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Preface

The overuse and inappropriate use of antibiotics in medicine, agriculture, fishery, and food

animal production is an under-appreciated problem. This problem is considered to have potential

public health implications. The agricultural, food animal, and aquatic environments have been

regarded as vital reservoirs and sources of antibiotic residues, antibiotic-resistant bacteria, and

resistance genes. Antibiotic residues have been reported to have a negative impact on public health

and food safety with regard to drug toxicity, immunopathological diseases, carcinogenicity, allergic

reactions, etc., whereas antibiotic-resistant bacteria lead to treatment failure in humans and animals,

increasing the number and spread of infections worldwide.

This Special Issue assembles a set of fifteen articles, consisting of one review and fourteen

research articles. The review by Liang S. and colleagues covers the application of bacteriophage

therapy. The 14 research articles included (1) methodologies and techniques to detect AMR

organisms, such as VRE by Saenhom N et al. and carbapenemase-producing Eterobacterales by

Hatrongjit R. et al.; (2) characterization of AMR from patients, foods, and the environment, such

as by Yinsai et al., Li R. et al., Kamal Hossain M., et al., Kansaen R., et al., Tabut et al., Lopes E.S. et al.,

and Kumar Rout A. et al., respectively; (3) antibiotics residue management approached, such as by

Chokejaroenrat et al. and Sakulthaew et al., and (4) medical care of AMR patients and carriage, such

as by Ngamprasertchai T et al. and Miranda-Novales et al.

Finally, on behalf of the guest editors of the Special Issue, we wish to thank the authors for

their contributions and for their commitment to improving their work, the reviewers for investing

time and effort into analysing and providing valuable comments and corrections, and the editorial

staff for managing the review and publication process efficiently and thoroughly. We hope that these

articles will provide in-depth research results, advance knowledge, impact the scientific community,

and motivate researchers to pursue their scientific goals.

Anusak Kerdsin, Jinquan Li, and Jonathan Frye

Editors
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Abstract: Antibiotic resistance has emerged as a significant issue to be resolved around the world.
Bacteriophage (phage), in contrast to antibiotics, can only kill the target bacteria with no adverse
effect on the normal bacterial flora. In this review, we described the biological characteristics of phage,
and summarized the phage application in China, including in mammals, ovipara, aquatilia, and
human clinical treatment. The data showed that phage had a good therapeutic effect on drug-resistant
bacteria in veterinary fields, as well as in the clinical treatment of humans. However, we need to take
more consideration of the narrow lysis spectrum, the immune response, the issues of storage, and the
pharmacokinetics of phages. Due to the particularity of bacteriophage as a bacterial virus, there is no
unified standard or regulation for the use of bacteriophage in the world at present, which hinders the
application of bacteriophage as a substitute for antibiotic biological products. We aimed to highlight
the rapidly advancing field of phage therapy as well as the challenges that China faces in reducing its
reliance on antibiotics.

Keywords: phage therapy; animal models; clinical application; anti-infection; bacterial resistance

1. Introduction

At present, the main treatment for bacterial infection is antibiotics. Due to the extensive
use of antibiotics, there have been numerous problems, such as the emergence of drug-
resistant bacteria, immunosuppression, drug residues in animal products, environmental
pollution, and so on. According to statistics, 75% of bacteria in the United States are
resistant to at least one kind of antibiotic, and nearly 2 million people’s health is at risk
each year due to drug-resistant bacteria [1]. In addition, more than half of the clinical
Staphylococcus isolated in Japan have multidrug resistances to antibiotics [2]. A report
from the British government in 2016 showed that the deaths caused by drug-resistant
bacteria could reach about 700,000 each year [3]. It is estimated that by the year 2050,
upwards of 10 million people will die each year due to antimicrobial resistance. In 2017, the
World Health Organization (WHO) published a list of global priority pathogens comprising
12 species of bacteria which were categorized into critical, high, and medium priority based
on their level of resistance and available therapeutics (Table 1). It is crucial to discover,
design, and develop new and alternative antimicrobial therapies. The current rate of
resistance development far exceeds the level of antibiotic discovery and development and
represents a global public health challenge.

Antibiotics 2023, 12, 417. https://doi.org/10.3390/antibiotics12020417 https://www.mdpi.com/journal/antibiotics1
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Table 1. WHO pathogen priority list, 2017.

Priority Pathogen Name Resistance

Critical
Acinetobacter baumannii Carbapenem
Pseudomonas aeruginosa Carbapenem

Enterobacteriaceae Carbapenem and produces extended-spectrum
lactamase (ESBL)

High

Enterococcus faecalis Vancomycin
Staphylococcus aureus Methicillin and Vancomycin intermediary

Helicobacterpylori Clarithromycin
Campylobacter Fluoroquinolones

Salmonella Fluoroquinolones
Neisseria gonorrhoeae Cephalosporin and Fluoroquinolones

Medium
Streptococcus pneumoniae Penicillin
Haemophilus influenzae Ampicillin

Shigella Fluoroquinolones

Note: Critical priority pathogens are bacteria that cause severe infection and high mortality in hospitalized
patients; High priority pathogens are bacteria that cause a large number of infections in healthy people; Medium
priority pathogens are three types of bacteria that are developing more resistance to available drugs.

The Chinese government placed a high priority on bacterial drug resistance and in-
cluded it on the agenda of the G20 Hangzhou Summit. In order to control the development
of bacterial resistance, the Ministry of Agriculture and Rural Affairs of the People’s Repub-
lic of China issued the National Action Plan for Reducing the Use of Veterinary Antimicrobials
(2021–2025) and the List of Banned Drugs and Other Compounds for Food Animals. In addition,
the Chinese government encourages large-scale animal husbandry to cut off pathogen
infection at the source. Companies have tried to develop new antibiotics, but few are avail-
able in terms of their commercial value [4]. Faced with the problem of increasing bacterial
resistance year by year, it is urgent to find a new treatment that can replace antibiotics.
Antimicrobial peptides and biological enzymes are also popular alternatives to antibiotic
therapy. However, the utilization of these medications is constrained due to their lengthy
research cycles and limited antibacterial properties [5].

Bacteriophage(phage) is a virus that can infect microorganisms such as bacteria, fungi,
actinomycetes, and spirochetes. Phages have been used as antibacterial agents since their
discovery in the 1920s. However, with the discovery of antibiotics and their widespread
use, people gradually ignored the in-depth study of phage therapy. Since the 1980s, due
to the continuous emergence of drug-resistant bacteria worldwide, antibiotic therapy has
been facing great challenges, and bacteriophage as a traditional antimicrobial therapy has
attracted attention again. Phage has the characteristics of strong specificity, little toxicity,
good bactericidal effect, good biological safety, and great potential in the prevention and
control of bacterial infection. Recently, some scholars from western countries have pub-
lished special papers on bacteriophage antibacterial technology, sharing positive comments
on the basic research and development of bacteriophage. They believed that the natural
targeting effect, specificity, and high efficiency of bacteriophages had opened up a new
field for the control and prevention of bacterial diseases [6–8]. Haddad et al. collated the
literature on phage therapy published from 1985 to 2018, and the results showed that phage
therapy was effective in reducing bacterial concentration, degrading biofilms, healing
wounds, and improving outcomes in most studies (87%, 26/30) [9].

In this review, we summarized the research and application of phage in the prevention
and control of bacterial infections in China, and discussed the limitations and challenges
of phage therapy, hoping to provide a reference for promoting the clinical application of
phage therapy.
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2. Overview of Phages

Bacteriophages (phages) are highly abundant in the environment and may be the
source of low-cost antimicrobials. Bacteriophages coexist with their bacterial hosts and
play an important role in many biological processes such as bacterial evolution and mi-
croorganism diversity [10–15]. In general, the biological characteristics of a phage include
its optimum pH, temperature, one-step growth curve, morphology, etc. Like other viruses,
phages are simple in structure, consisting of a protein capsid and core. According to their
morphological and structural characteristics, there are three types of phages: Caudovirales
(which are divided into Siphoviridae, Podoviridae, and Myoviridae), Ballabactivirus, and In-
oviridae [16]. Ling Chen et al. described the biological characteristics of phage ValSw3-3,
which belonged to the Siphoviridae [17]. ValSw3-3 had a latent period of about 15 min and a
burst size of 95 ± 2 PFU/cell. Its infectivity remained above 80% at pH 6–10. Meanwhile,
this phage was able to exist stably at 4–50 ◦C. Because of their tail fiber proteins, which
can specifically recognize receptors on the surface of bacteria, phages can form a strict
specificity with the host bacteria. Although the life cycle of phages is well understood,
we will discuss it briefly based on the article of Zhang (Figure 1) [18]. According to the
life cycle of phages, they can be divided into lytic phages and temperate phages. Lytic
phages, also known as virulent phages, have the ability to inject their genomes into the
bacteria, hijack the metabolic function of the host, and lyse the host cells to produce new
progeny phages [19]. Temperate phages live a different life cycle and infect their hosts by
initiating a lysogenic cycle. In the lysogenic cycle, the phage genome remains dormant as a
prophage, replicates alongside its host, and occasionally bursts into a lytic cycle in response
to a specific trigger [20].

Figure 1. Mechanisms of action of lytic phage and lysogenic phage.
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3. Phage Therapy in Animal Models

By 2022, we have found more than 95,400 articles about phage research on the National
Center for Biotechnology Information (NCBI) database (URL: https://www.ncbi.nlm.nih.
gov/, accessed on 27 July 2022), of which more than 4500 were published by Chinese
researchers, accounting for 4.72% (Figure 2). Along with the gradual deepening of phage
research, scientists have assessed the value of phages in animal models through more
rigorous and detailed experiments. We are attempting to explore the possible clinical
application of phage therapy based on the animal experiments. We summarized the
progress of phage application in mammals, oviparous animals, and aquatic animals by
Chinese researchers (Table 2).

Figure 2. Percentage of articles published on the National Center for Biotechnology Information
(NCBI) database.

4
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3.1. Mammals

Many studies have shown that bacteriophages have a good therapeutic effect in mam-
mals. Mice models are widely used in the treatment of diseases such as pneumonia, sepsis,
and intestinal infection with phage therapy. As a result of a study conducted by Cao, after
mice were infected with multiple drug-resistant Klebsiella pneumoniae bacteria for 2 h, the sur-
vival rate could reach about 80% by nasally inhaling phage 1513 (2 × 109 PFU/mouse) [37].
Moreover, the injury of the lung was effectively improved in the treatment group, while the
mice in the untreated control group all died, indicating that phage had a good effect on lung
infection caused by drug-resistant bacteria. Wang infected mice with imipenem-resistant
Pseudomonas aeruginosa [42]. In this experiment, all the animals died within 24 h after
the minimal lethal dose of bacteria (3 × 107 CFU/mL) injected. If phage was injected 15
and 30 min after the bacteria infection (MOI > 0.1), the survival rate could reach 100%.
In contrast, the survival rate decreased to 50% and 20% respectively, when phage treat-
ment was administered at 3 h and 6 h. Thus, phages should be used as early as possible
to treat bacterial infections. Bacteriophages are also effective in treating Escherichia coli,
Acinetobacter baumannii, and Yersinia enterocolitica infections [49–51]. Yersinia enterocolitica
is generally considered an important food-borne pathogen, particularly in the European
Union. Xue established a mouse enteritis model caused by a Yersinia enterocolitica infection
with serotype O:3, and evaluated the therapeutic effect of the instillation of phage X1 [47].
The result showed that a single oral administration of phage X1 (1.95 × 108 PFU/mouse) at
6 h post infection was sufficient to eliminate Yersinia enterocolitica in 33.3% of mice (15/45).
In addition, the number of Yersinia enterocolitica strains in the mice was also dramatically
reduced to approximately 103 CFU/g after 18 h, compared to 107 CFU/g in the mice
without phage treatment. Phage X1 treatment significantly improved of intestinal tissue,
and the level of pro-inflammatory cytokines (IL-6, TNF-α and IL-1β) was significantly
reduced (p < 0.05). These results indicated that phage was a promising candidate to control
infection by bacteria in mice. In mice models, Prof. Hongping Wei and Prof. Hang Yang
from the Laboratory of Diagnostic Microbiology, CAS Key Laboratory of Special Pathogens
and Biosafety, Center for Biosafety Mega-Science, Wuhan Institute of Virology, Chinese
Academy of Sciences also contributed to the application of phage and lysin therapy in the
treatment of drug-resistant bacterial infections [52,53].

Phage therapy is also widely used in large mammals such as pigs, cattle, and sheep.
For weaned piglets, Escherichia coli is the main pathogen causing diarrhea. In 2019, Zeng
YD et al. found that adding phage in diets can improve growth performance and reduce
the diarrhea index of weaned piglets [54]. Moreover, the phage supplement can improve
the morphological structure and function of intestines, regulate the activity of intestinal
digestive enzymes, improve the structure of intestinal microorganisms, and promote the in-
testinal health of piglets [55]. Foot-and-mouth disease (FMD) is a highly contagious disease
in cloven-hoofed animals, which causes severe economic losses. To prevent this disease,
Hai demonstrated the potential of T7 bacteriophage, based on nanoparticles displaying a
genetically fused G-H loop peptide (T7-GH) as a FMDV vaccine candidate [56]. They found
that the T7-GH phage nanoparticles were effective in eliciting antigen-specific immune
responses in pigs. Qu YG invented a bacteriophage cocktail (six species of Escherichia
coli phages of bovine mastitis; two species of cow mastitis source Streptococcus phages;
two dairy cow mastitis, source Staphylococcus aureus bacteriophage; 1 × 109 PFU of each
phage) in 2021 for clinical dairy cow mastitis and recessive mastitis, of which the effect was
superior to antibiotic treatment and antimicrobial peptide treatment [57,58]. There were
many other experiments on the successful treatment of bacterial infection in mammals by
phage, but we have not provided any more examples.

3.2. Ovipara

Phage can be used as a prophylactic agent to protect chickens from lethal Escherichia
coli infestation. Inoculation of the phage (BP16, 1.5 × 108 PFU) suspension prior to infection
with Escherichia coli (O2 serotype, 1.5 × 108 CFU) enabled a 100% protection rate [59]. When
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the chicken were injected with phage after the bacteria infected them, the survival rate
could reach around 80%, compared with 70% in the antibiotic-treated group. The results
showed that phage was effective in preventing and treating poultry infection caused by
lethal Escherichia coli. Salmonella pullorum is the major pathogen that is harmful to the
poultry industry in developing countries, and the treatment of chicken diarrhea caused by
drug-resistant Salmonella pullorum has become increasingly difficult. A lytic bacteriophage
of YSP2 was used, which was able to specifically infect Salmonella [32]. Experiments in vivo
demonstrated that a single oral administration of YSP2 (1 × 1010 PFU/mL, 80 μL/chicken)
2 h after Salmonella pullorum administration at a double median lethal dose was sufficient to
protect chickens against diarrhea. Bacteriophages and their phage cocktails are also widely
used as disinfectants specifically to eliminate pathogens in poultry [60,61].

3.3. Aquatilia

People often use antibiotics and water disinfectants in aquaculture to treat bacterial
infections. However, the entry of residual drugs into the natural environment affects
the composition and activity of microorganisms, disrupting the balance of microbiome.
Phage therapy is used in aquaculture, which can effectively control pathogenic bacteria
including Citrobacter freundii, Aeromonas hydrophila, Vibrio parahaemolyticus, Vibrio harveyi,
etc. Zhang Lei et al. from Jilin Agricultural University, committed to the research of phage
therapy, found that bacteriophage had good therapeutic effects in the treatment of aquatic
drug-resistant bacteria. They isolated a phage, IME-JL18, which had strong activity against
Citrobacter freundii, and applied it to the treatment of carp enteritis models [43]. In this study,
a dose of IME-JL18 at 1 × 107 PFU effectively counteracted the lethal dose of Citrobacter
freundii (1 × 109 CFU/carp), inhibiting the formation of the host bacterial biofilms. To treat
an Aeromonas hydrophila infection, a phage mixture therapy was established based on the
analysis of the genomic sequences and biological characteristics of vB_AHAp_PZL-AH8
and vB_AHAp_PZL-AH1 [62]. The results also showed that phage therapy was a good
method to inhibit the production of phage-resistant strains. This team recently found a
bacteriophage named PZL-Ah152, which had good efficacy in reducing the pathogenic
Aeromonas hydrophila strain 152 in vivo and in vitro [63]. Furthermore, a 12-day consecutive
injection of PZL-Ah152 (2 × 109 PFU) did not cause significant adverse effects on the main
organs of the treated fish, such as liver, spleen, kidney, gut, and gill. They also found that
members of the genus Aeromonas can enter and colonize the gut. The phage PZL-Ah152
reduced the number of colonies of the genus Aeromonas. However, no significant changes
were observed in α-diversity and β-diversity parameters, which suggested that the con-
sumed phage had little effect on the gut microbiota. Other researchers have also studied
the application of bacteriophages in aquatic products. A study found that vB_VpaS_PG07
(7.6 × 109 PFU/mL) significantly reduced the mortality of shrimps challenged with Vibrio
parahaemolyticus (2.27 × 106 CFU/shrimp), a bacterium causing acute hepatopancreatic
necrosis disease (AHPND). The findings highlighted the potential of PG07 as an effective
antibacterial agent for phage prophylaxis and phage therapy in aquaculture [64]. Another
study found that phage qdvp001 (1.0 × 107 PFU/mL) could purify Vibrio parahaemolyticus
(1.0 × 108 CFU/mL) in both oyster cultured environment and oyster bodies [65]. Simul-
taneously, this phage could inhibit the expression of pro-inflammatory factors including
IL-1β, IL-6, and CD-14, and regulate the immune response caused by the bacteria. In
addition, Vibrio harveyi can cause infections and diseases in a variety of marine vertebrates
and invertebrates, which is very harmful to the aquaculture industry. Cui et al. isolated
two bacteriophages [66], vB_VhaP_Vh-5 and vB_VhaM_VH-8, and discussed the practica-
bility of feeding phages as a route of administration to protect turbot from Vibrio harveyi
infection. When the MOI was 10 and 100, the phages could enhance the resistance of turbot
to Vibrio harveyi VH5 infection, indicating feeding phage cocktails may be another optimal
therapeutic agent against Vibrio harveyi infection in turbot culture.
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4. Application of Bacteriophages in Clinics

In the 1940s, with the discovery of Penicillin, rapid and effective sterilization became
the most effective treatment for bacterial diseases, heralding the golden age of antibiotics.
Scientists have largely abandoned in-depth research on phage therapy ever since [67].
However, scientists in the former Soviet Union and some eastern European countries were
not affected by the abandonment of phage therapy by western European countries and
the United States, and still carried out in-depth research on the anti-infection effect of
phages [68,69]. Currently, phage preparations have been approved for commercial use in
many countries, including Georgia, Poland, and Russia. In China, the application of phage
therapy to treat clinical diseases also has a long history. The former Dalian Institute of
Biological Products was the first to develop phage research and related production (used
for the prevention and treatment of dysentery) in China [70]. The Wuhan Institute of
Biological Products also carried out a period of trial production around 1958. In 2017, the
Shanghai Institute of Phage was established, which was the first institution to obtain the
qualification for clinical treatment of bacteriophages in China. The institute launched the
first ethically approved clinical trial of phage therapy in 2018 in China. Since then, teams
such as the Chinese Academy of Sciences have also been working on the development of
engineered phages to treat drug-resistant bacterial infections. In 2020, the Chinese team
published a paper on the clinical practice of bacteriophages and proposed a new protocol of
“non-sensitive antibiotic-phage combination,” providing a new strategy for the treatment of
“super-bacteria” that was resistant to both antibiotics and bacteriophages [71]. The leading
enterprises of phage industrialization in China also include Qingdao Nuoan Baxter Biotech-
nology Co., Ltd. and Phagelux Inc. These companies applied bacteriophage formulations
to animals, aquatic products, agriculture, and human health. Here, we summarize some
successful cases of phage application in clinical therapy in China (Figure 3), hoping to
promote the wider application of phage in clinical practice (Table 3).

Figure 3. Summary of the clinical application of bacteriophage in China. Includes respiratory [72],
skin [73], mouth [74], liver [75], urinary tract [76], bones, and phage display [77].
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Table 3. Summary of the clinical treatment of bacterial infections by bacteriophages in China.

No. Age–Year Host Organism
Type of

Infection
Delivery Phage(s) Used Outcome

[1] 66 MDR Klebsiella
pneumoniae

Urinary tract
infections

Irrigated
simultaneously
via the kidney
and bladder

A two-phage
cocktail (ΦJD902 +

ΦJD905) and a
three-phage

cocktail (ΦJD905 +
ΦJD907 + ΦJD908),

combined with
antibiotic treatment

Discharged and did
not recur after two

months of follow-up

[2] 65

Complex
pan-resistant

Klebsiella
pneumoniae

Urinary tract
infections

Bladder
infusion

A four-phage
cocktail (117, 135,
178, and GD168

phage) and a
three-phage

cocktail (130, 131,
and 909 phage)

Pan-resistant Klebsiella
pneumoniae was cleared
and bladder infection

was significantly
improved.

[3]

Patient 1: 62
Patient 2: 64
Patient 3: 81
Patient 4: 78

Carbapenem-
resistant

Acinetobacter
baumannii (CRAB)

Pulmonary
infection

Via
nebulization

A phage cocktail
(2Φ)

Patient 1 and Patient 2:
Discharged

Patient 3: CRAB was
eliminated but an

un-subdued
Carbapenem-resistant
CRKP infection was

followed and died on
day 10

Patient 4: Discharged
from ICU Day 7,
however died of

respiratory failure a
month.

[4] 54 Klebsiella
pneumoniae

Pulmonary
infection

Via
nebulization

Single-phage
preparation (Φ59)

The symptoms of
cough and

expectoration were
improved, and the

inflammatory reaction
was reduced

[5] 82

Carbapenem-
resistant

Acinetobacter
baumannii (CRAB)
and Carbapenem-

resistant Pseudomon
asaeruginosa

(CRPA)

Pulmonary
infection

Via
nebulization

A two-phage
cocktail (ΦPA3 +

ΦPA39) and
single-phage
preparation

(ΦAB3), combined
with antibiotic

treatment

The pulmonary
infection was

significantly improved

[6] 88

Carbapenem-
resistant

Acinetobacter
baumannii (CRAB)

Pulmonary
infection

Via
nebulization

Single-phage
preparation
(Ab_SZ3),

combined with
antibiotic treatment

CRAB was cleared and
the pulmonary
infection was

significantly improved

4.1. Skin Infection

Gram-negative bacilli, including Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa, and Acinetobacter baumannii, are important pathogens of nosocomial infections.
The majority of patients who suffered from chronic wounds/ulcers (86.1%, n = 310) and skin
infections (94.9%, n = 734) experienced remission or improvement after phage therapy [78].
In 1958, Professor Yu He successfully cured patients infected with Pseudomonas aeruginosa
using phage therapy [73]. This was the first successful clinical application of phage in
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China. In 2021, a patient in Shanghai Public Health Clinical Center was infected with
drug-resistant Pseudomonas aeruginosa after surgery. Following expert consultation, phage
therapy with catheter perfusion and wound wet compress was implemented. After the
treatment, the patient was cured.

4.2. Respiratory Tract Infection

Clinically, aerosol inhalation techniques enable accurate delivery of bacteriophages
to the site of infection [79]. In the treatment of lung infection caused by drug-resistant
Klebsiella pneumoniae, clinical symptoms were effectively relieved after two inhalations of
phage aerosol preparations [80]. The team led by Ma also used the aerosol method of
bacteriophage to treat patients and, after two weeks of treatment, successfully cleared the
lung infection caused by Acinetobacter baumannii [72]. This was the first case in Shenzhen
(China) using phage to treat drug-resistant bacteria infections. Furthermore, Wu assessed
the efficacy and safety of compassionate phage therapy on secondary carbapenem-resistant
Acinetobacter baumannii (CRAB) infections in patients hospitalized with critical COVID-19.
They suggested the potential of phages on rapid responses to secondary CRAB outbreak
in COVID-19 patients [81,82]. For the patient who suffered from chronic obstructive
pulmonary disease (caused by carbapenem-resistant Acinetobacter baumannii), Tan used
a specific lysing pathogen-specific phage (phage Ab_SZ3, 5 × 106 PFU-5 × 1010 PFU)
in combination with tigecycline and colistin for a 16-day treatment [83]. The patient’s
pathogen clearance rate and lung function were clinically improved.

4.3. Urinary Tract Infection

Urinary tract infection (UTI) with extensively drug-resistant Klebsiella pneumoniae
(XDRKp) is a challenging infection complication to immunocompromised patients, such as
transplant recipients and patients with cancer and diabetes. In the context of increasing an-
tibiotic resistance, phage therapy is effective in treating urinary tract infections. In 2018, Zhu
successfully cured the first urinary tract infection caused by multidrug-resistant Klebsiella
pneumoniae in China. In 2019, another patient infected with complex pan-drug-resistant
Klebsiella pneumoniae recovered by using a 3-strain phage mixture through continuous blad-
der perfusion and retrograde ureteral intubation in both renal–pelvis [76]. The following
year, Bao reported a case of a 63-year-old female patient who developed a recurrent urinary
tract infection with extensively drug-resistant Klebsiella pneumoniae (ERKp) [71]. The com-
bination of antibiotic (Trimethoprim-sulfamethoxazole, SMZ-TMP, 800mg-100mg) with a
phage mixture (Kp152, Kp154, Kp155, Kp164, Kp6377, and HD001, 5 × 108 PFU/mL for
each phage) inhibited the appearance of phage-resistant mutants in vitro and successfully
cured the patient. There is a possibility that, instead of replacing antibiotics with phages, a
combination of these two types of antibacterial agents may be more effective compared
with use of either independently [84]. Qin et al. used a cocktail phage therapy to treat a man
with multifocal urinary tract infection caused by MDR Klebsiella pneumoniae in 2021 [85].
Finally, the patient recovered. These successful cases provided valuable treatment ideas
and solutions for phage treatment of complex infections.

4.4. Others

In addition to the above aspects, Chinese researchers are also attempting to apply
phages in the treatment of chronic rhinosinusitis, dental ulcers, and alcoholic hepatitis. In
2018, Zhang identified bacteriophages (Sa83 and Sa87, 1 × 105 PFU) that could effectively
kill multidrug-resistant Staphylococcus aureus in the nasal passages of patients with chronic
sinusitis [86]. Moreover, Li used phage topical application to treat the tuberculous oral
ulcer, and the patient soon recovered [74]. Meng found that using Enterobacter faecalis phage
can significantly reduce liver cytolytic level and fecal enterococcus quantity [75], which can
eliminate ethanol-induced liver injury and steatosis. Phages can target specific bacteria,
providing a new treatment for alcoholic hepatitis.
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5. Limitation of Phage Therapy

There is no doubt that phage therapy is an attractive solution to combat escalating
antibiotic resistance. Numerous studies have highlighted the potential of therapeutic
phages in vitro and in vivo, and many clinical trials have been conducted over the past
decade [87]. Despite the promise of phage therapy, many issues must be addressed before
it can be used as a treatment: 1© The immune response. As a foreign substance, phage can
stimulate the immune response of the body, and the antibodies produced may inhibit the
ability of phage to eliminate bacteria, thereby reducing phage efficacy [88]. Moreover, the
reticuloendothelial system can quickly eliminate phages. Optimizing the dose of phage
can reduce the production of specific antibodies. In addition to reducing the dose of
phage application, phage packaging can also alleviate specific antibodies [89]. Similarly, an
encapsulation approach for standard phage therapy can also provide effective and targeted
delivery of phages to the site of infection to protect the phages from immune system
clearance [90]. 2© The host spectrum of phages is relatively narrow; a certain type of phage
can only infect and lyse the corresponding species or type of bacteria [91]. Phage cocktail
therapy can combine species–specific phages to improve the efficacy of phage therapy and
also reduce the production of phage-resistant mutants [92]. 3© Phage therapy has limitations
in dose and duration. According to the pharmacokinetics, phages can only proliferate when
the bacteria reach a certain density [93]. Therefore, early or inappropriate bacteriophage
inoculation may be cleared by the immune system before proliferation. Optimal inoculation
time and dose will be the key to phage therapy. 4© When bacteriophages are stored for a
long time, there will be a certain inactivation or reduced titers. Bacteriophages as viruses
have protein structures, so they are susceptible to known protein denaturation factors.
These factors include exposure to organic solvents, high temperatures, pH, ionic strength,
and interface effects [94]. Therefore, when choosing a storage method, careful consideration
of its physical and chemical properties is required. The current preservation methods are: a.
Broth lysate; b. 50% glycerol dilution; c. Saturating filter paper with lysate and then drying;
d. Phage lyophilization [95]. 5© Safety of phage application. Some toxin genes carried
by phages may have adverse effects on the body. Therefore, phages should be sequenced
before they are used to ensure that they do not have virulence genes or integrase genes. The
important step in the process of isolation and purification of phage is to remove endotoxin.
Bacterial endotoxin, as an important part of Gram-negative bacteria, is released when
bacteriophage lyses bacteria, which is toxic to the human body and has potential safety
hazards. At present, bacteriophage preparation can be purified by affinity chromatography,
commercial kits, and other methods to remove endotoxin from bacteriophage particles.
6© Criteria for clinical use of phages. It is necessary to ensure the activity of phages and

remove contaminants from bacteria as much as possible. Information critical to the success
of clinical trials includes: a. The adequate characterization and selection of phages as well
as of subjects (humans) and the target bacteria. b. The formulations, dosing, and efficacy of
the phage [96]. c. The sterility and purity of the phage preparation [97].

6. Regulation of Phage Application in China and Western Countries

Phage therapy has made great achievements both in animals and clinically. When
it comes to the clinical treatment of phages, we definitely mention Hirszfeld Institute in
Wroclaw, Poland and the Eliava Institute in Tbilisi, Georgia. The Eliava Institute focuses on
the production and therapeutic use of phage cocktails for specific pathogenic bacteria. The
Hirszfeld Institute supports the development of a more personalized phage therapeutic
approach [98]. Both institutions have demonstrated convincing success rates in the use of
phage therapy. Data from clinical trials at the Eliava Institute showed that phage therapy
was approximately 70% and 55% effective in the treatment of Staphylococcal infection and
Staphylococcal sepsis, respectively [69]. The Hirszfeld Institute pointed out that the good
response rate to phage therapy was about 40% [97]. However, only a few phage therapies
currently have completed phase I and phase II clinical trials, both of which lacked strict
criteria and did not have evidence of properly controlled clinical trials [99]. The reports
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from Poland, Georgia, and other former Soviet Union countries have provided good
experiences, but this form of treatment still lacks modern, properly controlled, double-
blind clinical trials, and an appropriate framework is needed to make phage therapy a
reality. Although phage-based clinical products have been commercialized in some eastern
European countries, in western Europe and the United States, phage products for clinical
applications have not yet reached the commercialization stage [7]. Currently, sporadic
applications of bacteriophage therapy are carried out in western countries, where it is
allowed to be used as a placebo in clinical treatment when antibiotic therapy is ineffective.
Its research process and application are supervised by the Ethics Review Board and are
generally protected by Article 37 of the New Helsinki Declaration [100]. The Declaration,
although not a document with the force of law, became the standard for medical research
ethics and serves as the basis for the development of other international guidelines. In
fact, an increasing number of patients have been treated on an emergency IND (eIND)
basis with the approval of the U.S. Food and Drug Administration (FDA) or the European
Medicines Agency [101]. Belgium is currently implementing a pragmatic framework for
phage therapy that centers on the magistral preparation (compounding pharmacy in the
US) of tailor-made phage medicines [102]. This made Belgium the only western country
that routinely produced phage drugs under prescription.

D’Herelle successfully treated four patients using phage injection in 1919. The earliest
clinical use of phages in China can be traced back to 1958. As phage research develops
in China, the cooperation between China and western countries in this field is closer.
In 2022, Professor Martha Clokie from the University of Leicester, UK, in collaboration
with the Institute of Animal Husbandry and Veterinary Medicine of Shandong Academy
of Agricultural Sciences, published a book named Phage Pharmacology and Experimental
Methods [103]. The book focused on pharmacology and had a strong practical application
of phages. Since 2018, the Shanghai Institute of Phage and Drug Resistance (China) has
conducted clinical trials on phage therapy. As far as we know, the patients receiving phage
therapy must meet the following conditions:

(1) The patients were between 14 and 90 years of age who suffered from multi-drug
resistant bacterial infections.

(2) The pathogenic bacteria that the patient is infected with should meet the following
conditions:

a. The patient is infected with pathogenic bacteria that are fully resistant to antibiotics.
b. Pathogenic bacteria are resistant to key antibiotics (WHO has published a list of

12 superbug categories for 2017, as seen in Figure 1).
c. The pathogen is sensitive to the key antibiotic but this antibiotic treatment

is ineffective.

(3) To receive at least one or more phages capable of lysing drug-resistant bacteria.
(4) Be able to administer the phage by topical application, focal spraying of infection,

nebulized inhalation, perfusion, local injection, or infusion tube.

7. The Direction of Phage Application

Due to the emergence of drug-resistant bacteria, researchers reattached importance to
the study of bacteriophages as biological antibacterial agents. At present, the research and
development directions of phage are as follows: strong lysis ability, good environmental
adaptability and stability, no virulence genes on the genome, easy isolation and purification,
no negative effect on the human immune system, and establishment of scientific pharma-
ceutical standards for phage preparations. Phage cocktail preparations are commonly used
in clinical settings to respond to infections with different bacteria. Phage cocktails can
broaden the host spectrum and reduce the frequency with which bacteria develop resistance
to phages [104]. Phage cocktail therapy was approved by the U.S. government and its
regulators as the first phage product for agriculture in 2005. The Shanghai Institute of Phage
and Drug Resistance in China has also used phage cocktail therapy to cure patients with
multi-drug resistant bacterial infections. The genetic modification of phages can broaden
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the host spectrum of phages, reduce cytotoxicity, and prolong the cycle time of phages
in vivo. The genetic modification of phages is full of infinite possibilities to overcome some
limitations of natural phage applications and improve the performance and therapeutic
efficacy of phages. In addition, appropriate genetic modification strategies were used to
extract lytic enzymes. Phage lysozyme is also one of the directions. The advantages of lysin
lie in its easy purification, easy directional operation, high specificity, no damage to normal
bacteria, and good antibacterial activity. Phages and antibiotics have different bactericidal
mechanisms. The combination of the two could also improve antibacterial efficacy and
produce synergistic therapeutic effects on bacteria. Genetically modified phages were used
to increase or inhibit bacterial susceptibility to antibiotics. The introduction of rpsL and
gyrA genes into the genome of drug-resistant E. coli using bacteriophage λ restored the
susceptibility of the host bacteria to streptomycin [105]. Particularly, the combination of
genetically modified phages and antibiotics can broaden the host lytic spectrum, which is
one of the important directions for the development of phage therapy in the future. Phage
has been properly investigated for its clinical potential for a long time. The upcoming years
could be seen as a major milestone for phage and endolysin in terms of clinical recognition
as viable alternatives to antibiotics. In order to bridge the gap and increase the packing of
antibacterial drugs, researchers and clinicians must explore improved delivery strategies
and creative approaches to designing phage and endolysin, as well as advancements in
clinical trials [106].

8. Conclusions

Due to the widespread prevalence of multidrug-resistant bacteria and the slow de-
velopment of antibiotics, the application of bacteriophages in the prevention, control, and
treatment of bacterial infections has attracted people’s attention again. The existing research
showed that phage therapy had considerable prospects and effects in clinic trials, veterinary
medicine, food, and other fields. An ideal phage for clinical trials should have strong lysis
ability, no toxin gene, easy separation and purification, good environmental adaptability
and stability, and be harmless to the body. However, phage has some limitations, such
as immune response, narrow host spectrum, dosage of administration, and preservation
conditions. These problems need to be solved urgently. We can use molecular biology
technology to modify the phage genome, expanding the host spectrum, improving the lytic
ability and modifying the lysin. Additionally, global criteria for clinical use of phage need
to be developed as soon as possible so that phages can be used more widely. It is hoped
that on the basis of the existing research, we can break through the current limitations and
make bacteriophages safe, green, and effective products for drug-resistant bacteria.
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Abstract: Antimicrobial-resistant Enterobacterales carriage and the coronavirus disease 2019 (COVID-19)
lockdown measures may impact the incidence all-cause mortality rate among nursing home resi-
dents. To determine the all-cause mortality rate in the presence/absence of antimicrobial-resistant
Enterobacterales carriage and the incidence all-cause mortality rate before and during COVID-19
pandemic lockdown, this prospective closed-cohort study was conducted at various types of nurs-
ing homes in Bangkok, Thailand, from June 2020 to December 2021. The elderly residents in-
cluded 142 participants (aged ≥60 years) living in nursing homes ≥3 months, who did not have
terminal illnesses. Time-to-event analyses with Cox proportional hazards models and stratified
log-rank tests were used. The all-cause mortality rate was 18%, and the incidence all-cause mor-
tality rate was 0.59/1000 person-days in residents who had antimicrobial-resistant Enterobacterales
carriage at baseline. Meanwhile, the incidence all-cause mortality rate among noncarriage was
0.17/1000 person-days. The mortality incidence rate of carriage was three times higher than residents
who were noncarriage without statistical significance (HR 3.2; 95% CI 0.74, 13.83). Residents in
nonprofit nursing homes had a higher mortality rate than those in for-profit nursing homes (OR 9.24;
95% CI 2.14, 39.86). The incidence mortality rate during and before lockdown were 0.62 and 0.30,
respectively. Effective infection-control policies akin to hospital-based systems should be endorsed in
all types of nursing homes. To limit the interruption of long-term chronic care, COVID-19 prevention
should be individualized to nursing homes.

Keywords: Enterobacterales; colonization; nursing home; COVID-19; lockdown

1. Introduction

Residents in nursing homes are favorable carriers of microbes [1] and spread antibiotic-
resistant microbes, leading to antimicrobial resistance (AMR) [2]. Previous studies have
shown that 4.7–64% of the residents of nursing homes had multidrug-resistant Gram-
negative bacteria [3–6] that were subsequently transmitted to and infected [7] other patients
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or healthcare workers [8]. Although nursing homes provide limited healthcare services and
have fewer beds than healthcare facilities, the probability of transmission of antimicrobial-
resistant pathogens remains high [2]. Overuse and prolonged empirical administration
of antimicrobial agents accompanied by poor infection-control policies increase AMR
burden. [9] Furthermore, ineffective infection-control procedures resulted in the outbreak
of the COVID-19 pandemic in nursing homes [10]. Therefore, nursing homes must improve
their infection-control policies.

Thailand is experiencing a rapid increase in its aging population. One report esti-
mated that the number of elderly persons aged ≥80 years would increase from 1.9 to
3 million persons in the from 2020 to 2040 [11]. Consequently, there has been an expansion
of long-term care services (also known as nursing homes) in Thailand [12]. However, there
are suboptimal standards of care offered, staff competencies, and ineffective systems within
long-term care services [13]. Additionally, research regarding AMR bacteria situations
in Thai nursing homes are limited. In community settings, 52.1–58.2% of Thai healthy
volunteers had CTX-M beta-lactamase-producing Enterobacterales (EC) carriage [14,15]. We
postulate that carriage rates in nursing homes have been described as a proxy composite
indicator of AMR in the community [16]. The mortality rate of nursing home residents
is determined by several factors, including advanced age, the presence of comorbidities,
and having impaired cognitive or physical function or sarcopenia [17–19]. The outcomes
resulting from AMR carriage or infection in nursing homes are diverse. Some studies
showed lower mortality rates among residents without AMR carriage when compared
with residents with AMR carriage; other studies showed similar mortality outcomes in
the two groups [20,21]. However, Aliyu S et al. illustrated worse outcomes among resi-
dents infected with multidrug-resistant organisms [22]. We hypothesize that nursing home
residents with AMR carriage are likely to develop an infection from their antimicrobial-
resistant colonies for which they may receive inappropriate empirical antimicrobial agents.
We also hypothesize that residents with AMR carriage would have a higher mortality rate
than those with AMR noncarriage.

The COVID-19 pandemic not only affected nursing home residents but also impacted
on the healthcare delivery system. In western countries, more than one-fourth of the
documented deaths due to COVID-19 were reported among nursing home residents [23].
At the end of 2020, the number of COVID-19 cases in Thailand gradually increased but were
successfully controlled. Nursing home policies were changed to limit the influx of residents
and visiting family members. Henceforth, until April 2021, the number of community
COVID-19 cases increased, resulting in the imposition of travel restrictions and social
distancing measures in May 2021. Subsequently, all nursing homes were in full lockdown;
thus, residents were unable to see their families or visit doctors in charge of their chronic
illnesses. Although healthcare delivery was moved to telehealth platforms, the impact of
the pandemic-related transition and patient outcomes has not yet been established.

We set out to compare the all-cause mortality rate among Thai nursing home residents
with and without AMR-EC carriage. We also compared the all-cause mortality rate before
and after the countrywide COVID-19 pandemic lockdown measures were imposed among
Thai nursing home residents. Additionally, we described the risk factors for AMR-EC
carriage and all-cause mortality among nursing home residents.

2. Results

Table 1 demonstrates the baseline characteristics of nursing home residents. We
included 142 residents in total, with minimal loss to follow-up (5; 3.5%). Residents with
multiple comorbidities or retaining catheter or having incontinence or pressure ulcer were
frequently found AMR-EC carriage. The definitions of study variables were available in
material and method part.
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Table 1. Baseline and characteristics of antimicrobial-resistant Enterobacterales carriage of Thai nursing
home residents at study enrolment.

Characteristics

Residents
N = 142,
N. (%)

Enterobacterales Carriage *
(N = 136)

Antimicrobial-Resistant
Carriage

(N = 101; 74.3%),
No. (%)

No
Antimicrobial-Resistant

Carriage
(N = 35; 25.8%)

No. (%)

p Value

Sex
Male

Female
57 (40.1)
85 (59.9)

37 (36.6)
64 (63.4)

19 (54.3)
16 (45.7)

0.067

Age, year
<80
≥80

67 (47.2)
75 (52.8)

49 (48.5)
52 (51.5)

14 (40.0)
21 (60.0)

0.384

Comorbidities
None
Single

Multiple

5 (3.5)
33 (23.2)

104 (73.2)

1 (1)
26 (25.7)
74 (73.3)

4 (11.4)
6 (17.1)

25 (71.4)

0.014 +

Duration of living, year
<1
≥1

46 (32.4)
96 (67.6)

33 (32.7)
68 (67.3)

11 (31.4)
24 (68.6)

0.892

Types of nursing home
Nonprofit

Profit
73 (51.4)
69 (48.6)

56 (55.5)
45 (44.6)

15 (42.9)
20 (57.1)

0.199

Activities of Daily Living
(ADLs)

Dependence
Partial dependence

Independence

53 (37.6)
76 (53.9)
12 (8.5)

39 (39.0)
56 (56.0)
5 (5.0)

12 (34.3)
17 (48.6)
6 (17.1)

0.078

Incontinence or pressure
ulcer existing

Yes
No

62 (43.7)
80 (56.3)

51 (50.5)
50 (49.5)

8 (22.9)
27 (77.1)

0.016 +

Catheter or foreign
material retaining

Yes
No

59 (41.6)
83 (58.5)

48 (47.6)
53 (52.5)

7 (20.0)
28 (80.0)

0.016+

Recent antimicrobial
agents use

Yes
No

50 (38.2)
81 (61.8)

39 (41.1)
56 (59.0)

8 (26.7)
22 (73.3)

0.156

Need regular
follow-up

Yes
No

60 (72.2)
23 (27.7)

41 (68.3)
18 (30.0)

14 (70.0)
4 (20.0)

0.189

Recent in hospital
admission

Yes
No

41 (49.3)
42 (50.6)

28 (46.7)
31 (51.7)

9 (45.0)
11 (55.0)

0.829

Recent ICU admission
Yes
No

8 (22.2)
28 (77.8)

6 (25.0)
18 (75.0)

1 (11.1)
8 (88.9)

0.385

+ statistical significance; * Carriage/noncarriage was defined as the presence/absence of AMR-EC was in rectal
swabs, respectively.
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2.1. Characteristics and Factors Associated EC Carriage

Nearly 74% of residents had AMR-EC carriage at enrollment (Table 1). Almost 38% of
residents had 3GCR-EC carriage, and 70% had QREC carriage. E. coli was the most isolated
EC (68.6%) (Supplementary Materials Table S1). No carbapenem-resistant EC was found in
our study population. Factors associated with AMR-EC carriage at enrollment and QREC
carriage were incontinence or pressure ulcer (OR 3.44; 95% CI 1.43, 8.30), foreign materials
or retained catheters (OR 3.62; 95% CI 1.45, 9.05), and multiple comorbidities (OR 17.33;
95% CI 1.63, 184.36). Elderly residents who had been living in nursing homes for more than
1 year developed 3GCR-EC less than those who had been living in nursing homes for less
than 1 year (OR 0.46; 95% CI 0.22, 0.96). After confounding adjustment, elderly residents
who had incontinence or existing pressure ulcers (OR 2.15; 95% CI 0.75, 6.18) and a catheter
or retained foreign material (OR 2.30; 95% CI 0.77, 6.90) were more likely to have AMR-EC
carriage (Table 2).

Table 2. Factors associated with antimicrobial-resistant Enterobacterales carriage of Thai nursing home
residents at study enrolment.

Characteristics

Quinolone-Resistant EC * Carriage
Third-Generation

Cephalosporin-Resistant EC **
Carriage

Antimicrobial Resistant EC ***
Carriage

Crude OR
(95% CI)

Adjusted
OR (95%CI)

Crude OR
(95% CI)

Adjusted
(OR 95% CI)

Crude OR
(95% CI)

Adjusted OR
(95%CI)

Comorbidities
None - -
Single 1 1

Multiple 12 (1.16,123.68) 17.33 (1.63,184.36)

Duration of living, year
<1 1
≥1 0.46 (0.22,0.96)

Activities of Daily
Living (ADLs)

Dependence 4.63 (1.17,18.27) 0.96 (0.19,4.91)
Partial dependence 4.64 (1.22, 17.57) 3.52 (0.92,13.45)

Independence 1 1

Incontinence or pressure
ulcer existing

Yes 3.95 (1.70, 9.17) 3.44 (1.43, 8.30) 2.15 (0.75, 6.18)
No 1 1 1

Catheter or foreign
material retaining

Yes 4.96 (2.00, 12.29) 9.52 (2.74,33.11) 3.62 (1.45, 9.05) 2.30 (0.77, 6.90)
No 1 1 1 1

Recent antimicrobial
agents use

Yes 2.437 (1.00, 5.96)
No 1

* Quinolone resistant Enterobacterales (EC) defined as EC resistant to either ciprofloxacin or levofloxacin or both;
** third-generation cephalosporin-resistant EC (3GCR-EC) defined as EC were resistant to either ceftazidime or
cefotaxime or both; *** antimicrobial resistant (AMR) EC defined as EC were either QREC or 3GC-EC or both.

