaCTX-M and blaTEM, quinolone resistance gene qepA is plasmid-mediated and capable of horizontal
gene transfer [36]. Of note is that co-existence of blaCTX-M, blaTEM, and qepA was detected, genetically
proving co-resistance in the bacterial strains. In our study, the prevalence of MDR found phenotypically
was around 35% with the detection of co-resistance to six out of eight of the studied antibiotics.
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Fosfomycin-resistance and imipenem-resistance were also detected among the E. coli isolates in
our study. Fosfomycin has broad activity against Gram-negative and some Gram-positive bacteria.
In some countries, it is recommended as one of the first-line drugs to treat uncomplicated urinary tract
infections because of increasing E. coli resistance towards other commonly used antibiotics, such as
ciprofloxacin and co-trimoxazole [37]. Imipenem, the first carbapenem developed, is used to treat
infections caused by β-lactamase-producing bacteria and should be saved to treat infections not readily
treated by other antibiotics [38]. High prevalence of carbapenem-resistance in clinical isolates in
Vietnamese hospitals has been reported [39]. The detection of resistance to these last-line antibiotics
in bacterial isolates from hospital wastewater is of concern, since this can contribute to the spread of
resistance among bacterial populations in the environment.

Although there is increasing evidence of the occurrence of antibiotic resistant bacteria in the
environment, there are no standardized methods for antibiotic susceptibility testing which are
directly applicable to environmental samples so far [2]. Epidemiological cut-off values developed
by the European Committee on Antimicrobial Susceptibility Testing (EUCAST) can be used for the
interpretation of antibiotic resistance in environmental bacteria. The ECOFF values separate bacteria
with acquired resistance mechanisms (non-wild type) from the wild type population (having no
resistance) [15]. We found in general decreased susceptibility in the E. coli isolates when using
ECOFF values.

The role of hospitals in the environmental release of antibiotic-resistant bacteria and ARGs has
been demonstrated and has become a growing concern for public health [40–47]. Hospital WWTPs
can harbour antibiotic-resistant bacteria and ARGs [48–50]. Antibiotic residues in WWTPs can favour
the development of antibiotic resistance due to the selective pressure placed on bacteria. In our
previous study, we found that antibiotic concentrations in wastewater collected from hospital WWTPs
were often higher than the reported predicted no-effect concentrations for resistance selection as
well as the minimum selective concentrations, meaning that the selection of antibiotic-resistant
bacteria can occur [4]. Published studies have reported the enrichment of antibiotic-resistant
E. coli in WWTPs [51,52]. Our findings show significant reductions as well as the enrichment of
antibiotic-resistant E. coli in WAT. Resistance to at least one studied antibiotic in the E. coli isolates
from WAT was still detected in high proportions. Consequently, certain amounts of antibiotic-resistant
bacteria, along with ARGs, are released into the ambient aquatic environment. They can then enter
water bodies used for agriculture, irrigation, or household purposes, which poses a threat to public
health. The problem can be aggravated if hospitals do not have WWTPs and the wastewater is
discharged directly into the environment, which is common practice in Vietnam as well as many other
low- and middle-income countries [53]. It has been shown that the prevalence of antibiotic-resistant
bacteria is significantly reduced by advanced wastewater treatment processes such as ozone, UV, and
ultrafiltration [54,55]. However, even in such advanced plants, resistant bacteria are not completely
removed, therefore, hospitals must invest in effective WWTPs with treatment processes that completely
eliminate antibiotic-resistant bacteria.

It is plausible that the dissemination of antibiotic-resistant bacteria and ARGs in the environment
can result in their transmission to humans [56], however, direct evidence for this is very scarce [57].
So far, the strongest evidence available has shown the genetic similarities between human-related
bacterial strains and environmental isolates collected at exposure-relevant sites [58]. Further studies are
needed to identify links between the discharge of antibiotic-resistant bacteria by hospital WWTPs, their
occurrence in the ambient environment, and their acquisition by humans via environmental exposure.

Our study has some limitations. Importantly, the prevalence of antibiotic resistance in E. coli
isolates presented here might not be representative for the whole E. coli population in the hospital
wastewater because of the limited number of E. coli isolates from each water sample. Moreover, due
to financial constraints, we were not able to study more antibiotics and ARGs than what we have
done. Screening for blaSHV gene, which is also common in ESBL-producing E. coli, and genes coding
for imipenem resistance would make the study more comprehensive. We were also not able to do
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sequencing for blaTEM genes to show the frequency of the genes encoding for ESBL. Another limitation
is that data from the urban hospital were unavailable for three months, as sampling could not be carried
out due to construction work at the hospital. Furthermore, a detailed description of the functioning of
the WWTPs was not available for us.

5. Conclusions

High prevalence of antibiotic resistance and ARGs were detected in E. coli isolates from hospital
wastewater both before and even after wastewater treatment. There is a need for inclusion and
development of hospital WWTPs which are effective at eliminating antibiotic-resistant bacteria and
ARGs. Further studies are needed to identify links between the discharge of antibiotic-resistant bacteria
by hospital WWTPs, their occurrence in the nearby environment, and their acquisition by humans
when exposed in the environment.
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Abstract: Antibiotic-resistant bacteria are spreading worldwide in medical settings but also in
the environment. These resistant bacteria illustrate a major health problem in our times, and
last-line antibiotics such as tigecycline represent an ultimate therapy option. Reports on tigecycline
non-susceptible Enterobacteriaceae are presented with regard to medical settings but are rare with that
for the environment. The aim of this study was to characterize two tigecycline non-susceptible
Klebsiella pneumoniae isolates from the river Mur, and to question the resistance mechanism.
The screening for chromosomal mutations revealed a deletion and a silent point mutation in one
isolate and a point mutation in the other isolate all within the ramR allele. RamR acts as repressor and
prevents overexpression of ramA. These mutations are likely to cause a resistant phenotype due to the
overexpression of AcrAB-TolC. MLST revealed that the isolates belonged to two unrelated MLST types
(ST2392 and ST2394). Both isolates only revealed resistance to tigecycline and tetracycline. This is
one of the rare reports of tigecycline-resistant Klebsiella pneumoniae from surface water. The presence
of two genetically different isolates suggests that the river water may bear substances that favor
mutations that can lead to this efflux pump-driven resistance.

Keywords: ramA; efflux pump; multilocus sequence typing; surface water

1. Introduction

The emergence of antibiotic resistances is a worldwide rising phenomenon. It is not restricted
to clinical settings and it reaches environmental settings and their associated ecological habitats.
In particular, surface waters such as rivers, lakes or coastal waters act as reservoirs for resistant
bacteria owing to anthropogenic activities and influences such as industrial or urban sewage [1–5].
The discharge of resistant bacteria in combination with antibiotics and/or other chemical compounds
into the water bodies is likely to select for antibiotic resistances within microbial communities [6–8].
Therefore, effluents or insufficient water management promotes the distribution of resistant bacteria
and facilitates the spread of resistance genes [9]. This trend of emerging antibiotic-resistant bacteria
speeds up by the overuse of antibiotics in human and veterinary medicine, and a subsequent release
of these substances into the environment [10].

The massive health problem that arises from the current situation concerns (opportunistic) pathogens
that gained multidrug resistance (MDR) to a broad spectrum of antibiotics. ESBL-(extended-spectrum
b-lactamase) or carbapenemase-producing Enterobacteriaceae, notably Klebsiella pneumoniae, are described
not only in clinical but also in different aquatic settings all around the world, including Austria [2–4,11–13].

Last-resort antibiotics act as ultimate force to overcome those multiresistant strains. Tigecycline is
such an antibiotic and is often the last or the penultimate choice (besides colistin) to treat infections
caused by those pathogens [14,15]. Hence, occurrence of tigecycline resistance is a major threat to
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every medical institution. Cases of tigecycline non-susceptible Klebsiella pneumoniae in clinical settings
are reported worldwide [16,17] but are rather rare regarding environmental settings.

There are different mechanisms that can lead to an acquired tigecycline resistance, most of them
based on chromosomal mutations. Gene network of the efflux pump, AcrAB-TolC is associated
with tigecycline non-susceptibility and its regulators has been analyzed with regard to tigecycline
non-susceptibility in prior studies. In particular, mutation in the repressors RamR, MarR and SoxR of
the regulators (RamA, MarA and SoxS) of the efflux pump were found to be responsible [18–22].

An additional mutation in the ribosomal RPS10 protein, which is located close to the ribosomal
binding site of tigecycline is likely to influence the binding properties between the ribosome
and tigecycline [21].

The aim of this study was to elucidate the resistance mechanism that causes tigecycline
non-susceptibility and to question whether this mechanism is plasmid or chromosomally mediated.
In order to detect a potential plasmid-encoded resistance mechanism, transformation experiments
were performed.

2. Material and Methods

2.1. Sample Collection

Water samples were taken for microbiological investigations during a survey from the river Mur
in the center of Graz (47◦4′38” N; 15◦25′60” E); each sample in two sterile 500 mL glass flasks, 30 cm
below the river surface, 50 cm apart from the river bank.

2.2. Isolation of Bacteria

Samples were filtered using Microfil® S device (Merck, Vienna, Austria) with 0.45 μm pore
filters in 4 times 250 mL portions. For each sampling, two filters were put on chromID™ ESBL Agar
(bioMérieux Austria GmbH, Vienna, Austria) and two on chromID™ CARBA Agar (bioMérieux).
ChromID™ agars were incubated for 24 h at 37 ◦C. Colonies were assessed and picked according to
the manufacturer’s manual. For pure cultures, colonies were transferred to blood agar and Endo agar
(24 h, 37 ◦C) and species were finally identified with MALDI-TOF, (Vitek® MS, bioMérieux Austria
GmbH, Vienna, Austria).

Thereby Klebsiella pneumoniae isolates could be recovered on chromID™ CARBA Agar (MurTR-KL001
on 2 February 2016; and MurTR-KL002 on 11 February 2016).

2.3. Antimicrobial Susceptibility Testing

Susceptibility testing was performed according to the Clinical and Laboratory Standards Institute
(CLSI) guidelines or as recommended by the European Committee on Antimicrobial Susceptibility
testing (EUCAST) using BD BBLTM, Sensi-Disc™ paper discs (Becton, Dickinson and Company, Sparks,
MD, USA) [23,24].

The inhibition zone diameters were interpreted according to EUCAST guidelines with the
exception for tetracycline, chloramphenicol and nalidixic acid, which were evaluated in conformity
with the Clinical Laboratory Standards Institute (CLSI) guidelines. EUCAST guidelines were chosen as
they are the clinical standard for Europe; whenever EUCAST criteria were not available CLSI standards
were used.

The following antibiotics were used: amoxicillin/clavulanic acid (20 μg/10 μg), piperacillin/
tazobactam (100 μg/10 μg), cefalexin (30 μg), cefuroxime (30 μg), cefoxitin (30 μg), cefotaxime
(5 μg), ceftazidime (10 μg), cefepime (30 μg), imipenem (10 μg), meropenem (10 μg), amikacine
(30 μg), gentamicin (10 μg), trimethoprim/sulfamethoxazole (1.25 μg/23.75 μg), ciprofloxacin (5 μg),
moxifloxacin (5 μg), tetracycline (30 μg), nalidixic acid (30 μg) chloramphenicol (30 μg).
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To determine tigecycline and colistin susceptibility, Etests® (bioMérieux Austria GmbH,
Vienna, Austria) according to EUCAST guidelines for tigecycline and colistin were performed as
described previously [25,26].

Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 were used as control strains
in all conducted tests.

2.4. Plasmid Replicon Typing

Identification of replicon types of the 18 major plasmid incompatibility (Inc) groups present in
Enterobacteriaceae was performed by multiplex PCR.

Standard PCR protocols and conditions were used in the following way: initial denaturation at
94 ◦C for 5 min; 30 cycles of 94 ◦C for 1 min, 60 ◦C for 30 s and 72 ◦C for 1 min; and a final incubation
for 5 min at 72 ◦C. We used Taq DNA polymerase and dNTPs from QIAGEN (Hilden, Germany), and
a T3000 Biometra thermocycler (Biometra, Gottingen, Germany).

The protocol allows detection of the following Inc groups: Hl1, Hl2, I1-Iγ, X, L/M, N, FIA, FIB, W,
Y, P, FIC, A/C, T, FIIs, F, K, B/O [27].

2.5. Transformation by Electroporation

Preparation of Plasmid-DNA was performed with the QIAprep Spin Miniprep Kit (250)
(QIAGEN).

Plasmid-DNA was desalted before electroporation, and therefore 2–3 μL of plasmid-DNA were
transferred on a MFTM Membrane Filter (0.025 μm VSWP, Merck), which was placed on the surface of
double distilled water. Dialysis was performed for about 15 min.

Competent cells were made with two overnight cultures (each 50 mL, OD of 0.4), which were
incubated on ice for 25 min, therefore reaction tubes were cooled in advance, followed by centrifugation
for 10 min at 4 ◦C and 4.000 rpm (Eppendorf, Centrifuge 5810R). After decantation, pellets were
re-suspended in 100 mL ice-cold glycerine solution (10%). After repeating this step, an additional
washing step was performed, and the two pellets together were re-suspended in 10 mL glycerine
solution (10%). A last washing step and resuspension were performed with 1 mL glycerine solution
(10%). Aliquots of 50 μL were prepared and stored at −20 ◦C.

Electroporation was performed with 2 μL Plasmid-DNA and 40 μL of competent cells.
Reaction tubes were cooled in advance and the DNA-cell suspension was incubated on ice for 5 min.
Subsequently, the cell suspension was transferred into a sterile electro-cuvette, and transformation was
performed at 2500 V using the electroporator (Eppendorf Eporator®). After the transformation, 400 μL
of fresh LB liquid media were added and the cell suspension was re-transferred into the reaction tube.
Incubation was performed for 40 min at 37 ◦C. Afterwards 100 μL of the cell suspension were plated
on selection LB (lysogeny broth) plates (tetracycline 3 μg/mL or tigecycline 1 μg/mL) and a final
incubation was performed over night at 37 ◦C.

2.6. Multilocus Sequence Typing (MLST)

MLST was performed for Klebsiella pneumoniae according to the Institute Pasteur MLST
(http://bigsdb.web.pasteur.fr/klebsiella/klebsiella.html).

2.7. Screening for Mutations

The genes ramR, marR, soxR and rpsJ were amplified and sequenced with the primers described
previously [18,21].

Standard PCR protocols and conditions were used in the following way: initial denaturation at
94 ◦C for 5 min; 35 cycles of 94 ◦C for 30 s, 52 ◦C for 1 min and 72 ◦C for 1 min; and a final incubation
for 5 min at 72 ◦C. We used Taq DNA polymerase and dNTPs from QIAGEN (Hilden, Germany), and
a T3000 Biometra thermocycler (Biometra, Germany).

Sequencing was performed with the Mix2Seq Kit (Eurofins Genomics).
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Sequence analysis was performed with Serial Cloner v2.6 and BLAST (Basic Local Alignment
Search Tool, https://blast.ncbi.nlm.nih.gov/Blast.cgi).

3. Results

Two Klebsiella pneumoniae isolates (MurTR-KL001 and MurTR-KL002) were randomly sampled
from the river Mur during a study not linked to tigecycline.

3.1. Antimicrobial Susceptibility Testing

Both isolates revealed only resistance to tetracycline and tigecycline but stayed susceptible to
all other tested antibiotics. Isolate MurTR-KL001 revealed a minimal inhibition concentration to
tigecycline of 4 μg/mL and MurTR-KL002 of 8 μg/mL (Table 1).

3.2. Genetic Analyses

The two isolates belonged to two different unrelated MLST types: ST2392 (rpoB:1, gapA:2,
mdh:172, pgi:1, phoE:9, infB:1, tonB:116) and ST2394 (rpoB:4, gapA:126, mdh:1, pgi:1, phoE:4,
infB:3, tonB:351). Both MLST profiles had not been described prior to our study. Notably, tonB
of MurTR-KL002 revealed a new allele (tonB 351) (Table 1).

Table 1. Characterization of tigecycline-resistant Klebsiella pneumoniae isolates.

Isolate MLST ramR Mutation MIC Tetracycline MIC Tigecycline

MurTR-KL001 ST2392 291G > A (V97V);
Δ 518–521, 8 μg/mL 4 μg/mL

MurTR-KL002 ST2394 152A > C (K51T). 8 μg/mL 8 μg/mL

3.3. Determination of a Plasmid-Encoded Resistance Mechanism

The plasmid type FIIS could be determined in both isolates. Transformation experiments revealed
that no resistance was transferred by plasmids.

3.4. Determination of a Chromosomally-Encoded Resistance Mechanism

All alleles of soxR, marR and rpsJ were identical with sequences from tigecycline susceptible
Klebsiella pneumoniae strains previously described (GenBank accession numbers: CP000647.1 [22],
CP009461.1 [28], CP003999.1 [29], KC843636.1 [21]). Even though marR of MurTR-KL002 harbored a
silent mutation (C270A), no other mutations within these genes could be observed.

With regard to the reference strain Klebsiella pneumoniae subsp. pneumoniae MGH 78578 (GenBank
accession number: CP000647.1 [22]), mutations in both isolates could be observed within the ramR
allele. RamR of MurTR-KL001 primarily harbored a four base pair deletion (Δ 518–521CCCG) resulting
in a frameshift. Secondarily, a silent point mutation was on position 291 with a G to A mutation.
RamR of MurTR-KL002 harbored a point mutation (152A > C), which resulted in an amino acid
substitution (K51T) (Table 1).

4. Discussion

Tigecycline non-susceptible Klebsiella pneumoniae were recently isolated from heavily polluted
coastal waters in Brazil [30] and less recently from hospital sewage in Saudi Arabia [31]. Other resistant
Enterobacteriaceae could be recovered from drinking water samples in India [32].

However, such reports from more “decent” aquatic settings are rare in the current literature.
Recent cases of tigecycline-resistant Klebsiella pneumoniae were reported from urban surface waters in
Brazil: from a river downstream of a wastewater treatment plant, in Curitiba [1], and from an urban
lake and reservoir in the city of Sao Paulo [4].
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Even though the two isolates belong to two newly described and distinctly different MLST types,
they seem to share the same resistance mechanism (even though owing two different mutations),
which could indicate a common selective pressure. They were susceptible to all other tested antibiotics.
Taking also into account that both isolates belong to two new MLST types it is very unlikely that these
isolates are a contamination from a clinical source. Although low concentrations of antibiotics can
cause an ecological shift towards less susceptible bacteria, it is rather unlikely that the river Mur was
contaminated with tigecycline [33].

A recent study demonstrated cross-resistance to antibiotics, including tetracycline, in association
with the resistance to linalool, a component of basil oil that is used as a natural preservative.
The increased resistance to linalool was accompanied by the overexpression of the AcrAB efflux
pump suggesting linalool as potential substrate [34]. A similar cross-resistance to antibiotics was
observed in association with the resistance to pine oil and the tolerance to solvents; in both cases
resistance correlated with the activity of the AcrAB efflux pump [35]. Decreased susceptibility to
triclosan, a biocide, was also reported in the course of acrAB overexpression. Moreover, the AcrAB
efflux pump extrudes dyes and detergents, and appears to play a more crucial role, as it is embedded
in fundamentally physiological functions; for instance, in cell-to-cell communication and in virulence.
It appears plausible that a cross-resistance to an antibiotic could easily fall within a more fundamentally
microbial purpose as long as the overexpression of the efflux pump is favored within an ecological
and physiological setting. In that manner, higher concentrations of any potential substrate could select
for, i.e., a tigecycline resistance [36–38].

Nikaido et al. and Baucheron et al. proposed a mechanism of induction for the AcrAB locus.
They suggested that indole and bile bind to RamR, thereby inhibiting its repressing effect on ramA
transcription, and therefore promoting the induction of the ramR and acrAB locus. Yamasaki et al.
further reported that different substrates can bind to RamR due to a flexible binding pocket and upon
binding the DNA binding affinity of RamR decreases. Therefore, substrates could act as extracellular
signals that force subsequent induction of ramA and acrAB expression, whenever the efflux system
is overloaded. However, a mutation within RamR can also lead to the induction of the efflux pump
resembling a permanent sensing signal. That arrangement may endure in a suitable ecological or
physiological condition [39,40].

RamR represents a genetic hotspot for mutations as far as clinical Klebsiella pneumoniae isolates
are concerned [18–21]. None of the reported mutations are identical, the closest mutation to the
MurTR-KL001 isolate was described by Rosenblum et al. [41]. Nevertheless, reports of aquatic isolates
harboring such mutations are absent in the current literature.

5. Conclusions

The presence of two genetically different isolates suggests that river water may bear substances
that favor mutations that can lead to this efflux pump-driven resistance. The origin of these substances
(e.g., triclosan or heavy metals) may be waste water or surface run-off after rainfall. Therefore, the
occurrence and impact on human health of such mutations in bacteria in surface waters must be
further investigated.
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Abstract: Acinetobacter spp. occur naturally in many different habitats, including food, soil, and
surface waters. In clinical settings, Acinetobacter poses an increasing health problem, causing infections
with limited to no antibiotic therapeutic options left. The presence of human generated multidrug
resistant strains is well documented but the extent to how widely they are distributed within the
Acinetobacter population is unknown. In this study, Acinetobacter spp. were isolated from water
samples at 14 sites of the whole course of the river Danube. Susceptibility testing was carried
out for 14 clinically relevant antibiotics from six different antibiotic classes. Isolates showing
a carbapenem resistance phenotype were screened with PCR and sequencing for the underlying
resistance mechanism of carbapenem resistance. From the Danube river water, 262 Acinetobacter
were isolated, the most common species was Acinetobacter baumannii with 135 isolates. Carbapenem
and multiresistant isolates were rare but one isolate could be found which was only susceptible to
colistin. The genetic background of carbapenem resistance was mostly based on typical Acinetobacter
OXA enzymes but also on VIM-2. The population of Acinetobacter (baumannii and non-baumannii)
revealed a significant proportion of human-generated antibiotic resistance and multiresistance, but
the majority of the isolates stayed susceptible to most of the tested antibiotics.

Keywords: Acinetobacter; JDS3; river; water; carbapenemases

1. Introduction

The genus Acinetobacter consists of over 40 known species that can be isolated from various
habitats including soil, sediment surface, and wastewater [1]. They have the ability to colonize
human skin and are responsible for a growing number of nosocomial outbreaks worldwide. Although
most Acinetobacter species have generally a low pathogenicity [2], according to Alsan et al. (2008),
the intensive care unit (ICU) mortality rate is around 40% [3].

The most striking characteristic of Acinetobacter spp. is their natural resistance to many antibiotics
and the ability to easily develop new resistances under antibiotic pressure. They overexpress efflux
pumps, harbor β-lactamases, and are characterized by low membrane permeability [2]. By 2012,
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over 210 different β-lactamases have been identified within the genus [4]. Different Oxacillinases (OXA)
enzyme families have their origin in Acinetobacter, such as OXA-21like, OXA-23like or OXA-51like [5].
These enzymes are serine hydrolases represent class D according to the Ambler classification of
β-lactamases [6]. The spread of these Acinetobacter oxaxilinases into other species seems much more
limited than, for example, the spread of CTX-M or NDM enzymes but is documented. This set of OXA
enzyme enables Acinetobacter to adapt easily to new developed β-lactam antibiotics [4,7]. Therefore,
Acinetobacter baumannii especially has become one of the problematic nosocomial pathogens. Infections
with some of these strains, such as bloodstream infections and pneumonia, do not leave any further
options for antibiotic treatment. Next to Pseudomonas and carbapenem-resistant Enterobacteriaceae,
Acinetobacter were rated by the WHO to be the group in most urgent need of new antibiotics (http:
//www.who.int/medicines/publications/global-priority-list-antibiotic-resistant-bacteria/en/) [5,7,8].
In addition to the acquisition of a seemingly infinite number of resistances, such as Pseudomonas spp.,
Acinetobacter is characterized by a much better ability to survive hostile conditions, e.g., survival on
dry surfaces. This makes Acinetobacter an ideal candidate for survival in clinical settings and in the
environment [9–11].

Occurrence and susceptibility of Acinetobacter spp. in clinical settings is documented quite well,
whereas their distribution and proportion of resistance in the aquatic environment remains quite
unclear. Nearly all studies that investigate antibiotic resistance of Acinetobacter in the environment are
based on selective cultivation, masking their proportion in the population, or are based on molecular
methods, with all their inherent methodological weaknesses [9,12–15]. There is some evidence that
environmental transport of Acinetobacter plays a role in the spread of clinical relevant Acinetobacter
strains in the environment. On the other hand, there seems to be a continuous influx of novel strains
into the clinical setting with the potential of new infectious features [16,17].

Participation in the Joint Danube Survey 2013 (JDS3) offered the possibility of isolating
Acinetobacter from the total course of one of Europe’s longest rivers. This chance was taken to generate
an initial picture of the resistance proportion within Acinetobacter spp. and to get an idea of how far
acquired antibiotic resistances of clinical relevance have spread in the aquatic environment.

2. .Material and Methods

2.1. Sample Collection

All samples were taken during the research expedition of the Joint Danube Survey 2013 (JDS3).
The survey was organized by the International Commission for the Protection of the Danube River
(ICPDR), Vienna. The water samples were taken between 12 August and 26 September 2013, from
68 sampling sites along the River Danube, starting at Böfinger Halde (Germany) downstream to the
delta (Romania). At each sampling site, samples were collected at three sampling points (left, middle,
right), in sterile 1 L glass flasks from 30 cm below the river surface. From each flask, duplicate volumes
of 45 mL of river water were filled into sterile non-toxic 50 mL plastic vials (Techno Plastic Products
AG, TPP, Trasadingen, Switzerland), containing 5 mL of glycerine (final conc. 10% v/v). The vials were
completely mixed by hand and immediately stored at −20 ◦C on board of the cruise ship until analysis
in the laboratory. After transfer to the laboratory (beginning in October 2013), the samples were
stored at −80 ◦C. Fourteen sampling sites, four of them downstream of megacities (Vienna, Budapest,
Belgrade and Bucharest), two at the beginning as well as two at the delta, four rural sampling sites, and
two after confluence of two biggest tributaries (Drave, Tisa) were chosen for investigation (Table 1).
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Table 1. JDS3 sampling sites chosen for isolation and their assignment to the upper-, middle-, or
downstream stretches (SP = sampling point; us = upstream; ds = downstream). Country codes:
Germany: DE; Austria: AT; Hungary: HU; Croatia: HR; Serbia: RS; Romania: RO; Bulgaria: BG.

SP Name of SP River (km) Country

JDS2 Kelheim, gauging station 2415 DE
JDS3 Geisling power plant 2354 DE
JDS8 Oberloiben 2008 AT
JDS10 Wildungsmauer (Vienna) 1895 AT
JDS22 ds Budapest 1632 HU
JDS28 us Drava 1384 HR/RS
JDS36 ds Tisa/us Sava 1200 RS
JDS38 us Pancevo (Belgrade) 1159 RS
JDS49 Pristol/Novo Salo 834 RO/BG
JDS57 ds Ruse 488 RO/BG
JDS59 ds Arges (Bucharest) 429 RO/BG
JDS63 Siret 154 RO
JDS67 Sulina Arm 26 RO
JDS68 St. Gheorge Arm 104 RO

2.2. Isolation of Acinetobacter

The frozen samples were thawed, and 15 mL (left, middle, and right 5 mL each) were plated in
0.5 mL portions on selective agars. For the isolation of Acinetobacter 0.5 mL from left, middle, and
right were plated on five agar-plates of CHROMagar™ (Oxoid, Germany) each. Growth conditions
were 37 ± 1 ◦C for 18–24 h. Colonies were picked according to the manufacturer’s instructions and
subcultured on Columbia blood-agar (in house production). Identification of Acinetobacter was carried
out by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS)
as described previously [18].

2.3. Susceptibility Testing

For inoculation, colonies were picked from an overnight pure culture on Colombia blood-agar
(non-selective medium) with a sterile loop and suspended in sterile saline (0.85% NaCl w/v in water)
to the density of a McFarland 0.5 standard (DensiCheck, Biomerieux, Vienna, Austria). The suspension
was plated on Mueller-Hinton II agar using an automatic plate rotator (Retro C80, Biomerieux, Vienna,
Austria). Antibiotic test disks were stamped on the agar surface. The plates were incubated at 36 ◦C
for 16–20 h. After incubation, inhibition zones were determined. In case of testing susceptibility with
Etest®, the same procedure for preparing the plates was carried out. Interpretation of zone-diameters
and Etest® was carried out according to the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) and if no EUCAST breakpoints were available Clinical Laboratory Standards
Institute (CLSI) criteria were used for interpretation (Table 2) [19,20].

Etest for tigecycline was carried according to Altun et al. (2014) [21].
Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 were used as control strains

in all performed tests.

2.4. Determination of β-Lactamase Genes

Determination of resistance genes was carried out for all Acinetobacter spp. isolates that revealed
a resistance to at least one tested carbapenem. PCR detection and gene identification were performed
for five different β-lactamases gene families, blaCTX-M-1group, blaCTX-M-2group, blaCTX-M-9group, blaGES,
blaKPC, blaOXA-23, blaOXA-24, blaOXA-51, blaOXA-48, blaOXA-58, blaNDM, blaSHV, blaTEM, and blaVIM., PCR
and sequencing procedures were performed as described previously [22–27].
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Table 2. List of tested antibiotics, concentration on the disc (Sensi-DiscTM paper discs, BD, Vienna,
Austria) or Etest® (Biomerieux) and antibiotic classes.

Antibiotic Concentration Antibioti Classes

piperacillin/tazobactam 100 μg/10 μg β-lactam
cefotaxime 30 μg β-lactam
ceftazidime 30 μg β-lactam

cefepime 30 μg β-lactam
imipenem 10 μg β-lactam

meropenem 10 μg β-lactam
amikacin 30 μg aminoglycoside

gentamicin 10 μg aminoglycoside
trimethoprim/sulfamethoxazole 1.25 μg/23.75 μg folate synthesis inhibitors

ciprofloxacin 5 μg quinolone
levofloxacin 5 μg quinolone
tigecycline Etest tetracyclin
tetracycline 30 μg tetracycline

colistin Etest polypeptide antibiotic

3. Results

In total, 262 Acinetobacter were isolated. Acinetobacter baumannii was the most common species
with 135 isolates. Acinetobacter johnsonii was second most with 62 isolates; all other species were
represented by less than 20 isolates; Acinetobacter haemolyticus 19 isolates, Acinetobacter junii 17 isolates,
Acinetobacter lwoffii 16 isolates, Acinetobacter radioresistens four, Acinetobacter ursingii two and seven
isolates where no distinct species identification was possible. Non-baumannii Acinetobacter spp. were
subsumed for further analyses.

Susceptibility testing revealed that resistance to the most tested antibiotics was rare in Acinetobacter
baumannii and non-baumannii Acinetobacter spp. river water isolates. The only resistance present in
both groups in more than 10% of the isolates was to cefotaxime with 95.6% (129/135) of Acinetobacter
baumannii and 43.3% (55/127) non-baumannii Acinetobacter spp. In addition, resistances to ceftazidime
in non-baumannii (12.6%, 16/127) and to piperacillin/tazobactam in Acinetobacter baumannii (12.6%,
17/125) were present in more than 10% in one of the sample subgroups (Figure 1).

 

Figure 1. Percentage of resistance to tested antibiotics of isolated Acinetobacter baumannii (blue) and
non-baumannii Acinetobacter spp. (red).
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Resistance to fluoroquinolones showed one notable detail: all five Acinetobacter baumannii were
resistant to ciprofloxacin and levofloxacin, whereas non-baumannii Acinetobacter spp. remained
susceptible to the second tested fluoroquinolone. Less than 10 Acinetobacter baumannii isolates revealed
resistance to all other tested antibiotics, all isolates were susceptible to colistin. In contrast to this,
colistin resistance could be detected in six (4.7%) non-baumannii Acinetobacter spp., and no resistance
was found to levofloxacin, imipenem, meropenem, amikacine, and tigecycline (Figure 1).

Only six (4.4%) Acinetobacter baumannii revealed susceptibility to all tested antibiotics, but only
16 (11.9%) were resistant to one or more tested antibiotics additionally to cefotaxime. Six (4.4%) isolates
could be classified as multiresistant, with resistance to antibiotics from at least three different antibiotic
classes, including one isolate only susceptible to colistin and four to colistin and tigecyline (Table 3).

Table 3. Detected resistance genes in carbapenem resistant Acinetobacter baumannii; us = upstream;
ds = downstream.

Isolate Site of Isolation Susceptible Antibiotics Detected β-Lactamases

JDS38AC017 us Pancevo (Belgrade) colistin, tigecycline OXA-23, OXA-51, VIM-2
JDS38AC018 us Pancevo (Belgrade) colistin OXA-23, OXA-51, VIM-2, TEM-1
JDS38AC020 us Pancevo (Belgrade) colistin, tigecycline OXA-24, OXA-51,
JDS59AC001 ds Arges (Bucharest) colistin, tigecycline OXA-23, OXA-51
JDS59AC007 ds Arges (Bucharest) colistin, tigecycline OXA-23, OXA-51

Susceptibility to all antibiotics was 10 times higher (55 isolates, 43.3%) in the non-baumannii
Acinetobacter spp. group compared to the Acinetobacter baumannii group. Only 10 isolates revealed
multiresistance. Two isolates with different resistance profile showed resistance to four antibiotics
(JDS10AC012 to CTX, piperacillin/tazobactam, FEP, and ceftazidime; JDS38AC048 to CTX, TZP SXT
and CAZ).

Five Acinetobacter baumannii were resistant to carbapenems (meropenem and imipenem). These
isolates were analyzed for the presence of several β-lactamases genes, resulting in four different
gene patterns. Classic intrinsic OXA carbapenemases were present in all isolates, but no gene was
present in all isolates. JDS59AC007 and JDS59AC001 were positive for OXA-23 and OXA-51, and
JDS38AC020 was positive for OXA-24 and OXA-51. In addition to OXA-23 and OXA-51, two isolates
revealed β-lactamases from another Ambler class: JDS38AC018 and JDS38AC017 harbored both
the gene for carbapenemase VIM-2 and JDS38AC017 harbored additionally the gene for the broad
spectrum β-lactamases TEM-1 (Table 3).

4. Discussion

The presence of Acinetobacter with human-induced multidrug resistance phenotypes in surface
water has been reported from all over the world. Their origin seems to be influenced by (treated
and untreated) hospital waste water. The impact (proportion and persistence) of these strains on the
Acinetobacter water population is not well documented [9,14,15,28]. This study shows for the first time
the susceptibility phenotypes of Acinetobacter of a total European river system. Furthermore, our study
provides a first glimpse of the anthropogenic impact on the Acinetobacter river population. In the
Acinetobacter population of the River Danube, even resistance to last line antibiotics (e.g., colistin and
tigecycline) is detectable, and this without using selective media by screening only a relatively small
volume of water. This screening led to the detection of multidrug-resistant Acinetobacter baumannii
isolates, whose multidrug resistance would normally be found and related only to intensive care
units. The isolation of multiresistant Acinetobacter was limited to the area of influence of megacities,
but even there the great majority of isolates remained not or only slightly influenced on their
susceptibility pattern.

Looking at the resistance data for invasive Acinetobacter isolates for the Danube neighboring
countries reveals a rather gloomy picture: In clinical isolates, the ratio for carbapenem resistance spans
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from 5.5% in Germany to over 80% in Romania. In our study of the river water, however, only five
isolates (less than 2% of all isolates) showed resistance to carbapenems, a very low proportion of
resistant Acinetobacter spp. compared with the clinical settings [29]. This ratio corresponds with our
findings in the Pseudomonas population in the river Danube, where we also found a ratio of around
2% [30,31].

In a study of the Jadro River, carried out by Maravic et al., only selected multi-drug-resistant
Acinetobacter were isolated (using selective media with supplements). Comparing these isolates with
the Danube isolates, there is a remediable difference as regards aminoglycoside resistance. Maravic et
al. did not detect a single isolate that was resistant to the tested aminoglycoside in contrast to 5.7%
(15 isolates) from the River Danube. Furthermore, only two multiresistant Danube isolates revealed
no resistance to one of the tested aminoglycoside. Carbapenem resistance in Jadro River isolates was
restricted to meropenem, but the number of isolates was too low to be noteworthy. Interestingly
enough, the proportion of cefotaxime resistance is nearly identical with 68% in Jadro River and 66% in
the river Danube [9].

5. Conclusions

Multiresistant strains can be found in our environment, in any habitat and at any time, making
chances for contact high and permanent. Further investigation will show if the spread of multiresistant
Acinetobacter has reached its peak and if susceptible environmental Acinetobacter will still outnumber
the clinical strains or if we have to further deal with a constant increase of non-susceptible Acinetobacter
in the future.
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Abstract: Although many developing countries use harvested rainwater (HRW) for drinking and
other household purposes, its quality is seldom monitored. Continuous assessment of the microbial
quality of HRW would ensure the safety of users of such water. The current study investigated the
prevalence of pathogenic Escherichia coli strains and their antimicrobial resistance patterns in HRW
tanks in the Eastern Cape, South Africa. Rainwater samples were collected weekly between June and
September 2016 from 11 tanks in various areas of the province. Enumeration of E. coli was performed
using the Colilert®18/Quanti-Tray® 2000 method. E. coli isolates were obtained and screened for their
virulence potentials using polymerase chain reaction (PCR), and subsequently tested for antibiotic
resistance using the disc-diffusion method against 11 antibiotics. The pathotype most detected was
the neonatal meningitis E. coli (NMEC) (ibeA 28%) while pathotype enteroaggregative E. coli (EAEC)
was not detected. The highest resistance of the E. coli isolates was observed against Cephalothin (76%).
All tested pathotypes were susceptible to Gentamicin, and 52% demonstrated multiple-antibiotic
resistance (MAR). The results of the current study are of public health concern since the use of
untreated harvested rainwater for potable purposes may pose a risk of transmission of pathogenic
and antimicrobial-resistant E. coli.

Keywords: antimicrobial resistance; pathogenic E. coli; harvested rainwater; public health;
Sub-Saharan Africa; alternative water source

1. Introduction

Several countries around the world, including South Africa, make use of harvested rainwater
(HRW) to meet their daily water needs. However, the most significant issue relating to the use of
harvested rainwater is the potential health risk associated with the presence of various pathogenic
organisms in such water [1]. Indicator organisms like E. coli have been used to determine the
microbiological safety of water meant for drinking and other human needs. Although most E. coli
strains are non-pathogenic, certain strains may be pathogenic and carry virulence genes (VGs) [2].
Pathogenic E. coli strains which can cause diseases in both humans and animals are categorised as
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intestinal pathogenic E. coli (InPEC) and extraintestinal pathogenic E. coli (ExPEC) [3]. Intestinal strains
are mostly referred to as diarrhoeagenic Escherichia coli (DEC) due to their ability to cause diarrhoea
using diverse mechanisms [4]. The ExPEC strains have been reported to cause diseases such as urinary
tract infections, neonatal meningitis, sepsis and wound infections and some examples include neonatal
meningitis Escherichia coli (NMEC) and uropathogenic E. coli (UPEC) [3].

Six groups of DEC strains known to cause intestinal infections include enterotoxigenic E. coli
(ETEC), enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli (EHEC), enteroaggregative E. coli
(EAEC), diffusely adherent E. coli (DAEC) and enteroinvasive E. coli (EIEC). Among all E. coli
pathotypes, ETEC strains cause a cholera-like diarrhoeal disease and are the most common cause of
childhood and travellers’ diarrhoea in developing countries [5]. Diffusely adherent E. coli pathotypes
were previously implicated in intestinal infections (diarrhoea in children between the ages of 18 months
and 5 years) and extraintestinal infections (urinary tract infections and pregnancy complications) [6].
EIEC shows pathogenic phenotypic and genetic similarities with Shigella spp. and can be identified
by their epithelial cell invasiveness mediated in part by the ipaH and virF genes and association
with dysentery [7]. EHEC is associated with bloody diarrhoea and haemolytic uremic syndrome and
expresses one or two Shiga-like toxin-encoding genes stx1 and stx2 [8].

Several virulence genes in these E. coli pathotypes are responsible for a wide array of
infections such as diarrhoea or haemolytic colitis, neonatal meningitis, nosocomial septicaemia,
haemolytic-uraemic syndrome and urinary tract infections [9]. Current molecular-based techniques
such as polymerase chain reaction (PCR) allow for the identification of these VGs by amplifying
specific target regions [10]. Virulence genes associated with these pathogenic strains have been
isolated in diverse environments in South Africa. For example, the presence of DEC virulence
genes in 60% of samples collected from the Apies River (water and sediments) was reported by
Abia et al. [11]. In another study, a high prevalence of virulence genes associated with four pathogenic
E. coli types (EAEC, EHEC, EPEC, and EIEC) in domestic rainwater harvesting tanks in Kleinmond,
Cape Town was documented by Dobrowsky et al. [12]. Apart from being pathogenic, some of these
microorganisms have developed resistance to many of the drugs designed to treat the infections
they cause. For example, the antimicrobial resistance patterns of E. coli isolates in outpatient urinary
tract infections in South Africa was studied and the results revealed that the isolated E. coli were
resistant to trimethoprim-sulfamethoxazole (TMP-SMX; 68%), amoxicillin (65%) and ciprofloxacin
(41%) [13]. Another study focused on the hospital, and community isolates of uropathogens at a
tertiary hospital in South Africa and results revealed that the most isolated bacterial pathogen was
E. coli (39%) [14]. Furthermore, levels of E. coli resistance to amoxicillin and co-trimoxazole ranged
from 43–100% and 29–90%, respectively. The presence of such drug-resistant bacteria in human settings
has placed constraints on the choice of safe, effective and inexpensive antibiotics, especially for low-
and middle-income countries [15]. As such, the progression of resistant bacteria and the increasing
incidence of antibiotic resistance genes (ARGs) are thus of significant public health concern [16].

Although studies have been carried out on the presence of virulence genes and antibiotic-resistant
bacteria in various water sources such as wastewater effluents, taps, wells and boreholes in South
Africa, very few studies have investigated their presence in harvested rainwater [12,17–19]. This study
aimed at reporting on the prevalence of pathogenic E. coli strains and their antibiotic resistance patterns
in harvested rainwater collected from tanks in the Eastern Cape Province of South Africa. Such results
would highlight the need for appropriate development and implementation of effective household
water treatment methods, thereby protecting the lives of populations using such water for their daily
needs. Moreover, results of the current study will also add to existing research databases which report
on the circulating strains of antimicrobial-resistant organisms.
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2. Materials and Methods

2.1. Study Site and Sample Collection

Rooftop-harvested rainwater samples were collected from 11 rainwater-harvesting systems
situated at various sites around Grahamstown west, Rhodes University campus and Kenton-on-sea
in the Eastern Cape Province, South Africa. The distance between Rhodes University (33◦31’36” S,
26◦51’63” E) and Grahamstown west (33◦18’36” S; 26◦31”36” E) is approximately 4 km while the
distance between Rhodes University and Kenton-on-sea (33◦42’0” S, 26◦41’0” E) is about 59.2 km.
Mean annual rainfall in Grahamstown is 650 mm, with bimodal peaks in October–November and
again in March–April. All the sites were selected based on the diversity in environmental conditions
(e.g., presence of foliage and birds) as well as the various uses of the water stored in the tanks. A total
of 110 water samples were collected from the 11 selected tanks from June 2016 to September 2016 and
tested for E. coli. Sterile 5 L bottles were used to collect rainwater samples weekly by first rinsing
the tap connected to the tanks with 70% ethanol and letting the tap run for 30 s before collection.
Rainwater samples were taken from the same tanks once a week. Samples were then transported to
Rhodes University laboratory on ice for microbial analysis within 6 h.

2.2. Enumeration and Isolation of E. coli

Enumeration of E. coli was carried out using the Colilert-18® Quanti-tray®/2000 (IDEXX
Laboratories, Inc., Johannesburg, South Africa). The test was performed following the manufacturer’s
instructions. After incubation at 37 ◦C for 18–24 h, presumptive E. coli isolates were obtained from
fluorescent quanti-tray wells as described by Abia et al. [20]. The Colilert method has a detection
limit ranging from <1 MPN/100 mL to >2419.6 MPN/100 mL. E. coli ATCC® 25922 was used as a
positive control and Pseudomonas aeruginosa ATCC 49189 as a negative control. One hundred (100)
E. coli isolates were then selected from the various tanks. Of the 100 isolates selected, 66 isolates were
chosen from T1-T6 (11 isolates from each tank), 20 isolates were from T7 and T8 (10 isolates from each
tank) and 14 isolates from T9 and T11. T10 was excluded from further analysis due to poor growth of
the selected isolates from the culture media.

2.3. Identification of Pathogenic Escherichia coli Strains Using Polymerase Chain Reaction (PCR)

DNA Extraction and Detection of Virulence Genes in E. coli Isolates

One hundred (100) presumptive E. coli isolates were randomly selected and inoculated separately
into 5 mL Erlenmeyer flasks containing 2 mL nutrient broth (Merck, Johannesburg, South Africa).
The flasks were incubated overnight at 37 ◦C on a rotary shaker at 100 rpm. DNA was extracted from
1 mL of the overnight culture using the InstaGeneTM Matrix (Bio-Rad Laboratories, Johannesburg,
South Africa) following the manufacturer’s instruction. The template DNA was stored at −20 ◦C
for PCR assays. All selected samples were first confirmed as E. coli by testing for the presence of the
malate dehydrogenase (mdh) gene which is found in most E. coli strains [21]. After that, the presence of
a total of eight VGs (eaeA (EPEC/EHEC), eagg (EAEC), ipaH (EIEC), ST (ETEC), ibeA (NMEC), stx1
(EHEC), stx2 (EHEC) and flicH7 (EHEC)) were investigated. The primer sequences and the PCR-cycling
conditions for the identification of the various VGs were as previously described by Abia et al. [19].
Both multiplex and singleplex PCR assays were performed for the target genes. Multiplex PCR assays
were divided into 3 sets where set 1 contained eaeA, eagg and ipaH, set 2 contained flicH7 and Stx1 and
finally set 3 contained ST and ibeA genes [19,22,23]. Singleplex real-time PCR assays were performed
for the mdh and stx2 target genes [24,25].
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2.4. Screening for Antibiotic-Resistant E. coli

The remaining 1 mL from the overnight culture was used for antibiotic resistance analysis
using the disk-diffusion method [26]. Briefly, 100 μL of overnight E. coli culture was spread on
Mueller–Hinton agar (Lasec, Cape Town, South Africa) and antibiotic mastrings (Davies diagnostics,
Johannesburg, South Africa) were carefully placed onto inoculated plates, incubated at 37 ◦C for 18–20 h.
Following incubation, the diameters (in millimetres) of clear zones of growth inhibition around the
antibiotic disks were measured using a ruler and compared with the Clinical Laboratory Standard
Institute (CLSI) 2013 reference values. The different phenotypic profiles (resistant, intermediate
or susceptible) of the isolates were then determined following the interpretation of the zones of
inhibition. A total of 11 antibiotics were selected for this study (Table 1). The antibiotics were chosen
for their frequent use in the treatment of bacterial infections in South Africa Both positive (E. coli strain
ATTC 25922) and negative controls (E. coli strain ATTC 35218) were included in the experiments.

Table 1. Antibiotics used to determine antibiotic resistance of E. coli isolates.

Class Antibiotic Abbreviation Concentration (μg)

β-Lactams Ampicillin AP 10
Cephalothin KF 5

Polypeptides Colistin sulphate CO 25
Aminoglycosides Gentamicin GM 10
Aminoglycosides Streptomicin S 10

Tetracyclines Tetracycline T 25
Folate pathway inhibitors Cotrimoxazole TS 25

Fluoroquinolones Ciprofloxacin CIP 5

Penicillin combination Augmentin
(amoxillin-clavulanate) AUG 30

Sulfonamides Trimethoprim TM 5
Nitrofurans Nitrofurantoin NI 300

2.5. Data Analysis

Data were analysed using the Statistical Package for the Social Sciences (SPSS) (Version 16.0,
Prentice Hall Press Company, NJ, USA) [27]. The E. coli counts were log10 transformed before
computation of the means and standard deviations. A multiple antibiotic resistance (MAR) index was
performed following the procedure described by Krumperman [28]. A MAR index for an isolate was
calculated using the formula: MAR = a/b where ‘a’ is the number of antibiotics from each group to
which a particular isolate was resistant and ‘b’ is the total number of antibiotics against which the
isolate was tested. A resistance index greater than 0.2 shows that E. coli isolates are likely to be from a
high-risk source.

3. Results

3.1. Concentration of E. coli in Harvested Rainwater (HRW)

The log transformed (log10) E. coli counts and the mean E. coli counts in most probable number
per 100 mL (MPN/100 mL) from individual tanks are shown in Table 2. The abundance of E. coli in
the rainwater-harvesting tanks differed according to the location of the HRW system. The highest
concentrations of E. coli were detected in tanks situated at Rhodes University (T1–T6).
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Table 2. Log transformed E. coli (MPN/100 mL) concentrations from various rainwater tanks.

Tank ID n Minimum Maximum Mean ± Standard Deviation

T1 11 2.55 3.29 3.02 ± 0.21
T2 11 1.95 3.11 2.62 ± 0.35
T3 11 2.58 3.29 2.84 ± 0.25
T4 11 1.64 2.89 2.52 ± 0.42
T5 11 0.79 3.00 2.18 ± 0.82
T6 11 2.53 3.04 2.88 ± 0.19
T7 10 1.73 2.96 2.36 ± 0.37
T8 10 1.78 2.41 2.09 ± 0.22
T9 7 0.61 3.04 1.71 ± 0.82

T10 10 0.3 3.19 1.57 ± 1.04
T11 7 0.61 1.12 0.85 ± 0.26

3.2. Identification of Virulence Genes among E. coli Isolates

Samples which generated fluorescence from the Quanti-tray®/2000 cells were selected for the
identification of the E. coli VGs. The most detected pathotypes were the NMEC and EHEC while
the least detected pathotype was EAEC (Table 3). Of the 100 isolates tested for the VGs, 28% were
identified as ibeA positive (Figure 1). The EAEC pathotype (eagg gene) was not detected among the
tested isolates. Similarly, the Stx1 gene of EHEC was not detected in any of the isolates.
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Figure 1. Overall prevalence of virulence genes in isolated E. coli from harvested rainwater (HRW) tanks.
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3.3. Antibiotic-Resistance Profiles of E. coli Isolated from the Harvested-Rainwater Samples

3.3.1. Overall Antibiotic Resistance Profiles of the E. coli

All the 100 E. coli isolates tested for the presence of VGs were further tested for antibiotic resistance.
Of the 11 antibiotics tested, the highest resistance displayed by E. coli isolates was against Cephalothin
(76%) while complete susceptibility (100%) was observed to Gentamycin. The overall percentage of
antibiotic resistance found in the tested isolates is shown in Figure 2. E. coli isolates were resistant to
10 of the 11 antibiotics used in this study with the resistant rate ranging from 9% to 76%. Furthermore,
a low percentage of the isolates showed resistance to Ciprofloxacin (15%) and Nitrofurantoin (9%).
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Figure 2. Percentage antibiotic resistance of E. coli isolates to selected antibiotics.

The bacterial resistance rate in individual tanks is shown in Table 4. Resistance to Nitrofurantoin
was only observed in T1 and T2, while resistance to Augmentin was seen in all the tanks studied.
Some of the selected isolates showed the presence of multiple-antibiotic resistance (MAR) where
simultaneous resistance ranged from 3 to 9 antibiotics.

Table 4. Antibiotic resistance among E. coli strains isolated from various rainwater tanks.

Tank
ID

n
% Resistance

AP KF CO GM S T TS CIP AUG TM NI

T1 11 72 91 63 0 45 72 39 27 27 63 9
T2 11 72 81 36 0 27 45 45 9 54 45 18
T3 11 27 36 27 0 45 18 27 18 9 18 0
T4 11 36 90 54 0 36 36 27 0 9 27 0
T5 11 36 100 54 0 0 54 36 27 18 45 0
T6 11 45 100 45 0 18 36 36 0 9 27 0
T7 10 30 30 20 0 100 20 30 20 30 30 0
T8 10 30 100 10 0 20 10 0 0 40 0 0
T9 7 75 87 75 0 62 100 87 0 75 50 0

T11 7 0 0 0 0 0 0 0 0 40 0 0

3.3.2. Prevalence of Multiple-Antibiotic Resistance

The presence of MAR was also observed for most isolates. Multiple-antibiotic resistance in
this study was defined as the resistance of bacterial strains to three or more antibiotics [20]. Of the
100 isolates tested, more than half (52%) were MAR (Table 5). Ten of the 52 MAR isolates demonstrated
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simultaneous resistance to up to nine antibiotics. A total of 24 different MAR phenotypes were
identified in this study.

Table 5. Multiple-antibiotic-resistant phenotypes of E. coli isolated from different rainwater tanks.

T1 T2

MAR Phenotype
Number of

Isolates
MAR Phenotype

Number of
Isolates

AP-KF-CO-T 1 KF-T-NI 1
AP-KF-CO-T-TM 1 AP-KF-AUG 1

AP-KF-CO-S-T-TS-TM 1 AP-KF-NI 1
AP-KF-CO-S-T-TS-CIP-AUG-TM 1 AP-KF-S-T-TM 1

AP-KF-CO-S-T-TS-CIP-TM 1 AP-KF-CO-T-AUG 1
KF-CO-S-T-TS-AUG-TM 1 AP-KF-CO-S-T-TS-TM 1
AP-KF-CO-S-TS-CIP-TM 1 AP-KF-CO-S-T-TS-CIP-AUG-TM 1

AP-KF-CO-S-T-TS-AUG-TM 1 AP-KF-CO-T-TS-CIP-AUG-TM 1
AP-KF-CO-S-T-TS-AUG-TM 1

T3 T4

MAR Phenotype
Number of

Isolates
MAR Phenotype

Number of
Isolates

AP-KF-CO-S-TS-CIP-TM 1 KF-ST-AUG 1
AP-KF-CO-S-T-TS-TM 1 KF-T-NI 1

AP-KF-CO-S-T-TS-CIP-AUG-TM 1 AP-KF-CO-S-T-TS-TM 2
AP-KF-CO-S-T-TS-CIP-TM 1

AP-KF-CO-S-T-TS-CIP-AUG-TM 2

T5 T6

MAR Phenotype
Number of

Isolates
MAR Phenotype

Number of
Isolates

AP-KF-CO-S-T-TS-CIP-TM 1 AP-KF-AUG 1
AP-KF-CO-T-TS-TM 1 KF-CO-S-T-TS-AUG-TM 1

AP-KF-CO-S-T-TS-CIP-AUG-TM 1 AP-KF-CO-S-TS-TM 1
KF-CO-T-TS-AUG-TM 1 AP-KF-CO-T-TS-TM-NI 1

AP-KF-CO-S-T-TS-CIP-AUG-TM 1 AP-KF-CO-S-T-TS-CIP-AUG-TM 2

T7 T8

MAR Phenotype
Number of

Isolates
MAR Phenotype

Number of
Isolates

AP-KF-CO-S-T-TS-CIP-AUG-TM 1 AP-KF-T 1
AP-KF-CO-S-TS-AUG-TM 1 KF-CO-S-TS 1

AP-KF-CO-S-T-CIP-AUG-TM 1 AP-KF-CO-S-T-TS-CIP-AUG-TM 2
AP-KF-CO-S-T-TS-AUG-TM 1

T9 T11

MAR Phenotype
Number of

Isolates
MAR Phenotype

Number of
Isolates

AP-KF-CO-S-T-TS-CIP-AUG-TM 1 AP-KF-CO-S-T-TS-AUG-TM 2
AP-KF-CO-S-T-TS-AUG-TM 2 AP-KF-CO-S-T-TS-TM 1

4. Discussion

4.1. Concentration of E. coli in Harvested Rainwater

Faecal coliform bacteria such as E. coli have been widely used as indicator organisms to assess
the possibility of pathogen presence in water [29]. Therefore, the presence of E. coli in roof-harvested
rainwater in the Eastern Cape, South Africa, was monitored. All the 11 tanks monitored in this study
were contaminated with varying concentrations of E. coli (0.85 ± 0.26–3.02 ± 0.21 MPN/100 mL).
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Other scholars have previously reported on the high detection of E. coli from roof-harvested rainwater
(2 to 986 CFU/100 mL; 1 to 99 MPN/100 mL and 0 to 41 CFU/100 mL) [1,30,31]. None of the tanks
monitored in this study met the guidelines for drinking-water quality, as the E. coli amounts exceeded
the South African drinking-water quality guidelines of 0 CFU/100 mL. The considerable amounts of
E. coli in the harvested rainwater samples indicate possible faecal contamination.

The variations in the number of E. coli contamination in different HRW systems could be attributed
to the fact that some of the HRW systems (Rhodes University) had a constant presence of birds which
could have landed and dropped faecal matter on the roof, thereby contaminating tank water. Bird
faecal droppings may negatively impact roof-harvested rainwater quality due to the presence of
zoonotic pathogens [32]. A study conducted in South Africa investigated antibiotic resistance in
E. coli isolates from roof-harvested rainwater tanks and urban pigeon faeces as the likely source of
contamination and concluded that urban pigeons, the most likely source of HRW contamination,
are also reservoirs of multiple antibiotic-resistant bacteria [33]. The findings of the South African
study on bird faeces and antibiotic-resistant E. coli have a similar conclusion to our study where bird
faecal matter was suspected to contribute to the contamination of HRW. In cases where the sources
of faecal pollution in rainwater tanks are suspected to be from birds, the application of bird faecal
markers may have the potential to confirm the sources of faecal contamination in a rainwater tank [32].
In another study to identify the likely sources of potential clinically significant E. coli in rainwater
tanks, a source-tracking approach was used where a biochemical-fingerprinting method for typing
of E. coli strains revealed that of the 43 strains from rainwater tank samples, 14 (from 7 tanks) and 9
(from 6 tanks) had identical biochemical phenotypes to those found in bird and possum faecal samples,
respectively [34]. Furthermore, five strains from 4 rainwater tanks were identical to those isolated from
both bird and possum faecal samples [34].

The rainwater tanks in the current study are used for various purposes such drinking and toilet
flushing (for tanks situated at Rhodes University). Tanks situated at Grahamstown west were mainly
used for gardening and sometimes drinking, depending on the availability of the municipal supply,
while Kenton-on-sea tanks were used for indoor potable uses such dish-washing and laundry. In order
to reduce or limit the risk of pathogenic and antimicrobial resistant E. coli, constant cleaning and
maintenance of the catchment area may significantly improve the quality of the HRW, as the catchment
area is suspected to contribute largely to the deterioration of the HRW in the Eastern Cape due to birds
landing on the roof. Installation of first flush diverters may also help to improve the quality of the HRW.
A study conducted in South Africa on the quality of HRW reported that 100% of the samples tested for
E. coli exceeded the recommended standard of 0 CFU/100 mL [12]. Their results were similar to the
ones observed in this study where all of the samples showed high levels of E. coli. In the Eastern Cape,
where harvested rainwater is used for various household purposes including drinking, the presence of
E. coli in the rainwater tanks is a major health concern as the presence of E. coli could imply the presence
of other bacterial pathogens which may be detrimental to the health of rainwater users. The findings of
the current study are of significant health concern as antibiotic-resistant pathogenic E. coli isolates may
cause diseases if the users of the HRW consume the water without treatment. Furthermore, resistance
of the isolated pathogenic E. coli to commonly used antibiotics in South Africa may lead to antibiotic
treatment failure with serious public health implications for the population and the country.

4.2. Identification of Virulence Genes among E. coli Isolates

Pathogenic E. coli strains are a major cause of infections worldwide, the most common of which
are diarrhoeal diseases. All the 100 E. coli isolates from the tanks tested positive for one or more VGs.
The most detected pathotype was the NMEC (ibeA; 28%) which is responsible for neonatal meningitis
and endothelial cell invasion [35]. The ibeA gene is also reportedly found in avian pathogenic E. coli
(APEC) and causes avian colibacillosis, which is the most significant infectious bacterial disease of
poultry worldwide [35]. The detection of the ibeA-positive strains in this study possibly indicates that
the observed pathotype may be due to the presence of birds around the HRW systems. Although
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the present study did not investigate whether the ibeA gene detected was of human or avian origin,
the presence of ibeA-positive isolates in the HRW systems is still of health concern given that there
could be a possibility of zoonotic infections arising from the consumption of untreated rainwater
containing these strains. Genes pertaining to other pathotypes of public health concern were also
detected in the present study. For example, the flicH7 (22%) and Stx2 (14%) genes of EHEC were also
detected in the isolates. Members of the EHEC group have been involved in many diarrhoeal disease
outbreaks around the world, and they are known to cause hemorrhagic colitis and hemolytic uremic
syndrome in humans [36].

The EHEC pathotype showed high prevalence across all the sampling sites except for the sites
located in Grahamstown west. Both T1 and T6 which yielded a high percentage in VGs detection were
situated at Rhodes University. Prevalence of the virulence gene ipaH (26%) (pathotype EIEC) was also
noticeable in 4 tanks; 3 of the tanks were situated on campus and 1 in Kenton-on-sea. A previous
study conducted in Cape Town, South Africa, reported that EPEC and EHEC (3% each) were detected
in lower numbers, whereas EIEC was not identified in any of the rainwater tanks tested in their
study [12]. The results differ from the findings of the current study where EIEC (26%) was the second
most detected pathotype. This shows that the location of the tank could affect the pathotypes detected.
Due to the detection of E. coli pathotypes in the current study, there is a great need to create awareness
on household treatment technologies among users of HRW. Available treatment options which have
proven to be successful in the treatment of HRW such as boiling, closed-couple solar pasteurizer, and
solar disinfection (SODIS) can be used to decontaminate HRW [37–39]. In this study, all the rainwater
tanks did not have any treatment option fitted, such as first-flush diverters and filters, except for T5
which had a chlorinator. However, due to limited maintenance of the rainwater-harvesting systems,
the chlorinator in T5 was clogged in the middle of the sampling season and the E. coli counts increased
going forward. The interruption of the treatment option observed in this study is also a clear indication
of lack of proper maintenance of the HRW systems.

4.3. Detection of Antibiotic-Resistant E. coli in Harvested Rainwater

Results of the antibiotic-resistance profiling of the isolates from harvested rainwater analysed in
the current study revealed that most of the E. coli isolates were resistant to the commonly prescribed
antibiotics in South Africa. In areas such as the Eastern Cape where most of the population rely
on harvested rainwater, exposure to antibiotic-resistant bacteria can further increase the health risk,
particularly to children, the elderly and immune-compromised individuals. Antibiotic resistance
is on the increase worldwide as most microorganisms now exhibit resistance to a large number of
known antibiotics. The E. coli isolates from harvested rainwater in this study revealed resistance to
Cephalothin (76%), Tetracyclines (51%), Colistin sulphate (47%), Ampicillin (50%) and Streptomycin
(40%). The antibiotics most used in South Africa are the penicillins (Cephalothin) and fluoroquinolones,
(Ciprofloxacin and glycopeptides) [40]. Tetracyclines and trimethoprim are also extensively used in
the treatment of bacterial infections in both human and animals [41].

Cephalothin belongs to the β-Lactam class of antibiotics which are characterised by a β-lactam
ring in their molecular structure [42]. Resistance to beta-lactam antibiotics has been highly documented
as bacterial strains that produce extended-spectrum beta-lactamases have become more common [43].
Extended-spectrum beta-lactamase (ESBL)-producing E. coli are highly resistant to an array of
antibiotics and infections by these strains are difficult to treat [43]. Furthermore, genes for ESBLs
are most often encoded on plasmids, which can readily be transferred between bacteria [44]. Given
that most of the isolates carrying virulence genes, especially the ibeA gene, were also resistant to
Cephalothin, this could suggest that most of the isolated E. coli strains may carry the ESBL genes with
the possibility of transfer to related organisms within the rainwater tanks. However, it is necessary to
conduct further studies to ascertain such ARGs’ transfer within harvested-rainwater systems. Results
of such studies would highlight the need for implementation of appropriate treatment options and
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better policies for the safe use of harvested rainwater, especially where such water is the main source
of water for personal and household uses, thus protecting the lives of users of harvested rainwater.

In the current study, the tested E. coli isolates showed resistance to one or more antibiotics with
the highest E. coli resistance recorded against Cephalothin, Ampicillin and Tetracyclines. Also, there
was evidence of MAR E. coli in almost all the HRW systems with some isolates showing simultaneous
resistance to a panel of up to nine antibiotics. These results indicate that in the case of infections
occurring due to the consumption of contaminated harvested rainwater, treatment may fail because of
the persistent resistance of the E. coli isolates detected in the HRW systems. A similar study carried out
in Pretoria and Johannesburg, South Africa, showed that the resistances most encountered were against
Ampicillin, Gentamicin, Amikacin and Tetracyclines [34]. These results were not in agreement with
our findings, where E. coli isolates were resistant to Cephalothin and 100% susceptible to Gentamicin,
although the same method and concentration was used for Gentamicin in both studies. The difference
in antibiotic resistance results from the two studies could be attributed to the fact that roof-harvested
rainwater samples were collected from different locations (Gauteng and Eastern Cape). Our findings
were, however, similar to the those of Chidamba and Korsten [34] in that the authors also reported a
substantial prevalence of MAR. All the isolates tested in this study showed a MAR index greater than
0.2, suggesting that a greater proportion of the isolates were likely to be from a high-risk source such
as faecal material. These results and the differences observed with other studies could inform those
implementing antibiotic-resistance surveillance schemes that would address different geographical
locations. Also, the presence of MAR E. coli in harvested rainwater could pose a severe health risk to
the public in general, as antibiotic resistance decreases the efficiency of antibiotics used in the treatment
of infections. These findings are of major concern, as more households are now reported to be using
harvested rainwater for their daily water needs.

5. Conclusions

Rainwater samples tested in this study showed contamination with varying concentrations of
pathogenic E. coli strains. The outcome of the study further demonstrates that HRW tanks could
serve as reservoirs for not only pathogenic but also antibiotic-resistant E. coli strains including MAR
strains. These findings suggest that the tested harvested rainwater was not fit for human consumption
and, therefore, should not be used for potable purposes without appropriate treatment. Furthermore,
routine monitoring and treatment are essential to ensure that harvested rainwater is fit for intended use
as well as to stimulate the need for strategies (e.g., maintenance of HRW systems, constant cleaning of
the roof, and installation of first-flush diverters to minimise faecal contamination) that would prevent
the spread of antibiotic-resistant bacteria.

Author Contributions: A.L.K.A. and E.U.-J. conceived and designed the experiments as well as editing the
manuscript; M.S.M. performed the experiments, analyzed the data and wrote the manuscript; R.T. and B.Z.
contributed reagents/materials/analysis tools, sample collection as well as laboratory analysis and input on
manuscript write-up; and J.-M.M.K. acquired the financial support for the project leading to this publication,
supervised the project, and edited the manuscript.

Acknowledgments: This study was supported by funds from the Parliamentary Grant of the Council for Scientific
and Industrial Research (CSIR Project ECHS043) and the Water Research Commission (WRC project K5/2593).
Rhodes University provided access to monitoring sites and laboratory space for sample analysis. CSIR colleague
Lisa Schaefer is thanked for advice on laboratory PCR analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ahmed, W.; Hodgers, L.; Masters, N.; Sidhu, J.P.S.; Katouli, M.; Toze, S. Occurrence of intestinal and
extraintestinal virulence genes in Escherichia coli isolates from rainwater tanks in Southeast Queensland,
Australia. Appl. Environ. Microbiol. 2011, 77, 7394–7400. [CrossRef] [PubMed]

2. Masters, N.; Wiegand, A.; Ahmed, W.; Katouli, M. Escherichia coli virulence genes profile of surface waters as
an indicator of water quality. Water Res. 2011, 45, 6321–6333. [CrossRef] [PubMed]

118



IJERPH 2018, 15, 892

3. Russo, T.A.; Johnson, J.R. Proposal for a new inclusive designation for extraintestinal pathogenic isolates of
Escherichia coli: ExPEC. J. Infect. Dis. 2000, 181, 1753–1754. [CrossRef] [PubMed]

4. Canizalez-Roman, A.; Gonzalez-Nuñez, E.; Vidal, J.E.; Flores-Villaseñor, H.; León-Sicairos, N. Prevalence and
antibiotic resistance profiles of diarrheagenic Escherichia coli strains isolated from food items in northwestern
Mexico. Int. J. Food Microbiol. 2013, 164, 36–45. [CrossRef] [PubMed]

5. Jafari, A.; Aslani, M.M.; Bouzari, S. Escherichia coli: A brief review of diarrheagenic pathotypes and their role
in diarrheal diseases in Iran. Iran. J. Microbiol. 2012, 4, 102–117. [PubMed]

6. Servin, A.L. Pathogenesis of human diffusely adhering Escherichia coli expressing Afa/Dr adhesins (Afa/Dr
DAEC): Current insights and future challenges. Clin. Microbiol. Rev. 2014, 27, 823–869. [CrossRef] [PubMed]

7. Karmali, M.A.; Gannon, V.; Sargeant, J.M. Verocytotoxin-producing Escherichia coli (VTEC). Vet. Microbiol.
2010, 140, 360–370. [CrossRef] [PubMed]

8. Viazis, S.; Diez-Gonzalez, F. Enterohemorrhagic Escherichia coli. In The Twentieth Century’s Emerging Foodborne
Pathogen: A Review, 1st ed.; Elsevier Inc.: New York, NY, USA, 2011; Volume 111.

9. Anastasi, E.M.; Matthews, B.; Gundogdu, A.; Vollmerhausen, T.L.; Ramos, N.L.; Stratton, H.; Ahmed, W.;
Katouli, M. Prevalence and persistence of Escherichia coli strains with uropathogenic virulence characteristics
in sewage treatment plants. Appl. Environ. Microbiol. 2010, 76, 5882–5886. [CrossRef] [PubMed]

10. Costa, C.F.M.; Monteiro Neto, V.; Santos, B.R.d.C.; Costa, B.R.R.; Azevedo, A.; Serra, J.L.; Mendes, H.B.R.;
Nascimento, A.R.; Mendes, M.B.P.; Kuppinger, O. Enterobacteria identification and detection of diarrheagenic
Escherichia coli in a Port Complex. Braz. J. Microbiol. 2014, 45, 945–952. [CrossRef] [PubMed]

11. Abia, A.L.K.; Ubomba-Jaswa, E.; Momba, M.N.B. Occurrence of diarrhoeagenic Escherichia coli virulence
genes in water and bed sediments of a river used by communities in Gauteng, South Africa. Environ. Sci.
Pollut. Res. 2016, 23, 15665–15674. [CrossRef] [PubMed]

12. Dobrowsky, P.H.; van Deventer, A.; De Kwaadsteniet, M.; Ndlovu, T.; Khan, S.; Cloete, T.E.; Khan, W.
Prevalence of virulence genes associated with pathogenic Escherichia coli strains isolated from domestically
harvested rainwater during low- and high-rainfall periods. Appl. Environ. Microbiol. 2014, 80, 1633–1638.
[CrossRef] [PubMed]

13. Bosch, F.J.; van Vuuren, C.; Joubert, G. Antimicrobial resistance patterns in outpatient urinary
tractinfections—The constant need to revise prescribing habits. S. Afr. Med. J. 2011, 101, 328–331. [CrossRef]
[PubMed]

14. Habte, T.M.; Dube, S.; Ismail, N.; Hoosen, A.A. Hospital and community isolates of uropathogens at a
tertiary hospital in South Africa. S. Afr. Med. J. 2009, 99, 584–587. [PubMed]

15. Detels, R.; Gulliford, M.; Karim, Q.A.; Tan, C.C.; Press, O.U. Oxford Textbook of Global Public Health: The
Practice of Public Health, 6th ed.; Detels, R., Beaglehole, R., Lansang, M., Gulliford, M., Eds.; Oxford University:
New York, NY, USA, 2015; Volume 3.

16. Xu, Y.; Guo, C.; Luo, Y.; Lv, J.; Zhang, Y.; Lin, H.; Wang, L.; Xu, J. Occurrence and distribution of antibiotics,
antibiotic resistance genes in the urban rivers in Beijing, China. Environ. Pollut. 2016, 213, 833–840. [CrossRef]
[PubMed]

17. Kinge, W.C.N.; Ateba, C.N.; Kawadza, D.T. Antibiotic resistance profiles of Escherichia coli isolated from
different water sources in the Mmabatho locality, Northwest Province, South Africa. S. Afr. J. Sci. 2010, 106,
44–49.

18. Adefisoye, M.A.; Okoh, A.I. Identification and antimicrobial resistance prevalence of pathogenic Escherichia
coli strains from treated wastewater effluents in Eastern Cape, South Africa. Microbiologyopen 2016, 5, 143–151.
[CrossRef] [PubMed]

19. Abia, A.L.K.; Schaefer, L.; Ubomba-Jaswa, E.; Le Roux, W. Abundance of pathogenic Escherichia coli
virulence-associated genes in well and borehole water used for domestic purposes in a peri-urban community
of South Africa. Int. J. Environ. Res. Public Health 2017, 14, 320. [CrossRef] [PubMed]

20. Abia, A.L.K.; Ubomba-Jaswa, E.; Momba, M.N.B. High prevalence of multiple-antibiotic-resistant (MAR)
Escherichia coli in river bed sediments of the Apies River, South Africa. Environ. Monit. Assess. 2015, 187, 652.
[CrossRef] [PubMed]

21. Hsu, S.C.; Tsen, H.Y. PCR primers designed from malic acid dehydrogenase gene and their use for detection
of Escherichia coli in water and milk samples. Int. J. Food Microbiol. 2001, 64, 1–11. [CrossRef]

119



IJERPH 2018, 15, 892

22. Caine, L.; Nwodo, U.; Okoh, A.; Ndip, R.; Green, E. Occurrence of virulence genes associated with
diarrheagenic Escherichia coli isolated from raw cow’s milk from two commercial dairy farms in the Eastern
Cape Province, South Africa. Int. J. Environ. Res. Public Health 2014, 11, 11950–11963. [CrossRef] [PubMed]

23. Titilawo, Y.; Obi, L.; Okoh, A. Occurrence of virulence gene signatures associated with diarrhoeagenic and
non-diarrhoeagenic pathovars of Escherichia coli isolates from some selected rivers in South-Western Nigeria.
BMC Microbiol. 2015, 15, 204. [CrossRef] [PubMed]

24. Omar, K.B.; Barnard, T.G. Detection of diarrhoeagenic Escherichia coli in clinical and environmental water
sources in South Africa using single-step 11-gene m-PCR. World J. Microbiol. Biotechnol. 2014, 30, 2663–2671.
[CrossRef] [PubMed]

25. Omar, K.B.; Potgieter, N.; Barnard, T.G. Development of a rapid screening method for the detection of
pathogenic Escherichia coli using a combination of Colilert® Quanti-Trays/2000 and PCR. Water Sci. Technol.
Water Supply 2010, 10, 7–13. [CrossRef]

26. Stange, C.; Sidhu, J.P.S.; Tiehm, A.; Toze, S. Antibiotic resistance and virulence genes in coliform water
isolates. Int. J. Hyg. Environ. Health 2016, 219, 823–831. [CrossRef] [PubMed]

27. Norusis, M. SPSS 16.0 Statistical Procedures Companion; Prentice Hall Press: Upper Saddle River, NJ,
USA, 2008.

28. Krumperman, P.H. Multiple antibiotic resistance indexing of Escherichia coli to indentify high-risk sources of
fecal contamination of foods. Appl. Environ. Microbiol. 1983, 46, 165–170. [PubMed]

29. Hachich, E.M.; Di Bari, M.; Christ, A.P.G.; Lamparelli, C.C.; Ramos, S.S.; Sato, M.I.Z. Comparison of
thermotolerant coliforms and Escherichia coli densities in freshwater bodies. Braz. J. Microbiol. 2012, 43,
675–681. [CrossRef] [PubMed]

30. Spinks, J.; Phillips, S.; Robinson, P.; Van Buynder, P. Bushfires and tank rainwater quality: A cause for
concern? J. Water Health 2006, 4, 21–28. [PubMed]

31. Sazakli, E.; Alexopoulos, A.; Leotsinidis, M. Rainwater harvesting, quality assessment and utilization in
Kefalonia Island, Greece. Water Res. 2007, 41, 2039–2047. [CrossRef] [PubMed]

32. Ahmed, W.; Sidhu, J.P.S.; Toze, S. An attempt to identify the likely sources of Escherichia coli harboring toxin
genes in rainwater tanks. Environ. Sci. Technol. 2012, 46, 5193–5197. [CrossRef] [PubMed]

33. Chidamba, L.; Korsten, L. Antibiotic resistance in Escherichia coli isolates from roof-harvested rainwater
tanks and urban pigeon faeces as the likely source of contamination. Environ. Monit. Assess. 2015, 187, 405.
[CrossRef] [PubMed]

34. Ahmed, W.; Hamilton, K.; Gyawali, P.; Toze, S.; Haas, C. Evidence of avian and possum fecal contamination
in rainwater tanks as determined by microbial source tracking approaches. Appl. Environ. Microbiol. 2016.
[CrossRef] [PubMed]

35. Johnson, T.J.; Wannemuehler, Y.; Kariyawasam, S.; Johnson, J.R.; Logue, C.M.; Nolan, L.K. Prevalence of
avian-pathogenic Escherichia coli strain O1 genomic islands among extraintestinal and commensal E. coli
isolates. J. Bacteriol. 2012, 194, 2846–2853. [CrossRef] [PubMed]

36. Hamilton, M.J.; Hadi, A.Z.; Griffith, J.F.; Ishii, S.; Sadowsky, M.J. Large scale analysis of virulence genes in
Escherichia coli strains isolated from Avalon Bay, CA. Water Res. 2010, 44, 5463–5473. [CrossRef] [PubMed]

37. Spinks, A.T.; Dunstan, R.H.; Coombes, P.; Kuczera, G. Thermal destruction analyses of water related
pathogens at domestic hot water system temperatures. In Proceedings of the 28th International Hydrology
and Water Resources Symposium, Wollongong, Australia, 10–13 November 2003.

38. Dobrowsky, P.H.; Carstens, M.; De Villiers, J.; Cloete, T.E.; Khan, W. Efficiency of a closed-coupled solar
pasteurization system in treating roof harvested rainwater. Sci. Total Environ. 2015, 536, 206–214. [CrossRef]
[PubMed]

39. Amin, M.T.; Nawaz, M.; Amin, M.N.; Han, M. Solar disinfection of Pseudomonas aeruginosa in harvested
rainwater: A step towards potability of rainwater. PLoS ONE 2014, 9, e90743. [CrossRef] [PubMed]

40. Essack, S.Y.; Schellack, N.; Pople, T.; van der Merwe, L.; Suleman, F.; Meyer, J.C.; Gous, A.G.S.; Benjamin, D.
Part III. GARP: Antibiotic supply chain and management in human health. S. Afr. Med. J. 2011, 101, 562–566.
[PubMed]

41. Ruhe, J.J.; Menon, A. Tetracyclines as an oral treatment option for patients with community onset skin and
soft tissue infections caused by methicillin-resistant Staphylococcus aureus. Antimicrob. Agents Chemother.
2007, 51, 3298–3303. [CrossRef] [PubMed]

120



IJERPH 2018, 15, 892

42. Beceiro, A.; Tomás, M.; Bou, G. Antimicrobial resistance and virulence: A successful or deleterious association
in the bacterial world? Clin. Microbiol. Rev. 2013, 26, 185–230. [CrossRef] [PubMed]

43. Paterson, D.L.; Bonomo, R.A. Extended-Spectrum beta-Lactamases: A clinical update. Clin. Microbiol. Rev.
2005, 18, 657–686. [CrossRef] [PubMed]

44. Haenni, M.; Châtre, P.; Madec, J.Y. Emergence of Escherichia coli producing extended-spectrum AmpC
β-lactamases (ESAC) in animals. Front. Microbiol. 2014, 5, 1–7. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

121



International  Journal  of

Environmental Research

and Public Health

Article

Pathogenic Escherichia coli Strains Recovered from
Selected Aquatic Resources in the Eastern Cape,
South Africa, and Its Significance to Public Health

Kingsley Ehi Ebomah 1,2,* ID , Martins Ajibade Adefisoye 1,2 ID and Anthony Ifeanyi Okoh 1,2 ID

1 SAMRC Microbial Water Quality Monitoring Centre, University of Fort Hare, Alice 5700, South Africa;
MAdefisoye@ufh.ac.za (M.A.A.); AOkoh@ufh.ac.za (A.I.O.)