2.2. Mortality Rate of EC Carriage

The all-cause mortality rate in residents who had AMR-EC carriage at baseline was
approximately 18%; similar rates were seen in residents with 3GCR-EC and QREC carriage
(Supplementary Materials Table S2). The incidence all-cause mortality rate among residents
with AMR-EC carriage was 0.59 per 1000 person-days (95% CI 0.37, 0.93). The mortality in-
cidence rate among residents with AMR-EC carriage was thrice that of those with AMR-EC
noncarriage without statistical significance (HR 3.2; 95% CI 0.74, 13.83). The Kaplan–Meier
curve (Figure 1) represented survival probability between residents who were carriage at
enrollment and those who were noncarriage showed that noncarriage had higher survival
probability than carriage by all types of resistance without statistical significance. The
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hazard ratios of AMR carriage have a similar trend in residents with 3GCR-EC (HR 1.57;
95% CI 0.64, 3.87) and QREC (HR 2.45, 95% CI 0.71, 8.42) without statistical significance.

 

Figure 1. The survival probability between carriage (red line) and noncarriage (blue line)
antimicrobial-resistant Enterobacterales stratified by types of resistance: (A) AMR-EC (p value log-rank
0.10); (B) 3GCR-EC (p value log-rank 0.32); (C) QREC (p value log-rank 0.14).

2.3. Associated Factors and Incidence Mortality Rate among Residents

The overall mortality rate among residents who had been living in nursing homes
at the 1-year follow-up date was 14.8%. The mortality rate before and during the lock-
down was approximately 4% and 11%, respectively (Supplementary Materials Table S3).
The incidence mortality rate during the lockdown period (0.62; 95% CI 0.37, 1.02) was
double that before the lockdown period (0.30; 95% CI 0.14, 0.67). The Kaplan–Meier
curve (Supplementary Materials Figure S1) shows mortality probability before and during
the COVID-19 pandemic lockdown. Only one case was mortality reported because of
COVID-19 infection during the lockdown period. After confounding adjustments, the
factors of nonprofit nursing home, incontinence, pressure ulcer existing, and catheter or for-
eign material retaining were poor prognostic factors for nursing home residents (Figure 2).
Supplementary Materials Figure S2 showed that residents in nonprofit homes had the
lowest survival probability when compared with residents in for-profit nursing homes
(p < 0.001). Dependent residents had the worst survival outcome when compared with
more able residents (Supplementary Materials Figure S3) (p = 0.004) and had a mortality
rate that was triple that of partially dependent residents (OR 3.71; 95% CI 1.43, 9.67). We
performed a global test to check the constant of the coefficient over time; p value was 0.326,
which was represented the validity of the assumption.

25



Antibiotics 2022, 11, 762

 
Figure 2. Forest plot of adjusted hazard ratios in all-cause mortality rate in Thai nursing homes.

3. Discussion

In this cohort of 142 nursing home residents, the all-cause mortality rate in 1 year
follow-up was 14.8%, which was relatively lower than that in the literature, which was
approximately 28–30% [17,19]. Only one death was caused by COVID-19. Residents with
AMR-EC, 3GCR-EC, and QREC had a mortality rate of approximately 17.8%, which was
also lower than in previous studies which approximately was 25–50% [8,20,24]; meanwhile,
the mortality rate among noncarriage was approximately 5.7–13%. Our results concurred
with the results in the literature regarding the incidence all-cause mortality rate among
persons with drug-resistant carriage that is usually higher than in persons with noncarriage
without statistical significance, i.e., almost triple, as they developed infection from their
antimicrobial-resistant colonies. These may result from infection after the carriage and
inappropriate empirical antimicrobial use; however, previous reports have demonstrated
controversial results regarding the clinical significance of carriage [8,20,24,25]. Effective
infection-control strategies such as hand hygiene or the use of standard personal protective
equipment similar to that practiced in hospitals should be enforced in nursing homes.
Residents who are likely to be carriers, for example, of poor ADLs status or with the
presence of risk factors for AMR-EC, should be isolated in a cohort ward. Only trained
staff should perform standard nursing care. We found that residents who had been living
in a nursing home for more than 1 year were less likely to develop 3GCR-EC carriage.
This implies that carriage would be substituted by noncarriage over time if there was no
antimicrobial pressure effect [26]. We therefore recommend antimicrobial stewardship
programs in nursing homes to reduce AMR-EC carriage. The 3GCR-EC carriage rate was
less than that found in the community [14,15], since most of the residents have lived in
nursing homes for more than 1 year. Overall, AMR-EC carriage in Thai nursing homes was
higher than in the previous studies [8,27,28], which were either conducted in high-income
countries or had different AMR pathogens other than EC.

The COVID-19 pandemic has had a devastating effect on nursing home residents
in many countries, but our study illustrated favorable results. Although there was no
COVID-19 outbreak in our cohort, the incidence all-cause mortality rate during the COVID-19
pandemic was double that before the lockdown. All their family members and their doctors’
meetings were transposed to a virtual platform. Nearly 70% of our cohort residents who
needed regular follow-up had their care interrupted during the COVID-19 pandemic
lockdowns. With telehealth, essential physical examinations cannot be done by a doctor,
which may lead to an incorrect or a missed diagnosis. It is possible that the aggravation of
their underlying chronic illnesses or missed diagnoses were the main causes of death during
the lockdown period. Though telehealth will not solve this situation all, it is appropriate in
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settings which infrastructure remains intact and doctors are able to see patients [29]. Flexible
and appropriate COVID-19 prevention policies should be individualized in diverse settings.
There was an unequal mortality rate in different nursing homes; an attribute related to
nursing home quality ratings. Highly rated nursing homes had lower death rates, as well
as fewer cases of COVID-19 [30–32]. Nonprofit nursing homes had the worst survival
probability among nursing homes since they did not offer doctor-provided care, which
the hospital-based and private nursing homes did. Although residents in hospital-based
nursing homes tend to develop drug-resistant carriage and are more likely to have severe
chronic diseases, hospital settings implement standardized nursing care and appropriate
antimicrobial use. We recommend that the Ministry of Public Health endorse standardized
nursing care akin to that in hospital-based nursing homes to improve the quality of life and
the survival outcomes of residents in nonprofit nursing homes. Furthermore, the COVID-19
pandemic has also affected the health service, controlling AMR at both the hospital level
and the community level [33]. Increasing antimicrobial usage and infection-control system
interruption might impact on AMR situation in near future.

Our study had several strengths. First, we included residents from different types of
nursing homes to enhance the generalizability of our results. Additionally, we prospectively
followed up our participants and had a minimal loss to follow-up. Lastly, we were able
to establish the impact of moving to telehealth, strict infection-control policies, and the
inequality experienced by residents of different types of nursing homes. However, some
study limitations must be addressed. First, our results regarding the association between
AMR-EC carriage and mortality did not attain statistical significance. This could be due to
our limited sample size. Second, we assessed for AMR-EC carriage only at one point during
enrollment; our results may have been more robust if we had prospectively measured AMR-
EC carriage over the whole study period. Longitudinal AMR-EC surveillance study may be
needed to understand natural progression of carriage/noncarriage. Lastly, we performed
COVID-19 testing in participants who were symptomatic when they first arrived at a
nursing home; thus, asymptomatic residents who may have had COVID-19 were not be
captured by our study.

4. Materials and Methods

4.1. Study Design and Setting

This prospective closed-cohort study was conducted from June 2020 to December 2021.
The enrolment date began on 1st June 2020 and followed up till 30th April 2021, which was
the beginning of COVID-19 lockdown. Then, we followed up with participants 6 months
afterward. Our cohort nursing home limited new members of residents before COVID-19
lockdown. However, during lockdown, all residents who went outside nursing homes for
any reason were tested and isolated. All their family members and their doctors’ meetings
were transposed to a virtual platform. We recruited residents living in six different types of
nursing homes in Bangkok. We collected data from three for-profit nursing homes: one
hospital-based nursing home located in and run by the Hospital for Tropical Diseases,
Faculty of Tropical Medicine, Mahidol University; and two private centers run by the
private sector. We also collected data from three nonprofit nursing homes.

4.2. Study Populations

We enrolled residents, aged ≥60 years without a terminal illness or illnesses, who had
been living in nursing homes for at least 3 months preceding the interview date. Exclusion
criteria included residents who developed end-of-life conditions or there was tendency to
be lost to follow-up within 1 year after enrollment. Participants for whom rectal sampling
also was contraindicated were excluded.
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4.3. Study Procedure and Data Collection
4.3.1. Rectal Sampling and Microbiological Outcome Measurement

We assessed EC carriage using rectal swabs since they are easier to collect than stool
samples, and results obtained from rectal swabs are highly correlated with those obtained
from stool samples [34]. Rectal sampling was at enrollment performed by trained investi-
gators. Swabs were placed on BBLTM CultureSwabTM EZ II (COPAN ITALIA SpA, Brescia,
Italy) at 25 ◦C. Samples were then sent to the microbiology laboratory for identification
and drug-susceptible testing at the Hospital for Tropical Diseases and Department of Mi-
crobiology and Immunology at the Faculty of Tropical Medicine, Mahidol University, the
same day they were collected. The target bacteria, EC, were identified using different me-
dia and standard biochemical conventional methods. Antimicrobial susceptibility testing
(AST) was performed via disk diffusion method and interpreted according to the standard
recommendation of the Clinical Laboratory Standard Institute 2021-2.

4.3.2. Study Endpoints

The primary endpoint was the incidence all-cause mortality rate in nursing home
residents with or without AMR-EC. The secondary endpoint was the incidence all-cause
mortality rate in nursing home residents before and during the COVID-19 pandemic
lockdown. All-cause mortality was defined as death due to any cause during the entire
duration of the study. Factors associated with all-cause mortality and AMR-EC carriage
were also described. Prevalence, type, and pattern of carriage among residents were also
defined. This study was registered in the Thai Clinical Trials Registry on 2 June 2019, with
ID number (TCTR20190602003). In this study, we follow the Strengthening the Reporting
of Observational Studies in Epidemiology reporting guidelines.

4.3.3. Study Variables Definition

Definition of targeted isolated bacteria were EC-categorized based on the type of
drug resistance as follows: quinolone resistant EC (QREC) defined as EC resistant to
either ciprofloxacin or levofloxacin or both, third-generation cephalosporin-resistant EC
(3GCR-EC) were resistant to either ceftazidime or cefotaxime or both, and AMR-EC defined
as EC that were either QREC or 3GC-EC or both. Carriage/noncarriage was defined as the
presence/absence of AMR-EC was in rectal swabs, respectively.

We selected factors that were clinically meaningful to determine mortality rate and
AMR-EC carriage. List of factors [8,17–19,27,35] were as follows; The age group was
classified to be less than 80 years, or equal to and more than 80 years, based on the mean
age of our study population; this age was also referred to when determining the mortality
risk [36]. Comorbidities were categorized into single or multiple comorbidities; the duration
of living in a nursing home was classified into two: <1 or ≥1 year. Physical function was
measured using activities of daily living (ADLs) measures, which were grouped into
dependence, partial independence, and independence. We defined dependence as being
unable to perform basic ADLs, an ability to do instrumental ADLs without any assistance
as independence, and the need for a caregiver to assist in instrumental ADLs as partial
dependence. Incontinence was categorized as urinary or fecal incontinence. Information
about the presence or absence of pressure ulcers was also collected. The use of catheters or
internally retained foreign materials, such as urinary catheters, nasogastric tubes, venous
or arterial catheters, and pacemakers, and having a tracheostomy were considered risk
factors for AMR-EC carriage and mortality in our analyses. Some residents had to regularly
visit a hospital for follow-up of a diagnosed chronic health condition and to receive their
long-term medications.

4.4. Statistical Method
4.4.1. Sample Size Calculation

From previous literature, the mortality rate in noncarriage and carriage AMR-EC
nursing home residents was 12–30% and 25–50%, respectively [8,20,24]. We estimated
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that the mortality rate among noncarriage and carriage AMR-EC would be 15% and
35%, respectively. The prevalence of the CTX-M beta-lactamase-producing EC in healthy
volunteers in Thailand is 50% [14,15]; therefore, the ratio of the population with carriage
and noncarriage is 1:1. From this, we aimed to recruit 73 participants in each group with a
power of 80% and an α error of 0.05%.

4.4.2. Statistical Analysis

To identify risk factors for AMR-EC carriage, odds ratios (OR) and 95% confidence
interval (CI) were computed using logistic regression analysis. All predictors with a
p value of <0.10 in univariate analysis were included in multiple logistic regression models
with stepwise forward selection. We used the time-to-events analyses (Kaplan–Meier) and
stratified log-rank tests to compare time to death between the carriage and noncarriage
groups. We used Cox proportional hazards models to describe factors associated with
mortality, which were reported as HRs with 95% confidence intervals (CIs). The date of
censoring was 30 April 2021 as COVID-19 lockdown and 6 months afterward. The incidence
mortality rate was computed as the number of deaths per population per 1000 days living
in a nursing home. The person-days used for AMR-EC mortality were calculated using the
duration between the date of enrollment and the date of follow-up. Person-days before the
COVID-19 pandemic lockdown were taken as the duration between the date of enrollment
and the date of lockdown, 1 April 2021; conversely, person-days after the lockdown were
taken as the duration between the date of lockdown and date of follow-up. The global
test was used to check the constant of the coefficient over time. The data were analyzed
using StataBE v17.0 software (StataCorp, College Station, TX, USA); p values of <0.05 were
considered two-sided and statistically significant.

5. Conclusions

The incidence all-cause mortality rate among nursing home residents with AMR-EC
carriage was higher than that in residents with noncarriage without statistical significance.
Standard nursing care and effective infection-control policies similar to those in hospital-
based systems should be endorsed in all types of nursing homes. Nursing home residents
with chronic diseases whose mandatory long-term follow-up was interrupted during
the COVID-19 pandemic had a higher mortality rate. The COVID-19 pandemic also
affected health service’s control of AMR at both the hospital level and the community level.
Increasing antimicrobial usage and infection-control system interruption might impact
on AMR situation in near future. Eventually, COVID-19 prevention policies should be
individualized based on the type of nursing home.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11060762/s1, Table S1: Microbiology results at en-
rollment (isolations), Table S2: Incidence all-cause mortality rate among antimicrobial-resistant
Enterobacterales carriage, Table S3: Comparison of incidence all-cause mortality rate by COVID-19
pandemic lockdown, Figure S1: The mortality probability before COVID-19 lockdown (A) and dur-
ing COVID-19 lockdown (B), Figure S2: The survival probability between types of nursing home
(blueline: hospital based (profit) nursing home; red line: private (profit) nursing home; green line:
non-profit nursing home) (p value log-rank <0.001), Figure S3: The survival probability between
types of Activities Daily Living (ADLs) (blue line: dependence; red line: partial dependence; green
line: independence) (p value log-rank 0.004).
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Abstract: The first level of medical care provides the largest number of consultations for the most
frequent diseases at the community level, including acute pharyngitis (AP), acute diarrhoea (AD)
and uncomplicated acute urinary tract infections (UAUTIs). The inappropriate use of antibiotics
in these diseases represents a high risk for the generation of antimicrobial resistance (AMR) in
bacteria causing community infections. To evaluate the patterns of medical prescription for these
diseases in medical offices adjacent to pharmacies, we used an adult simulated patient (SP) method
representing the three diseases, AP, AD and UAUTI. Each person played a role in one of the three
diseases, with the signs and symptoms described in the national clinical practice guidelines (CPGs).
Diagnostic accuracy and therapeutic management were assessed. Information from 280 consultations
in the Mexico City area was obtained. For the 101 AP consultations, in 90 cases (89.1%), one or
more antibiotics or antivirals were prescribed; for the 127 AD, in 104 cases (81.8%), one or more
antiparasitic drugs or intestinal antiseptics were prescribed; for the scenarios involving UAUTIs in
adult women, in 51 of 52 cases (98.1%) one antibiotic was prescribed. The antibiotic group with the
highest prescription pattern for AP, AD and UAUTIs was aminopenicillins and benzylpenicillins
[27/90 (30%)], co-trimoxazole [35/104 (27.6%)] and quinolones [38/51 (73.1%)], respectively. Our
findings reveal the highly inappropriate use of antibiotics for AP and AD in a sector of the first level
of health care, which could be a widespread phenomenon at the regional and national level and
highlights the urgent need to update antibiotic prescriptions for UAUTIs according to local resistance
patterns. Supervision of adherence to the CPGs is needed, as well as raising awareness about the
rational use of antibiotics and the threat posed by AMR at the first level of care.

Keywords: antibiotic management; primary care; health services research

1. Introduction

Mexico’s health system is made up of public and private services. The former serves
the majority of the country’s population, including formal workers and their families,
as well as those who do not have any type of social security and cannot pay for private
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services, while the latter serves individuals through private insurance policies and those
who can cover the costs of care with their own financial resources [1]. In recent decades, the
use of private services has grown considerably. While in the year 2000, the number of visits
to private medical doctors (MDs) represented 31% of the total number, this proportion
increased to 37.6% and 38.9% in 2006 and 2012, respectively [2–4]

For health services, almost two decades ago, medical offices adjacent to chain pharma-
cies (MOAPs) began operating, mainly oriented to the sale of generic drugs for the low-
and middle-income populations. These MOAPs can be classified according to the type of
pharmacy to which they are linked: medical offices adjacent to independent pharmacies
(MOAIPs) or to business chain pharmacies (MOABCPs) [5].

In 2013 it was estimated that nearly 13,000 MOABCPs treated 10 million patients per
month and employed 32,500 physicians [6]. In 2016, the number of medical offices increased
to 16,000, and according to the 2012 National Survey of Health and Nutrition (ENSANUT
2012), the visits to MOABCPs represented 41.5% of all private medical consultations in the
country [4].

Until August 2010, the public sale of antibiotics in Mexico had no restrictions, and
any person could buy them in pharmacies [7]; after that date, the obligation to obtain a
medical prescription in order to purchase antibiotics came into force, contributing to an
increase in the number of MOAPs. The main objective of the MOAP business model is to
increase pharmacy sales, so the professionals who work in them are also called ‘point of
sale doctors’ [8–10]. There is some concern regarding the quality of care at MOAPs, but
most users report that it is good or even very good, with several advantages: low cost,
convenience and short waiting times [11]. There is also uncertainty about the working
conditions (obligations, rights and benefits) [9] which have been indicated as key elements
directly related to patient care and safety [12].

The Federal Commission for Protection against Sanitary Risk (Comisión Federal para
la Protección contra Riesgos Sanitarios, COFEPRIS) is the national regulatory authority in
matters of health and is responsible for monitoring compliance with regulations regarding
health risks for health service providers, as well as manufacturers and all those involved
in the distribution and sale of medicines and medical devices, among other functions.
From November 2013 to December 2017, COFEPRIS made 11,941 verification visits to
MOAPs, resulting in 480 suspensions, equivalent to 4% of the verified establishments. At
these verification visits, there was no mention of supervision of antimicrobial prescription
according to clinical diagnoses [13].

The simulated patient (SP) method was developed by Barrows in 1968 for teaching
purposes to assess the competence of medical doctors in a safe setting by means of a person
trained to represent a disease [14,15]. It has been used in studies to assess the quality of care
and decision-making in common clinical settings in several countries [16–29], and there
are also useful guidelines for the reporting of research works in which this methodology is
used [21].

The behaviour regarding the prescription of antimicrobials in MOAPs is not clear. The
SP methodology can be used to evaluate prescriptions for the most common reasons for
consultation leading to the prescription of antibiotics in ambulatory care, and it is also
possible to measure adherence to clinical practice guidelines (CPGs).

The objective of this study was to record the prescriptions (type of antimicrobial, dose,
route of administration and duration of treatment) in MOAPs in Mexico and to compare
them with the CPGs for three clinical scenarios in adults: AP, AD and UAUTIs in adult
women, represented by SP.

2. Results

A total of 280 clinical consultations with SP were given by different physicians. The
distribution of medical consultations was: 101 (36.1%) for AP, 127 (45.4%) for AD and 52
(18.6%) for UAUTI. Most of the interactions took place at MOABCPs (238/280) and the rest
in MOAIPs.
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One hundred fifty-eight (56.4%) of the physicians were women and 122 (43.6%) were
men. We found no differences in the pattern of antibiotic prescription between the sexes.
The average seniority in the exercise of the profession of the consultant MD (calculated
based on the year of issuance of their professional license) was 13.6 years. In terms of years
of practice, 70 (25%) MDs had more than 20, 30 (10.7%) had between 10 and 19 and 166
(59.3%) had less than 10. The professional licenses of 14 MDs (5%) could not be found in
the National Registry of Professions.

The median duration of the clinical interactions was 11 min (min: 7, max: 60). Diag-
noses were given to all SPs along with their prescriptions, and all diagnoses were consistent
with the condition simulated by the SPs. The median number of drugs in each prescription
was 2 (minimum (min): 1; maximum (max): 5). Regarding the cost of the services rendered,
3 MOABCPs offered ‘free medical guidance’ at no cost; for the rest, the mean cost of the
consultation was 2.0 USD (min: 1.5, max: 3).

A complete medical history and physical examination were performed in 174 (62.1%)
of the clinical interactions, and in 106 of them (37.9%), the consultation focused on the
current condition, and a minimal physical examination was performed. For the 101 AP
scenarios, in 90 cases (89.1%), one or more antibiotics or antivirals were prescribed. The
antibiotic group with the highest prescription pattern were aminopenicillins and ben-
zylpenicillins (ampicillin, amoxicillin, amoxicillin/clavulanate, procaine and benzathine
penicillin) with 30/90 prescriptions; followed by macrolides (erythromycin, azithromycin
and clarithromycin) in 17/90 prescriptions and cephalosporins (cefalexin, cefuroxime and
ceftriaxone) in 12/90 prescriptions. The group of antibiotics least prescribed for this clinical
entity was the quinolones (norfloxacin, ciprofloxacin and levofloxacin). In 6/25 prescrip-
tions for amantadine, an antibiotic was also prescribed (aminopenicillin) (Table 1). In
4/90 antibiotic prescriptions, a combination of an aminopenicillin plus a macrolide was
indicated. In three SPs, although the diagnosis was bacterial pharyngitis, they did not
receive antibiotics. For the rest of the SPs, the diagnoses were acute rhinopharyngitis
(n = 35 (34.6%)), viral pharyngitis (n = 32 (31.6%)) or acute pharyngitis (n = 31 (30.6%)). In
one SP, one MD used a delayed prescribing strategy (with a waiting period of 48 h), but the
antibiotic to be used in case the symptoms persisted or worsened as ciprofloxacin.

Table 1. Antimicrobial prescriptions in 101 acute pharyngitis (AP) interactions.

Antimicrobial n %

Aminopenicillin/Benzylpenicillin 30 29.7

Macrolide 17 16.8

Cephalosporins 12 11.8

Quinolones 9 8.9

Clindamycin 1 0.9

Fosfomycin 1 0.9

Total with at least one antibiotic 70 69.3

Amantadine 25 24.7

No antibiotic 11 10.8

For the 127 AD scenarios, in 104 (81.9%), an antibiotic and/or antiparasitic drug was
prescribed (Table 2). Four (3.9%) SPs received one antibiotic plus an antiparasitic drug or
one of those antibiotics referred to as ‘intestinal antiseptic’ (nifuroxazide and neomycin)
simultaneously; 23 (22.1%) did not receive an antibiotic, but for 13 of them, the diagnosis
was different to AD: colitis (n = 6), inflammatory bowel disease (n = 4) or peptic acid
disease (n = 3). Antiparasitic drugs included: albendazole, mebendazole, metronidazole,
quinfamide, nitazoxanide and diiodohydroquinone.
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Table 2. Antimicrobial prescription in 127 acute diarrhoea (AD) interactions.

Antimicrobial n %

TMP/SMZ 35 27.6

Quinolones 26 20.5

Aminopenicillin 4 3.1

Cephalosporins 3 2.4

Aminoglycoside 3 2.4

Tetracycline 2 1.6

Chloramphenicol 1 0.8

Macrolide 1 0.8

Total with at least one antibiotic 75 59

At least one antiparasitic drug 28 22

‘Intestinal antiseptics’ 14 11

No antibiotic 23 18.1
TMP/SMZ = trimethoprim–sulfamethoxazole.

For the 52 SPs simulating UAUTIs, in all but one, an antibiotic was prescribed (Table 3);
in the case of the SP who did not receive antibiotics, the doctor requested urinalysis
with a microbiological culture before prescribing an antibiotic. Quinolones were the
most prescribed antibiotic, followed by nitrofurantoin and TMP/SMZ. In six SPs, two
antibiotics were indicated: nalidixic acid plus norfloxacin; nalidixic acid plus cephalexin;
TMP/SMZ plus nitrofurantoin; nalidixic acid plus gentamicin; nalidixic acid plus amikacin
and ciprofloxacin plus nitrofurantoin.

Table 3. Antimicrobial prescription in 52 uncomplicated acute urinary tract infections (UAUTI)
interactions.

Antimicrobial n %

Quinolones 38 73

Nitrofurantoin 8 15.4

TMP/SMZ 5 9.6

Cephalosporins 2 3.8

Aminopenicillin 1 1.9

Aminoglycoside 2 3.8

Macrolide 1 1.9

Total with at least one antibiotic 51 98

No antibiotic 1 1.9

Costs

The median total costs per prescription were similar for the three scenarios. The
highest cost was for AP (median: 11.6 USD), followed by AD (median: 9.5 USD) and
UAUTI (median: 9.4 USD (Figure 1).
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Figure 1. Cost of antimicrobials (antibiotics, antivirals, antiparasitic) and other drugs prescribed in
the clinical scenarios: uncomplicated acute urinary tract infections (UAUTI), acute diarrhoea (AD)
and acute pharyngitis (AP).

A great and diverse variety of other drugs not included or recommended in the
CPGs were prescribed, such as mucolytics, expectorants, cough suppressants, steroids,
bronchodilators, vitamins, centrally acting analgesics, anti-inflammatories, proton-pump
inhibitors, lactobacilli, dopamine antagonists, antidiarrhoeal drugs (kaolin–pectin) and
urine acidifiers. All these drugs contributed substantially to the final amount of each pre-
scription, particularly for the AD scenario (Figure 1). Drugs prescribed in each interaction
had a median of three (minimum 1-maximum 6). In the AP scenario, polypharmacy (5 or
more drugs) was common and very diverse (16/101); examples of the combinations were as
follows: loratadine/betamethasone plus nimesulide plus dextromethorphan plus vitamin
C plus the antibiotic; ibuprofen/paracetamol plus amantadine plus dextromethorphan
plus vitamin C plus the antibiotic; naproxen/paracetamol plus loratadine/betamethasone
plus ambroxol plus the antibiotic.

3. Discussion

Despite clear recommendations in international and national guidelines for upper
respiratory infections (URIs) (acute rhinopharyngitis (AR) or the common cold (CC)) and
gastrointestinal diseases (acute diarrhoea (AD)), antibiotics are frequently prescribed for
these conditions in outpatient settings [22–25]. Fleming-Dutra et al. [26] estimated the
annual appropriate antibiotic prescription rate in the US for URIs. In all, acute respiratory
conditions per 1000 population led to 221 antibiotic prescriptions (95% CI, 198–245) annually,
but only 111 antibiotic prescriptions were estimated to be appropriate. In India, Kotwani
et al. determined that during 2007 and 2008, patients with acute diarrhoea were prescribed
at least one antibiotic in both public (171 of 398 (43%)) and private facilities (76 of 110
(69%)) [27], whereas the rate of antibiotic overuse in Thailand in adults with acute diarrhoea
was 48.9% (86 of 176 patients) [28]. Appropriateness of antibiotic prescription is difficult
to assess with certainty because important clinical data and risk factors are frequently
lacking in the medical charts. The SP method makes it possible to gather relevant and
real information on the quality of care. Satyanarayana S et al. summarised the experience
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of 3086 SP interactions in four countries representing cases of pulmonary tuberculosis,
where providers prescribed medications that were unnecessary or harmful in 83% of the
interactions; medications of interest were broad-spectrum antibiotics, fluoroquinolones and
steroids [19]. In this study, volunteers were successful in representing the clinical scenario.
Most of them received a diagnosis consistent with the signs and symptoms, so the training
was adequate, and they appeared to be genuine patients. This strategy makes it possible
to reproduce a situation in the daily life of an individual who goes to consultation and
objectively obtains a result identical to that obtained with a real patient.

In Mexico, in May 2010, it was established by law that the sale and dispensing of
antibiotics in private pharmacies may only be carried out with the presentation of a pre-
scription [29]. Before this law was enacted, it was calculated that 40 to 60% of pharmacy
customers self-medicated or asked for a recommendation from the pharmacy employee.
After the law came into effect, the pharmacies, especially chain pharmacies, set up adjacent
offices to offer very low-cost and free consultations, thus providing customers with full
service. These offices satisfy a demand from the population, and the service they offer is
considered satisfactory by users due to promptness and accessibility, while the pharmacy
can continue to sell antibiotics. A study conducted in 1996 evaluated the prescriptive be-
haviour of pharmacy attendants, with simulated clients representing a gonorrhoea scenario.
The attendants with no medical training prescribed adequate treatment in only 25% of
the cases [30]. Researchers analysed the consumption of medicines in clients of private
pharmacies and found that both by self-medication and by prescription, a wide variety of
medicines were purchased: analgesics, antitussives, antibiotics, vitamins, herbal remedies,
antidiarrhoeals, antiparasitic drugs and antihistamines, several of which in combinations
that are not recommended [31]

Unfortunately, the use of antibiotics for the two most common causes of consultation
(acute respiratory infection and acute diarrhoea) is like that reported in developing coun-
tries. In a systematic review by Li et al., the overall average of antibiotic prescriptions for
upper respiratory tract infections was 83.7% (95%CI 80.6–86.4%) [32]. In our study, in the
acute rhinopharyngitis scenario, all doctors made a correct diagnosis, but an antibiotic was
prescribed in 9 out of 10 interactions. Most of the doctors who provided the consultations
had less than 10 years of practice, so it is possible that this group was more familiar with
the use of CPGs. Due to the design of the study, it was not feasible to explore this issue.
In recent years, the management of CPGs has been a key point in the training programs
and is included in every curriculum; current generations may be more familiar with its
existence and use. However, some factors have been associated with antibiotic prescription,
such as diagnosis of acute bronchitis, symptoms observed in the physical exam (fever,
purulent sputum, tonsillar exudate) and the physician’s perception of the patient’s desire
for antibiotics [33] In this study, all volunteers were healthy individuals and did not de-
mand a prescription for an antibiotic. In addition to antibiotics, other prescribed drugs did
not have clinical indications, such as antivirals, expectorants, mucolytics, bronchodilators
and steroids.

In the acute diarrhoea scenario, our finding of an 82% antibiotic or antiparasitic pre-
scription rate was higher than in other countries such as India [27]; a study conducted in
New Delhi reported a prescription rate for antibiotics of 43% in the public sector and 69%
in the private sector, in which the most commonly prescribed antibiotics were quinolones,
followed by cephalosporins (cefuroxime and cefalexin) and in third place doxycycline. In-
creased prescribing in the private sector and lack of adherence to clinical practice guidelines
are emphasised. In our study, the most prescribed drugs were TMP/SMZ and antiparasitic
drugs, which are relatively inexpensive, but the final cost increases with all the medications
added to the prescriptions.

Finally, the most common antibiotics prescribed for UAUTI in women were quinolones.
The Mexican CPGs [24] note that these drugs should not be used as first-line treatment;
however, it is stated that if there is no response to the drug initially indicated (nitrofurantoin
or TMP/MSZ), the alternative is ciprofloxacin. Since it is accepted that it is unnecessary to
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take a urine culture before the antibiotic prescription, the aetiology would not be available
to indicate a specific treatment in case of failure. Our volunteers have not prescribed the
short-course treatment recommended in the guideline, which can significantly decrease the
number of days of antimicrobial treatment.

If antibiotics are prescribed unnecessarily or used inappropriately, they can cause
toxicity and other adverse effects, such as allergic reactions, gastrointestinal problems,
headaches, and neurologic symptoms [34]. The patients or the institution that covers
their care incurs additional expenses. Moreover, the inappropriate use of antibiotics by
unlicensed individuals can contribute to the development of antimicrobial resistance. We
found a non-negligible number (n = 14 (5%)) of physicians in the MOAPs practicing with
a license that could not be verified as valid in the official databases. In these cases, the
national regulatory authority (COFEPRIS) should suspend the activities of these medical
offices, and those responsible must be held accountable.

Our study has several limitations. The number of interactions may seem small, but
according to the sample size estimate, increasing the number of consultations probably
would not lead to a different result. The assumptions used considered an even lower
percentage of antimicrobial prescriptions. Factors that may have influenced the prescription
of antibiotics by the physicians are not considered, among others, the load of the number
of consultations and the hour of the day. It seems to be that an important factor is the
economic interest of service providers that coercively influence their medical employees to
increase the number of drugs listed in a prescription. The other is the limited consultation
time available, which can lead the doctor to prescribe an antibiotic instead of educating the
patient and explaining why it is not required.

In conclusion, the SP method allows prescription practices to be evaluated with
objectivity and the identification of areas of opportunity to improve adherence to the CPGs
and update their content. There is low adherence to CPGs in the primary care settings
evaluated. Antimicrobial overuse is a considerable problem in common acute conditions
(AP and AD), and apparently, the most frequent self-limited viral aetiology, which does
not require antibiotics, is not considered. In UAUTIs, current antimicrobial resistance in
uropathogens is also not considered, and several microbiological failures can be expected
with the extensive use of quinolones.

4. Materials and Methods

This was a descriptive cross-sectional survey in which healthy medical and chemistry
students were invited to participate. After review and approval by the institutional review
board, volunteers who gave their consent were trained to represent one of the three clinical
scenarios: AP, AD or UAUTI, according to the clinical description of the corresponding
national CPG (Table 4) [22–24].

Table 4. Standardised patient clinical case scenarios and accepted recommendations according to
national CPGs (References [22–24]).

Clinical Scenario Symptoms Management

Acute pharyngitis (AP)

-Sore throat
-Dry cough

-Runny nose
-Conjunctival irritation (no secretion)

-No fever
Onset of symptoms: two days

Symptomatic treatment: paracetamol 500 mg
orally every 8 h for 3–5 days

or
;non-steroidal anti-inflammatory orally every

12 h for 3–5 days

Acute diarrhoea (AD)

-Abdominal pain
-Loose stools (4–5 per day without mucus or

blood)
-Occasional nausea

-No fever
Onset of symptoms: 1 day

Oral rehydration solutions
Astringent diet

Watch for alarm signs of dehydration
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Table 4. Cont.

Clinical Scenario Symptoms Management

Uncomplicated acute urinary tract infection
in adult women (UAUTI)

-Dysuria
-Urinary frequency and urgency

-Abdominal discomfort
-No fever

-Onset of symptoms: 2 days

1st line treatment: (a)
trimethoprim/sulfamethoxazole

160 mg/800 mg, twice daily for three days or
nitrofurantoin 100 mg twice daily for 7 days.

If after 3 day symptoms persist, request urine
culture and initiate ciprofloxacin 250 mg twice

daily for 3 days.

4.1. Procedure

Twenty-four research assistants were trained to act as SPs according to a script for each
clinical scenario (AP, AD, UAUTI) in which signs and symptoms were described according
to clinical practice guidelines [22–24], All participants were in good general health and
had no prior experience as SPs or with the method; 18 were men (median age 29 years;
interquartile range (IQR): 23–29) and 6 women (median age 23 years; IQR: 21–27). UAUTI
was addressed only by the 6 women. In this method, the SP is a person acting a role. The
training to represent the clinical cases was carried out in three sessions of 30 min each,
supervised by a physician with clinical experience who was part of the research team.
After the sessions, each participant simulated consultation with the instructor physician to
ensure that the representation was consistent with the clinical scenarios. The advantage of
the method is that a simulation can be reproduced for multiple participants, and the same
simulation can be replicated with different actors [14].

Between May 2018 and January 2019, the SPs were randomly assigned to different
MOABCPs and MOAIPs. After each visit, the participants recorded information related
to the care received: duration of the medical consultation, characteristics of the medical
interview and physical examination, indications and prescriptions. Drug prices were
obtained through a specialised online search engine that includes the prices of medicines
for at least 12 different pharmacies. For each drug, the average cost was obtained, as
well as the minimum and maximum. Costs are shown in US dollars (USD); all costs
were obtained in Mexican pesos (MXN) and the average exchange rate of 2019 was used
(1 USD = 20 MXN).

4.2. Sample Size

A calculation was made with the estimated number of MOAPs in Mexico City’s
Metropolitan Area (n = 3360) [6] and the expected frequency of adequate antibiotic pre-
scriptions for each scenario [23] as follows:

AP: 13% (95% CI, 7–22; confidence limit: 7%), a total of 86 visits.
AD: 9% (95% CI, 4–16; confidence limit: 5%), a total of 121 visits.
UAUTI: 75% (95% CI, 61–86; confidence limit: 10%), a total of 36 visits.
All the information from the registration forms of the medical consultations and pre-

scriptions was captured in a database by the research group; the analysis of the information
was performed through descriptive statistics with simple frequencies, percentages, median,
interquartile range (IQR) and minimum and maximum values.
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Abstract: Vancomycin-resistant enterococci (VRE) are a major concern as microorganisms with
antimicrobial resistance and as a public health threat contributing significantly to morbidity, mortality,
and socio-economic costs. Among VREs, vancomycin-resistant Enterococcus faecium (VREfm) is
frequently isolated and is resistant to many antibiotics used to treat patients with hospital-acquired
infection. Accurate and rapid detection of VREfm results in effective antimicrobial therapy, immediate
patient isolation, dissemination control, and appropriate disinfection measures. An in-house VREfm
screening broth was developed and compared to the broth microdilution method and multiplex
polymerase chain reaction for the detection of 105 enterococci, including 81 VRE isolates (61 E. faecium,
5 E. faecalis, 10 E. gallinarum, and 5 E. casseliflavus). Verification of this screening broth on 61 VREfm,
20 other VRE, and 24 non-VRE revealed greater validity for VREfm detection. The accuracy of
this broth was 100% in distinguishing E. faecium from other enterococcal species. Our test revealed
93.3% accuracy, 97.5% sensitivity, and 79.2% specificity compared with broth microdilution and PCR
detecting van genes. The kappa statistic to test interrater reliability was 0.8, revealing substantial
agreement for this screening test to the broth microdilution method. In addition, the in-house VREfm
screening broth produced rapid positivity after at least 8 h of incubation. Application of this assay to
screen VREfm should be useful in clinical laboratories and hospital infection control units.

Keywords: Enterococci; Enterococcus faecium; screening test; vancomycin

1. Introduction

Enterococci are known as opportunistic pathogens and a leading cause of hospital-
acquired infections, especially vancomycin-resistant enterococci (VRE) that are a major con-
cern regarding their antimicrobial resistance as a public health issue. The two major species
that are well-known worldwide to cause human diseases and resistance to vancomycin
are Enterococcus faecium and E. faecalis [1]. Of these two species, vancomycin-resistant E.
faecium (VREfm) is more frequently isolated from patients with hospital-acquired infection
than vancomycin-resistant E. faecalis and other species [1].

The World Health Organization (WHO) published their list of priority bacterial
pathogens for which new antibiotics are urgently needed, and VREfm is listed in the
high-priority category of antibiotic-resistant bacteria [2]. VREfm is widely distributed
in hospitals around the world, with the prevalence varying according to geographical
location. In the U.S., VREfm accounts for 82% of reported cases because vancomycin is
rarely restricted and thus has widespread antibiotic use in hospitals [3–5]. In European
countries, VREfm has shown increasing prevalence, from 10% in 2015 to 17.3% in 2018 [3].
In Asia, the prevalence of VREfm accounts for 22.4% of reported cases and is higher than
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for European countries but lower than for the U.S. [6]. Treatment options for invasive
VREfm infections are very limited, resulting in high mortality [7]. Vancomycin resistance
determinants due to the vanA and vanB genes are globally frequently reported in VRE,
including in E. faecium clinical isolates [3,8].

A previous report discussed potential determinants influencing the future dissem-
ination and control of antibiotic resistance and nominated the rapidity and accuracy of
laboratory techniques that allowed for rapid identification of the infecting pathogen and
antibiotic susceptibility testing [9]. Therefore, accurate and rapid detection of VRE, espe-
cially VREfm, support effective antimicrobial therapy, immediate patient isolation, and
appropriate disinfection measures in hospitals. Many methods have been implemented to
identify either VRE or VREfm, including conventional culture, real-time PCR, conventional
PCR, and automated microbiology instruments, such as BD Phoenix (Becton, Dickinson
and Company) or Vitek-2 (bioMerieux) [10,11]. Although some of these methods are rapid,
easy to perform, and are accurate in identification or detection, many of these methods are
expensive and have a high level of sophistication that requires operator experience and
skill and special instrumentation. These constraints make such methods inappropriate in a
laboratory with limited resources. Therefore, we developed an alternative assay to detect
VREfm isolates at a low cost. The aim of this study was to compare an in-house VREfm
screening broth with the broth microdilution method and multiplex PCR for the detection
of VREfm. Our screening broth provides an alternative assay to detect VREfm isolates. This
may be useful in laboratories where a large number of isolates must be screened at low
cost and as such could reduce the costs associated with laboratory and infection control in
hospitals with a high prevalence of VRE, especially VREfm.

2. Results

In this study, we compared the in-house VREfm screening broth using the broth
microdilution method and multiplex PCR for the detection of VREfm. All tested enterococci
were confirmed to the species level, van genes detected, and the MIC values determined of
vancomycin. The screening broth was evaluated using the broth microdilution method and
PCR assay in terms of specificity, sensitivity, accuracy, and Cohen’s kappa coefficient.

2.1. Identification and TestingVvancomycin-Resistant Strains

As shown in Table 1, among 105 enterococci confirmed using conventional biochemical
tests and multiplex PCR (Figure 1), 71 were E. faecium isolates and 14 were E. faecalis isolates.
The 20 Enterococcus spp. identified using conventional biochemical tests were E. gallinarum
(n = 10), E. casseliflavus (n = 5), E. mundtii (n = 4), and E. raffinosus (n = 1). The multiplex PCR
assay also detected vanA in 51 out of the 105 enterococci, consisting of 48 E. faecium and 3 E.
faecalis isolates, respectively, whereas vanB were detected in 15 isolates, consisting of 13 E.
faecium and 2 E. faecalis isolates. We detected vanC1 in all E. gallinarum and vanC2/C3 in all
E. casseliflavus, whereas vanA, vanB, vanC1, or vanC2/C3 genes were not detected in any of
the E. mundtii and E. raffinosus samples.

The vancomycin MIC values indicated that 85.9% (61/71) of the E. faecium isolates were
resistant to vancomycin (range 32–128 μg/mL) that were confirmed to be VRE according to
their MIC values and the presence of either vanA or vanB, whereas the remaining 10 isolates
were susceptible to vancomycin. Of the 14 E. faecalis isolates, only five were resistant to
vancomycin (VREfs) by broth microdilution, with 3 isolates having an MIC value of 64 or
128 μg/mL, and they all carried vanA, while the remaining two E. faecalis isolates carrying
vanB revealed an MIC value of 32 μg/mL. In contrast with the 20 Enterococcus spp., only 10
E. gallinarum and 5 E. casseliflavus isolates showed either intermediate or full resistance to
vancomycin with MIC values in the range 8–64 μg/mL, whereas the rest were susceptible
(vancomycin-susceptible enterococci, VSE). The results are summarized in Table 1.
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Figure 1. Agarose gel electrophoresis of PCR-amplified products from local enterococci (lane 1–10)
and reference enterococci (lane 11–14). E. faecium (lane 1), E. faecalis (lane 2), E. faecium carrying
vanA (lane 3), E. faecalis carrying vanA (lane 4), E. faecium carrying vanB (lane 5), E. faecalis carrying
vanB (lane 6), E. gallinarum carrying vanC1 (lane 7), E. casseliflavus carrying vanC2/C3 (lane 8), E.
muntdii (lane 9), E. raffinosus (lane 10), E. faecium ATCC BAA-2316 carrying vanA (lane 11), E. faecalis
ATCC51299 carrying vanB (lane 12), E. gallinarum ATCC49608 carrying vanC1 (lane 13), E. casseliflavus
ATCC700668 carrying vanC2/C3 (lane 14), and blank control (lane 15). A 100-bp DNA ladder is shown
in lane M.

2.2. Evaluation of In-House VREfm Screening Broth

The in-house VREfm screening broth determined resistance to vancomycin based on
turbidity and distinguished E. faecium from other enterococci based on color changes. The
broth was used in two tubes (A and B). Tube A did not contain vancomycin, whereas tube B
did (6 μg/mL vancomycin). Basically, all enterococci, including those that were vancomycin
not-susceptible or susceptible, could grow in tube A, while growth in tube B depended
on their resistance to the antibiotic. E. faecium could produce β-galactosidase, the enzyme
degraded to Salmon-Gal that produced a red product, whereas the other Enterococcus spp.
did not (Figure 2).

We verified this screening broth using broth microdilution as a reference method on
105 enterococci. These included 61 VREfm, 5 VREfs, 4 vancomycin-resistant E. gallinarum
(VREg), and one vancomycin-resistant E. casseliflavus (VREc), while the other 34 isolates
consisted of vancomycin-intermediate isolates (6 E. gallinarum, VIEg; and 4 E. casseliflavus,
VIEc) and vancomycin-susceptible E. faecalis (VSEfs; n = 9), E. faecium (VSEfm; n = 10), E.
mundtii (VSEm; n = 4), and E. raffinosus (VSEr; n = 1). As shown in Table 1, all VREfm
showed turbidity and the presence of red color in both tubes. The other VREs (VREfs,
VREg, VREc) showed turbidity but with no color in either tube.

We found 5 VSEs (2 were VSEfm and 3 were VSEfs) that produced a positive result
in tube B (containing vancomycin), indicating that they were vancomycin-resistant based
on the screening broth. Indeed, they were susceptible to vancomycin based on broth
microdilution with an MIC value of 4 μg/mL for all isolates (Table 1). In contrast, one
isolate each of VIEg and VIEc showed neither turbidity nor color in tube B, although they
showed intermediate resistance to vancomycin with an MIC value of 8 μg/mL (Table 1).
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This suggested that our test had variation with the borderline MIC cut-off for some in-
termediate isolates, especially for VIEg or VIEc that carried vanC. However, there was
good correlation of our screening broth and broth microdilution to indicate vancomycin
resistance at MIC ≥16 μg/mL.

Figure 2. Interpretation of in-house VREfm screening broth for vancomycin-resistant enterococci
(VRE) and vancomycin-susceptible enterococci (VSE).

The screening broth could identify E. faecium by producing the red color in all 71 iso-
lates, while all the other species of Enterococcus (n = 34) were colorless. This demonstrated
that the accuracy of this broth-based method was 100% for identification of E. faecium
according to multiplex PCR assay. However, determination of vancomycin resistance and
presence of van genes revealed 93.3% accuracy, 97.5% sensitivity, and 79.2% specificity
(Tables 2 and 3). The kappa statistic to test interrater reliability showed 0.8 for this screening
test. Based on the kappa criterion, our in-house VREfm screening broth had substantial
agreement (values in the range 0.61–0.80) to the broth microdilution and PCR detecting van
genes as the reference method. In addition, our in-house VREfm screening broth showed
rapid positivity after at least 8 h of incubation, and the cost per test (2 tubes) was USD 0.9
or EUR 0.8.

Table 2. Validity of in-house VREfm screening broth to determine vancomycin resistance compared
with broth microdilution.

In-House Screening Broth

Broth Microdilution

ValidityPositive
(Vancomycin Not-Susceptible) *

Negative
(Vancomycin Susceptible)

Positive
(vancomycin resistance) 79 5

Accuracy = 93.3%Negative
(vancomycin susceptible) 2 19

Validity Sensitivity = 97.5% Specificity = 79.2%

* Vancomycin not-susceptible = intermediate or fully resistant to vancomycin.
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Table 3. Validity of in-house VREfm screening broth to determine vancomycin resistance compared
with PCR detecting van genes.

In-House Screening Broth
PCR

Validity
vanA, vanB, vanC1/C2/C3 None

Positive
(vancomycin resistance) 79 5

Accuracy = 93.3%Negative
(vancomycin susceptible) 2 19

Validity Sensitivity = 97.5% Specificity = 79.2%

3. Discussion

VREfm has a global impact as a threat to public health according to the WHO, and it
contributes significantly to morbidity, mortality, and the socio-economic costs of healthcare-
acquired infection [2,12]. For example, the daily costs of contact isolation (considering only
gloves and gowns) for each VREfm patient in a ward and an intensive care unit (ICU) were
USD 10.8 and USD 17.3, respectively [13]. With the mean duration of isolation of 25 and
41.5 days for the ward and the ICU, respectively, a total cost was estimated to be USD 270
and USD 718, respectively [13]. Another study revealed that the overall hospital costs of
blood-stream infection were significantly higher in VREfm cases (EUR 80,465) compared
to VSEfm (EUR 51,365) and VSEfs (EUR 31,122) cases [14]. Screening is recommended for
patients at high risk of VRE colonization to prevent and control the transmission of VRE.
Our study successfully developed an in-house VREfm screening test to distinguish VREfm
from other VRE and VSE isolates.

Validity testing based on the kappa coefficient demonstrated that our screening broth
had strong agreement in the determination of VRE (especially VREfm) but false-positive or
false-negative results may occur in either VIEg/VIEc or VSE isolates with low MIC values
of about 8 or 4 μg/mL, respectively. For the false-positives in 5 VSE with MIC at 4 μg/mL,
the actual MIC may be 6 or 7 μg/mL because the broth microdilution technique applied
two-fold dilution of vancomycin that started from 0.25 μg/mL and produced 0.5, 1, 2, 4,
8, 16, 32, 64, and 128 μg/mL. The gap between 4 and 8 μg/mL may have contained the
exact MIC for these 5 false-positive VSE isolates according to our screening broth, which
contained 6 μg/mL of vancomycin, and so allowed these 5 isolates to grow. However, the
false-negatives involving VIEg and VIEc had MIC values of 8 μg/mL (Table 2) and were
PCR-positive for vanC (Table 3) but did not grow in tube B of the screening broth, even
though we repeated both the broth microdilution and screening tests. The explanation
for this has not been elucidated but it may depend on the strain characteristics or the low
concentration of inoculum used that retarded bacterial growth under marginal conditions.

Another study evaluated chromogenic agar to screen VRE based on the different
colors of colonies for either VREfm or VREfs [15]. A false-positive was detected in the
medium with non-enterococci, such as Staphylococcus sciuri, Streptococcus mutans, or other
enterococci (E. casseliflavus and E. raffinosus) [15]. Cross-reactivity of our screening broth
may have occurred with S. sciuri, as mentioned in another study [15]. Performing catalase
and Gram-stain testing of presumptive VRE isolates should increase the specificity. Notably,
our screening broth identified E. faecium based on degradation of 6-chloro-3-indoxyl-β-D-
galactopyranoside by its β-galactosidase. This enzyme is also present in some species of
enteroccocci, such as E. malodoratus, E. saccharolyticus, E. villorum, and E. dispar; however,
these species have very low prevalence in hospitals, and their resistance to vancomycin
is very rare [16,17]. To increase the efficiency and rapidity of VREfm screening among
patients, the screening broth should be further studied and validated on clinical specimens
directly. In addition, our screening broth has some limitations, including that it does
not diagnose other pathogenic enterococci, such as E. faecalis, and does not specify the
MIC. Furthermore, the broth could not be detected where there were strains resistant to
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teicoplanin only. Therefore, further development of this screening broth should be carried
out to identify E. faecalis, E. gallinarum, or E. casseliflavus, to specify the MIC values, and to
determine whether it is possible to detect teicoplanin-resistant strains.

Resistance to vancomycin in enterococci is mediated by the van genes, with vanA, vanB,
vanC, vanD, vanE, vanG, vanL, vanM, and vanN having been identified to date; in particular,
vanA and vanB are predominant worldwide [18]. In the current study, all clinical VREfm
and VREfs carried either vanA or vanB, which conferred high resistance to vancomycin
with an MIC range of 32–128 μg/mL. Most of them carried vanA (77.3%). Accordingly,
the specific character of vanA-carrying enterococci showed high resistance to vancomycin
(MIC ≥ 64 μg/mL) and teicoplanin (MIC ≥8 μg/mL) [19]. The high prevalence of vanA-
harboring E. faecium or E. faecalis observed in the current study was similar to reports
for China, Japan, Iran, the Netherlands, Germany, Italy, Australia, Tunisia, Brazil, and
Canada [18,20–28].

The annual estimated laboratory costs were projected to be USD 19,074 for 6372 pa-
tients screened in a pediatric hospital between 2010 and 2014 in Turkey [13]. Therefore,
screening priorities should be based on the prevalence of infection and the financial re-
sources of the institution. The previous study revealed laboratory cost per specimen for
rectal swab culture and PCR was USD 2.7 and USD 40.5, respectively [13]. The cost per test
(2 tubes) for our assay was USD 0.9 or EUR 0.8, whereas the cost of the gold standard is
about USD 2.7–3.0 or EUR 2.4–2.6. Application of this assay for VRE screening from pure
culture should be useful for clinical laboratories and hospital infection control units where
there is high prevalence of VRE to provide prompt information to facilitate the rapid control
of VRE dissemination in hospitals and more rapid implementation of isolation precautions
regarding VRE carriage or infection to other patients, as well as reducing the cost.

4. Materials and Methods

4.1. Bacterial Strains

In total, 105 enterococci, consisting of 71 E. faecium, 14 E. faecalis, and 20 other Enterococ-
cus spp., were used in this study. These enterococci were isolated and sent by hospitals for
further confirmation by the Public Health Microbiological Laboratory Service of the Faculty
of Public Health, Kasetsart University Chalermphrakiat Sakon Nakhon province campus
under the Emerging Antimicrobial Resistant Bacteria Surveillance Program (EARB). E.
faecium ATCC BAA-2316 (vanA), E. faecalis ATCC51299 (vanB), E. gallinarum ATCC49608
(vanC1), and E. casseliflavus ATCC700668 (vanC2/C3) were used as controls in the multiplex
PCR assay. E. faecalis ATCC29212 and E. faecium ATCC BAA-2316 were used as the control
for the broth microdilution. In addition, E. faecium ATCC BAA-2316, E. faecium ATCC19434
and E. faecalis ATCC29212 were used for controls for the in-house VREfm screening broth.

4.2. Microbiological Analysis

Each isolate was cultured on sheep blood agar at 37 ◦C for 18 h and identified using
a conventional biochemical test, including arabinose utilization, resistance to 6.5% NaCl,
bile esculin degradation, and PYR (pyrrolidonyl β-naphthylamide) degradation [16], and
multiplex PCR assay to simultaneously identify E. faecium and E. faecalis, as well as the
vancomycin-resistant genes; vanA, vanB, vanC1, and vanC2/C3, that were developed in our
laboratory [29,30]. Genomic DNA from all isolates was extracted using a NucleoSpin®

Tissue Kit (Macherey-Nagel, Germany) according to the manufacturer’s instructions. The
PCR reaction mixtures contained 1X JumpStartTM REDTaq® ReadyMixTM Reaction Mix
(Sigma-Aldrich, MO, USA) and 0.4 μM of each primer pair (IDT, Singapore; Table 4). The
following PCR thermocycling parameters were used: initial activation of DNA polymerase
at 95 ◦C for 3 min; 30 cycles of denaturation at 95 ◦C for 30 s, primer annealing at 55 ◦C for
30 s, and extension at 72 ◦C for 1.15 min; with a final extension at 72 ◦C for 5 min. The PCR
products were resolved using gel electrophoresis for 30 min on 2% agarose gels (Vivantis,
Selangor, Malaysia) in 0.5× TBE buffer (Vivantis, Malaysia). The gels were stained with
ethidium bromide (Sigma-Aldrich, MO, USA) and visualized under ultraviolet light using a
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GeneGenius Bioimaging System (SynGene, Maryland, USA). The sizes of the PCR products
were determined by comparison with a molecular size standard (GeneRuler™ 100 bp Plus
DNA ladder, Thermo Fisher Scientific, Waltham, MA, USA) as shown in Figure 1.

Table 4. Primers used in multiplex PCR in current study.

Primer Name Sequence (5′-3′) Target PCR Product Size (bp) Reference

E. faecium-FL1 GAAAAAACAATAGAAGAATTAT
sodA 215

[29]
E. faecium-FL2 TGCTTTTTTGAATTCTTCTTTA

E. faecalis-FM1 ACTTATGTGACTAACTTAACC
sodA 360

E. faecalis-FM2 TAATGGTGAATCTTGGTTTGG

vanA-A1 GGGAAAACGACAATTGC
vanA 732

[30]

vanA-A2 GTACAATGCGGCCGTTA

vanB-B1 ATGGGAAGCCGATAGTC
vanB 635

vanB-B2 GATTTCGTTCCTCGACC

vanC1-C1 GGTATCAAGGAAACCTC
vanC1 822

vanC1-C2 CTTCCGCCATCATAGCT

vanC2/3-D1 CTCCTACGATTCTCTTG
vanC2/C3 438

vanC2/3-D2 CGAGCAAGACCTTTAAG

Susceptibility to vancomycin was performed to determine minimal inhibitory concen-
tration (MIC) using broth microdilution according to the current CLSI guidelines [31]. A
0.5 McFarland standard suspension of the isolate was made from culture grown on Muller
Hinton agar plates (BD BBL, Bergen County, NJ, USA). The interpretation of MIC followed
the criteria in the CLSI 2021 guidelines, namely ≤4 mg/mL is susceptible, 8–16 mg/mL is
intermediate, and ≥32 mg/mL indicates resistance [31]. Standard enterococci strains of E.
faecalis ATCC 29212 (van absence) and E. faecium ATCC BAA-2316 (vanA presence) were
used for quality control for the broth microdilution.

4.3. In-House VREfm Screening Broth

This screening broth was prepared using 2 tubes (A and B). Tube A (1 mL) contained
1.85% Brain Heart Infusion broth (Merck, Kenilworth, NJ, USA) and 0.2% 6-chloro-3-
indoxyl-β-D-galactopyranoside (Salmon-Gal; GoldBio, St. Louis, MO, USA). This concen-
tration of Salmon-Gal was selected experimentally based on our optimization (data not
shown). Tube B (1 mL) consisted of the same ingredients as tube A and also contained
vancomycin (Sigma-Aldrich, St. Louis, MO, USA) at 6 μg/mL according to the 2021 CLSI
guideline recommendation for VRE screening. Interpretation is shown in Figure 2. A 0.1-mL
amount of inoculum at a concentration of 0.5 McFarland was inoculated into the broth.

4.4. Statistical Analysis

Diagnostic measures were calculated, such as sensitivity, specificity, and accuracy
of each test. The kappa statistic was calculated to evaluate the associations and levels of
agreement of the data [32].

5. Conclusions

We successfully developed an in-house VREfm screening broth to distinguish E.
faecium from other Enterococcus spp., and to determine resistance to vancomycin in a
single assay. This alternative screening procedure for VREfm could be useful for hospital
infection control.
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Abstract: Carbapenem-resistant Enterobacterales (CRE) species are top priority pathogens according
to the World Health Organization. Rapid detection is necessary and useful for their surveillance
and control globally. This study developed a multiplex polymerase chain reaction (mPCR) detection
of the common carbapenemase genes NDM, KPC, and OXA-48-like, together with identification of
Escherichia coli, and distinguished a Klebsiella pneumoniae complex to be K. pneumoniae, K. quasipneu-
moniae, and K. variicola. Of 840 target Enterobacterales species, 190 E. coli, 598 K. pneumoniae, 28 K.
quasipneumoniae, and 23 K. variicola. with and without NDM, KPC, or OXA-48-like were correctly
detected for their species and carbapenemase genes. In contrast, for the Enterobacterales species other
than E. coli or K. pneumoniae complex with carbapenemase genes, the mPCR assay could detect only
NDM, KPC, or OXA-48-like. This PCR method should be useful in clinical microbiology laboratories
requiring rapid detection of CRE for epidemiological investigation and for tracking the trends of
carbapenemase gene dynamics.

Keywords: PCR; carbapenemase; NDM; KPC; OXA-48-like; Escherichia coli; Klebsiella pneumoniae complex

1. Introduction

The current emergence of carbapenem-resistant Enterobacterales (CRE) is an especially
concerning antimicrobial resistant (AMR) threat that can result in an important clinical
problem associated with resistance to many last-resort antibiotics, making it difficult to
treat and leading to high mortality rates and expensive hospital stays [1]. The World Health
Organization (WHO) considers the growing AMR issue one of the three major public
health challenges of the 21st century, responsible for healthcare costs, long hospitalizations,
treatment failures, and death [2]. In addition, the WHO has listed CRE as critical priority
pathogens, necessitating the development of new antibiotics against such organisms [3].
The Enterobacterales, especially Escherichia coli, Klebsiella pneumoniae, and Enterobacter cloacae,
are major causes of hospital-acquired infections that have spread around the globe [1,4].

CRE develops antibiotic resistance through several mechanisms, including through
the main mechanism of production of carbapenemases which are enzymes that degrade
carbapenem antibiotics [4,5]. They can be divided into CRE with and CRE without car-
bapenemase production [1,4,5]. Carbapenemase-producing CRE (CP-CRE) are more asso-
ciated with higher levels of antimicrobial resistance, worse outcomes, and rapid spread
via plasmid transmission among bacterial strains, while non-carbapenemase-producing
CRE (non-CP-CRE) have been associated with asymptomatic carriage and perhaps less
person-to-person transmission [1,6]. Among the carbapenemase types, NDM, OXA-48-like,
IMP, VIM, and KPC have been commonly found in different parts of the world [2,4,5]. KPC
is the most common carbapenemase in the United States, China, Italy, Greece, and the
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UK, whereas NDM has now spread worldwide [4,5,7]. VIM and IMP are most prevalent
in Southern Europe and Asia, while OXA-48-like is most prevalent in the Mediterranean
region, Europe, and Asia, including India, China, Vietnam, and Thailand [4–7]. Of these
carbapenemase types, NDM, KPC, and OXA-48-like have been very frequently detected
worldwide [4,5,7]. Furthermore, the major Enterobacterales carriers of these carbapenemases
are E. coli and K. pneumoniae [4–6].

Surveillance is a crucial element of national prevention and control strategies to
control dissemination of CP-CRE. Several countries have systems to monitor acquired
carbapenem resistance [8]. For example, diagnostic laboratories in England have a duty to
report carbapenemase-producing Gram-negative bacteria isolated from human samples
to Public Health England [8]. Therefore, rapid detection and reporting of CP-CRE is
one of the top priorities of clinical microbiology laboratories. Recently, there have been
increasing numbers of tests available for carbapenemase detection, including colorimetric
tests, immunochromatographic assays, matrix-assisted laser desorption ionization-time of
flight MS-based tests, phenotypic and molecular methods [9,10]. However, the Clinical and
Laboratory Standards Institute (CLSI) recommends the modified carbapenem inactivation
method (mCIM), Carba NP, and molecular assay, such as PCR, to determine CP-CRE [11].

PCR is a technique with high accuracy and a rapid turnaround time that is currently
inexpensive. Several studies have developed a multiplex PCR (mPCR) to detect the relevant
carbapenemase genes [12–16]. However, there is no current PCR approach that detects
both carbapenemase genes and Enterobacterales species in the same reaction. Herein, we
developed an mPCR assay to detect the most prevalent carbapenemase genes, including
KPC, NDM, and OXA-48-like, and identify E. coli, K. pneumoniae, K. quasipneumoniae,
and K. variicola in the same reaction. This mPCR technique could be applied usefully in
clinical diagnostic laboratories to determine both common CRE species and the relevant
carbapenemase genes at the same time, as well as reducing the turnaround time and saving
on costs.

2. Results and Discussion

In the current study, an mPCR assay was designed to detect common carbapenemase
genes and, frequently, the Enterobacterales species carrying those genes. E. coli and K.
pneumoniae complex (K. pneumoniae, K. quasipneumoniae, K. variicola), NDM, OXA-48-like,
and KPC, which are common carbapenemase genes disseminated globally, were the target
for this mPCR assay. According to several studies, K. pneumoniae- and E. coli-carrying
NDM, KPC, and OXA-48-like, were prevalent in the Netherlands, Spain, the USA, Thailand,
China, Korea, Tunisia, Iran, Nepal, and India [6,17–27]. This assay could be applied in
these countries, especially in Asia, where there are high prevalence levels of these bacteria
carrying the aforementioned carbapenemase genes.

We demonstrated the potential utility of the mPCR assay to detect either E. coli or K.
pneumoniae complex with and without carbapenemase genes. The mPCR assay identified
the E. coli and K. pneumoniae complex together with detected NDM, OXA-48-like, and
KPC in the same reaction (Figure 1 and Table 1). Our mPCR assay could distinguish the
K. pneumoniae complex into K. pneumoniae, K. quasipneumoniae, and K. variicola (Figure 1). In
the case of E. coli, K. pneumoniae, K. quasipneumoniae, and K. variicola without carbapenemase
genes, the mPCR assay could identify the species correctly with no carbapenemase genes
NDM, OXA-48-like, or KPC (Table 1). In addition, the mPCR assay detected NDM, KPC,
or OXA-48-like in C. fruendii, C. werkmanii, E. cloacae, and E. asburiae, without bands of
E. coli or the K. pneumoniae complex (Table 1). A limitation of this mPCR assay is that it
could not identify C. freundii, E. cloacae, E. asburaie, and Enterobacterales species other than
the 4 mPCR target organisms. The expansion of this mPCR to detect other Enterobacterales
species should be the subject of future investigations. In addition, no cross reactivity was
observed in other bacteria except the target bacteria and carbapenemase genes.
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Figure 1. Agarose gel electrophoresis of multiplex PCR-amplified products; lane 1 = Isolate No. C76
(E. coli with NDM), lane 2 = Isolate No. C163 (E. coli with NDM and OXA-48-like), lane 3 = Isolate No.
C1992 (E. coli with KPC), lane 4 = Isolate No. C34 (K. quasipneumoniae with NDM), lane 5 = Isolate
No. C110 (K. quasipneumoniae with NDM and OXA-48-like), lane 6 = Isolate No. AMR353 (K.
quasipneumoniae with KPC), lane 7 = Isolate No. C1985 (K. pneumoniae with KPC), lane 8 = Iso-
late No. C73 (K. pneumoniae with NDM and OXA-48-like), lane 9 = Isolate No. C75 (K. pneumo-
niae with NDM), lane 10 = Isolate No. C19 (E. cloacae with NDM), lane 11 = Isolate No. C487
(C. freundii with NDM), lane 12 = Isolate No. C2135 (E. asburiae with KPC), lane 13 = E. coli
ATCC25922, lane 14 = K. pneumoniae ATCC27335, lane 15 = K. quasipneumoniae ATCC700603, lane
16 = K. variicola ATCC-BAA830, lane 17 = E. coli ATCC-BAA2469 (contain NDM), lane 18 = K. pneu-
moniae ATCC-BAA2524 (contain OXA-48), lane 19 = K. pneumoniae ATCC-BAA1705 (contain KPC),
lane 20 = negative control, and lane M = 100 bp DNA ladder.

Table 1. Enterobacterales species used in this study and mPCR results.

Bacteria
Carbapenemase

Gene
N

mPCR Detection

E. coli K. pneumo-
niae

K. quasip-
neumoniae

K.
variicola NDM

OXA-48-
like

KPC

E. coli
(n = 191)

NDM-1 43 + +

NDM-3 1 + +

NDM-4 4 + +

NDM-5 109 + +

NDM-7 1 + +

OXA-48 1 + +

OXA-181 10 + +

KPC-2 1 + +

IMP-6 1 +

NDM-1 +
OXA-181 1 + + +

none 20 +
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Table 1. Cont.

Bacteria
Carbapenemase

Gene
N

mPCR Detection

E. coli K. pneumo-
niae

K. quasip-
neumoniae

K.
variicola NDM

OXA-48-
like

KPC

K.
pneumoniae

(n = 598)

NDM-1 201 + +

NDM-4 1 + +

NDM-5 5 + +

NDM-9 1 + +

OXA-48 13 + +

OXA-181 147 + +

OXA-232 77 + +

KPC-2 1 + +

IMP-14 5 +

GES-5 1 +

NDM-1 +
OXA-181 11 + + +

NDM-1 +
OXA-232 114 + + +

NDM-1 + GES-5 1 + +

none 20 +

K. quasip-
neumoniae

(n = 28)

NDM-1 12 + +

IMP-14 2 +

NDM-1 +
OXA-181 2 + + +

none 12 +

K. variicola
(n = 23) none 23 +

K. oxytoca
(n = 10) none 10

K. aerogenes
(n = 20) none 20

E. cloacae
(n = 20)

NDM-1 5 +

OXA-181 1 +

none 14

E. asburiae
(n = 1) KPC-2 1 +

C. freundii
(n = 13)

NDM-1 3 +

none 10

C.
werkmanii

(n = 5)
NDM-1 5 +

S. enterica
(n = 20) none 20

S.
marcescens

(n = 10)
none 10

+ = mPCR positive; blank = mPCR negative.

In addition, we also tried to use the mPCR to directly detect the E. coli and K. pneumo-
niae complex together with detected NDM, OXA-48-like, and KPC from pure colonies. As
shown in Figure 2, the colony PCR has successfully detected representative strains. This
is an alternative method for laboratories because it is not necessary to purify DNA from
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bacteria growths, and shortens the time and renders unnecessary the equipment required
for DNA purification.

Figure 2. Agarose gel electrophoresis of multiplex PCR-amplified products from direct colonies; lane
1 = Isolate No. C76 (E. coli with NDM), lane 2 = Isolate No. C163 (E. coli with NDM and OXA-48-like),
lane 3 = Isolate No. C1992 (E. coli with KPC), lane 4 = Isolate No. C34 (K. quasipneumoniae with
NDM), lane 5 = Isolate No. C110 (K. quasipneumoniae with NDM and OXA-48-like), lane 6 = Isolate
No. AMR353 (K. quasipneumoniae with KPC), lane 7 = Isolate No. C1985 (K. pneumoniae with KPC),
lane 8 = Isolate No. C73 (K. pneumoniae with NDM and OXA-48-like), lane 9 = E. coli ATCC25922, lane
10 = K. pneumoniae ATCC27335, lane 11 = K. quasipneumoniae ATCC700603, lane 12 = K. variicola ATCC-
BAA830, lane 13 = E. coli ATCC-BAA2469 (contain NDM), lane 14 = K. pneumoniae ATCC-BAA2524
(contain OXA-48), lane 15 = K. pneumoniae ATCC-BAA1705 (contain KPC), lane 16 = negative control,
and lane M = 100 bp DNA ladder.

The spread of CP-CRE is a global threat to public health. Among CP-CREs, the car-
bapenemase genes, NDM, OXA-48-like, and KPC, are widely spread globally, as mentioned
above. Several phenotypic and genotypic techniques have been applied to detect CRE and
CP-CRE [28]. It is vital to diagnose CP-CRE early to undertake the appropriate measures to
prevent transmission and to help in implementing effective countermeasures at an appro-
priate time to initiate early treatment interventions. In addition, the plasmids harboring
carbapenemase genes can be transmitted easily among patients. Therefore, a method
which can search for genetically diverse CP-CRE isolates would be useful in terms of
epidemiological investigation and in tracking the trends of carbapenemase gene dynamics.

PCR is an ideal tool that saves on costs, is rapid, and can identify the type of carbapen-
emase genes to trace epidemiological dynamics, be proactive in the control and prevention
of spread, and provide prompt treatment [12–16]. However, the currently available PCR-
detectable carbapenemase genes have not identified the bacterial species [12–16]. Our
mPCR assay allows for the rapid testing of common carbapenemase genes (NDM, KPC,
OXA-48-like) together with identification of clinical E. coli and K. pneumoniae complex
isolates that frequently harbor these genes; furthermore, the assay does not require prior
phenotypical characterization, thus constituting a rapid and valuable tool in the manage-
ment of infections in hospitals. However, this mPCR has limitations due to the fact that it
does not detect IMP genes. The IMP gene is more prevalent in Asia and the South Pacific
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region than other continents [29]. Therefore, future research directions should include
developing this mPCR to detect IMP genes.

3. Materials and Methods

3.1. Bacterial Strains

As shown in Table 1, this study included 780 Enterobacterales strains with known
species and carbapenemase genes based on whole-genome sequencing from another
study [26,30]: 578 K. pneumoniae, 16 K. quasipneumoniae, 171 E. coli, 6 Enterobacter cloacae, 1
Enterobacter asburiae, 5 Citrobacter werkmanii, and 3 Citrobacter freundii.

An additional 159 Enterobacterales species without carbapenemase genes including
20 E. coli, 20 K. pneumoniae, 10 K. oxytoca, 23 K. variicola, 12 K. quasipneumoniae, 20 K. aerogenes,
14 E. cloacae, 10 Serratia marcescens, 20 Salmonella enterica, and 10 C. freundii, were identified
at the species level using conventional biochemical tests; PCR-detected carbapenemase
genes described elsewhere were included in the current study [31–33]. These bacterial
isolates were resistant to either carbapenems or cephalosporins.

We also included reference strains of other bacterial species to evaluate possible non-
specific reactions. These strains consisted of: Achromobacter xylosoxidans ATCC27061, Pseu-
domonas aeruginosa ATCC9027, Acinetobacter baumannii ATCC19606, Burkholderia cepacia
LMG0122, Haemophilus influenzae ATCC10211, Elizabethkingia meningoseptica ATCC13253,
Micrococcus luteus ATCC10240, Bacillus subtilis ATCC6633, Staphylococcus aureus ATCC700698,
Enterococcus faecalis ATCC29212, Streptococcus pneumoniae ATCC33400, Leuconostoc lactis
ATCC19256, and Listeria monocytogenes ATCC7644. In addition, E. coli ATCC-BAA2469
(NDM-1), K. pneumoniae ATCC-BAA2524 (OXA-48), K. pneumoniae ATCC-BAA1705 (KPC),
K. quasipneumoniae ATCC700603, and K. variicola ATCC-BAA830 were used for PCR
reaction control.

The bacterial stains from stock at −80 ◦C were cultured overnight on sheep blood agar
and incubated at 37 ◦C before performing the DNA extraction.

3.2. Primer Design

As shown in Table 2, only primers for NDM and E. coli were designed in the current
study. The NDM and E. coli uidA were retrieved from GenBank under accession numbers
NC_023908 and S69414, respectively. These sequences were used as the templates for
design of primers by using Primer-BLAST program (http://www.ncbi.nlm.nih.gov/tools/
primer-blast/; accessed on 9 December 2022).

Table 2. Primers used for detection of antibiotic resistance genes.

Primer Name Sequences (5′—3′) Final Conc. of
Primers (μM)

Species/Gene
PCR Product Size

(bp)
Reference

KpnWaaQ-F
CGG ATC CTG
GTC ATT AAG

CTG
0.5

K. pneumoniae 217 [34]

KpnWaaQ-R
ATT GCA TCT
TCA GCT GAT

ACC TTT
0.5

KpnCpxLEN-F

CAC GCT GCG
YAA ACT ACT
GAC YGC GCA

GCA

0.5 K. variicola 489

[35]
KpnCpxOKP-F GGC CGG YGA

GCG GGG CTC A 0.5 K. quasipneumoniae 348

KpnCpxDeO-R * AGA AGC ATC
CTG CTG TGC G 1.0 K. quasipneumoniae

and K. variicola -
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Table 2. Cont.

Primer Name Sequences (5′—3′) Final Conc. of
Primers (μM)

Species/Gene
PCR Product Size

(bp)
Reference

ECuidA-F
GGG AAT GGT
GAT TAC CGA

CGA AAA CGG C
0.1

E. coli 175 This study

ECuidA-R
ACA GAC GCG
TGG TTA CAG

TCT TGC G
0.1

NDM-F
AAC GGT TTG
GCG ATC TGG

TTT TC
0.7

blaNDM 627 This study

NDM-R
GGC GGA ATG
GCT CAT CAC

GAT C
0.7

Oxa-48F TTG GTG GCA
TCG ATT ATC GG 0.7

blaOXA-48-like 733 [36]

Oxa-48R
GAG CAC TTC
TTT TGT GAT

GGC
0.7

KPC-F ATG TCA CTG
TAT CGC CGT CT 0.5

blaKPC 893 [37]
KPC-R TTT TCA GAG

CCT TAC TGC CC 0.5

* This primer is a reverse primer for KpnCpxOKP-F and KpnCpxLEN-F.

3.3. Multiplex PCR

Bacterial genomic DNA samples were extracted using ZymoBIOMICS DNA Kits
(Zymo Research, CA, USA), following the manufacturer’s instruction. The PCR reaction
mixture (25 μL) contained a 1× JumpStart REDTaq ReadyMix (Sigma) and each primer
(Table 2). The list of primers used in the mPCR are also presented in Table 2 [34–37]. The
PCR reaction was performed as follows: initial activation of DNA polymerase at 95 ◦C for
3 min, plus 35 cycles of denaturation at 95 ◦C for 30 sec, primer annealing and extension
at 62.5 ◦C for 1.30 min, and a final extension at 72 ◦C for 5 min. A negative control was
included in each run, consisting of the same reaction mixture but with water instead of
template DNA.

The PCR products (5 μL) were analyzed using gel electrophoresis on 1.5% (w/v)
agarose gel in 0.5 × TBE buffer at a constant voltage of 100 V for 30 min (Mupid exU system;
Takara; Tokyo, Japan). The gels were stained with ethidium bromide and visualized under
ultraviolet light (GeneGenius Bioimaging System; SynGene; Cambridge, UK). The sizes
of the PCR products were determined by comparison with molecular-sized standards
(GeneRuler™ 100 bp Plus DNA ladder; Thermo Fisher Scientific; Vilnius, Lithuania).

3.4. Colony PCR

Bacteria were cultured on Tryptic Soy Agar for 18 h at 37 ◦C. A small amount of pure
colony was picked up using a toothpick and then suspended in the PCR reaction mixture
of each tube. The PCR reaction and gel electrophoresis were done as described above.

4. Conclusions

The mPCR assay developed in the current study could detect NDM, KPC, and OXA-48-
like together with distinguishing E. coli, K. pneumoniae, K. quasipneumoniae, and K. variicola
in a single reaction. It should be useful for clinical microbiology laboratories requiring
the rapid detection of CRE as one of the critical priority pathogens according to the WHO.
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In addition, the developed assay should be useful for epidemiological investigation and
tracking the trends of carbapenemase gene dynamics.
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Abstract: Stenotrophomonas maltophilia is a multidrug-resistant organism that is emerging as an impor-
tant opportunistic pathogen. Despite this, information on the epidemiology and characteristics of this
bacterium, especially in Thailand, is rarely found. This study aimed to determine the demographic,
genotypic, and phenotypic characteristics of S. maltophilia isolates from Maharaj Nakorn Chiang Mai
Hospital, Thailand. A total of 200 S. maltophilia isolates were collected from four types of clinical speci-
mens from 2015 to 2016 and most of the isolates were from sputum. In terms of clinical characteristics,
male and aged patients were more susceptible to an S. maltophilia infection. The majority of included
patients had underlying diseases and were hospitalized with associated invasive procedures. The
antimicrobial resistance profiles of S. maltophilia isolates showed the highest frequency of resistance
to ceftazidime and the lower frequency of resistance to chloramphenicol, levofloxacin, trimetho-
prim/sulfamethoxazole (TMP/SMX), and no resistance to minocycline. The predominant antibiotic
resistance genes among the 200 isolates were the smeF gene (91.5%), followed by blaL1 and blaL2 genes
(43% and 10%), respectively. Other antibiotic resistance genes detected were floR (8.5%), intI1 (7%),
sul1 (6%), mfsA (4%) and sul2 (2%). Most S. maltophilia isolates could produce biofilm and could
swim in a semisolid medium, however, none of the isolates could swarm. All isolates were positive
for hemolysin production, whereas 91.5% and 22.5% of isolates could release protease and lipase
enzymes, respectively. In MLST analysis, a high degree of genetic diversity was observed among
the 200 S. maltophilia isolates. One hundred and forty-one sequence types (STs), including 130 novel
STs, were identified and categorized into six different clonal complex groups. The differences in drug
resistance patterns and genetic profiles exhibited various phenotypes of biofilm formation, motility,
toxin, and enzymes production which support this bacterium in its virulence and pathogenicity. This
study reviewed the characteristics of genotypes and phenotypes of S. maltophilia from Thailand which
is necessary for the control and prevention of S. maltophilia local spreading.

Keywords: Stenotrophomonas maltophilia; mutilocus sequence typing; antibiotic resistance; multidrug
resistance; biofilm; motility; toxin; enzyme

1. Introduction

Stenotrophomonas maltophilia is a Gram-negative obligate aerobic bacillus that is often
recovered from various environments such as soil, plant, water, and drinking water [1–3]. It
is widely recognized as an opportunistic pathogen that can cause severe infections in hospi-
talized patients, especially those with severely impaired immune systems, including those
with HIV infection and malignancy, chemotherapy-treated patients, and patients who used
immune suppressive drugs [4–6]. S. maltophilia infections have been increasingly reported
worldwide [1,6,7]. In several countries, most cases are nosocomial infections, that are
caused by the contamination of medical equipment and water systems in hospitals [8–10].

S. maltophilia produces many virulence factors that contribute to infection [11]. It
usually forms biofilm as a means of attaching to the surface of medical equipment, like
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respirators and catheters, which promotes their survivability and pathogenicity [1,11].
Another factor is flagella, which are used for motility, and can stimulate the host’s immune
response [12]. This bacterium has extracellular enzymes that are released to promote
pathogenesis, such as proteases, lipases, esterase, DNase, Rnase, and fibrolysin [6,13]. Due
to the exceptional innate antimicrobial resistance of the species and acquired resistance to
numerous antimicrobial drugs, treating S. maltophilia, infections can be challenging [14].
The multidrug resistance mechanisms of S. maltophilia are the production of drug-degrading
enzymes and efflux pumps, as well as the transport proteins involved in the extrusion
of drugs [15]. TMP/SMX is the first-line treatment for S. maltophilia infections, however,
substantial rates of TMP/SMX resistance have been increasingly reported [7]. Levofloxacin
and minocycline are additional antibiotics against S. maltophilia [16].

Recent investigations have revealed the high genetic diversity among S. maltophilia
strains isolated in different parts of the world [17]. Molecular methods are used to provide
evidence of epidemiological relationships between isolates. These methods are also an
important tool in the investigation of the spread of S. maltophilia infections all over the world.
There are a number of studies about S. maltophilia genotypes in many countries, which help in
the understanding of the epidemiology and clonality of bacteria. Nowadays, many methods
have been developed to clarify bacterial genetic background. The gold standard technique is
multilocus sequence typing (MLST). MLST is a procedure for the characterization of bacterial
species, using seven housekeeping genes’ internal fragment sequences. MLST is used to
provide a portable, accurate, and highly discriminating typing system that can be used for
most bacteria and some other organisms [18]. The unique allele sequences of the seven
housekeeping genes were defined as allelic profiles or STs [19]. Phenotypic characterization
of S. maltophilia includes growth rate, biofilm formation, motility, mutation frequencies,
antibiotic resistance, virulence, and pathogenicity. These phenotypic factors are required to
give more understanding of the relationship between genotypic patterns and phenotypes
within the bacterial population.

S. maltophilia from different countries or regions may have different genotypic prop-
erties with the divergence of virulence genes, drug resistance genes, and mobile genetic
elements [20–23]. These genotypic differences may contribute to the differences in pheno-
typic properties, e.g., morphology, bacterial pathogenesis and virulence, drug resistance
property, gene exchange or gene transfer, enzyme production, and biofilm formation.
During the last decade, S. maltophilia has been recovered with increasing frequency at
Maharaj Nakorn Chiang Mai Hospital, a 1400-bed university-affiliated hospital in Chiang
Mai, Thailand [24]. Moreover, published data is rarely available on the epidemiology and
characteristics of S. maltophilia in Thailand [25].

Therefore, this study aims to characterize clinical information, genotypes, and pheno-
types of S. maltophilia isolated from Maharaj Nakorn Chiang Mai Hospital. The investigation
includes molecular classification based on housekeeping gene allelic patterns using MLST,
and the identification of antibiotic resistance genes such as β-lactamase encoding genes,
efflux pump encoding genes, and the integrase gene. In addition, the phenotypic properties
of S. maltophilia, including antibiotic resistance patterns, biofilm formation, motility, and
enzyme production were investigated.

2. Results

2.1. Bacterial Collection and Clinical Characteristics

A total of 200 S. maltophilia nonrepetitive isolates were randomly collected from Ma-
haraj Nakorn Chiang Mai Hospital, Chiang Mai, Thailand for six months. In our collection,
199 isolates were collected from patients and one isolate, from a hospital environment (fluid
from the dialysis unit). All clinical isolates were obtained from four different sources and
most of the isolates were from sputum (n = 152; 76%), while others were from body fluids
(n = 21; 10.5%), pus (n = 20; 10.0%), and urine (n = 6; 3.0%).
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Among S. maltophilia-infected patients, 192 patient information could be accessed
(Table 1). In total, 117 male patients (60.94%) and 75 female patients (39.06%) were included.
The age of the youngest patient was one month, and the oldest patient was 99 years. The
average of the ages was 54.61 ± 28.14 years, and the aged people (≥65 years) were the most
affected group (n = 79; 41.15%).

Table 1. Demographic and clinical characteristics, and risk factors of respiratory tract infections due
to S. maltophilia.

Characteristics
No. of Patients (%)

(n = 192)

No. of Respiratory
Infection
(n = 148)

No. of Non-Respiratory
Inection
(n = 44)

p Value

Age
Range 1 M–99 Y 1 M–99 Y 6 M–89 Y
Pediatrics (<15) 32 (16.67) 30 2 0.308
Aged (≥65) 79 (41.15) 62 17 0.031
Mean ± SD 54.61Y ± 28.14 52.94 ± 29.78 55.82 ± 22.14

Gender: Male 117 (60.94) 91 26 0.398
Underlying Diseases and Comorbidities

Malignancy 56 (29.17) 40 16 0.041
CNS and cerebrovascular diseases 36 (18.75) 31 5 0.040
Urinary tract infection 34 (17.71) 28 6 0.044
Hypertension 33 (17.19) 22 11 0.129
Cardiovascular diseases 28 (14.58) 24 4 0.043
Diabetes 25 (13.02) 20 5 0.281
Chronic kidney disease 20 (10.42) 20 3 0.391
Chronic pulmonary diseases 18 (9.38) 12 6 0.401
Chronic viral infections 11 (5.73) 8 3 0.677

Predisposing factors
Invasive procedures 190 (98.96) 147 43 0.183

Intravenous catheter 116 (60.42) 79 37 0.040
Urinary catheter 46 (23.96) 41 5 0.129
Suction catheter 98 (51.04) 80 18 0.258
Endotracheal intubation 57 (29.69) 39 18 0.148
Gastrostomy (feeding) intubation 38 (19.79) 32 6 0.529

Surgery 56 (29.17) 40 16 0.046
Chemotherapy, Radiotherapy 19 (9.90) 12 7 0.031
Amputation 5 (2.60) 2 3
Organ transplant 3 (1.56) 2 1
Dialysis 5 (2.60) 5 0

Hospitalization 190 (98.96) 147 43
Medical wards

General medicine 53 (27.60) 44 9
Pediatric 33 (17.19) 31 2
General surgery 24 (12.5) 14 10
Emergency surgery 17 (8.85) 11 6
Orthopedics 9 (4.69) 7 2
Neurosurgery 3 (1.56) 3 0
Others 51 (26.56) 37 14

Patient in ICU of each ward 78 (40.63) 71 7 0.001

p value < 0.05 was considered to be significant; p value in bold letter = significant; M = Month; Y = Year;
ICU = intensive care unit.

All patients had at least one underlying illness and were exposed to predisposing
factors such as invasive procedures, surgery, chemotherapy, and radiotherapy. The most
common underlying diseases and comorbidities were malignancy (n = 56; 29.17%), CNS
and cerebrovascular diseases (n = 36; 18.75%), and urinary tract infections (n = 28; 17.71%).
One hundred and ninety patients were hospitalized (98.96%) in different wards, including
general medicine (n = 53; 27.60%), pediatric (n = 33; 17.19%), general surgery (n = 24; 12.5%),
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emergency surgery (n = 17; 8.85%), orthopedics (n = 9; 4.69%), neurosurgery (n = 3; 1.56%),
and other wards (n = 51; 26.56%).

Since the majority of the isolates were obtained from respiratory specimens, risk
factors associated with respiratory tract infection were evaluated. The patients who were
significantly more likely to develop respiratory tract infections included aged patients,
patients with malignancy, CNS and cerebrovascular diseases, and cardiovascular diseases
(Table 1). Furthermore, the respiratory group had a significantly higher number of patients
who were exposed to intravenous catheters, surgery, chemotherapy, and radiotherapy, and
were admitted to the intensive care unit.

2.2. Antibiotic Susceptibility and Antibiotic Resistances

The MIC results show that S. maltophilia was highly resistant to CAZ (n = 155; 77.5%).
All the isolates that showed a lower resistance frequency were observed to C (n = 36; 18%),
LEV (n = 18; 9%), TMP/SMX (n = 15; 7.5%), and no resistance to minocycline. The MIC
range, MIC50, and MIC90 values are shown in Table 2. From all of the isolates, 37 isolates
were susceptible to all antibiotics tested. On the contrary, 20 isolates were resistant to three
or more antibiotics, hence exhibiting a multidrug-resistant (MDR) phenotype.

Table 2. Antibiotic susceptibility of S. maltophilia isolates.

Antibiotic
MIC (μg/mL) Susceptibility (%)

MIC Range MIC50 MIC90 S I R

Trimethoprim/
Sulfamethoxazole *

(TMP/SMX)
0.047/0.893 → 32/608 0.19/3.61 0.5/9.5 185 (92.5) 0 15 (7.5)

Levofloxacin **
(LEV) 0.5 → 32 2 4 163 (81.5) 19 (9.5) 18 (9.0)

Ceftazidime **
(CAZ) 2 → 128 128 >128 21 (10.5) 24 (12.0) 150 (77.5)

Chloramphenicol **
(C) 4 → 128 16 32 67 (33.5) 97 (48.5) 36 (18)

Minocycline **
(MH) 0.5 → 4 0.5 2 200 (100) 0 0

MIC, A minimal inhibitory concentration value used breakpoint establishing by CLSI for S. maltophilia, docu-
ment M100 ED29 [26]; MIC range, A minimal inhibitory concentration from the lowest value to highest value;
MIC50, A minimum concentration value at which 50% of the isolates were inhibited; MIC90, A minimum con-
centration value at which 90% of the isolates were inhibited; * MIC determination was defined by MIC test strip;
** MIC determination was defined by agar dilution; S, Susceptible, I, Intermediate, R, Resistant; TMP/SMX,
trimethoprim/sulfamethoxazole; LEV, levofloxacin; CAZ, ceftazidime; C, chloramphenicol; MH, minocycline.

Antibiotic susceptibility results revealed six antibiotypes: TMP/SMX resistance, LEV
resistance, CAZ resistance, C resistance, nonresistance, and MDR. Most isolates in the
TMP/SMX and LEV resistances also exhibited MDR phenotypes at a high rate (86.67% and
72.22% of isolates tested, respectively). MDR phenotypes were found in a lower percentage
of C resistance (64.52%). On the contrary, the majority of CAZ-resistant isolates exhibited a
non-MDR phenotype at a higher rate than MDR (Table S1). However, non-MDR negatively
correlated with all of the antibiotic-resistant groups, whereas the MDR phenotype showed
a positively correlated with three antibiotic-resistant groups, except CAZ resistance.

Antibiotic resistance phenotypes in S. maltophilia varied between specimens. The ma-
jority of sputum isolates (88.08%) were resistant to CAZ and have a lower proportion of the
isolates that are resistant to C (21.85%), TMP/SMX (6.63%), and LEV (7.28%). Sixteen out
of twenty isolates from pus were resistant to CAZ (80.0%), two isolates were resistant to C
(20.0%), and none were resistant to TMP/SMX and LEV. All isolates from body fluid were
resistant to CAZ and four isolates were resistant to C and TMP/SMX. However, resistance
to LEV, was not found. All of the isolates from urine were resistant to CAZ and four out
of six isolates were resistant to C, TMP/SMX, and LEV. Minocycline was the most active
compound tested against our isolates with no resistance among all isolates or specimens
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(MIC50 of 0.5 μg/mL and MIC90 of 2.0 μg/mL). Interestingly, only one isolate from the
hospital environment did not show resistance properties to any of the drugs tested.

2.3. Detection of Antibiotic Resistance Genes

The detection of antibiotic resistance genes is shown in Table 3. The smeF gene was
found in the majority of the isolates (91.5%), while sul2, floR, and mfsA were only found
in a few (2%, 4%, and 4.5%, respectively). The blaL1 and sul1 genes were found in greater
proportion (43% and 6%) among resistant groups than the blaL2 and sul2 genes (10% and
2%). The intI1 gene, on the other hand, was found in all resistant groups. The majority of
the sul1-2 and intI1 positive isolates were also TMP/SMX resistant.

Table 3. Antibiotic resistance genes among S. maltophilia isolates are stratified into six resistance
groups.