2 Applied and Environmental Microbiology Research Group (AEMREG), Department of Biochemistry
and Microbiology, University of Fort Hare, Alice 5700, South Africa

* Correspondence: 201411619@ufh.ac.za; Tel.: +27-769-541-783

Received: 15 June 2018; Accepted: 10 July 2018; Published: 17 July 2018

Abstract: The prevalence of pathogenic microorganisms, as well as the proliferation of antimicrobial
resistance, pose a significant threat to public health. However, the magnitude of the impact of aquatic
environs concerning the advent and propagation of resistance genes remains vague. Escherichia coli
(E. coli) are widespread and encompass a variety of strains, ranging from non-pathogenic to highly
pathogenic. This study reports on the incidence and antibiotic susceptibility profiles of E. coli isolates
recovered from the Nahoon beach and its canal waters in South Africa. A total of 73 out of 107 (68.2%)
Polymerase chain reaction confirmed E. coli isolates were found to be affirmative for at least one
virulence factor. These comprised of enteropathogenic E. coli 11 (10.3%), enteroinvasive E. coli
14 (13.1%), and neonatal meningitis E. coli 48 (44.9%). The phenotypic antibiogram profiles of the
confirmed isolates revealed that all 73 (100%) were resistant to ampicillin, whereas 67 (91.8%) of the
pathotypes were resistant to amikacin, gentamicin, and ceftazidime. About 61 (83.6%) and 51 (69.9%)
were resistant to tetracycline and ciprofloxacin, respectively, and about 21.9% (16) demonstrated
multiple instances of antibiotic resistance, with 100% exhibiting resistance to eight antibiotics.
The conclusion from our findings is that the Nahoon beach and its canal waters are reservoirs
of potentially virulent and antibiotic-resistant E. coli strains, which thus constitute a potent public
health risk.

Keywords: E. coli; surface water; antibiotic-resistance gene; MARI; MARP; multidrug resistance

1. Introduction

Water has a function in numerous metabolic activities and is hence an essential ingredient
for hydration which sustains health and sanitation, while also having industrial and agricultural
applications. Thus, poor water quality has a demoralizing impact on public health, and polluted
water sources can lead to waterborne disease outbreaks [1]. According to Gorde and Jadhav [2],
the human population is most likely to suffer from waterborne diseases due to the use of contaminated
or polluted water.

Irrespective of enormous developments in therapeutic treatment options as well as wastewater
treatment facilities, waterborne infections still pose a major threat to public health worldwide [3].
These infections, caused by contaminations of surface water bodies by pathogenic microorganisms
transmitted via contact with polluted water, are responsible for the illness of millions of people each
year, while also causing numerous deaths [4]. The majority of these infections occur in developing
nations which, in comparison with developed nations, often have less than desirable levels of sanitation,
socioeconomic conditions, and public health awareness [5].
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As beaches are typical spots for human recreation, they can gain a lot of patronage from both
domestic and international tourists. Such recreational centers fortify development and prove to be a
significant economic contribution to tourism in coastal areas [6]. Unfortunately, many beaches have
been subjected to high levels of contamination in recent years [7], which is why this phenomenon
has become a matter of urgency [8]. This study thus outlines the importance of maintaining a clean
environment in the coastal areas and reports the discovery of pathogenic strains of bacteria exhibiting
multidrug resistance.

Fecal contamination of water bodies presents severe public health issues in many countries [9]
and owes the source of its threat to microbial pathogens. These are often shed by diseased humans
and animals, and may be conveyed via the sewer system and agricultural run-offs [10]. In a study
conducted by Okoh et al. [11], it was found that the release of ineffectively-treated effluents were the
major source of enteric pathogens in aquatic environs. Due to the low monitoring of health risk that
could be associated with beach water, literature has shown that potential risks may be associated with
nonhuman fecal contamination [12]. E. coli is one of the bacteria used as an indicator organism for the
monitoring of water bodies, and different strains of these bacteria are pathogenic. The pathogenicity of
a specific E. coli pathotype is primarily determined by explicit virulent influences [13]. Globally, E. coli
strains have been associated with human and animal diseases by means of pathogens, on the basis
of their virulent elements and clinical symptoms. According to Mellata [14] and Titilawo et al. [15],
E. coli strains can be categorized into two groups: extra-intestinal pathogenic E. coli (ExPEC) and
intestinal pathogenic E. coli (InPEC). However, InPEC can also be subdivided into enteroinvasive E. coli
(EIEC), enteroaggregative E. coli (EAEC), diffusely adherent E. coli (DAEC), enterotoxigenic E. coli
(ETEC), enteropathogenic E. coli (EPEC), and enterohemorrhagic E. coli (EHEC). ExPEC can also be
classified into neonatal meningitis E. coli (NMEC), uropathogenic E. coli (UPEC), and avian pathogenic
E. coli (APEC) [16]. A further class known as diarrhoeagenic E. coli pathotypes has been proposed,
such as cell-detaching E. coli (CDEC) although their significance remains unclear [16]. The majority of
infections caused by E. coli are treated by using antimicrobial agents. However, the effects of some of
these agents have been compromised by some types of bacteria [17]. Evidently, antimicrobial-resistant
bacteria (ARB) can be released into the environment via the discarding of human and animal waste [18].
Moreover, the use of antibiotics for the treatment of infections in humans and farm animals has also
been reported to cause an increase in ARB [19], and numerous antibiotics have become ineffective
against their targets due to the frequent exposure of pathogens to antimicrobial agents [20,21]. The aim
of this study was thus to identify and characterize the E. coli isolates into various pathotypes, while also
determining the phenotypic resistance pattern of the confirmed isolates.

2. Materials and Methods

2.1. Description of the Study Site and Sampling Points

Nahoon beach and its canal are located in East London, Eastern Cape, South Africa on the coast
of the Indian Ocean (geographical coordinates: 32.99◦ S and 27.95◦ E). As shown in Figure 1 below,
the study area was in Buffalo City Metropolitan Municipality in the Eastern Cape, as highlighted in the
map. The Nahoon canal is observed as an extension of the Nahoon River, which flows into the beach.
A total of six sampling points for the beach and the canal (three points each) were mapped along the
sea shore. Nahoon canal point 3 flowed into the Nahoon beach at point 1, and Nahoon canal point 2
had some domestic effluent flowing into it. There was a release of final effluent from the East Bank
Reclamation Works (sited in East London, South Africa) into the Indian Ocean at Bats Cave, which is
represented by sampling point 2 on the beach site in this study.
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Figure 1. A map showing the location of the study area.

2.2. Sample Collection

Water samples were collected bi-weekly using Nalgene sterile bottles from 6 different sampling
points along the Nahoon beach and canal for a period of twelve months, between 8:00 a.m. and
11:00 a.m. The sampling points where the water samples were collected are: canal point 1, canal point 2
(where domestic effluents flowed into canal), canal point 3 (where canal flowed into beach), beach point
1, beach point 2 (where final effluent was released into beach), and beach point 3. The samples were
then transported on ice to the Applied and Environmental Microbiology Research Group (AEMREG)
laboratory, University of Fort Hare, Alice within 6 h for analyses.

2.3. Isolation and DNA Extraction

The water samples were filtered using the membrane filtration technique, after which the filter
papers were aseptically picked, placed onto E. coli chromogenic agar, and incubated at 37 ◦C for
18–24 h. After incubation, the isolates were re-streaked onto nutrient agar (NA) plates and incubated
at 37 ◦C for 24 h. A total of 260 presumptive E. coli isolate colonies were picked from the NA plates,
inoculated into nutrient broth, and incubated at 37 ◦C for 24 h. Thereafter, glycerol stock was prepared
from the cultured broths, and DNA was extracted following the method of Torres et al. [22], and stored
at −80 ◦C for further analyses.

2.4. Molecular Identification and Characterization of the Recovered E. coli Isolates

Molecular identification of the presumptive E. coli isolates targeting the uidA gene and the various
genes of the E. coli pathotypes screened were determined by following the method of Titilawo et al. [15]
as shown in Table 1. The PCR products were resolved in a 2% (w/v) agarose gel in 1 × TAE buffer (40 mM
Tris–HCl, 20 mM Sodium Acetate, 1 mM EDTA, pH 8.5), stained with 0.5 mg mL ethidium bromide
(EtBr), and visualized under the Alliance BioDoc-It System (UFH, Alice 5700, South Africa) [23–25].
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2.5. Antimicrobial Susceptibility Pattern of the Confirmed E. coli Strains

The antimicrobial susceptibility test of the confirmed E. coli isolates was determined by the
disc diffusion technique on Mueller Hinton agar (MHA) plates, following Clinical and Laboratory
Standards Institute (CLSI) [26] guidelines. Fresh culture from the glycerol stock was streaked onto
nutrient agar plates and incubated at 37 ◦C for 24 h. Colonies were transferred into a test tube of
5 mL of normal sterile saline, and adjusted to attain turbidity matching the 0.5 McFarland standard.
The isolates were then streaked onto MHA plates, and disks infused with antimicrobial agents were
dispensed onto the inoculated plates and incubated for 18 to 24 h at 37 ◦C. After incubation, the zones of
inhibition were measured, and isolates were categorized as resistant or susceptible to the antimicrobial
agents used, while those that were intermediate were considered resistant. The following eight
commercial antibiotic discs: Amikacin (30 μg), ampicillin (10 μg), ceftazidime (30 μg), ciprofloxacin
(5 μg), gentamicin (10 μg), norflaxacin (10 μg), tetracycline (30 μg), and trimethoprim (10 μg) were
tested against the confirmed isolates.

2.6. Interpretation of Multiple Antibiotic-Resistance Index (MARI)

The multiple antibiotic resistance index (MAR Index) of isolates that exhibited resistance against
the actions of three or more antibiotics which were tested was expressed as x/y, where x indicates
the sum of antibiotics to which the isolate was resistant to and y indicates the number of antibiotics
tested against the isolate. Multidrug resistance was interpreted as the display of resistance to three or
more antibiotics used, whereas the MARI (multidrug antibiotic-resisted indices) of the isolates was
approximated, as previously described by Krumperman [27]. The multiple antibiotic resistance index
(MARI) = w/(u x v), where: w is the summation of antibiotics resistance scores of the isolates; u is the
sum of antibiotics used; and v is the sum of isolates which resisted the antibiotics employed.

3. Results

3.1. Molecular Identification and Characterization of the Recovered E. coli Isolates

A total of 260 presumptive E. coli isolates were obtained from the water samples following
microbiological analysis. The presumptive isolates were confirmed by polymerase chain reaction
techniques (PCR) targeting the uidA gene. Results showed that 41.2% (107/260) of the E. coli isolates
were positive, as shown in Figure 2. The confirmed E. coli isolates were further characterized into
different pathotypes using specific primers for each pathotype, and the result is shown in Table 2.
A total number of 26 isolates belonging to the three pathotypes identified were isolated from the
3 sampling points (canal), while 47 isolates belonging to the three pathotypes identified were recovered
from the 3 sampling points (beach).

Figure 2. PCR products of the amplification of the uidA gene (E. coli) Lane 1: 100 bp molecular
weight marker; Lane 2: positive control (E. coli ATCC 25922); Lane 3: negative control; Lanes 4–13:
positive isolates.
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Table 2. Results of E. coli pathotypes.

No. of Isolates Screened Pathotype/Target Gene No. of Positive Isolates (%)

107 EPEC/eae 11 (10.3%)
107 ETEC/lt 0
107 EAEC/eagg 0
107 EIEC/ipaH 14 (13.1%)
107 DAEC/daaE 0
107 EHEC/stx1 0
107 NMEC/ibeA 48 (44.9%)
107 UPEC/papC 0

3.2. Antimicrobial Susceptibility Pattern of the Confirmed E. coli Pathotypes

Of the 8 test antimicrobial agents which were selected, ampicillin had the highest resistance
frequency (100%). Nevertheless, amikacin and gentamycin both had quite high frequencies of 98.6%
(72/73), while 70 of the strains were resistant to ceftazidime, with a frequency of 95.9% (Figure 3). About
45 strains (93% of the NMEC strains) exhibited resistance to each of ampicillin, amikacin, gentamycin,
tetracycline, and ceftazidime, while 9.1% (1/11) and 91% (10/11) of the EPEC strains displayed
resistance to ciprofloxacin and tetracycline respectively. For NMEC, 26 strains showed a resistance
frequency of 54.2% against ciprofloxacin. Similarly, the EIEC strains demonstrated resistance ranging
between 7% (1/14) and 50% (7/14) to amikacin, ampicillin, ceftazidime, ciprofloxacin, gentamycin,
norfloxacin tetracycline, and trimethoprim. The results from the E. coli isolates which were subjected
to the selected antimicrobial agents are summarized in Figure 3, which highlights all the sensitivity
percentages of the isolates. 23 isolates of the various strains identified showed resistance to 8 antibiotics
(19 NMEC, 3 EPEC and 1 EIEC), while 19 strains showed resistance to 7 antibiotics (5 NMEC, 4 EPEC
and 10 EIEC).
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Figure 3. Sensitivity percentages of E. coli isolates to 8 antibacterial agents. The antibiotic susceptibility
patterns of the isolates of the several antibiotics tested following the CLSI (Clinical and Laboratory
Standards Institute) guideline [26] showed that the isolates displayed highest resistance to ampicillin
(100%). The following is the order of the level of resistance exhibited against the remaining antibiotics;
amikacin (96%), gentamycin (96%), ceftazidime (96%), tetracycline (92%), ciprofloxacin (85%),
trimethoprim (84%), norflaxacin (62%). However, the isolates were mostly susceptible to norflaxacin.

3.3. Multiple Antibiotic-Resistance Index (MARI)

MARI of the isolates were expressed using the formula MARI = w/(uxv), as explained above.
For the sampling site, the multiple antibiotic resistance index (MARI) is estimated at 0.0514.
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The summation score was obtained from the total sum of MAR Index isolates from each sampling
point, and the MARI value was calculated for the six sampling points.

4. Discussion

This study investigated the occurrence of potentially pathogenic strains of E. coli recovered from
beach water samples. Among the total number of presumptive E. coli isolates screened, 73 (68%) were
confirmed positive by molecular techniques, in accordance with the report of Whitman et al. [28].
The presence of these bacteria in beach water poses a high risk with regard to human contact with
this water, and there are certain factors which may be responsible for the fewer number of confirmed
pathogens. There is the tendency of a low survival rate due to the depth of the beach water and
rapid movement of the sea waves, with a possibly high level of dilution involved [29]. Moreover,
there appears to be a higher level of fecal contamination near the sea shore around the sampling
points, due to the high turbidity [30,31]. In general, the presence of pathogenic E. coli obtained from
all sampling points of this recreational facility can pose serious health risks to both tourists and
bathers. A study by Tsai et al. [32] suggested that certain pedigrees of E. coli have adapted and become
accustomed to the different aquatic milieu, and this corroborates with our results. It was observed
that bacterial counts from the sampling points where wastewater was being discharged into the beach
had the highest number of positive isolates during the spring season and festive period, and our
findings support the report of de Carvalho and Neto [33]. Although there are many probable sources
of contamination, sewage treatment plants (STP) have become a constant source of beach pollution in
respect of the quality of the final effluents that are released into receiving waters [34].

The result from the PCR products of the 260 presumptive E. coli isolates screened is; 107 isolates
were positive, and our result is in agreement with the report of da Costa Andrade et al. [35]. Another
study by Partyka et al. [36] also identified E. coli from beach water, and this is also in line with our
result. From the eight different E. coli pathotypes screened for, three groups of E. coli pathotypes were
identified as belonging to the two categories, InPEC (EPEC and EIEC) and ExPEC (NMEC) and the
frequencies of detection ranged between 10% [InPEC] and 45% [ExPEC]. The molecular identification
of E. coli pathogens in beach water poses high risk to the people in that area who use the beach for
recreational activity. This study showed that 11 (10.3%) of the 73 positive strains of E. coli belonged to
enteropathogenic E. coli. A study by Byappanahalli et al. [37] has also reported the presence of EPEC
strains in beach water, and this is also in line with our result. Another study by Maloo [38], carried out
in India, also identified various pathotypes of E. coli recovered from beach water, and our report is
in line with their findings. The order of the percentage of phenotypic resistance levels exhibited by
the isolates against the antibiotics is as follows: ampicillin (100%), amikacin (96%), gentamycin (96%),
ceftazidime (96%), tetracycline (92%), ciprofloxacin (85%), trimethoprim (84%), and norflaxacin (62%).
However, the isolates were mostly susceptible to norflaxacin. A study conducted by Stoll et al. [39] in
Germany and Australia revealed a high resistance rate in E. coli isolates recovered from surface water
samples that were resistant against ampicillin and tetracycline, and our result is in accordance with
their report. A high percentage of the phenotypic resistance observed in the E. coli isolated could either
be from the origin of WWTP or agricultural waste (poultry droppings), as most of the final effluents
have been discharged into water bodies [40,41].

A multiple antibiotic resistance index (MARI) was carried out in order to evaluate or assess health
risks that were concomitant with the rise and spread of multidrug resistance in the environment. The
MARI value of 0.2 (arbitrary) was utilized to distinguish between low and high risk to public health.
In addition, a MARI value above 0.2 proposed that the pathogenic strain of bacteria originated from
an environment which was highly contaminated or which had high levels of antibiotics usage [19,26].
From our study, the MARI value (0.05) obtained for the isolates was less than 0.2, signifying that the
isolates originated from environments with minimal antimicrobial use. The low MARI value estimated
in this study provides an opportunity for further research in this area. This could be as a result of
unsuitable use of antibiotics among the populace in the study area, and any greater MARI value
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obtained will suggest exposure to antimicrobial pressure, which may perhaps eventually lead to an
increase in multidrug resistance.

5. Conclusions

This research demonstrates that the aquatic environs of the Nahoon beach are potential reservoirs
of pathogenic E. coli strains that may probably combine a high level of antimicrobial resistance. This is
an indication of the pressure mount by antimicrobial usage and poses a serious public health risk to
humans upon exposure, consequently, presenting a public health hazard to the people around where
the beach is located.
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Abstract: The continuous emergence of multidrug resistant pathogens is a major global health
concern. Although antimicrobial peptides (AMPs) have shown promise as a possible means of
combatting multidrug resistant strains without readily engendering resistance, costs of production
and targeting by proteases limit their utility. Ceragenins are non-peptide AMP mimics that overcome
these shortcomings while retaining broad-spectrum antimicrobial activity. To further characterize
the antibacterial activities of ceragenins, their activities against a collection of environmental isolates
of bacteria were determined. These isolates were isolated in Nigeria from plants and water.
Minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations (MBCs) of
selected ceragenins and currently available antimicrobials against these isolates were measured
to determine resistance patterns. Using scanning electron microscopy (SEM), we examined the
morphological changes in bacterial membranes following treatment with ceragenins. Finally, we
investigated the effectiveness of ceragenins in inhibiting biofilm formation and destroying established
biofilms. We found that, despite high resistance to many currently available antimicrobials, including
colistin, environmental isolates in planktonic and biofilm forms remain susceptible to ceragenins.
Additionally, SEM and confocal images of ceragenin-treated cells confirmed the effective antibacterial
and antibiofilm activity of ceragenins.

Keywords: ceragenin; multidrug-resistant bacteria; biofilm; antimicrobial peptides; colistin

1. Introduction

The discovery and widespread use of antibiotics was one of the most important advances in
medicine. These drugs were heralded for their effectiveness, and, as a result, began to be prescribed
across the world. However, widespread use of antibiotics has resulted in the generation of mutational
resistance in bacteria as well as identification of adaptational resistance mechanisms. These have
led to the rise of hyper-resistant bacteria, often called superbugs [1,2]. Today, the phenomenon of
antibiotic resistance has become a global public health concern, with 700,000 deaths across the globe
each year attributed to antimicrobial resistance. This count is expected to reach 10 million by 2050
as the decreasing effectiveness of available market drugs continues to compound this problem [3].
Of particular concern is the widespread use of antimicrobial agents in food animals, which may be a
major source of antimicrobial resistance that can spread drug-resistant pathogens to humans directly
or through the environmental pollution of farm effluents [4].
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Endogenous antimicrobial peptides (AMPs) are a key component of the body’s innate immune
system, which is critical in fighting bacteria, fungi, and lipid-enveloped viruses. AMPs are typically
cationic and amphiphilic in nature, which facilitates targeted association with negatively-charged
pathogenic membranes, causing membrane disruption and cell death [5,6]. Interestingly, evidence has
shown that bacteria are unable to achieve high levels of resistance to AMPs, making this an important
area of antimicrobial research. However, AMPs can be expensive to manufacture synthetically and
can be degraded in the presence of bacterial and host proteases [7,8]. In order to circumvent these
challenges, ceragenins were developed from a common bile acid as non-peptide mimics of AMPs.
Structure of ceragenins are shown in Figure 1. Ceragenins are cationic and amphiphilic, giving them
analogous antimicrobial properties to AMPs. They are relatively inexpensive to produce and have
shown potent activity against a broad spectrum of organisms. Of particular note is that ceragenins are
active against methicillin-resistant Staphylococcus aureus [9], colistin-resistant Klebsiella pneumoniae [10],
and fluconazole-resistant Candida albicans [11] and Candida auris [12]. To date, no bacteria have been
shown to achieve high levels of resistance to ceragenins [13,14]. Ceragenins appear to be well tolerated
in tissues and exhibit both the antimicrobial and secondary properties that are characteristic of many
AMPs. Because of their promising therapeutic properties, ease of production, and possible synergistic
effects, ceragenins represent an important target of study for further clinical development [15–17].
In this study, the antimicrobial resistance patterns of ten Nigerian bacterial strains isolated from the
environment were determined by selected ceragenins and compared to commonly used antibiotics.
The effects of ceragenins on the cell membranes of these isolates were observed by scanning electron
microscopy (SEM). Additionally, we assessed the potential of selected ceragenins to eradicate biofilms
formed by multidrug-resistant environmental isolates.

Figure 1. Structures of ceragenins CSA-44, CSA-144, CSA-13 and CSA-131.

2. Materials and Methods

Ceragenins CSA-13, CSA-131, CSA-44, and CSA-144 were synthesized from a cholic acid scaffolding
as previously described [18]. Colistin, chlorhexidine, kanamycin, polymyxin B, erythromycin, tetracycline,
vancomycin, and ampicillin were purchased from Sigma–Aldrich (St Louis, MO, USA).

2.1. Isolation and Maintenance of Bacterial Isolates

Bacteriological analyses of water samples, including heterotrophic plate count (HPC), fecal
coliform (FC) and total coliform count (TCC), were determined using both the direct pour plate
method and membrane filtration techniques. No serial dilution was carried out. Nutrient agar
medium was used for heterotrophic bacteria plate counts. MacConkey agar (MCA) was used for total
coliform counts, and membrane fecal coliform (MF-C) agar medium was used for fecal coliform counts.
The plates were inoculated in triplicate. Inoculations for HPC and TCC were conducted by adding
1 mL of sample to each plate. For membrane filtration, 100 mL of each water sample was filtered
through a 0.45 μm membrane filter before aseptic transfer of the membrane onto MF-C agar or MCA
for FC and TCC respectively. No dilution was used in either method. MCA was used for isolation of
lactose fermenters (coliforms).
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For isolates taken from plants, natural rubber latex (1 mL) was added to sterile distilled water
(9 mL) and then serially diluted using a sterile micropipette. One gram of deteriorated rubber latex
was added to sterile distilled water (100 mL) in a conical flask. The combination was mixed well, and
an aliquot from this mixture was serially diluted in water (10−1 to 10−10 dilution). Selected dilutions
were then used for the inoculation of agar plates. Each sample was plated in triplicate using the pour
plate method. Inoculated plates were incubated for 24 h at 35–37 ◦C. Colonies were enumerated using
a colony counter for total heterotrophic bacteria and total coliform counts. Discrete colonies were
sub-cultured onto fresh nutrient agar plates aseptically to obtain pure cultures of the isolates and were
stored in a refrigerator at 4 ◦C for further identification.

2.2. Identification of Isolates

Bacterial isolates were characterized based on microscopic appearance, colony morphology, gram
staining reactions, and appropriate biochemical tests based on Bergey’s Manual of Determinative
Bacteriology and as described by Cheesbrough [19]. The isolates were identified by comparing their
characteristics with those of known taxa, as described by Cruickshank et al. [20] and Holt [21]. Table 1
shows the source of ten isolates used in this study.

Table 1. Isolation source of bacteria used in this study.

Strains Isolation Source

1 Enterococcus spp. Rubber plant
2 Actinomyces odontolyticus Rubber plant
3 Actinomyces israelii Rubber plant
4 Acetobacter spp. Rubber plant
5 Moraxella spp. Rubber plant
6 Enterobacter dissolvens Water
7 Pseudomonas spp. Rubber plant
8 Klebsiella pneumoniae Water
9 Legionella pneumophila Water
10 Erwinia Stewartii Water

2.3. Susceptibility Testing

Minimum inhibitory concentrations (MICs) were determined using a broth microdilution method
in a 96-well microdilution plate according to the Clinical Laboratory Standards Institute protocol [22].
Briefly, 96-well plates were prepared with individual wells containing doubling concentrations of
selected ceragenins, including CSA-13, CSA-44, CSA-131, and CSA-144 in the appropriate culture
medium for a total volume of 100 μL. A selection of commercial antimicrobials including chlorhexidine,
kanamaycin, colistin, polymyxin B, erythromycin, tetracycline, vancomycin and ampicillin was also
used for comparison. An inoculation of 100 μL at 106 CFU/mL was added to each well. Each of the
10 isolates was tested in duplicate and each plate contained positive and negative controls. Plates were
incubated for 24 h at 37 ◦C. After incubation, results were obtained by examining wells for turbidity.
Minimum bactericidal concentrations (MBCs) were determined by taking 10 μL from each well and
plating on agar media. The MBC was defined as the lowest concentration of an antibacterial agent
giving no visible colonies after 24 h incubation at 37 ◦C [10].

2.4. Scanning Electron Microscopy (SEM)

To observe the effect of ceragenins on cell membranes, selected isolates were cultured to mid-log
phase and washed three times with PBS. Bacteria were re-suspended in PBS (OD600 = 0.2). CSA-131
(25 μg/mL) was then added and the mixtures were incubated at 37 ◦C for 1 h. A control was prepared
by incubating the bacterial suspension without adding CSA-131. After collection via centrifugation,
cells were washed with PBS three times. Gluteraldehyde (2.5% (w/v)) was added to fix the cells
at 4 ◦C overnight. Resulting material was washed five times with PBS at 5000 rpm for 10 min
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using a microhematocrit centrifuge (Hettich Mikro 20, Hettich, Tuttlingen, Germany) to remove the
glutaraldehyde. Osmium tetroxide (0.5 mL) was used as a second fixative reagent, and samples were
stored at room temperature under a protective laboratory hood system for 2–3 h. Cells were washed
with PBS five times at 14,000 rpm for 8 min. A graded ethanol series including 10%, 30%, 50%, 70%, 90%
(1 time), 100% (3 times) and HMDS (2 times) for 15 min each was used to dehydrate the cells. Samples
were collected by centrifuge each time and the supernatant was discarded after each centrifugation.
Finally, dried bacterial specimens were sputter-coated with 5–10 nm of a Gold-Palladium alloy and
visualized under a scanning electron microscope (FEI Helios NanoLab 600 SEM/FIB, Hillsboro, Oregon,
USA) [12].

2.5. Biofilm Study Using XTT Assay

Biofilms of each isolate were grown for 48 h in separate wells in 96-well plates. Planktonic
cells were then removed by washing three times with PBS. The biofilm-containing wells were
treated with CSA-131 (100 μg/mL) and incubated for another 24 h. After another PBS wash,
100 μL of a mixed solution of 0.5 mg/mL 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)
carbonyl]-2H-tetrazolium hydroxide (XTT) and 10 mM menadione in acetone was added to each well.
Plates were covered in aluminum foil and incubated for 2 to 3 h at 37 ◦C. Remaining solution was
removed from each well and remaining dye in the wells was then quantified with a microtiter plate
reader at 490 nm. Optical density results of test wells were compared with controls to determine the
percent of biofilm remaining in each [23].

2.6. Confocal Laser Scanning Microscopy

Biofilms of Acetobacter spp. were formed on glass slides by complete submersion of slides
in inoculated media (50 mL) and incubation for 48 h. Selected slides were treated with CSA-131
(100 μg/mL) and slides were further incubated at 37 ◦C for 24 h. Following incubation, glass slides
were carefully removed from the solutions and rinsed three times with PBS. Using protocols of
a BacLight Live/Dead Viability Kit (L13152, Molecular Probes, Inc), biofilms were stained and
further imaged by a confocal laser scanning microscope (Olympus FluoView FV1000) at ×60
magnification [12].

3. Results and Discussion

3.1. Susceptibility of Isolated Bacteria

In an initial set of experiments, the MICs of several common antimicrobials against ten bacterial
isolates were determined (Table 2). Gram-positive bacteria, including Actinomycins species, were
relatively susceptible to chlorhexidine, vancomycin and ampicillin; however, all tested Gram-negative
isolates showed very high MICs with selected antimicrobials, including chlorhexidine, kanamycin,
colistin, polymyxin B, erythromycin and tetracyclin. For example, the MIC of Enterococcus species
with chlorhexidine, kanamycin, colistin, polymyxin B, erythromycin and tetracyclin was 64, 100, >100,
100, 8 and 32 μg/mL, respectively. Of particular note is the MIC of colistin, which was more than
100 μg/mL with most of isolates tested. Colistin is generally considered the therapeutic of last resort
for multidrug-resistant Gram-negative bacterial infections, so the presence of highly colistin-resistant
isolates in this study is alarming.
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Table 2. Minimum inhibitory concentrations (MICs) (μg/mL) of ten isolates with common antibiotics.

Strains Chl Kan Col Pol B Ery Tet Van Amp

Enterobacter dissolvens 8 64 >100 100 2 2 nm nm
Erwinia stewartii 8 2 100 100 1 2 nm nm
Enterococcus spp. 64 100 >100 100 8 32 nm nm
Pseudomonas spp. 32 16 >100 >100 16 8 nm nm

Klebsiella pneumoniae 32 32 >100 100 16 1 nm nm
Acetobacter spp. 32 32 16 8 32 16 nm nm
Moraxella spp. 64 64 >100 100 32 32 nm nm

Legionella pneumophila 64 64 32 16 8 4 nm nm
Actinomyces odontolyticus 4 nm nm nm nm nm 1 1

Actinomyces israelii 4 nm nm nm nm nm 2 2

Chl: chlorhexidine; Kan: kanamycin; Col: colistin; Pol B: polymyxin B; Ery: erythromycin; Tet: tetracycline;
Van: vancomycin; Amp: ampicillin. nm: not measured.

To determine the activity of ceragenins against multidrug-resistant isolates, the MICs of selected
ceragenins CSA-13, CSA-44, CSA-131 and CSA-144 were measured. These results are shown in Table 3.
Ceragenins retained activity against all multidrug-resistant strains and showed low MICs compared to
the commonly used antimicrobials. The MIC of CSA-13 and CSA-131 of 1–2 μg/mL with all of the
highly multidrug-resistant isolates was of particular note. This result is consistent with our previous
studies showing that ceragenins are highly active against methicillin-resistant Staphylococcus aureus [9]
and colistin-resistant Klebsiella pneumoniae [10].

Table 3. Comparison of the MIC (minimum bactericidal concentrations (MBC)) (μg/mL) of ten isolates
to selected ceragenins.

Strains CSA-13 CSA-44 CSA-131 CSA-144

Enterobacter dissolvens 1(8) 2(10) 2(8) 2(10)
Erwinia stewartii 2(8) 4(10) 2(8) 4(10)

Actinomyces odontolyticus 1(1–2) 1(1) 1(1) 2(2)
Actinomyces israelii 2(4) 1(2) 2(4) 2(4)
Pseudomonas spp. 1(1) 4(4) 1(1) 4(4)

Legionella pneumophila 8(8) 4(8) 4(4) 16(32)
Enterococcus spp. 16(32) 8(8) 4(32) 32(100)

Moraxella spp. 10(32) 4(16) 4(16) 24(100)
Acetobacter spp. 2(32) 4(64) 2(32) 4(64)

Klebsiella pneumoniae 2(4) 4(8) 2(4) 4(4)

To confirm that the activity of ceragenins is bactericidal, MBCs of the same ceragenins were
measured with the multidrug-resistant isolates. All tested ceragenins were found to be bactericidal
at a range of 1–100 μg/mL, exhibiting bactericidal activity against strains such as Pseudomonas and
Actinomyces spp. at the same concentrations as the corresponding MICs, suggesting that antibacterial
activity of ceragenins are likely bactericidal rather than bacteriostatic.

3.2. Scanning Electron Microscopy (SEM)

To visualize the effect of ceragenins on the cell membrane, selected isolates were treated with a lead
ceragenin, CSA-131, and their morphology was studied via SEM. Scanning electron photomicrographs
of Klebsiella pneumoniae, Moraxella and Legionella pneumophila are shown in Figure 2. In the control
without ceragenin treatment (Figure 2A,C,E), cells maintained normal morphology. In contrast, there
were significant alterations in the morphology of cells treated with CSA-131 (Figure 2B,D,F). Treated
cells are characterized by disruptions in the cell membrane along with increased roughness and
wrinkling on the cell surface, confirming the membrane activity of ceragenins. Importantly, reported
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morphological changes in this study are consistent with previous reports describing changes in the
structure of bacteria and fungi after treatment with ceragenins [24,25].

 

Figure 2. Scanning electron photomicrograph of untreated (A) and treated (B) Klebsiella pneumoniae,
untreated (C) and treated (D) Moraxella spp., untreated (E) and treated (F) Legionella pneumophila with
25 μg/mL CSA-131.

3.3. Determination of Susceptibility Profiles of Bacterial Biofilms

It is well established that biofilms have greater resistance to antimicrobials than planktonic
cells [26]. There are several explanations for this increase in resistance. The extracellular matrix
surrounding the cells in the biofilm prevents targeting and subsequent penetration by antimicrobials.
The reduced growth rate of cells in biofilms, compared to planktonic cells, increases resistance to
antimicrobials that target growth-specific factors. Other mechanisms include the inactivation or
degradation of antimicrobials and efflux pumps that remove antimicrobials from the cells [27]. Despite
these challenges, ceragenins have been shown to permeate the biofilm extracellular matrix, due to
their relatively small size, and eradicate biofilms at relatively low concentrations. This activity is likely
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due to the mechanism of action of ceragenins, which is not dependent on the metabolic state of their
targets [28].

To quantify the impact of ceragenins on biofilm formation by multidrug-resistant isolates, an XTT
assay was performed. The XTT assay measures metabolic activity of cells in the biofilm following a
change in color. Corresponding biofilm growth reduction for each strain was calculated compared
to a negative control that was not treated with any drugs. As shown in Figure 3, all representative
ceragenins demonstrated strong antibiofilm activity against both Gram-positive and Gram-negative
multidrug-resistant isolates and caused a substantial reduction of growth. Treatment of Moraxella spp.,
K. pneumoniae and L. pneumophila decreased biofilm mass by more than 96% compared to the negative
control. A previous study showed that in a comparison of CSA-13 with ciproflaxicin, CSA-13 was
shown to have greater activity against established biofilms formed by methicillin-resistant S. aureus [29].
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Figure 3. Reduction of established biofilms of ten isolates after 48 h incubation with CSA-131
or/and CSA-44 (100 μg/mL). Using the 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)
carbonyl]-2H-tetrazolium hydroxide (XTT) colorimetric based assay, metabolic activity of
ceragenin-treated biofilms was measured and the percent of growth reduction was calculated in
comparison to an untreated biofilm (control).

3.4. Confocal Laser Scanning of Biofilms

To visualize antibiofilm properties of ceragenins, biofilms of Acetobacter spp. were treated with
a lead ceragenin, CSA-131, and prepared for confocal microscopy. Confocal images are shown in
Figure 4. In the images, a lack of biofilm is seen in some areas, which could be due to sample
preparation in which slides were rinsed prior to staining to remove loosely adhered and planktonic
organisms. Overall, as expected, untreated biofilms showed expected aggregates of live cells
(green dye, Figure 4A), while ceragenin-treated biofilms exhibited comparable aggregates of dead cells
(red dye, Figure 4B). Lack of biofilm was observed more often in the treated than in the untreated cells,
which highlights ceragenins’ ability to destabilize established biofilms, facilitating their detachment
from slide surfaces. Nagent, et al., [9] conducted a biofilm study using confocal microscopy and their
images revealed that ceragenins efficiently penetrated established biofilms and led to cell death without
significant alterations to the extracellular matrix. Additionally, a recent study demonstrated prolonged
inhibition of biofilm formation on endotracheal tube surfaces when the tubes were coated with a
CSA-131-containing hydrogel [30].
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Figure 4. Confocal laser scanning micrographs (×60 magnification) of stained bacterial biofilms. Green:
live cells; red: dead cells. (A) Untreated Acetobacter spp. (B) treated with CSA-131 (100 μg/mL).

4. Conclusions

Obstacles to the development of novel antimicrobial agents include concerns that generation of
resistance to one antimicrobial agent may result in cross-resistance to other antimicrobials. Since higher
organisms have co-evolved with bacteria, the mechanisms by which they control bacterial growth may
provide guidance for development of antimicrobial agents to which bacteria do not readily generate
resistance. AMPs represent one of the key means by which higher organisms control bacterial growth.
Ceragenins mimic key AMP structural features, specifically, multiple cationic (positive) charges
juxtaposed with hydrophobic structure. The studies presented herein demonstrate that even highly
multidrug-resistant environmental isolates largely remain susceptible to ceragenins. Additionally,
previous studies showed that CSA-13 toxicity is comparable to LL-37 in tested human keratinocytes
and it is not toxic to HatCat cells at bactericidal concentrations [31].

The ceragenins tested in this study gave MICs in the single μg/mL range in spite of the high
MICs of commonly used antimicrobials, including the last resort antibiotic colistin. SEM images gave
results comparable to earlier studies, demonstrating that ceragenins interact with bacterial membranes.
Morphological changes to Gram-negative bacterial membranes are a hallmark of the activity of many
AMPs, and we have shown, via transmission electron microscopy (TEM) and atomic force microscopy
(AFM), that similar changes occur in bacterial membranes upon treatment with a ceragenin [24,32].
Further characterization of the lead ceragenins, CSA-131 and CSA-44, demonstrated that reduction of
growth in a preformed biofilm was also successful; however, the extent of reduction was much less
compared to the inhibition activity against planktonic cells. Confocal images verified the antibiofilm
activity of ceragenins that occurs through penetration of the compound into the extracellular matrix of
the biofilm.