Antibiotic
Resistance

Antibiotic Resistance Genes

Total of
Isolates *

smeF blaL1 blaL2 sul1 sul2 intI1 floR mfsA

No. of Isolate (%)

All isolates 200 (100) 183 (91.5) 86 (43) 20 (10) 12 (6) 4 (2) 14 (7) 8 (4) 9 (4.5)
TMP/SMX
resistance 15 (7.5) 15 (100) 12 (80.0) 1 (6.67) 12 (80.0) 4 (26.67) 14 (93.33) 5 (33.33) 1 (6.67)

LEV resistance 18 (9) 16 (88.89) 7 (38.89) 1 (5.56) 4 (22.22) 2 (11.11) 5 (27.78) 2 (11.11) 2 (11.11)
CAZ resistance 157 (78.5) 123 (78.34) 80 (50.96) 19 (12.1) 12 (7.64) 4 (5.09) 13 (8.28) 12 (7.64) 7 (4.46)

C resistance 31 (15.5) 30 (96.77) 11 (35.48) 2 (6.45) 10 (32.26) 3 (9.68) 11 (35.48) 4 (12.90) 2 (6.45)
Non-resistance 37 (18.5) 37 (100) 6 (16.22) 1 (2.70) 0 0 0 5 (13.51) 0

MDR 20 (10) 20 (100) 11 (55) 1 (5) 10 (50) 3 (15) 12 (60) 4 (20) 2 (10)

Eight antibiotic resistance genes were detected among total S. maltophilia isolates and six resistant groups; * Number
and percentage of the isolates of total and each antibiotic resistances; TMP/SMX, trimethoprim/sulfamethoxazole;
LEV, levofloxacin; CAZ, ceftazidime; C, chloramphenicol; MDR, multidrug resistance.

2.4. Biofilm Formation

The results from the biofilm formation assay showed that most of the isolates are
strong biofilm producers (n = 146; 73%), whereas one strain (0.5%) did not form biofilm.
Moderate biofilm was formed by 31 isolates (15.5%), while 22 strains were weak biofilm
producers (11.0%) (Table 4). The comparison of biofilm formation efficiency among the six
drug-resistant groups revealed that isolates in the nonresistant group produced significantly
more biofilm than isolates in the TMP/SMX, C, and MDR groups (Figure 1A). In all drug
resistance patterns, the majority of isolates produced strong biofilm levels, followed by
moderate and weak levels, respectively. The biofilm formation capability of isolates,
compared among four types of specimens, was not significantly different (Figure 1B).

2.5. Motility

Swimming motility was observed in most of the isolates. Twenty-one (10.5%) iso-
lates were nonmotile, while 73 (36.5%) exhibited weak motility, and 86 (43.0%) moderate
motility (Table 4). Swimming motility was compared in the six drug resistance patterns.
Swimming efficiency was significantly higher in nonresistant and CAZ-resistant isolates
than in TMP/SMX, C, and MDR isolates (Figure 2A). In all antibiotic resistance patterns,
the majority of isolates could swim moderately or weakly, followed by no swimming and
strongly swim, respectively. When the isolates from different types of specimens were
compared, it was discovered that the swimming ability of the isolates from pus (high
viscosity environment) was significantly higher than the isolates from other specimens
(Figure 2B). However, swarming motility was not detected in any of the isolates.
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(A) (B) 

Figure 1. Biofilm formation by S. maltophilia isolates. Biofilm formation was evaluated using a crystal
violet assay by measuring crystal violet absorbance (CV OD) at 595 nm. Biofilm formation capabilities
were investigated among various antibiotic-resistant groups (A) and sites of isolation (B). Antibiotic-
resistant groups included trimethoprim/sulfamethoxazole (TMP/SMX) resistance, levofloxacin
(LEV) resistance, ceftazidime (CAZ) resistance, chloramphenicol (C) resistance, nonresistance, and
multidrug resistance (MDR). Each symbol showed the mean OD595 value with the median line of each
distribution. Statistical significance at Fisher’s exact test: * p < 0.05, ** p < 0.01. ns = non-significant.

 
(A) (B) 

Figure 2. Swimming motility of S. maltophilia isolates. Swimming motility was evaluated by mea-
suring the swimming zone diameter in a semi-solid medium (0.3% agar). Swimming efficacies were
investigated in various antibiotic-resistant groups (A) and sites of isolation (B). Each symbol showed
the mean swimming diameter with the median line of each distribution. A percentage of isolates
belonged to each group. Statistical significance at Fisher’s exact test: * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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2.6. Toxin and Enzyme Production

Screening of toxin and enzyme production revealed that all isolates could produce
hemolysin after an incubation time of 48 h on a 5% sheep’s blood agar plate. In 53% of
the isolates (n = 106), a greenish zone appeared around the bacterial colony, indicating
that those isolates could produce α-hemolysin, while 94 isolates (47%) could produce
β-hemolysin. Protease enzyme was found in 183 of 200 isolates (91.5%), whereas lipase
production was observed in 22.5% of isolates (n = 45) after 48 h. Among the various drug
resistance patterns, isolates in the majority of groups produced more α-hemolysis than
β-hemolysis. Protease-positive isolates were common in all antibiotic resistance groups,
while a few isolates produced lipase enzymes (Table 4). There were 21 isolates capable of
producing all three enzymes. These isolates were obtained from sputum (17 isolates), fluid
(3 isolates), and pus (1 isolate), in that order.

2.7. Correlation of Antibiotic Resistance

The relationship between antibiotic resistance genotypes and phenotypes showed that
the presence of sul1, sul2, intI1, and floR genes (Figure 3) were positively correlated with
each other as shown in high Spearman r values. Among antibiotic-resistant groups, C
resistance was correlated with TMP/SMX resistance (Spearman r = 0.50, p < 0.0001) and LEV
resistance (Spearman r = 0.46, p < 0.0001), but not with CAZ resistance (Spearman r = 0.01,
p = 0.0001). Furthermore, a positive correlation was discovered between the presence of
drug-resistance genes and antibiotic-resistance properties. TMP/SMX resistance was linked
to the presence of sul1, sul2, intI1, and floR. Chloramphenicol resistance was also found to
be associated with the sul1 and intI1 genes.

 

Figure 3. Correlation matrix of S. maltophilia antibiotic resistances. The relationships were determined
by Spearman correlation coefficients. A heat map shows the Spearman r value indicating a correlation
between the presence of drug-resistance genes and drug-resistant phenotypes. The gradient of
positive and negative values shows a positive correlation (Blue) and a negative correlation (Red).
Asterisk (*) shows the r value exhibiting the significant correlation. A statistical significance of the
correlation was set at p < 0.05.

69



Antibiotics 2023, 12, 410

2.8. MLST Analysis and Clonal Complexes

S. maltophilia allelic profiles revealed 141 STs across 200 isolates. The profiles were
created using different patterns of allelic numbers at seven different loci. There were
11 STs among 16 isolates; ST3, ST4, ST24, ST27, ST28, ST77, ST91, ST208, ST210, ST212
and ST511 have been reported on database previously. However, 130 STs among 184
isolates were reported for the first time in this study (ST365, ST376, ST605, ST609, ST611,
ST613, ST615, ST618-619, ST621, ST626-628, ST631-632, ST634, ST639, ST643-648, ST651,
ST656-660, ST663-669, ST671-675, ST678-681, ST684-688, ST692, ST697-698, ST700, ST703-
705, ST709, ST713-714, ST718, ST720-721, ST731, ST736-738, ST745, ST748-750, ST752-
754, ST756-764, ST766-770, ST773, ST775, ST777, ST780-785, ST788-808, and ST810-818).
These 130 new STs and allelic profiles from Thailand have been submitted to PubMLST
(https://pubmlst.org/organisms/stenotrophomonas-maltophilia accessed on 7 December
2022). The most common ST was ST619, which was found in six isolates, followed by ST672
and ST749 in five isolates, respectively. Additionally, the ST type of the isolates from the
hospital environment (ST793) was similar to the isolate from human fluid in this collection.

Clonal complexes were studied using goeBURST analysis. S. maltophilia isolates from this
study were classified into six clonal groups, based on the variation of allelic profiles (Figure 4)
The six clonal groups exhibited different genotypes and phenotypes. Characteristics of the
majority of isolates in each group are shown in Table 5. The population distribution of S.
maltophilia worldwide was also analyzed as a minimum-spanning tree, using all S. maltophilia
in the MLST database. S. maltophilia from Thailand was distributed in many branches of the
tree as shown in Figure 5. S. maltophilia isolates from Thailand (e.g., ST646, ST709, ST818)
were found to be closely related to S. maltophilia from Asian countries such as China, Korea,
and Japan (classified in the same branch). Similarly, some of the isolates (e.g., ST365, ST635,
ST700, and ST734) are related to those from Europe and America such as isolates from the
UK, France, Mexico, and the USA.

 

Figure 4. Minimum spanning tree (MST) generated for 200 Thai S. maltophilia isolates. The tree was
created using PHYLOViZ online software with the goeBURST algorithm. Isolates are represented by
different colors and STs are shown in circles. The name of each ST is labeled as the number in the
center of the circles. Six clonal complex groups were revealed as G1 (Group 1)–G6 (Group 6).
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Table 5. Genotypic and phenotypic characteristics of S. maltophilia isolates in each clonal complex.

Clonal *
Complex

Sequence Types **
Specimens
(Sources of

Isolates)

Genotypes and Phenotypes Exhibited by Most of the Isolates

Drug a

Resistance

Drug
Resistance b

Gene

Biofilm
Formation

Swimming
Motility

Toxin and c

Enzymes
Production

Group 1
3, 761, 762, 748, 750, 752,
753, 785, 796, 801, 807,
813, 814

Sputum, Fluid 1–2 drugs 1–2 genes Strong
producer Weak swimming 2 types

Group 2

4, 27, 91, 363, 365, 613,
618, 619, 628, 634, 656,
660, 678, 686, 687, 697,
714, 737, 760, 770, 784

Sputum, Fluid,
Pus, Urine 2–4 drugs 2–4 genes

Moderate
and strong
producer

Weak to moderate
swimming 2 types

Group 3

28, 208, 212, 624, 626, 631,
647, 657, 658, 663, 665,
666, 668, 681, 700, 718,
720, 731, 738, 775, 791

Sputum, Fluid,
Pus, Urine 1–3 drugs

0–5 genes
(most isolates

contained
2 genes)

Strong
producer Weak swimming 2 types

Group 4

621, 645, 648, 659, 667,
671, 673, 680, 685, 688,
697, 698, 705, 764, 789,
795, 802, 803, 808, 811,
812, 816, 818

Sputum, Fluid,
Pus, Urine 0–1 drug 1 gene

Strong
producer

(All isolates)

Moderate
swimming 2 types

Group 5

367, 605, 609, 627, 632,
643, 651, 692, 749, 754,
756, 757, 758, 759, 763,
766, 767, 773, 777, 781,
788, 790, 799, 810

Sputum, Fluid,
Pus 1 drug 2 genes Strong

producer
Moderate to

strong swimming 3 types

Group 6 376, 664, 669, 736, 745,
768, 769, 798, 805, 806, 817

Sputum, Fluid,
Pus 1 drug 1 gene

Strong
producer

(All isolates)

Weak, moderate
and strong (found

in similar rate)
2–3 types

* Six clonal complex groups of S. maltophilia Thai isolates were classified using PHYLOViZ software; ** S. maltophilia
STs belong to six clonal complex groups; a Number of drug resistance property; b Number of drug resistance
genes; c Number of toxin and enzymes which were produced by each group.

Figure 5. Phylogenetic tree of global S. maltophilia isolates based on MLST allelic profile variation. The
minimal spanning tree was created using PHYLOViZ online software with the goeBURST algorithm
and the analysis considered 995 isolates reported in the S. maltophilia MLST database. The population
distribution of the isolates worldwide is shown. Countries are shown in different colors and STs in
each circle. Isolates from Thailand are represented by pink circles and are distributed all around the
branches of the tree.
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3. Discussion

S. maltophilia infection has become an important, emerging opportunistic pathogen,
which has been increasingly reported worldwide [13]. Thailand also has reported a large
number of S. maltophilia infections, but the characterization of this pathogen of concern is
rarely found [24].

In this study, 200 S. maltophilia isolates were collected from Maharaj Nakorn Chiang
Mai Hospital, Thailand during six months of collection. Most of the isolates were collected
from sputum. The collection of isolates in a short period of time indicates that the incidence
of S. maltophilia respiratory tract infections in Thailand is high compared to other regions of
the world [25,27–32].

The clinical information showed that male and elderly patients were more susceptible
to S. maltophilia infection, frequently distributed in the general medicine ward. The ma-
jority of isolates were from hospitalized patients who suffered from underlying illnesses
associated with invasive procedures. The patients with respiratory tract infections exhib-
ited a higher proportion of risk factors than non-respiratory tract infection patients. The
retrospective studies from China and the USA also reported demographic and clinical
characteristics of S. maltophilia infection, similar to this study [33,34]. These findings should
serve as a reminder to clinicians to focus more on S. maltophilia infection control in specific
population groups [33]. However, the isolates from this study were collected at the high
prevalence period, however, the obtained data were not up to date. The efficient strategy
of infection control should be carried out together with the information from the recent
isolates in further study.

Antibiotic susceptibility revealed that the high resistance incidence to CAZ of Thai
S. maltophilia was distinguished, compared to the global trend [35]. Although TMP/SMX
is the current drug of choice for S. maltophilia treatment with a high sensitivity (79–96%),
the resistance has been raised worldwide (30–48%) [16,36–39]. The isolates of our study
showed a similar rate of TMP/SMX resistance to those of global isolates [34]. Minocycline
is the most active antibiotic against the isolates from our study and another geological
region of Thailand and China [33,40].

It must be noted that our S. maltophilia isolates from urinary tract infections are highly
resistant to antibiotics compared to isolates from other specimen sources, which is similar
to a study by Hamdi et al. from Minnesota, USA [41]. According to antibiotic susceptibility
patterns, there were six antibiotypes in which isolates with TMP/SMX and LEV resistance
appeared to have MDR phenotypes in higher proportion than isolates with C and CAZ
resistances. This result was consistent with the study of Zhao et al., which found that
TMP/SMX resistance was a signal of multidrug resistance [42].

Numerous molecular processes contribute to S. maltophilia’s widespread antibiotic
resistance. The smeDEF genes are an efflux pump encoding protein complex of S. maltophilia,
that are involved in quinolones, chloramphenicol, and tetracyclines resistances [5]. In our
findings, smeF was the most common gene (91.5%) among our collection of isolates, of which
89% of them were LEV and C resistance. The blaL1 gene, a Zn2+-dependent metalloenzyme
that can hydrolyze β-lactams [43], was found in 43% of isolates, and most of them (78.34%)
were resistant to CAZ, suggesting that the role of the blaL1 gene is contributing to β-
lactam resistance of this S. maltophilia collection. Meanwhile, blaL2 (a serine active-site
cephalosporinase [43]) showed a less important role in CAZ resistance similar to other
collections of southern Thailand and Iran [25,44]. Our findings showed that sul1 and intI1
were detected in six percent and seven percent of isolates, respectively. All of the sul1 and
intI1 positive isolates were resistant to TMP/SMX, indicating that TMP/SMX resistance
was mediated by sul1 and class one integron integrase genes [45,46]. Bostanghadiri et al.
similarly found a higher rate of sul1-positive strains among isolates from Iran [44]. In
addition, the Florfenicol/chloramphenicol resistance gene, floR, and a major facilitator
superfamily (MFS) of the efflux pump gene, mfsA could also be detected in eight and eight
point five percent of S. maltophilia collection. The correlation analysis revealed that sul1, sul2,
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IntI1, and floR genes are positively correlated to each other and involved with TMP/SMX
resistant phenotypes, similar to a prior study from Nigeria [47].

Among S. maltophilia virulence factors, biofilm plays an important role in the surviv-
ability and virulence of many bacteria, as is found in S. maltophilia. In this study, all S.
maltophilia isolates were able to produce biofilm and most of them were strong biofilm pro-
ducers (73.0%). Interestingly, the nonresistance showed significantly higher level of biofilm
formation compared to the other groups. There were similar findings in 2020, which found
that non-MDR S. maltophilia exhibited higher biofilm formation capacity compared to MDR
phenotypes [48]. This suggested that biofilm-forming S. maltophilia isolates depended less
frequently on antibiotic resistance for survival as those isolates do not need the biologically
costly expression of antibiotic resistance to survive in an environment, such as a hospital
setting [48].

In the study of motility, most of the isolates exhibited weak or moderate levels of
swimming phenotypes, however, none of the isolates were able to swarm, which is similar
to some other studies [49,50]. Surprisingly, S. maltophilia isolates from urine exhibited
significantly less swimming capability than isolates from other sources. This incidence may
be affected by the different densities of biological environments, in which, the bacterium
swims faster in a suspension with more viscosity (e.g., sputum, pus, and body fluid) [51].
Moreover, the transitions between motility and adherent state were found in UTI-causing
bacteria which helped the improved colonization of bacteria to the upper urinary tract [52].
In our study, all S. maltophilia isolates could produce hemolysin, and α-hemolysin was
frequently detected, while most of the isolates in our collection were able to produce
protease (91.5%), whereas the number of lipase-producing isolates were found in a lower
proportion of isolates (22.5%).

The study of the genetic relationship and MLST analysis in S. maltophilia isolates from
Chiang Mai, Thailand showed high diversity in allelic profiles. The majority of isolates
contained new allelic sequences that have never been reported before. We submitted to an
international database and reported 130 novel STs. This study also found 11 STs that were
previously reported in the studies from Japan, Korea, and Germany [5,19,53], especially ST77,
which was distributed widely throughout the world. The MLST profiles of S. maltophilia
from several countries even in the recent study from Iran were similar to this study in terms
of the great diversity of STs in a single hospital [44,54,55].

Moreover, our study included one isolate from a hospital environment, and this isolate
belongs to ST739, which is the same ST as the one isolate from a human patient. This inci-
dence supported the study of Gideskog et al. which found the clonal relationship between
isolates from patients and hospital settings, which help them achieve infection control by
replacing contaminated devices [56]. The S. maltophilia outbreak most likely depended on the
environmental spread and further study of the genetic relationship between isolates from
specimens and hospital environments is required to promote an understanding of the S.
maltophilia hospital outbreak and control the infection.

From genetic population analysis of global S. maltophilia, seven major clonal complexes
exhibited that S. maltophilia from Thailand was closely related to S. maltophilia from other
countries such as China, South Korea, Japan, and the USA. Interestingly, Thai isolates were
dominant and found as founders in some branches of clonal complexes which were consid-
ered to be ancestors and a reservoir of S. maltophilia. However, this assumption needs to be
confirmed with genetic population data of a larger number of S. maltophilia from Thailand.
The clonal complex analysis of Thai isolates identified six major different groups based on
different allelic sequences and multilocus variants. Each group carried different antibiotic
resistance genes and exhibited different phenotypes. Therefore, there was no association
between genetic lineages and S. maltophilia phenotypes. Similarly, the novel STs had been
identified from a previous study and they also found differences in resistance and virulence
genes in their collection [57]. The association of clonal complex and particular specimens of
isolation were not observed, except the isolates from urine which were found in the same
clonal complex and correlated with the MDR phenotype.
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There are a number of limitations to this study. In order to understand the epidemiology
of S. maltophilia isolates in hospitals and implement infection control strategies, additional
studies that include more recent isolates and environmental sampling are required. Moreover,
additional epidemiological multicenter studies in Thailand with extended surveillance are
required to better characterize the prevalence and spread of nosocomial infections linked
to S. maltophilia.

4. Materials and Methods

4.1. Bacterial Collection, Culture, and Clinical Information

S. maltophilia isolates were randomly collected from the Microbiology Unit, Diagnostic
Laboratory, Maharaj Nakorn Chiang Mai Hospital, Chiang Mai, Thailand for six months,
from October 2015 to March 2016. This collection included clinical isolates which were iso-
lated from various patient specimens and environmental isolate which was collected from
a hospital environment. Each isolate was collected per one patient or one environmental
sample and must be the dominant bacteria with significant numbers, not a contaminant. All
the isolates were identified by a microbiology unit, and diagnostic laboratory using mass
spectrometry (MALDI Biotyper®, Bruker Corp., Billerica, MA, USA). Bacterial isolates were
cultured on Luria Bertani (LB) agar and incubated overnight at 37 ◦C. Bacterial stocks are
preserved at −80 ◦C in LB broth containing 20% skimmed milk. This study used Escherichia
coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, and Proteus mirabilis FL118 as con-
trol strains. Additionally, demographic information and clinical characteristics including
age, gender, underlying diseases, comorbidities, predisposing factors, hospitalization, and
medical wards of 192 included patients from our collection were recorded.

4.2. Species Confirmation by 23S rRNA PCR

Total DNA was extracted from each isolate by using a Thermo ScientificTM GnenJET
nucleic acid purification kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) according to
the instruction of the manufacturer. All S. maltophilia isolates in this study were confirmed
by PCR using specific primers to the 23S rRNA encoding gene (Forward primer: 5′ GCTG-
GATTGGTTCTAGGAAAACGC 3′; Reverse primer: 5′ ACGCAGTCACTCCTTGCG 3′).
Twenty microliters of PCR reaction total volume contains 10 μL of 2X master mix solution
(iNtRON Biotechnology Inc., Burlington, MA, USA), 5 μM of each primer condition, and
100 ng of DNA template. Amplification was performed as previously described [58].

4.3. Antibiotic Susceptibility

Antimicrobial susceptibility testing of S. maltophilia was determined by minimal in-
hibitory concentration (MIC) using the agar dilution method and MIC test strip. Four antibi-
otics including levofloxacin (LEV), ceftazidime (CAZ), chloramphenicol (C), and minocycline
(MN) were tested by agar dilution. S. maltophilia colony suspension was prepared and adjusted
equivalent to McFarland no. 0.5 before diluting 1:10 and inoculating on antibiotic-contained
MHA using a multipoint inoculator. MIC of TMP/SMX was determined by MIC test strip
(TMP/SMX = 1/19, 0.002–32 μg/mL) (Liofilchem s.r.l., Abruzzo, Italy). The bacterial suspen-
sion was similarly prepared as agar dilution and was swabbed onto an MHA plate (no drug).
E. coli ATCC 25922 and P. aeruginosa ATCC 27853 were used as quality control strains and
the results were interpreted according to Clinical and Laboratory Standards Institute (CLSI)
guidelines [26]. Isolates resistant to at least three antibiotics were considered MDR [59,60].

4.4. Detection of Drug Resistance Genes

PCR assays were used to detect eight antibiotic resistance genes, including blaL1/blaL2
genes, smeF, sul1/ sul2, IntI1, floR, and mfsA. All primers used are listed in Supplementary
Table S2 [25,30,50,61–65]. The PCR reaction and conditions were carried out as previously
described [25]. The amplicons were detected and visualized under ultraviolet light using a
1.5% agarose gel stained with Redsafe (iNtRON Biotechnology Inc., MA, USA).
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4.5. Biofilm Formation Assay

Overnight culture of S. maltophilia in a tryptic soy broth (TSB) at 37 ◦C was diluted at
100-fold dilution and was transferred into a 96-well plate. After washing and removing
bacterial planktonic cells by PBS, the plate was heat fixed at 60 ◦C for 15 min and stained
with 0.1% crystal violet for 5 min. After that, the plate was rinsed three times with water
and then 30% acetic acid was added to dissolve the dyed pellet. Biofilm formation capability
was observed by measuring optical density (OD) at 595 nanometers. Their observed optical
density was classified as follows: no biofilm producer (OD ≤ OD negative control (ODc);
weak biofilm producer (ODc ≤ OD ≤ 2 × ODc); moderate biofilm producer (2 × ODc ≤
OD ≤ 4 × ODc); and as a strong biofilm producer (OD > 4 × ODc). The negative controls
were wells that contained culture medium alone. P. aeruginosa ATCC 27853 was used as a
positive control for biofilm production [66].

4.6. Motility Test

Ten microliters of bacterial overnight culture in TSB were dropped and stabbed into a
swimming medium (containing 10 g/L tryptone, 5 g/L NaCl, 3 g/L agar) and dropped on
a swarming medium (containing 8 g/L nutrient broth, 5 g/L). As for the interpretation of
the swarming test, a positive result was observed by a transparent growth zone appearing
around a bacterial colony. The swimming zones on media were measured in millimeters
(mm) and classified by the following criteria: no swimming motility (<3 mm); weak swim-
ming motility (3–5 mm); moderate swimming motility (6–8 mm); and strong swimming
motility (≥9 mm) [67]. Positive control strains for these swimming and swarming tests
were E. coli ATCC 25922 and P. mirabilis FL118.

4.7. Screening of Toxin and Enzymes Production

Production of toxins and enzymes by S. maltophilia was determined as previously
described [50]. The isolates were streaked on agar media containing substrates for each
enzyme. To test protease enzyme production, the bacterium was inoculated on Mueller
Hinton (MH) agar containing 3% skimmed milk and incubated at 37 ◦C. At 24 h of incubation,
the clear zone around the colonies was observed from isolates that could produce protease.

S. maltophilia isolates were inoculated on Tryptic Soy (TS) agar containing 1% tween
80, the lipase substrate, and incubated at 37 ◦C to detect lipase activity. At 48 h, the
appearance of a turbid halo zone around colonies indicated a positive outcome. The isolate
was streaked on 5% sheep blood agar and incubated at 37 ◦C for 48 h to detect hemolytic
activity. Positive results were seen for β-hemolysin producers when a transparent zone
appeared around colonies, and for α-hemolysin producers when a greenish zone appeared
around colonies [68].

4.8. Multi-Locus Sequence Typing (MLST) Analysis

MLST analysis of S. maltophilia was performed as previously described by Kaiser
et al. [19]. The alleles at each of the seven loci defined the allelic profile or ST. PCR was
performed on S. maltophilia isolates using specific primers to seven housekeeping genes,
namely, atpD, gapA, guaA, mutM, nuoD, ppsA, and recA. The primer sequences and PCR
condition was set as described by Kaiser et al. PCR products were purified using a Thermo
Scientific GeneJET PCR Purification Kit (Thermo Fisher Scientific Inc., MA, USA) and were
sequenced. The nucleotide sequences of seven housekeeping genes were compared to
the reference sequences on the PubMLST database (https://pubmlst.org/smaltophilia/:
accessed on 16 October 2017) for identifying the allelic number of each locus and the
classifying STs.

4.9. Statistical Analysis

Each microbiological assay was performed at least in duplicate and repeated three
times. Mean ± SD was used for the continuous variables. The statistical significance of
the difference between groups of the test was calculated by one-way ANOVA and Fisher’s
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exact test. Continuous variables from demographic and clinical data were analyzed using a
Student’s t test or the Mann–Whitney U test. Correlation analyses were determined by the
Spearman test. All statistical tests and graphs were evaluated by GraphPad Prism version
9.1.1. The statistical significance was considered when p < 0.05. For genetic population and
clonal complex analysis, all given STs were classified into clonal groups by PHYLOViZ
software version 2.0 (https://online.phyloviz.net/index: accessed on 23 April 2018), based
on the goeBURST algorithm.

5. Conclusions

This study revealed demographic, genotypic, and phenotypic characteristics of S. mal-
tophilia isolates from a Northern Thailand hospital during the period of the highest preva-
lence. Infection with S. maltophilia can occur in hospitalized patients with a variety of
comorbidities and risk factors. We underline a high degree of genetic diversity among
the isolates and this is the first report on numerous novel STs of S. maltophilia collection in
Thailand. Most of the isolates carried many drug-resistance genes and showed a highly
resistant rate to several antibiotics, especially, the isolates that were resistant to the drug
of choice (TMP/SMX), exhibited MDR phenotype, and also produced various virulence
factors. S. maltophilia isolates of Thailand were found to be genetically related to S. mal-
tophilia from other countries, of which Thai isolates were dominant and found to be a
founder. The data obtained from this study contribute to a better understanding of S. mal-
tophilia characteristics in Thailand, which is necessary for S. maltophilia infection control
and prevention.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics12020410/s1, Table S1: MDR and non-MDR phenotypes
of S. maltophilia isolates. Table S2: Primer pairs used in the detection of antibiotic resistance genes
among S. maltophilia isolates. References [25,30,50,64–68] are cited in the supplementary materials.
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Abstract: Antimicrobial resistance (AMR) has emerged as an urgent global public health issue that
requires immediate attention. Methicillin-resistant staphylococci (MRS) is a major problem, as it may
cause serious human and animal infections, eventually resulting in death. This study determined
the proportional distribution, genetic characteristics, and antimicrobial susceptibility of mecA- or
mecC-carrying staphylococci isolated from food chain products. A total of 230 samples were taken
from meat, food, fermented food, and food containers. Overall, 13.9% (32/230) of the samples were
identified to have Staphylococcus aureus isolates; of those, 3.9% (9/230) were MRS, with eight mecA-
positive and one mecC-positive samples, and 1.3% (3/230) methicillin-resistant Staphylococcus aureus
(MRSA). MRSA strains belonging to three sequence types (ST9, ST22, and a newly identified ST), three
different spa types (T005, t526, and a newly identified type), and three different SCCmec types (IV, V,
and an unidentified SCCmec) were detected. Additionally, eight mecA-positive staphylococcal isolates
were identified as S. haemolyticus, S. sciuri, S. simulans, and S. warneri, while the mecC-harboring
isolate was S. xylosus. The enterotoxin gene, SEm, was detected at 1.56% in S. aureus, whereas SEq
was detected at 0.31%, and SEi was also found in MRSA. Our study emphasizes the importance of
enhanced hygiene standards in reducing the risk of occupational and foodborne MRSA infections
associated with the handling or consumption of meat, food, and preserved food products.

Keywords: foods; methicillin-resistant Staphylococcus spp.; SCCmec type; multilocus sequencing
typing; spa type; staphylococcal enterotoxins (SEs)

1. Introduction

Staphylococci are natural inhabitants of the skin and mucous membranes in both
humans and various animals. They are typically classified into two groups based on
their ability to produce coagulase: coagulase-positive (CoPS) and coagulase-negative
staphylococci (CoNS) [1]. Staphylococcus aureus (S. aureus), a CoPS member, is widely
recognized as a major causative agent of food poisoning and infections in both clinical and
community settings [2–5]. The production of coagulase by S. aureus promotes blood clotting,
and the resulting fibrin coat on the bacterial surface may facilitate the evasion of the immune
system. CoNS consist of numerous species, including opportunistic pathogens such as
S. epidermidis, S. capitis, S. hominis, S. haemolyticus, S. saccharolyticus, S. warneri, S. lugdunensis,
S. saprophyticus, and S. cohnii. Although CoNS lack the ability to produce coagulase, they
possess species and strain-specific virulence factors that contribute to their role as notorious
opportunistic pathogens. One significant pathogenicity mechanism employed by CoNS is
their ability to form biofilms, allowing them to colonize both abiotic surfaces of medical
devices and biotic surfaces such as host tissues coated with host factors [6].
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This opportunistic pathogen is capable of infecting both humans and other mammals,
resulting in a broad spectrum of diseases. These include food poisoning, which manifests
as abdominal pains, diarrhea, nausea, and vomiting, as well as more serious conditions
such as endocarditis, pneumonia, osteomyelitis, toxic shock syndrome, septicemia, and soft
tissue and skin infections [7,8]. In addition, S. aureus is frequently found in animal-derived
foods such as undercooked meat and dairy products [9–11]. Its ability to survive in a
variety of environments and to cause such a wide range of diseases highlights the need for
effective prevention and control measures concerning public health.

The pathogenicity of S. aureus is attributed to a combination of factors that contribute
to its invasive nature, the production of extracellular factors, and its antibiotic resistance.
In order to enhance the process of pathogenesis and facilitate udder infection, S. aureus
has developed a range of virulence factors. These factors include various extracellular
enzymes such as lipases, proteases, amylases, hyaluronidase, DNases, coagulase, lactamase,
hemolysins, and capsules [12]. Additionally, S. aureus produces enterotoxins (SEs: SEA
to SEE) and non-classical SE-like toxins (SEl: SEG to SEU) that are associated with food
poisoning. Notably, these toxins are resistant to heat, proteolytic enzymes, and low pH con-
ditions. Furthermore, S. aureus is known to produce toxic shock syndrome toxin 1 (TSST-1),
a potent superantigenic toxin. The presence of TSST-1 can lead to severe symptoms such as
high fever, rash, shock syndrome, hypotension, and the inflammation of the blood system,
as well as to the Panton–Valentine leucocidin (PVL), which causes leukocytosis along with
necrosis on the skin or mucosa surface, and TSST-1 is capable of inducing lysis of human
neutrophils and enhances the adherence of S. aureus to the extracellular matrix [12–15].

The emergence of methicillin-resistant staphylococci (MRS) presents a significant
and concerning threat, as these strains exhibit resistance to all beta-lactam antibiotics,
thereby compromising treatment options and increasing the risk of life-threatening in-
fections. It is important to recognize that other coagulase-positive (S. aureus, S. schleiferi,
S. delphini, S. intermedius, S pseudintermedius, and S. lutrae) and coagulase-negative MRS
species (S. cohnii, S. epidermidis, S. haemolyticus, S. hominis, S. lentus, S. lugdunensis, S. sciuri,
and S. xylosus) have gained significance in recent years. These species have been implicated
in a variety of opportunistic infections, particularly among immunocompromised pa-
tients [16]. The development of methicillin resistance is primarily attributed to the presence
of the mecA gene, a pivotal genetic element located on the mobile genetic element known
as the staphylococcal cassette chromosome mec (SCCmec). This genetic element encodes an
altered penicillin-binding protein (PBP2a), which imparts resistance to methicillin and other
beta-lactam antibiotics. In addition to mecA, the presence of other mec genes, including
mecB and mecC, has also been recognized as being associated with beta-lactam resistance [1].
This gene is widespread in S. aureus and coagulase-negative staphylococci (CoNS) from
both human and animal origin [17,18]. The widespread consumption of antibiotics in
the livestock sector has led to their persistent release into the environment and increased
antibiotic-resistant bacteria. Numerous studies have demonstrated the presence of mecA-
positive methicillin-resistant Staphylococcus aureus (MRSA) in various food sources, such
as retail meat, fish, poultry, pork, beef, ready-to-eat foods, and even vegetables [11,19–21].
Additionally, CoNS carrying mecA, which are known for their increasing rates of methicillin
resistance, have been detected in milk at a rate of 0.6% in Brazil and 6.7% in Tunisia [22,23],
in ready-to-eat foods at a rate of 16.4% in Poland [24], and in meat at a rate 2.3–8% in
Egypt [25,26], which raises additional concerns about the spread of resistance. In Thailand,
the prevalence of MRA was found to be 20.5% in the university environment and 52.3%
in the hospital environment [27]. The prevalence of MRSA in meat has been reported as
44.8–50% [28,29]. However, a lower prevalence of MRSA (3.8%) in non-human isolates was
reported [30].

The presence of staphylococci in meat is oftentimes because personnel participating in
the production process engage in unhygienic behaviors during the processing, shipping,
slicing, storage, and point-of-sale stages throughout the production process. By evaluating
these factors, valuable insights into the potential transmission of antibiotic resistance and
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virulence factors through the food chain can be obtained. In light of these findings, the
purpose of the present study was to investigate the distribution of methicillin-resistant
staphylococci in various food types, with a concentration on characterizing their SCCmec
types, spa types, and the presence of enterotoxin genes.

2. Results

2.1. Distribution of Methicillin-Resistant Staphylococci

From the 230 samples, 666 staphylococcal isolates were identified comprising 3 MRSA
isolates from 3 samples (1 pork and 2 beef; 3/230, 1.30%); 8 MRS carrying mecA from
8 samples (8/230, 3.47%) consisting of pork (n = 4), beef (n = 2), and chicken (n = 2); 1 MRS
harboring mecC from pork (1/230, 0.43%); and 70 S. aureus (methicillin-susceptible) isolates
from 32 samples (32/230, 13.91%) consisting of pork (n = 6), beef (n = 5), chicken (n = 19),
and fermented food (n = 2). (Table 1)

Table 1. The number of mecA- and mecC-positive strains, S. aureus and MRSA in different types in
this study.

Category
of Samples

No. of Sample
No. of Sample

Positive for mecA
No. of Sample

Positive for mecC

No. of Sample
Positive for

S. aureus

No. of Sample
Positive for MRSA

Enterotoxin
Genes (SEj, SEl,
SEq, SEm, SEr)

Food container 80 - - - - -

Food samples 30 - - - - -

Pork 30 4 (1.74%) 1 (0.43%) 6 (2.6%) 2 (0.87%) -

Chicken 30 2 (0.87%) - 19 (8.26%) - 2

Beef 30 2 (0.87%) - 5 (2.17%) 1 (0.43%) 1

Fermented food 30 - - 2 (0.87%) - 2

Total 230 8 (3.47%) 1 (0.43%) 32 (13.91%) 3 (1.3%) 5 (2.17%)

The mecA-harboring MRS (n = 8) were identified as three S. haemolyticus strains, two
S. sciuri strains, two S. warneri strains, and one S. stimulans strain. We identified one MRS
harboring mecC as S. xylosus (n = 1). These are summarized in Table 2. The proportion of
methicillin-resistant staphylococci (MRSA and MRS) present in foods was 12/320, 5.21% in
the current study.

Table 2. Genetic characteristics and resistance profiles of MRSA and mecA- and mecC-positive isolates.

ID Sample mecA/C Species
SCCmec

Types
STs Spa Types Resistance Profiles **

P(2)12.4 Pork mecA MRSA * UN ST9 t526 FOX-OX-E-DA-CN-AZM
-TE-CIP-SXT-C- D+ MDR

B(3)1.2 Beef mecA MRSA IV ST22 t005 FOX-OX-E-DA-CN-AZM
-CIP-D+ MDR

B22.5 Beef mecA MRSA V new new FOX-OX -E-CN-AZM-CIP MDR

P3.5 Pork mecA S. sciuri * UN. - - FOX-OX-DA-AZM-TE
-SXT MDR

P(3) 1.2 Pork mecA S. haemolyticus * UN. - - FOX-OX-DA-AZM-TE MDR

P(3) 1.3 Pork mecA S. sciuri * UN. - - FOX-OX -DA-TE MDR

P(3) 1.5 Pork mecA S. haemolyticus * UN. - - FOX-OX -DA--TE MDR

C49.2 Chicken mecA S. haemolyticus III - - FOX-OX -

C49.4 Chicken mecA S. simulans * UN. - - FOX-OX -TE MDR
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Table 2. Cont.

ID Sample mecA/C Species
SCCmec

Types
STs Spa Types Resistance Profiles **

B57.3 Beef mecA S. warneri V - - FOX-OX -E-DA- AZM
-TE-C MDR

B79.1 Beef mecA S. warneri V - - FOX-OX -E-DA-AZM-TE MDR

P20.3 Pork mecC S. xylosus * UN. - - OX-TE -

* UN = unidentified, ** FOX = cefoxitin, OX = oxacillin, TE = tetracycline, DA; clindamycin, E = erythromycin,
AZM = azithromycin, C = chloramphenicol, CIP = ciprofloxacin, ST = strain, SXT = trimethoprim/sulfamethoxazole,
CN = gentamycin, D+ = induce clindamycin resistance. MDR; multidrug-resistant.

As shown in Table 2, MRSA strain no. B(3)1.2 belonged to SCCmec type IV, ST22, spa
t005, and carried the pvl gene. MRSA strain no. P(2)12.4 showed unidentified SCCmec
types, ST9, and spa t526, whereas MRSA strain no. B22.5 was SCCmec type V, a new spa
type and a new ST; however, it is closely related to ST1455, which is isolated from the lung
aspirate of a Chinese patient, as shown in Figure 1. Among the eight mecA-harboring MRS
isolates, the most common SCCmec type was an unidentified SCCmec type (5/8, 62.5%),
followed by SCCmec types V (2/8, 25%) and III (1/8, 12.5%), as shown in Table 2. Finally,
the mecC-harboring S. xylosus carried an unidentified SCCmec type (Table 2).

Figure 1. Dendrogram of concatenated sequences of seven MLST loci of MRSA strain B22.5 (red
color), as a new ST isolate, and its related STs.

2.2. Antimicrobial Resistance

All three of the MRSA isolates were multidrug-resistant (MDR), with resistance to
erythromycin, oxacillin, cefoxitin, gentamycin, azithromycin, and ciprofloxacin, while
two isolates (strain no. P(2)12.4 and B(3)1.2) could induce clindamycin resistance. The
mecA- and mecC-carrying staphylococci were classified as MDR in seven strains except for
S. haemolyticus strain no.C49.2 and S. xylosus strain no P20.3, as shown in Table 2. However,
all isolates were susceptible to vancomycin, linezolid, and rifampin.

2.3. Detection of Foodborne Staphylococcus Aureus Enterotoxin Genes

In total, 73 S. aureus isolates, including 3 MRSA, were detected with five enterotoxin
genes (SEj, SEl, Seq, Sem, and SEr). The SEm gene was found in S. aureus (5/73, 6.85%), and
the SEq and SEj genes were found in MRSA strain no B22.5 (1/73, 1.37%).

3. Discussion

Antibiotic resistance bacteria are a major global health problem, emerging in a variety
of environmental samples. To better comprehend the dissemination of methicillin-resistant
staphylococci in food product chains in northeast Thailand, we characterized staphylococcal
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isolates from foods, food containers, and meat. Our study showed that the proportion of
S. aureus (10%) was lower than in other studies in Thailand, for example, 83% (87/105) of
S. aureus present in ready-to-eat food samples in Songkhla Province [31] and 60% (36/60)
in fermented pork sausage in Amnatcharoen Province [32]. In other countries, S. aureus has
been found in retail raw meat samples: 21.23% (96/452) in Tukey [33], 21.81% (89/408) in
India [34], 16.9–35% in China [35–37], 33.9% (165/487) in Chile [38], and 13.8% (22/160) in
Greece [39]. In contrast, in the current study, the proportion of MRSA in food samples was
also low (0.94%; 3/320), which was less than for the proportions reported in other regions
of Thailand, such as 20% (2/10) [28] and 44.8% (55/116) [29], both in retail pork samples.
However, some studies showed a low prevalence of MRSA in non-human samples, for
example, 2.2% from retail food and food handlers’ gloves, 1.7% in beef, 1.2–1.9% in pork,
0.3% in chicken, 3.5% in turkey, 1.86% in secondary school environments, and 1.58% from
environmental contamination in railway stations and coach stations [30]. Differences in the
sampling period, sample size, sampling site, sampling techniques, isolation method, single
enrichment step, the frequency of MRSA in different samples, or geographical locations
could partially explain the variation in prevalence. However, these results highlight the
necessity to mitigate the risk of S. aureus and MRSA transmission via meat products to
humans in the food supply chain.

The current study revealed that SCCmec types IV and V were detected concordant with
several studies in retail meat products worldwide [40–44]. One MRSA in the current study
was ST9, which is predominant in most Asian countries, including Taiwan, Hong Kong,
Malaysia, and Thailand [45–49]. The ST9 strains are generally MDR, with >80% resistance
to erythromycin, ciprofloxacin, gentamicin, tetracycline, and clindamycin [50], which was
similar to our strain in the current study. Our MRSA ST22 strain is the epidemic clone
EMRSA-15, and it is a hospital-associated pathogen, typically resistant to ciprofloxacin and
erythromycin [51–53]. However, some studies have reported MRSA ST22 isolated from
animals [54,55]. It is interesting that a novel ST of MRSA was identified from beef samples
in the current study. This ST was closely related to ST 1455, which was isolated from a
human patient’s bronchoalveolar lavage [56]. Therefore, this novel ST should be subjected
to monitoring and surveillance.

The mecA-carrying staphylococcal isolates other than MRSA in the current study
belonged to five species of coagulase-negative staphylococci, namely S. haemolyticus (37.5%),
S. sciuri (25%), S. warneri (25%), and S. simulans (12.5%), while the mecC-harboring isolate
was S. xylosus. In Egypt, Osman et al. detected S. hyicus (30%), S. intermedius (15%),
S. epidermidis (5%), S. hemilyticus (5%), S. hominis (5%), S. lugdumenis (15%), S. simulants (5%),
and S. scuri (20%) in imported beef meat [25]. Boamah et al. identified S. gallinarum (32%);
S. saprophyticus (20%); S. chromogens (20%); S. warneri (12%); S. hominis (8%); S. caprae and
S. epidermidis (4%); S. sciuri (42.97%); S. lentus (35.94%); S. xylosus (4.30%); S. haemolyticus
(3.91%); S. saprophyticus (1.95%); and S. cohnii (0.39%) in poultry in Ghana [57]. Pimenta
et al. found S. gallinarum (35.2%); S. simulans (17%); S. sciuri (10.2%); S. lentus (4.5%); and
S. cohnii and S. xylosus (2.2%) in broiler chicken products in Brazil [58]. Moreover, in Korea,
S. agnetis (19.4%), S. saprophyticus (19%), S. chromogens (14.5%), S hyicus (12.9%), and S. sciuri
(13.8%) were detected in retail chicken meat [1]. These findings suggest that the frequent
occurrence of non-aureus staphylococci in meat may be a hazard associated with food and
public health safety. Some of them can cause foodborne infections [59,60], contribute to
antibiotic resistance transmission [61], and lead to zoonotic infections [62]. Therefore, close
monitoring should be carefully considered.

Regarding the risk of foodborne intoxication, numerous surveys of staphylococcal
enterotoxins (SEs) have been reported, which have identified five classical enterotoxin
types, SEa to SEe [63], and many new types of SEs have been reported: SEg, SEh, SEi, SEk,
SEl, SEm, SEn, SEo, SEp, SEq, SEr, and SEu [64]. One of the limitations of this study is
that we did not detect the classical enterotoxin genes; therefore, these classical enterotoxin
genes could not be ruled out in our S. aureus isolates. Hu et al. showed five new types of
enterotoxin genes, namely SEj, SEl, SEq, SEm, and SEr. Of these, SEj and SEr were detected
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in 16.6% and 14.3%, respectively [65]. Additionally, SEi (97.2%) and SEm (86.1%) were
frequently detected in retail foods in China [11]. In contrast, our study revealed SEm in
S. aureus (6.1%, 5/82) and SEq and SEi in MRSA (1.2%, 1/82). There has been a rise in
the number of foodborne staphylococcal isolates, especially MRSA, which is linked to
novel enterotoxins; therefore, these data indicate that we should pay attention to both
types of toxins. In addition, the five new enterotoxin genes were extensively present in
proteins of animal origin compared with that from other origins. This is related to the
animal characteristics and interaction with the living environment, operation environment
for food processing, and storage environment for finished products [65].

4. Materials and Methods

4.1. Ethical Statement

Ethical review and approval were not required because this study did not involve
human subjects.

4.2. Sample Collection, Isolation, and Presumptive Deification

From June to December 2019, a total of 230 samples were taken from various foods and
storage containers located in rural northeastern Thailand. A variety of samples, including
food containers, meat, pork, chicken, beef, and pickled food, were gathered. The samples
included 80 food container samples, 30 food samples, 90 meat samples (30 pork, 30 chicken,
and 30 beef), and 30 pickled food samples. The collection of samples was performed in
sterile conditions. Storage containers were swabbed using sterile cotton that was imme-
diately placed in 1 mL of Mannitol salt broth (MSB) (HiMedia Laboratories Pvt. Ltd.;
Nashik, India). Food product samples were collected in accordance with Sorour et al. [26].
The samples were transferred to the laboratory in sterile plastic bags. A 10 g amount
of each food sample was diluted with 90 mL of buffer peptone water (BPW) (HiMedia
Laboratories Pvt. Ltd.; Nashik, India), incubated overnight at 37 ◦C under aerobic con-
ditions, and then streaked on mannitol salt agar medium (MSA) (HiMedia Laboratories
Pvt. Ltd.; Nashik, India) before incubating at 37 ◦C and examined after 24 h to 48 h. There
was a presumption that the colonies on MSA, which were colored yellow and pink, were
staphylococci. Following the preliminary fundamental phenotypic examination (which
included a microscopic inspection, Gram staining, catalase production, and coagulase tube
test utilizing rabbit plasma), these isolates were identified at the species level via either
PCR or DNA sequencing, as will be detailed in subsequent sections.

4.3. Microbiology and Molecular Characterization of S. Aureus and MRSA

In accordance with the protocol provided by the manufacturer, total genomic DNA
was extracted using a ZymoBIOMICsTM DNA Miniprep Kit (Zymo Research; Irvine, CA,
USA). The quantity and purity of DNA were determined using a NanoDropTM 2000
Spectrometer (Thermo Fisher Scientific; Waltham, MA, USA), and the DNA sample was
stored at −20 ◦C for further study.

Multiplex PCR was performed to detect femA genes specific for S. aureus species, and
the mecA, mecC, and lukS genes following a previously established protocol [66,67]. The
sequence primers are shown in Table 3. DNA amplification was carried out in 25 μL of a
PCR mixture that contained 12.5 μL of 2x JumpStart™ REDTaq® ReadyMix™ Reaction Mix
(SIGMA; Saint Louis, MO, USA), 0.4 μM of each primer, 100 ng of the DNA sample, and
sterile deionized water. PCR was carried out using the following thermal cyclic conditions:
initial denaturation at 94 ◦C for 3 min, followed by 35 cycles of denaturation at 94 ◦C for
30 s, annealing at 55 ◦C for 30 s, an extension at 72 ◦C for 30 s, a final extension of 72 ◦C for
5 min, and cooling to 4 ◦C.
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Table 3. Sequences primers of target genes in the current study.

Target Gene Primer Sequence (5′-3′) Size (bp) Reference

femA F: CGATCCATATTTACATATCA
R: ATAACGCTCTTCGTTTAGTT 450

[66]mecA F: ACGAGTAGATGCTCAATATAA
R: CTTAGTTCTTTAGCGATTGC 293

Luks F: CAGGAGGTAATGGTTCATTT
R: ATGTCCAGACATTTTACCTAA 151

mecC F: GAAAAAAAGGCTTAGAACGCCTC
R: GAAGATCTTTTCCGTTTTCAGC 138 [67]

SEj F: CACCAGAACTGTTGTTCTGCTAG
R: CTGAATTTTACCATCAAAGGTAC 114

[65]

SEl F: TGGACATAACGGCACTAAAA
R: TTGGTARCCCATCATCTCCT 145

SEq F: ATACCTATTAATCTCTGGGTCAATG
R: AATGGAAAGTAATTTTTCCTTTG 222

SEm F: AGTTTGTGTAAGAAGTCAAGTGTAGA
R: ATCTTTAAATTCAGCAGATATTCCATCTAA 178

SEr F: TCCCATTCCTTATTTAGAATACA
R: GGATATTCCAAACACATCTGAC 440

4.4. Enterotoxin Genes and PVL Detection

S. aureus isolates were subjected to PCR for the identification of five enterotoxin genes,
namely SEj, SEl, SEq, SEm, and SEr, as described elsewhere [65]. Briefly, the total reaction
volume was 25 μL and included the following: 12.5 μL 2x MytaqTM HS Red Mix (Bioline
Reagents Ltd.; London, UK), sterile deionized water, 1 μM of each primer, and 100 ng DNA
template. The PCR conditions were as follows: pre-denaturation at 94 ◦C, 40 s; annealing
at 52 ◦C, 40 s; and extension at 72 ◦C, 1 min for a total of 35 cycles; and final extension for
at 72 ◦C, 10 min. This procedure was used for all genes except SEj, for which the annealing
temperature was 55 ◦C.

4.5. Sequencing of mecA-or mecC-Harboring Staphylococci

Sequencing was carried out as described by Poyart et al. [68]. The DNA samples were
amplified for the sodA gene with the primer sodA-F (5′ CCITAYICITAYGAYGCIYTIGARCC-
3′) and sodA-R (5′-ARRTARTAIGCRT GYTCCCAIACRTC-3′). Briefly, 50 μL of the reaction
mixture was used, which contained 25 μL of 2x MytaqTM HS Red Mix (Bioline Reagents
Ltd.; London, UK), sterile deionized water, 0.75 μM of each primer, and 100 ng of bacterial
DNA sample. Thermal cycling reaction conditions consisted of initial denaturing at 95 ◦C
for 3 min and then being subjected to 35 cycles of amplification, denaturation at 95 ◦C
for 30 s, annealing at 37 ◦C for 60 s, and elongation at 72 ◦C for 45 s. The PCR amplicons
were purified using a GF-1 AmbiClean Kit (Vivantis Technologies Sdn Bhd; Kuala Lumpur,
Malaysia) and then sequenced at 1st BASE products and services company, Malaysia. The
Basic Local Alignment Search Tool (BLASTN) was used to identify species of staphylococci
using a cut-off value of ≥97% [69].

4.6. Molecular Typing

To determine the Staphylococcal Chromosomal Cassette (SCCmec) type, a multiplex
PCR (M-PCR) was performed according to the method described by Kondo et al. [68].
M-PCR 1, designed for the ccr type assignment, employed two primers for mecA detection
and eight primers for the identification of five ccr genes. Within these eight primers, there
were four primers that included a forward primer shared by ccrB1-3 and three reverse
primers specific to ccrA1, ccrA2, and ccrA3. This allowed for the identification of ccr1-3
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based on the differences in the ccrA genes. Additionally, two primers were utilized for
identifying ccr4 and two for identifying ccr5. In M-PCR 2, which aimed to assign mec
classes, four primers were employed to identify the gene lineages of mecA-mecI (class A
mec), mecA-IS1272 (class B mec), and mecA-IS431 (class C mec). The PCR reaction mixture for
both M-PCR 1 and M-PCR 2 consisted of 100 ng of DNA extract in a total volume of 25 μL.
This mixture included 12.5 μlx of 2× JumpStart™ REDTaq® ReadyMix™ PCR Reaction
Mix (SIGMA; Saint Louis, MO, USA) and a concentration of 0.2 μM for each primer. The
thermal cycling conditions involved an initial denaturation step at 94 ◦C for 2 min, followed
by 35 cycles of denaturation at 94 ◦C for 2 min, annealing at 57 ◦C for 1 min, and extension
at 72 ◦C for 2 min. The amplification process concluded with a final extension step at 72 ◦C
for 2 min.

Multilocus sequence typing (MLST) was performed following the protocol described
elsewhere [70]. Seven housekeeping genes (arcC, aroE, glpF, gmk, pta, tpi, and yqiL) were
amplified using PCR. The PCRs were carried out with 50 μL reaction volumes containing
12.5 μL 2x MytaqTM HS Red Mix (Bioline Reagents Ltd.; London, UK), 2.5 μM of each
primer, 100 ng bacterial DNA sample, and sterile deionized water. PCR amplification was
performed with thermal cycling reaction conditions consisting of initial denaturation at
95 ◦C for 5 min, followed by 35 cycles of denaturation at 95 ◦C for 1 min, annealing at 55 ◦C
for 1 min, and extension at 72 ◦C for 1 min, and the cycle was completed with a single
extension at 72 ◦C for 5 min. The PCR amplicons were purified using a GF-1 AmbiClean
Kit (Vivantis Technologies Sdn Bhd; Kuala Lumpur, Malaysia) and then sequenced at 1st
BASE products and services company, Malaysia. The alleles and sequence types (STs)
were identified using the scheme published in multilocus sequence typing databases
(https://pubmlst.org/organisms/staphylococcus-aureus, (accessed on 20 February 2023).

The spa typing was performed via the amplification of polymorphic X region of the
S. aureus protein A gene (spa) using the standard primers spa-1095F (5′-AGACGATCCTT
CGGTGAGC3′) and spa-1517R (5′-GCTTTTGCAATGTCATTTACTG3′) and a PCR program
described elsewhere [71]. Briefly, 50 μL of the reaction mixture was used, which contained
25 μL 2X MytaqTM HS Red Mix (Bioline Reagents Ltd., London, UK), sterile deionized
water, and 100 ng of the bacterial DNA sample. Thermal cycling reaction conditions
consisted of initial denaturation at 80 ◦C, 5 min; 35 cycles of denaturation at 94 ◦C, 45 s;
annealing at 60 ◦C, 45 s; and extension at 72 ◦C, 90 s; and finally, a single extension at
72 ◦C, 10 min. The PCR amplicons were purified using a GF-1 AmbiClean Kit (Vivantis
Technologies Sdn Bhd; Kuala Lumpur, Malaysia) and then sequenced at 1st BASE products
and services company, Malaysia. Spa types were determined with the Spa Typer website
http://spatyper.fortinbras.us, (accessed on 20 February 2023).

4.7. Electrophoretic Analysis of PCR Products

After amplification, 5 μL of PCR product was subjected to analysis on 2% agarose
gel (Bioline Reagents Ltd., London, UK) in 0.5X TBE buffer (Omega BioTek, Inc; Norcross,
Georgia) to determine the molecular weight of the amplified DNA fragment. The 5 μL
GeneRuler 100 bp Plus DNA ladder (Thermo Scientific; Vilnius, Lithuania) was loaded
onto the same agarose gel as a molecular weight standard. Subsequently, the gel was
stained with ethidium bromide (Wako, Wako Pure Chemical Industries, Ltd.; Tokyo, Japan)
and destained by soaking it in water. Electrophoresis was performed on horizontal elec-
trophoresis equipment (Mupid-Exu; Chuo-ku, Japan) for 30 min at a constant 100 Volts.
Subsequently, the gel was visualized using a UV Transilluminator (SynGene; Cambridge,
UK), enabling a comparison between the migration patterns of the DNA ladder bands and
the PCR products.

4.8. Analysis of New STs

The construction of the phylogenetic tree for STs that are closely related to strain B22.5, a
new ST, was performed in this study via Phylogeny.fr [72]. The phylogenetic tree was visualized
using the Interactive Tree of Life (iTOL) (http://itol.embl.de, (accessed on 7 July 2023) [73].
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4.9. Antimicrobial Susceptibility Testing

The antimicrobial susceptibility test was performed using disk diffusion in Mueller–
Hinton agar (Merck; Darmstadt, Germany) according to the 2023 Clinical and Labora-
tory Standards Institute guidelines, using 13 antimicrobials of different classes including
cefoxitin (FOX, 30 μg), oxacillin (OX, 1 μg), tetracycline (TE, 30 μg), erythromycin (E,
15 μg), azithromycin (AZM, 15 μg), chloramphenicol (C, 30 μg), ciprofloxacin (CIP, 5 μg),
trimethoprim/sulfamethoxazole (SXT, 25 μg), gentamycin (CN, 10 μg), rifampin (RA, 5 μg),
linezolid (LZD, 30 μg), and clindamycin (DA, 2 μg) sourced from OXOID Ltd. (Hampshire,
UK), while vancomycin was determined with minimum inhibitory concentrations (MICs).
S. aureus ATCC 25,923 was used as a quality control strain for antimicrobial susceptibility
testing. The plates were incubated at 37 ◦C for 18–24 h. After overnight incubation, the
zone of inhibition was measured and interpreted as susceptible, intermediate, and resistant
based on the recommendation of CLSI (2023) [74]. All antimicrobial susceptibility tests
were repeated three times. Multi-drug resistance patterns of the isolates were identified
according to the guideline described by Magiorakos et al. [75].

The D test method was carried out in accordance with Chavez-Bueno S et al. [76]
in order to determine whether or not inducible resistance to clindamycin develops. In
Brief, the bacterial isolates were plated on a Mueller–Hinton agar plate at a MacFarland
concentration of 0.5 to evenly cover the agar surface. Clindamycin and erythromycin
disks, containing 2 μg and 15 μg of each antibiotic, were placed in the middle of the plate
separated by a distance of 1.5 cm between the edges. Plates were incubated at 37 ◦C for 24 h.
Inducible resistance to clindamycin was defined as the blunting of the clear circular area
of no growth surrounding the clindamycin disk on the side adjacent to the erythromycin
disk, and a positive D test result indicated that this type of resistance had been induced. It
was determined the D test was negative since there was no evidence of a blunted zone of
inhibition, which demonstrates that the strain is in fact susceptible to clindamycin.

5. Conclusions

Through the course of our research, we were able to present a comprehensive anal-
ysis that shed light on the proportional distribution of S. aureus, methicillin-resistant
staphylococcus aureus (MRSA), and coagulase-negative staphylococci carrying mecA or mecC
genes in various food categories such as meat, general food items, and pickled foods, as well
as in food containers across the rural landscape of northeastern Thailand. These findings
bring to light possible concerns with regard to public health, more notably those concerning
the environmental contamination of staphylococci that are present within the food chain.
It is essential to understand that the existence of these bacteria in meat and other food
products may serve as a possible source of antimicrobial resistance and enterotoxin genes,
leading to cross-contamination between the population and livestock. As a result, it is
necessary to give careful consideration to the control of these bacteria and take appropriate
preventative actions in order to limit the risks associated with their presence.
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Abstract: Antimicrobials have been used to improve animal welfare, food security, and food safety
that promote the emergence, selection, and dissemination of antimicrobial-resistant (AMR) bacteria.
In this study, 50 E. coli were isolated from frozen chicken meat samples in Dhaka city. Antibiotic
sensitivity patterns were assessed through the disk diffusion method and finally screened for the
presence of antimicrobial resistance genes (ARG) using the polymerase chain reaction (PCR). Among
the 160 samples, the prevalence of E. coli was observed in fifty samples (31.25%). All of these isolates
were found resistant to at least one antimicrobial agent, and 52.0% of the isolates were resistant
against 4–7 different antimicrobials. High resistance was shown to tetracycline (66.0%), followed by
resistance to erythromycin (42.0%), ampicillin and streptomycin (38.0%), and sulfonamide (28.0%). In
addition, the most prevalent ARGs were tet(A) (66.0%), ereA (64.0%), tet(B) (60.0%), aadA1 and sulI
(56.0%), blaCITM (48.0%) and blaSHV (40.0%). About 90.0% of isolates were multidrug resistant. This
study reveals for the first time the current situation of E. coli AMR in broilers, which is helpful for the
clinical control of disease as well as for the development of policies and guidelines to reduce AMR in
broilers production in Bangladesh.

Keywords: frozen chicken meat; E. coli; Antimicrobials; Antimicrobial resistance genes; Dhaka city

1. Introduction

Antimicrobial agents have been used in humans, veterinary medicine, food security,
and food safety since their discovery in the 1920s. However, due to inadequate selection,
overuse, and misuse of antimicrobials have been responsible for the selection of resistant
isolates, known as antimicrobial resistance (AMR) [1]. Over the past decade, AMR has
become a global threat to human and animal health. Development of resistance can be
the result of both chromosomal mutations and the acquisition of mobile genetic elements
(MGEs), harboring AMR gene mutations [2,3]. It has been reported that, antibiotics are no
longer effective against infection-causing bacteria due to increased AMR rate, as a result,
every 10 min a patient dies in the USA or Europe [4,5]. However, a substantially higher
prevalence of increased AMR is likely to be found in developing countries especially in
Africa and Asia due to limited diagnosis facilities, unauthorized antibiotics sale, poor
patient education, the inappropriate function of drug regulatory action, inappropriate
prescription practices, and non-human practice of antibiotics in livestock sectors [6,7]. Due
to the magnitude of the threat, the World Health Organization (WHO) recommended global
surveillance programs for animal and human populations.
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According to WHO, the first-ever list of antibiotic-resistant “priority pathogens”,
Escherichia coli is included in the most critical group of all twelve families of bacteria that
carriage the greatest threat to human and animal health [8]. The level of antimicrobial
resistance in E. coli has been used as an indicator of resistance dissemination in bacterial
populations, and of selective pressure imposed by antimicrobials used in food animals
and humans [9–12]. However, the frequency of AMR in E. coli depends on the source
of the isolates. Animal origin has been reported to be the cause of drug-resistant E. coli
infections in humans, and that these agents harbored the same mobile resistance genes
found in diverse bacterial species from a variety of animal sources [13–17]. However, a
high prevalence of AMR E. coli was isolated from chicken compared with other animals’
origins [18]. Additionally, AMR E. coli isolated from humans is similar to E. coli from
poultry [19]. It has been reported that commensal E. coli, can serve as a good reservoir of
resistance genes with the ability to transfer these genes to pathogens in the hosts as well
as in the human intestinal tract after the consumption of contaminated foods of animal
origin [20]. Furthermore, a number of studies have established the transfer of AMR between
commensal bacteria and zoonotic pathogens in various ecological environments [21–23].

Poultry meat production has been increased and doubled over the past 20 years.
Poultry is traded at live bird markets, and products are sold unprocessed with bigger
clusters of them in city areas which presents significant public and poultry health challenges.
A number of companies have already integrated their operations. Poultry and meat
processing is a very new movement in the food processing industry in Bangladesh. It
has been said that frozen chickens are mostly obtainable through high-end supermarkets
charging premium prices and this market is growing every year. Another market segment
is food preparation for the main fast-food chains. The local frozen food market is also
growing, at a rate of almost 30% in 2011–2012 over the preceding year. City dwellers, are
progressively becoming more conscious of their accessibility and the lifestyle they permit,
as they desire to go to supermarket instead of to wet markets to buy their everyday stuff,
including frozen chicken meat [24]. Tenants in the city becoming more conscious of their
accessibility to safe food. Nonetheless, warranting the microbiological safety of frozen
chicken meat evolves as a challenge.

Few studies have already reported bacterial contamination in frozen chicken meat
from different cities in Bangladesh. Customers in cities have a habit of buying frozen
chicken meat along with other frozen and ready-to-cook foodstuffs as these frozen items
need slight processing for cooking and, thus, they can save time [25–27]. Two of these
studies were bacteriological along with AMR phenotype. Another study includes a few
genes related to extended spectrum beta-lactamase (ESBL) and non- ESBL producing E. coli.
However, recent reviews reported the uses of nineteen and ten different types of antibiotics
in the broiler and layer farms, respectively in Bangladesh [28]. Therefore, further study is
needed for genotyping which shows higher diversity than phenotypes and consequently
allows for more accurate comparisons between resistant bacterial populations [29,30]. The
aim of this study was to determine the prevalence of E. coli in frozen chicken and phenotypic
AMR profile as well as the detection of ARG.

2. Results

2.1. Prevalence of E. coli in Frozen Chicken Meat

E. coli was isolated and identified in fifty samples out of 160 samples with an over-
all prevalence of 31.25%. However, the prevalence of E. coli was found to range from
20.0–40.0% in the tested samples (Table 1). The highest prevalence (40.0%) was found in
chickens purchased from supermarkets in the Mirpur region while the lowest prevalence
(20.0%) was in samples of the Gulshan region.
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Table 1. Prevalence of E. coli in frozen chicken meat collected from different supermarkets located in
Dhaka city.

Location
Number of

Supermarkets
No. of Chicken

Sample
Sources of
Chicken

No. of Positive
Sample

Prevalence
(%)

Gulshan 4 40 Contract
farmers 8 20.0

Dhanmondi 4 40 Contract
farmers 14 35.0

Mirpur 4 40 Contract
farmers 16 40.0

Uttara 4 40 Contract
farmers 12 30.0

Overall 160 50 31.25

2.2. Antimicrobial Resistance Profiles of E. coli

Antimicrobial resistance among E. coli isolates was determined by the disc diffusion
method using seven different antibiotics spanning six different classes. The distribution of
AMR patterns is presented in Table 2 and Figure 1.

Table 2. Antimicrobial resistance profile of E. coli isolated from frozen chicken meat (n = 50).

Antimicrobial Class Antimicrobial Agent (Conc.)
No. of

E. coli Tested

No. of Isolates (%)

Resistance Intermediate Sensitive

Aminoglycosides Streptomycin (10 μg) 50 19 (38.0) 10 (20.0) 21 (42.0)
Gentamicin (10 μg) 50 8 (16.0) 14 (28.0) 28 (56.0)

Tetracyclines Tetracycline (30 μg) 50 33 (66.0) 0 (0.0) 17 (34.0)
Beta-lactams Ampicillin (10 μg) 50 19 (38.0) 3 (6.0) 28 (56.0)
Macrolides Erythromycin (15 μg) 50 21 (42.0) 10 (20.0) 19 (38.0)
Phenicols Chloramphenicol (30 μg) 50 11 (22.0) 4 (8.0) 35 (70.0)

Sulfonamides Sulfonamide (300 μg) 50 14 (28.0) 15 (30.0) 21 (42.0)
Overall 350 125 (35.7) 56 (16.0) 169 (48.3)

Overall, 35.7, 16.0 and 48.3% of the isolates were found resistant, intermediate, and
sensitive, respectively to all the antibiotics used in this study. About 2.0% of isolates showed
resistance to seven antibiotics spanning six classes of antimicrobial agents (Str-Gen-Tet-
Amp-Ery-Chl-Sul) ( Supplementary Table S1).

About 90.0% of the isolates were found to MDR and about 52.0% of the isolates showed
resistance against 4–7 different antimicrobials (Table 3).

Table 3. Distribution of resistance profiles of E. coli (n = 50).

Antibiotic Class
No. of

Antimicrobials
No. of Isolate
Resistant (%)

MDR a

No. of Isolate (%)

1 1 3 (6.00) No
2 2 2 (4.00)

3 3 (6.00)
3 3 16 (32.00) Yes

4 4 (8.00) 45 (90.00)
4 4 13 (26.00)

5 3 (6.00)
5 5 3 (6.00)

6 2 (4.00)
6 7 1 (2.00)

a Isolate is defined as multidrug-resistant when it shows resistance to >3 classes of antimicrobial agents.
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Figure 1. Distribution of antimicrobial resistance phenotype and antimicrobial resistance genes of
E. coli isolated from chicken meat from supermarkets of Dhaka city. Str: streptomycin, Gen: gentam-
icin, Tet: tetracycline, Amp: ampicillin, erythromycin, Chl: chloramphenicol, Sul: sulfonamide.

2.3. Antimicrobial Resistance Genes (ARGs) in E. coli

Ten ARGs were detected using PCR in all isolated E. coli and the results are presented
in Table 5. Tetracycline efflux genes tet(A) and tet(B) were found in 66.0 % and 60.0 % of the
total isolates in this study, respectively. Both tet(A) and tet(B) genes were found in 60.0% of
the isolates. About 64.0% of the isolates harbored the erythromycin esterase (ereA) gene.
Besides, 56.0 %, 56.0 %, 44.0% of the isolates were found to carrying aadA1, sul1, aac(3)-IV
genes, respectively. The presence of the AmpC beta-lactamase-producing gene (blaCITM)
was observed in 48.0% of chicken E. coli isolates. Moreover, about 40.0% of chicken E. coli
isolates carried genes coding for extended-spectrum SHV (blaSHV) beta-lactamases (Table 4).
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Table 4. Distribution of antimicrobial resistance genes (ARGs) in E. coli isolates (n = 50).

Antimicrobial Class Antimicrobial Agent ARGs No. of E. coli Positive (%) No. of E. coli Negative (%)

Aminoglycosides Streptomycin aadA1 28 (56.0) 22 (44.0)
Gentamicin aac(3)-IV 22 (44.0) 28 (56.0)

Tetracyclines Tetracycline tet(A) 33 (66.0) 17 (34.0)
tet(B) 30 (60.0) 20 (40.0)

Beta-lactams Ampicillin blaCITM 24 (48.0) 26 (52.0)
blaSHV 20 (40.0) 30 (60.0)

Macrolides Erythromycin ereA 32 (64.0) 18 (36.0)
Phenicols Chloramphenicol cmlA 17 (34.0) 33 (66.0)

cat1 18 (36.0) 32 (64.0)
Sulfonamides Sulfonamide sul1 28 (56.0) 22 (44.0)

Antimicrobial resistance genes (3-9) were detected in 84.0% of the isolates. While 70.0%
of the isolates were found to carry 5–9 of the ten ARGs investigated in this study (Figure 2).

Figure 2. A number of antimicrobial resistance genes (ARGs) detected in isolated E. coli from chicken
meat from supermarkets in Dhaka city (n = 50).

2.4. Antimicrobial Resistance Phenotype and Genotype Association

Strong positive associations were found among AMR phenotypes and the corresponding
resistance genes except for tetracycline-tet(B) (OR: 1.33, 95% CI 0.41–4.31, p = 0.63) (Table 5). The
observed strongest associations were between the following pairs of antibiotics and correspond-
ing genes: tetracycline-tet(A) (OR: 512.0, 95% CI: 30.03–8728.99, p ≤ 0.0001), streptomycin-
aadA1 (OD: 270.0, 95% CI: 22.86–3189.39, p < 0.0001), erythromycin-ere(A) (OD: 255, 95%
CI: 21.50–3024.21, p ≤ 0.0001), sulfonamide-sulI (OD: 82.33, 95% CI: 12.51–542.00, p ≤ 0.0001),
gentamicin-aac(3)-IV (OD: 52.0, 95% CI: 9.57–291.19, p ≤ 0.0001). Positive associations were also
observed for other antibiotics and corresponding genes analyzed in this study. By pairwise
association analysis, non-significant positive and negative associations were found within AMR
phenotypes and genotypes ( Supplementary Tables S2 and S3).
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Table 5. Comparison of AMR in E. coli isolates according to phenotypic and genotypic results.

Antimicrobial NP ARG NG P+/G+ P+/G- P-/G+ P-/G- Odds Ratio 95% CI p

Streptomycin 29 aadA1 28 27 2 1 20 270.00 22.86–3189.39 <0.0001
Gentamycin 22 aac(3)-IV 22 19 3 3 25 52.78 9.57–291.19 <0.0001
Tetracycline 33 tet(A) 33 32 1 1 16 512.00 30.03–8728.99 <0.0001

tet(B) 30 20 12 10 8 1.33 0.41–4.31 0.63
Ampicillin 22 blaCITM 24 15 7 9 19 4.52 1.37–14.98 0.01

blaSHV 20 13 9 7 21 4.33 1.30–14.47 0.02
Erythromycin 31 ereA 32 30 1 2 17 255.00 21.50–3024.21 <0.0001
Chloramphenicol 15 cmlA 17 11 4 6 29 13.29 3.14–56.27 0.0004

cat1 18 12 3 6 29 19.33 4.14–90.24 0.0002
Sulfonamide 29 sulI 28 26 3 2 19 82.33 12.51–542.00 <0.0001

NP: number of E. coli isolates expressing phenotypic resistance; ARG: antibiotic resistance gene; NG: number of
E. coli isolates carrying the indicated resistance gene; P+/G+: number of phenotypically resistant E. coli isolates
(P+) with resistance gene (G+) for the drug identified; P+/G-: number of phenotypically resistant E. coli isolates
(P+) with no resistance gene (G-) for the drug identified; P-/G+: number of phenotypically susceptible E. coli
isolates (P-) with resistance gene (G-) for the drug identified; P-/G-: number of phenotypically susceptible E. coli
isolates (P-) with no resistance gene (G-) for the drug identified; CI: confidence interval.

3. Discussion

E. coli is recognized as a common inhabitant of the vertebrate intestinal tract which
frequently causes contamination in retail meat products. It is one of the most common food-
borne pathogens associated with mortality in commercial poultry as well as condemning
the carcasses in slaughterhouses and has been considered a significant public health threat
and economic burden [31]. It has been reported that resistant strains from the gut readily
contaminate poultry carcasses at slaughter, and consequently, poultry meats are often
contaminated with resistant E. coli [32]. Antibiotics have been widely used for preventing
economic losses caused by E. coli and increasing production efficiency [33]. However, with
increased consumption of these drugs may lead to scattering them into manure and other
poultry wastes and transferring them to humans by their residues in carcasses and can
be the origin of bacterial resistance, mortality, and increase in human hospitalization [34].
In this study, the overall prevalence of E. coli in frozen chicken was found 31.25% which
is lower than the prevalence (76.1%) reported from frozen chicken [25]. Our findings are
also lower than the findings of the previous study [35]. It has been reported about a 63.5%
prevalence of E. coli in raw chicken meat covering both layer and broiler swab samples. We
have taken about 10 g of meat from the surface of the breast and thigh muscles of each of
the broilers. However, processed meat samples for E. coli isolation from various parts of
the body of layer, broiler and cockerel has been examined [25,35]. On the other hand, the
present study was limited only to Dhaka city. Moreover, sampling time, season, etc. were
also different. All of these factors may contribute to the differences of E. coli prevalence
in frozen meat samples. Moreover, broilers sold in supermarkets especially come from
contract farms that manage their farms more hygienically than the general farmers may
also contribute to lower occurrences of E. coli. A contract farm is defined as a farm where
farmers have a contract with the company (supermarket authority) that the company
provides the chicks, the feed, veterinary care, and technical advice, etc. while the farmers
provide the day-to-day care of the birds, land, and housing, as well as utilities/maintenance
of the housing and finally share benefits as per contract [25]. Additionally, the prevalence
may not show actual prevalence as we have examined a portion of muscle sample from
the surface of the frozen chicken. The source of E. coli may be the chicken itself or it comes
from contamination during the dressing and packing of chicken. It is to be mentioned that
we have ensured the aseptic handling of samples in the laboratory to avoid laboratory-
acquired contamination.

From Bangladesh, many studies have been reported on AMR and the majority of them
concentrate on the isolation and investigation of the antibiotic resistance patterns of E. coli
by disc diffusion technique [36,37]. Although the conventional method is most widely used
for determining AMR because of convenience, efficiency, and cost; it has some limitations.
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Results may be unexpected or borderline in addition to some other limitations such as its
inapplicability to many fastidious organisms and anaerobes [38], unable to obtain minimal
inhibitory concentration (MIC) values [39], labor-intensive and time-consuming [40]. In this
study, we have used both phenotypic detection of AMR as well as detection of ARGs from
the same isolates. It has been reported that tetracycline resistance E. coli was found more
frequently [28]. Besides, resistances were also found against almost all antibiotics used in
this study. ESBL E. coli isolates from frozen meat displayed resistance to oxytetracycline
and amoxicillin (91.9%), ampicillin and trimethoprim–sulfamethoxazole (89.2%), pefloxacin
(87.8%), cefepime (81.1%), piperacillin–tazobactam (73.0%), and doxycycline (70.3%) [25].
A recent review [28] reported that nineteen and ten different types of antibiotics are used in
the broiler and layer farms, respectively in Bangladesh. The most commonly used antibi-
otics included ciprofloxacin, ampicillin, amoxicillin, trimethoprim, oxytetracycline, tylosin
tartrate, tiamulin, norfloxacin, enrofloxacin, doxycycline, and colistin sulfate. Information
regarding the use of antimicrobials in broiler was not available to the research team to draw
further insights.

MDR bacteria are an emerging clinical challenge in the poultry sector as well as the
livestock sector. In this study, about 90.0% of the E. coli isolates were found MDR, and
52% of the isolates showed resistance against 4–7 different antimicrobials. Our findings
are within the findings of recent reports regarding MDR phenotypes of E. coli. It has been
reported eighty-six E. coli isolates from frozen chicken meat against sixteen antimicrobials
and found that all the isolates are MDR [25] and as suggested by other literature reported
49.23 and 51.09% MDR E. coli isolates from broiler and layer meat samples [35]. AMR
pattern (streptomycin-gentamicin-tetracycline-ampicillin-erythromycin-chloramphenicol-
sulfonamide) of one E. coli isolates ( Supplementary Table S1) indicates the necessity of
prudent use of antibiotics. AmpC beta-lactamase-producing gene (blaCITM) and the gene
coding for extended-spectrum SHV beta-lactamases (bla SHV) were detected in broiler
chicken E. coli isolates in the present study. It has been also reported that 12.8% of broiler
chicken E. coli isolates carried blaSHV and 4.56% of isolates possess blaCITM genes [35].
Differences in findings might reflect the sources and number of samples etc. In Bangladesh,
blaCTX-M-1 (94.4%) and blaTEM (50–91.3%) ESBL-producing E. coli were reported in the
droppings of chickens [41,42]. Strong correlations between most of the antimicrobial-
resistant phenotypes and genotypes were observed among the investigated E. coli isolates
that the similar findings are reported earlier [35].

In E. coli, the AMR phenotypic-genotypic agreement of 33–85% [29] has been reported
for different antimicrobial agents and related genes. In the present study, it was found that
few isolates with resistance phenotypes lacked the corresponding ARGs tested, indicating
the occurrence of multi-gene mediated AMR. On the other hand, some isolates carry the
resistance genes but phenotypically not resistant to the corresponding antibiotics used in
this study. The occurrence of similar AMR phenomena was also reported previously [29].
Sometimes, the phenotype or the genotype alone is unable to accurately predict the outcome
of the other, as molecular mechanisms of AMR are multifaceted. Thus, the presence or
absence of a specific gene corresponding to a particular phenotype does not necessarily
infer that the particular strain is resistant or susceptible [43]. The differences between the
genotype and phenotype observed in this study might be due to not testing for all possible
resistance genes, or genes not being turned on, or the presence of ‘silent gene cassettes’ in
certain isolates.

It is established that the use of a specific antibiotic can result in its own resistance.
It can also play a role as a co-selection marker for other antibiotics. This may happen in
completely unrelated drug classes [44,45]. The use of chloramphenicol in the poultry sector
is very rare. However, about 22.0% of the isolates showed resistance to chloramphenicol.
Moreover, chloramphenicol resistance genes viz. catA1 and cmlA were detected in 36.0 and
34.0% of the E. coli isolates, respectively. Resistance to chloramphenicol might be due to the
co-selection dynamics among chloramphenicol, oxytetracycline, and sulfonamide [30,44].
A non-significant poor association between tet(A) and tet(B) resistance genes among E. coli
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isolates (Supplementary Table S3) was observed which may be due to the incompatibility
of plasmids carrying the tetracycline resistance determinants [30]. However, further study
is required to enumerate the relationships among the resistance gene(s) and the probable
link to antimicrobial exposure.

The findings of this study indicated that more caution are required for personnel
hygiene in the processing and handling of poultry and poultry products to prevent the
transfer of AMR E. coli from frozen poultry sold in supermarkets in Bangladesh. Present
findings also highlighted the necessity of cautious use of antimicrobials in chickens to
minimize the development of antibiotic-resistant bacterial strains. The study has limitations
and these include a small sample size and fewer antibiotic-resistance genes tested. Further
detailed investigation using a large number of samples, targeting more antibiotics including
latest antibiotics as well as more ARGs, etc. would provide broader insights into the
AMR patterns, prevalent ARGs, etc. among clinically important pathogens from food
producing animals.

4. Materials and Methods

4.1. Collection of Whole Frozen Chicken

This cross-sectional study was conducted in Dhaka district in Bangladesh. A total of
160 frozen chicken meat were purchased from different supermarkets located in Gulshan,
Dhanmondi, Mirpur, and Uttara regions in Dhaka city (Figure 3) during the period of
July 2018 to June 2019 for the isolation and identification of E. coli. After purchase chicken
samples were individually placed in a sterile zipper bag, kept in an ice box, and immediately
brought to the laboratory of the Animal Biotechnology Division, National Institute of
Biotechnology. Samples were either shortly stored in the refrigerator (4 ◦C) in case of
immediate processing or at −20 ◦C in case of processing after 1–2 days of purchase.

Figure 3. Sample collection from supermarkets of four different locations in Dhaka city, Bangladesh.
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4.2. Sample Processing and Isolation of E. coli

The preparation of the meat samples was based on the slight modification of the
European standard ISO-16654:2001 [46] About 10 g of meat sample, thigh and breast
muscles each 5 g, was obtained from the surface of each of the chickens, cut into small
pieces, added with 90 ml of sterile 1% peptone and mixed well. Enrichment was performed
for 16 to 24 h at 150 rpm at 37 ◦C in a shaking incubator. A portion of enriched samples
(25 μL) were plated on MacConkey’s agar (MCA; Difco) and incubated at 37 ◦C for 24 h.
Typical colonies of E. coli were randomly picked, mixed with 100 μL phosphate-buffer
saline, inoculated onto eosine methyline blue (EMB) agar, and incubated at 37 ◦C for
18–24 h. After incubation, the selected bacterial colonies from EMB agar were inoculated
into 5 mL of sterile Luria Bertani (LB) broth and placed into a shaking incubator at 37 ◦C
for overnight. This culture was used for further analysis.

4.3. Identification of E. coli by Polymerase Chain Reaction (PCR)

Genomic DNA was isolated from selected bacteria cultured in LB broth by using
a mixture of phenol: chloroform: isoamyl alcohol (25:24:1) [47], followed by precipita-
tion with isopropanol. Finally, the DNA was dissolved in 50 μL of Tris-EDTA buffer.
The concentration (ng/μL) and absorbance ratio (260 nm/280 nm) was determined by
spectrophotometry (NanoDrop 2000, Thermo Scientific). PCR amplification was per-
formed using primers (16E1-F: 5′-GGGAGTAAAGTTAATCCTTTGCTC-3′ and 16E2-R:
5′-TTCCCGAAGGCACATTCT-3′) targeting 584 bp fragment of 16S rRNA gene as reported
earlier [48]. PCR amplification was performed on 25 μL scale, containing 1.5 mM MgCl2,
50 mM KCl, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100, 200 μM of each dNTP, 1 μM
primers, 1 unit of Taq DNA polymerase, and 5 μL (~50 ng/μL) of genomic DNA in Gene
Atlas thermocycler (ASTEC Gene Atlas, G02, Japan). The thermal condition included an
initial denaturation for 5 m at 95 ◦C, followed by 35 cycles consisting of denaturation at
94 ◦C for 1 m, annealing at 55 ◦C for 90 s and extension at 72 ◦C for 1 m, and a final exten-
sion of 10 m at 72 ◦C. Amplified DNA was separated on 1.5% agarose gel and visualized
under ultraviolet light in an Axygen™ Gel documentation system (Corning Inc., Corning,
NY, USA).

4.4. Antimicrobial Resistance Profiling (ARP) of the Isolates

AMR profiling of the E. coli was performed by disc diffusion method according
to Clinical and Laboratory Standards Institute (CLSI) guidelines, 2018 [49]. A total of
seven antimicrobials from six different classes were used in the AMR profile test. These
included (i) aminoglycosides: gentamicin (10 μg) and streptomycin (10 μg), (ii) tetracy-
clines: tetracycline (30 μg), (iii) β-lactam: ampicillin (10 μg), (iv) macrolides: erythromycin
(15 μg) (v) phenicols: chloramphenicol (30 μg), and (vi) sulfonamides: sulfonamide (300 μg)
(oxoidTM). E. coli (ATCC 25922) strain was used as a reference strain for interpretations
of the antimicrobial susceptibility test results. The isolates were categorized as resistant,
intermediate, or sensitive based on the diameter of the zone of inhibition according to CLSI
guidelines. As there is no standard zone of inhibition mentioned for erythromycin with
Enterobacteriaceae, the interpretation was performed based on the zone of inhibition for
Staphylococcus spp. E. coli showed resistance to three or more than three different classes of
antimicrobials, which was defined as multidrug-resistance (MDR) [50].

4.5. Detection of Antimicrobial Resistance Genes (ARGs) in the Isolates

All the isolates were tested for the presence of aadA1, aac(3)-IV, tet(A), tet(B), blaSHV,
blaCITM, ereA, catA1, cmlA, and sulI ARGs by PCR as described [51–53]. Details of the
primer sequences, annealing temperature, PCR product size, etc. are presented in Table 6.
Basic thermal conditions were initial denaturation for 5 m at 95 ◦C, 35 cycles consisting of
denaturation for 1 m at 94 ◦C, annealing for 40 s at the temperature of each respective gene
and extension for 1 m at 72 ◦C, followed by a final extension step of 10 m at 72 ◦C. The
annealing temperature varied for each gene (Table 6).
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4.6. Statistical Analysis

Descriptive and association-based statistical analyses were conducted using Microsoft
Excel v.13.0 and GraphPad Prism v.8.0 statistical tools, respectively. The association between
specific AMR phenotype and the ARG was calculated and an association was considered
significant at a p-value of <0.05 and was reported as an odds ratio (OR) with 95% confi-
dence intervals (CI). An OR of > 1 was considered a positive association or the increasing
probability of the co-occurrence of the genotype or phenotype, while an OR of <1 was
considered a negative association or the decreasing probability of the co-occurrence of
the genotype or phenotype. The degree of agreement between phenotypic and genotypic
relations was assessed by Kappa coefficients (κ) [54].

5. Conclusions

The results of the present study indicate that a good percentage of frozen chicken
sold in supermarkets in Dhaka city carries E. coli and they are resistant to commonly used
antibiotics and the majority of them are MDR. Furthermore, more cautions are necessary
for choosing a drug for the treatment of clinical cases of poultry because the transfer of
drug resistant gene from one bacterium to other may be hazardous for human being too.
Therefore, careful use of antimicrobials in poultry production is recommended.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics12010041/s1, Table S1: Antimicrobial resistance patterns
of E. coli (n = 50), Table S2: Pairwise association analysis of phenotypic antimicrobial resistance
patterns, Table S3: Pairwise association analysis antimicrobial resistance genes (ARGs).
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Abstract: Bacteria with carbapenem or tigecycline resistance have been spreading widely among
humans, animals and the environment globally, being great threats to public health. However, bacte-
ria co-carrying drug resistance genes of carbapenem and tigecycline in Shewanella and Acinetobacter
species remain to be investigated. Here, we detected nine blaNDM-1-carrying Shewanella spp. isolates
as well as three A. portensis isolates co-harboring tet(X3) and blaNDM-1 from seventy-two samples
collected from a dairy farm in China. To explore their genomic characteristic and transmission
mechanism, we utilized various methods, including PCR, antimicrobial susceptibility testing, conju-
gation experiment, whole-genome sequencing, circular intermediate identification and bioinformatics
analysis. Clonal dissemination was found among three A. portensis, of which tet(X3) and blaNDM-1

were located on a novel non-conjugative plasmid pJNE5-X3_NDM-1 (333,311 bp), and the circular
intermediate ΔISCR2-tet(X3)-blaNDM-1 was identified. Moreover, there was another copy of tet(X3) on
the chromosome of A. portensis. It was verified that blaNDM-1 could be transferred to Escherichia coli
C600 from Shewanella spp. by conjugation, and self-transmissible IncA/C2 plasmids mediated the
transmission of blaNDM-1 in Shewanella spp. strains. Stringent surveillance was warranted to curb the
transmission of such vital resistance genes.

Keywords: Acinetobacter portensis; Shewanella spp.; tet(X3); blaNDM-1; co-existence

1. Introduction

Carbapenems are essential treatment options for clinically significant, multidrug-
resistant (MDR) Gram-negative bacteria infections because they have a broad antibac-
terial spectrum and high antibacterial activity [1]. On the other hand, the populations
of carbapenem-resistant bacteria have been quickly growing worldwide in recent years,
posing a severe threat to public health [2]. Diverse carbapenemases, which are typically
encoded on transmissible plasmids, are the fundamental mechanism of carbapenem resis-
tance. The New Delhi metallo-β-lactamase (NDM), Klebsiella pneumoniae carbapenemase
(KPC) and OXA-48-type oxacillinase are the three most common carbapenemases [3]. The
NDM-1 was initially discovered in India and has now spread throughout the world. It has
the ability to hydrolyze practically all β-lactam antibiotics, resulting in the development of
MDR bacteria [4]. Because of their excellent therapeutic action on extended-spectrum β-
lactamases (ESBLs) and the AmpC enzyme-producing bacteria, meropenem and imipenem
are frequently used to treat severe Gram-negative bacteria infections. However, due to the
wide prevalence of carbapenem-resistant Gram-negative bacteria in recent years, effective
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antibiotics against drug-resistant bacteria remain scarce, with tigecycline serving as the
last-resort option [5].

Tigecycline is used to treat a variety of clinical infections caused by Gram-positive and
Gram-negative bacteria with multidrug resistance. However, the discoveries of plasmid-
mediated tet(X3) and tet(X4) have limited its utility, owing to the capacity of tet(X) to catalyze
the degradation of tigecycline [6,7]. According to previous retrospective screening, plasmid-
borne tet(X) genes were present in bacteria of different settings, including food animals,
migratory birds, clinical specimens and environmental samples in China [7,8]. Importantly,
tet(X3) also had a high carriage rate in the gastrointestinal tract of cows [9]. Considering
that there are many cow-related food products, antibiotic resistance genes could have been
transmitted to humans through vocational contact and transfer among humans.

Known as environmental bacteria, Shewanella spp. was widely distributed in marine
ecosystems and could also be recovered from food-producing animals and human active
areas such as hospitals [10–12]. Although most of the human infections reported linked
with Shewanella spp. were opportunistic and sporadic, disease syndromes and multidrug
resistance have still increased in recent years [13]. Previous reports about Shewanella
related to multidrug resistance were usually associated with blaOXA rather than blaNDM. A
blaOXA-416-carrying extensively resistant isolate of Shewanella xiamenensis was isolated in
Algeria from hospital effluents [14], blaOXA-55-carrying Shewanella algae was isolated from a
patient in the hospital in Marseille, France [15] and several chromosome-based blaOXA-48-
like variants were found in Shewanella spp. from ornamental fish in the Netherlands [10].
In 2017, Shewanella putrefaciens with chromosomal blaOXA-436 and plasmid-borne blaNDM-1
was isolated from a hospital in Pakistan [11].

Acinetobacter portensis was a novel Acinetobacter species originally identified from raw
meat [16]. It is now further described as one MDR pathogen in this study for the first time.
The emergence of Acinetobacter spp. co-harboring tet(X3) and blaNDM-1 from animal samples
in China has already been reported, but A. portensis was not investigated [5,17].

In this study, we looked at the prevalence and molecular characteristics of MDR
bacteria with resistance to carbapenem and tigecycline from a dairy farm in China in 2021,
and we totally identified twelve NDM-1-producing isolates, including nine Shewanella spp.
strains and three A. portensis strains carrying two copies of tet(X) simultaneously, all of
which were collected from milking environment samples. The genomic epidemiology of
drug-resistant strains and the characteristics of resistance plasmids were also analyzed,
with the goal of learning about the molecular genetic characteristics of carbapenem-resistant
and tigecycline-resistant bacteria of dairy farm origin to infer the underlying potential
public health concerns.