Multidrug resistance in Nigeria is on the rise [33]. The highly resistant nature of the Nigerian
environmental isolates analyzed in this study suggests that the careful designing and adoption of a
multi-sectoral antimicrobial resistance surveillance plan for research and diagnostic purposes should
be implemented. Relevant ministries and governmental agencies should consider the following:
registration and observation of production premises, particularly where food-producing animals are
concerned; improved biosecurity compliance in food-animal environments; banning antibiotic use for
animal growth promotion or prophylactic treatment in animal husbandry; implementation of a drug
withdrawal period for food animals.

139



IJERPH 2018, 15, 2758

Author Contributions: M.M.H. and A.O.M. designed the experiments and wrote the manuscript. B.S.H., J.C.,
J.W., M.F.T., J.R., D.B., T.S., and S.D. performed the experiments and data analysis. P.B.S. supervised and edited
the manuscript. P.B.S. is a paid consultant for N8 Medical and CSA Biotech.

Acknowledgments: Generous funding is acknowledged from N8 Medical, Inc., CSA Biotech and Brigham
Young University.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Padiyara, P.; Inoue, H.; Sprenger, M. Global governance mechanisms to address antimicrobial resistance.
Infect. Dis. 2018, 11, 1–4. [CrossRef] [PubMed]

2. Aoki, W.; Kuroda, K.; Ueda, M. Next generation of antimicrobial peptides as molecular targeted medicines.
J. Biosci. Bioeng. 2012, 114, 365–370. [CrossRef] [PubMed]

3. Simpkin, V.L.; Renwick, M.J.; Kelly, R.; Mossialos, E. Incentivising innovation in antibiotic drug discovery
and development: Progress, challenges and next steps. J. Antibiot. 2017, 70, 1087–1096. [CrossRef] [PubMed]

4. Marshall, B.M.; Levy, S.B. Food animals and antimicrobials: Impacts on human health. Clin. Microbiol. Rev.
2011, 24, 718–733. [CrossRef]

5. Zhang, L.-J.; Gallo, R.L. Antimicrobial peptides. Curr. Biol. 2016, 26, R14–R19. [CrossRef]
6. Ganz, T. The role of antimicrobial peptides in innate immunity. Integr. Comp. Biol. 2003, 43, 300–304.

[CrossRef]
7. Mangoni, M.L.; McDermott, A.M.; Zasloff, M. Antimicrobial peptides and wound healing: Biological and

therapeutic considerations. Exp. Dermatol. 2016, 25, 167–173. [CrossRef]
8. Bahar, A.A.; Ren, D. Antimicrobial peptides. Pharmaceuticals 2013, 6, 1543–1575. [CrossRef]
9. Nagant, C.; Pitts, B.; Stewart, P.S.; Feng, Y.; Savage, P.B.; Dehaye, J.-P. Study of the effect of antimicrobial

peptide mimic, CSA-13, on an established biofilm formed by Pseudomonas aeruginosa. Microbiologyopen
2013, 2, 318–325. [CrossRef]

10. Hashemi, M.M.; Rovig, J.; Weber, S.; Hilton, B.; Forouzan, M.M.; Savage, P.B. Susceptibility of colistin-resistant,
Gram-negative bacteria to antimicrobial peptides and ceragenins. Antimicrob. Agents Chemother. 2017, 61.
[CrossRef]
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Abstract: Background: Resistance of Staphylococcus aureus to commonly used antibiotics is linked
to their ability to acquire and disseminate antimicrobial-resistant determinants in nature, and the
marine environment may serve as a reservoir for antibiotic-resistant bacteria. This study determined
the antibiotic sensitivity profile of S. aureus isolated from selected beach water and intertidal beach
sand in the Eastern Cape Province of South Africa. Methods: Two hundred and forty-nine beach sand
and water samples were obtained from 10 beaches from April 2015 to April 2016. Staphylococcus
aureus was isolated from the samples using standard microbiological methods and subjected to
susceptibility testing to 15 antibiotics. Methicillin-resistant Staphylococcus aureus (MRSA) was detected
by susceptibility to oxacillin and growth on Brilliance MRSA II agar. Antibiotic resistance genes
including mecA, femA rpoB, blaZ, ermB, ermA, ermC, vanA, vanB, tetK and tetM were screened. Results:
Thirty isolates (12.3%) were positive for S. aureus by PCR with over 50% showing phenotypic
resistance to methicillin. Resistance of S. aureus to antibiotics varied considerably with the highest
resistance recorded to ampicillin and penicillin (96.7%), rifampicin and clindamycin (80%), oxacillin
(73.3%) and erythromycin (70%). S. aureus revealed varying susceptibility to imipenem (96.7%),
levofloxacin (86.7%), chloramphenicol (83.3%), cefoxitin (76.7%), ciprofloxacin (66.7%), gentamycin
(63.3%), tetracycline and sulfamethoxazole-trimethoprim (56.7%), and vancomycin and doxycycline
(50%). All 30 (100%) S. aureus isolates showed multiple antibiotic-resistant patterns (resistant to three
or more antibiotics). The mecA, femA, rpoB, blaZ, ermB and tetM genes were detected in 5 (22.7%),
16 (53.3%), 11 (45.8%), 16 (55.2%), 15 (71.4%), and 8 (72.7%) isolates respectively; Conclusions: Results
from this study indicate that beach water and sand from the Eastern Cape Province of South Africa
may be potential reservoirs of antibiotic-resistant S. aureus which could be transmitted to exposed
humans and animals.

Keywords: S. aureus; antibiotic resistance; beaches; multiple-antibiotic resistance

1. Introduction

Staphylococcus aureus are Gram-positive cocci ranging from 0.5 to 1.5 μm in diameter, which may
or may not contain a polysaccharide capsule. They are non-motile, non-spore forming facultative
anaerobes that produce catalase and coagulase enzymes [1–3]. Yearly, microbial contamination of
marine waters is predicted to be responsible for millions of gastrointestinal and acute respiratory
infections (ARIs) [4], in addition to several skin infections [5]. Although S. aureus is typically a
commensal organism, it has been known to be opportunistic. Invasive infections due to wound

IJERPH 2017, 14, 1001; doi:10.3390/ijerph14091001 www.mdpi.com/journal/ijerph142
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invasion can lead to numerous diseases, including scalded skin syndrome, abscesses, septicaemia,
pneumonia, food poisoning, and toxic shock syndrome [6,7].

S. aureus is a potentially harmful human pathogen associated with both nosocomial and
community-acquired infections, and it is increasingly becoming resistant to most antibiotics. Previous
studies of S. aureus in marine environments have linked swimmers to the dissemination of S. aureus
in marine water [8], via the shedding of the bacterium from their nose, skin, and respiratory tract [9].
On recreational beaches, S. aureus has occasionally been found in high abundance in both water
and sand, which can be directly associated with bather density and human activities around the
beach [9–11].

The human skin is directly exposed to infectious agents during swimming [12], and this exposure
can lead to the colonization of S. aureus with the potential to invade the immune system and cause
infections. There is a relationship between seawater exposure and S. aureus infection rates which
suggests that recreational waters are potential sources of community-acquired S. aureus infections [9].
There is also a positive correlation between the concentrations of S. aureus and total staphylococci to
skin, eye, and ear infections among bathers [13–15].

Methicillin-resistant Staphylococcus aureus (MRSA) is defined as any strain of S. aureus that has
acquired resistance to methicillin and other beta lactam antibiotics [16] and it is responsible for several
intractable infections in humans [17]. S. aureus and MRSA are both shed by swimmers [18,19] and
have been reported in beach seawater and sand [18,20–24].

The resistance of S. aureus to methicillin is due to the production of penicillin-binding protein
2a (PBP2a), which is encoded by the mecA gene located on the mobile gene element (MGE) of
the staphylococcal chromosome cassette mec (SCCmec), which has a low affinity for beta-lactam
antibiotics [25,26].

The fact that S. aureus is resistant to multiple classes of antimicrobial agents in the hospital
environment is a challenge currently facing clinicians when treating S. aureus infections [27]. This
resistance stems from a history of over 50 years of recurrent adaptation of S. aureus to different
antibiotics introduced into clinical practice over the years. Abuse of as well as indiscriminate use of
antimicrobials are contributing factors to the spread of resistance [27]. Antibiotic-resistance genes
are carried on plasmids and transposons, and can be transferred from one staphylococcal species to
another and among other Gram-positive bacteria [28].

Antimicrobials act by targeting important bacterial functions such as cell wall synthesis
(beta-lactams and glycopeptides), protein synthesis (aminoglycosides, tetracyclines, macrolides,
lincosamides, chloramphenicol, mupirocin and fusidic acid), nucleic acid synthesis (quinolones),
RNA synthesis (rifampin), and metabolic pathways such as folic acid metabolism (sulphonamides
and trimethoprim) [29–31]. The overuse of antimicrobials elicits resistance either by the emergence
of point mutations or by the acquisition of foreign resistance genes, which leads to alteration of
the antimicrobial target and the degradation of the antimicrobial or reduction of the cell’s internal
antimicrobial concentration [27,29–31].

This study was carried out to determine the antimicrobial resistance pattern of Staphylococcus
aureus and methicillin-resistant Staphylococcus aureus isolated from seawater and sand from selected
beaches in the Eastern Cape Province of South Africa. We also determined whether isolates carried any
antibiotic-resistance gene markers for methicillin, beta-lactams, tetracycline, vancomycin, erythromycin
and rifampicin.

2. Materials and Methods

2.1. Study Site

Sea water and sand samples were obtained from ten beaches in four major cities in the
Eastern Cape Province; Nahoon beach (32◦59′20.09′ ′ S 27◦57′1.30′ ′ E), Eastern beach (33◦0′32.00′ ′

S 27◦55′31.02′ ′ E), East beach (33◦36′6.07′ ′ S 26◦54′4.94′ ′ E), West beach (33◦36′18.80′ ′ S 26◦53′56.53′ ′ E),
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Kelly’s beach (33◦36′37.20′ ′ S 26◦53′25.86′ ′ E), Kariega beach (33◦41′1.05′ ′ S 26◦40′59.28′ ′ E), Middle
beach (33◦41′21.16′ ′ S 26◦40′36.09′ ′ E), King’s beach (33◦58′16.92′ ′ S 25◦38′49.87′ ′ E), Hobie beach
(33◦58′49.75′ ′ S 25◦39′35.18′ ′ E), and Pollock beach (33◦59′6.59′ ′ S 25◦40′21.92′ ′ E) (Figure 1).

Figure 1. Aerial view of sampling sites [32].

2.2. Sample Collection

A total of 245 (178 marine water, 67 marine sand) samples were collected monthly from 10 selected
beaches in the Eastern Cape Province of South Africa between April 2015 and April 2016. Water samples
were collected in 2 L sterile containers against an incoming wave. Beach sand was also collected in
sterile 100 mL containers. Samples were transported at 4 ◦C and processed within 24 h.

Isolation and Molecular Confirmation of S. aureus

Sand samples were vigorously hand shaken in Phosphate Buffered Saline (PBS), where a ratio of
2 g of sand to 80 mL of PBS was used [20,33]. Both sand and water samples were enriched in tryptone
soy broth and incubated at 37 ◦C for 24 h, followed by sub-culturing on mannitol salt agar (MSA), and
further incubated at 37 ◦C for 24 h. Presumptive S. aureus, identified by the fermentation of mannitol
(yellow colonies) were purified on nutrient agar. Presumptive isolates were stored in 25% glycerol at
−80 ◦C.

Polymerase chain reaction (PCR) was used for confirmation of S. aureus as previously
described [20]. DNA was extracted using the boiling method where 2 mL of overnight pure Nutrient
broth cultures were transferred to sterile eppendorf tubes and centrifuged at 13,000 rpm for 3 min.
The supernatant was discarded and cells re-suspended in 200 μL sterile distilled water. The cell solution
was then heated at 100 ◦C in an Accu dri-block (Lasec, SA) for 10 min, followed by centrifugation at
13,000 rpm for 2 min to pellet the cells [34]. The supernatants were transferred to clean, sterile tubes
and used directly as templates for PCR assay or stored at −20 ◦C for subsequent use.

A method previously described by Maes [35] was used for identification of S. aureus, based on
the detection of a specie-specific nuc-gene. S. aureus ATCC 25923 was used as a positive control. Each
25 μL PCR reaction mix constituted 12.5 μL of 2X PCR master mix, 0.5 μL each of both reverse and
forward primers (Table 1), 6.5 μL nuclease-free water and 5 μL of template DNA. PCR was conducted
in a T1000 Touch Thermal Cycler (Bio-Rad, Hercules, CA, USA). Cycling conditions are shown in
Table 1. The PCR products were separated by agarose gel electrophoresis in 1% agarose, stained with
ethidium bromide. A 100 bp DNA ladder was included in each run.
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2.3. Antimicrobial Susceptibility Testing

Isolates confirmed by PCR as S. aureus were subjected to antimicrobial susceptibility testing to
15 antibiotics. Profiling was performed by the Kirby-Bauer disk diffusion method on Mueller-Hinton
agar according to Clinical and Laboratory Standards Institute guidelines [36,37]. An inoculum
for each isolate was prepared by emulsifying colonies from an overnight pure culture in sterile
normal saline (0.85%) in test tubes with the turbidity adjusted to 0.5 McFarland standard (0.5 mL
of 1% w/v BaCl2 and 99.5 mL of 1% v/v H2SO4), equivalent to 1.0 × 108 cfu/mL. The bacterial
suspension was uniformly streaked on Mueller Hinton agar plates using sterile swabs and left
for 3 min prior to introduction of the antibiotics. Antibiotics commonly used for treatment
of S. aureus infections were selected for this assay, namely penicillin, ampicillin, gentamycin,
erythromycin, levofloxacin, ciprofloxacin, tetracycline, doxycycline, vancomycin, cefoxitin, imipenem,
sulfamethoxazole-trimethoprim, clindamycin, rifampicin and chloramphenicol. Plates were incubated
at 35 ◦C for 24 h, and the diameters of zone of inhibition were measured and results interpreted
according to Clinical Laboratory Standards institute [37].

2.4. Detection of MRSA

2.4.1. Phenotypic

All isolates confirmed to be S. aureus by PCR were subjected to antibiotic susceptibility testing to
oxacillin (5 μg) [37] by disc diffusion test as well as growth on Brilliance MRSA II agar [38], to determine
phenotypic resistance to methicillin. Inoculated plates were incubated at 37 ◦C for 24 h [38]. All isolates
that tested positive on Brilliance MRSA II agar (blue to violet colonies) or resistant by oxacillin disc
were considered to be presumptive MRSA.

2.4.2. Molecular Confirmation of MRSA

Presumptive isolates from Brilliance MRSA II agar, as well as isolates that were phenotypically
resistant to oxacillin, were further confirmed by PCR detection of the mecA gene (responsible for
methicillin resistance) using specific primers (Table 1) as earlier described [20,39]. The femA gene,
a factor essential for methicillin resistance, was also evaluated [40] by PCR using specific primers
(Table 1). A 25 uL reaction was set up consisting of 12.5 μL master mix, 0.5 μL forward primer, 0.5 μL
reverse primer, 6.5 μL nuclease-free water and 5 μL of DNA. PCR was conducted using a T1000 Touch
Thermal Cycler (Bio-Rad, Johannesburg, SA, USA). The cycling conditions used for confirmation of the
mecA and femA gene are shown in Table 1. The amplicons were separated using 1.5% agarose stained
with ethidium bromide and visualized under a transilluminator (UVITEC Alliance 4.7, Bio-Active.,
Ltd., Bangkok, Thailand).
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2.5. PCR Detection of Antibiotic Resistance Genes

Based on the phenotypic antibiotic resistance profiles, (29/30, 24/30, 22/30, 21/30, 17/30, 15/30)
isolates showing resistance to β-lactam, rifampicin, methicillin, erythromycin, tetracycline, vancomycin
respectively, were investigated for the presence of associated antibiotic-resistance genes (ARGs). These
were blaZ, rpoB, mecA ermB, ermA, ermC, tetK, tetM, vanA and vanB genes respectively. The reactions
were performed as singleplex PCRs in a total volume of 25 μL consisting of 12.5 μL 2X PCR master
mix, 0.5 μL each of the forward and reverse primer, 6.5 μL nuclease-free water and 5 μL of template
DNA performed in a T1000 Touch Thermal Cycler (Bio-Rad, Johannesburg, SA, USA). The amplicons
were separated on 1.5% agarose stained with ethidium bromide, visualized and photographed using
a transilluminator (UVITEC Alliance 4.7, Bio-Active., Ltd., Bangkok, Thailand). Table 1 shows the
primer sequences used, and cycling conditions for PCR detection of S. aureus and antibiotic resistance
gene markers.

3. Results

3.1. Molecular Identification of Staphylococcus aureus in Recreational Beach Water and Sand Samples

A total of 245 samples were screened; beach water (n = 178) and sand samples (n = 67) of which
143 isolates (one isolate from each sample) were presumptive by culture on MSA. A 12.3% (30/245)
of the isolates were confirmed by PCR as S. aureus, with 12.4% (22/178) of isolates from seawater,
and 11.9% (8/67) from marine sand. Of the 22 confirmed S. aureus isolates from seawater, 6 isolates
each were from Middle beach and Eastern beach, 5 isolates from Nahoon beach, 2 each from Kariega
beach and East beach and 1 isolate from West beach. Of the 8 confirmed S. aureus isolates from sand,
4 isolates were from Middle beach and 2 each were from East beach and Kariega beach respectively.

3.2. Antimicrobial Susceptibility Test (AST)

Antibiotic susceptibility of 30 S. aureus isolates revealed varying degrees of susceptibility patterns
against the antimicrobial agents. Generally, cefoxitin 76.7% (23/30), chloramphenicol 83.3% (25/30),
levofloxacin 86.7% (26/30), and imipenem 96.7% (29/30) were the most effective antibiotics to S. aureus.
A low, ≥50% susceptibility was recorded to vancomycin and doxycycline (50%; 15/30), tetracycline
and sulfamethoxazole-trimethoprim (56.7%; 17/30), gentamycin (63.3%; 19/30), and ciprofloxacin
(66.7%; 20/30). A higher resistance to erythromycin (70%; 21/30) and clindamycin and rifampicin
(80%, 24/30) was identified, with resistance to penicillin G and ampicillin the highest (each recording
96.7%; 29/30). The percentage of antimicrobial resistance of S. aureus isolates are shown in Figure 2.

Figure 2. The percentage of antimicrobial resistance profiles of S. aureus isolates. PG = penicillin,
GM = gentamicin, VA = vancomycin, T = tetracycline, AP = ampicillin, FOX = cefoxitin,
LEV = levofloxacin, CIP = ciprofloxacin, CD = clindamycin, IMI = imipenem, RP = rifampicin,
DO = doxycycline, SXT = sulfamethoxazole-trimethoprim, E = erythromycin, OX = oxacillin,
C = chloramphenicol.
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3.3. Phenotypic Detection of MRSA

A methicillin-resistant S. aureus isolate was defined as resistant by any of the two methods tested.
Fifteen (50%) isolates showed phenotypic resistance to methicillin after culturing on selective media
(Brilliance MRSA II agar) while 73.3% (22/30) of the isolates showed phenotypic resistance to oxacillin
(Figure 2), which could be used as a proxy for determining methicillin resistance [46]. All those that
were positive on Brilliance MRSA II agar were also positive for the oxacillin disc diffusion test.

3.4. Multiple Antibiotic Resistance (MAR)/MAR Phenotypes of S. aureus

All isolates tested were multi-drug resistant, (100%; 30/30) (resistant to three or more
antimicrobials), with 3 isolates resistant to 12 of the 15 antibiotics tested. Resistance to 8 antibiotics
was the most common, shown by 5 (16.7%) isolates, followed by resistance to 4 and 5 antibiotics
recorded by 4 (13.3%) isolates each. Twenty-three different MAR patterns were observed from
the 30 isolates. The most common of these were PG-GM-VA-T-AP-FOX-CIP-CD-RP-DO-SXT-E-OX,
PG-VA-T-AP-FOX-CD-RP-DO-SXT-E-OX and PG-VA-AP-FOX-CD-RP-SXT-E-OX, observed in 3 (10%),
2 (6.7%), and 2 (6.7%) isolates, respectively.

3.5. Prevalence of Antibiotic Resistance Genes

Generally, a total of five of 10 ARGs tested were detected in one or more resistant isolates, with
higher frequencies recorded in isolates recovered from seawater. Of the ten ARGs tested (blaZ, mecA,
rpoB, ermB, ermA, ermC, tetK, tetM, vanA and vanB), the blaZ gene, coding for resistance to beta-lactam
antibiotics (penicillin & ampicillin), was detected in 16 (55.2%, n = 29) of the isolates, the mecA gene,
coding for methicillin resistance was detected in 5 (22.7%, n = 22), the rpoB gene, coding for rifampicin
resistance, was detected in 11 (45.8%, n = 24), the ermB gene, coding for erythromycin resistance, in 15
(71.4%, n = 21) and the tetM gene, coding for tetracycline resistance, was detected in 8 (72.7%, n = 11) of
the isolates. However, other ARGs such as ermA, ermC, tetK, vanA and vanB investigated were absent
in the isolates. Table 2 shows the various ARGs detected in beach sand and water while Figure 3 shows
a representative gel of the PCR amplified products for these genes.

Figure 3. Representative gel showing PCR amplified products of antibiotic resistance genes of mecA,
rpoB, blaZ, ermB and tetM separated on 1.5% agarose. Lane 1: 100 bp DNA ladder (Fermentas Life
Sciences, Vilnius, Lithuania), Lane 2: negative control, Lane 3, 4: mecA (499 bp) positive isolates, Lane
5, 6: rpoB (460 bp) positive isolates, Lane 7, 8: blaZ (173 bp) positive isolates, Lane 9, 10: ermB (142 bp)
positive isolates and Lane 11, 12: tetM (142 bp) positive isolates.

The femA gene, a factor also responsible for methicillin resistance [40], was identified in 53.3%
(16/30) of the isolates. Figure 4 shows the gel electrophoresis of PCR amplified products for the
femA gene.
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Figure 4. Representative gel showing PCR amplified products of femA gene separated on 1.5% agarose.
Lane 1: 100 bp DNA ladder (Fermentas Life Sciences, Vilnius, Lithuania), Lane 2: negative control,
Lane 3–10: femA (132 bp) positive isolate.

Table 2. Antibiotic resistance genes detected in S. aureus isolates from beach sand and seawater.

No. Resistant by Disc Diffusion
Associated

ARG Tested

ARG Detected

Sand (%) Water (%) Total (%)

Ampicillin & Penicillin (n = 29) blaZ 4 (25%) 12 (75%) 16 (55.2%)
Methicillin (n = 22) mecA 1 (20%) 4 (80%) 5 (22.7%)
Rifampicin (n = 24) rpoB 2 (18.2%) 9 (81.8%) 11 (45.8%)

Erythromycin (n = 21) ermB 3 (20%) 12 (80%) 15 (71.4%)
Tetracycline (n = 11) tetM 1 (12.5%) 7 (87.5%) 8 (72.7%)

4. Discussion

Humans and animals have been reported as sources of antibiotic-resistant organisms in water
environments and can transfer antibiotic resistance genes to other pathogens and naturally occurring
water microbes through transposons, plasmids and integrons [47,48]. Bacteria isolated from beach
sand, seawater and sediments have recorded resistance to various antimicrobials [48–52].

The occurrence of S. aureus and MRSA is on the rise, resulting in increased incidences of
hospital-acquired and community-acquired infections worldwide, posing a major public health
concern [53–55]. Moreover, microbial ecosystems can also be potentially altered by the presence
of varying antibiotics of industrial origin, circulating in water environs [47]. S. aureus is one of the
most successful and adaptable human pathogens due to its proficiency in acquiring antibiotic-resistant
mechanisms and pathogenic determinants, leading to its emergence in both nosocomial and community
settings [54]. Nosocomial colonisation of S. aureus and MRSA can go undetected, and signs of infection
may only appear months after a patient is exposed to the infection. Infected patients may then serve as
reservoirs for further transmission, especially as most of these strains carry SCCmec types coding for
resistance to methicillin and other beta lactams [56].

To the best of our knowledge, this is the first study which has used a mixture of phenotypic and
genotypic approaches simultaneously to determine the occurrence and antibiotic resistance profiles
of S. aureus strains from beach water and sand in the study area. In this study, S. aureus was isolated
from beach water and sand samples. Other studies have also reported this organism in marine water
and/or sand [18,20–22,24,57–59], however, the frequency (12.2%) of isolation was lower in our study
than observed in other studies [20,21,24]. This study only analyzed a single isolate for every sample,
which could account for the lower detection frequency.

Of the isolates evaluated in this study, individual resistances of S. aureus to penicillin G
and ampicillin was high (96.7%; 29/30). High resistance to these β-lactam antibiotics was not
surprising, as ampicillin is one of the most commonly used antibiotics for treatment of infections
in humans and animals [60], with penicillin developing resistance to S. aureus since the 1960s [61].
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In addition, ampicillin-resistant isolates may cross-select for resistance to other beta-lactams [62].
Resistance to ampicillin may therefore indicate resistance of the isolates to other β-lactam antibiotics.
This was observed in our study, as resistance to both ampicillin and penicillin occurred in equal
proportion. Resistances observed to erythromycin, chloramphenicol, sulfamethoxazole-trimethoprim,
and tetracycline were similar to that previously reported [21].

Given the relatively small number of isolates evaluated, a 50% vancomycin resistance was of
concern, as this antibiotic is historically regarded as the antibiotic of final resort and the highest
quality level antimicrobial for the treatment of genuine MRSA diseases [30]. The first case of a
fully vancomycin-resistant S. aureus was described in Michigan, USA, in a renal dialysis patient [63].
The utilization of growth promoters such as tylosin, macrolide and avoparcin has been related to the
occurrence of erythromycin and vancomycin resistance in S. aureus [64] in the environment, which
might have then leached to marine waters. Based on the phenotypic identification of MRSA, 50% and
73.3% of the isolates were potentially MRSA by both methods. The poor specificity of the phenotypic
methods in this study was not surprising, as higher specificity and sensitivity of these phenotypic
methods have mostly been recorded in clinical isolates [38].

In this study, all S. aureus isolates were multidrug resistant. This point is worth noting, as it
potentially could lead to failure in treatment therapy, prolonged illnesses, increased expenses for health
care, and in serious cases, risk of death if humans are infected with such strains [65]. The transmission of
resistance (R-factor), a plasmid-mediated genetic determinant, may be credited with the development
of MAR among these isolates [62]. Studies have shown an upward pattern in the incidences of S. aureus
isolates with multiple antibiotic resistance [66–69]. It has also been reported that S. aureus isolates with
multiple antibiotic resistance attributes have a negative impact on the treatment of staphylococcal
infections, especially in elderly, children, and immune-compromised individuals [70].

Generally, a total of five out of 10 ARGs tested were detected, with a higher frequency of detection
in beach water compared to sand isolates. The higher frequency of detection in seawater could be
because water is exposed to a greater variety of potential contaminants than sand. These may include
runoffs from pharmaceutical, hospital, and industrial waste as well as farmlands [71,72]. Sources may
also include antibiotic-resistant bacteria from poorly treated or untreated sewage, as final effluents of
waste water treatment plants that may leach into seawater [52].

The blaZ gene is responsible for the production of β- lactamase enzyme, which confers resistance
to β- lactam antibiotics such as penicillin and ampicillin [73]. This gene was only detected in small
proportions compared to its phenotypic detection. Molecular confirmation identified the mecA gene
only in five (22.7%) of the MRSA isolates detected by at least one of the phenotypic methods. The
presence of this gene encodes a penicillin-binding protein 2a (PBP2a), responsible for methicillin
resistance in staphylococci, with this protein, rendering a reduced affinity for β-lactam antibiotics [74].
Various studies have reported the occurrence of methicillin-resistant S. aureus from water sources,
animal-derived food and humans [55,75,76]. MRSA has also been previously reported from marine
waters [21,24] and waste water treatment plants [77]. Oxacillin has been proposed as a proxy antibiotic
for testing susceptibility not only to methicillin and to all β-lactams [46], which could explain why
all oxacillin-resistant isolates were not carrying the mecA gene. Phenotypic resistance observed to
oxacillin in this study was probably achieved through other mechanisms [78], which may include
alteration of the penicillin binding proteins, which brings about hyper-production of methicillinase or
beta-lactamase [37,79,80].

The mode of resistance of rifampin is inhibition of the process of RNA polymerase [81]. Mutations
on the gene encoding the β-subunit of RNA polymerase (rpoB gene) account for rifampin resistance
(Rifr) [82–84]. In our study, this gene was detected in 45.8% (11/24) of the rifampicin-resistant S. aureus
isolates. Erythromycin resistance in staphylococci is mainly facilitated by the erm genes, coding for
erythromycin resistant methylase [85], with ermA and ermC reported as the most frequently detected
erm gene associated with staphylococci in human infections [86]. Results from this study however,
detected ermB as the only gene coding for erythromycin resistance. The high incidence (72.7%) of
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tetM in our study is similar to that (74.2%) earlier reported [87]. Another study has also reported the
presence of both tetM and tetK gene from S. aureus isolates from public beaches [21].

The femA gene was detected in 53.3% (16/30) of the confirmed S. aureus isolates. This gene is a
chromosomally encoded factor in Staphylococcus aureus, which is crucial for the expression of advanced
methicillin resistance, encoding proteins which influence the level of methicillin resistance [88]. Finding
femA gene in all mecA positive isolates is evidence that these isolates had a functional methicillin
resistance. The detection of femA together with mecA by PCR has long been considered a reliable
indicator in the identification of MRSA [89].

5. Conclusions

This study is the first to report the occurrence of antibiotic resistant S. aureus on recreational
beaches in the Eastern Cape Province, South Africa. Our results show that public beaches in the
study area may be potential reservoirs for transmission of antibiotic resistant S. aureus to beach
goers, particularly those with skin lesions. Results from this study are unlikely to be unique to the
Eastern Cape or South Africa and further studies are needed to determine the distribution and level of
antibiotic-resistant S. aureus in other public beaches.
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Abstract: Gaining knowledge about the spread of resistance against antibacterial agents is a primary
challenge in livestock farming. The purpose of this study was to test the effect of double antibiotic
treatment (at days 10–14 and days 26–30) with enrofloxacin or solely environmental exposition
(identical times, directly into the litter) on resistance against antibacterial agents in commensal
Escherichia coli in comparison with the control (without treatment), depending on different flooring.
A total of 720 Big 6 turkeys participated in three trials. Four different flooring designs were examined:
An entire floor pen covered with litter, a floor pen with heating, a partially slatted flooring including
50% littered area, and a fully slatted flooring with a sand bath. A total of 864 Escherichia coli isolates
were obtained from cloacal swabs and poultry manure samples at days 2, 9, 15, 21, and 35. The broth
microdilution method (MIC) was used to determine the resistance of isolates to enrofloxacin and
ampicillin. A double antibiotic treatment with enrofloxacin reduced the proportion of susceptible
Escherichia coli isolates significantly in all flooring designs. Simulation of water losses had no
significant effect, nor did the flooring design. Ampicillin-resistant isolates were observed, despite not
using ampicillin.

Keywords: flooring design; Turkey; antibacterial resistance; enrofloxacin; commensal E. coli

1. Introduction

Resistance to antibacterial agents is an increasing problem in public health and veterinary
medicine worldwide [1–3]. The major public health concern which has been expressed for several
decades is still the potential for transmission of antibiotic-resistant bacteria from animals to humans [4].
Most of the amounts of antibiotics used (30–80%) in livestock farming are excreted by the animals
directly into the environment via urine and feces because of partial metabolization of antibacterial
agents and residue in manure [5–7]. Resistance to antibacterial agents in Gram-negative bacteria is
on the rise in pathogens as well as in commensal bacterial flora, particularly in Escherichia coli. E. coli
constitutes the majority of invasive Gram-negative isolates for humans in European countries [8].
The natural habitat of E. coli is the gastrointestinal tract of mammals and birds [9]. It is considered as an
indicator bacteria for resistance detection. E. coli also has the ability to survive in and adapt to various
extra intestinal habitats and to spread resistances between humans, animals, and the environment [10].
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Antibacterial agents in livestock production have been either used to prevent diseases and
promote animal growth or for therapeutic purposes [11,12]. The total sales of veterinary antibacterial
agents during 2015 in the European Union (EU) amounted to approximately 8361 tons [13]. The average
antibacterial consumption by humans (124 mg/kg) was lower than in animals (152 mg/kg) [3].
The resistance level of avian isolates to E. coli in Germany, for example, exceeded the level determined
by the Federal Office of Consumer Protection and Food Safety for other veterinary pathogens in other
animal species [14]. In the past, in relation to their respective fattening periods, in poultry, antibacterial
agents have been used more often and for a longer duration compared with cattle and pigs [15].

Fluoroquinolones (FQ) have been classified as being critically important for human health and
animal farms by the World Health Organization [4]. An unfavorable situation has arisen in Europe:
Resistance to these antibiotics is widespread and the incidence of resistance increased significantly
between 2012 and 2015 [3]. The application of FQ agents in poultry husbandry has led to increasing
problems with resistance to antibacterial agents [16,17]. The level of fluoroquinolone consumption
showed a significant correlation with antibiotic resistance in E. coli in livestock husbandry [3,18,19].
In turkeys, commensal and pathogenic E. coli are often resistant to quinolones, including enrofloxacin,
and to β-lactams [2,13]. Commensal E. coli isolates gained from turkey meat in Germany showed
higher rates of resistance to FQ than E. coli from broilers [20].

In commercial poultry meat production in Europe, turkeys are reared on littered concrete floor.
During the fattening period, the primary litter material becomes mixed with poultry excreta, feathers,
feed, and spilt drinking water [21], the resulting mixture being referred to as poultry manure. Therefore,
close contact with their litter or rather manure is common for turkeys during their productive life.
More than 95% of the dry matter in manure consists of excreta [22]. This material can contain residues
of antibacterial agents as well as resistant bacteria [17]. On almost every farm (62.3%), E. coli can be
isolated from manure [23]. The poultry environment has long been acclaimed as a potential source
of antibiotic-resistant bacteria [5,17], acting as a possible reservoir for the dissemination of these
organisms to humans via the food chain (poultry meat), person-to-person contact (food handlers),
and environment (poultry waste disposal, organic fertilizers). A significant proportion of these
antibiotics is excreted unchanged in animal urine and feces. These antibiotics can remain potent for a
longer time in manure during storage [5,24].

Information concerning the effects of separating animals from their excreta on the development
of resistance to antibacterial agents in commensal E. coli in rearing turkeys has only been described in
the study by Chuppava et al. [25]. The aim of the present study was to evaluate the effect of double
antibiotic treatment (at days 10–14 and at days 26–30) with enrofloxacin or solely environmental
exposition (at days 10–14 and days 26–30 directly into the litter) on resistance against antibacterial
agents in commensal Escherichia coli in comparison with the control (without treatment), depending on
different flooring. The different types of flooring design were distinguished by means of the contact
intensity of birds to their excreta.

2. Materials and Methods

The animal experiments were conducted in accordance with the corresponding German
regulations and approved by the Ethics Committee of Lower Saxony for Care and Use of Laboratory
Animals (LAVES) (Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit;
reference: 33.12-42502-04-15/2044).

2.1. Design of Experiments

A total of 720 female one-day-old turkeys (B.U.T. Big 6) were obtained from a commercial hatchery
(Heidemark GmbH, Ahlhorn, Germany). A total of three independent experiments (T1–T3) were
carried out. For each of these experiments, 240 birds were used.

Before starting the experiments in the second week after hatch, the birds were housed in dry and
clean floor pens in a quarantine stable. Flooring was covered with wood shavings (GOLDSPAN®,
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Goldspan GmbH and Co. KG, Goldenstedt, Germany). A commercially prepared pelleted diet was
offered ad libitum (Best 3 Geflügelernährung GmbH, Twistringen, Germany).

Each experiment was started after the above described one-week adaptation period. For these
experiments, specially manufactured boxes were used, twelve experimental pens (1.20 × 0.80 m) in
total. Different flooring designs were used to establish different degrees of contact intensity of the
animals to the manure (Figure 1).

Figure 1. Flooring designs used in the study: G1 = entire floor pen with litter; G2 = identical to G1 and
additionally having floor heating (in red); G3 = plastic covered steel slats in 50% of the pen (in blue) as
well as an area with litter; G4 = fully-slatted flooring with plastic covered steel slats and a sand bath
(900 cm2). SB = sand bath, R = rope.

The first group served as a control. Animals were kept on dry wood shavings (G1—entire floor
pen covered with litter). The second group was identically kept. The exception was an electrical
floor heating system (Sauerland GmbH, Paderborn-Elsen, Germany) with an adjuster to control the
temperature (G2—floor pen with litter with floor heating). Animals in these two groups continuously
had full contact with manure. The pens in the third group (G3) were divided into two equal parts
consisting of 50% solid flooring with wood shavings on the right-hand side and 50% plastic slatted
flooring on the left-hand side. In the last group (G4), plastic slatted flooring with a sand bath (900 cm2)
was used, the bath being disinfected and the sand replaced on a daily basis. Animals in G4 had
no contact with litter except possibly in the sand bath. Plastic covered steel slats consisted of holes
(15 × 10 mm) and bridges (plastic covered steel; 3.5 mm wide; Big Dutchman International GmbH,
Vechta, Germany). The excreta were stored under the slatted floor at a depth of approximately 30 cm
without any material being removed during the trial, besides small amounts of material needed for the
samples as described below.

The boxes were placed in a randomized sequence in blocks of four subgroups (G1–G4) in the same
stable, as previously described [25]. Two boxes of each block were placed on the right-hand side and
two on the left-hand side of a central corridor (~1.70 m width). Airing was provided by vacuum air
ventilation. This system was installed in the ceiling in two rows above the pens. Wood shavings were
used as bedding material (1 kg/m2). Stocking densities reached a maximum of 25 kg/m2. Hanging
type feeders were used (Klaus Gritsteinwerk GmbH & Co. KG, Bünde, Germany) as well as bell
drinkers (Ferdinand Stükerjürgen GmbH & Co. KG, Rietberg-Varensell, Germany).

Before commencing with the trials one week after hatch, stables and all materials had been
disinfected. Also, tests had been performed to exclude the occurrence of Enterobacteriaceae. All birds
were allocated to four groups, each with three identical subgroups (n = 20 birds). Rearing was done
until day 36. The birds had unlimited access to fresh water and feed (commercial pelleted growing
diet). The environmental temperature was gradually reduced from about 33 ◦C for the one-day-old
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birds to about 20 ◦C by day 36. Lights were continuously on between days 1 and 3 and the photoperiod
from day 4 onwards amounted to 16 h of light and 8 h of darkness.

In T1 there was no antibiotic treatment. This experiment served as a nontreated control trial.
In contrast, animals in T2 were medicated with Baytril® 10% in drinking water (10 mg enrofloxacin/kg
body weight per day—corresponding to an addition of 0.5 mL Baytril® 10%/L of drinking water,
in accordance with the recommended dosage; Bayer Vital GmbH, Leverkusen, Germany). In the
last trial (T3), the birds were not treated with any antibiotic in drinking water. Spillage of drinking
water containing enrofloxacin was simulated. The amount of water losses was calculated according
to experience from former trials, comparing water intake in turkeys using drinking bowls and
nipple drinkers (data not shown). Water containing enrofloxacin (dosage: 0.5 mL/L of Baytril®

10%, amount 240 mL per day) was sprayed into the litter or on the slatted flooring only in the feeding
area. Both, in T2 and T3, five-day treatments were performed at days 10–14 and days 26–30.

At the end of day 21, eight out of 20 birds in each subgroup were dissected. Final dissection for
all remaining turkeys (n = 12/box) was done at day 36. The stunning method (percussive blow to
the head) was conducted in accordance with Annex I of the Council Regulation (EC) No. 1099/2009,
Chapter I, Methods, Table 1—Mechanical Methods [26].