2. Results and Discussion

2.1. Collection of Antimicrobial-Resistant Strains and Resistance Phenotypes

Thirteen meropenem-resistant strains were isolated from seventy-two non-duplicated
samples collected from a dairy farm in China, including three A. portensis (23.08%), nine
Shewanella spp. (69.23%) and one Stenotrophomonas maltophilia (7.69%). Except for the strain
Stenotrophomonas maltophilia with inherent resistance to carbapenems collected from the
shed environment, the remaining isolates were all identified from milking environment
samples and demonstrated to be blaNDM-positive by PCR, with three A. portensis strains
positive for tet(X) as well.

The results of antimicrobial susceptibility testing show that all the carbapenem-
resistant isolates conferred resistance to meropenem, ceftiofur and amoxicillin but were
susceptible to enrofloxacin, tigecycline and colistin. Five isolates showed resistance to
chloramphenicol (38.46%) and seven isolates showed resistance to tetracycline (53.85%).
Due to inherent drug resistance in Stenotrophomonas maltophilia, we only incorporated
this strain into antimicrobial susceptibility testing, but no more in-depth explorations
were conducted.
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Three A. portensis isolates exhibited highly similar antimicrobial susceptibility profiles,
being resistant to meropenem, ceftiofur, tetracycline and amoxicillin but susceptible to other
antibiotics tested (Table 1). Acinetobacter spp. carrying tet(X) but susceptible to tigecycline
was reported previously [9,18]. This phenomenon confirmed it was always possible to
detect tet(X) in strains without a tigecycline resistance phenotype, which highlighted that
the traditional methods of bacterial isolation based on selective media supplemented with
antibiotics may impair the recovery of bacteria harboring critical precursors of resistance
genes, although they may not confer the resistance phenotype directly. For some reasons to
be investigated, one possibility was the inhibition of tet(X) function within certain species,
suggesting tet(X) still could express its resistance by transmitting to other hosts [9,18]. In a
manner of speaking, the existence of this silent dissemination was even more dangerous.

Table 1. Antimicrobial susceptibility testing of carbapenem-resistant isolates collected from the dairy
farm and their corresponding transconjugants.

Strain Species
MICs (mg/L)

CHL COL MEM TGC ENR CFF TET AMX

C600 E. coli (recipient) 4 ≤0.25 ≤0.25 ≤0.25 ≤0.25 ≤0.25 1 2
JNE5 Acinetobacter portensis 1 ≤0.25 32 ≤0.25 ≤0.25 128 16 >128

JNE3-2 Acinetobacter portensis 0.5 ≤0.25 32 ≤0.25 ≤0.25 128 16 >128
JNE10-1 Acinetobacter portensis 1 ≤0.25 32 ≤0.25 ≤0.25 128 32 >128
JNE10-2 Shewanella spp. 32 ≤0.25 32 ≤0.25 ≤0.25 128 32 >128
JNE9-1 Shewanella spp. 64 ≤0.25 64 0.5 ≤0.25 128 32 >128

CJNE9-1 E. coli (transconjugant) 8 ≤0.25 32 ≤0.25 ≤0.25 >128 1 >128
JNE8 Shewanella spp. 1 ≤0.25 64 ≤0.25 ≤0.25 >128 1 >128

CJNE8 E. coli (transconjugant) 8 ≤0.25 32 ≤0.25 ≤0.25 >128 1 >128
JNE3-1 Shewanella spp. 64 ≤0.25 64 ≤0.25 ≤0.25 128 16 >128

CJNE3-1 E. coli (transconjugant) 4 ≤0.25 32 ≤0.25 ≤0.25 >128 1 >128
JNE17 Shewanella spp. 2 ≤0.25 128 ≤0.25 ≤0.25 128 1 >128

CJNE17 E. coli (transconjugant) 4 ≤0.25 32 ≤0.25 ≤0.25 >128 2 >128
JNE2 Shewanella spp. 2 ≤0.25 64 ≤0.25 ≤0.25 128 0.5 >128

CJNE2 E. coli (transconjugant) 4 ≤0.25 32 ≤0.25 ≤0.25 >128 2 >128
JNE7 Shewanella spp. 32 ≤0.25 16 ≤0.25 ≤0.25 64 8 >128

CJNE7 E. coli (transconjugant) 4 ≤0.25 16 ≤0.25 ≤0.25 >128 1 >128
JNE4-1 Shewanella spp. 32 ≤0.25 32 0.5 ≤0.25 64 16 >128
JNE4-2 Shewanella spp. 1 ≤0.25 64 0.5 ≤0.25 >128 1 >128

CJNE4-2 E. coli (transconjugant) 4 ≤0.25 32 ≤0.25 ≤0.25 >128 1 >128
PS ES Stenotrophomonas maltophilia 8 ≤0.25 64 0.5 ≤0.25 128 8 >128

Abbreviations: CHL, chloramphenicol; COL, colistin; MEM, meropenem; TGC, tigecycline; ENR, enrofloxacin;
CFF, ceftiofur; TET, tetracycline; AMX, amoxicillin.

All of the Shewanella spp. isolates were sensitive to colistin, tigecycline and enrofloxacin
but resistant to meropenem, ceftiofur and amoxicillin. Five strains (55.6%) and four strains
(44.4%) were resistant to chloramphenicol and tetracycline, respectively. The minimum
inhibitory concentrations of Shewanella spp. isolates to meropenem were in the range from
16 to 128 μg/mL (Table 1). As previously reported, in Shewanella, blaOXA could lead to a low-
level resistance (8–16 μg/mL) to meropenem or was incapable of reducing susceptibility to
carbapenems in different occasions [19–21]. By contrast, the production of NDM was more
concerned in terms of meropenem resistance in these bacteria.

2.2. Transfer Ability of MDR Plasmids

Conjugation experiments by broth mating were conducted on twelve blaNDM-positive
strains. The results show that the blaNDM-1 of seven Shewanella strains (77.8%) could be
transferred to the recipient strain E. coli C600. Antimicrobial susceptibility testing demon-
strated that the corresponding transconjugants were resistant to amoxicillin, meropenem
and ceftiofur, and MICs of meropenem ranged from 16 to 32 μg/mL (Table 1). The fact
that the carbapenem resistance gene blaNDM-1 could spread among different species of
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bacteria suggested Shewanella spp. was likely to be the reservoir of antibiotic resistance
genes, including blaNDM-1.

For three A. portensis, both tet(X3) and blaNDM-1 genes could not be transferred to three
different recipient strains by broth mating. Subsequently, we performed electroporation ex-
periments on these strains but also failed after three repeats. Recently, isolates bearing tet(X)
without corresponding tigecycline resistance have been reported [9,18]. Plasmidscarrying
tet(X3) could be transferred to Acinetobacter baumannii from Acinetobacter towneri susceptible
to tigecycline, making a 128-fold increase in the MIC of tigecycline in transconjugant. This
species-dependent peculiarity was likely to explain the different resistance phenotypes
conferred by the same gene [18]. However, plasmids carrying tet(X3) and blaNDM-1 in the
same Acinetobacter species were often non-conjugative in lab experiment conditions [9].

2.3. Characteristics of Nine Shewanella spp. Isolates

For better characterization, the genomic DNA of nine Shewanella spp. isolates were
extracted then subjected to short-read and long-read sequencing. Species identification by
whole-genome sequences based on PubMLST displayed that the nine Shewanella strains
had the highest match with Shewanella putrefaciens (52~60%). Considering the matching
degrees were not high enough, we thought conservatively that these nine Shewanella strains
belonged to other subspecies rather than Shewanella putrefaciens. There were only small
SNPs among the core genomes of JNE2, JNE17, JNE4-2 and JNE8 (Figure 1a) and highly
similar antibiotic resistance gene distribution (Figure 1b), indicating these four strains
from different samples had a close phylogenetic relationship and may derive from the
same ancestor. Likewise, there were no obvious SNPs differences among JNE4-1, JNE9-1,
JNE10-2, JNE3-1 and JNE7 (Figure 1a), which means the five strains were clonally related.
However, significant differences lay between these two groups of strains (SNPs > 14,500)
(Figure 1a). Not only did this suggest that these two groups of strains are clearly not from
the same clone, but their subspecies were also likely to be different. Based on this, we
tended to classify these nine strains into two new distinct subspecies of Shewanella.

Figure 1. Characteristics of thirteen carbapenem-resistant isolates. (a) A heatmap of core genome
SNPs analysis among nine Shewanella spp. strains carrying blaNDM-1. (b) A heatmap of antibiotic
resistance genes, species and plasmid replicon types for thirteen carbapenem-resistant isolates.
Resistance genes are marked positive by green and negative by gray. The species and plasmid
replicon types are showed by different colored circles.

There were at least 14 resistance genes in every Shewanella strain, and a multicopy
of sul1 existed in these strains (Figure 1b). This further implied Shewanella spp. may well
be the reservoir of significant antibiotic resistance genes, facilitating the wide spread of
drug-resistant bacteria. Replicon analysis found that all of the Shewanella isolates carried
plasmids of IncA/C2 type (Figure 1b). Over the years, the spread of blaNDM has been found
associated with IncA/C plasmids [22,23].
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In line with SNPs analysis, JNE7, JNE2, JNE4-2 and JNE10-2 were chosen as the rep-
resentative strains to be sequenced with the MinION long-read platform. Results show
that blaNDM-1 in four strains was located on IncA/C2 plasmids, pJNE7-NDM (137,224 bp),
pJNE2-NDM (152,348 bp), pJNE4-2-NDM (152,348 bp) and pJNE10-2-NDM (166,090 bp),
respectively. Based on the WGS analysis, it was found that clonal dissemination existed
among 9 Shewanella isolates, and it could be concluded that blaNDM-1 located on IncA/C2
plasmids was prevalent in nine Shewanella isolates. The four plasmids showed high sim-
ilarity, and pJNE2-NDM showed 100% sequence identity to the plasmid p1540-2 (94%
coverage, CP019053) in E. coli and 99.98% sequence identity to the plasmid P2-NDM-1
(94% coverage, CP087671) in K. pneumoniae (Figure 2a), suggesting the dissemination of
blaNDM-1 in milking environments was mediated by highly similar IncA/C2 plasmids and
highlighting the mobile nature of those resistance genes. We subsequently analyzed the
detailed genetic contexts of blaNDM-1 by mapping the assembled sequences to the plasmid
pSA70-3 in Shewanella putrefaciens, p1540-2 in E. coli, pCf75 in Citrobacter freundii and P2-
NDM-1 in K. pneumoniae from the NCBI database (Figure 2b). Limited by the short-read
data, complete accurate genetic structures were difficult to obtain. However, it could still be
observed clearly that the genetic contexts of blaNDM-1 among strains in this study and those
from the database were strikingly similar, revealing the wide spread of blaNDM-1 among
different bacteria.

2.4. Characteristics of Three Acinetobacter Portensis Isolates

Three A. portensis strains co-carrying tet(X3) and blaNDM-1 were isolated from different
milking environment samples, which were designated as JNE5, JNE3-2 and JNE10-1,
respectively. The phylogenetic analysis based on SNPs of core genomes showed that three
A. portensis strains had a high degree of similarity (Figure 3), and there were no more than
22 SNPs among core genomes of these strains, implying clonal dissemination was likely to
occur in the dairy farm.

For better comparison, we gathered information of Acinetobacter isolates co-harboring
tet(X3) and blaNDM-1 in recent years from an online database (Figure 3). According to the
information collected, including the data of this study, Acinetobacter indicus carrying both
tet(X3) and blaNDM-1 had been isolated as early as 2017 in China. However, the locations of
tet(X3) and blaNDM-1 were not conserved, either on the same plasmid, on different plasmids,
or on chromosome and plasmid separately (Figure 3). Such co-existing isolates were
concentrated in China and sporadically distributed; they were diverse in species, with
the majority of them belonging to A. indicus (Figure 3). Additionally, these isolates came
from a wide range of sources, including dairy cows and their environments, ducks and
gooses. A. portensis was a newly isolated species of Acinetobacter that harbored both tet(X3)
and blaNDM-1; this was the first time that such drug-resistant bacteria had been collected
from the milking environment of dairy cows. In the A. portensis in this study, tet(X3) and
blaNDM-1 were located on the same plasmid, similar to the majority of such co-existing stains
collected in recent years (Figure 3). Considering the diverse sources and wide distribution
of strains in China carrying both tet(X3) and blaNDM-1, and the situation that there was
probably clonal dissemination in this study, measures must be implemented to avoid their
further dissemination and contamination.

Interestingly, each A. portensis isolate carried 13 identically acquired antibiotic resis-
tance genes (Figure 1b), conferring resistance to aminoglycosides (aac(3)-IId, aph(3′)-Via,
strA, strB), sulphonamide (sul2), glycopeptides (bleMBL), macrolide (mph(E), msr(E)), lin-
cosamides (lnu(G)), carbapenems (blaNDM-1, blaCARB-16 and blaOXA-58) and tetracyclines
(tet(X3)), further supporting the aforementioned clonal dissemination.
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Figure 2. Genetic features of blaNDM-1 in Shewanella strains. (a) Circular comparison of blaNDM-1-
carrying plasmids pJNE2-NDM, pJNE7-NDM, pJNE4-2-NDM and pJNE10-2-NDM. (b) Linear se-
quence comparison of genetic context of blaNDM-1 in the nine Shewanella spp. isolates in this study
with pSA70-3 (CP078040.1), p1540-2 (CP019053.1), pCf75 (CP047308.1) and P2-NDM-1 (CP087671.1)
from the NCBI database. Regions with >99% sequence identity are marked by gray shading, and
red arrows denote antibiotic resistance genes. Green arrows denote insertion sequences, and yellow
arrows represent other genes.

111



Antibiotics 2022, 11, 1422

Figure 3. Phylogenetic analysis and genetic characteristics of Acinetobacter isolates co-harboring tet(X)
and blaNDM-1 from this study and the NCBI database. The strain species, collection date, source,
country and location of tet(X) and blaNDM-1 in the genomes are showed by subsequent color blocks.

2.5. Genetic Contexts of blaNDM-1 and tet(X3)

In the same way, we performed short-read sequencing of three A. portensis. According
to the linear comparison of sequences, it was obvious that the genetic contexts of blaNDM-1
and tet(X3) in JNE5, JNE3-2 and JNE10-1 were identical (Figure 4). On account of the
clonal dissemination among three A. portensis strains revealed by phylogenetic analysis,
we chose the JNE5 strain as the representative strain to be sequenced with the MinION
long-read platform to obtain the complete circular genome sequences. Analysis displayed
that the genome of JNE5 was comprised of a chromosome (2,568,515 bp) and five non-
typeable plasmids, pJNE5-X3_NDM-1 (333,311 bp), pJNE5-64k (64,629 bp), pJNE5-OXA-58
(59,583 bp), pJNE5-3k (3617 bp) and pJNE5-1k (1416 bp). Most of the drug resistance genes
were located on plasmid pJNE5-X3_NDM-1. In addition, it should be noted that tet(X3)
had two copies, one was located on the chromosome, and the other one was located on the
plasmid pJNE5-X3_NDM-1 with blaNDM-1. Moreover, there was one blaOXA-58 existing in
pJNE5-OXA-58.

The genetic context of chromosomal tet(X) had high coverage with that of the A.
indicus TQ23 chromosome (CP045198.1). Similarly, genetic contexts of blaOXA-58 on plasmid
pJNE5-OXA-58 and A. indicus p18TQ-X3 (CP045132.1) separately also had a large number
of consistencies (Figure 5a,b). Plasmid comparison revealed that the plasmid pJNE5-
X3_NDM-1 shared a low degree of genetic identity with two previously reported plasmids
co-harboring tet(X3) and blaNDM-1 (pXG01-X3 and pHZE30-1-1). Although pOXA58_010030
showed the highest sequence identity to pJNE5-X3_NDM-1, it lacked the most important
multidrug resistance region (Figure 6). The typical genetic context, ISAba125-blaNDM-1-
bleMBL-trpF-dsbC, appeared in plasmid pJNE5-X3_NDM-1 [24]. Additionally, tet(X3) was
located within a 5200 bp region with the gene arrangement ISCR2-xerD-tet(X3)-res-ORF1-
ΔISCR2, with one intact ISCR2 element located on the upstream of tet(X3) and another
ΔISCR2 (83 bp) with the same orientation lay in the downstream (Figure 4).
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Figure 4. Linear sequence comparison of genetic context of tet(X3) and blaNDM-1 in three Acinetobacter
portensis isolates. Regions of >99% homology are marked by gray shading, red arrows denote
antibiotic resistance genes and arrows indicate the direction of transcription of the genes. Green
arrowheads p1, p2, p3 and p4 indicate the positions of primers used for amplification of the ISCR2-
xerD-tet(X3)-res-ORF1 circular intermediate, arrowheads p3, p5, p6 and p7 are used for amplification
of the ΔISCR2-xerD-tet(X3)-res-ORF1-ΔISCR2-bleMBL-blaNDM-1-ISAba125 circular intermediate.

 

Figure 5. Genetic features of blaNDM-1, tet(X) and blaOXA-48 in JNE5 strain. (a) Linear alignment
of the tet(X3)-carrying chromosome in JNE5 with chromosome from A. indicus TQ23 (CP045198.1).
(b) Linear alignment of the blaOXA-48-positive plasmid pJNE5-OXA-58 with p18TQ-X3. (c), Linear
sequence comparison of genetic context of blaNDM-1 and tet(X3) in plasmid pJNE5-X3_NDM-1 with
that of pHZE30-1 (CP044484.1) and pXG01-X3 (CP045136.1). Regions of homology are marked by
shading; red arrows denote antibiotic resistance genes. Green arrows denote insertion sequences,
and yellow arrows represent other genes.
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Figure 6. Circular comparison of the plasmid pJNE5-X3_NDM-1 co-harbouring tet(X3) and blaNDM-1

in Acinetobacter portensis JNE5 strain with similar plasmids from the NCBI database. The outmost
circle denotes the reference plasmid pJNE5-X3_NDM-1.

Inverse PCR was carried out to examine whether the minicircle ISCR2-tet(X3) could
take shape. Finally, we obtained a fragment of 4245 bp in length, and sequence analysis
revealed that it included only one intact copy of ISCR2 element (ISCR2-xerD-tet(X3)-res-orf1)
(Figure 4), which was the same as previously reported [9]. To reconfirm the above situation,
we used inward-facing primers and then obtained a 1664 bp PCR amplicon, which included
only one ΔISCR2 (83 bp) element (Figure 4). Compared with other reported plasmids
co-harboring tet(X3) and blaNDM-1, the significant difference in plasmid pJNE5-X3_NDM-1
was that tet(X3) and blaNDM-1 stood exceptionally close to each other (Figure 5c). What
was noteworthy was that one ΔISCR2 (389 bp) element lay in the downstream of blaNDM-1;
since it was in the same direction as the intact ISCR2 element located on the upstream
of tet(X3), outward-facing primers were designed to examine whether this MDR region
could also be excised and mobilizable. A 1875 bp amplicon was generated and sequence
analysis revealed that it included only one copy of the ΔISCR2 (389 bp) element. The
results of PCR using inward-facing primers showed a 2933 bp amplicon, including one
intact copy of the ISCR2 element, which verified the instability of circular intermediate
ΔISCR2-tet(X3)-blaNDM-1 by excision (Figure 4). The generation of circular intermediate
containing tet(X3) and blaNDM-1 was a warning that the two important antibiotic resistance
genes were likely to transmit together, which warranted further investigations. Although
conjugation experiments failed, the potential hazard of the MDR plasmids still could not
be neglected.

3. Materials and Methods

3.1. Bacterial Isolation and Identification

In total, 72 non-duplicated samples were collected from a dairy farm in Xuzhou,
Jiangsu Province in May 2021, including 14 milk samples from cows with mastitis, 31 stool
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samples, 15 milking environment samples and 12 shed environment samples. To enrich
the microbiota, solid and liquid samples, as well as cotton swabs (surface samples), were
incubated in a 5 mL LB broth without antimicrobials for 6 h. These enrichment broth
suspensions were streaked onto MacConkey agar plates containing meropenem (2 mg/L)
using a sterile loop to isolate carbapenem-resistant colonies. The boiling method was
used to extract bacterial genome DNA, which was subsequently screened for carbapenem
resistance genes (blaNDM, blaVIM, blaKPC, blaIMP, blaSIM, blaDIM, blaAIM, blaBIC, blaSPM, blaOXA
and blaGIM) using the previously reported primers [25]. The carbapenem-resistant bacte-
ria were screened again for tet(X) genes using primers described earlier [6]. 16S rRNA
gene sequencing was conducted to further identify their species using the forward primer 5′-
AGAGTTTGATCATGGCTCAG-3′ and the reverse primer 5′-GTGTGACGGGCGG
TGTGTAC-3′.

3.2. Antimicrobial Susceptibility Testing

Fresh CAMH broth was prepared for antimicrobial susceptibility testing, and the mini-
mal inhibitory concentrations (MICs) of chloramphenicol, colistin, meropenem, tigecycline,
enrofloxacin, ceftiofur, tetracycline and amoxicillin were determined by the broth microdi-
lution method. The results are interpreted according to the guidelines of the Clinical and
Laboratory Standards Institute [26] and the European Committee on Antimicrobial Suscep-
tibility Testing (EUCAST, v12.0) (http://www.eucast.org/clinical_breakpoints/ (accessed
on 1 January 2022)) with E. coli ATCC 25922 as a quality control strain.

3.3. Conjugation and Electroporation Experiments

Conjugation experiments by broth mating were carried out using blaNDM-positive
strains as donors, with strains E. coli C600 (rifampicin resistant), E. coli J53 (sodium azide
resistant) and A. baumannii ATCC19606 (chloramphenicol resistant) as recipients. Only E.
coli C600 was used as the recipient of nine Shewanella spp. isolates, while all recipients
mentioned above were used for A. portensis. Transconjugants were separately selected
on LB agar plates containing rifampicin (300 mg/L) with meropenem (2 mg/L), sodium
azide (300 mg/L) with meropenem (2 mg/L), or chloramphenicol (64 mg/L) together
with meropenem (2 mg/L) and then confirmed by PCR. The broth microdilution method
was used to determine the MICs of a range of antimicrobials for the transconjugants. For
A. portensis isolates that meropenem resistance phenotype failed to transfer by conjuga-
tion, electroporation experiment was performed, in which A. baumannii ATCC19606 was
prepared as the receipt strain.

3.4. Whole-Genome Sequencing and Bioinformatics Analysis

Genomic DNA of all blaNDM-positive isolates from overnight cultures was extracted
using the FastPure® Bacteria DNA Isolation Mini Kit (Vazyme, Nanjing, China). The
genomic DNA was subjected to short-read sequencing (2 × 150 bp) with the Illumina HiSeq
2500 platform (Illumina, San Diego, CA, USA). Short-read Illumina raw reads were de novo
assembled using SPAdes [27] with default parameters, and contigs less than 200 bp were
discarded. To obtain the complete sequences, we selected several representative strains
and extracted their genomic DNA to perform Oxford Nanopore Technologies MinION
long-read sequencing [28,29]. The complete genome sequences were modified manually
and automatically annotated using RAST (http://rast.nmpdr.org/ (accessed on 1 January
2022)). The BRIG tool was used to perform circular comparison of the plasmids in this
study and the homologous plasmids available from the NCBI database [30]. A pairwise
SNP distance matrix was generated using snp-dists 0.6.3 (https://github.com/tseemann/
snp-dists (accessed on 1 January 2022)). Roary [31] and FastTree [32] based on the SNPs of
core genomes were used to construct phylogenetic trees, which were visualized by iTOL
v5 [33]. Easyfig was used to generate linear comparison in order to visualize the sequence
comparison features of genetic contexts [34].
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3.5. Identification of Circular Intermediates

To determine whether the recombination of ISCR2 and ΔISCR2 (83 bp) elements
could form the tet(X3)-carrying circular intermediate, all plasmids, including the tet(X3)-
carrying plasmid pJNE5-X3_NDM-1 from the JNE5 strain, were extracted for inverse PCR
assays, using outward-facing primers p1 5′-TCGGTCGTTGTCTCTTTCGT-3′ and p2 5′-
TTGATGTCGCCTTTTGCAGG-3′ for detection of minicircle ISCR2-tet(X3). When the band
of target fragment was detected through agarose gel electrophoresis, the same primers
were used to sequence the amplified minicircle product. Then inward-facing primers
p3 5′-CGCAGCGTTTCGTACATCAG-3′ and p4 5′-AGGTCAATCAGACTGGGCGTT-3′
were used to verify the excision result. In the same way, to see if the recombination of
ISCR2 and ΔISCR2 (389 bp) could lead to the formation of circular intermediate co-carrying
tet(X3) and blaNDM-1, outward-facing primers p5 5′-TGTTCCATTCCCTTGGTGGT-3′ and
p6 5′-ATGTGCCTTTTTGCCAGGGT-3′ were used for detecting minicircle ΔISCR2-tet(X3)-
blaNDM-1. Inward-facing primers p3 and p7 5′-GACGGTATTCGTGGCAAAGC-3′ were
used to confirm the excision result.

4. Conclusions

In this work, we detected nine NDM-1-producing Shewanella spp. strains and three A.
portensis strains co-harboring tet(X3) and blaNDM-1. Clonal dissemination existed among
three A. portensis isolates, in which tet(X3) and blaNDM-1 co-located on a novel non-conjugative
plasmid, and there was another tet(X3) located on the chromosome. Additionally, we con-
firmed that the circular intermediate ΔISCR2-tet(X3)-blaNDM-1 could be generated. The
emergence of tet(X3) and blaNDM-1-bearing plasmids in different bacteria among dairy cow
farming environments constitutes a potential public health concern. Continuous moni-
toring and surveillance of critical resistance genes in such environments are necessary to
ensure good farming standards.
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Abstract: Antimicrobial resistance (AMR) is considered a serious problem in many countries, includ-
ing Thailand. AMR and antibiotic resistance genes (ARGs) could transfer between humans, animals,
and the environment causing a threat to human health. This study described the antibiotic resistance
of Escherichia coli (E. coli) from surface water, wastewater, and discharge water in the Namsuay
watershed in upper northeast Thailand. The water samples were collected in the dry and wet seasons.
The 113 E. coli isolates were confirmed using a polymerase chain reaction and examined for their
antibiotic susceptibility, ARGs, and genetic relationship. The results indicated that E. coli was resistant
to the following classes of antibiotics: fluoroquinolone, third-generation cephalosporin, polymyxin,
and carbapenem. The isolates carried the mcr-1, mcr-8, mcr-9, blaoxa-48-like, aac(6′)-bl-cr, qepA, and
oqxAB genes. Phylogroup B1 was a predominant group among the E. coli in the study. In addition,
the E. coli isolates from the discharge water (a hospital and a fish farm) had a higher prevalence of
antibiotic resistance and harboured more ARGs than the other water sample sources. The presence
of antibiotic-resistant E. coli and ARG contamination in the natural water source reflected an AMR
management issue that could drive strategic policy regarding the active surveillance and prevention
of AMR contamination.

Keywords: mcr; PMQR; carbapenemase; Escherichia coli; natural water; Namsuay watershed; antibiotic
resistance; antimicrobial resistance

1. Introduction

Antimicrobial resistance (AMR) is an increasing issue of global concern as it leads
to antibiotic treatment failure that places a burden on public health, the economy, and
the environment [1]. Human activities, such as agriculture, animal husbandry, and daily
body hygiene, could cause wastewater, sewage contamination with chemicals, and faecal
pollution, including causing antibiotics and antibiotic resistance genes (ARGs) to leak into
the environment [2]. If wastewater management is not properly and effectively carried out,
there may be adverse effects on the ecosystem and human health [3]. The identification
of microorganisms in water is important to assess the safety and sanitation of water use
from water sources. Among these organisms, E. coli is an indicator bacterium to measure
the microbiological quality of water supplies. It is found in the intestines of humans and
warm-blooded animals [4]. Furthermore, it is an important pathogen in both intra-intestinal
tract and extra-intestinal tract infections in humans [5].

The inappropriate or overuse of antibiotics in both humans and animals is one action
that could lead to AMR. Antibiotic contamination in the environment would encourage
antibiotic-susceptible bacteria to become non-susceptible or resistant, as a consequence of
selective pressures [6]. Mutations and evolution within selection due to antibiotic pressures
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or natural mechanism factors have resulted in the emergence of ARGs that could transfer
antibiotic-resistance abilities to other bacteria via plasmids, transposons, chromosomal
cassettes, and prophages [7]. ARGs, transferred by the mechanism of a horizontal gene,
were found in bacteria from environmental samples, such as mobile colistin-resistant (mcr)
genes [8,9], carbapenemase-encoding genes (CEG) [10], and plasmid-mediated-quinolone-
resistance (PMQR) genes [11,12]. Therefore, areas with high use of antibiotics, such as
hospitals, animal husbandries, and communities that do not control the use of antibiotics,
are high-risk areas for AMR. These antibiotic resistance (AR) bacteria could contaminate
water pollution sources, including hospital wastewater, community wastewater, livestock
and fishery wastewater, and agricultural wastewater, by transmission mechanisms and
many pathways. Humans acquire and emit AR bacteria through interactions between
humans and the environment [13,14].

Herein, we described the contamination of antibiotic-resistant E. coli carrying impor-
tant ARGs, consisting of mcr, CEG, and PMQR genes, from a natural water source in upper
northeast Thailand. The water sources consisted of surface water above the ground in the
Namsuay River and Mekong River; wastewater in this study was defined as untreated,
used water affected by domestic, agricultural, and poultry areas, whereas discharge water
was defined as used treated water affected by hospitals and catfish farms, as shown the
examples in Figure 1. This information could drive strategic policies for the active surveil-
lance and prevention of AR bacterial contamination in natural water sources throughout
the country.

Figure 1. Study area and sampling sites. In total, 44 water samples were collected from 22 sites in
the Nongkhai Province, northeast Thailand. The types of water sampling sites were: surface water
(S1–S13 and K1–K4), wastewater (P1–P3), and discharge water (P4–P5).
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2. Results

2.1. Microbiological Quality

As shown in Table 1, The most probable number (MPN) levels of the total coliforms
and faecal coliforms in all samples were high. The surface water samples were highly
contaminated with faecal coliform bacteria (43/44, 97.79%), except for the surface water
samples from point K1 (Figure 1), which was less than 2 MPN/100 mL. The wastewater
samples contained more faecal coliform bacteria than the other sources in the dry season
(350 to >1600 MPN/100 mL) and the wet season (>1600 MPN/100 mL). It was clear that
the faecal coliform bacteria count from the wastewater had a higher density than the other
sampling types because the wastewater sources were untreated.

Table 1. Total coliform bacteria and faecal coliform bacteria.

Season Sample Type
Number of

Samples

Total Coliform Bacteria
(MPN/100 mL, Number of Samples)

Faecal Coliform Bacteria
(MPN/100 mL, Number of Samples)

Maximum (N) Minimum (N) Maximum (N) Minimum (N)

Dry
Surface water 17 >1600.00, (1) 22.00, (1) 350.00, (1) 2.00, (2)
Wastewater 3 >1600.00, (3) - >1600.00, (2) 350.00, (1)
Discharge water 2 >1600.00, (2) - >1600.00, (1) 79.00, (1)

Wet
Surface water 17 >1600.00, (7) 41.00, (1) >1600.00, (4) 79.00, (4)
Wastewater 3 >1600.00, (2) 350.00, (1) >1600.00, (3) -
Discharge water 2 >1600.00, (1) 79.00, (1) >1600.00, (1) 0.00, (1)

2.2. Distribution of the Antibiotic Resistance Gene Profiles of the E. coli Isolates

The current study focused on three types of ARGs of public health concern: the CEGs,
mcr, and PMQR in 113 E. coli isolates from 44 water samples that consisted of surface water
(n = 89), wastewater (n = 17), and discharge water (n = 7). The most common ARG patterns
in E. coli were for oqxAB alone, followed by mcr-9 alone, and mcr-8+mcr-9+ blaoxa-48-like. The
oqxAB gene had a high prevalence in the wastewater and surface water samples, while the
mcr-9 gene had a high prevalence in only the surface water. The highest co-occurrences of
the ARGs in E. coli were for mcr-8+mcr-9+ blaoxa-48-like (Table 2).

Table 2. Prevalence of the genotypic and phenotypic patterns of the E. coli isolates from each water
source during the dry and wet seasons.

Genotypic and
Phenotypic

Patterns

Dry Season (n = 21) Wet Season (n = 92) Total (n = 113)

Surface
Water

(n = 16)

Waste-
water
(n = 3)

Discharge
Water
(n = 2)

Surface
Water

(n = 73)

Waste-
water

(n = 14)

Discharge
Water
(n = 5)

Surface
Water

(n = 89)

Waste-
water

(n = 17)

Discharge
Water
(n = 7)

ARG 13 (81.25) 2 (66.67) 2 (100.00) 27 (36.99) 6 (42.86) 2 (40.00) 40 (44.94) 8 (47.06) 4 (57.14)

mcr-8 1 (6.25) 1 (1.12)
mcr-9 4 (25.00) 4 (5.48) 8 (8.99)
oqxAB 20 (27.4) 5 (35.71) 1 (20.00) 20 (22.47) 5 (29.41) 1 (14.29)
qepA 1 (1.37) 1 (20.00) 1 (1.12) 1 (14.29)
blaoxa-48-like 1 (6.25) 1 (1.12)
mcr-8,mcr-9 2 (12.5) 2 (2.25)
oqxAB, qepA 2 (2.74) 2 (2.25)
mcr-1, oqxAB 1 (7.14) 1 (5.88)
mcr-8,blaoxa-48-like 1 (6.25) 1 (1.12)
mcr-9, blaoxa-48-like 1 (6.25) 1 (33.33) 1 (1.12) 1 (5.88)
aac(6′)-Ib-cr,
blaoxa-48-like

1 (50.00) 1 (14.29)

mcr-8,mcr-9,
blaoxa-48-like

3 (18.75) 1 (50.00) 3 (3.37) 1 (14.29)
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Table 2. Cont.

Genotypic and
Phenotypic

Patterns

Dry Season (n = 21) Wet Season (n = 92) Total (n = 113)

Surface
Water

(n = 16)

Waste-
water
(n = 3)

Discharge
Water
(n = 2)

Surface
Water

(n = 73)

Waste-
water

(n = 14)

Discharge
Water
(n = 5)

Surface
Water

(n = 89)

Waste-
water

(n = 17)

Discharge
Water
(n = 7)

Not detect ARGs 3 (18.75) 1 (33.33) 46 (63.01) 8 (57.14) 3 (60) 49 (55.06) 9 (52.94) 3 (42.86)

AR 10 (62.50) 3 (100.00) 2 (100.00) 17 (23.29) 6 (42.86) 3 (60.00) 27 (30.34) 9 (52.94) 5 (71.43)

mcr-9, oqxAB,
blaoxa-48-like

1 (33.33) 1 (5.88)

CIP 3 (18.75) 1 (33.33) 1 (50.00) 12 (16.44) 4 (28.57) 3 (60.00) 15 (16.85) 5 (29.41) 4 (57.14)
COL 5 (31.25) 1 (33.33) 5 (5.62) 1 (5.88)
IMP 2 (2.74) 2 (2.25)
CTX + COL 1 (6.25) 1 (1.12)
IMP + COL 1 (6.25) 1 (1.12)
CIP + COL 1 (33.33) 1 (5.88)
CIP + CTX 1 (1.37) 1 (1.12)
IMP + CTX 1 (1.37) 1 (1.12)
CIP + CTZ + CTX 1 (50.00) 1 (1.37) 2 (14.29) 1 (1.12) 2 (11.76) 1 (14.29)
Susceptibility 6 (37.5) 56 (76.71) 8 (57.14) 2 (40) 62 (69.66) 8 (47.06) 2 (28.57)

ARG, antibiotic resistance gene; AR, antibiotic resistance; CIP, ciprofloxacin; COL, colistin; IMP, imipenem; CTX,
cefotaxime; CTZ, ceftazidime.

As shown in Table 2, in the dry season, the prevalence levels of the ARGs were 81.25%
(13/16) in the E. coli from the surface water samples and 66.67% (2/3) in the E. coli from the
wastewater samples. A predominant ARG pattern in the E. coli was mcr-9 and mcr-8+mcr-9+
blaoxa-48-like. In the wet season, the ARGs in the E. coli isolates from the wastewater samples
(42.86%, 6/14) were higher than from the discharge water samples (40.00%, 2/5) and
surface water samples (36.99%, 27/73). A predominant ARG pattern in E. coli was oqxAB.

2.3. Antibiotic Resistance Phenotypes of the E. coli Isolates

The antibiotic-resistant E. coli are shown in Table 2. E. coli from each water sample
type had high resistance to ciprofloxacin, with 57.14% (4/7) in the discharge water samples,
29.41% (5/17) in the wastewater samples, and 16.85% (15/89) in the surface water samples.

In the dry season, the prevalence of antibiotic-resistant E. coli was detected in 100.00%
of the wastewater (3/3) and discharge water (2/2) samples, while it was in 62.50% (10/16)
of the surface water samples. The colistin resistance at 28.57% (6/21) was higher in E. coli
compared to another antibiotic (Table 2).

In the wet season, the antibiotic resistance profiles of the E. coli isolates against the
tested antibiotics in each water sample type were: discharge water, 60.00% (3/5), wastewa-
ter, 42.86% (6/14), and surface water, 23.39% (17/73). The most prevalent AR pattern was
ciprofloxacin in 20.65% (19/92) (Table 2).

Table 3 shows the high distribution of antibiotic resistance in E. coli for ciprofloxacin
(26.55%, 30/113), followed by colistin (7.96%, 9/113), cefotaxime (6.19%, 7/113), cef-
tazidime (3.54%, 4/113), and imipenem (3.54%, 4/113). The most prevalent ARG in
antibiotic-resistant E. coli was oqxAB (7.08%, 8/113). In addition, all colistin-resistant E. coli
harboured ARGs.

2.4. Phylogenetic Group of the E. coli Isolates

As shown in Table 4, the 113 E. coli isolates could be divided into phylogenetic groups,
with 42.48% (43/113) in group B1, 10.62% (12/113) in group C, 9.73% (11/113) in groups A
and E, 3.54% (4/113) in groups B2 and clade I or II, and 1.77% (2/113) in group F, while
18.58% (21/113) were unclassified into a phylogenetic group. The E. coli harbouring the
oqxAB gene belonged to phylogroup B1 in this study. The E. coli harbouring co-ARGs were
classified in phylogroups B1, B2, E, and clade I or II. Additionally, phylogroup B1 contained
E. coli-harbouring ARGs (15.93%, 18/113) and antibiotic-resistant ones (7.08%, 8/113).
However, the oqxAB gene was the most prevalent in phylogroup B1 (7.96%, 9/113). The
E. coli resistance to ciprofloxacin demonstrated a relatively high prevalence in phylogroup
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C (5.31%, 6/113). In this study, the E. coli in phylogroup B2 (3.54%, 4/113) had a lower
prevalence than the other phylogroups (A, B1, C, E, F, clade I or II, and unknown); however,
all isolates harboured ARGs, as shown in Table 4.

Table 3. Relationships between the antibiotic resistance of the E. coli isolates (n = 113) and the
resistance genes.

Antibiotic Resistance
Gene Patterns

Fluoroquinolone Carbapenem 3rd Generation of Cephalosporins Polymyxin

Ciprofloxacin Imipenem Ceftazidime Cefotaxime Colistin

ARGs not detected 15 (13.27) 2 (1.77) 2 (1.77) 4 (3.54)
mcr-8 1 (0.88)
mcr-9 3 (2.65)
oqxAB 8 (7.08) 1 (0.88) 1 (0.88)
qepA 1 (0.88) 1 (0.88)
blaoxa-48-like 1 (0.88)
mcr-8 + mcr-9 1 (0.88)
oqxAB + qepA 1 (0.88)
mcr-1+ oqxAB 1 (0.88)
mcr-8+ blaoxa-48-like
mcr-9+ blaoxa-48-like 1 (0.88)
aac(6′)-Ib-cr + blaoxa-48-like 1 (0.88) 1 (0.88) 1 (0.88)
mcr-8 + mcr-9 + blaoxa-48-like 1 (0.88) 1 (0.88) 1 (0.88) 2 (1.77)
mcr-9 + oqxAB + blaoxa-48-like 1 (0.88) 1 (0.88)

Total 30 (26.55) 4 (3.54) 4 (3.54) 7 (6.19) 9 (7.96)

ARGs, antibiotic resistance genes.

Table 4. Profiles of the antibiotic resistance genes and the antibiotic resistance of E. coli according to
the phylogenetic group.

Profile A B1 B2 C E F Clade I or II Unknown Total

Number of isolates 11
(9.73)

48
(42.48) 4 (3.54) 12

(10.62) 4 (3.54) 11
(9.73) 2 (1.77) 21

(18.58)
113

(100.00)

Antibiotic resistance
genes 5 (4.42) 18

(15.93) 4 (3.54) 5 (4.42) 2 (1.77) 8 (7.08) 1 (0.88) 9 (7.96) 52 (46.02)

mcr-8 1 (0.88) 1 (0.88)
mcr-9 3 (2.65) 2 (1.77) 3 (2.65) 8 (7.08)
oqxAB 4 (3.54) 9 (7.96) 4 (3.54) 4 (3.54) 1 (0.88) 4 (3.54) 26 (23.01)
qepA 1 (0.88) 1 (0.88) 2 (1.77)
blaoxa-48-like 1 (0.88) 1 (0.88)
mcr-8 + mcr-9 2 (1.77) 2 (1.77)
oqxAB + qepA 2 (1.77) 2 (1.77)
mcr-1 + oqxAB 1 (0.88) 1 (0.88)
mcr-8 + blaoxa-48-like 1 (0.88) 1 (0.88)
mcr-9 + blaoxa-48-like 1 (0.88) 1 (0.88) 2 (1.77)
aac(6′)-Ib-cr + blaoxa-48-like 1 (0.88) 1 (0.88)
mcr-8 + mcr-9 +
blaoxa-48-like

1 (0.88) 1 (0.88) 2 (1.77) 4 (3.54)

mcr-9 + oqxAB +
blaoxa-48-like

1 (0.88) 1 (0.88)

Undetectable ARGs 6 (5.31) 30
(26.55) 7 (6.19) 3 (2.65) 1 (0.88) 2 (1.77) 12

(10.62) 61 (53.98)
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Table 4. Cont.

Profile A B1 B2 C E F Clade I or II Unknown Total

Antibiotic resistance 3 (2.65) 8 (7.08) 3 (2.65) 6 (5.31) 4 (3.54) 6 (5.31) 1 (0.88) 10 (8.85) 41 (36.28)
CIP 1 (0.88) 4 (3.54) 6 (5.31) 3 (2.65) 5 (4.42) 1 (0.88) 4 (3.54) 24 (21.24)
COL 2 (1.77) 1 (0.88) 3 (2.65) 6 (5.31)
IMP 2 (1.77) 2 (1.77)
CTX + COL 1 (0.88) 1 (0.88)
IMP + COL 1 (0.88) 1 (0.88)
CIP + COL 1 (0.88) 1 (0.88)
CIP + CTX 1 (0.88) 1 (0.88)
IMP + CTX 1 (0.88) 1 (0.88)
CIP + CTZ + CTX 1 (0.88) 1 (0.88) 2 (1.77) 4 (3.54)

Susceptibility 8 (7.08) 40
(35.4) 1 (0.88) 6 (5.31) 5 (4.42) 1 (0.88) 11 (9.73) 72 (63.72)

ARGs, antibiotic resistance genes; AR, antibiotic resistance; CIP, ciprofloxacin; COL, colistin; IMP, imipenem; CTX,
cefotaxime; CTZ, ceftazidime.

2.5. Location of the Antibiotic-Resistant E. coli Isolates

The location of the antibiotic-resistant E. coli isolates was based on the water sampling
points. Almost all sampling points had E. coli harbouring ARGs, except for two sampling
points, namely the surface water from the Namsuay River (K1) in the dry season and the
discharge water from a hospital (P5) in the wet season. Almost all water samples in the
study were from agricultural areas, with a high prevalence of mcr genes in the dry season
and a high prevalence of PMQR genes in the wet season, as shown in Figure 2.

Figure 2. Distribution of the phylogenetic groups and antibiotic resistance genes, mcr (diamond
symbol), CEGs (plus symbol) and PMQR (circle symbol) of E. coli at the water sample points.

In the dry season, E. coli was isolated from the water samples that carried the mcr-8
gene from the surface water (S1, S2, S4, S7, S12, S13, and K3), domestic wastewater (P1),
and fish farm discharge (P3), the mcr-9 gene from surface water (S3, S4, S7, S8, S10, S11, S12,
S13, and K3), fish farm (P3), and agricultural wastewater (P4), the blaoxa-48-like gene from
surface water (S2, S7, S11, S12, S13, and K2), domestic wastewater (P1), fish farm discharge
(P3), agricultural wastewater (P4), and hospital discharge (P5), the aac(6′)-bl-cr gene from
hospital discharge (P5), and the oqxAB gene from domestic wastewater (P1).

124



Antibiotics 2022, 11, 1760

In the wet season, E. coli carried the mcr-1 gene from a poultry farm (P2), the mcr-9
gene from surface water (S2 and S4), the qepA gene from surface water (S6, S10, and K1)
and fish farm discharge (P3), and the oqxAB gene from surface water (S3, S6, S7, S9, S11,
S13, K1, K2, K3, and K4), domestic wastewater (P1), poultry farm (P2), fish farm discharge
(P3), and agricultural wastewater (P4).

The diversity of the phylogenetic groups of E. coli indicated that there were several
groups in each of the water sample types or each water sampling point. The E. coli
strains belonging to phylogenetic group B2 were only found in the water samples from
the dry season, and all isolates harboured ARGs. The B2 phylogenetic group samples
harbouring the ARGs isolates had the mcr-8 and mcr-9 genes at S4 (the sampling point of
the surface water of the Namsuay River near the untreated domestic wastewater), the mcr-8,
mcr-9, and blaoxa-48-like genes at S13 (the sampling point at the river mouth of the Namsuay
River), the mcr-8 and mcr-9 genes at K3 (the sampling point at the surface of the Mekong
River), and the blaoxa-48-like and aac(6′)-bl-cr genes at P5 (the sampling point for the hospital
discharge water).

2.6. Associations of Phenotypic and Genotypic Antibiotic Resistance in E. coli with the Phylogenetic
Groups and Seasons

As shown in Table 5, Fisher’s exact test showed a significant association between the
antibiotic resistance phenotype of E. coli and phylogroup non-B1 (p < 0.001). In contrast,
there was no association between the resistance genes and phylogroups.

Table 5. Associations between the antibiotic susceptibility and antibiotic resistance genes of E. coli
and Phylogenetic Group (B1 and Non-B1).

Phenotypic and Genotypic Antibiotic Resistance in E. coli B1 (n = 48) Non-B1 (n = 65) p-Values

Antibiotic resistance 8 33
<0.001Antibiotic susceptibility 40 32

Antibiotic resistance genes 18 34
0.131Non-antibiotic resistance genes 30 31

In the case of the season, the antibiotic resistance and the resistance genes of E. coli
were significantly different between seasons (p < 0.001; Table 6).

Table 6. Association between antibiotic susceptibility and antibiotic resistance genes of E. coli and
season (dry and wet).

Phenotypic and Genotypic Antibiotic Resistance in E. coli Dry (n = 21) Wet (n = 92) p-Values

Antibiotic resistance 15 26
<0.001Antibiotic susceptibility 6 66

Antibiotic resistance genes 17 35
<0.001Non-antibiotic resistance genes 4 57

3. Discussion

This study investigated the numerous ARG- and AR-E. coli isolates found in the
Namsuay watershed sources. Several reports have indicated that bacterial isolates carry
many ARGs in aquatic environments in Thailand [15–17]. One study revealed that the AR
bacteria and ARGs in aquatic settings could be harmful to human health [18].

According to the current results, most of the E. coli isolates were resistant to ciprofloxacin,
which belongs to the fluoroquinolone class and was found in all settings. The global
antimicrobial resistance surveillance system (GLASS) reported the prevalence of resistance
of E. coli from patients in Thailand to fluoroquinolone (54%), third-generation cephalosporin
(38%), polymyxin (13%), and carbapenems (2%) [19]. The current study identified high
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fluoroquinolone-nonsusceptible E. coli, perhaps due to the higher levels of quinolone used
in agriculture or communities that may transmit to humans via the food-chain system [20].

The prevalence levels of the ARGs in E. coli from the discharge water and wastewater
were higher than for the surface water because the discharge water (a hospital and a fish
farm) and the wastewater are anthropogenic sources that have a well-known origin of
contributing to the spread of antibiotic resistance in the environment [21–23]. The most
prevalent PMQR gene was oqxAB, which was consistent with the results of a study from
China [24] and Thailand [25]. The oqxAB was more prevalent in the wet season than in the
dry season. We carried the assumption that the dry season had less rainfall than the wet
season because the runoff associated with rainfall was a driver of AR gene dissemination
and contamination in water [26]. The most prevalent mcr gene was mcr-9. Other studies
reported mcr-9 in E. coli from animals in China and the environment in Germany [9]. In
Thailand, mcr-9 was detected in Enterobacter cloacae from patients with community-acquired
urinary tract infections [27] and in E. coli from slaughtered pigs [28], indicating that mcr-9
had spread in the environment and was circulating in the human-animal-environment.

The levels of diversity of the ARGs and antibiotic resistance in the dry and wet seasons
were significantly different. Similarly, another study reported that the ARGs of E. coli in
summer were more diverse than in spring, fall, and winter because of environmental factors,
such as temperature, suited to the survival of bacteria [29]. A study in Bangladesh showed
that the carbapenem-resistant E. coli from river water samples only had a higher prevalence
level in summer compared to winter and that seasonal factors were not positively correlated
in any other water systems [30]. The possible reasons for the seasonal variation were the
differences in the temperature, pH, and electrical conductivity of the water. The dry season
has less rainfall than the wet season, thus reducing the flow of water in rivers and causing
a greater accumulation of bacteria in the water sources than in the wet season [26]. The
runoff and leaching of rainwater could dissolve environmental contaminants as a part of
natural recovery. In addition, the temperatures in the dry season are higher than in the wet
season, allowing bacteria to develop better and resulting in a greater likelihood of finding
bacteria resistant to antibiotics in the dry season.

Our study demonstrated that the phylogroup B1 was predominant, and its occurrence
was generally commensal with faecal flora E. coli strains [31,32]. In Kuwait, most E. coli
from sewage belonged to groups A and B1 [33]. Another study showed that pathogenic
E. coli isolates were mostly in phylogroup B2, while the isolates from faecal flora were
mostly in phylogroup B1 [32]. Although phylogenetic group B1 was related to commensal
strains, it carried more ARGs and AR than the other groups. This might provide a reservoir
for the spread or transmission of ARGs to other bacteria, as well as provide a human-
animal-environmental interface.

4. Materials and Methods

4.1. Study Area and Sampling Sites

The study area for sampling was the Namsuay watershed (1321.91 km2) within the
northeast Mekong watershed. The Namsuay River originates in the Udonthani province,
from where it flows into the Mekong River in the Nongkhai province (Figure 1). The sample
sites were selected to represent the different land uses and critical sites, such as agricultural,
residential, cattle, and recreational sites.

In total, 44 water samples from 22 sites in the Nongkhai province (Figure 1) were
collected from the Namsuay River surface water (n = 26), Mekong river surface water
(n = 8), wastewater (n = 6), and discharge water (n = 4). At each sampling point, approxi-
mately 400 mL of water was collected in a sterile 500 mL glass bottle. Na2S2O3 was added
for de-chlorination, and all samples were transported to the laboratory in a cold box within
24 h. The water samples from each site were collected seasonally in January 2021 during
the dry season and in May 2021 during the wet season.
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4.2. Microbiological Quality Assessment

The MPN analysis was performed to determine the total coliform bacteria and fae-
cal coliform bacteria in the water samples using the American public health association
method [4]. Metallic green sheen colonies from the completed phase of the MPN test in
eosin methylene blue agar were selected to culture on trypticase soy agar to confirm the
E. coli isolates using a polymerase chain reaction (PCR) as described elsewhere [34].

4.3. Detection of the Antibioic Resistance Genes in the E. coli Isolates

Mobile-colistin-resistant genes, mcr-1 to mcr-9, were detected based on the PCR as
described previously [28], and all mcr PCR products were subjected to Sanger sequencing
for confirmation by Apical Scientific Sdn Bhd (Selangor, Malaysia). The CEGs (blaIMP,
blaKPC, blaNDM, and blaOXA-48-like) were identified using multiplex PCR described else-
where [35]. The PMQR genes (qnrA, qnrB, qnrC, qnrS, aac(6′)-Ib and qepA) were identified
using multiplex PCR as described by [36].

4.4. Antibiotic Susceptibility Profiles of the E. coli Isolates

The antibiotic susceptibility testing was performed using disk diffusion and broth
microdilution (colistin only). Both methods were carried out in accordance with the 2020
Clinical and Laboratory Standards Institute (CLSI) guidelines [37]. E. coli strain ATCC
25922TM was used as the control. The four antibiotic classes selected for the disk diffusion
assay were fluoroquinolones: ciprofloxacin (CIP, 5 μg), third-generation cephalosporins:
cefotaxime (CTX, 30 μg) and ceftazidime (CTZ, 30 μg), and the carbapenem: imipenem
(IMI, 10 μg). The minimum inhibitory concentration (MIC) for colistin in the polymyxins
class of antibiotics was performed using the broth microdilution method at concentrations
of 1, 2, 4, 8, 16, and 32 μg/mL. The results were interpreted according to the CLSI [37], with
a colistin MIC of >4 μg/mL against E. coli, corresponding to resistance.

4.5. E. coli Phylogenetic Group

Clermont PCR typing was applied to classily all E. coli isolates into phylogroups A,
B1, B2, C, D, E, F, clade I, or clade II, as described elsewhere [38].

4.6. Statistical Analysis

Fisher’s exact test (two-tailed) [39] was applied to find the associations between the
antibiotic resistance phenotypes and antibiotic-resistant genes of the E. coli isolates and the
phylogenetic groups (B1 and non-B1) and the seasons (dry and wet).

5. Conclusions

This study described the antibiotic resistance phenotypes and genotypes of E. coli
in the Namsuay watershed, northeast rural Thailand. The results indicated that E. coli
was resistant to the following classes of antibiotics: fluoroquinolone, third-generation
cephalosporin, polymyxin, and carbapenem. The E. coli isolates carried the antibiotic
resistance genes mcr-1, mcr-8, mcr-9, blaoxa-48-like, aac(6′)-bl-cr, qepA, and oqxAB. Furthermore,
this study showed that there was a significant association between antibiotic resistance
and the antibiotic-resistance genes of E. coli isolates and seasons. The E. coli isolates from
discharge water (from a hospital and a fish farm) showed a prevalence of resistance to
antibiotics and harboured ARGs at higher levels than the other water sample sources. The
presence of antibiotic-resistant E. coli in surface water, wastewater, and discharge water
provided evidence that there is a public health risk associated with human exposure to
water such as the Namsuay watershed.
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Abstract: Poultry litter is widely used worldwide as an organic fertilizer in agriculture. However,
poultry litter may contain high concentrations of antibiotics and/or antimicrobial-resistant bacteria
(ARB), which can be mobilized through soil erosion to water bodies, contributing to the spread
of antimicrobial resistance genes (ARGs) in the environment. To better comprehend this kind of
mobilization, the bacterial communities of four ponds used for irrigation in agricultural and poultry
production areas were determined in two periods of the year: at the beginning (low volume of rainfall)
and at the end of the rainy season (high volume of rainfall). 16S rRNA gene sequencing revealed not
only significantly different bacterial community structures and compositions among the four ponds
but also between the samplings. When the DNA obtained from the water samples was PCR amplified
using primers for ARGs, those encoding integrases (intI1) and resistance to sulfonamides (sul1 and
sul2) and β-lactams (blaGES, blaTEM and blaSHV) were detected in three ponds. Moreover, bacterial
strains were isolated from CHROMagar plates supplemented with sulfamethoxazole, ceftriaxone
or ciprofloxacin and identified as belonging to clinically important Enterobacteriaceae. The results
presented here indicate a potential risk of spreading ARB through water resources in agricultural
areas with extensive fertilization with poultry litter.

Keywords: poultry litter; antimicrobial resistance genes; bacterial community; irrigation ponds; fluoro-
quinolones; β-lactams; sulfonamides

1. Introduction

Antimicrobial resistance (AMR) is a global public health problem that generates social
and economic impacts [1,2]. Although AMR is a natural evolutionary phenomenon, its
main driver is the widespread use of antimicrobials in human and veterinary medicine [3].

In animal husbandry, it is estimated that the use of antimicrobials will increase by
70% between 2010 and 2030 with the intensification of production to meet the grow-
ing demand for cheap animal protein [4–6]. The poultry industry draws attention to the
wide use of antimicrobials, such as β-lactams, sulfonamides, and fluoroquinolones, which
are widely used due to their broad spectrum against Gram-positive and Gram-negative
pathogens [7–9]. The use of antimicrobial agents as growth promoters is controlled in an-
imal husbandry in Brazil. However, many molecules may still be used for therapeutic,
prophylactic and metaphylactic purposes [4,10]. This constant exposure to antimicrobials,
especially in subtherapeutic doses, may result in selective pressure on the poultry micro-
biota. Therefore, increased expression and transfer of antimicrobial resistance genes (ARGs)
from one organism to another, triggering a reduction in the sensitivity of microorganisms
to these drugs, can be observed [11].
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Additionally, most antimicrobials are not completely metabolized by the animal organ-
ism, and bioactive compounds are excreted without changes. These bioactive compounds
are able to reach the environment mainly through the application of poultry litter in agricul-
tural soils [12,13]. Poultry litter, mainly composed of chicken manure, spilled feed, feathers,
and bedding materials, is the main waste of poultry farming, and millions of tons are gener-
ated annually worldwide, providing macronutrients and improving the physical, chemical
and biological characteristics of soils [14]. However, considering the risks to public health,
it is necessary to comprehensively verify the environmental fate of contaminants due to
poultry litter fertilization in agricultural environments [15].

Previous studies have reported that antimicrobials can accumulate in soils and reach
surface and groundwater through erosive processes, such as leaching and surface runoff,
increasing selective pressure in these environments [12,16–19]. Contaminated water can be
an important route of transmission of pathogens through animal watering, human supply,
and irrigation of agricultural crops [20,21].

In this context, to better understand the influence of the use of poultry litter on the
spread of antimicrobial-resistant bacteria (ARB) and antimicrobial resistance genes (ARGs)
and to predict possible risks to human health, the bacterial communities found in the
water of four irrigation ponds surrounded by agricultural areas with intensive use of
poultry litter were characterized. Moreover, the presence of clinically important ARB and
the occurrence of β-lactam, sulfonamide and fluoroquinolone resistance genes were also
investigated. As the study area is situated in a highly weathered tropical region (average
annual rainfall greater than 2500 mm [22,23], and considering that the wet season is the
period of the greatest mobilization (soil–water) of contaminants (through soil leaching and
surface water runoff), two periods of the year—high and low rainfall (end and beginning
of rainy season, respectively)—were evaluated to understand seasonal influences on the
evaluated bacterial communities.

2. Materials and Methods

2.1. Study Area and Sampling Design

The study area comprises agricultural areas in the municipality of São José do Vale do
Rio Preto (SJVRP; 220 km2 and 615 m.a.s.l. mean elevation), located in the upland region of
Rio de Janeiro state, in southeastern Brazil (Figure S1, [24,25]). The climate of the region is
classified as Altitude Tropical, with dry winters and humid summers [22,23].

The municipality stands out as the largest poultry producer in Rio de Janeiro state (RJ),
housing approximately one hundred poultry farms surrounded by agricultural areas that
supply fresh products to the RJ metropolitan region [24]. In SJVRP, agricultural soils are pe-
riodically fertilized with poultry litter contaminated with veterinary antimicrobials [24,25]
and irrigated with water from surrounding ponds. The relief features with slopes and
agricultural valleys can favor erosive processes, such as leaching and surface runoff along
drainage basins, reaching irrigation ponds. The wet season is considered the critical period
for the mobilization (soil–water) of contaminants. Therefore, two samplings (denoted S1
and S2) were carried out in the wet season to assess periods with high (S1; on 14 March 2019)
and low monthly rainfall (S2; on 25 November 2019). The amount of rain was significantly
different between samplings: S1 (187 mm) and S2 (107 mm) [26].

Water samples were collected in four artificial ponds used for crop irrigation: LA
(22◦11′35.4′ ′ S, 42◦55′11.0′ ′ W) with 245 m2; LB (22◦11′31.8′ ′ S, 42◦55′06.3′ ′ W) with 147 m2;
LC (22◦06′52.7′ ′ S, 42◦57′04.2′ ′ W) with 665 m2 and LD (22◦08′57.4′ ′ S, 42◦52′54.4′ ′ W) with
294 m2 (Figure S2). The main crops in the surroundings were chayote, tomato, zucchini,
bell pepper, among others.

The water samples (1 L) were collected (up to 30 cm deep) in triplicate with distances
ranging from 1 to 10 m between each replicate in sterile glass bottles. They were identified
by capital letters followed by the number of replicates: LA (LA1, LA2 and LA3), LB (LB1,
LB2 and LB3), LC (LC1, LC2 and LC3) and LD (LD1, LD2 and LD3).

131



Antibiotics 2022, 11, 1650

The physicochemical parameters of the pond waters—pH, salinity, and temperature—
were measured using a portable meter (Mettler Toledo, Inc., Schwerzenbach, Switzerland).
These data are shown in Table S1.

2.2. DNA Extraction from Water Samples

For the extraction of total DNA, 250 mL of each water sample was filtered through
Millipore filters with 0.45 μm pore size membranes using a Kitassato connected to a vacuum
pump. DNA extraction from water samples was performed from the membranes using
the FastDNA Spin kit (MP Biomedicals, Santa Ana, CA, USA) according to the protocol
provided by the manufacturer. After extraction, the concentration of the obtained DNA
samples was evaluated using a Qubit 4 fluorometer (Thermo Fisher Scientific, Waltham,
MA, USA).

2.3. Detection of β-Lactam, Sulfonamide and Fluoroquinolone Resistance Genes

Simplex and multiplex PCRs were performed using the DNA extracted from the
four ponds to detect genes encoding class 1 and 2 integrases (intI1 and intI2) and genes
encoding resistance to β-lactams (blaCTX-M, blaTEM, blaSHV, blaGES, blaFOX-like, blaMOX-like,
blaCIT-like, blaEBC-like, blaDHA-like, blaACC-like, blaMIR and blaACT), sulfonamides (sul1 and sul2)
and fluoroquinolones (qnrA, qnrS, qnrC, qnrD, qnrB, qnrVC and qepA). The primer sequences
used and the amplification conditions are presented in Table S2 [27–34]. The PCR products
were visualized after electrophoresis in a 1.4% agarose gel in 1X TBE buffer [35]. The
presence or absence of common bands among the different ponds was compared and
presented in a Venn diagram.

2.4. Amplicon Sequencing of 16S rRNA Genes from Water Samples

Total DNA extracted (approximately 10–20 ng/μL) from the 24 samples (four ponds
in triplicate and two samplings) was sequenced using the MiSeq system (Illumina, USA)
paired-end by Novogene Corporation (Beijing, China). The primers used for PCR amplifi-
cation of the V4 region of the rrs gene (encoding 16S rRNA) were 515F (GTGCCAGCMGC-
CGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT) [36,37], which generated frag-
ments of approximately 250 bp.

2.5. Bioinformatics Analysis

The sequences obtained from sequencing were analyzed using Mothur v.1.44.3 soft-
ware [38]. The forward and reverse sequences were paired in contigs, and sequences with
sizes incompatible with these fragments, ambiguities and homopolymers (>8) were removed
from the analysis, while similar sequences were grouped to eliminate redundancies. Virtual
PCR was performed using primers 515F and 806R [36,37] to align the consensus sequences
based on the Silva v138 database [39]. Sequences with insufficient alignments and columns
without nucleotides were removed. A precluster was performed for error correction in rare
sequences. The sequences were classified using the Ribosomal Database Project (RDP) [40] to
remove contaminants such as mitochondrial DNA, chloroplasts, Archaea, Eukarya, chimeric
sequences and nontaxon organisms. The Bayesian method was used for the classification of
sequences based on the RDP dataset [40]. Using a cutoff of 97% similarity, the sequences were
grouped into operational taxonomic units (OTUs), and singletons were removed. Finally,
the data related to α-diversity and β-diversity indexes, rarefaction curves, and taxonomic
relative abundance were used in further statistical analyses.

Raw sequence data were deposited in the NCBI Sequence Read Archive (SRA) and
are available under Bioproject accession number (PRJNA895046).

2.6. Statistical Analyses

The statistical analyses of sequencing data were performed in Past v4.03 software [41]
based on two independent variables: the sampling period (March and November 2019,
corresponding to the first (S1)—high rainfalls—and second (S2)—low rainfalls—samplings,

132



Antibiotics 2022, 11, 1650

respectively) and the area (the four studied ponds). The richness and diversity indexes,
as well as the relative abundance of the taxa (phylum, class and genus), were checked
for distribution normality by the Shapiro–Wilk test or homoscedasticity among samples
by the Levene test. The resulting data were submitted to normalization by Box Cox [42]
when necessary. Student’s t test was applied to parametric data, while the Mann–Whitney
test was applied to nonparametric data to compare the bacterial communities between
the two samplings from each pond. Parametric data were submitted to one-way analysis
of variance (ANOVA), and the nonparametric data were submitted to the Kruskal–Wallis
test to compare the bacterial communities of the four ponds at each sampling. In addition,
richness and diversity indexes were also submitted to ANOVA.

Finally, nonmetric multidimensional scaling (nMDS) was performed with the Bray–
Curtis dissimilarity index using the OTU distribution matrix followed by two-way PER-
MANOVA to test the distribution of OTUs considering the sampling periods and the ponds
studied. The physical–chemical variables (pH, salinity and temperature) were integrated
into nMDS as metadata.

2.7. Isolation of ARB from Water Samples

Bacterial strains resistant to different antimicrobials were isolated from water samples
in the second sampling campaign (S2, low rainfall sampling). The triplicates were mixed
(750 mL of water from each replicate), and 1000 mL of water from each pond was filtered
through 0.45 μm pore size Millipore® (Barueri, SP, Brazil) membranes using a Kitassato
connected to a vacuum pump. The four membranes were washed individually in 20 mL of
saline (NaCl 0.85%).

Aliquots of 100 μL of each sample and their respective dilutions (10−1 and 10−2) were
plated in Petri dishes containing CHROMagar Orientation culture medium (BD Diagnostics)
supplemented with 50 μg/mL ciprofloxacin (Sigma®, Saint Louis, MI, USA), 60 μg/mL
sulfamethoxazole (Sigma®, Buchs, Switzerland) or 8 μg/mL ceftriaxone (Sigma® Saint Louis,
MI, USA) [43,44]. The plates were incubated at 37 ◦C for 24 h. After determination of colony
forming units per milliliter (CFU/mL), three colonies of each morphology were reinoculated
on CHROMagar and further identified at the genus level by MALDI-TOF (Bruker Daltonics
Bremen, Germany). All isolated strains were maintained at −80 ◦C in tryptic soy broth
medium (TSB) supplemented with the antibiotic used for their isolation, and 20% glycerol.

3. Results

3.1. PCR Amplification of Antimicrobial Resistance Genes in Water Samples

After DNA extraction from the water samples of the four ponds studied here in two
periods of the year corresponding to high (S1) and low (S2) rainfall samplings, β-lactams
resistance genes were detected in two ponds (LB and LC). The genes blaGES and blaTEM
were detected in LB in S1 and S2, respectively, while both genes and the blaSHV gene were
also observed in LC, but only in S2 (Figures 1 and S3A–C).

Sulfonamide resistance genes were detected in three ponds (LB, LC and LD). Bands
corresponding to sul1 were observed in LB and LD (S1) and in LC and LD (S2), while
bands corresponding to sul2 were observed in LC (S1) and in LB, LC and LD (S2) (Figures 1
and S4A,B).

Genes encoding integrases were also detected in three of the four ponds (LB, LC and
LD). Bands corresponding to the intI1 gene were observed in the LB, LC and LD (S1) and
in the LC and LD (S2) (Figures 1 and S5A).

Only in one pond (LA) was the presence of the abovementioned genes not observed.
Furthermore, amplification of genes encoding resistance to fluoroquinolones (qnrA, qnrS,
qnrC, qnrD, qnrB, qnrVC and qepA) was not detected in any of the studied ponds.
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Figure 1. Presence of resistance genes in the studied ponds. Resistance genes are represented by
geometric figures—dark pink in S1 and light pink in S2—in a Venn diagram. S1 and S2 correspond to
the sampling period: high (S1; on 14 March 2019) and low monthly rainfall (S2; on 25 November 2019).

3.2. Structure and Composition of the Bacterial Communities of Water Samples

After sequencing the V4 region of the gene encoding 16S rRNA of the 24 DNA samples
obtained from the four ponds, the sequences were analyzed and normalized to 47,990 se-
quences per sample. The number of sequences represented a sufficient coverage of the
OTUs present in the bacterial communities, which can be observed by the tendency of the
rarefaction curves to reach a plateau (Figure S6).

A significant difference was observed for richness (number of OTUs) between S1 and
S2 for ponds LA (p = 0.0058288) and LD (p = 0.021009) (Figure 2A). Statistical differences
were also observed in either S1 (p = 0.00584) or S2 (p = 0.003146) among the four ponds
(Figure 2A). Considering the Shannon diversity index (Figure 2B), significant differences
between S1 and S2 for LC (p = 0.011584) and for LD (p = 0.018024) were observed among
the four ponds in S1 (p = 0.004127) and S2 (p = 0.004021). Moreover, an interaction between
sampling periods (S1 and S2) and ponds (four water samples), related to both richness
(p = 0.001341) (Figure 2A) and diversity (p = 0.01374) (Figure 2B), was observed using a
two-way ANOVA.

Beta diversity was evaluated by nonmetric multidimensional scaling (nMDS) of OTUs
based on the Bray–Curtis dissimilarity index (Figure 3). From a two-way PERMANOVA, it
was observed that the structure of the bacterial communities of each pond was different
between samplings (S1 and S2) (p = 0.0001). Additionally, a clear dispersion among the four
ponds (p = 0.0001) was observed (Figure 3). With the integration of the physicochemical
data to the NMDs, the temperature positively influenced the first sampling (S1) of LC, while
pH and salinity positively influenced the second sampling (S2) of this pond (Figure 3).

The relative abundance of bacterial taxa in the four water samples was determined in
S1 and S2. All phyla with at least 1% of the total relative abundance are shown in Figure 4.
A significant difference was observed among the ponds in the relative abundance of Pro-
teobacteria, Verrucomicrobia and Planctomycetes in S1 and S2. For Firmicutes, a significant
difference among the ponds was observed only in S1, while for Actinobacteria and Bac-
teroidetes, a significant difference was observed only in S2. In addition, the following can be
observed in Figure 4: (i) a significant difference in the relative abundance of Proteobacteria
between S1 and S2 in LC and LD; (ii) a significant difference in the abundances of Acti-
nobacteria and Verrucomicrobia between S1 and S2 in all water samples except in LB; (iii)
the predominance of Actinobacteria and Verrucomicrobia in LC and LD (in S1) and in LA
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(in S2); and (iv) the predominance of Firmicutes in the four ponds in S1 and Bacteroidetes in
LA (S1).

Figure 2. Alpha diversity evaluated by massive sequencing of the gene encoding 16S rRNA in
water samples collected in LA (purple), LB (blue), LC (green) and LD (yellow) in S1 (high rainfall
period—dark tones) and in S2 (low rainfall period—light tones). The bars represent the standard
deviation. Species richness and alpha diversity showed significant differences between the ponds
in the two samplings (parametric data submitted to a one-way ANOVA) represented by asterisks
(dark pink for S1 and light pink for S2). A red asterisk represents the significant difference among the
ponds at each sampling (parametric data submitted to the t test). The data were also submitted to a
two-way ANOVA, and the interaction between the factors is represented by the letter i. (A) Richness
evaluated by the number of OTUs; (B) Shannon diversity index.

Figure 3. Nonmetric multidimensional scaling (nMDS) with the Bray–Curtis dissimilarity index.
Representation of LA (purple), LB (blue), LC (green) and LD (yellow). The replicates are represented
by triangles in dark tones (S1) and circles in light tones (S2). The physical–chemical data evaluated
from the water samples from the ponds were integrated as metadata.
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Figure 4. Relative abundance of bacterial phyla in water samples collected in LA (purple), LB (blue),
LC (green) and LD (yellow) in S1 (high rainfall period—dark tones) and in S2 (low rainfall period—
light tones). The bars represent the standard deviation. Asterisks (dark pink for S1 and light pink
for S2) represent the significant differences among the ponds in the two samplings (parametric data
submitted to a one-way ANOVA and nonparametric data submitted to Kruskal–Wallis). A red asterisk
corresponds to the significant difference between the samples of each pond (parametric data submitted
to the t test and nonparametric data submitted to Mann–Whitney). (D) next to the bacterial taxon
means that the classification was at the domain level, and no statistical analysis was applied. The data
represented by “others” were also not statistically analyzed because they are formed by more than
one taxon.

At the class level, the relative abundance of the taxa also varied among the four
ponds and between the two samplings (Figure S7). Significant differences were observed
in S1 and S2 in the relative abundance of classes Betaproteobacteria, Alphaproteobacteria,
Clostridia, Sphingobacteria, Gammaproteobacteria, Cytophaga, Deltaproteobacteria and
Planctomycetia. The predominance of Actinobacteria and Bacilli varied among the ponds in
S2 and S1, respectively. In addition, between the two samplings of the four ponds, Clostridia
was the only class that predominated in S1. Ten classes showing relative abundances of at
least 1% are represented in Figure S7.

More than 40% of the sequences were taxonomically classified at the genus level. A
significant difference was observed among the four ponds in the relative abundance of the
genera Clostridium, Sediminibacterium, Pseudarcicella and Polynucleobacter in both samplings.
Clostridium was predominant in the four ponds in S1. The genera Paenibacillus and Methylocys-
tis showed significant differences only in S1. The genus Paenibacillus was more prevalent in
LC and LD (in S1). In S2, Rhodobacter was more abundant in LC, and the relative abundance
of Acidovorax, Novosphingobium and Rhodobacter varied in the four ponds (Figure S8).

3.3. Strains of ARB Identified by MALDI-TOF

A total of 135 bacterial strains isolated from CHROMagar plates supplemented with
the different antimicrobials were submitted to MALDI-TOF identification. From this total,
102 strains showed score values between 1700 and 2448.
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No growth was observed from LC in cultures supplemented with ciprofloxacin. The
highest number of colonies was observed in LA (8 × 102 CFU/mL). Three colonies of each
morphology observed in the different plates (from LA, LB and LD) were reinoculated in
ciprofloxacin-supplemented plates, but only three of these strains (isolated from LD) could
be identified as belonging to the genus Escherichia, with score values between 1961 and
2238 (Table S3).

Fifty-four bacterial strains recovered from cultures supplemented with ceftriaxone
were identified with score values between 1700 and 2402: 10 strains of LA; 11 strains of LB;
23 strains of LC and 10 strains of LD. Strains belonging to the genus Chryseobacterium were
identified from samples from all four ponds. On the other hand, strains belonging to the
genus Elizabethkingia were observed only in LB, Acinetobacter sp. and Stenotrophomonas sp.
only in LC, while Enterobacter sp. and Proteus sp. only in LD (Table S4).

Forty-five strains recovered from sulfamethoxazole-supplemented cultures were iden-
tified with score values between 1700 and 2438: 14 of LA; 8 of LB; 14 of LC and 9 of LD.
Strains belonging to the genera Escherichia and Klebsiella were isolated from all ponds, while
strains of Aeromonas and Cronobacter were identified only in LA, and those belonging to the
genus Serratia were identified only in LB. Strains belonging to the genera Enterobacter and
Proteus were found in LA, LC and LD (Table S5).

3.4. Comparison of Bacterial Community Composition with the Prevalence of ARB

By sequencing the gene encoding 16S rRNA, different OTUs could be related to genera
attributed to bacterial strains resistant to the different antimicrobials tested and identified
by MALDI-TOF (Figure S9).

In general, isolated strains identified as belonging to the genera Pseudomonas, Bacillus,
Acinetobacter, Stenotrophomonas, Chryseobacterium, Aeromonas, Pantoea, Escherichia and Cit-
robacter were also found in the taxonomic classification of the different OTUs in all ponds.
Bacterial strains from other genera belonging to the Enterobacteriaceae family were also
identified, such as Cronobacter, Enterobacter, Proteus and Klebsiella.

A significant difference was observed among the ponds (one-way ANOVA/Kruskal–
Wallis) in the relative abundance of OTUs associated with the genera Pseudomonas and
Bacillus in S1 and with Aeromonas and Enterobacteriaceae in S2. Statistical differences were
also observed between S1 and S2 in the relative abundance of Bacillus and Pantoea in LC
and of Enterobacteriaceae and Bacillus in LD (Student’s t test/Mann–Whitney).

3.5. ARGs in Isolated Strains

Forty-four isolated strains were PCR amplified for the presence of ARGs using specific
primers. Table 1 shows all strains where a PCR product was detected. Among the strains
grown on ceftriaxone plates, Escherichia strains (isolated from LA) were positive for the
blaTEM gene. Strains of Klebsiella (isolated from LA) were positive for blaTEM and blaSHV
(Table 1, Figure S3B). Among the strains previously isolated on sulfamethoxazole-containing
plates, the sul1 gene was detected in an Enterobacter strain (isolated from LA) (Table 1,
Figure S4A) and the sul2 gene was detected in strains belonging to the genera Escherichia,
Proteus and Aeromonas (isolated from LA and LD) (Table 1, Figure S4B). The intI1 gene
was observed in Escherichia and Enterobacter strains (isolated from LA and LD) (Table 1,
Figure S5), and the intI2 gene was observed in Enterobacter and Pantoea strains (isolated from
LA and LB) (Table 1, Figure S3).
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Table 1. Presence of antimicrobial resistance genes in the isolated strains.

Ceftriaxone Resistant Strains
Antimicrobial Resistance Genes

blaTEM blaSHV

Escherichia sp. (CCA 1.2) * 1 0
Escherichia sp. (CCA 1.3) 1 0
Klebsiella sp. (CCA 2.1) 1 1
Klebsiella sp. (CCA 2.2) 1 1
Klebsiella sp. (CCA 2.3) 1 1

Sulfamethoxazole resistant strains sul1 sul2 intI1 intI2

Escherichia sp. (CSA 1.1) * 0 1 1 0
Proteus sp. (CSA 2.1A) 0 1 0 0

Aeromonas sp. (CSA 2.2) 0 1 0 0
Enterobacter sp. (CSA 2.3) 1 0 1 0
Enterobacter sp. (CSA 5.1) 0 0 0 1
Enterobacter sp. (CSA 5.2) 0 0 0 1

Pantoea sp. (CSB 1.1) 0 0 0 1
Escherichia sp. (CSD 1.2) 0 1 0 0
Escherichia sp. (CSD 1.3) 0 1 1 0

* The name of the strains corresponds to the origin of their isolation: CCA (CHROMagar containing ceftriaxone
and LA), CSA, CSB and CSD (CHROMagar containing sulfamethoxazole and LA, LB and LD, respectively).

4. Discussion

It is well known that surface waters act as a sink for pollutants from terrestrial environ-
ments. Therefore, there is a great concern regarding the fate of antimicrobials and the role
of bacterial communities in the dissemination of antimicrobial resistance genes in water
sources. Several studies have demonstrated the presence of antibiotics, families of ARGs
and ARB in aquatic ecosystems, including wastewaters, sea water, surface water (rivers,
ponds, and lakes), recreational or drinking water [45–51]. This confirms the widespread
dissemination of resistance in aquatic systems and the importance of the problem world-
wide [49]. However, studies with this approach are still incipient not only in Brazil but also
in other countries, especially when surface water in agricultural producing areas with the
use of poultry litter is considered [52,53].

In this study, β-lactams resistance genes (blaGES, blaTEM and blaSHV) were detected in
two ponds (LB and LC). Furlan and Stehling (2018) [54] also detected the blaSHV gene in
water, feces, and soil from a pig farm in Brazil. However, the blaGES gene could not be
detected in the water samples analyzed. Indeed, GES β-lactamases (encoded by blaGES)
are less frequently found than other ESBLs (Extended Spectrum β-lactamases) and car-
bapenemases, except for bacterial strains isolated from clinical settings [54,55]. Therefore,
the presence of the blaGES gene in the ponds studied here corroborates the data obtained
by Jurelevicius et al. (2021) [51], where this gene and the blaTEM gene were observed in
marine waters.

Sulfonamide resistance genes and genes encoding integrases were simultaneously
detected in the three ponds. The detection of sul1 and intI1 genes in the same sample is
not a surprise, as the sul1 gene is often found in the conserved regions of class 1 integrons.
Therefore, in addition to the potential risk of accumulation of sul1 genes, this result may
indicate the risk of dissemination of the sul genes by the frequent association of integrons
with transposons and plasmids [56,57]. Lai et al. (2021) [50] also observed similar results
in surface water sources in Sweden and highlighted the importance of the intI1 and sul1
genes as genetic markers of anthropogenic pollution. The sul1 and sul2 genes were also the
most prevalent genes detected by PCR in river water samples from Germany and Australia,
showing the environmental spread of these genes worldwide [45].

Although fluoroquinolone resistance genes were not detected on the water surface
of the ponds in this study, we cannot exclude the possibility of their presence in a small
amount, below the detection limit of the PCR technique. The occurrence of the qnrS gene and
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high concentrations of ciprofloxacin and enrofloxacin (fluoroquinolones) have already been
reported in agricultural soils from the same region [24]. Moreover, fluoroquinolones have
a low leaching potential and are usually detected in water at low concentrations, as they
are strongly adsorbed to soils and sediments [58,59]. In contrast, sulfonamides have a high
leaching potential and have been detected in high concentrations on water surfaces [60,61].
Vollú et al. (2018) [14] did not detect the qnrA, qnrB and qnrS genes in poultry litter samples
in the presence of enrofloxacin and ciprofloxacin (fluoroquinolones) residues. The authors
suggested that either these genes were not present or were present in low copy numbers,
below the detection limit of the PCR technique.

The differences observed in the structure and composition of the bacterial communities
in the four ponds may be related to soil fertilization and the amount of precipitation
(which was significantly different between samplings), in addition to the physicochemical
characteristics of the water samples. The phyla Firmicutes, Clostridia (class) and Clostridium
(genus) were significantly more abundant in S1. Likewise, Clostridia has been described
as an abundant class in the microbiota of poultries that are treated with penicillins [62,63].
Considering that S1 occurred in the wet season in a period of high rainfall volume, it is
possible that bacteria of these taxa were mobilized from the soil fertilized with the poultry
litter to the ponds by the surface runoff of water and leaching. Brooks et al. (2009) [62]
reported that the species Clostridium perfringens can be an indicator of fecal contamination
and of mobilization of poultry litter by surface runoff.

When ARB were isolated from the different ponds and further characterized, strains
identified as enterobacteria (Escherichia sp., Enterobacter sp., Aeromonas sp., Proteus sp. and
Pantoea sp.) were isolated from all sulfamethoxazole-containing plates. One of the most
common mechanisms of sulfonamide resistance in enterobacteria is the acquisition of sul
genes, which encode resistant variants of the dihydropteroate synthase (DHPS) enzyme.
Usually, sul1 and sul2 genes are found among sulfonamide-resistant Enterobacteriaceae
with the same frequency [64,65]. Considering the results obtained here using primers for
sul1, sul2, intI1 and intI2 genes, there is a potential risk of dissemination of sulfonamide
resistance among clinically important bacteria in the studied ponds.

In the same way, as genes encoding ESBLs were detected in water samples (blaGES,
blaSHV and blaTEM) and in Klebsiella and Escherichia strains, there is a potential risk of
dissemination of β-lactam resistance in these environments, especially considering that the
genes blaSHV and blaTEM are plasmid-mediated and often reported in these genera. These
genes encode narrow-spectrum β-lactamases or ESBLs that hydrolyze broad spectrum
cephalosporins and monobactams [66]. The production of these enzymes by pathogenic
strains of E. coli and K. pneumoniae has been reported by researchers worldwide, and
their prevalence has been increasing from 6% to 88% in healthcare settings [66–68]. The
presence of these ARGs in surface water sources indicates the dissemination of AMR in
the environment. Elshafiee et al. (2022) [69] also detected the presence of blaSHV and
blaTEM genes in K. pneumoniae isolates in irrigation waters from fresh produce farms in
Egypt. Likewise, Amato et al. (2021) [49] also detected a high prevalence of blaTEM in E.
coli strains isolated from irrigation water surface sources in Spain. These studies indicate
the risk of transmission of resistant β-lactams for farmers and through the consumption of
commercialized products. Bacteria of the Enterobacteriaceae family are often associated
with intra-abdominal infections and can be transmitted by contaminated food and water,
such as pathogenic strains of E. coli and K. pneumoniae that can cause gastrointestinal and
urinary tract infections (UTIs) [69,70].

Finally, some bacterial genera isolated here, such as those of the CESP group (Cit-
robacter, Enterobacter, Serratia and Providencia), are producers of inducible AmpC-type β-
lactamases, which mediate intrinsic resistance to most third-generation cephalosporins [71].
Intrinsic resistance is increasingly considered relevant mainly when it is detected in op-
portunistic pathogens. Stenotrophomonas sp. has been described as a reservoir and as a
vector of acquired ARGs that encode carbapenemases, such as the blaKPC gene, especially
in aquatic environments [72].
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Indeed, ESBL- and carbapenemase-producing Gram-negative bacteria of the Enterobac-
teriaceae family represent a global threat to human and animal health. These bacteria are the
main propagators of the AMR pandemic and are on the World Health Organization priority
pathogens list to guide research, discovery, and development of new antimicrobials [73,74].

According to Lapidot and Yaron (2009) [75], contaminated water can increase the
ability of pathogens to colonize agricultural crops, favoring resistant bacteria dissemination
in the environment and resistant pathogen transmission to humans and animals [76]. Water
used in irrigation has already been identified as the likely source of several outbreaks of
diseases transmitted by fresh and raw foods, such as fruits and vegetables, which are the
most common agricultural crops associated with outbreaks [77].

5. Conclusions

This study demonstrates that surface water sources can be considered reservoirs of
resistant bacteria and resistance genes in agricultural areas with extensive use of poul-
try litter as an organic fertilizer. The presence of sul1, sul2, intI1 and intI2 genes and in
strains isolated from the studied ponds may indicate the accumulation of resistance to
sulfonamides in the environment. The detection of genes encoding ESBLs, mainly blaGES,
which are found less frequently in the environment, also suggests the spread of resistance
to β-lactams in the environment. In addition, seasonal influences on the evaluated bac-
terial communities (mainly periods of high rainfall) are an additional aggravating factor
for antimicrobial-resistant bacteria mobilization (soil–water). Considering the extensive
use of surface water sources, this study suggests the potential risk of dissemination and
transmission of AMR, through different forms of water use, mainly in the irrigation of
agricultural crops, which favors the entry of pathogens into the food chain. Therefore,
monitoring and understanding of aquatic resistomes under anthropic influence is of great
importance to control the environmental spread of AMR. It is still necessary to contain the
irrational use of antimicrobials in human medicine, veterinary medicine, and especially in
livestock and agriculture.
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Abstract: The global rise in antibiotic resistance, fueled by indiscriminate antibiotic usage in medicine,
aquaculture, agriculture, and the food industry, presents a significant public health challenge. Urban
wastewater and sewage treatment plants have become key sources of antibiotic resistance prolifera-
tion. The present study focuses on the river Ganges in India, which is heavily impacted by human
activities and serves as a potential hotspot for the spread of antibiotic resistance. We conducted
a metagenomic analysis of sediment samples from six distinct locations along the river to assess
the prevalence and diversity of antibiotic resistance genes (ARGs) within the microbial ecosystem.
The metagenomic analysis revealed the predominance of Proteobacteria across regions of the river
Ganges. The antimicrobial resistance (AMR) genes and virulence factors were determined by various
databases. In addition to this, KEGG and COG analysis revealed important pathways related to AMR.
The outcomes highlight noticeable regional differences in the prevalence of AMR genes. The findings
suggest that enhancing health and sanitation infrastructure could play a crucial role in mitigating
the global impact of AMR. This research contributes vital insights into the environmental aspects of
antibiotic resistance, highlighting the importance of targeted public health interventions in the fight
against AMR.

Keywords: metagenomics; diversity; ganga; sediment; AMR; virulence factors

1. Introduction

The river Ganga, esteemed for its immense religious, cultural, spiritual, and ritual
significance in India, is considered a sacred water body. It is exposed to considerable
human impact as it serves nearly 400 million people, with a population density of around
520 individuals per square kilometer, as per recent estimates [1,2]. The river has in-
creasingly become a focal point of pollution issues, notably the discovery of bacterial
strains highly resistant to standard antibiotics [3,4]. Concurrently, research has identified
bacterial and fungal strains within the Ganga’s sediments capable of bioremediating
potential and beneficial microbiomes [5,6]. Factors like rapid urbanization, industrial
activities, population surges, and the release of agricultural waste have intensified pol-
lution in the river. Additionally, the practice of mass religious bathing, drawing large
crowds, including the elderly, consuming medicinal products, further impacts the river’s
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condition. The Ganga’s banks also attract tourists for spiritual pursuits, water sports, and
hiking activities. Human settlements and industrial establishments within the river basin
markedly affect the water quality, influencing the river’s microbial composition [7–11].
Pollutants and toxic substances in the river significantly alter the dynamics of its microbial
communities. A major concern is the rise of antibiotic resistance, a global health threat.
Human activities have led to an increased prevalence of antibiotic resistance genes (ARGs)
in the river [2]. Previous studies on Ganga’s microorganisms have primarily relied on
cultivation-based methods, offering a restricted view of its bacterial diversity [12,13].
However, recent research utilizing advanced metagenomic approaches has begun to
unveil a bacterial population capable of bioremediating significant contaminants in the
river’s sediments [5,14–16]. A handful of studies have also employed metagenomic tech-
niques to explore the presence of antibiotic resistance genes in the water and sediments
of the Ganga [4,17,18].

The occurrence of microbial pollution presents additional risks, particularly due to
the emergence of antibiotic-resistant bacteria (ARBs) and their associated ARGs [19]. The
global public health community recognizes antibiotic resistance as a significant concern [20].
This issue is compounded by the likelihood of Horizontal Gene Transfer (HGT) events that
facilitate the spread of ARGs among diverse microbial species [21]. In marine ecosystems,
especially in coastal areas, antibiotic resistance is a prevalent phenomenon [19]. Human
influences are major contributors to ARGs in environments impacted by anthropogenic
activities [19]. Recent studies have linked the widespread occurrence of resistance genes
primarily to fecal contamination [22]. Scientific investigations are increasingly focused on
understanding the distribution, risks, and potential ecological consequences of antibiotics
(ABs) and ARGs in various aquatic environments worldwide [20]. Additionally, there is an
emerging hypothesis that resistance to heavy metals (HMs), evidenced through heavy metal
resistance genes (HMRGs), may be linked to antibiotic (AB) resistance in environmental
settings [23]. As a result, these resistance genes are crucial factors in assessing the ecological
health of coastal waters.

Globally, various techniques have been established for assessing microbial pollution
in aquatic environments, primarily focusing on detecting Fecal Indicator Bacteria (FIB)
using cultivation-based methods. In contrast, high-throughput sequencing techniques, like
shotgun metagenomics, offer a more advanced alternative to traditional microbial diversity
studies. These innovative approaches facilitate a thorough investigation of environmental
microbial communities. This includes examining the 16S rRNA genes to understand the
breadth of microbial diversity and exploring genes related to pathogenicity, resistance to
antibiotics and heavy metals, and virulence factors to evaluate their potential functions and
impacts on ecosystems [24,25].

An analytical comparison of water and sediment provides a foundational understand-
ing of the microbial interactions at the interface of these two environments. A recent study
conducted a comparative analysis of the bacteriome and antibiotic resistance profile in
the river Ganga, focusing on discerning the variations between samples taken from the
river water and the sediment. This research undertakes a detailed comparison of both
the bacteriome and ARGs within water and sediment samples collected across substantial
stretches of the river Ganga.

2. Results

2.1. Sequencing Summary

The estimated sizes of the libraries varied between 8.4 Gb and 9.4 Gb (Table 1). The
assembly statistics revealed that the average total contigs in the present study was 3,434,087.
The average number of contigs ≥150 bp and ≤150 bp were found to be 3,307,063 and
127,024, respectively. The average total length of contigs was found to be 404,842,009 bp. A
summary of all the statistics from all the samples is mentioned in Table 1.
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Table 1. Summary of statistics from metagenome assembly.