2.2. Collection of Cloacal Swabs and Manure Samples

Samples (864 in total) were taken before treatment, directly after antibiotic treatment and at the
end of the trial. Cloacal swabs were collected at day 2 and manure samples at day 9 before treatment
(BT: before treatment stage). After the enrofloxacin treatment (AT), at day 15, manure samples were
taken and six days later, cloacal swabs were taken (day 21). Final sampling (ET) was done for both
(manure and cloacal swabs) at day 35. Cloacal swabs were always collected from 24 animals per group,
i.e., in total, 96 randomly selected animals. Six samples from each type of flooring design (two samples
per pen), in total 24 samples of manure, were taken from two defined locations (feeding area and
resting area) in every pen for all trial stages (BT, AT, and ET). Manure samples were taken with a
plastic cup (6 cm in diameter) which removed the whole litter material at these locations right down to
the floor. All samples were immediately transferred to the laboratory for following analyses.

2.3. Bacteriological Analyses and E. coli Isolation

The bacteriological investigations were carried out as previously described [25]. In brief: Cloacal
swab samples were directly streaked on Gassner agar plates, following an incubation overnight at 37 ◦C.
For manure samples 50 mL of peptone water (Oxoid, Wesel, Germany) as well as the manure sample
itself (25 g each) were put into a sterile Whirl-Pak® Bag (Nasco, Fort Atkinson, WI, USA). Bags were
mixed for three minutes with a Bag Mixer® 400 VW (Interscience, Saint Nom, France). Using a
sterile loop, 10 μL of each mixed-sample was streaked on Gassner agar (Oxoid, Wesel, Germany) and
incubated at 37 ◦C for 18–24 h.

One single blue color colony from each plate was selected and spread onto Columbia blood
agar (Oxoid, Wesel, Germany) and Tryptone Bile X-glucuronide (TBX) agar (Oxoid, Wesel, Germany).
Incubation was done overnight at 37 ◦C. Bluegreen colonies on TBX agar detected glucuronidase
activity. The positive indole test with Kovac’s indole reagent (Merck, Darmstadt, Germany) was used
to confirm the diagnosis.

2.4. Antibacterial Susceptibility Testing

The guidelines of the Clinical and Laboratory Standards Institute (CLSI) and the manufacturer’s
recommendations were the basis for testing the resistance of E. coli isolates using the broth
microdilution technique. Micronaut plates (Merlin, Bornheim-Hersel, Germany) with Mueller–Hinton
Broth (Merlin, Bornheim-Hersel, Germany) were used to determine minimal inhibitory concentrations
(MICs) of enrofloxacin (ENR) and ampicillin (AMP). Dried antibacterial agents in serial dilutions of
enrofloxacin and ampicillin were placed in wells of these plates, as previously described by Chuppava
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et al. [25]. MIC values were determined by visually reading and interpreting the results. As the
reference strain, E. coli ATCC 25922 was tested concurrently on each testing day.

2.5. Screening of Antibacterial Agents in Water Using High Performance Liquid Chromatography

An aliquot of collected water samples with enrofloxacin from days ten to 14 and days 26 to 30
was used for analyses. The concentration of enrofloxacin in the water was determined using high
performance liquid chromatography (HPLC) via the method described by Scherz [27]. Exactly 100 μL
of the sample was injected into the system with an autosampler (System Gold 508, Beckmann, Munich,
Germany). A flow of 1 mL per minute was maintained by the System Gold 126 solvent module
(Beckmann, Munich, Germany). A CC250/4 NUCLEODUR 100-5C 18ec (25 cm, Macherey-Nagel,
Oensingen, Germany) column was used, this being connected to a precolumn (LiChroCART® 4-4,
Li- Chrospher® 100 RP-18e, 5 μm, Merck, Darmstadt, Germany). A fluorescence detector (RF-551
Shimadzu, Nakagyo-ku, Japan) with 280 nm for excitation and 450 nm for emission was used for
detection. The mobile phase consisted of 85% citrate buffer pH 3.0 (citric acid monohydrate: 1.80 g/L
tri-sodium-citrate-dihydrate: 0.43 g/L). The concentration of enrofloxacin in the water samples was
calculated with the external standard method.

2.6. Statistical Analyses

The data of resistance to antibacterial agents were performed using the SAS statistical software
package version 7.1 (SAS Inst., Cary, NC, USA). MICs were summarized and reported as susceptible (S),
intermediate (I), and resistant (R; the results were classified as 1 = S, 2 = I, or 3 = R), where CLSI
veterinary breakpoints were available [28]. The analyses were made with these values for the categories.
There are no intermediate values between classes one, two, and three. Therefore, a generally high
standard deviation has to be tolerated. In the case of completely sensitive isolates at the beginning
of the tests, the values are constant at one, i.e. the standard deviation is zero and can therefore not
be seen graphically. Significant differences in the means of the resistance results between the four
groups of flooring designs were tested using the repeated measures ANOVA (Fisher’s Least Significant
Difference (LSD)). This test was also used to determine the differences between the sampling stages
and the frequency of resistance between the three trials.

3. Results

In total, 864 E. coli were isolated and analyzed. These isolates were obtained from 648 cloacal
swabs and 216 manure samples at the BT, AT, and ET stages. In the water collected at days ten to 14
and days 26 to 30 in trial 2, the enrofloxacin concentration were 50.17 and 50.62 μg/mL, respectively;
in trial 3, water contained 49.87 and 50.42 μg enrofloxacin/mL, respectively.

3.1. Differences in Resistance to Antibacterial Agents in E. coli between Sampling Points as Well as between Trials

Enrofloxacin-resistant E. coli isolated from cloacal swabs and manure samples were found at
the beginning of trial 1 (T1) and showed significantly higher mean resistance rates than in the other
trials (Table 1). In contrast, in trials 2 (T2) and 3 (T3), none of the E. coli isolates during the BT stage
were resistant to enrofloxacin. There were no significant differences between trial 2 and trial 3 during
this stage.

Significant differences could be found between the trials during the AT and ET stages (Table 1).
Isolates from the cloacal swabs and manure samples from trial 2 showed the significantly highest
resistance to enrofloxacin of the isolates after administering Baytril®, followed by mean values of trial
1 and trial 3 (cloacal swabs: 2.90, 1.98, and 1.00, respectively; manure samples: 2.63, 2.00, and 1.08,
respectively; Table 1). Also, at the ET stage, the results of mean enrofloxacin resistance in trial 2 showed
the same relationship to the other experiments (Table 1).
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Table 1. Means of enrofloxacin-resistant E. coli isolates from cloacal swab and manure samples
from turkeys.

Time of Sample Collection **

Enrofloxacin *

Cloacal Swab (N = 648) *** Manure (N = 216) ***

BT AT ET BT AT ET

T1 1.42 A,b 1.98 B,a 2.20 B,a 1.75 A,a 2.00 B,a 1.67 B,a

T2 1.00 B,b 2.90 A,a 2.99 A,a 1.00 B,b 2.63 A,a 2.92 A,a

T3 1.00 B,a 1.00 C,a 1.04 C,a 1.00 B,a 1.08 C,a 1.00 C,a

A, B, C means in the same column differ significantly between the experiments (p < 0.05); a, b means differ significantly
between the stage of sampling within one experiment (p < 0.05); * MICs were summarized and reported as susceptible
(S), intermediate (I), and resistant (R). Afterwards the results were classified as 1 = S, 2 = I, or 3 = R and means
thereof were calculated; ** BT = before treatment; AT = after treatment; ET = end of trial. T1 = untreated antibiotic
trial, T2 = treated antibiotic trial, T3 = trial with simulated water spillage containing antibiotic; *** Cloacal swabs:
N = 648; per trial BT: n = 24, AT: n = 96, ET: n = 96; poultry manure: N = 216; per trial BT: n = 24, AT: n = 24,
ET: n = 24. G1 = entire floor pen covered with litter; G2 = floor pen covered with litter and having floor heating;
G3 = partially (50:50) slatted flooring including an area that was littered; G4 = fully slatted flooring with a sand
bath (900 cm2).

When comparing the sampling stages (Table 1), the means in enrofloxacin resistance were
significantly different between trial 1 and trial 2 regarding the E. coli isolated from the cloacal swabs
(Table 1). For the medicated group (T2), the number of samples with isolation of resistant E. coli in
materials (cloacal swab and manure sample) significantly increased from the BT to AT stages upon
exposure to enrofloxacin. Nevertheless, the E. coli from all samples showed no significant differences
in the resistance between the AT and ET stages (Table 1).

The results of means in resistance of ampicillin resistant E. coli isolates in trials 1, 2, and 3 are
presented in Table 2. E. coli isolates from cloacal swabs were 100% susceptible to ampicillin during the
BT stage except in trial 1. In this trial, isolates showed a significantly higher resistance to ampicillin
(G1 = 1.33, G2 = 1.00, G3 = 1.00, respectively; Table 2).

Table 2. Means of ampicillin-resistant E. coli isolates from cloacal swab and litter/excreta samples
from turkeys.

Time of Sample Collection **

Ampicillin *

Cloacal Swab (N = 648) *** Manure (N = 216) ***

BT AT ET BT AT ET

T1 1.33 A,a 1.80 B,a 1.52 B,a 1.42 A,a 1.33 B,a 1.00 B,a

T2 1.00 B,b 1.31 C,a 2.00 A,a 1.00 B,b 2.13 A,a 1.67 A,a

T3 1.00 B,b 2.08 A,a 1.73 B,a 1.25 AB,a 1.17 B,a 1.83 A,a

A, B, C means in the same column differ significantly between the experiments (p < 0.05); a, b means differ significantly
between the stage of sampling within one experiment (p < 0.05); * MICs were summarized and reported as susceptible
(S), intermediate (I), and resistant (R). Afterwards the results were classified as 1 = S, 2 = I, or 3 = R and means
thereof were calculated; ** BT = before treatment; AT = after treatment; ET = end of trial. T1 = untreated antibiotic
trial, T2 = treated antibiotic trial, T3 = trial with simulated water spillage containing antibiotic; *** Cloacal swabs:
N = 648; per trial BT: n = 24, AT: n = 96, ET: n = 96; poultry manure: N = 216; per trial BT: n = 24, AT: n = 24,
ET: n = 24; G1 = entire floor pen covered with litter; G2 = floor pen covered with litter and having floor heating;
G3 = partially (50:50) slatted flooring including an area that was littered; G4 = fully slatted flooring with a sand
bath (900 cm2).

During the AT stage, a significant difference between the three trials occurred in isolates from
the cloacal samples. At this point in time, isolates in T3 showed the significantly highest means in
enrofloxacin resistance in cloacal swabs, whereas in manure samples, T2-samples had the highest
means. During the ET stage in trial 2, the means of ampicillin-resistant E. coli isolates from cloacal
swabs were significantly higher than in the other trials (Table 2). In manure samples, no more ampicillin
resistance was found in T1 during the ET stage.
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The results of mean ampicillin resistance in T2 (animals treated twice with enrofloxacin) differed
significantly between the sampling days regarding the E. coli strains isolated from the cloacal swabs
and manure samples. There was a significant increase in means from the BT to the AT stage (Table 2).
In trial 3, there was also a significant increase in means of resistance. The percentage of susceptible
isolates changed from 100% susceptible isolates to 46% after simulation of water losses with water
containing antibiotic. The significance between the AT and ET stages could not be found in all trials
(Table 2).

3.2. Testing the Effect of Different Flooring Designs on the Resistance to Antibacterial Agents in E. coli

The mean values of resistance of E. coli isolates to enrofloxacin and ampicillin depending on
sampling stage and flooring design are presented in Figures 2a–d and 3a–d.

Figure 2. Cont.
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Figure 2. Means of susceptible (=1); intermediate (=2); and resistant (=3) E. coli isolates concerning
enrofloxacin resistance in (a) cloacal swabs and (b) poultry manure samples as well as ampicillin
resistance in (c) cloacal swabs and (d) poultry manure samples before treatment (BT), after treatment
(AT) and at the end of trial (ET; cloacal swabs: N = 648; per trial BT: n = 24, AT: n = 96, ET: n = 96;
poultry manure: N = 216; per trial BT: n = 24, AT: n = 24, ET: n = 24). T1 = no treatment with antibiotic;
T2 = treatment of enrofloxacin via drinking water; and T3 = water (containing enrofloxacin) loss
simulation trial. G1 = entire floor pen covered with litter; G2 = floor pen covered with litter and having
floor heating; G3 = partially (50:50) slatted flooring including an area that was littered; and G4 = fully
slatted flooring with a sand bath (900 cm2). A, B means differ significantly between the groups at one
sampling (p < 0.05).
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Figure 3. Cont.
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Figure 3. Percentage of frequency of enrofloxacin minimum inhibitory concentration (MIC) distribution
in commensal E. coli isolates from (a) cloacal swabs after treatment (AT) and (b) end of trial (ET) as well
as in (c) poultry manure samples during AT and (d) ET of untreated antibiotic (T1), treated twice with
enrofloxacin via drinking water (T2) and simulated water spillage with water containing enrofloxacin
(T3) in turkeys (cloacal swabs: N = 576; per trial AT: n = 96, ET: n = 96; poultry manure samples:
N = 144; per trial AT: n = 24, ET: n = 24). Rectangle on the x-axis: Clinical Laboratory Standard Institute
(CLSI) has determined a veterinary specific breakpoint of ≥2 μg/mL enrofloxacin for E. coli from
chickens and turkeys.

3.2.1. Development of Enrofloxacin Resistance Depending on Group

Enrofloxacin resistance in E. coli isolates from all samples did not show any differences between
the groups during the BT stage. During the AT stage in trial 2 (Figure 2a), E. coli isolated from cloacal
swabs in G3 showed significantly lower means in resistance rates to enrofloxacin than the isolates
collected from animals in other groups showing highest possible means (G3: 2.58; mean values of
enrofloxacin resistance in E. coli for each group in detail in Supplementary Table S1a). During the ET
stage in trial 1, G2 showed significantly higher means in resistance values of enrofloxacin in manure
samples (Figure 2b). The E. coli isolates in T3 acquired from cloacal swabs and manure samples
(Figure 2a,b) were susceptible to enrofloxacin and showed no significant differences between groups;
98% and 96%, respectively.

3.2.2. Development of Ampicillin Resistance Depending on Group

Regarding ampicillin resistance in all trials (Figure 2c,d), there were no significant differences
between the groups concerning resistance in isolates from cloacal swabs and manure samples during
the BT stages. In contrast, E. coli isolates from cloacal swabs during the AT stage in trial 2 (Figure 2c)
from G1 demonstrated higher resistance means than in the other groups (G1: 1.92; mean values of
ampicillin resistance in E. coli for each group in detail in Supplementary Table S1b). In trial 2, the
results of means of ampicillin resistance from the manure samples during the AT stage also showed
higher values for G1 than observed in either G2, G3, or G4 (2.33, 1.00, 1.00, and 1.00, respectively;
Figure 2d; mean values of ampicillin resistance in E. coli for each group in detail in Supplementary
Table S2b). There was no difference in means of ampicillin-resistant E. coli isolated from cloacal swabs
and manure samples during the ET stage in all trials (Figure 2c,d).
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3.3. Enrofloxacin MICs Distributions of the Commensal E. coli Isolates

The percentage of frequency of MICs distribution of the 576 commensal E. coli isolates from cloacal
swabs and manure samples to enrofloxacin during the AT and ET stages are shown in Figure 3a–d.
For E. coli from chickens and turkeys, the Clinical Laboratory Standard Institute (CLSI [28]) determined
a veterinary specific breakpoint of ≥2 μg/mL for enrofloxacin.

When comparing the three trials (Figure 3a–d), a large number of resistant E. coli isolates during
the AT and ET stages were found in trial 2, 93% and 99% in cloacal swabs, respectively (Figure 3a,b)
and in manure samples, 79% and 92% during the AT and ET stages, respectively (Figure 3c,d). On the
other hand, all E. coli isolates from trial 3 during the AT stage were susceptible to enrofloxacin
(≤0.25 μg/mL).

Regarding the MICs distribution for enrofloxacin, susceptible isolates from cloacal swabs in trial
1 decreased gradually from 52% during the AT stage to 42% at the end of the study (Figure 3a,b).
In contrast, the percentage of resistant E. coli isolated in trial 2 slightly increased from 93% to 99%
during the AT and ET stages, respectively (Figure 3a,b). On the other hand, nearly all of the E. coli
isolates from the cloacal swabs and manure samples in trial 3 had enrofloxacin MIC-values below the
clinical breakpoint (MIC ≤ 2 μg/mL).

4. Discussion

The antibacterial agents used in the poultry for treatment or prophylaxis are implicated for the
development of bacterial resistance [29]. Treatment in large groups of chickens is often done by oral
administration [30]. Some studies reported that antibacterial agents or their metabolites are excreted in
manure and residue can therefore be found in the environment [16,31,32].

4.1. Consequences of the Oral Administration of Antibacterial Agents

In the present study, one week after the first administration period (d21; AT stage), the amount
of resistance was higher compared to the E. coli isolates before treatment. A higher rate of
enrofloxacin-resistant E. coli after oral administration of antibacterial agents was observed in several
studies [25,33,34]. Chuppava et al. [25] stated that a single treatment for five days with enrofloxacin
led to markedly reduced ratios of susceptible E. coli isolates in cloacal swabs and manure samples.
The highest proportion of cloacal swabs with resistant E. coli was found directly after treatment.
Afterwards, a decrease in resistance to enroflaxacin was seen. Therefore, our results are in agreement
with those of Chuppava et al. [25] who described a very rapid occurrence of FQ resistance among the
commensal E. coli after enrofloxacin treatment in poultry. Nevertheless, no difference in resistance
in E. coli isolates was found between the AT and ET stages after two consecutive treatments with
enrofloxacin in this study because MIC values were already very high after one-time treatment.

As expected, after treatment with enrofloxacin, increased MIC values above 2 μg/mL occurred
in E. coli isolates (T2) with high detection rates up to the end of the trial. Scherz et al. [27] showed
that a long-term exposure (21 days) of the commensal flora of poultry to enrofloxacin leads to an
amplification and selection of resistant—E. coli isolates. These isolates persist in the commensal
microbiota. The transmission of E. coli isolates of animal origin between the animals in the same pen
as well as into the environment may contribute directly to the spread of resistant bacteria in general
and may also be a problem for public health [35].

Medication is the main reason for occurrence of resistance to antibacterial agents in E. coli [31].
Oral group treatments led to an environmental contamination with antibacterial agents. The application
procedure itself or excreted feces from treated animals can be the source [36]. Due to the fact
that the metabolic rate of antibiotics is low, 90% of the administered dose is excreted via feces [5].
Avian intestines can act as potential reservoirs of E. coli [37]. Thus, there is a higher risk for resistance
to antibacterial agents spreading from birds to other birds or from birds to the environment. In other
European countries, the higher occurrence of FQ resistance in broilers compared to turkeys has been
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suggested to depend on an overall use-dependent higher exposure to FQ [3]. It should be noted,
however, that the fattening period in turkeys takes much longer under field conditions. Therefore,
the resistance situation in the present investigations at the end of the experiment is not comparable
with the resistance situation occurring within the normal fattening duration.

In agreement with our data, Jurado et al. [34] and Chuppava et al. [25] found a significant increase
in the frequency of resistance to ampicillin in E. coli isolates from poultry after orally administering
enrofloxacin. These findings may be due to the coselection of β-lactam resistance genes. As the
transmissible genetic elements were not analyzed in our study, further studies are recommended in
order to confirm the role of such elements in the spread of resistance genes in poultry for E. coli.

4.2. Effects of the Development of Resistance to Antibacterial Agents in E. coli by Water Loss Simulation
(Indirect Administration)

To the best of our knowledge, using water loss simulations by spraying the water containing
enrofloxacin exclusively into the litter or onto the slatted flooring in the drinking area in order to study
the development of resistance to antibacterial agents has not been previously reported. In this study,
it was hypothesized that excreted or metabolized enrofloxacin might alone influence the occurrence of
resistance to antibacterial agents. However, in the present study, we could not verify the occurrence of
enrofloxacin resistance due to spraying water with enrofloxacin directly into the animals’ environment.

Earlier reports suggested that the carry-over effect of antibacterial agents like FQ as well as
their active metabolites in the stable could foster the development of antibacterial resistance via oral
ingestion by animals [27]. However, in the present investigation, we sprayed enrofloxacin containing
water directly into the environment. In contrast, in the aforementioned study, subtherapeutic dosages
(3% and 10% of the recommended dosage of 10 mg/kg body weight) were directly applied to drinking
water for 21 days, which could explain the difference. The active dose may therefore have been
significantly lower in our own experiments.

Chuppava et al. [25] stated from their experimental model that removing the animals from
contaminated pens after antibiotic treatment might be the reason for the lower percentage of resistant
E. coli isolates in the observed animals. Changing the environment was assumed to lead to a lower
percentage of resistant E. coli isolates in manure. A lower exposure to resistant bacteria in manure
as well as antibacterial agent residues was discussed as the cause for this observation. Additionally,
in poultry, dirty or contaminated litter and other animal management parameters affect the microbial
composition of the chicken gastrointestinal tract. This influence can be either directly, by providing a
continuous source of bacteria, or indirectly, by influencing the physical condition and defence of the
birds [37].

4.3. Effect of Different Types of Flooring Design on the Development of Resistant E. coli

Up to now, little is known about reducing the development of resistance to antibacterial agents by
using different flooring designs simulating varying contact intensity between animals and manure.
The development of enrofloxacin and ampicillin resistance in E. coli was almost independent of
flooring design in the present study. Differences in antibacterial susceptibility of commensal E. coli
isolates from turkeys depending on flooring design have been previously reported [25]. Chuppava et
al. [25] mentioned that flooring design had hardly any effect on the development of resistance against
antibacterial agents. Nevertheless, in fully slatted flooring systems, with animals having no contact to
their litter, resistance to antibacterial agents still develops in the animals.

In T1, overall, the group with floor heating (G2; average floor temperature in all trials:
G1 = 27.0/G2 = 30.5/G3 = 26.5/G4 = 26.0 ◦C) showed a significantly higher number of resistant E. coli
isolates than the other groups. Previous studies showed that the resistance to antibacterial agents
in animals can change when they are kept in a heat stress environment [25,38]. A high amount
of enrofloxacin resistant isolates from cloacal swabs in fattening turkeys was already reported by
Chuppava et al. [25] in a group with floor heating. Also, in swine, Moro et al. [38] found a significant
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increase in resistant E. coli isolates in the intestinal flora after the animals had been exposed to heat
stress (environmental temperature: 34 ◦C).

A significantly higher prevalence of ampicillin resistance in E. coli isolates from excreta material
from cloacal swabs and manure samples was found in the entire floor pen with litter (G1) even when
no ampicillin had been administered to the animals and the pens and the stable had been tested
and found to be free of Enterobacteriaceae at the start of the trial. Further genetic analyses were not
conducted. Therefore, the reason for this difference remains unknown.

4.4. Natural Resistance to Antibacterial Agents Found in Day-Old Chickens

Turkey poults in this study had not been previously exposed to antibacterial agents. However,
E. coli was isolated from day-old chicks’ meconium in trial 1. Isolates showed resistance to enrofloxacin
(48%) and ampicillin (42%). Similar results were reported in previous studies that found one-day-old
chicks to be E. coli resistant to enrofloxacin [39] and 100% resistant to ampicillin [25]. It has to be
mentioned that also other research groups observed high rates of resistance to antibacterial agents
already before treatment as well as in the absence of treatment [40]. A vertical transmission of
resistant isolates along the production pyramid can occur [3,41]. Also, contamination in the hatchery
environment is possible [42]. Persoons et al. [43] stated that besides management, also hatchery-related
factors can influence the occurrence of resistance to antibacterial agents. In newly hatched chicks,
the common bacteria in the environment, whether antibacterial susceptible or resistant, colonize the
intestines and become part of the intestinal normal microflora. Thus, contamination of chickens via
vertical transmission could be a possible explanation for the resistance rates found in our study.

The natural enrofloxacin resistance observed in this present study increased strongly. This increase
was higher than after one time treatment, as previously reported [25], despite the absence of
antibacterial agent usage (T1). Chuppava et al. [25] suggested, according to their findings,
that resistance could be reduced or increased, but not eliminated from the animals even with strict
disinfection procedures during the experiment. From literature, it is known that a large number
of animals carry resistant E. coli. These animals can shed huge numbers of resistant organisms.
This could result in a rapid contamination of the other individuals in the same pen and in the stable
environment [41]. Resistant bacteria can be ingested by birds from the environment. After entering
their gut, these may cause the development of resistant E. coli. However, there are several possible
mechanisms responsible for the development of quinolone resistance [44].

Therefore, further research is strongly recommended to analyze the genetic basis of resistance in
the isolates in order to understand the resistance mechanism‘s origin, development and transfer.

5. Conclusions

In this study, resistance to enrofloxacin was detected at a very high frequency after treatments
with enrofloxacin via drinking water. Therefore, the oral administration of enrofloxacin seems to be
associated with a significant increase in the frequency of resistance to enrofloxacin in commensal
E. coli isolates from turkeys. In addition, prevalence of isolates resistant to ampicillin rose significantly.
Resistance to enrofloxacin was not detected when the antibacterial agent substance was indirectly
sprayed with water into the environment of fattening turkeys. Flooring structure designs did not
directly affect the development of resistance to antibacterial agents, or in groups where the animals
had no contact to litter. The existence of resistant E. coli isolates in one-day-old birds strongly suggests
vertical transmission from parent flocks as one possible explanation.

Furthermore, our results can provide useful information, prompting further studies on quinolone
resistance mechanisms in commensal E. coli depending on different housing systems. However,
we cannot consider all interactions when only one isolate is taken from a sample and then, by way
of example, we try to deduce the complexity of the development of resistance. Therefore, research is
needed to further investigate possible explanations regarding the mechanism behind the dissemination
of enrofloxacin-resistant E. coli in fattening turkeys.
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Abstract: Antibiotic contamination in agroecosystems may cause serious problems, such as the
proliferation of various antibiotic resistant bacteria and the spreading of antibiotic resistance genes
(ARGs) in the environment or even to human beings. However, it is unclear whether environmental
antibiotics, antibiotic resistant bacteria, and ARGs can directly enter into, or occur in, the endophytic
systems of plants exposed to pollutants. In this study, a hydroponic experiment exposing pakchoi
(Brassica chinensis L.) to tetracycline, cephalexin, and sulfamethoxazole at 50% minimum inhibitory
concentration (MIC) levels and MIC levels, respectively, was conducted to explore plant growth,
antibiotic uptake, and the development of antibiotic resistance in endophytic systems. The three
antibiotics promoted pakchoi growth at 50% MIC values. Target antibiotics at concentrations
ranging from 6.9 to 48.1 μg·kg−1 were detected in the treated vegetables. Additionally, the rates of
antibiotic-resistant endophytic bacteria to total cultivable endophytic bacteria significantly increased
as the antibiotics accumulated in the plants. The detection and quantification of ARGs indicated
that four types, tetX, blaCTX-M, and sul1 and sul2, which correspond to tetracycline, cephalexin,
and sulfamethoxazole resistance, respectively, were present in the pakchoi endophytic system and
increased with the antibiotic concentrations. The results highlight a potential risk of the development
and spread of antibiotic resistance in vegetable endophytic systems.

Keywords: antibiotics; pakchoi; endophytic bacteria; antibiotic-resistant genes; hydroponic cultivation

1. Introduction

Antibiotic pollutants and their environmental impacts have become a mounting concern owing
to their broad usage and persistence in the environment. A large range of veterinary and human
antibiotics have been detected in soil, animal manure, sediment, municipal or industry wastewater,
surface water, groundwater, and drinking water samples [1–6]. In agroecosystems, the contamination of
various antibiotics, such as tetracyclines, sulfonamides, and fluoroquinolones, is a substantial problem
globally, and especially in China [7–9]. A dominant source of agricultural antibiotic contamination is
due to ~75% of the antibiotics ingested by animals passing unaltered through their digestive tracts,
with the result that antibiotics are released in the field directly in feces or urine, or indirectly through the
application of manure as fertilizer [10–12]. Another source is the irrigation of crops using wastewater
containing antibiotics [13–15].
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Once antibiotics are released into agricultural lands, crops are exposed to them due to their
persistence, and the level of exposure depends on the physicochemical properties of the compounds,
sorption potential, and environmental conditions [16,17]. Even if some antibiotics are degraded
to a certain degree, most of them are replaced by ongoing use and release [18]. Under antibiotic
contamination conditions, certain pharmaceutical compounds (such as tetracycline, oxytetracycline,
sulfamethazine, sulfamethoxazole, tylosin, trimethoprim, ofloxacin, ciprofloxacin, and amoxicillin) can
be absorbed by plants (such as wheat, corn, rice, lettuce, cabbage, spinach, carrot, cucumber, tomato,
and potato) from the growth media through their roots and accumulate [13–15,19–22]. Although the
human health implications of antibiotic pollutants in plant crops are largely unknown, several potential
adverse impacts, including allergic reactions, chronic toxic effects as a result of prolonged exposure,
and even the disruption of digestive system functions, have been speculated [16,23,24]. Thus, there is
a growing concern that antibiotic pollution in food crops makes its way into food supply systems.

To date, the majority of research on the impact of antibiotic contamination in plants has
focused on evaluating the toxicity of antibiotics to plants or detecting the ability of antibiotics to
accumulate in plants. Limited knowledge is available regarding the potential effects of antibiotic
stress on the development and spread of antibiotic resistance, including antibiotic-resistant bacteria
and antibiotic-resistant genes (ARGs), in plant endophytic systems. There is a diverse range of
endophytic bacteria, which includes pathogens, mutualists, and commensals that grow within the
roots, vasculature, and aerial tissues of plants [25]. Recently, antibiotic resistance in endophytic bacteria
isolated from medicinal plants has been reported [26,27]. Our previous research also reported a high
prevalence of antibiotic-resistant endophytic bacteria (AREB), including some resistant to more than
three different types of antibiotics, in various manure-fertilized vegetables, such as celery, pakchoi,
and cucumber [28]. However, it is unclear whether the antibiotic resistance of endophytic bacteria
can be impacted directly by antibiotic pollution in the environment, especially in the edible parts
of vegetables.

To assess possible consequences, pakchoi (Brassica chinensis L.), a frequently consumed vegetable
in China, was selected and planted in a hydroponic system and exposed to different antibiotics.
Then, the antibiotic uptake and its effects on plant growth and the presence of AREB and ARGs in
the endophytic system were investigated and evaluated. The findings will facilitate a more accurate
assessment of the potential risks of antibiotic contamination to food quality and environmental health.

2. Materials and Methods

2.1. Chemicals and Reagents

Tetracycline (TC, >98.0%), cephalexin (CPL, >99.0%), and sulfamethoxazole (SMX, >99.5%)
were purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany) and selected to represent the
different classes of antibiotics (tetracyclines, β-lactams, and sulfonamides, respectively) based on
their frequent usage in the local livestock farms in Xinxiang City, China [28]. Tetracyclines are
broad-spectrum antibiotics that inhibit bacterial protein synthesis by preventing the attachment of
aminoacyl-tRNA to the ribosomal acceptor (A) site. Resistance to tetracyclines has now emerged
in many pathogenic bacteria due to genetic acquisition of tet genes, which include efflux genes,
ribosomal protection genes, and enzymatic modification genes [29]. β-lactam antibiotics are the most
widespread class of human antibacterials that inhibit bacteria by interfering with cell wall synthesis.
The most major mechanism of bacterial resistance to β-lactam is the expression of β-lactamases that
hydrolyze the antibiotic [30]. Sulfonamides, which are synthetic antibacterial drugs, inhibit bacterial
folate biosynthesis by competing with the natural substrate p-amino-benzoic acid for binding to
dihydropteroate synthase (DHPS), an enzyme in the folic acid synthesis pathway. Two genes, sul1 and
sul2, mediated by transposons and plasmids, and expressing DHPS highly resistant to sulfonamide,
have been found [31].
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Methanol, acetonitrile, formic acid, and acetone of HPLC grade were purchased from
Fisher Scientific (Fair Lawn, NJ, USA). Other chemicals were of analytical grade and obtained from
Yaohua Chemical Reagent Factory (Tianjin, China). Ultrapure water was supplied using a Millipore
Milli-Q system (Billerica, MA, USA). Oasis HLB cartridges (hydrophilic-lipophilic balance, 6 mL,
500 mg) purchased from Waters (Milford, MA, USA) were used for the extraction and purification of
the target antibiotics. Individual stock standards were prepared by dissolving antibiotics separately in
methanol and were stored at −20 ◦C in brown vials.

2.2. Hydroponic Experimental Procedure

A hydroponic experiment with antibiotic treatments was performed in an experimental
greenhouse in the College of Life Sciences, Henan Normal University, China, during the autumn
of 2016. Seeds of pakchoi (B. chinensis L.) were used for this study. TC, CPL, and SMX were separately
added into the hydroponic solution of the test system at two concentrations: 50% of minimum
inhibitory concentration (MIC) of each antibiotic, and the MIC of each antibiotic [32]. Each of the MIC
values in the hydroponic solution was set as the induced dose of resistant bacteria.

Prior to testing, the seeds were surface-sterilized in 0.1% sodium hypochlorite solution for 10 min
and then rinsed with sterile deionized water [33]. Seeds on a piece of sterile filter paper were placed
into 10 cm sterile Petri dishes, and 10 mL of sterile water was added. Then, the Petri dishes were
covered with their lids and maintained in a dark incubator at 25 ± 2 ◦C. After germination, the seeds
were transferred to a plastic cuboid hydroponic tank (45 × 20 × 17 cm). All tanks were wiped with
75% ethanol and thoroughly rinsed with deionized water before first use. After that, each tank was
filled with 12 L of Hoagland nutrient solution [34] or Hoagland nutrient solution supplemented with
an antibiotic. The treatments were as follows: (1) control with no antibiotics added; (2) TC-treated
(at concentrations of 8 and 16 mg·L−1, respectively); (3) CPL-treated (at concentrations of 32 and
64 mg·L−1, respectively); and (4) SMX-treated (at concentrations of 38 and 76 mg·L−1, respectively).
Each treatment was designed with three replicates, and a total of 21 hydroponic tanks were used in the
present study. Additionally, each tank had nine cylindrical holes (4 cm depth and 3 cm diameter) in its
cover containing sponges (3 × 3 × 2.5 cm) in individual cylinders as a rooting medium. Five uniform
seeds were planted per hole and irrigated with half-strength Hoagland solution every 2 days until the
roots of the seedlings were immersed in the solution. Finally, only one or two strong seedlings were
selected to leave in each hole, and they were grown directly in nutrient solution.

During the experiment the room conditions were maintained at 25 ± 2 ◦C in daylight and
18 ± 2 ◦C at night, with a relative humidity between 65% and 70%. Each planter was equipped with
an electric aeration pump and was aerated for 2 h every day. Because of evapotranspiration from
the vessels, lost water was supplemented with fresh nutrient solution without the addition of extra
antibiotics. Pakchoi was harvested after 55 days of cultivation. Then, the sponges attached to the
vegetables were trimmed off. The plants were rinsed first with tap water and then with deionized
water and dried on adsorbent paper. The growth parameters and abundance of endophytic bacteria
were measured immediately. Antibiotic analyses and DNA extraction from endophytic bacteria were
completed within two weeks of sampling.

2.3. Measurements of Growth Parameters

All plants were harvested at the end of the test, and then, plant heights, root lengths, and fresh
biomasses of 10 plants from each treatment were measured and recorded. The growth inhibition rate
was calculated using following formula:

% inhibition = (M0 − Mt)/M0 × 100

where M0 indicates the measurement of the control treatment and Mt indicates the measurement of
the antibiotic treatment.
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2.4. Antibiotic Analyses in Plants

Samples of the edible pakchoi portions (stem and leaf) were selected and freeze-dried for 24 h until
moisture was no longer present [35]. Then, the freeze-dried samples were ground thoroughly, and the
amount of antibiotics in the plant tissues were determined using ultrasonic extraction, solid-phase
extraction, and liquid chromatography-mass spectrometry. The extraction method and clean-up
procedure used was already described for the analysis of Chinese white cabbage, water spinach,
and other crops [15]. Thereafter, the target compounds from treated samples were analyzed using an
ultra-performance liquid chromatography-tandem mass spectrometer (Waters, Milford, MA, USA)
equipped with an electrospray ionization source in multiple-reaction monitoring mode. Details of the
quantitative analysis were described by Gros et al. [36].

2.5. Enumeration of Total Cultivable Endophytic Bacteria (TCEB) and AREB

To isolate endophytic bacteria, the edible portions of fresh pakchoi were immersed in 3% hydrogen
peroxide for 30 min, followed by rinses with sterile deionized water (3 min × 3 times). Then, they
were immersed in 70% ethanol for 1 min and rinsed as before [37]. Finally, surface-sterilized samples
were dried using sterilized filter papers. To ensure the complete surface disinfection, 100 μL of
the last wash water was spread on meat-peptone agar and cultivated at 30 ◦C for 3 days to check
for colony growth [38]. Samples with no bacterial growth were considered successfully sterilized.
For each experimental treatment, the disinfected vegetable was cut with a sterile scalpel into pieces
and ground together with quartz sand in a sterile mortar. Then, 3 g of ground tissue was mixed with
10 mL of sterile water and the mixture was diluted to 10−3. Each 100 μL of diluted suspension was
spread on meat-peptone agar and on corresponding antibiotic-containing agars (TC, CPL, and SMX at
concentrations of 16, 64, and 76 mg·L−1, respectively) for cultivation at 28 ◦C for 3 days. Each sample
was replicated three times. The colony-forming units (CFUs) of TCEB and AREB (endophytic bacteria
resistant to TC, CPL, and SMX, respectively) were enumerated.

2.6. DNA Extraction, PCR Detection, and ARGs Quantification

The surface-sterilized edible pakchoi portions were cut into pieces and ground with liquid
nitrogen before extraction under sterile conditions. Total DNA was extracted using PowerPlant
DNA Isolation Kit (MoBio Laboratories, San Diego, CA, USA) following the manufacturer’s
instructions [37]. The concentrations and qualities of the extracted DNA samples were determined
using a NanoDrop ND-2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) and agarose
gel electrophoresis, respectively.

PCR detection assays were used to screen for the presence or absence of 23 types of ARGs in the
antibiotic-treated samples, including 12 tetracyclines-resistant genes (tetA, tetC, tetG, tetK, tetL, tetM,
tetO, tetQ, tetT, tetW, tetB/P, and tetX), 5 sulfonamides-resistant genes (sul1, sul2, sul3, dfrA1, and dfrA7),
and 6 β-lactams-resistant genes (blaampC, blaVIM, blaCTX-M, blaTEM, blaSHV, and blaZ). PCR detection
assays were performed as previously described [39]. Primers and annealing temperatures are described
in Table S1.

The positive ARGs and eubacterial 16S rRNA gene were quantified by fluorescence quantitative
PCR (qPCR) using a LightCycler real-time PCR system (Roche, Basel, Switzerland) with SYBR Green I.
Details of the primers are listed in Table S2. Plasmids carrying target genes in the pMD19-T vector
(TaKaRa, Ostu Shiga, Japan) were constructed to produce the standard curves [40], which consisted
of at least five orders of magnitude (R2 > 0.99) (Table S3). The 20 μL reactions contained 10 μL of
SYBR Premix Ex Taq (TaKaRa), 0.2 μM of each primer, 2 μL of template DNA, and 7.2 μL of ddH2O.
The reaction program was set as follows: initial denaturation at 95 ◦C for 30 s, 40 cycles at 95 ◦C for 5 s,
annealing temperature for 30 s and 72 ◦C for 30 s, then a melt curve stage with temperature ramping
from 60 ◦C to 95 ◦C.
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2.7. Statistical Analysis

Ten plant samples from each treatment were used to test the effect of antibiotics on plant growth.
For other analyses, three repetitions, each of which was the mixture of different plant parts from
six plants, were performed. The mean values and standard deviations (SDs) of all data were calculated
using Microsoft Office Excel 2016 (Microsoft, Redmond, WA, USA). Statistical analyses were performed
using the software SPSS 21.0 (IBM, Armonk, NY, USA). Duncan’s multiple comparisons were used to
determine the significant differences (p < 0.05) between treatments.

3. Results

3.1. Effects of Antibiotic Exposure on Pakchoi Growth

The effects of antibiotics on pakchoi growth were assessed by analyzing the growth parameters.
The detected values of plant height, root length, and fresh biomass are shown in Table S4.
Figure 1 shows the changes of pakchoi growth at different antibiotic types and doses. Compared with
the control, the growth indices increased when exposed to 50% MIC levels of antibiotics (p < 0.0001 for
the plant heights and p < 0.001 for the fresh biomass values). When the exposure dose was increased to
MIC levels, this growth-promoting effect was maintained in CPL-treated plants. However, the TC- and
SMX-treated plants were significantly inhibited (p < 0.01), as indicated by the growth parameters being
less than those of the controls. According to the detection of growth inhibition rates (data shown in
Table S4), fresh plant biomass was the most affected parameter (fresh biomass > root length > plant
height) under antibiotic exposure. SMX showed the greatest impact on pakchoi growth in the three
antibiotic types and CPL had the least inhibition on the plants.

a

b

a
a

a

b

0

5

10

15

20

0 50%MIC MIC

Pl
an

t h
ei

gh
t (

cm
)

Antibiotics exposure concentration (mg L-1)

TC CPL SMXA
b

b

a a

c

c

0

5

10

15

20

25

30

0 50%MIC MIC

R
oo

t l
en

gt
h 

(c
m

)

Antibiotics exposure concentration (mg L-1)

TC CPL SMX
B a

b

b

ac

b

0

5

10

15

20

25

0 50%MIC MIC

Fr
es

h 
bi

om
as

s (
g)

Antibiotics exposure concentration (mg L-1)

TC CPL SMXC

Figure 1. Effects of different dosages and types of antibiotic exposure on the growth of pakchoi
under hydroponic condition. (A) Plant height; (B) Root length; (C) Fresh biomass. Values are mean
± SD (n = 10). Different letters on the top of the error bars indicate statistically difference among
the treatments (p < 0.05). TC, tetracycline; CPL, cephalexin; SMX, sulfamethoxazole; MIC, minimum
inhibitory concentration; SD, standard deviation.

3.2. Antibiotic Uptake by Pakchoi

The edible portions of pakchoi samples, both controls and antibiotic-exposed plants,
were separated and the concentrations of TC, CPL, and SMX within plants were determined to
evaluate the uptake of antibiotics by plants, as shown in Figure 2. The results indicated a concentration
range from 6.9 to 11.8 μg·kg−1 for TC (Figure 2A), 26.4 to 48.1 μg·kg−1 for CPL (Figure 2B), and 18.1 to
35.3 μg·kg−1 for SMX (Figure 2C) in plants, respectively. However, no antibiotic accumulation was
detected in the controls. Obviously, the antibiotic concentrations in the vegetables increased as the
antibiotic dose increased in the culture solution. The mean CPL concentration in the CPL-treated

177



IJERPH 2017, 14, 1336

samples was higher than those of the other antibiotic residuals in their corresponding treated samples
when the exposure concentrations were at MIC levels.
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Figure 2. Accumulation of antibiotics in hydroponic pakchoi under different dosages of antibiotic
exposure. (A) TC exposure treatment; (B) CPL exposure treatment; (C) SMX exposure treatment.
Values are mean ± SD (n = 3). Different letters on the top of the error bars indicate statistical difference
among the treatments (p < 0.05).

3.3. Effects of Antibiotic Exposure on AREB in Pakchoi

The CFUs of TCEB and AREB in plant tissues under different antibiotic treatment conditions were
determined, and the rates of AREB to TCEB were calculated, as shown in Figure 3. Compared with the
controls, the cultivable AREB levels in TC-, CPL-, and SMX-treated samples reached 0.61–0.85 × 103,
4.63–5.36 × 103, and 4.89–5.18 × 103 CFU·g−1, respectively, which were higher than those in the
control samples (0.23 × 103, 3.77 × 103, and 1.26 × 103 CFU·g−1). These changes in AREB abundance
resulted in dramatic increases in the ratios of AREB to TCEB from 0.23%, 3.77%, and 1.26% of TC, CPL,
and SMX resistance, respectively, in the controls, to 0.79–1.23% (Figure 3A), 6.41–8.29% (Figure 3B),
and 6.00–7.43% (Figure 3C), respectively, in the corresponding antibiotic-treated plants.
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Figure 3. Rates of AREB to TCEB in pakchoi under different dosages of antibiotic exposure. (A) TC exposure
treatment; (B) CPL exposure treatment; (C) SMX exposure treatment. Values are mean ± SD (n = 3).
Different letters on the top of the error bars indicate statistical difference among the treatments (p < 0.05).

3.4. Abundance of ARGs in the Pakchoi Endophytic System

In total, 23 ARGs corresponding to three antibiotics were detected in antibiotic-treated vegetables
using the PCR technique. Among them, only one tet gene (tetX), one β-lactamase gene (blaCTX-M),
and two sul genes (sul1 and sul2) responsible for TC, CPL, and SMX resistance, respectively, were
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present in the corresponding antibiotic-treated samples. Thus, further quantification using qPCR was
conducted to monitor their responses to different treatment doses. To minimize the differences in
background bacterial abundances and DNA extraction efficiency, 16S rRNA gene was also quantified
and the absolute numbers of the above four quantified ARGs were normalized to that of the ambient
16S rDNA (Figure 4). In the control plants without antibiotic treatment, the values of the tetX gene
were under the detection limit but the other three ARGs were detected at ~10−6 copies/16S rRNA
gene copies. For the tetX gene, the relative abundance continuously increased as the TC dose increased.
Sul and bla genes, on the whole, showed similar changes during the planting period. The four ARGs
all reached their highest relative abundances of 10−5 to 10−4 copies/16S rRNA gene copies at the
MIC exposure levels, which were one to two orders of magnitude greater than those in the control
samples. Thus, the variation trends of the tetX, sul1, sul2, and blaCTX-M genes during different antibiotic
treatments demonstrated great approximations.

Figure 4. Abundance of antibiotic resistance genes (ARGs) in the endophytic system of pakchoi
under different dosages of antibiotic exposure. (A) tetX gene in TC-treated plants; (B) blaCTX-M gene
in CPL-treated plants; (C) sul1 and sul2 genes in SMX-treated plants. Values are mean ± SD (n = 3).
Different letters on the top of the error bars indicate statistical difference among the treatments (p < 0.05).

4. Discussion

Plants are an important component of terrestrial ecosystems and are a potential pathway for
antibiotic transport because of their absorption capacity [33]. Our previous studies indicated that
cephalosporin, tetracyclines, and sulfonamides were the most frequently used antimicrobial agents in
livestock farms in China, and high ratios of AREB occurred in the livestock manure fertilized field
vegetables [28]. The transformation of these antibiotics and their induction of antibiotic resistance
in soil or water environments have been frequently reported [6,41,42]. Further study through pot
planting experiments confirmed different compositions of AREB presence in vegetable endophytic
systems [43]. Therefore, TC, CPL, and SMX were selected to explore their accumulation and induction
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in pakchoi endophytic systems in this study. To simplify the conditions, a series of hydroponic cultures
of pakchoi were used. Based on the Clinical and Laboratory Standards Institute (CLSI) standards [32]
and the bacterial community composition in the pakchoi endophytic system [43], the highest MIC
values of TC, CPL, and SMX for different genera of endophytic bacteria were selected and set as the
levels of antibiotic exposure in the present study. From our results, we can see that although the
exposure doses of different drugs were greater than their practical occurrence in agroecosystems,
the pakchoi still showed natural growth throughout the planting process. Moreover, according to our
previous investigation [28], sometimes animal manure containing high concentrations of antibiotic
residue also will be used for field plants. Therefore, this study provided direct evidence for the effects
of antibiotics on plant growth and the development of antibiotic resistance, especially under different
treatment doses. The changes in growth parameters indicated the phytotoxic levels of each antibiotic
at different doses. Generally, at 50% MIC levels, antibiotics stimulated growth, increasing plant fresh
biomass production. However, at MIC levels, the antibiotics acted as inhibitors, reducing yields and
inducing metabolic disturbances. Previous research had indicated that low antibiotic concentrations
are beneficial for plant growth, whereas high antibiotic concentrations can induce toxicity [44]. In a
comparison of the three antibiotics, CPL has the lowest toxicity to pakchoi. This may be due to
β-lactam’s specific actions on bacterial cell wall components, which are targets that do not exist in
plant cells [45]. Therefore, the growth inhibition rate was lowest under CPL exposure when compared
with controls.

The detection of the three antibiotics in pakchoi tissues indicates the uptake and transfer of
antibiotics from the water environment to the vegetable, which is similar to previous results [14,18].
The bioaccumulation of antibiotics in plants can vary depending on plant species and antibiotic
class [15,20]. Usually, ionization, as well as the properties of sorption and water solubility, can directly
affect how plants uptake pharmaceuticals [21]. CPL was noted to have accumulated to the highest
concentration among the study compounds at the MIC exposure level, which may reflect the greater
absorbency of CPL compared with the other compounds. Furthermore, the concentrations of antibiotics
in pakchoi did not increase unlimitedly as antibiotic dose increased. The probable reasons include:
(1) the saturation level of antibiotic accumulation was reached; (2) the incorporated antibiotics were
stored in the plant cells, in which they can be degraded; and (3) the degradation of antibiotics was
accelerated by the release of plant enzymes during sample grinding [20]. Nevertheless, vegetables
that have accumulated antibiotics from contaminated environments will be consumed by humans,
and then might be absorbed by the human body, resulting in increased antibiotic resistance, including
the emergence of multidrug-resistant bacteria, which leads to antibiotic treatment failures [13,46].

Few studies have explored the influence of antibiotic pollution on endophytic systems in
vegetables. Yet vegetables contaminated by antibiotics may contribute to the development of AREB.
The present study showed that the rates of AREB occurrence and the relative abundances of ARGs
increased in pakchoi endophytic systems after exposure to the three antibiotics. The trends of these
changes were comparable with the results from our previous study, in which a distinct increase in some
AREBs was shown in manure- or organic fertilizer-amended pakchoi samples [43]. Two possible factors
may contribute to such increases. Firstly, during the pakchoi cultivation, there would be a natural
rhizosphere microbial consortium forming in the nutrient solution. However, spiked antibiotics as a
selective pressure could influence the microbial community compositions and induce the occurrence
of high ratios of resistance. This has been proved in many other environments even at much
lower concentrations than their MIC values [47–50]. Thus, a special microbial consortium would be
established corresponding to different treatments of antimicrobial agents. As we know, environmental
bacteria, especially rhizosphere bacteria, are an important source for plant endophytic bacteria [51],
which could enter through the tissues to the plant endophytic systems, thus resulting in high occurrence
of AREB in the plant. Secondly, the AREB can be persistent in the plant endophytic systems. In the
present study, the accumulated antibiotics in plants, although below their corresponding minimum
MIC values for various species of bacteria, might also provide a selection pressure to the endophytic
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bacteria, thereby providing the AREB survival advantages in the polluted environments. The qPCR
also demonstrated that the abundance of ARGs in the endophytic bacteria corresponding to the three
antibiotics continuously increased as the antibiotic uptake in the pakchoi increased.

Among the four detected ARGs, the presence of tetX, a special enzymatic modification gene for
the degradation of TCs, may be related to the low detected TC concentration in pakchoi. In addition,
the absence of the tetX gene in control samples and the persistence of it in the treated samples
may indicate the potential transfer of bacteria carrying the tetX gene from the environment to plant.
Notably, the third-generation drug tigecycline has been used in clinical treatments due to its broad
spectrum of antibacterial activity (especially inhibiting multiple antibiotic-resistant bacteria and super
bacteria) [52–54]. However, the bacterial strains containing the tetX gene isolated from patients are still
resistant to tigecycline [55]. Therefore, the prevalence of the tetX gene in edible pakchoi should be highly
concerning. The other ARGs, sul1, sul2, and blaCTX-M, are widely present in various environmental
media [56–58], and act as the most prevalent mechanisms of sulfonamide and β-lactam resistance,
respectively. In particular, the sul1 gene is normally found linked to other resistance genes in the Tn21
type integron, while sul2 is usually located on small plasmids of the IncQ family [59]. qPCR showed
that the abundance levels of these ARGs increased in antibiotic contaminated environments, indicating
their enrichment and transmission under antibiotic selection pressure.

Previous studies have demonstrated the antibiotic uptake [22] and the presence of resistant
human pathogens or opportunistic pathogens in vegetables planted in manure-amended soil [43].
Thus, accumulated antibiotics in vegetables and the prevalence of antibiotic resistance in
endophytic systems might be disseminated to humans when these vegetables are consumed.
Consequently, evaluating the biological responses of terrestrial crops to antibiotics, especially
frequently consumed vegetables, is important. However, compared with the soil environment,
this hydroponic cultivation system is just a simple model to evaluate the influences of antibiotics on
plant growth and plant endophytic bacteria. Further research is required to study the community
compositions of AREB corresponding to different types of antibiotic exposure under soil cultivation
systems. The results will provide basic information for an integrative risk assessment of antibiotic
application and food security.

5. Conclusions

The present study investigated the growth of pakchoi and the antibiotic resistance in its endophytic
system under TC, CPL, and SMX exposure. Pakchoi was shown to absorb antibiotics from the
hydroponic culture environment. The absorption was selective toward different antibiotics, and the
absorption amount was related to the antibiotic concentration. The accumulated antibiotics in the plant
influenced the growth of the plant and increased the levels of AREB and ARGs, even at sub-inhibitory
doses, which should be noted due to considerations surrounding the possible transfer of ARGs through
the food chain.

Supplementary Materials: The following are available online at www.mdpi.com/1660-4601/14/11/1336/s1,
Table S1: PCR primers, annealing temperatures, and resistance mechanisms, Table S2: qPCR primers and
annealing temperatures used in the present study, Table S3: qPCR standard curves for 16S rRNA gene and
antibiotic resistance genes, Table S4: Root length, plant height, and fresh biomass values of hydroponic pakchoi
under different dosages of antibiotic treatment.
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Abstract: Antibiotic-resistant bacteria are an escalating grim menace to global public health. Our aim
is to phenotype and genotype antibiotic-resistant commensal Escherichia coli (E. coli) from humans,
animals, and water from the same community with a ‘one-health’ approach. The samples were
collected from a village belonging to demographic surveillance site of Ruxmaniben Deepchand (R.D.)
Gardi Medical College Ujjain, Central India. Commensal coliforms from stool samples from children
aged 1–3 years and their environment (animals, drinking water from children's households, common
source- and waste-water) were studied for antibiotic susceptibility and plasmid-encoded resistance
genes. E. coli isolates from human (n = 127), animal (n = 21), waste- (n = 12), source- (n = 10), and
household drinking water (n = 122) carried 70%, 29%, 41%, 30%, and 30% multi-drug resistance,
respectively. Extended spectrum beta-lactamase (ESBL) producers were 57% in human and 23%
in environmental isolates. Co-resistance was frequent in penicillin, cephalosporin, and quinolone.
Antibiotic-resistance genes blaCTX-M-9 and qnrS were most frequent. Group D-type isolates with
resistance genes were mainly from humans and wastewater. Colistin resistance, or the mcr-1 gene,
was not detected. The frequency of resistance, co-resistance, and resistant genes are high and similar
in coliforms from humans and their environment. This emphasizes the need to mitigate antibiotic
resistance with a ‘one-health’ approach.

Keywords: antibiotic resistance; community; environment; India; coliforms; commensal

1. Introduction

Antibiotic resistance represents a significant and complex global health problem. Global consumption
of antibiotics has increased by nearly 40% in the last decade [1]. Apart from fundamental applications
in clinical settings, very large amounts of antibiotics are used in agriculture, the food industry, and
aquaculture [2]. Due to incomplete metabolism and the environmental spread of unused antibiotics,
they enter the ecosystem, serving as a potent stimulus to elicit a bacterial adaptation response to
develop antibiotic resistance and genes [3,4]. The accumulation of antibiotics in the environment
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facilitates the spread of antibiotic resistance genes. Various resistance mechanisms are continuously
emerging and spreading globally, which threatens our ability to treat common infectious diseases,
resulting in increased death, disability, and costs. TheWorld Health Assembly, in 2015, thus adopted
a global action plan on antimicrobial resistance focussing on bacterial resistance [5].

There is a worldwide concern about the emergence of antibiotic resistance in bacteria carried
by healthy individuals, so-called commensal bacteria. Commensal bacteria from the gut microbes,
e.g., coliforms, may play a crucial role in the spread of resistance within a community. Surveillance data
shows that resistance in Escherichia coli is generally consistently highest for antimicrobial agents that
have been in use the longest time in human and veterinary medicine [6]. E. coli is also considered
an indicator bacteria of antibiotic resistance. Animal and human fecal flora and the environment,
including water sources, serve as natural habitats and reservoirs of antibiotic-resistant bacteria and
resistance genes. Antibiotic resistance in wastewater, surface water, and drinking water is well
documented [7,8].

Thus, within the community, resistant bacteria circulated from person to person or from animals
and environment to person, or vice versa. The epidemiology of antibiotic-resistant microorganisms
at the human-animal-environmental interface involves complex and largely unpredictable systems
that include transmission routes of resistant bacteria, as well as resistance genes and the impact
of antibiotic-selective pressures in various reservoirs (animals, humans, and the environment).
Though the presence and patterns of antibiotic resistant commensal indicator bacteria E. coli isolates
from humans, animals, and water have been studied in isolation, it is now recognized that they need to
be studied together, i.e., using the ‘one-health’ approach [5]. Thus, our aim is to determine and compare
the antibiotic resistance pattern among commensal coliforms and E. coli from humans, animals, and
water from the same community.

2. Materials and Methods

2.1. Study Setting and Sample Collection

The present study is a part of an ongoing project that has been described in detail previously [9].
In brief, the study was conducted in Ujjain district of Madhya Pradesh, India. We selected the
village from the demographic surveillance site of Ruxmaniben Deepchand (R.D.) Gardi Medical
College having poor literacy and living standards (Table 1) as described in [9]. The children aged
between 1 and 3 years in the village at the commencement of the study, i.e., September 2014 were
identified. Trained research assistants visited selected children’s homes and informed the children’s
parents/guardians about the study. All children whose parents consented for their children to
participate were included in the study. Stool samples from selected children and drinking water
samples from their households were collected. Stool samples from five different animals (cattle,
hen, dog, goat, and horse), which commonly share their environment with children, two common
drinking-water sources, and two waste-water samples from the village were also collected, as depicted
in Figure 1. All of the collected samples were transported within five hours to the Central Research
Laboratory at R.D. Gardi Medical College. All samples could be collected within three days from the
village. The village health worker in a predesigned format noted basic socio-demographic details by
interviewing the head of the family.
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Figure 1. “One-health” approach.

2.2. Identification of Coliforms and Confirmation of E. coli

Microbiological processing of the samples was started as soon as the samples were received
in the laboratory. The samples were processed on selective and differential HiCrome coliform
chromogenic agar (HiMedia Laboratories Pvt. Ltd., Mumbai, India) to identify E. coli (blue-violet
colony) and non-E. coli coliforms (Citrobacter freundii and Enterobacter cloacae—salmon to red, Klebsiella
pneumoniae—light pink, Salmonella enteritidis and Shigella flexneri—colorless) as described in detail [9].
The presumptive E. coli were confirmed by PCR (mentioned in detail below). Briefly, stool samples
were inoculated at 37 ◦C for 24 h directly on the chromogenic agar while the water samples were first
filtered through membranes [9], followed by inoculation of the membranes on agar plate. In water
samples, colony-forming units (CFUs) per unit volume of sample were estimated for total coliforms
and E. coli to provide a snapshot of the abundance of coliforms and the E. coli load in the samples
tested. Six E. coli and two colonies from every type of non-E. coli were isolated, purified, stored, and
processed for antibiotic susceptibility testing and DNA extraction.

2.3. Antibiotic Susceptibility Testing

All the pure and confirmed six E. coli and HiCrome coliform agar categorized non-E. coli
isolates from each sample were analyzed for the susceptibility to colistin, ampicillin, ceftriaxone,
cefepime, ciprofloxacin, tetracycline, tigecycline, meropenem, imipenem, gentamicin, amikacin,
sulphamethoxazole, cotrimoxazole, nalidixic acid, and nitrofurantoin (all purchased from HiMedia
Laboratories Pvt. Ltd., Mumbai, India) by the Kirby-Bauer disc diffusion method as described in [9].
The results of inhibitory zones of the antibiotic susceptibility testing procedure were interpreted
as detailed previously [9] using the Clinical and Laboratory Standards Institute (CLSI) criteria.
The isolates were categorized as the number of resistant isolates per antibiotic type per sample
(out of six isolates), phenotypically-confirmed beta-lactamase producers (only where beta-lactamase
production is indicated as a possible mechanism explaining observed resistance) by the combined disc
diffusion method(isolates resistant to either ceftazidime (HiMedia Laboratories Pvt. Ltd., Mumbai,
India) or ceftriaxone (third generation cephalosporin), the presence of co-resistance (phenotypic
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resistance to two or more antibiotics of same or different group per isolate), and multidrug resistance
(MDR) (MDR co-resistance involving three or more antibiotics of three different groups) in each sample.
E. coli reference strain ATCC 25922 was used for quality control. Intermediate resistant isolates were
categorized as resistant.

2.4. Amplification of Genes

The total bacterial DNA from E. coli isolates was extracted using the alkaline lysis method [10].
The genetic confirmation of E. coli was done through PCR with genus-specific oligonucleotide
primers [11]. β-lactamase-encoding (blaCTXM, blaTEM, and blaSHV); plasmid-mediated quinolone
resistance (qnrA, qnrS, qnrS, aac(6′)-Ib-cr, and qepA), carbapenem resistant (VIM, NDM, IMP) and
colistin resistant (mcr-1) genes were amplified and identified with previously-described primers [12,13]
for all E. coli isolates. The phylogenetic grouping of all E. coli was performed based on chuA, vjaA, and
TspE4C2 genes which were amplified by multiplex PCR as described in detail elsewhere [14]. All of the
amplified PCR products were visualized using a gel documentation system for all E. coli isolates.

2.5. Data Analysis

Drug susceptibility and gene detection data were generated, and entered into IBM SPSS
Statistics 23.0 (SPSS Inc., Chicago, IL, USA). Descriptive statistics, frequencies, and bivariate analyses
(cross-tabulations) for the susceptibility pattern of E. coli isolates from different samples were calculated.
Multiple linear regression analysis was performed to assess the effect of demographic features on
antibiotic resistance. Resistance to different antibiotics was included as dependent variables, and age,
sex, and other demographic parameters were included as independent variables in the model to adjust
for confounding variables. Differences were considered statistically significant at p < 0.05. Results
were also noted for the variation in coliforms load (in terms of CFU per 100 mL) in drinking water and
wastewater. The results of the susceptibility pattern of E. coli and non-E. coli were correlated with the
corresponding pattern and between human and environmental samples.

2.6. Ethical Consideration

Ethical issues: Ethics permission for the study was obtained from the Institutional Ethics
Committee of R.D. Gardi Medical College, Ujjain (India) (No. 2013/07/17-311). Parents/guardians
were explained about the purpose of the study, about voluntary participation, and were assured
by researchers to maintain confidentiality. Oral and written informed consent was taken, thereafter.
Children identified as having need of medical care were referred and treated at the Department of
Pediatrics at C.R. Gardi Hospital.

3. Results

3.1. Study Samples

A total of 24 children were identified according to the inclusion criterion from the selected
village. Stool samples from 22 children and drinking water from their respective home were collected.
Samples from two children (one not at home, one did not passed motion by the time of collection) could
not be collected even after two follow-up visits. Table 1 shows the demographic details of the families
of the children from whom isolates were obtained. All of the isolates identified as blue-violet colonies
on HiCrome agar were confirmed by PCR as E. coli while other bacterial isolates identified on HiCrome
were considered together as the non-E. coli group and processed for antibiotic susceptibility testing.

The number and source of the samples and the number and types of coliforms isolated and
studied from each sample is shown in Table 2.
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Table 1. Socio-demographic characteristics of the families of included children (n = 22) in a village in
Central India.

Variable Number (%)

Family type

Nuclear family 6
Joint family 16

Total number of family members 162

Male 84/162 (52)
Female 78/162 (48)

Number of children-

Up to five years of age 46
Male 25/46 (54)

Female 21/46 (46)

Between one and three years of age 24

Male 15
Female 9

Highest education of family member

Primary education (up to 5th grade) 5
Middle 11

Secondary 2
Illiterate 144

Occupation of head of family

Job 1
Farmer 12

Labor/self employed 6
Unemployed 3

Type of house

Kuchcha 11
Pucca/semi-pucca 1/10

Total number of livestock in all households 75

Source of drinking water

Piped water into dwelling 1
In-house tube wells/bore hole 1

Hand pump 10
Unprotected dug well 1

Types of house: walls, roof, and floors are made of bamboo, mud, grass, reeds, thatch, plastic/polythene,
loosely-packed stone, etc., in Kachcha houses, stones, bricks packed with lime or cement mortar or concrete,
in pucca houses, while in Semi-Pucca houses walls and roof are of concrete or un-burnt bricks, but the floor is made
of mud or non-concrete items.

Table 2. Samples and commensal coliforms isolated from human and animal stool and water samples
collected from a village in Central India.

Source of Samples Number of Samples Number of E. coli Number of Non-E. coli

Children stool 22 127 67
Dog stool 1 6 2
Hen stool 1 6 6
Goat stool 1 3 0

Horse stool 1 6 4
Source-water 2 10 14
Waste-water 2 12 7

Household drinking
water 22 122 143

Total 52 292 243
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3.2. Antibiotic Resistance Pattern of E. coli in Various Sources

All (six) isolates from one child and two household drinking-water samples were susceptible
to all drugs and no isolates from any of the samples showed resistance to all antibiotics. The overall
percentage of resistant isolate is significantly higher in samples from humans compared to those
from the environment (p = 0.04). The percentage of resistance for individual antibiotics is also high in
humans, except for gentamycin, amikacin, and tigecycline (Figure 2A). Nearly 70% of human stool had
co-resistance E. coli, of which 57% (73/127) were extended spectrum beta-lactamase (ESBL) producers,
and 33% were MDR isolates. In animals, 19% isolates were fully susceptible, 29% co-resistant, 23% ESBL
producers and 14% MDR. Co-resistance was more frequent (MDR 41% and ESBL producer 33%) in
wastewater isolates than in source water and household drinking water (MDR in 30% and ESBL
producer 24%) isolates (Figure 2B). The load of resistant isolates (described as <3 or ≥3 resistant
isolates among six collected E. coli isolates per sample), in each sample is significantly higher (p = 0.001)
in human stool than in household drinking-water samples (Table 3), but the resistant isolates from
drinking-water were distributed in a higher number of samples. The samples from nuclear families
significantly showed less resistance (p = 0.05) than in samples from joint families. The resistance pattern
of a child and his/her respective household drinking water was not significantly (p = 0.05) dissimilar.

Figure 2. Antibiotic resistance pattern to tested antibiotics in E. coli and non-E. coli isolates from
various sources in a rural setting of Central India. (A) Percentage of resistance to various drugs of
E. coli from human and environmental samples; (B) Pattern of resistant E. coli isolated from various
sources; (C) Pattern of resistant non-E. coli isolated from various sources. SW: source-water; WW:
wastewater; HDW: household drinking water; MDR: multidrug resistance; ESBL: extended spectrum
beta-lactamase producers.

3.3. Antibiotic Resistance Pattern of E. coli to Various Antibiotic Groups

There was no resistance to the polymyxin (colistin) group in any of the sample types. There was
high resistance frequency to penicillins, quniolones, and cephalosporins in human (23%–77%) and
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environmental (12%–25%) isolates. The MDR combinations having penicillin + cephalosporins +
quinolones and sulfonamides + cephalosporin + quinolones groups of drugs were more common than
the cephalosporin + quinolone + aminoglycosides or carbapenem combinations (Figure 2A). Most of
the isolates from all the sources showed resistance simultaneously to ceftazidime, cefotaxime, cefapime,
ampicillin, tetracycline, and co-trimoxazole.

3.4. Antibiotic Resistant Genes in E. coli

In human stool, plasmid-mediated cephalosporin-coding genes of the blaCTX-M-1 group was
predominant, especially the gene blaCTX-M-1. In environmental samples blaCTX-M-1 and blaCTX-M-9
genes were also common (Table 4). Plasmid-mediated quinolone resistance genes (i.e., qnrA, qnrS,
qnrS) were detected in 34% human and in 9% environmental quinolone resistant isolates. The qnrS
gene was most common in human (23/72), and only three household drinking waters were carrying
quinolone-resistant genes from environmental isolates (n = 33) (Table 4). The coexistence of blaCTX-M-1
and qnrS genes were also common (n = 12). Carbapenemases encoding genes NDM-1, VIM, and IMP
were not detected in any of the carbapenem resistant isolates (n = 35) and colistin-resistant gene mcr-1
was also not detected in any of the isolates (n = 292).

The majority (56%–100%) of cephalosporin, quinolone, and carbapenem resistant E. coli isolates
belonged to phylogenetic group A and B1 (considered as commensal) and 0%–40% belonged to
D (considered as extra-intestinal virulent). Human samples carried significantly higher numbers
(30%–52%) of group D isolates than environmental samples (0%–40%) (Table 5). Isolates, which
showed susceptibility to all drugs, belonged equally to groups A, B1, B2, and D in human samples,
but in environmental samples these isolates mainly belonged to the A or B1 groups. The majority
(82%) of isolates carrying resistant genes belonged to phylogenetic group A and B1 and the rest (18%)
were categorized into group D. Human stool and wastewater were the source of most of the group D
E. coli isolates.

Table 3. Distribution of various antibiotic resistant E. coli isolates in human and drinking water
collected from households in a village in Central India.

Name of Antibiotic Tested

Human Stool (n = 22) Household Drinking Water (n = 20)

Resistant E. coli Isolates in Samples (n) *

<3 ≥3 <3 ≥3

Ampicillin 6 12 15 3
Ceftazidime 7 11 13 1
Cefotaxime 7 11 11 -

Nalidixic acid 5 9 6 2
Ciprofloxacin 5 6 7 -

Nitrofurantoin 1 1 2 -
Gentamicin 2 1 2 -
Amikacin 1 - 2 -

Tetracycline 1 3 8 -
Tigicycline 3 1 2 -
Imipenem - 1 - -

Meropenem 5 2 1 -
Sulfamethoxazole 2 4 4 2

Cotrimoxazole 2 4 4 1

HDW: household drinking-water; *: p = 0.001
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Table 4. Antibiotic resistant genes in commensal E. coli isolated from samples from humans and their
shared environment from a village in Central India.

Cephalosporin Resistant Isolates
Cephalosporin Resistance Genes

CTX-M1 CTX-M2 CTX-M9

HS (n = 73) 62 0 0
HDW (n = 26) 11 0 0

AS (n = 6) 4 0 0
SW (n = 5) 0 0 1
WW (n = 5) 0 0 5

Quinolone Resistant Isolates
Quinolone Resistance Genes

qnrA qnrS qnrS

HS (n = 72) 0 2 23
HDW (n = 13) 0 0 3

AS (n = 2) 0 0 0
SW (n = 1) 0 0 0
WW (n = 8) 0 0 0

HS: human stool; AS: animal stool; SW: source-water; WW: wastewater.

Table 5. Phylogenetic grouping of resistant commensal E. coli isolates collected from various samples
from a village in Central India.

Phylogenetic Group A n = 135 B1 n = 55 B2 n = 13 D n = 92

Cephalosporin-Resistant Isolates

HS (n = 73) 35 17 0 21
HDW (n = 26) 16 3 0 7

AS (n = 6) 4 0 1 1
SW (n = 5) 4 0 1 0
WW (n = 5) 0 0 0 5

Quinolone-Resistant Isolates

HS (n = 72) 28 13 1 30
HDW (n = 13) 9 1 0 3

AS (n = 2) 2 0 0 0
SW (n = 1) 1 0 0 0
WW (n = 8) 1 0 0 7

Meropenem-Resistant Isolates

HS (n = 19) 10 1 0 8
HDW (n = 8) 6 2 0 0

AS (n = 1) 1 0 0 0
SW (n = 1) 1 0 0 0
WW (n = 0) 0 0 0 0

Susceptible to All Drugs

HS (n = 21) 2 8 6 5
HDW (n = 9) 1 6 1 1

AS (n = 2) 0 2 0 0
SW (n = 3) 1 0 2 0
WW (n = 1) 0 1 0 0

3.5. Non-E. coli Coliforms and AST Pattern

We have also detected many non-E coli coliforms (Table 2). We found higher numbers and types
of non-E. coli coliforms from water samples than in stool samples (human and animal). The number
of suggested total coliforms as grown on HiCrome media in terms of number of E. coli (identified as
blue-violet colonies) and different non-E. coli (identified as different color colonies) CFU/unit volume
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in MDR-positive water samples is shown in Table 6. Only 6% of non-E. coli coliform isolates from
human stool were susceptible to all tested drugs, while 57% and 52% isolates were MDR and ESBL
producers (Figure 2C), respectively. Animal stool carried lower MDR and ESBL producers as compared
to isolates from other sources.

Table 6. Load of commensal non-E. coli and E. coli isolates from various water samples carrying
multi-drug resistant E. coli.

Sample * Total Coliform Count/100 mL Total E. coli/100 mL n (%)
Total-E. coli = Non-E. coli n (%)

(Calculated)

1 1630 260 (16) 1370 (84)
2 1400 40 (3) 1360 (97)
3 520 100 (19) 400 (81)
4 498 64 (13) 434 (87)
5 430 40 (8) 390 (92)
6 414 14 (3) 400 (97)
7 152 3 (2) 149 (98)
8 150 1 (0.66) 149 (99.4)
9 134 34 (25) 100 (75)
10 48 20 (41) 28 (59)
11 365,000,000 15,000,000 (41) 215,000,000 (59)
12 204,000,000 32,000,000 (16) 1,720,000,000 (84)
13 3650 150 (4) 3500 (96)
14 3 0 3 (100)

*: The samples 1–10 are from household drinking water, 11–12 from village waste-water, and 13–14 are from source
drinking water.

4. Discussion

We studied antibiotic resistance and selected antibiotic resistance genes in human stool together
with their shared and neighboring environment in a rural community from Central India with
a ‘one-health’ approach. We found that the antibiotic resistance pattern and its genetic make-up
are essentially the same in commensal bacteria from humans and their environment. The percentage
of resistant isolates, including MDR (Figure 1A,B), is higher in humans than in the environment
(animal stool and water samples), but the load (number of resistant isolates/sample) is higher in the
environment than in humans. The appearance of antibiotic-resistant bacteria in healthy individuals and
their environment should be evaluated together to accomplish effective antibiotic resistance control.

The antibiotic resistance profile including certain patterns of co-resistance and MDR
(i.e., cephalosporin-quinolone-penicillin, sulphonamide + tetracycline + cephalosporin, quinolones
+ carbapenem + sulfonamide or + tetracycline) in E. coli obtained from humans, animals, source-
and household-drinking water are high (57%–69%) in our study area. The presence of co-resistance
and MDR signifies that there might be high use of antibiotics inhuman and non-human use in the
community. The non-human use of highly-important antibiotics contributes to the resistance against
a range of antibiotics [1,2,15]. Van den Bogaard et al. and others have shown that the selective pressure
on the commensal microflora due to antibiotic misuse determine the frequency and pattern of resistance
in a population [16]. The relatively cheap and commonly prescribed drugs commonly favour high
co-resistance [17,18].

We found similar patterns of co-resistance, MDR, and gene carriage in various sources. Nearly 90%
of MDR E. coli isolates are carrying plasmid-encoded (blaCTX-M1, blaCTX-M9, qnrS, and qnrS) genes,
which may indicate the possible spread of the resistance genes between diverse sources. This is similar
to another study from India [19]. CTX-M–producing E. coli is the dominant MDR E. coli in all parts of
Asia and of major clinical significance [20]. The patterns of antibiotic use in the community favor the
persistence of plasmids carrying antibiotic resistance genes. The intestine is considered as a 'hot spot'
for the transfer of resistance genes between bacteria as the exposure of frequently-used antibiotics to
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a high density of bacteria favours evolution and dissemination of antibiotic resistance by cell-to-cell
contact [21,22]. Additionally, the existing various species of MDR bacteria, as we noticed in MDR
non-E. coli coliform species, (Table 6, Figure 1C), might also be contributing to the spread of antibiotic
resistance genes in the intestine with E. coli.

The resistant isolates are distributed in a higher percentage of drinking-water samples compared
to human samples. In rural communities, the high level of bacterial contamination is reported in
source-water to the extent that it lacks the criteria of safe-water supply for domestic purposes [23].
Studies illustrate that surface water contamination occurs mainly from livestock operations and
human sewage and that decreasing livestock access to surface water reduced the fecal coliforms
levels by an average of 94% [24]. Treatment processes of water, however, might further result in
a selective increase of antibiotic-resistant bacteria and might, therefore, increase the occurrence of
multidrug-resistant organisms [11,25]. It has also been observed that the microbiological quality of
water in vessels in households is lower than that at the source, suggesting that bacterial contamination
is widespread during collection, transport, storage, and drawing of water [26].

In our study, phylogenetic group D (extra-intestinal virulent) E. coli isolates with resistant
genes are more often found from human stool than from environmental samples (30%–52% vs.
0%–24%). It has been reported that co-location of genes in plasmids not only results in resistance to
multiple antibiotics, but also in the increased presence of virulence determinants, which facilitates
infections [27]. Indeed, the exposure of commensal bacteria to antibiotics increases the carriage level
of resistant organisms that might result in the transmission of resistance to a virulent organism [28].
Johnson et al. [29] reported the horizontal transfer of antibiotic resistance not only between isolates from
one source to another, but also from resistant to susceptible isolates in the same source. The number
of virulent strains carrying resistant genes in human commensal samples is a matter of public health
concern, as it may give rise to infection with an increased risk of treatment failure.

We have not identified any E. coli or non-E. coli isolates (including all forms of MDR strains) with
colistin resistance or mcr-1 gene carriage. With the emergence of MDR and extensive drug resistant
(XDR) strains of Gram-negative bacteria, colistin is considered as one of the few last resort antibacterial
agents. Recently, sporadic clinical cases infected with colistin-resistant E. coli carrying the mcr-1 gene
has been described in India [30,31]. The plasmid-mediated mcr-1 gene to colistin resistance is a matter
of global alarm as its spread within the human commensal flora could lead to epidemics of virtually
untreatable infections. Measures with the ‘one-health’ approach, such as colistin susceptibility testing
of MDR isolates from patients, testing of food, animal, environmental isolates, and the reduction of
colistin use in food-producing animals would be crucial for effective minimization of mcr-1-positive
commensal dissemination in the community and healthcare facilities.

Our study has some methodological limitations. The study, being from a village, cannot be
generalized. There is no reason, however, to believe that the situation in this village is very different
from many other villages with similar low socio-economic levels in India. Additionally, in our study,
none of the carbapenem-resistant isolates (six imipenem resistant and 29 meropenem resistant isolates)
from all sources are carrying any of the tested (NDM-1, VIM, and IMP) carbapenemases encoding
genes. Studies showed the presence of OXA-48 and NDM-1 genes in clinical isolates from India [32,33].
However, in another study from our setting, we did not find any of these genes in either clinical or in
hospital waste water [34]. We, however, cannot rule out some different resistance mechanisms in these
isolates, which we have not tested. Although our study involves a limited number of animals and
sewage water samples, the comparison of multiple types of environmental samples with apparently
healthy human samples from community provides us better understanding about the current scenario
of antibiotic resistance at the community level. This is required in scientific research for establishing
effective measures to mitigate resistance in clinically relevant bacteria.
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5. Conclusions

We found similar and widespread antibiotic resistance, co-resistance, MDR, and their genetic
make-up in commensal bacteria from humans and their environment. The percentage of antibiotic
resistance is higher in humans than in the environment, but the load (number of resistant
isolates/sample) is higher in the environment than in humans. The study, thus, raises a number
of important public health concerns. Firstly, community-based studies should be conducted to quantify
attributes of antibiotic resistance to design an effective stewardship program; secondly, there should
be a multi-sectorial national alliance with all key stakeholders to discourage non-therapeutic use of
antibiotics; and, lastly, a strengthening of antimicrobial policy and antibiotic stewardship in India.
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Abstract: Wastewater contains different kinds of contaminants, including antibiotics and bacterial
isolates with human-generated antibiotic resistances. In industrialized countries most of the
wastewater is processed in wastewater treatment plants which do not only include commercial
wastewater, but also wastewater from hospitals. Three multiresistant pathogens—extended spectrum
β-lactamase (ESBL)-harbouring Enterobacteriaceae (Gram negative bacilli), methicillin resistant
Staphylococcus aureus (MRSA) and vancomycin resistant Enterococci (VRE)—were chosen for screening
in a state of the art wastewater treatment plant in Austria. Over an investigation period of six months
all three multiresistant pathogens could be isolated from activated sludge. ESBL was the most
common resistance mechanism, which was found in different species of Enterobacteriaceae, and in
one Aeromonas spp. Sequencing of ESBL genes revealed the dominance of genes encoding members
of CTX-M β-lactamases family and a gene encoding for PER-1 ESBL was detected for the first time in
Austria. MRSA and VRE could be isolated sporadically, including one EMRSA-15 isolate. Whereas
ESBL is well documented as a surface water contaminant, reports of MRSA and VRE are rare. The
results of this study show that these three multiresistant phenotypes were present in activated sludge,
as well as species and genes which were not reported before in the region. The ESBL-harbouring
Gram negative bacilli were most common.

Keywords: ESBL; MRSA; VRE; sewage sludge; PER-1

1. Introduction

Antibiotics in the environment represent a growing concern as their presence can promote the
selection of antibiotic resistant bacteria (ARB) that pose a serious public health threat. ARB can
further spread resistance genes in the environment by the mechanism of horizontal gene transfer
through which environmental bacteria can then mediate pathogens to acquire antibiotic resistance
genes [1–4]. Among the various sources accounting for the spread of ARB, organic wastes, including
wastes of municipal and agricultural origin, have been widely reported to be potent reservoirs of
ARB- harbouring genes for multidrug resistance. Previous studies have pointed out that numerous
ARB and resistant genes have been detected in sewage sludge from municipal wastewater treatment
plants (WWTPs) [4,5]. One predominant antibiotic resistance mechanism is the presence of Extended
Spectrum β-Lactamases (ESBLs). ESBLs are of great microbiological and clinical importance in
Enterobacteriaceae, especially Escherichia coli and Klebsiella spp. and other non-fermenting bacteria
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IJERPH 2018, 15, 479

such as Acinetobacter spp. and Pseudomonas aeruginosa [6,7]. The presence of ESBL in surface water has
been frequently demonstrated all over the world, which leads to the conclusion that if the bacteria in
the water are able to host ESBL genes, then there will be ESBL in the population [8–11]. The spread of
ESBL is enhanced by the localization of most of the ESBL genes on mobile genetic elements which allow
the transmission of resistance genes to strains and species which are better adapted to the surface water
environment. As a consequence of this, environmental bacteria can acquire resistance genes from e.g.,
strains of clinical origin [8–11]. Methicillin resistant Staphylococcus aureus (MRSA) originates from the
clinical setting, as hospital acquired (HA)-MRSA. Nevertheless, MRSA strains started to spread among
the healthy human population (so called community acquired CA-MRSA) and livestock (LA-MRSA)
within the last decades like ESBL [12–14]. MRSA detections from environmental reservoirs, including
surface water, are very rare compared to multiresistant Gram negative bacteria isolation. Although the
population of Staphylococci flushed into the wastewater is high, the survival of Staphylococci in water
environment seems to be much lower than that of Gram negative bacilli. Therefore reports of MRSA
from this reservoir are mainly restricted to areas of high human influence, e.g., hospital waste water
effluent [15–17]. Vancomycin resistant Enterococci (VRE) are one of the first documented antibiotic
resistant bacteria with primary origin in animal farming. The rise of VRE was caused by the use of the
glycopeptide avoparcin as a growth promoter from 1975 on. Although glycopeptide use was banned
in livestock production in the European Union (1996) VRE are still present in animals and can also
be found in hospital settings [18–20]. Hence VRE are present in waste and surface water, it seems
that they are detected mostly sporadically. Furthermore, the number of studies covering this topic is
limited. The aim of the present study was to investigate the presence of multidrug resistant bacteria
such as ESBL-producing Enterobacteriaceae, MRSA and VRE in activated sludge in the second largest
commercial WWTP in Austria.

2. Materials and Methods

2.1. Sample Collection

Activated sludge samples were collected in the period between September 2011 and February
2012, twice a month (except January) from the basin of the incoming untreated waste water at a sewage
treatment plant (>500,000 population equivalent, wastewater load 1200 L/min) at the area of Graz,
Styria/Austria. Wastewater entry into this treatment plant contained mainly domestic waste water and
wastewater from hospitals in the area. The sludge samples were collected using sterile wide-mouth
bottles. They were transported to the laboratory in a cooling box, where they were immediately stored
in a refrigerator at 4–8 ◦C until processing within 24 h. In total, eleven sludge samples were collected
in six measuring series.

2.2. Strain Isolation and Identification

Sludge samples were homogenized by vortexing for two minutes. For qualitative analysis,
an amount of 1 mL from the homogenized sludge sample was suspended in 9 mL sterile saline solution
(0.9% NaCl). In order to reduce the bacterial concentration, a decimal dilution series with saline
solution was prepared.

ESBL isolation: 0.1 mL of each homogenized sludge sample was plated on chromID™ ESBL Agar
(bioMérieux, Marcy-l’Etoile, France) and incubated for 24 h at 37 ◦C. Following incubation, ESBL
positive colonies were determined based on the colour reaction of the ESBL-media (according to the
manufacturer’s protocol). Additionally 0.1 mL of the sludge samples was incubated (24 h, 37 ◦C) in
thioglycolate nutrient broth for enrichment, then 10 μL of the material was inoculated on ESBL-media
and incubated for 24 h at 37 ◦C [21].

MRSA isolation: 0.1 mL of the homogenized solutions were plated on oxacillin agar (OXOID Ltd.,
Basingstoke, UK) and incubated for 48 h at 37 ◦C. Following incubation, MRSA positive colonies were
determined based on the colour reaction of the OXA-media. Blue colonies were presumed to be MRSA.
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VRE isolation: For selective enrichment of VRE, an amount of 1 mL from the homogenized sludge
sample was inoculated in 9 mL BBL™ Enterococcosel™ broth (BD, Sparks, MD, USA) containing
6 mg/L Vancomycin. Enterococci growing in the media turn the colour of the media from light brown
to dark brown or black. In order to reduce the bacterial concentration, a decimal dilution series with
saline solution was prepared. Subsequently, 0.1 mL from each of the homogenized solutions were
plated on chromID™ VRE Agar (bioMérieux, Marcy-l’Etoile, France) and incubated for 24 h at 37 ◦C.
VRE positive colonies were determined based on the colour reaction of the VRE-media (according to
the manufacturer’s protocol).

To obtain pure cultures, colonies growing on selective-media were transferred to blood agar
(24 h, 37 ◦C). Identification was done using the Vitek® MS (bioMérieux, Marcy-l’Etoile, France),
an automated microbial identification system using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) and the biochemical-based VITEK®2 system
(bioMérieux, Marcy-l’Etoile, France).

2.2.1. Characterisation of ESBL Harbouring Gram Negative Bacilli

Identified Enterobacteriaceae were characterized for their resistance pattern by susceptibility
testing according to EUCAST (EUCAST V2.0, 2012) [22], with ampicillin (AM), amoxicillin/clavulanic
acid (AMC), piperacillin/tazobactam (TZP), cefalexin (CN), cefuroxime (CXM), cefoxitin (FOX),
cefotaxime (CTX), ceftazidime (CAZ), cefepime (FEP), imipenem (IPM), meropenem (MEM),
gentamicin (GM), trimethoprim/sulfamethoxazole (SXT), nalidixic acid (NA), ciprofloxacin (CIP),
moxifloxacin (MOX), tetracycline (TE) and chloramphenicol (C) BD BBLTM Sensi-DiscTM paper discs
(BD, Sparks, MD, USA). The inhibition zone diameters were interpreted according to EUCAST
guidelines, except Enterobacteriaceae tested for tetracycline, chloramphenicol and nalidixic acid, which
were evaluated by the Clinical Laboratory Standards Institute (CLSI, 2011) guidelines [23]. There are
no interpretation guidelines for zone diameters of these three antibiotics according to EUCAST.

E. coli 25299 was used as reference. The inhibition zone diameters were interpreted according to
EUCAST guidelines. The antimicrobials tested and resistance breakpoints applied can be found in the
Supplementary Materials (Table S1).

All isolates were screened for ESBL gene families, blaCTX-M-1group, blaCTX-M-2group, blaCTX-M-9group,
blaGES, blaSHV, blaTEM, and blaVEB by PCR and sequencing as described previously [24,25].
False-positive (not estimated Enterobacteriaceae) strains growing on ESBL-media with a green or
brownish colour were identified as Pseudomonadales and Aeromonadales; we decided to include them
in the study and therefore these strains were also screened for ESBL genes. Identified Pseudomonadales
were characterized for their resistance pattern by susceptibility testing according to EUCAST (EUCAST
V2.0, 2012); piperacilin/tazobactam (TZP), ceftazidime (CAZ), cefepime (FEP), meropenem (MEM),
imipenem (IPM), amikacin (AN), gentamicin (GM), tobramycin (NN), ciprofloxacin (CIP) and
levofloxacin (LEV).

2.2.2. Determination of VRE

After isolation and identification of suspected VRE colonies antibiotic susceptibility was
determined for ampicillin (AM), vancomycin (VA), teicoplanin (TEC), linezolid (LZD), tigecycline
(TGC) and trimethoprim/sulfamethoxazole (SXT) by disc diffusion test according to the EUCAST
guidelines (EUCAST V2.0, 2012). E. faecalis DSM20478 was used as reference. The minimal inhibition
concentration (MIC) for 22 antibiotics was assigned by VITEK®2 using the AST-P586 card (bioMérieux,
Marcy-l’Etoile, France). Resistance to the glycopeptides vancomycin and teicoplanin was confirmed by
Etest (bioMérieux, Marcy-l’Etoile, France) according to the manufacturer’s instructions. The detection
of the vancomycin resistance genes (vanA/vanB) was performed by real time PCR applying the Light
cycler VRE Detection Kit (Roche, Branchburg, NJ, USA).
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2.2.3. Determination of MRSA

MRSA isolates were characterized for their resistance pattern by susceptibility testing
according to EUCAST (EUCAST V2.0, 2012), tested with penicillin (P), cefoxitin (FOX), tetracycline
(TE), erythromycin (E), clindamycin (CL), norfloxacin (NOR), amicazin (AN), gentamicin (GM),
trimethoprim/sulfamethoxazole (SXT), fusidic acid (FA), rifampicin (RIF), linezolid (LZD) and
mupirocin (MUP) using BD BBLTM Sensi-DiscTM paper discs (BD, Sparks, MD, USA). Staphylococcus
aureus DSM799 was used as reference. PCR amplification was used to determine SCCmec type
and presence of the Panton-Valentine-Leukozidin (PVL)-gene [26,27]. Spa typing was performed as
described previously [28].

3. Results

All eleven investigated sludge samples revealed at least one kind of the screened multiresistant
bacteria. In detail, ten of the eleven samples were positive for ESBL-harbouring Enterobacteriacea
(82%), three samples were positive for MRSA (27%) and four samples for VRE (36%).

3.1. ESBL Gram Negative Bacilli Isolates

In total, 117 Enterobacteriaceae were screened for multidrug resistance phenotypically. Genetic
analysis revealed 32 different positive isolates consisting of 21 E. coli, seven Klebsiella pneumoniae, three
Enterobacter sp. and one Raoultella ornithinolytica (Table 1). Members of the CTX-M gene family were
the most predominant ESBL genes.

The most detected ESBL gene was blaCTX-M-15, which was present in twelve (28.6%) of the 32
isolates followed by blaCTX-M-1, which was found in six (14.3%) isolates. In addition, five (11.9%) of the
isolates harboured the blaCTX-M-14, three (7.1%) blaCTX-M-3, and one (2.4%) the blaCTX-M-38 gene. The
non-CTX-M ESBL genes blaSHV-2 and blaSHV-12 were detected in four isolates from activated sludge.

Bacteria with ESBL phenotypes frequently carry additional antibiotic resistances. For the purpose
of phenotypic differentiation, all ESBL E. coli isolates were tested for their susceptibility to 19 antibiotics.
The antibiotic resistances of each of the investigated isolates are listed in Table 1.

No ESBL-producing Enterobacteriaceae showed resistance to tigecycline, amikacin and the
carbapenems imipenem and meropenem. Penicillin-inhibitor combinations such as amoxicillin/clavulanic
acid (53.1%, 17 of 32) and piperacillin/tazobactam (9.4%, 3 of 32) showed reduced efficacy against the
ESBL producing Enterobacteriaceae. The cephamycin cefoxitin revealed resistance to eight (25%) isolates.

The most common co-resistance rates among the ESBL producing Enterobacteriaceae isolates to
non-beta lactam antibiotics were detected for the quinolones, nalidixic acid 75% (24 of 32), ciprofloxacin
56.3% (18 of 32) and moxifloxacin 53.1% (17 of 32). The co-resistance for tetracycline was as high
as 53.1% (17 of 32) and for the drug combination trimethoprim/sulfamethoxazole 50% (16 of 32).
Co-resistance rates to aminoglycoside compounds were low with 34.4% (11 of 32) for gentamicin and
0% for amikacin.

Two ESBL-producing isolates were resistant to three antibiotics and 26 of the isolates were resistant
to more than three antibiotic classes, which lead to a number of 28 ESBL isolates that could be assigned
as multidrug resistant (Table 1).

Additional 25 Pseudomonadales were isolated from the ESBL screening plates but genetic
analysing showed no positive confirmation for ESBL genes. Only one Aeromonas spp. isolate was tested
positive for the ESBL gene blaPER-1. This isolate revealed resistance to ceftazidime and meropenem.
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3.2. MRSA

Three MRSA isolates from three different activated sludge samples were detected. All three
isolates harboured the mecA gen but were tested negative for PVL. Spa typing revealed one t032, with
resistance to erythromycin, norfloxacin and gentamycin and one t067 with resistance to erythromycin,
clindamycin and norfloxacin. The third MRSA with spa type t6613 was susceptible to all tested non
beta-lactam antibiotics (Table 1).

3.3. VRE

VRE could be detected in four of eleven (36%) activated sludge samples represented by
one Enterococcus isolate each. All four isolates were identified as Enterococcus faecium and
harboured the vanA gene. All isolates showed highly similar resistance patterns. They were all
resistant to ampicillin, teicoplanin, and vancomycin; three isolates showed additional resistance to
trimethoprim/sulfamethoxazole (Table 1).

4. Discussion

The omnipresence of ESBL in environmental population of Enterobacteriaceae is widely
demonstrated. The findings of this study go in full concordance with prior results. This includes also
the isolated species (mostly E. coli) and the detected genes (CTX-M family) being dominant [8,11,29,30].

Other studies concerning E. coli from sewage sludge also reported tetracycline,
ampicillin/clavulanic acid and trimethoprim/sulfamethoxazole as antibiotics with the highest non-
susceptibility rate. These antibiotics showed the highest non-susceptibility in ESBL E. coli from
Austrian sewage sludge as well [31,32]. Regarding co-resistance, the isolates did not show a reduced
occurrence as can be observed in ESBL isolates from surface waters, without direct wastewater
influence. Resistance to quinolones was very common and most of the isolates could be classified
as multiresistant (resistance to three or more tested antibiotic classes). Environment and residence
time in the WWTP seem not to favour a potential adaptation process in the ESBL population. The
permanent entry of ARB from different sources in the activated sludge basin and the horizontal gene
transfer are the dominant factors for the composition of resistant bacteria. Selection pressure due to
different substances, does not seem to have enough time in this environment to contribute to resistance
development [9,10,30,33–37]. Therefore, the isolates of this study reflect rather the situation of clinical
ESBL isolates where this kind of co-resistance and multiresistance is dominant. Interestingly the
majority of the ESBL Enterobacteriaceae isolates remained susceptible to the tested 4th generation
cephalosporin (cefepim).

The isolation of a PER-1 producing Aeromonas spp. is more remarkable. There are reports of PER-1
based ESBL (also in Aeromonas) in European surface waters, nevertheless clinical isolates with this
enzyme are reported rarely. In Austria, this is the first PER-1 producer documented so far [38,39].

The MRSA isolates from the sewage sludge can be linked to hospital settings. A multiresistant
phenotype including the aminoglycoside gentamicin is a typical characteristic of hospital acquired
(HA)-MRSA. T032 is a common spa type of the ST22-MRSA-IV (Barnim epidemic MRSA strain). It is the
most prevalent HA-MRSA in Europe and has spread in Austria since the beginning of this decade. The
second gentamicin resistant (t067) isolate can be linked to the so called paediatric clone. The resistance
pattern of this MRSA isolate, with the exotic spa type t6613, showed similarity with CA-MRSA, but did
not harbour the genes for the PVL toxin [40,41].

In general MRSA isolates from surface water are rather rare, with only low number of analysed
isolates. Therefore an estimation which of the three MRSA types is more dominant in water
environment is difficult to make [15,16,42,43].

VRE isolates showed nearly identical features in terms of species, gene and resistance pattern.
Likewise MRSA, VRE isolates were only investigated and isolated in few studies compared to studies
with ESBL isolates. This is remarkable because in contrast to Staphylococci, Enterococci have a
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much better ability to survive in surface water and they are indicator bacteria for water quality
assessment [44–46]. Therefore, the exclusivity of vanA isolates is more likely to be based on the low
number of sludge isolates. Furthermore other environmental VRE isolates from Austria revealed also
vanB [44–49].

However, there is much evidence that confirms the presence of diverse and plentiful ARB in
fertilizer produced from livestock animals [50,51]. There appears to be significant variability on
wastewater management across different industrialized countries. In high income countries sewer
connectivity is generally high, whereas in many middle and low income countries sewer connectivity
is low and untreated sewage is discharged mainly to surface water bodies [52,53].

5. Conclusions

Wastewater treatment plants serve as a collection basin of multiresistant bacteria. In the investigated
activated sludge samples all three screened multiresistant phenotypes were present, with ESBL
harbouring Gram negative bacilli representing the most common ones. The study shows for the first
time in Austria, the presence of VRE in WWTP and the first detection of a PER-1 mediated ESBL. All
these multiresistant bacteria have the potential to spread in other ecological niches and therefore further
monitoring and measures for reduction should be taken into consideration.

Supplementary Materials: The following tables are available online at www.mdpi.com/1660-4601/15/3/479/s1,
Table S1: Antibiotics, disk content and breakpoints used for disk susceptibility testing according to the EUCAST
guidelines (EUCAST V2.0, 2012).
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Abstract: Water borne pathogens present a threat to human health and their disinfection from water
poses a challenge, prompting the search for newer methods and newer materials. Disinfection of the
Gram-negative bacterium Escherichia coli and the Gram-positive coccal bacterium Staphylococcus
aureus in an aqueous matrix was achieved within 60 and 90 min, respectively, at 35 ◦C using
solar-photocatalysis mediated by sonochemically synthesized Ag@ZnO core-shell nanoparticles.
The efficiency of the process increased with the increase in temperature and at 55 ◦C the disinfection
for the two bacteria could be achieved in 45 and 60 min, respectively. A new ultrasound-assisted
chemical precipitation technique was used for the synthesis of Ag@ZnO core-shell nanoparticles. The
characteristics of the synthesized material were established using physical techniques. The material
remained stable even at 400 ◦C. Disinfection efficiency of the Ag@ZnO core-shell nanoparticles was
confirmed in the case of real world samples of pond, river, municipal tap water and was found to be
better than that of pure ZnO and TiO2 (Degussa P25). When the nanoparticle- based catalyst was
recycled and reused for subsequent disinfection experiments, its efficiency did not change remarkably,
even after three cycles. The sonochemically synthesized Ag@ZnO core-shell nanoparticles thus have
a good potential for application in solar photocatalytic disinfection of water borne pathogens.

Keywords: core-shell; disinfection; Escherichia coli; nanoparticles; pathogens; silver; solar-photocatalysis;
Staphylococcus aureus; water; zinc oxide

1. Introduction

A large part of the population of developing countries is vulnerable to water borne diseases
caused by pathogenic microbes present in the aquatic environment. Amongst the various enteric
pathogens, Escherichia coli and Staphylococcus aureus are causal agents of various types of infections [1]
and may lead to deterioration in the quality of drinking water in rural areas. The major causes
behind this can be attributed to unawareness about personal hygiene practices and poor sanitation
facilities. For disinfection of these microbes, composite nanoparticles-assisted photocatalysis has good
potential for field application [2]. Currently, the simplicity and cost-effectiveness of sunlight- assisted
photocatalysis using metal/metal oxide nanoparticles is gaining much attention for water treatment
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applications [3]. However, although the nanosized catalysts were successfully developed, certain
issues such as short-shelf life of the nanoparticle systems due to catalyst poisoning, decreased active
surface area of the nanoparticle systems by surface doping, and the possibility of leaching of reactive
metal ions into the purified water have restricted their commercial exploitation. To deal with these
limitations, core-shell structure nanoparticles were proposed. It is expected that nanoparticles with
core-shell morphology will not only protect the metal catalysts, but also show promising results with
regards to increased photocatalytic disinfection efficiency and extended shelf life of the material [4].
Metal@ZnO core-shell structure nanoparticles have been used for photocatalytic degradation of the
organic dyes Rhodamine B and methyl orange in an aqueous solution [5,6]. E. coli has been extensively
used as a good model micro-organism for studying photocatalytic disinfection but studies with
S. aureus are mostly done with TiO2 and its doped variants [7,8]. To the best of our knowledge, no such
disinfection with core-shell nanoparticles has been carried out with the latter micro-organism. Ag/TiO2

nanocomposites were previously explored for successful photocatalytic disinfection of E. coli [9]. Most
of these reports have followed precipitation technique for coating metal oxide shell on noble metal
(e.g., gold) nanoparticles. Although these materials have shown interesting photocatalytic properties,
the high cost of gold is expected to hinder their practical application. Hence, Aguirre et al. tried to
replace the gold core by a cheaper alternative, i.e., silver, and used this material for degradation of
dyes [10]. Das and co-workers for the first time applied Ag@ZnO nanoparticles synthesized by a
chemical precipitation technique for sunlight-assisted photocatalytic disinfection of the pathogenic
bacterium Vibreo cholerae in synthetic as well as real water systems [11]. This could be a potential
alternative to conventional disinfection techniques such as chlorination which are known to generate
toxic byproducts [12]. However the conventional precipitation technique employed for the synthesis
of metal@ZnO core-shell nanoparticles could not provide the well dispersed and porous materials
required for catalytic applications [13]. Thus, it was necessary to investigate alternative synthetic
protocols to obtain the monodispersed metal@ZnO core-shell nanoparticles and to check the potential
of such materials for photocataytic applications. Recently, sonochemical techniques have been used
extensively to obtain well dispersed and highly crystalline nanomaterials [4,14]. However, to the
best of our knowledge, such techniques have never been exploited for the synthesis of metal@ZnO
core-shell nanoparticles and examining their potential to disinfect bacterial pathogens. In the present
paper, we report sunlight-assisted photocatalytic disinfection of two water borne pathogenic bacteria,
Escherichia coli and Staphylococcus aureus, in saline solution (0.9%) and some real water systems using
Ag@ZnO core-shell nanoparticles synthesized using an ultrasound assisted method.

2. Materials and Methods

2.1. Materials

All the reagents and chemicals used in the synthesis of photocatalyst as well as in the disinfection
reaction were of research grade (99.99% pure) and were procured from MERCK (Mumbai, India).
De-ionized water was used during all synthesis processes.

2.2. Synthesis and Characterization of Ag@ZnO Core-Shell Nanoparticles

Ag nanoparticles were synthesized by reduction of silver perchlorate monohydrate (Sigma-Aldrich,
St. Louis, MO, USA) by NaBH4 and trisodium citrate dihydrate [11]. Experimental procedures were as
follows: distilled water (97 mL) was placed in a 250 mL glass beaker which was placed in an ice bath.
Silver perchlorate monohydrate (1 mL, 1 mM) followed by 100 mM sodium borohydride (1 mL) and
3 mM of trisodium citrate (0.885 mL) were added to the beaker under vigorous stirring. A transparent
bright yellow color was observed immediately due to the formation of the Ag nanoparticles. This
colloid was aged for 12 h at room temperature. Zinc oxide nanoparticles were coated on the surface
of Ag nanoparticles via an ultrasound assisted precipitation technique. To zinc nitrate hexahydrate
aqueous solution of a known concentration (50 mL), sodium hydroxide solution (1 M) was added
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to obtain a white precipitate of zinc hydroxide, which was redissolved by adding excess of sodium
hydroxide. This solution (20 mL) was added to the aqueous dispersion of Ag nanoparticles (10 mL) and
exposed to ultrasound for 30 to 90 min. Then the solution was allowed to cool by natural process. The
composite nanoparticles were then collected by centrifugation (at 12000 rpm) and dried at 80 ◦C for 12
h. Following this, the nanoparticles were sintered at 200 ◦C and 400 ◦C for 1 h. During centrifugation
nanoparticles were washed with de-ionized water (three times) to remove the water soluble sodium
chloride and other impurities.

Formation of Ag nanoparticles, and Ag@ZnO core-shell nanoparticles was investigated by
UV-visible spectroscopy (Carry 100, Agilent, Santa Clara, CA, USA) respectively. Morphology and
crystal structure of the nanoparticles was analyzed by transmission electron microscopy (JEM-2010,
JEOL, Akishima, Tokyo, Japan) and X-ray diffraction (XRD, Rigaku, Tokyo, Japan) techniques
respectively. The composition/functional property of nanomaterials were analyzed with FTIR
spectroscopy at room temperature in an acquired range of 500–4000 cm−1. Average surface area
and porosity was measured by the Brunauer–Emmett–Teller (BET) technique.

2.3. Preparation of Bacterial Cultures

Bacterial strains of the Gram negative bacterium E. coli DH5-alpha and Gram-positive bacterium
S. aureus were used as the target microorganisms in this study. The strains were purchased from
the Microbial Type Culture Collection and Gene Bank (MTCC, Chandigarh, India). The strains were
grown aerobically in a nutrient broth (HiMedia, Mumbai, India) at 37 ◦C in a shaking incubator
(Daihan Labtech, New Delhi, India) at 200 rotations per minute (rpm). At optical density (OD600)
0.6 for E. coli and 0.8 for S. aureus, corresponding to 108 CFU/ml (CFU = colony forming unit), the
bacteria were harvested by centrifugation at 5000 rpm for 10 min. They were thereafter washed with
0.9% normal saline solution (NSS) to provide appropriate osmotic conditions [11]. All the glassware
and plastic-ware used for media preparation, experimental purposes and analysis were sterilized by
autoclaving at 121 ◦C, for 20 min before being used [15].

2.4. Photocatalytic Disinfection Experiments

Bacterial cells with a final cell concentration of 5 ×106 CFU/mL were put in 1 L of normal saline
solution and multiple reactions were performed with varying concentrations of Ag@ZnO ranging
from 1 to 5 mg/L. Photocatalytic disinfection reactions were carried out in 2 L reactor vessels under
continuous and controlled agitation (500 rpm).The set up was kept under dark conditions for 30 min
to attain equilibrium. After the dark phase, the system was exposed to sunlight for 120 min and
samples were collected at 15 min intervals. To monitor and analyze the inactivation of microbes, 100
μL of collected samples were further diluted in 900 μL of sterile 0.9% NSS and a volume of 100 μL
from the final diluted sample was spread on nutrient agar plates. The plates were left for overnight
incubation at 37 ◦C. Following this, viable cell count was performed to obtain the results for the
rate of disinfection [11,16]. The above steps were repeated using two commonly used catalysts ZnO
and TiO2 (Degussa P25) for comparative studies and with the optimum catalyst concentration for
proper disinfection as obtained by Ag@ZnO. Additionally two experimental controls were performed.
(1) In light control, under only photolytic condition the microbial population was exposed to sun-light
in absence of Ag@ZnO. (2) In dark control, microbial population was reacted with Ag@ZnO in
absence any light. The Intensity of sunlight was measured by a digital lux meter and found to be
90,000 ± 5000 lux. To evaluate whether the sun-light/Ag@ZnO assisted photocatalytic disinfection
system is applicable to natural water systems, samples of tap (municipal supply, Bhubaneswar, India),
river, and pond water were collected. Results were compared with de-ionized water. All water samples
were collected and transported in clean and autoclaved sample bottles (Tarsons, Kolkata, India) at 4 ◦C
and immediately were filtered by using Whatman filter paper and centrifuged at 5000 rpm for 15 min
to remove insoluble materials followed by autoclaving to eliminate any microbial contamination.
To demonstrate the efficiency of the synthesized catalyst, a calculated amount (as mentioned earlier) of
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targeted pathogens were spiked in the sterilized natural water samples and subjected to photocatalysis
in presence of three different photocatalysts (Ag@ZnO, ZnO and TiO2). The concentration of catalyst
used was the one which was obtained as the optimum for the respective bacteria from experiments
conducted in saline solution.

2.5. Determination of Lipid Peroxidation

Malondialdehyde (MDA) is an end product of lipid peroxidation. Therefore estimation of MDA
through its reaction with thiobarbituric acid (TBA), forming a pink colored MDA-TBA complex,
predicts the disintegration or, rather the damage of microbial cell membrane leading to death [16–18].
To establish this, analysis was performed by obtaining 1 mL samples from the reactor contents at
regular time intervals (5 min) and the samples were mixed with 2 mL of 10% (wt./vol.) trichloroacetic
acid. The mixture was subjected to centrifugation at 11,000 g for initial 35 min and then again for an
additional 20 min to ensure the removal of precipitated proteins, catalyst, cells and other possible solid
components from the system [16]. 3 mL of freshly prepared 0.67% (wt./vol.) TBA (Sigma Aldrich) was
added to the supernatant. The samples were boiled in a water bath for 10 min and then the absorbance
was measured at 532 nm using UV-visible spectrophotometer. The concentration of MDA in the system
was calculated in nanomoles of MDA released per mg dry weight of bacteria [18].

2.6. Potassium Ion (K+) Leakage Studies

To study the K+ leakage from photocatalytically inactivated bacteria, 2 mL sample was collected
at regular time intervals (2 min) from the reaction system and was subjected to centrifugation as per the
details given in previous reports [18,19]. The supernatant was collected and analyzed using microwave
plasma atomic emission spectrometer (4200 MP-AES, Agilent Technologies, Santa Clara, CA, USA).

2.7. Stability and Reusability of the Photocatalyst

The stability of the catalyst in post reaction condition was investigated using XRD. Additionally for
further confirmation the post reaction water sample was analyzed using MP-AES to detect the leaching
of Ag+ and Zn2+ ions during the photocatalytic disinfection experiment [11]. Catalyst was recovered by
centrifugation at 12,000 rpm for 30 min and dried at 80 ◦C and reused for the photocatalytic disinfection
application. Unless otherwise mentioned all the experiments were conducted in triplicate.

3. Results and Discussion

3.1. Characterization of Nano-Photocatalyst

UV-visible spectra of the aqueous dispersion of Ag nanoparticles, and Ag@ZnO core-shell
nanoparticles synthesized by ultrasonic hydrolysis of zinc nitrate hexahydrate are shown in Figure 1a.
Aqueous dispersion of Ag nanoparticles showed a clear SPR band at 391 nm which showed a distinct
red shift of about 22 nm immediately after addition of aqueous sodium zincate sol. This is attributed
to an immediate change in the chemical environment around Ag nanoparticles. With increase in
the ultrasonic irradiation time SPR band has shown a red shift to 397 nm with development of a
shoulder peak at 487 nm. It is expected that during the formation of core-shell nanoparticles, Ag
nanoparticles may have aggregated slightly to form large clusters. This may have caused dipole
coupling between closely interacting metal nanoparticles. This hypothesis is supported by the electron
microscopy images.

Results of our XRD study is shown in Figure 1b. For the synthesized nanoparticles, three distinct
peaks at 2θ = 38.2, 44.9 and 64.8 corresponding to (111), (200) and (220) planes of metallic Ag with
face-centered cubic structure (JCPDS Card No. 04-0783) is observed. Similarly three major peaks of
ZnO at 2θ = 31.99, 34.63, and 46.51 corresponding to (100), (002), and (102) planes of synthetic ZnO
with hexagonal wurtzite structure (JCPDS Card No. 36-1451) are obtained. Any peak corresponding to
other Ag/Zn compounds was not obtained. This suggests that no alloy or solid solution is formed.
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Mean crystallite diameter (MCD) was found to be ≈ 15 and 25 nm for Ag and ZnO nanoparticles
respectively. It is also observed that the crystal structure and phase remained unchanged after heat
treatment (at 200 and 400 ◦C). However the MCD and crystalinity have increased slightly after
heat treatment. The results of FTIR spectroscopy are shown in Figure 1c. The broad band around
3400 cm−1 may correspond to O–H stretching mode of hydroxyl groups whereas the strong peak
at 2345 cm−1 resembles to the stretching mode of acidic O–H group, which arises in the range of
2400–3300 cm−1. The small vibration appearing at 1630 cm−1 may belong to the stretching peak of C=O
group [11]. Vibration peaks at 1500 and 1280 cm−1 corresponds to C–H bending and C–O stretching
mode respectively [11,14]. The peaks at 1630 and 637 cm−1 may correspond to Zn–O stretching and
deformation vibration, respectively [14].

(a) (b)

(c) (d)

Figure 1. UV-Visible spectra of aqueous dispersion of Ag and Ag@ZnO core-shell nanoparticles
(a), XRD pattern (b) and FTIR spectrum (c) of Ag@ZnO core-shell nanoparticles, (d) Nitrogen
adsorption/desorption isotherms obtained at 77 K and inset shows the pore size distribution of
the as-synthesized Ag@ZnO NCs synthesized by the sonochemical technique and dried at 80 ◦C for
2 h.

The adsorption-desorption isotherm plot for the nitrogen sorption (77 K) of the Ag@ZnO
nanoparticles sample that was synthesized by sonochemical technique and dried at 80 ◦C for 2 h
shows typical “type IV” isotherm in the Brunauer classification (Figure 1d). The sample exhibited
average pore size in the range of 5–20 nm indicating the porous nature of the material. The specific
surface area of Ag@ZnO core-shell nanoparticles was evaluated to be 65.5 m2/g based on the BET
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result. This high surface area and porous nature are expected to be very beneficial for photocatalytic
applications [12,14].

Morphology of the Ag@ZnO synthesized by the sonochemical technique were investigated
by TEM. TEM samples were prepared by dipping the TEM grid in aqueous colloidal dispersion
of NC followed by freeze drying for 12 h. Figure 2 shows TEM and HRTEM images of core-shell
Ag@ZnO nanoparticles. Core-shell structure is observed for the materials. However, multiple silver
nanoparticles were encapsulated within a single zinc oxide shell. Similar situation was also observed
by Tripathy et al. [11]. A broad size distribution is observed for synthesized nano-Ag particles. The
size of the Ag is found to be in the range of 10–30 nm and that of ZnO shell is about 5 to 10 nm. Metal
core was found to have inter planar spacing of ~0.23 nm which corresponds to the (111) plane of the
metallic silver with face-centered cubic structure. In ZnO shell, the spacing between adjacent lattice
fringes is 0.16 nm, which is close to the d-spacing of the (110) plane of hexagonal ZnO (exact value is
0.168 nm).

Figure 2. TEM (a) and HRTEM (b) images of Ag@ZnO core-shell nanoparticles synthesized by the
sonochemical technique and dried at 80 ◦C for 2 h.

3.2. Photocatalytic Disinfection of Target Pathogens

Figure 3a,b show the photocatalytic disinfection achieved against the target pathogens at different
catalyst concentrations. In Figure 3c,d bacterial disinfection is represented in its corresponding
log reduction profile and the disinfection pattern is validated through comparison of the obtained
profile with the standardized Chick-Watson model [11,20,21]. Figure 3a,b suggest that amongst the
concentrations tested, 2 mg/L and 3 mg/L resulted in complete disinfection (6 log reductions) of
E. coli and S. aureus, respectively, in 60 min and 90 min, respectively. It is observed that sunlight
alone is not effective for the complete disinfection of the targeted pathogens as only 3 and 2.5 log
reductions could be observed for E. coli and S. aureus, respectively, at 120 min. Experiments conducted
under dark conditions did not show any remarkable change in the microbial colony counts, as less
than 0.5-log reduction for both the microorganisms was achieved in 120 min (Figure 2c,d). Using
the optimum concentration of Ag@ZnO nanoparticles for each of the bacteria for photocatalytic
disinfection, comparative sunlight-assisted photocatalytic disinfection activity was evaluated with
pure-ZnO and commercial TiO2 (Degussa P25) and the results are shown in Figure 4a,b. Figure 4c,d
shows the Chick-Watson disinfection kinetics of E. coli and S. aureus using different photocatalysts.
These results suggest the superior disinfection efficiency of Ag@ZnO nano-photocatalyst compared
to the conventional metal oxide systems. An increase in inactivation for both targeted bacteria was
observed with the increase in catalyst concentration from 1 to 2 mg/L in E. coli and 1 to 3 mg/L
in S. aureus. With further increase in the catalyst concentration beyond the mentioned range, a
deterioration in disinfection rate was obtained for both the targeted microorganisms. With lower
concentration of catalyst the amount of reactive oxygen species (ROS) generated is comparatively
less. Thus complete disinfection required a longer irradiation time [22]. It is expected that as the
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rate of ROS production is slow at lower concentrations of catalyst, and under the initial conditions
the microorganisms may activate their molecular resistance mechanisms. Therefore an extended
disinfection time period is required for sufficient ROS generation and thus under the constant attack of
ROS, bacteria may lose their capability of reactivation. With an increase in catalyst concentration the
ROS generation rate increases, which is expected to improve the disinfection rate. Similarly, under the
optimal conditions, the rate of ROS generation is maximum and therefore it may be expected that the
interaction of the same with bacterial cells is more frequent. This may lead to an enhanced disinfection
rate. It is further noticed that with increase in the catalyst concentration, disinfection gets delayed.
This is mainly because with the increase in catalyst concentration the turbidity of the system increases,
thereby blocking the sunlight irradiation from uniformly reaching the catalyst particles and cells, hence
resulting in slower inactivation [23]. The current study involves E. coli and S. aureus bacteria. The
photocatalytic performance of a photocatalyst depends both on its concentration and the irradiation
time. E. coli was found more sensitive to sunlight-assisted photocatalytic disinfection process than
S. aureus, as it requires comparatively less catalyst concentration and shorter sunlight irradiation time in
comparison to S. aureus as evidenced from Figure 3a,b. The difference in susceptibility of both bacterial
species to Ag@ZnO nanoparticles can be ascribed to the differences in their cell membrane/wall
structures, chemical components, biological shape, and differences in robustness of Gram-positive and
Gram-negative bacteria [24].

Figure 3. Effect of Ag@ZnO core-shell NPs loading on the solar-PCD kinetics of (a) E. coli and
(b) S. aureus. Linear fitting plots of PCD kinetics of (c) E. coli and (d) S. aureus according to Chick-Watson
model. Initial bacteria concentration = 5 × 106 CFU/mL, Temperature = 35 ± 2 ◦C. Error bars indicate
the standard deviation of replicates (n = 3).
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Figure 4. Effect of different catalysts on the solar-PCD kinetics of (a) E. coli and (b) S. aureus at a catalyst
loading of 2 mg/L and 3 mg/L respectively. Linear fitting plots of PCD kinetics of different catalysts
against (c) E. coli and (d) S. aureus according to Chick-Watson model at a catalyst loading. Initial
bacteria concentration for each experiments = 5 × 106 CFU/mL, Temperature = 35 ± 2 ◦C. Error bars
indicate the standard deviation of replicates (n = 3).

From Figure 4, it is observed that Ag@ZnO nanoparticles show enhanced disinfection efficiency
for both targeted pathogens in comparison to the classical metal oxide systems (ZnO and TiO2). The
expected reason behind the enhanced efficiency may be the positioning of the noble metal (i.e., Ag) in
the core and encapsulating it with a ZnO shell. Photocatalytic disinfection involves the excitation of
the photocatalyst with light energy greater than or equal to that of the band gap [25]. On excitation
the electrons forming the valence band of the metal oxide shuttle to the conduction band, where
they are usually accepted by electron acceptors present in the reaction environment. This reduction
pathway leads to the formation of ROS which results in killing of microbial cells by damaging their
membrane integrity [24,26]. Therefore it leads to subsequent release of the intra-cellular components,
which become vulnerable to the ROS attack [26,27]. Figure 5a–d show the effect of temperature on
the photocatalytic disinfection of the targeted pathogens. These results show that as the temperature
increased, a maximum process efficiency was observed at a reaction temperature of 55 ◦C. It is thus
observed that, the rate of disinfection improved as the temperature of the reaction system increased.
At 55 ◦C disinfection is achieved within 45 min and 60 min for E. coli and S. aureus, respectively. The
post-disinfection reactivation of the target microbes was monitored for 24 h. None of the microbes
showed an6y reactivation thus suggesting cell death due to damage caused by the ROS to both the
target pathogens.
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Figure 5. Effect of different reaction temperature on the solar-PCD kinetics of (a) E. coli and (c) S. aureus
at a catalyst loading of 2 mg/L and 3 mg/L respectively. Linear fitting plots of PCD kinetics of different
reaction temperature against (b) E. coli and (d) S. aureus according to Chick-Watson model. Initial
bacteria concentration for each experiments = 5 × 106 CFU/mL, Error bars indicate the standard
deviation of replicates (n = 3).

3.3. Determination of MDA to Study the Membrane Lipid Peroxidation

Time dependent generation of MDA (a key biomarker of membrane lipid peroxidation) for
E. coli and S. aureus subjected to photocatalytic disinfection under their respective optimum catalyst
concentration and temperature of 35 ◦C is shown in Figure 6a,b. Earlier experiments had shown
complete disinfection at 60 and 90 min, respectively, for E. coli and S. aureus (Figure 3a,b). Hence,
a similar correlative result can be inferred from the above mentioned figure. It is quite evident
that maximum generation of MDA is observed after 75 min i.e., 0.03 nmol/mg cell dry weight and
90 min i.e., 0.0375 nmol/mg cell dry weight for E. coli and S. aureus respectively, which indicates cell
membrane disintegration resulting in disinfection. Slight elevation in MDA production is seen within
the first 30 min, which may be attributed to a loss of membrane integrity due to the action of shear
stress produced on the microbial cells due to the continuous stirring conditions [28]. Additionally,
the misbalance of ionic potential may also play a role in loss of membrane integrity leading to
lipid peroxidation. It may also be noted that after the reported disinfection time, a decline in MDA
concentration has been initiated. After a threshold level of MDA is generated in the photocatalytic
system, it is expected to be mineralized being an organic compound itself [18,29]. When the microbial
cells were exposed to sunlight without the presence of photocatalysts, less than even 0.01 nmol/mg
cell dry weight generation was observed in both the microbes as shown in Figure 6a,b. However, the
effect of Ag@ZnO on microbial cells without the presence of light is also found to be non-substantial,
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where the concentration was less, as 0.005 nmol/mg cell dry weight were quantified for both the test
microbes. It is proposed that generation of ROS (such as OH• radical) in the photocatalytic process
may lead to peroxidation of the cell membrane peptidoglycan layer and membrane proteins, followed
by decomposition of cellular components and cellular disintegration [16–19,29], as ROS mainly (•OH)
hit unsaturated membrane lipids to make lipid radicals. This, in the presence of oxygen is expected
to give a lipid peroxyl radical capable of abstracting hydrogen from an adjacent unsaturated lipid
and produce a lipid hydroperoxide and a lipid radical. This series of reactions continues until all the
membrane unsaturated lipids are destroyed and malondialdehyde (a stable by-product of membrane
lipid peroxidation) is subsequently produced. MDA generation patterns suggest that lipid peroxidation
in E. coli maintains a uniform rate while a sporadic rate occurs for S. aureus, thus suggesting a higher
robustness of the latter in comparison to the former [24].

(a) (b)

Figure 6. Lipid peroxidation kinetics of (a) E. coli and (b) S. aureus cells subjected to solar-photocatalysis
in presence of 2 mg/L and 3 mg/L Ag@ZnO NPs respectively. Initial bacteria concentration =
5 × 106 CFU/mL, Temperature = 35 ± 2 ◦C. Error bars indicate the standard deviation of replicates
(n = 3).

3.4. Analysis of Potassium Ion (K+) to Study the Cell Membrane Damage

Leakage of K+ ions is generally considered as a dominating evidence of compromised cellular
integrity. The results obtained through K+ leakage analysis are in agreement with many previous
studies which mention the dysfunction of potassium channels of microorganisms on photocatalytic
treatment [18,30–32]. It can be observed that the concentration of K+ (in ppm) increases with the
increase of the reaction time up till a particular time period beyond which the concentration in the
reaction environment becomes constant. As shown in Figure 7a,b the maximum K+ estimated after
120 min for E. coli and S. aureus after photocatalytic disinfection was found to be 575 ppb and 440 ppb,
respectively. An interesting observation was made that the time required for complete disinfection for
each of the target bacterium, as evaluated from the decreasing CFU count, does not correspond well
with the K+ leakage pattern. This must be because the primary target of photocatalytically produced
ROS is membrane lipids. Once the entire membrane of the bacteria is compromised, an increase in K+

ion is expected. This pattern of K+ release suggests that the increase in the concentration of potassium
ion in the reaction environment indicates a steady progress in the photocatalytic disinfection process.
Once the entire bacterial death is achieved, it is expected that the total amount of K+ will be maintained
for the remaining reaction phase [33].
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Figure 7. Leakage of K+ ion from (a) E. coli and (b) S. aureus cells subjected to solar-photocatalysis in
presence of 2 mg/L and 3 mg/L Ag@ZnO core-shell NPs, respectively. Initial bacteria concentration =
5 × 106 CFU/mL, Temperature = 35 ± 2 ◦C. Error bars indicate the standard deviation of replicates
(n = 3).

3.5. Stability and Reusability of the Catalyst Post Disinfection

When the stability of the catalyst in post-reaction condition was investigated using XRD, no
alteration in the crystal structure of Ag@ZnO was observed, suggesting its structural stability
throughout the process [11,34]. It is known that leaching of material could re-toxify the system and
it could also be argued that Ag+ and Zn2+ ions which are reported to show antimicrobial properties
may leach out of the system and hence, may be the actual cause of disinfection. However, the answer
to this possibility is already communicated in our previous paper [11], there being no detectable
amount of Ag+ and Zn2+ ions in the system post-disinfection. If the catalyst could be recycled after
photocatalytic disinfection then it may be suitable for commercial exploitation of the process. Ag@ZnO
core-shell nanoparticles were recycled after the photocatalytic disinfection experiments and used for
next batch of bacterial disinfection experiment (after heating at 80 ◦C). As shown in Figure 8, core-shell
nanophotocatalyst exhibited insignificant reduction in E. coli and S. aureus disinfection efficiency, even
after three consecutive cycles.

Figure 8. Effect of Ag@ZnO core-shell NPs reusability till three rounds of solar-PCD kinetics of (a) E. coli
and (b) S. aureus. Initial bacteria concentration = 5 × 106 CFU/mL, Temperature = 35 ± 2 ◦C. Error
bars indicate the standard deviation of replicates (n = 3).
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3.6. Photocatalytic Disinfection Efficiency in Real Water Systems

As the results show (Figure 9), Ag@ZnO exhibits a better disinfection profile as compared to pure
semiconductors in case of all the real water samples. The results correspond well with our previous
results [11]. The superiority of the Ag@ZnO as compared to the traditional photocatalysts can be
attributed to many causes. It is a well-known and established fact that the photocatalyst that is being
used here has a core shell nanocomposite structure. The structure itself has many advantages over
its traditional counterparts. It is a matter of general observation that the metal ions in the composite
structure are protected by the shell in the composite structure. This has many advantages: firstly it
solves the problem of leaching out of the silver metal ion. Silver is itself a very poisonous metal ion
and detrimental and harmful to various organisms [4,5,11]. At the same time, the target pathogens
E. coli and S. aureus are unable to survive and escape its effects. The core shell morphology also
increases the surface area of the photocatalyst. As the surface area increases, so does the effectivity
of the photocatalyst. Both the traditional photocatalysts used here, namely TiO2 and ZnO lack in
this property. The lack of a proper nanocomposite structure in the cases of TiO2 and ZnO can also
explain the lesser efficiency that these photocatalysts show in the photocatalytic degradation of real
water samples.

Figure 9. Effect of different photocatalysts on the relative reduction in the (a) E. coli and (b) S. aureus
cell count (N/N0) in real water samples after 120 min of solar irradiation at a catalyst loading of 2 mg/L
and 3 mg/L catalyst concentration, respectively. In each case the initial bacteria concentration =
5 × 106 CFU/mL, Temperature = 35 ± 2 ◦C.

Various studies have already shown that at various concentrations both zinc and silver are
detrimental to the growth of microorganisms [35]. The photocatalyst that we have used contains both
these elements, so as a result, a better result can always be expected than that from the traditional ones,
namely the likes of ZnO and TiO2. The combined effect of toxicity of these two potent antimicrobial
agents, combined with the lesser amount of leaching due to the unique structure is indeed a deciding
factor in increasing the efficiency of the photocatalyst against the traditional players [11].

However, the issue of safety can be raised, regarding the compatibility of silver and zinc in various
water streams and water bodies, as both of these metals are known to be toxic to organisms [36,37].
To attend these sensitive issues, we did an MP-AES assay, and it was observed that the concentration
of zinc and silver was below the detectable levels. Thus it addresses most of the toxicity-related issues.
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3.7. Proposed Mechanism of Photocatalytic Disinfection

The possible disinfection mechanism has been reported in the literature [9,11,15]. In the present
case, we expected that the disinfection mechanism is contributed by the action of the photo-induced
reactive oxygen species generated during the reaction (Figure 10). The initial site of attack is expected to
be the lipopolysaccharide layer present in the external cell walls of the target bacteria [11]. It is assumed
that the oxidative stress which is generated due to this process disintegrates the peptidoglycan layer
and results in peroxidation of the lipid membrane, eventually causing oxidation of the membrane
proteins [9]. This leads to rapid leakage of K+ ions from the bacterial cells hence dysfunction of
the potassium channels resulting in deregulation of cell signaling. Additionally the dwindling cell
functionality and viability is also attributed by the peroxidation of polyunsaturated phospholipid
components of the cell membrane, eventually leading to cell death [11,15].

Figure 10. Proposed mechanism of sun-light assisted photocatalytic disinfection of bacteria using
Ag@ZnO core-shell nanoparticles

There is an increasing demand regarding the issue of providing safe and potable drinking water
to underdeveloped Third World countries. There is an urgent need to develop strategies that follow an
alternate route to address this concern [18]. Based on the above statement, the concept of “Advanced
Oxidation Process” can be proposed; based on the proven effectivity and superiority as compared to
that of other traditional catalysts.

The catalyst that we have proposed, generally works well towards the basic range of pH values.
All the real water samples, especially the likes of tap-water, and river water have basic pH. This can
also be explain the better effectivity and working efficiency of the proposed catalyst, although further
confirmation is required.

It can also be concluded from the MP-AES analysis that the proposed catalyst is completely
non-toxic in nature and can be applied for a wide range of applications. It can also be concluded that,
since there is no evidence for the proposed catalyst’s toxicity to organisms, it can surely be used as a
better, safer option than the traditional ones.
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4. Conclusions

When DI water contaminated with E. coli and S. aureus was subjected to Ag@ZnO core-shell
nanoparticles mediated photocatalytic disinfection under sun-light radiation, complete disinfection
of E. coli and S. aureus was achieved within 60 and 90 min respectively at 35 ◦C and in 45 and 60 min
at 55 ◦C. Quantitative analyses of K+ ion release and MDA assay proposed the damage of bacterial
cell wall by ROS generated during solar photocatalysis. The disinfection profile for both the bacteria
was validated using the Crick-Watson disinfection model. Disinfection achieved using the Ag@ZnO
system was also validated for real world samples of municipal tap, pond and river water. When
the nanocatalyst was recycled and reused for subsequent photocatalytic disinfection experiments, its
efficiency did not change remarkably, even after three cycles. The reportted photocatalytic system
may find applications in designing a portable water decontamination system for pathogen infested
geographical locations.
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Abstract: Antibiotic residues in the aquatic environment have the potential to induce resistance in
environmental bacteria, which ultimately might get transferred to pathogens making treatment of
diseases difficult and poses a serious threat to public health. If antibiotic residues in the environment
could be eliminated or reduced, it could contribute to minimizing antibiotic resistance. Towards this
objective, water containing ciprofloxacin was treated by sunlight-assisted photocatalysis using Fe-
doped ZnO nanoparticles for assessing the degradation potential of this system. Parameters like
pH, temperature, catalytic dosage were assessed for the optimum performance of the system.
To evaluate degradation of ciprofloxacin, both spectrophotometric as well as microbiological (loss of
antibiotic activity) methods were employed. 100 mg/L Fe-doped ZnO nanoparticle catalyst and
sunlight intensity of 120,000–135,000 lux system gave optimum performance at pH 9 at 30 ◦C
and 40 ◦C. Under these conditions spectrophotometric analysis showed complete degradation of
ciprofloxacin (10 mg/L) at 210 min. Microbiological studies showed loss of antibacterial activity of
the photocatalytically treated ciprofloxacin-containing water against Staphylococcus aureus (108 CFU)
in 60 min and for Escherichia coli (108 CFU) in 75 min. The developed system, thus possess
a potential for treatment of antibiotic contaminated waters for eliminating/reducing antibiotic
residues from environment.

Keywords: antibiotic residues; aquatic environment; ciprofloxacin; Fe-doped ZnO nanoparticles;
photocatalysis; sunlight

1. Introduction

Antibiotic residues in the environment is pose a major public health challenge [1].
Fluoroquinolones (FQs) are a class of environmentally stable broad spectrum antibiotics, which inhibits
the enzymes DNA topoisomerase II (Gyrase) and DNA topoisomerase IV in bacteria thus interfering
with their DNA replication machinery [2,3]. FQs are effective against both Gram positive and Gram
negative bacteria and are used both in humans and animals. Ciprofloxacin is the most commonly
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used FQ, Studies report the occurrence of FQs, including ciprofloxacin, in water bodies worldwide [4].
FQ reaches water bodies through excretion after incomplete metabolism within the human/animal
gut [5]. Their presence at up to 87 microgram/L and 31 mg/L has been demonstrated in wastewater
discharge [6]. Conventional wastewater treatment including biological oxidation and other chemical
and physical process leads to only partial removal of these compounds [7]. As a consequence,
the presence of broad spectrum antibiotics like FQs, even at very minute concentrations, poses a threat
to the surrounding ecosystem and human health through the development of antibiotic resistance
amongst environmental bacteria [8], which can potentially lead to further spread of resistance to other
bacterial populations including human and animal pathogens through processes such as ingestion of
untreated or partially purified water or horizontal gene transfer [9].

With the immediate necessity for substantive degradation of such organic environmental pollutants,
semiconductor photocatalysis more appropriately, Advanced Oxidation Processes (AOPs) have proven
quite useful [10]. They normally use a semiconductor metal oxide or one of its doped variants as
a photo-oxidant which in presence of light charges up and leads to the generation of highly reactive
oxidative species like hydroxyl radicals (OH·), superoxide anion (O2·−) and hydrogen peroxide (H2O2)
for remediation of organic pollutants. The basic principle behind their action is shown in Figure 1. To date
TiO2 and ZnO has been reported to be the best catalysts for photocatalytic applications because of their
optical properties, thus having a much better quantum efficiency under visible light [11]. Moreover,
owing to their high chemical stability, high oxidation efficiency, low toxicity, less cost, easy availability and
being abundant in Nature they are excellent photocatalysts for the mineralization of organic pollutants
in both acidic and basic media [12]. ZnO absorbs a substantial amount in the UV range [12] and UV
accounts for only 3–5% of the sunlight, thus there is insufficient usage of the total sunlight available,
so efforts are needed to design catalysts which will show better photocatalytic efficiency in the visible
region of sunlight [11]. In order to address such problems, modifying the metal oxide semiconductor
with transition, alkaline and rare earth metals like Mn, Fe, Co, Ni, Ag, Mg, Pb, N, C, S, P, is done [11],
which will shift the light absorption towards the visible range.

Figure 1. Schematic representation showing generation of reactive oxygen species (ROS) by Fe ZnO
nanoparticles on activation with sunlight, and how these ROS attack active components of FQ to
degrade them and reduce their anti-bacterial activity.

Photocatalysis with ZnO for the degradation of antibiotics like ciprofloxacin, amoxicillin,
ampicillin, cloxacillin using different sources of light was performed earlier [13,14]. Nearly 50%
degradation of antibiotics was achieved with high rate constant and maximium degradation was
reported at pH 10–11. It has been previously reported in one of our studies that using Fe-doped ZnO
for photocatalytic applications majorly contributes towards the generation of H2O2 in the system,
which ultimately is detrimental for the photocatalytic oxidation. Moreover the presence of Fe in
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the system, serves as an added advantage for the photocatalytic oxidation, since it comes in contact
with H2O2 in the system to generate more of hydroxyl radicals via the Fenton process [15]. This will
ultimately magnify the oxidation of antibiotic-containing water. Thus doping the catalyst with iron
has some added benefits as far as increasing the photocatalytic efficiency of ZnO are concerned.
Earlier such Fe-doped ZnO has been used for the successful degradation of wastewater containing dye
molecules [16]. The aim of this study was to evaluate sunlight-assisted photocatalytic degradation
of ciprofloxacin using Fe-doped ZnO nanoparticles. Further, the residual antibacterial activity of
the treated water was assessed against a Gram positive (Staphylococcus aureus) and a Gram negative
(Escherichia coli) bacterium.

2. Materials and Methods

2.1. Materials

Chemicals used in this study include ciprofloxacin hydrochloride (MP Biomedicals, Santa Ana,
CA, USA), zinc nitrate hexahydrate (98%, Sigma Aldrich, USA), trisodium citrate dihydrate
(Sigma Aldrich, St. Louis, MO, USA), ferric chloride (Himedia, Mumbai, India), Luria agar and Luria
broth (Himedia, Mumbai, India), sodium hydroxide (Merck, Kenilworth, NJ, USA), and hydrochloric
acid (35.5%, Merck). All the chemicals were of molecular grade.

2.2. Preparation of Ciprofloxacin Stock Solution

Ciprofloxacin hydrochloride stock solution (100 mg L−1) was prepared in deionized water
(NaOH was used to solubilize the ciprofloxacin followed by 5 min of ultrasonication), 2 L at a time and
stored in dark at 4 ◦C. Working solutions of 10 mg L−1, (in 300 mL deionized water at a time) were
prepared for each photocatalysis experiment, as required.

2.3. Synthesis of Nanocrystalline Fe-Doped ZnO

Fe-doped ZnO was prepared using a precipitation route as previously described [15]. Briefly,
Zinc nitrate hexahydrate (5.948 g), ferric chloride (0.108 g) and trisodium citrate (5.882) were dissolved
in 500 mL distilled water and stirred at 80 ◦C for 60 min. Then 250 mL of NaOH (250 mM) was
slowly added dropwise into the solution using a burette until yellowish-white precipitate was
formed. The precipitate was allowed to come to room temperature and was then centrifuged
(10,000 rpm, which corresponds to 9391 g force, 10 min, Eppendorf 5424, USA), and rinsed with
distilled water thrice. The precipitate was then dried at 70 ◦C overnight followed by calcination at
500 ◦C. The calcined Fe-doped ZnO powder was characterized as mentioned in our previous paper
and used for photocatalytic applications.

2.4. Photocatalytic Degradation of Ciprofloxacin

A 300 mL aqueous solution of ciprofloxacin with a concentration of 10 mg L−1 was placed in
a 500 mL borosilicate beaker with the required amount (see below) of Fe-doped ZnO and mixed
by a magnetic stirrer. The mixture was kept undisturbed in dark for 30 min to allow equilibrium.
The experiments were performed with different catalyst concentrations 100, 150 and 200 mg L−1,
at pH 2, 3, 5.5, 7, 9, 10 and 11 (required pH was adjusted with 1 N HCl or 1 N NaOH), different
reaction temperatures of 30 ◦C, 40 ◦C, 50 ◦C and 60 ◦C and different photocatalysts (TiO2 and ZnO)
at a light intensity of 80,000 ± 3000 lux, which corresponds to 650 W/m2. At 15 min intervals, up to
210 min, collected samples were filtered through centrifugation (10,000 rpm, which corresponds to
9391 g force, 10 min, Eppendorf 5424) before spectrophotometric analysis (λmax-280 and 320 nm using
a Shimadzu UV-1800 instrument (Japan) and the microbiology experiments for assessment of residual
antibacterial activity. The time dependent decrease in absorbance values at λmax-280 and 320 nm
suggests degradation of the antibiotic [14].
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2.5. Residual Antibacterial Activity of the Treated Water

Qualitative assays were performed to assess the residual antibacterial activity of the treated water
after photocatalytic degradation against the fully susceptible test organisms Staphylococcus aureus (MTCC
code 3160) and Escherichia coli (MTCC code 7410) from the Microbial Type Culture Collection (MTCC,
Chandigarh, India). The well diffusion method, according to the Clinical and Laboratory Standards
Institute (CLSI) [17,18] was employed. All plates were prepared in 90 mm sterile Petri dishes (Tarsons,
Mumbai, India) with 22 mL of Luria Bertani agar, yielding a depth of 4 mm. Test microorganism’s 100 μL
of inoculum suspensions (OD600-0.5, corresponding to 1.0 × 108 CFU mL−1) were poured into the agar
plates when the temperature reached around 40–45 ◦C using a sterile micropipette, and homogenized
thoroughly by mixing in a circular motion (pour-plate technique). After solidification, roundwells
(6.0 mmin diameter) were punched into the seeded agar plates with a 6 mm cork borer. The wells were
filled with 40 μL of the treated water samples (collected and filtered after regular time intervals) using
a sterile micropipette. These plates were allowed to stand at 4 ◦C for 2 h and then incubated at 37 ◦C
for 24 h. Three sets of simultaneous controls were used. One control was the organism control and
consisted of a seeded Petri dish with no photocatalytically treated antibiotic sample. In the second control,
samples were introduced in the holes of unseeded Petri dishes to check for sterility. Finally, to ensure
the elimination of any solvent effect, wells filled with 40 μL of sterile double distilled water were run
simultaneously as a third control. The diameters of the inhibition zones (zone of inhibition—ZOI) were
measured in millimeters [19]. Each test was repeated six times and the mean values from the replicates
along with standard error of mean (SEM) were calculated.

3. Results and Discussion

3.1. Photocataltytic Degradation of Ciprofloxacin and Process Optimization

Figure 2 shows the decrease in the C/Co absorption spectrum of ciprofloxacin (C = concentration
at a particular time, Co = initial concentration of ciprofloxacin) at three catalyst concentrations (100,
150, 200 mg L−1), during sun-assisted photocatalysis by Fe-doped ZnO nanoparticles. The values were
calculated on the basis of intensity of the absorbance peaks at 280 and 320 nm. At both these λmax,
the absorbance showed a decreasing trend at all the three catalyst concentrations.

Figure 2. Photocatalytic degradation of antibiotic ciprofloxacin (10 mg/L) in water, in the presence of
Fe-ZnO nanoparticles (at different concentrations of 100, 150 and 200 mg/L) irradiated with sunlight
light intensity of 80,000 ± 3000 lux compared to photolysis (light control) and degradation in the
absence of light (dark control). C0 represents initial concentration of ciprofloxacin and C represents
concentration of ciprofloxacin at a particular time point. C/C0 denotes the time dependent change in
ciprofloxacin concentration with respect to initial concentration.

228



Int. J. Environ. Res. Public Health 2018, 15, 2440

A catalyst concentration of 150 mgL−1 caused a significant degradation of ciprofloxacin (10 mg
L−1) of up to 66% in 210 min and was found to be optimum. The other two concentrations were not as
effective. The 100 mg L−1 catalyst may not have the capability for substantial generation of reactive
oxygen species, while the 200 mg L−1 catalyst concentration may be high enough to create a catalyst
shielding effect. Moreover the 200 mg L−1 may possess slow or improper degradation kinetics of
only 51%. For further experiments, therefore all the degradation experiments were carried out with
150 mg/L of Fe-doped ZnO. There was no significant change in concentration of the ciprofloxacin
due to the direct sunlight assisted photolysis (light control) which was found to be only 14% [14].
The decrease in C/Co value (up to 25%) of the antibiotic when subjected to dark control reaction (at the
optimum photocatalyst concentration of 150 mg/L), may be attributed to direct adsorption of the
antibiotic in the presence of doped ZnO nanoparticles [11].

The concentration of antibiotic in the wastewater system is a key parameter to optimize the
photocatalytic degradation process. A study was performed with ciprofloxacin concentrations of 5,
10 and 15 mg L−1. Figure 3 shows the photocatalytic degradation pattern of different concentrations
of ciprofloxacin with the optimized concentration of Fe-doped ZnO nanoparticles. At 10 mg L−1

concentration no peaks were observed at 280 and 320 nm after 210 min of photocatalytic treatment,
suggesting complete degradation of the quinolone ring. Five mg L−1 concentrations of ciprofloxacin
were also completely degraded. Since studies with 10 mg L−1 concentrations were previously done and
reported, the rest of the photocatalytic study were done with 10 mg L−1 concentration. With 15 mg L−1

ciprofloxacin concentration the degradation kinetics were a bit slower. Possible reasons could be
a catalyst shielding effect and over-occupied catalyst active sites at 15 mg/L concentration [11,19].

Figure 3. Photocatalytic degradation of antibiotic ciprofloxacin in water at different antibiotic
concentration between 5, 10, 15 mg/L with optimum Fe-doped ZnO nanoparticles concentration of
150 mg/L and irradiated with sunlight intensity of 80,000 ± 3000 lux. C0 represents initial concentration
of ciprofloxacin and C represents concentration of ciprofloxacin at a particular time point. C/C0 denotes,
time dependent change in ciprofloxacin concentration with respect to initial concentration.

pH modifies the surface charge properties of Fe-doped ZnO and possibly the chemical structure
of the antibiotic, therefore the influence of pH on the photocatalytic activity of Fe-doped ZnO
nanoparticles was studied by altering the pH of the reaction mixture in both the acidic and basic
range. Figure 4 shows the effect on the photocatalytic degradation on ciprofloxacin of different pHs
in the presence of Fe-doped ZnO nanoparticles. The best degradation efficiency of ciprofloxacin
with Fe-doped ZnO nanoparticles, nearly 65%, was seen at pH 9, while the lowest degradation, only
10%, was observed at pH 2 [14]. The maximum ciprofloxacin degradation was thus obtained at basic
pH values between 9 and 11 under solar light, where the available hydroxyl ions in the system can
react with the valence band holes (h+) to form reactive hydroxyl radicals (OH·), which possesses high
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oxidation capability under photocatalytic conditions, subsequently enhancing the rate of photocatalytic
degradation of ciprofloxacin. Similar results for the degradation of aromatic compounds were reported
earlier [20]. At an acidic pH value of 2, the solar photocatalytic degradation of ciprofloxacin was
hindered due to the high proton concentration, which possesses higher attraction for the hydroxyl
anions, quenching the formation of hydroxyl radicals. As free hydroxyl ions in the system are
decreased, the formation of hydroxyl radicals becomes limiting. Thus photocatalytic degradation of
ciprofloxacin decreased at lower pH. It may also be possibly due to dissolution of Fe-doped ZnO under
acidic conditions. Similar observations were previously made in the photocatalytic degradation of
azo dyes [16].

Figure 4. Photocatalytic degradation of antibiotic ciprofloxacin (10 mg/L) in water in the presence of
Fe-ZnO nanoparticles (150 mg/L) irradiated with sunlight intensity of 80,000 ± 3000 lux at different
reaction pH of 2, 3, 5.5, 7, 9, 10, 11. C0 represents initial concentration of ciprofloxacin and C represents
concentration of ciprofloxacin at a particular time point. C/C0 denotes the time dependent change in
ciprofloxacin concentration with respect to initial concentration.

Ciprofloxacin is an ampholytic compound with a pKa value of 6.09 for the carboxylic group
and 8.74 for the nitrogen on the piperazinyl ring. The isoelectric or zwitterionic point is at pH 7.4.
Thus ciprofloxacin seemed to be most sensitive to photocatalytic degradation at a pH closer to its
zwitterionic form, i.e. at basic pH 9. It has earlier been reported that the maximum stability of the
molecule was observed in reaction solution of pH 4.0 [21], where the carboxylic group is un-ionized and
basic nitrogen is completely protonated. This adds an advantage to the ciprofloxacin pharmaceutically,
because most of the pharmaceutical formulation possess pH between 3.5 and 5.5. This seems good
from a pharmaceutical perspective but photocatalytic degradation at such low pH will be a challenge.
Interestingly, it has been previously reported that, hospital wastewater flowing to drains has an pH in
between 6.7 to 7.7 throughout the year, Moreover the pH of surface waters (mainly lakes and rivers) in
India is between 6.5 to 8.5 [22]. The current study thus finds it application for degradation of antibiotics
in hospital wastewater and surface water, since at this pH range the photocatalytic degradation was
more than 60%, as shown in Figure 3.

From experimental observations and previous reports on the photocatalytic degradation of
organic molecules like dyes [23] and antibiotics [24], we assumed that upon irradiation with solar
light, within the Fe-doped ZnO nanoparticles, excitation of electrons takes place from the valence
band into the conduction band. Photogenerated holes in the conduction band upon reacting with
water molecules in the system generate hydroxyl radicals which possess oxidative nature and can get
rid of antibiotics adsorbed on the Fe-doped ZnO surface. Moreover the high oxidative potential of
valence band holes can also lead to the direct and indirect oxidation of antibiotics. The presence of Fe
in the system possesses an added advantage to this photocatalytic degradation process. The presence
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of Fe delays the electron whole recombination, acting as one of the terminal acceptors of electrons,
which eventually increases the generation of hydroxyl radicals and reactive species in the system.
Also Fe as a Fenton agent is capable of producing reactive oxygen species like OH· radicals through the
Fenton process, adding more ROS to the system for subsequent degradation of ciprofloxacin [11,25].

Temperature was found to modulate the degradation kinetics (Figure 5). Generally it has been
reported that with an increase in temperature the degradation kinetics are enhanced [11], but in the
current study, the opposite trend was observed. With increasing temperature, the degradation kinetics
decreased up to 60 ◦C. A possible reason could be the increase in the stability of fluoroquinolones on
exposure to heat stress. It has been reported by Roca et. al. [26], that FQs can be stable at temperatures
up to 120 ◦C. In a country like India, where the atmospheric temperature can reach up to 50 ◦C,
the technique presented in this paper can be employed for successful degradation of ciprofloxacin and
maybe other fluoroquinolones also, in wastewater matrices. The technique presented in this paper
may also find its application for the treatment of hospital, pharmaceutical or industrial wastewater for
the degradation of many organic molecules.

Figure 5. Photocatalytic degradation of antibiotic ciprofloxacin (10 mg/L) in water in the presence of
Fe-ZnO nanoparticles (150 mg/L) irradiated with sunlight intensity of 80,000 ± 3000 lux and pH 9 with
different reaction temperature. C0 represents initial concentration of ciprofloxacin and C represents
concentration of ciprofloxacin at a particular time point. C/C0 denotes the time dependent change in
ciprofloxacin concentration with respect to initial concentration.

3.2. Analysis of Residual Antibacterial Activity of Antibiotic after Photocatalytic Degradation

Ciprofloxacin, as already discussed, is an antibiotic that belongs to the FQ class of antibiotics.
The antibiotics that belong to this group, generally inhibit the growth of several microorganisms
via the inhibition of DNA Gyrase, which is a factor is responsible for the division of bacterial cells.
ciprofloxacin is active against a wide spectrum of Gram positive and Gram negative bacteria and
ciprofloxacin and antibiotics of the FQ group are widely present in wastewaters such as those from
hospital, municipal, pharmaceutical industry sources, etc. [1,22,27]. The residues of these antibiotics in
the wastewaters generate antibiotic resistant bacteria in the environment, which is a potential major
threat to public health.

The current work aims to employ photocatalysis for the successful degradation of the antibiotic
ciprofloxacin. After subjecting ciprofloxacin to photocatalytic treatment with Fe-doped ZnO
nanoparticles, a confirmatory bacterial inhibition experiment was conducted to check whether
the antibiotic was completely degraded in the experimental system using as test organisms
Staphylococcus aureus and Escherichia coli [19]. The results of the experiments (Table 1 and Figures 6 and 7)
showed that for both Staphylococcus aureus and Escherichia coli, ciprofloxacin lost its antibacterial activity
after 60 minutes and 75 minutes post-irradiation, respectively. With increasing time, a decreasing
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zone of inhibition in both Staphylococcus aureus and Escherichia coli was evident. The zone of inhibition
decreased from 12 mm to 5.5 mm and from 15 mm to 6 mm in the case of Staphylococcus aureus and
Escherichia coli in 60 min and 75 min post-irradiation, respectively.

Table 1. Shows residual antibiotic activity of the antibiotic ciprofloxacin after photocatalytic
degradation with Fe-doped ZnO nanoparticles against Staphylococcus aureus and Escherichia coli.

Test
Bacteria

Staphylococcus Aureus (108 CFU) Escherichia Coli (108 CFU)

Time (min)
PCD

ZOI in mm
Mean ± SEM

DC
ZOI in mm

Mean ± SEM

PL
ZOI in mm

Mean ± SEM

PCD
ZOI in mm

Mean ± SEM

DC
ZOI in mm

Mean ± SEM

PL
ZOI in mm

Mean ± SEM

0 12 ± 0.3 12.5 ± 0.3 12.5 ± 0.2 15 ± 0.3 15 ± 0.2 14.5 ± 0.3
30 12.5 ± 0.3 12 ± 0.3 12.5 ± 0.2 14.5 ± 0.3 14.5 ± 0.2 14.5 ± 0.2
45 10 ± 0.3 8 ± 0.5 11 ± 0.2 11 ± 0.3 14 ± 0.2 14 ± 0.2
60 7.5 ± 0.2 12 ± 0.5 10 ± 0.2 12 ± 0.4 14 ± 0.2 13.5 ± 0.3
75 5.5 ± 0.2 11 ± 0.3 10.5 ± 0.2 9.5 ± 0.3 14.5 ± 0.2 12 ± 0.5
90 0 11.5 ± 0.5 9 ± 0.3 6 ± 0.2 14.5 ± 0.2 11.5 ± 0.3
105 0 9 ± 0.3 8.5 ± 0.2 0 12 ± 0.3 12 ± 0.3
120 0 10 ± 0.2 7.5 ± 0.3 0 12.5 ± 0.4 10 ± 0.3
135 0 10 ± 0.3 8 ± 0.2 0 14 ± 0.3 9 ± 0.3
150 0 10.5 ± 0.2 7 ± 0.2 0 14 ± 0.2 8.5 ± 0.2
165 0 9 ± 0.3 6 ± 0.2 0 14.5 ± 0.3 7 ± 0.2
180 0 11 ± 0.3 5.5 ± 0.2 0 14 ± 0.2 0
195 0 11 ± 0.2 0 0 14 ± 0.3 0
210 0 12 ± 0.3 0 0 13 ± 0.5 0

SEM stands for standard error of mean, calculated from the standard deviation, PCD-photocatalytic degradation,
DC-dark control, PL-photolysis, n (number of replicates) = 6. Zone of inhibition (ZOI) = total zone (including the
disc)—diameter of the disc (6 mm). The well diffusion assays were performed in accordance with the Clinical
& Laboratory Standards Institute (CLSI) Guidelines. No ZOI have been observed from the solvent controls
i.e., with distilled water, no contaminating bacteria were found to grow around the treated samples when poured
without the test bacteria. Experimental Conditions: catalyst concentration 150 mg/L, pH 9, antibiotic concentration
10 mg/L and temperature 30 ◦C.

Figure 6. Residual antibiotic activity of the antibiotic ciprofloxacin after photocatalytic degradation
with Fe-doped ZnO nanoparticles against Staphylococcus aureus. Yellow markings denote the time
points at which sampling has been done. (a), (b), (c), (d) denotes the zone of inhibition shown by the
antibiotic slurry collected at different time intervals.
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Figure 7. Residual antibiotic activity of the antibiotic ciprofloxacin after photocatalytic degradation
with Fe Doped ZnO nanoparticles against Escherichia coli. Yellow marking denotes the time points at
which sampling has been done. (a), (b), (c), (d), (e), (f) denotes the zone of inhibition shown by the
antibiotic slurry collected at different time intervals.

It can be seen that Escherichia coli, a Gram negative organism, shows susceptibility to
ciprofloxacin that has been collected 75 minutes post-irradiation, which is slightly less than that
of Staphylococcus aureus (sample collected 60 minutes post-irradiation), before completely showing zero
susceptibility in both cases. As a Gram negative microorganism Escherichia coli has a weak cell wall
that is made up of lipopolysaccharides [28,29]. Therefore it is easy for a disinfecting agent to penetrate
its cellular defenses. compared to Staphylococcus aureus, which is Gram positive. In the case of the light
control and dark control, antibacterial activity was not lost even after 120 min for both Escherichia coli
and Staphylococcus aureus. There was little decrease in the zone of inhibition parameters and it clearly
signified that ciprofloxacin was still present in the case of experimental controls, suggesting that both
the photocatalyst (Fe-doped ZnO) and sunlight are indispensable in the degradation process.

4. Conclusions

An Fe-doped ZnO nanoparticles-based sunlight-assisted photocatalytic system was developed for
the degradation of the fluoroquinolone antibiotic ciprofloxacin in water, assessing its best performance
parameters like pH, temperature, and catalyst dosage. The degradation of ciprofloxacin was proved
both spectrophotometrically as well as microbiologically by the loss of antibiotic activity of the
photocatalytically treated water. The developed Fe-doped ZnO nanoparticles-based photocatalytic
system can potentially be used for the degradation of other fluoroquinolones and other antibiotics as
well as other organic contaminants in water. Antibiotic residues in aquatic systems have the potential
to induce resistance in bacteria, which has further the potential to infect humans and thereby become
a serious threat to human health. The developed system has therefore potential to contribute to
containing antibiotic resistance.
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