Parameters Bageswar Bagwan Koteswar Rasulabad Ghat Sahidabad Triveni Sangam

Contigs (≤150 bp) 460,537 71,161 87,682 40,754 43,771 58,237

Contigs (≥150 bp) 1,008,926 1,766,259 5,172,327 3,263,830 3,839,878 4,791,158

Total contigs 1,469,463 1,837,420 5,260,009 3,304,584 3,883,649 4,849,395

Largest contig 887,047 897,272 1,192,971 343,376 789,499 645,470

Total length (in bp) 468,274,061 340,847,742 444,765,440 366,965,171 374,775,947 433,423,693

GC content (in %) 52 40 52 46 50 47

N50 1091 2615 1237 1517 1402 1471

N90 558 619 561 578 573 575

L50 91,382 21,741 66,190 41,780 48,856 55,263

L90 346,262 148,883 298,653 215,191 232,472 263,312

Ns per 100 kbp 0 0 0 0 0 0

2.2. Bacterial Diversity Analysis

Analysis of bacterial diversity conducted using Kraken2 and Pavian demonstrated
that Proteobacteria were the most abundantly found across all surveyed locations in
the river Ganga basin (Figures 1–6). In the specific sites of Bageswar, Koteswar, and
Sahidabad, there was a notable abundance of Flavobacterium spp. (Figure 1, Figure 3, and
Figure 5, respectively). Meanwhile, in the Rasulabad Ghat and Triveni Sangam locations,
Pseudomonas spp. were observed to be prevalent (Figures 4 and 6, respectively). In
Bagwan, Sulfurospirillum spp. ware dominant (Figure 2).

Figure 1. A sankey plot of comprehensive bacterial and viral community analysis in river Ganga
sediment as analyzed from Pavian in Bageswar. This showcases the abundance and diversity of
microbial taxa, including Proteobacteria, Flavobacterium, Sulfurospirillum, and various viral families.
D: Domain, K: Kingdom, P: Phylum, F: Family, G: Genus, S: Species.
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Figure 2. A sankey plot of comprehensive bacterial and viral community analysis in river Ganga
sediment as analyzed from Pavian in Bagwan. This showcases the abundance and diversity of
microbial taxa, including Proteobacteria, Flavobacterium, Sulfurospirillum, and various viral families.
D: Domain, K: Kingdom, P: Phylum, F: Family, G: Genus, S: Species.

Figure 3. A sankey plot of comprehensive bacterial and viral community analysis in river Ganga
sediment as analyzed from Pavian in Koteswar. This showcases the abundance and diversity of
microbial taxa, including Proteobacteria, Flavobacterium, Sulfurospirillum, and various viral families.
D: Domain, K: Kingdom, P: Phylum, F: Family, G: Genus, S: Species.
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Figure 4. A sankey plot of comprehensive bacterial and viral community analysis in river Ganga
sediment as analyzed from Pavian in Rasulabad Ghat. This showcases the abundance and diversity of
microbial taxa, including Proteobacteria, Flavobacterium, Sulfurospirillum, and various viral families.
D: Domain, K: Kingdom, P: Phylum, F: Family, G: Genus, S: Species.

Figure 5. A sankey plot of comprehensive bacterial and viral community analysis in river Ganga
sediment as analyzed from Pavian in Sahidabad. This showcases the abundance and diversity of
microbial taxa, including Proteobacteria, Flavobacterium, Sulfurospirillum, and various viral families.
D: Domain, K: Kingdom, P: Phylum, F: Family, G: Genus, S: Species.
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Figure 6. A sankey plot of comprehensive bacterial and viral community analysis in river Ganga
sediment as analyzed from Pavian in Triveni Sangam. This showcases the abundance and diversity of
microbial taxa, including Proteobacteria, Flavobacterium, Sulfurospirillum, and various viral families.
D: Domain, K: Kingdom, P: Phylum, F: Family, G: Genus, S: Species.

2.3. AMR Genes Abundance

Geographical variability in ARG profiles was studied in the present study. This
investigation delineated the geographical distribution patterns of antimicrobial resistance
(AMR) genes across five discrete sites: Bageswar, Bagwan, Rasulabad Ghat, Sahidabad, and
Triveni Sangam (Table 2). We did not find any AMR in the Koteswar sample. We found
diverse categories of AMR, including but not limited to Aminoglycoside, Streptomycin,
and Cephalosporin. The outcomes provide critical insights into the regional dissemination
and the prevalence of AMR determinants. Aminoglycoside resistance determinants such as
aac(6′)-Ib, aadS, acrD, and ANT(2′′)-Ia were predominantly detected in Rasulabad Ghat, with
aadS also present in Bagwan and Triveni Sangam. Rasulabad Ghat exclusively exhibited
the presence of Streptomycin resistance genes (aadA1, aadA5, aadA6). Beta-lactam resistance
markers, particularly blaOXA-209, were observed in Bagwan and Rasulabad Ghat, while
blaOXA-119 was exclusively found in Triveni Sangam. The acrB gene, associated with
multi-drug resistance, was identified in Bagwan and Rasulabad Ghat.

This study highlighted distinct regional disparities in the distribution of AMR genes.
Triveni Sangam displayed the unique presence of blaOXA-119, which was absent in other
studied areas. Bagwan and Rasulabad Ghat were characterized by a higher incidence
of genes, such as acrB, blaOXA-209, and baeR, indicative of a broader spectrum of drug
resistance. Conversely, Bageswar showed a minimal presence of the surveyed AMR genes.
The detection of blaRm3 in Bagwan and Sahidabad, a gene conferring resistance to a
wide array of antibiotics, signals the emergence of high-level resistance in these regions.
The exclusive identification of blaTHIN-B in Sahidabad, linked to carbapenem resistance,
highlights specific regional challenges in antibiotic resistance.
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Table 2. List of AMRs found in the present study across the samples. “F” and “NF” represent whether
the AMR was found or not found, respectively, across the samples.

Resistance Gene Name
Number of Reads

Bageswar Bagwan Rasulabad Ghat Sahidabad Triveni Sangam

Aminoglycoside aac(6′)-Ib NF NF F NF NF

Streptomycin aadA1 NF NF F NF NF

Streptomycin aadA5 NF NF F NF NF

Streptomycin aadA6 NF NF F NF NF

Aminoglycoside aadS NF F F NF F

Cephalosporin;
Fluoroquinolone;

Glycylcycline; Penam;
Phenicol; Rifamycin;

Tetracycline; Triclosan

acrB NF F F NF NF

Aminoglycoside acrD NF F NF NF NF

Penam AER-1 NF NF F NF NF

Aminoglycoside ANT(2′′)-Ia NF NF F NF NF

Aminoglycoside ANT(3′′)-Ia NF NF F NF NF

Aminoglycoside ANT(6)-Ia NF NF F NF NF

Aminoglycoside aph(3′′)-Ib NF NF F NF F

Aminoglycoside aph(6)-Id NF NF F NF NF

Peptide arnA NF F NF NF NF

Rifamycin arr-2 NF NF F NF NF

Peptide bacA NF F F NF NF

Aminocoumarin;
Aminoglycoside baeR NF F F NF NF

BETA-LACTAM bla-A NF NF F NF NF

BETA-LACTAM blaAER-1 NF NF F NF NF

Carbapenem blaGES-14 NF NF F NF NF

Carbapenem blaGES-5 NF NF F NF NF

BETA-LACTAM blaMCA NF NF F NF NF

BETA-LACTAM blaOXA-119 NF NF NF NF F

BETA-LACTAM blaOXA-209 F NF F NF NF

BETA-LACTAM blaOXA-296 NF F NF NF NF

BETA-LACTAM blaOXA-347 NF NF F NF NF

Carbapenem;
Cephalosporin; Penam blaRm3 NF F NF F NF

BETA-LACTAM blaRSD1-1 NF NF NF NF F

Carbapenem blaTHIN-B NF NF NF F NF

Cephalosporin blaVEB-9 NF NF F NF NF

Phenicol catQ NF F F NF NF

Aminoglycoside;
Fluoroquinolone ceoB NF NF NF F F

Phenicol cmlA5 NF NF F NF NF

Aminocoumarin;
Aminoglycoside cpxA NF NF F NF NF

Fluoroquinolone;
Macrolide; Penam CRP NF F F NF NF

Trimethoprim dfrA3 NF F NF NF NF

Trimethoprim dfrG NF NF F NF NF
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Table 2. Cont.

Resistance Gene Name
Number of Reads

Bageswar Bagwan Rasulabad Ghat Sahidabad Triveni Sangam

Fluoroquinolone emrR NF F F NF NF

Cephalosporin;
Fluoroquinolone;

Glycylcycline; Penam;
Phenicol; Rifamycin;

Tetracycline; Triclosan

Enterobacter
cloacaeacrA NF F F NF NF

Macrolide ere(D) NF NF F NF NF

Chloramphenicol EstDL136 F NF NF NF NF

Fosfomycin fos1 NF F NF NF NF

Cephalosporin;
Cephamycin;

Fluoroquinolone;
Macrolide; Penam;

Tetracycline

H-NS NF F F NF NF

Aminoglycoside;
Carbapenem;

Cephalosporin;
Fluoroquinolone;

Macrolide; Penam;
Peptide

Klebsiella
pneumoniaeKpnH NF F F NF NF

Aminoglycoside;
Carbapenem;

Cephalosporin;
Fluoroquinolone;

Macrolide; Penem;
Peptide

KpnG NF NF F NF NF

Lincosamide lnu(D) NF NF F NF NF

Carbapenem;
Cephalosporin;
Cephamycin;

Fluoroquinolone;
Glycylcycline;
Monobactam;

Penem;phenicol;
Rifamycin; Tetracycline;

Triclosan

marA NF F F NF NF

Aminocoumarin mdtB NF F F NF NF

Aminocoumarin mdtC NF F F NF NF

Macrolide mefA NF NF F NF NF

Macrolide mefB NF NF F NF NF

Macrolide mefC NF NF F NF NF

Lincosamide; Macrolide;
Oxazolidinone;

Phenicol; Pleuromutilin;
Streptogramin;

Tetracycline

mel NF NF F NF NF

Aminocoumarin;
Aminoglycoside;
Cephalosporin;

diaminopyrimidine;
Fluoroquinolone;

Macrolide; penam;
Phenicol; Tetracycline

MexD NF NF F NF NF

Diaminopyrimidine;
Fluoroquinolone;

Phenicol
MexF NF F F NF F

Macrolide mphE NF F F NF NF
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Table 2. Cont.

Resistance Gene Name
Number of Reads

Bageswar Bagwan Rasulabad Ghat Sahidabad Triveni Sangam

Macrolide mphF NF NF F NF NF

Nitroimidazole msbA NF F F NF NF

Erythromycin;
Azithromycin;
Telithromycin;
Quinupristin;

Pristinamycin_IA;
Virginiamycin_S

msr(D) NF NF F NF NF

Macrolide msr(E) F F F NF NF

Diaminopyrimidine;
Fluoroquinolone;

Glycylcycline;
Nitrofuran; Tetracycline

oqxA NF NF F NF NF

Diaminopyrimidine;
Fluoroquinolone;

Glycylcycline;
Nitrofuran; Tetracycline

oqxB NF NF F NF NF

Aminocoumarin;
Aminoglycoside; Car-

bapenem;cephalosporin;
Cephamycin;

Diaminopyrimidine;
Fluoroquinolone;

Macrolide;
Monobactam; Penem;

Peptide; Phenicol;
Sulfonamide;
Tetracycline

Pseudomonas
aeruginosaCpxR NF NF F NF NF

Fluoroquinolone qnrD2 NF F NF NF NF

Carbapenem;
Cephalosporin;
Cephamycin;

Fluoroquinolone;
Glycylcycline;

Monobactam; Penam;
Phenicol; Rifamycin;

Tetracycline; Triclosan

ramA NF F F NF NF

Rifamycin rphB NF NF F NF NF

Aminoglycoside spw NF NF F NF NF

Sulfonamide sul1 NF NF F NF F

Sulfonamide sul2 NF NF F NF F

Sulfonamide sul4 NF NF F F NF

Tetracycline tet(36) NF F F NF NF

Tetracycline tet(39) F F F NF NF

Tetracycline tet(A) NF NF F NF NF

Tetracycline tet(G) NF NF F NF NF

Doxycycline;
Tetracycline;
Minocycline

tet(M) NF NF F NF NF

Doxycycline;
Tetracycline;
Minocycline

tet(O) NF NF F NF NF

Doxycycline;
Tetracycline;
Minocycline

tet(Q) NF NF F NF NF
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Table 2. Cont.

Resistance Gene Name
Number of Reads

Bageswar Bagwan Rasulabad Ghat Sahidabad Triveni Sangam

Doxycycline;
Tetracycline;
Minocycline

tet(X) NF NF F NF NF

Tetracycline tetC NF NF F NF NF

Aminocoumarin;
Aminoglycoside;

Carbapenem;
Cephalosporin;
Cephamycin;

Fluoroquinolone;
Glycylcycline;

Macrolide; Penam;
Peptide; Phenicol;

Rifamycin; Tetracycline;
Triclosan

tolC NF F NF NF NF

2.4. Virulence Factor (VF) Abundance

Our comprehensive study examined the distribution of virulence genes and associated
factors across multiple locations. Different contigs and their corresponding NCBI accession
numbers, alongside the designation of virulence genes and factors, were identified in the
present study and were exclusively linked to Pseudomonas aeruginosa (Table 3).

The analysis revealed the widespread distribution of flagella-associated genes (e.g.,
flgC, flgG, flgH, flgI) across various locations. The flgC (Flagella VF0273) was identified
in Bagwan, Triveni Sangam, and Rasulabad Ghat only. The genes related to Type III
and Type IV secretion systems, such as pcrD, pscR, pcrH in Triveni Sangam, and pilG in
Triveni Sangam, Bagwan, and Sahidabad, were also identified. Alginate biosynthesis genes,
like algU (Alginate VF0091) in Sahidabad and algI in Bagwan and Triveni Sangam, were
detected. The presence of genes associated with pyochelin synthesis (pchD, pchC, pchG,
pchF, pchB, pchR) exclusively in Rasulabad Ghat highlights the region-specific adaptation of
bacteria in iron acquisition, a critical factor for bacterial survival and virulence. Moreover,
clpV1, hsiG1, dotU1, hcp1, hsiB1/vipA, and hsiC1/vipB in Rasulabad Ghat, associated with a
Type VI secretion system (HSI-I VF0334), were identified. This study also identified the
acpXL gene in Bageswar, which was linked to LPS (CVF383) in Brucella sp.

Table 3. List of virulence factors found across sediment samples in the river Ganga. The virulence
factors have been categorized across samples and virulence factors.

Contig Id Location NCBI Accession No. Virulence Gene Virulence Factor

contigs_2469; contigs_1;
contigs_240

Bagwan; Triveni
Sangam; Rasulabad

Ghat
NP_249769 flgC

Flagella (VF0273)
(Pseudomonas

aeruginosa)

contigs_45;
contigs_11691;

contigs_19;
contigs_3945

Rasulabad Ghat;
sahidabad; Triveni
Sangam; Bagwan

NP_249773 flgG

contigs_45 Rasulabad Ghat NP_250143 flhA

contigs_45; contigs_641;
contigs_19

Rasulabad Ghat;
Bagwan; Triveni

Sangam
NP_250137 fliP

contigs_45 Rasulabad Ghat NP_250138 fliQ
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Table 3. Cont.

Contig Id Location NCBI Accession No. Virulence Gene Virulence Factor

contigs_11691;
contigs_19;

contigs_3945

Sahidabad; Triveni
Sangam; Bagwan NP_249774 flgH

Flagella (VF0273)
(Pseudomonas

aeruginosa)

contigs_45; contigs_641;
contig_19; contigs_366

Rasulabad Ghat;
Bagwan; Triveni
Sangam; Bagwan

NP_250134 fliM

contigs_45; contigs_641;
contig_19; contigs_366

Rasulabad Ghat;
Bagwan; Triveni
Sangam; Bagwan

NP_249793 fliG

contigs_45;
contigs_11691;

contigs_19;
contigs_3945

Rasulabad Ghat;
sahidabad; Triveni
Sangam; Bagwan

NP_249775 flgI

contigs_45; contigs_641;
contig_19; contigs_366

Rasulabad Ghat;
Bagwan; Triveni
Sangam; Bagwan

NP_250145 fleN

contigs_45; contigs_641;
contigs_19

Rasulabad Ghat;
Bagwan; Triveni

Sangam
NP_249795 fliI

contigs_45; contigs_641 Rasulabad Ghat;
Bagwan NP_249788 fleQ

contigs_4 Triveni Sangam NP_250394 pcrD Type III TTSS (VF0083)
(Pseudomonas

aeruginosa)
contigs_4 Triveni Sangam NP_250384 pscR

contigs_4 Triveni Sangam NP_250398 pcrH

contigs_68665 Sahidabad NP_249453 algU

Alginate (VF0091)
(Pseudomonas

aeruginosa)

contigs_5362; contigs_1 Bagwan; Triveni
Sangam NP_252238 algI

contigs_1 Triveni Sangam NP_252231 alg8

contigs_42942 Rasulabad Ghat NP_273273 katA

contigs_41 Rasulabad Ghat NP_460110 csgG

contigs_45 Rasulabad Ghat NP_251103 pvdH

contigs_45; contigs_53 Rasulabad Ghat;
Triveni Sangam NP_251116 pvdS

contigs_665 Rasulabad Ghat NP_252911 fptA

contigs_76423 Bagwan BAA94855 astA

contigs_2 Rasulabad Ghat NP_253699 waaF

contigs_45;
contigs_269352

Rasulabad Ghat;
Sahidabad NP_251102 mbtH-like

contigs_627 Bagwan AAF37887 ompA

contigs_5362 Bagwan NP_252241 algA

contigs_665 Rasulabad Ghat NP_252918 pchD

Pyochelin (VF0095)
(Pseudomonas

aeruginosa)

contigs_665 Rasulabad Ghat NP_252919 pchC

contigs_665 Rasulabad Ghat NP_252914 pchG

contigs_665 Rasulabad Ghat NP_252915 pchF

contigs_665 Rasulabad Ghat NP_252920 pchB

contigs_665 Rasulabad Ghat NP_252917 pchR
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Table 3. Cont.

Contig Id Location NCBI Accession No. Virulence Gene Virulence Factor

contigs_4;
contigs_24665;
contigs_67305;

contigs_39

Triveni Sangam;
Bagwan; sahidabad;

Bagwan
NP_249099 pilG

Type IV pili (VF0082)
(Pseudomonas

aeruginosa)contigs_24665;
contigs_67305;

contigs_39

Bagwan; Sahidabad;
Bagwan NP_249100 pilH

contigs_39 Bagwan NP_249086 pilT

contigs_622 Rasulabad Ghat NP_248780 clpV1

Type VI HSI-I (VF0334)
(Pseudomonas

aeruginosa)

contigs_622 Rasulabad Ghat NP_248778 hsiG1

contigs_622 Rasulabad Ghat NP_248768 dotU1

contigs_622 Rasulabad Ghat NP_248775 hcp1

contigs_622 Rasulabad Ghat NP_248773 hsiB1/vipA

contigs_622 Rasulabad Ghat NP_248774 hsiC1/vipB

contigs_239842 Bageswar NP_540392 acpXL LPS (CVF383)
(Brucella)

contigs_240 Rasulabad Ghat NP_249768 flgB Deoxyhexose linking
sugar 209 Da capping

structure (AI138)
(Pseudomonas

aeruginosa)contigs_641 Bagwan NP_250146 fliA

contigs_204 Rasulabad Ghat NP_254009 algC
Alginate biosynthesis

(CVF522) (Pseudomonas
aeruginosa)

2.5. KEGG Pathway Analysis

Our KEGG pathway analysis revealed a diverse range of biological processes across
all six distinct locations in the river Ganga (Figure 7). Notably, antimicrobial resistance
pathways were significantly represented, especially in Rasulabad Ghat and Sahidabad.
Core metabolic pathways, including energy and carbohydrate metabolism, were uniformly
present across all locations. The distribution of pathways related to diseases, such as cancer
and endocrine disorders, varied among locations. There was a noticeable diversity in
amino acid metabolism pathways, underscoring the metabolic adaptability of organisms in
different environments. We also found unclassified pathways, possibly linked with genetic
information processing and the metabolism process.
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Figure 7. Graphical representation of the distribution of various biological processes in the Ganga
River basin as analyzed from the KEGG. It depicts a comparative analysis across the six locations
(Bageswar, Bagwan, Koteswar, Rasulabad Ghat, Sahidabad, and Triveni Sangam), showing the
frequency of processes ranging from aging and replication to metabolism and drug resistance.

2.6. COG Analysis

The Cluster of Orthologous Groups (COG) analysis conducted across the six locations
revealed varied distributions of functional categories (Figure 8). The categories related
to “Energy production and conversion”, “Amino acid transport and metabolism”, and
“Carbohydrate transport and metabolism” were notably prevalent. Significant represen-
tation of “Cell cycle control, cell division, chromosome partitioning” and “Replication,
recombination and repair” highlights the active cellular processes occurring in these envi-
ronments. The variability in “Defense mechanisms”, “Signal transduction mechanisms”,
and “Inorganic ion transport and metabolism” across locations were found. We also found
a notable number of sequences under “Function unknown”.
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Figure 8. Bar chart displaying the Cluster of Orthologous Groups (COG) functional category distri-
bution across the six locations in the Ganga River basin. The categories range from RNA processing
and chromatin structure to metabolism and defense mechanisms, highlighting the diversity and
abundance of microbial functions in these regions.

3. Materials and Methods

3.1. Sample Collection

Sediment and water samples were systematically collected from six distinct sites along
the river Ganga. These locations included Koteswar (N 300.25′37.67′′, E 780.52′54.77′′), Bag-
wan (N 300.22′41.84′′ E 780.68′12.99′′), and Bageswar (N 300.13′90.18′′ E 780.59′68.21′′)
near Devprayag, Uttarakhand, India, along with Rasulabad Ghat (N 250.50′24.64′′ E
810.85′57.41′′), Triveni Sangam (N 250.42′63.09′′ E 810.88′81.93′′), and Sahidabad (N 250.39′41.57′′
E 810.91′61.04′′) near Allahabad, Uttar Pradesh, India. Collections were conducted in the
morning hours, between 8.30 and 10.30 AM, in March 2021 (Figure 9). From each location,
approximately 500 g of sediment and 500 mL of water were collected. These samples were
then meticulously stored in distinct autoclaved amber glass bottles (500 mL), clearly labeled
as Koteswar, Bagwan, Bageswar, Rasulabad Ghat, Triveni Sangam, and Sahidabad. At
every site, five sediment samples were obtained at intervals of approximately 200 m and
subsequently combined to form a single representative sample for each location. The pH
and temperature of each sample were measured on-site using an MT-222 Digiflexi digital
thermometer (Dr. Morepen, New Delhi, India) and portable pH meter (Hanna Instrument,
Sigma, St. Louis, MO, USA). All sediment samples were carefully placed in sterile plastic
bags, securely sealed, and transported on ice (4 ◦C), and subsequently stored at −20 ◦C for
further analysis.
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Figure 9. Map depicting the sampling sites along the Ganga River for the metagenomic study. Key
locations include Bageswar, Bagwan, Koteswar, Rasulabad Ghat, Sahidabad, and Triveni Sangam
spread across various geographical coordinates. Other locations near to the studied regions are
marked with red circles.

3.2. Genomic DNA Isolation, Library Preparation, and Sequencing

Genomic DNA was extracted from the collected sediment samples using the Xpress-
DNA Soil Kit (MagGenome, Union City, CA, USA), with certain modifications to the
standard protocol. The integrity and concentration of the extracted DNA were assessed
using 1% agarose gel electrophoresis and Nanodrop™ (Thermo Scientific, Waltham, MA,
USA), respectively, and the samples were subsequently preserved at −20 ◦C for future
analysis. A criterion for the DNA library construction was established, requiring an optical
density (OD) absorbance between 1.8 and 2.0 at a 260/280 nm purity ratio and a minimum
DNA concentration of 1 μg.

The purified DNA was sent to Genotypic Technology Pvt. Ltd. (Bangalore, India)
for library preparation and sequencing. Briefly, a NEBNext Ultra DNA Library Prep Kit
(Ipswich, MA, USA) was employed to prepare the paired-end sequencing library, following
the manufacturer’s protocol. The DNA fragments were then purified using a MinElute PCR
Purification Kit (Qiagen, Ltd., Crawley, UK). Post-preparation, the libraries were subjected
to DNA segmentation quantification in conjunction with HyperLadder IV (Bioline, London,
UK) to ascertain the size of the DNA library. In line with Illumina’s standard protocol, the
libraries were pooled at equal molar concentrations for sequencing. An Illumina HiSeq
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2500 (San Diego, CA, USA) quick run of 2 × 150 bp was utilized for sequencing, and
duplicate samples were allocated over two lanes for comprehensive sequencing. The
detailed workflow used in this study is shown in Figure 10.

Figure 10. Illustration of the methodological framework of the present study, starting from sample
collection through sequencing and analysis. It includes following methodologies like genomic DNA
(gDNA) isolation, library preparation, and Illumina HiSeq sequencing. The computational workflow
of bacterial diversity assessment, the identification of virulence factors (VFs) from the VFDB, and
the analysis of antibiotic resistance using CARD and AMRFinderPlus are shown. The final stages
involve the detection of AMR and VFs, followed by KEGG and COG analysis for comprehensive
genetic evaluation.

3.3. Bacterial Diversity Detection

Taxonomic profiling of six metagenomic samples was conducted utilizing the NCBI
taxonomy dataset. For each sample, a taxonomic tree was constructed by employing the
neighbor-joining method facilitated by MEGAN6 [26] and Kraken2 v2.1.3 [27]. The Kraken2
report file was finally used for generating a bacterial diversity classification plot or Sankey
plot using Pavian v1.0.

3.4. Functional Analysis

In the present river sediment metagenomic sample analysis, the assembly file was
annotated using PROKKA v1.14.5 [28]. The annotated sequence was used in the Virulence
Factors Database (VFDB) to determine virulence factors. To ascertain the presence of ARGs
within the river sediment, various databases, including the Comprehensive Antibiotic
Resistance Database (CARD), NCBI, and Resfinder, were employed. For the annotation of
core orthologues, consensus sequences were subjected to BLAST analysis against KOfam,
a database of KEGG orthologues, employing kofamKOALA [29]. Following this, the
eggNOG-mapper tool [30], in conjunction with the EggNOG database [31], was utilized to
systematically categorize all core orthologue sequences into clusters of orthologous groups
of proteins (COGs).

4. Discussion

The observed bacterial diversity and the prevalence of specific taxa, in particular
locations of the river Ganga basin, emphasize the intricate relationship between microbial
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communities and their environmental conditions. These findings have significant impli-
cations for understanding the ecological health and biogeochemical processes within the
river system.

The predominance of Proteobacteria across all examined locations aligns with the
existing literature, which often cites Proteobacteria as a dominant phylum in aquatic envi-
ronments [32–34]. This ubiquity can be attributed to the diverse metabolic capabilities of
Proteobacteria, allowing them to thrive in various environmental conditions. In specific
sites, like Bageswar, Koteswar, and Sahidabad, the marked prevalence of Flavobacterium
spp. is noteworthy. Flavobacterium is known for its role in nutrient cycling and has been
previously identified in freshwater ecosystems [35]. Its abundance in these areas might
indicate specific ecological functions, possibly related to the organic matter degradation or
nitrogen cycle in these river segments. Furthermore, the distinct presence of Sulfurospirillum
spp. in Bagwan and Triveni Sangam and Pseudomonas spp. in Sahidabad deserves attention.
Sulfurospirillum spp. are known for their role in sulfur cycling and have been identified in
environments with low oxygen levels [36], which might suggest specific anoxic conditions
or sulfur-rich environments in these parts of the river Ganga. On the other hand, Pseu-
domonas spp., known for its metabolic versatility and adaptability, might indicate a high
level of organic pollutants or anthropogenic influence in Sahidabad, as these bacteria are
often associated with contaminated sites.

Our investigation into the distribution of antimicrobial resistance (AMR) genes across
multiple geographical locations revealed a complex and diverse landscape of resistance
mechanisms. This study encompassed a wide array of resistance types, including Amino-
glycoside, Streptomycin, Cephalosporin, Penam, and others, across six locations in river
Ganga, i.e., Bageswar, Bagwan, Koteswar, Rasulabad Ghat, Sahidabad, and Triveni Sangam.

The findings demonstrated significant variability in the presence and prevalence of
specific AMR genes among the studied locations. For example, genes conferring resis-
tance to Aminoglycosides like aac(6’)-Ib, aadS, acrD, and ANT(2′′)-Ia were predominantly
identified in Rasulabad Ghat. This suggests a localized emergence or higher usage of
aminoglycoside antibiotics in this area, leading to selective pressure and subsequent devel-
opment of resistance. The role of selective pressure on antibiotic resistance has been well
reviewed in an earlier work [37] and well studied in P. aeroginosa [38]. The detection of aadS
in Bagwan and Triveni Sangam further indicates the spread of this resistance mechanism
beyond a single locality. Notably, Streptomycin resistance genes such as aadA1, aadA5, and
aadA6 showed a similar pattern of being exclusively found in Rasulabad Ghat. This further
supports the hypothesis of region-specific antibiotic usage or resistance development mech-
anisms. The region-specific antimicrobial resistance has been described in earlier studies on
Streptococcus pneumoniae [39], Mycobacterium tuberculosis [40], and Klebsiella pneumoniae [41].
Beta-lactam resistance genes, like blaOXA-209, which are unique to Bagwan and Rasulabad
Ghat, and blaOXA-119 in Triveni Sangam, underscore the heterogeneity in the distribution
of resistance genes. These genes have been well studied in an earlier work on the members
of genus Tenacibaculum [42].

Furthermore, the gene acrB, associated with resistance to a broad spectrum of an-
tibiotics, was observed in Bagwan and Rasulabad Ghat, which shows the presence of
multi-drug resistant strains in these areas. The acrB gene encodes a heterotrimeric protein
that forms a component of the inner membrane and is primarily tasked with substrate
recognition and energy transduction. It functions as a drug/proton antiporter, playing a
pivotal role in these processes [43,44]. The occurrence of blaRm3, a gene showing resistance
to a wide range of antibiotics, in Bagwan and Sahidabad, and blaTHIN-B in Sahidabad,
points toward the emergence of high-level antibiotic resistance in these areas. This gene is
one of the key genes related to antibiotic resistance and has been well studied as an indicator
of antibiotic resistance in various water sources [45–47]. In addition, the minimal presence
of the surveyed AMR genes in Bageswar indicates a possible lower prevalence of resistant
strains or divergent antibiotic utilization patterns in this locality. A study examining AMR
genes in the Ili River reported a lower occurrence of these genes, indicating minimal human
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intervention in certain areas [48]. So, the AMR genes analyzed in the present study would
help in finding the effect of human intervention on the upper and lower river Ganga basin.

The study also revealed that the distribution of these resistance genes is not uniform
across the regions, indicating a complex interplay of factors such as local antibiotic usage
patterns, environmental conditions, and genetic exchange mechanisms that might con-
tribute to this varied distribution. The distribution and diversity of AMR genes across the
studied locations provide a crucial understanding of the regional dynamics of antibiotic
resistance. The findings highlight the necessity for targeted surveillance and stewardship
programs to monitor and manage the spread of AMR in these specific areas. Understanding
the patterns of resistance gene prevalence can aid in developing strategic interventions to
curb the burgeoning issue of antibiotic resistance in diverse geographical settings.

The current investigation into the distribution of virulence factors across various
locations offers significant insights into the adaptive mechanisms of pathogenic bacteria,
particularly Pseudomonas aeruginosa. This study underscores the complexity of bacterial
virulence and its dependency on environmental context.

The detection of flagella-associated genes such as flgC, flgG, flgH, and flgI in multiple
locations implies a widespread reliance on motility and adherence as critical virulence
factors. The prevalence of these genes across diverse geographical areas signifies a common
strategy employed by bacteria to establish infection and colonization. This consistency in
virulence gene distribution suggests a potential universal response to similar environmental
pressures or host interactions [49].

The identification of genes related to Type III and Type IV secretion systems in specific
locations, like Triveni Sangam and Sahidabad, indicates the presence of advanced bacterial
systems for effector protein delivery. These secretion systems are pivotal in bacterial
pathogenesis, facilitating direct interactions with host cells [50,51]. The localized presence
of these genes may reflect regional variations in bacterial–host dynamics or environmental
factors that favor certain pathogenic strategies. Alginate biosynthesis genes, particularly
algU and algI, highlight the capability of bacterial populations in these regions to form
biofilms. Biofilms confer significant advantages to bacteria, including enhanced antibiotic
resistance and protection from host immune responses [52]. The regional distribution of
these genes suggests environmental or selective pressures favoring biofilm-forming strains,
potentially due to their survival and persistence advantages in specific niches. The role
of biofilm in bacterial survival in the river Ganga basin has been studied in an earlier
work [53,54]. The exclusive presence of pyochelin synthesis genes in Rasulabad Ghat points
to an environment where iron acquisition is a crucial survival factor. Iron is a vital nutrient
for bacterial growth, and its acquisition is often a limiting factor in pathogenic success.
The specificity of these genes to Rasulabad Ghat may indicate unique iron availability or
competition dynamics in this site.

The presence of Type VI secretion system genes in Rasulabad Ghat suggests an envi-
ronment rich in bacterial competition. This system is known for its role in bacterial warfare,
allowing for the delivery of toxins into competing bacterial cells [55,56]. The concentration
of these genes in one location might reflect a high-density bacterial community with intense
inter-bacterial interactions.

The geographical variability in virulence gene profiles poses challenges for infection
control and management strategies. Understanding the specific virulence factors in Ganga
River water can aid in developing targeted therapeutic and preventive measures. This
study highlights the need for the localized surveillance of pathogenic bacteria to better
understand and combat region-specific infectious challenges.

The distinct distribution of genes in processes like aging, replication, repair, and cell
motility across studied locations underscore the unique ecological characteristics of each
site. This diversity can be attributed to a multitude of factors, including environmental con-
ditions, the presence of specific microbial communities, and local selective pressures. The
variability observed in the data reflects the adaptive responses of organisms to their respec-
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tive habitats. The adaptive response of microbial communities to the environment has been
studied in various research works, reflecting its importance in future drug design [57,58].

The genes related to antimicrobial resistance, particularly in regions like Rasulabad
Ghat and Sahidabad, raise significant public health concerns. This observation suggests
that these areas might be reservoirs of drug-resistant organisms, potentially due to the
overuse of antibiotics or the presence of other selective agents. The data necessitate a
more focused approach toward monitoring and managing antimicrobial resistance in
these regions. The uniform distribution of primary metabolic activities, such as energy
and carbohydrate metabolism across all locations, indicates the fundamental nature of
these processes in sustaining life. However, the variation in amino acid metabolism
across different regions highlights the metabolic flexibility and adaptability of the residing
organisms, allowing them to thrive in diverse environmental conditions. The presence
of disease-related categories, like cancer and endocrine disorders, in the data suggests
potential environmental or genetic factors influencing disease prevalence in these regions.
These findings could be instrumental in guiding further epidemiological studies to explore
the environmental contributions to disease etiology.

A significant portion of the genes fell into unclassified categories, pointing to the
existence of unknown or poorly understood biological processes in these regions. This ob-
servation opens avenues for future research aimed at uncovering novel biological functions
and mechanisms, which could have far-reaching implications on understanding ecosystem
dynamics and organismal adaptations.

The Cluster of Orthologous Groups (COG) analysis, encompassing six distinct ge-
ographical locations, unveiled a rich tapestry of functional biodiversity. This diversity,
evident in the distribution of various COG categories, reflects the intricate interplay be-
tween microbial communities and their respective environments.

Central to our findings is the representation of categories related to energy produc-
tion, carbohydrate metabolism, and amino acid transport across all studied regions. This
uniformity in metabolic profiles suggests a fundamental role of these processes in sustain-
ing microbial life [59–61]. It underscores the universality of certain metabolic functions,
which serve as the cornerstone for microbial survival and proliferation, irrespective of
geographical variances.

Further study revealed the genes involved in cellular processes, particularly cell cycle
control, cell division, and chromosomal dynamics. The marked presence of these categories
indicates active cellular mechanisms, potentially as a response to local environmental pres-
sures or genomic instabilities. This observation aligns with the notion that microorganisms
are in a constant state of adaptation, modifying their cellular processes to optimize survival
and efficiency in diverse habitats, which supports various studies related to this [62–64].

The variation observed in defense mechanisms and signal transduction pathways
among the different locations indicates the adaptive strategies employed by microbial
communities. This variability could stem from the need to respond to specific local envi-
ronmental conditions, such as nutrient availability, the presence of antimicrobial agents,
or other ecological pressures [65]. The differential expression of these categories high-
lights the role of local environmental factors in shaping the functional capabilities of
microbial communities.

A particularly intriguing aspect of our analysis is the substantial proportion of se-
quences classified under “Function unknown”. This finding points to a significant gap in
our understanding of microbial functional diversity and suggests the presence of novel or
poorly understood biological processes within these communities. It opens avenues for
future research to explore these uncharacterized functions, which could lead to ground-
breaking discoveries in microbial ecology and biology.

5. Conclusions

In conclusion, this study offers critical insights into the bacterial diversity across six
regions of the river Ganga through a metagenomics approach. In addition to this, the
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spatial distribution of AMR and virulence factors, illustrating a complex and diverse land-
scape of antibiotic resistance across various geographical locations on the river Ganga, has
been depicted. The findings emphasize the importance of region-specific public health
strategies and the need to integrate these with local environmental and socioeconomic
contexts to effectively combat AMR. This study also highlights the intricate relationship
between organisms and their environments, as evidenced by the diversity of biological
processes observed in different locations. This emphasizes the need for local environmental
considerations in both ecological and biological research and for region-specific strategies
to address public health challenges, such as AMR. The research contributes significantly
to our understanding of the geographical distribution of bacterial virulence factors and
the importance of environmental and regional factors in bacterial pathogenesis. While
the study provides valuable insights, it is limited by its focus on specific resistance genes
and geographical locations. Future research should broaden to include a wider array of
resistance determinants and environmental samples to fully comprehend AMR dynamics.
This expansion is crucial for the global fight against the growing threat of antimicrobial
resistance and for developing effective infection control and management strategies. Under-
standing the diverse functional profiles of microbial communities and their adaptability will
be crucial to addressing ecological dynamics and ensuring environmental sustainability.
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9. Osińska, A.; Korzeniewska, E.; Harnisz, M.; Felis, E.; Bajkacz, S.; Jachimowicz, P.; Niestępski, S.; Konopka, I. Small-scale
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Abstract: Copious use of antibiotics in aquaculture farming systems has resulted in surface water con-
tamination in some countries. Our objective was to develop a slow-release oxidant that could be used
in situ to reduce antibiotic concentrations in discharges from aquaculture lagoons. We accomplished
this by generating a slow-release permanganate (SR-MnO4

−) that was composed of a biodegradable
wax and a phosphate-based dispersing agent. Sulfadimethoxine (SDM) and its synergistic antibiotics
were used as representative surrogates. Kinetic experiments verified that the antibiotic-MnO4

−

reactions were first-order with respect to MnO4
− and initial antibiotic concentration (second-order

rates: 0.056–0.128 s−1 M−1). A series of batch experiments showed that solution pH, water matrices,
and humic acids impacted SDM degradation efficiency. Degradation plateaus were observed in
the presence of humic acids (>20 mgL−1), which caused greater MnO2 production. A mixture of
KMnO4/beeswax/paraffin (SRB) at a ratio of 11.5:4:1 (w/w) was better for biodegradability and the
continual release of MnO4

−, but MnO2 formation altered release patterns. Adding tetrapotassium
pyrophosphate (TKPP) into the composite resulted in delaying MnO2 aggregation and increased
SDM removal efficiency to 90% due to the increased oxidative sites on the MnO2 particle surface. The
MnO4

− release data fit the Siepmann–Peppas model over the long term (t < 48 d) while a Higuchi
model provided a better fit for shorter timeframes (t < 8 d). Our flow-through discharge tank system
using SRB with TKPP continually reduced the SDM concentration in both DI water and lagoon
wastewater. These results support SRB with TKPP as an effective composite for treating antibiotic
residues in aquaculture discharge water.

Keywords: antibiotic removal; binding agents; dispersing agents; permanganate oxidation; release
kinetics; slow-release formulations

1. Introduction

Veterinary antibiotics are indispensable inputs for aquaculture practices. While both
prophylactic and therapeutic uses of antibiotics are very effective in promoting aquacultural
yields, the subsequent effects of antibiotics on water quality have largely been ignored [1–3].
Antibiotic-contaminated discharge water usually receives zero or insufficient treatment
prior to being released into downgradient watersheds. Subsequently, these untreated
antibiotics may affect the environment by introducing antibiotic-resistant pathogens or
killing waterborne microorganisms [4].
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Antibiotics 2023, 12, 1025

In this study, sulfadimethoxine (SDM) was selected as a representative antibiotic
because it is the most commonly used sulfonamide antibiotic in veterinary medicine
and is administered solely or synergistically with ormetoprim (OMP) and trimethoprim
(TMP) [5]. Moreover, previous researchers have documented that SDM-contaminated
water can pollute drinking water supplies and may cause environmental threats. For
example, Yuan et al. [6] collected samples from natural receiving water and sediment from
the Hangzhou Bay area of China and found SDM in the range of 0.59–1.21 ng L−1; SDM
concentrations in the range 1.73–2.5 ng L−1 were detected in drinking water sources for
Guilin area, China [7]. Zhou et al. [8] found that SDM was toxic to four aquatic organisms
(microalgae, freshwater Chlorella vulgaris, marine Isochrysis galbana, and Daphnia magna).
Finally, SDM and other sulfonamide antibiotics are not readily biodegradable; thus, they re-
quire a longer time for conventional biological treatment [9]. Therefore, it may be necessary
to oxidize the SDM into smaller molecules before applying a biodegradation process.

Removing antibiotics from aquaculture systems presents numerous challenges. Fre-
quently employed technologies, such as chlorination, exhibit limited efficacy and could
lead to unexpected ecological consequences from byproduct toxicity [10]. Recently, several
techniques have been devised for the removal of antibiotic pollutants from aqueous solu-
tions, including adsorption, photocatalysis, persulfate oxidation, and advanced oxidation
processes (AOPs) [11–15]. However, a significant challenge to these techniques mostly
pertains to the high levels of dissolved organic carbon concentrations present in the wastew-
ater generated by aquaculture farming. As a result, a large quantity of MnO4

− is necessary
to address this issue. The configurations of the discharge zones in aquaculture lagoons also
create chemical application issues, such as how to apply the oxidant and how often.

The efficacy of a slow-release oxidant has been demonstrated in providing a grad-
ual and prolonged release over a period of time, which negates the need for oxidant
replenishment. The two most suitable oxidants include persulfate (S2O8

2−) and perman-
ganate (MnO4

−). Although slow-release persulfate has shown potential as a remediation
option for subsurface contaminants, it typically necessitates an activation method to pro-
duce more potent radicals (i.e., SO4

·−) [16,17]. Therefore, the selection of slow-release
permanganate (SR-MnO4

−) appears to be more appealing due to its potential for facile
implementation [18,19].

Various composites have been developed to produce SR-MnO4
−. The type of binding

agent in the formulation, such as paraffin wax, polymer, or cement, is an important factor
in MnO4

− release [19–22]. Where possible, a biodegradable binding agent material is
preferable to a synthetic one [23]. In addition, the manganese dioxide (MnO2) that forms
during the release of MnO4

− can block pores used for permanganate diffusion from the
SR surface [24]. To date, only a few studies have investigated the releasing mechanisms of
SR-MnO4

− using modeling [25].
Our objective was to develop a slow-release permanganate composite using biowax

and a phosphate-based dispersing agent that could be used in situ to reduce antibiotic
concentrations in aquaculture lagoons. In this study, we determined changes in the physic-
ochemical properties on the slow-release surfaces, the releasing patterns of permanganate,
the optimum composite for maintaining the continual release of permanganate, the influ-
ential effects on antibiotic degradation, and the impact environmental conditions had on
antibiotic degradation rates.

2. Results and Discussion

2.1. Antibiotic Kinetic Experiments

Results showed that antibiotic concentrations (SDM, OMP, and TMP) proportion-
ally decreased faster at higher MnO4

− concentrations or lower initial antibiotic con-
centrations (Supplementary Materials Figure S1). Quick drops in SDM concentrations
were observed, unlike those of OMP and TMP, which displayed a continual decrease
(Figure S1A vs. Figure S1B,C). Here, the difference in antibiotic degradation efficiency was
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solely attributable to where MnO4
− would tend to attack preferentially, such as the S-N

bond of sulfonamide and aniline-SO2 [26,27].
Laszakovits et al. [28] reported that MnO4

− was in excess when the molar ratio of
MnO4

− to contaminant was 5–10, and then the antibiotic destruction rates (kobs) can be de-
termined as pseudo 1st order rates (kobs-SDM = 0.017–3.893 h−1, kobs-OMP = 0.033–0.514 h−1,
and kobs-TMP = 0.029–0.307 h−1). According to the general rate equation (Equation (1)), the
2nd order rate constant (kn) can be calculated from Equations (2) and (3):

r = kn[Antib]α
[
MnO−

4
]β (1)

r = kobs[Antib]α (2)

kn =
kobs[

MnO−
4
]β

(3)

where r is the reaction rate, α is the reaction order with respect to antibiotics, and β is the
reaction order with respect to MnO4

−.
By using these equations, these antibiotic-MnO4

− reactions resulted in second-order
rates of 0.128 ± 0.062 s−1 M−1 for SDM, 0.097 ± 0.005 s−1 M−1 for OMP, and
0.056 ± 0.008 s−1 M−1 for TMP (Figure 1). These rates were consistent with the ranges
for other antibiotics under similar conditions, such as ciprofloxacin (0.61 s−1 M−1) [29].
Hassan et al. [30] have suggested that the accelerated degradation rate observed in the
presence of MnO4

− could also be attributed to the presence of other active manganese
oxide species (MnOx) that may have acted concurrently with MnO4

−, especially at lower
solution pH levels. In our case, the organic solvent was not involved in the experimental
setup and so could not cause the auto-decomposition of MnO4

− to produce MnO2, as the
MnO4

− concentration ratio was quite high [31]. Therefore, any effect from MnOx during
our oxidation process was unlikely.

Figure 1. (A) Plot of pseudo-order rate constants and various concentrations of MnO4
− for antibiotics

three antibiotics (Sulfadimethoxine, SDM; ormetoprim, OMP; or trimethoprim, TMP) treated with
MnO4

− (B) Plot of initial rates and various concentrations of antibiotics when treated with MnO4
− at

1.133 mM.
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2.2. Effect of Co-Contaminants

The presence of OMP or TMP with SDM resulted in a 3-fold decreased rate of SDM
degradation (Figure S2A). Likewise, adding SDM to OMP slowed OMP degradation by
8-fold, and adding SDM to TMP slowed TMP degradation by 6.5-fold (Figure S2B,C).
This confirmed our previous results that SDM was preferentially oxidized over OMP and
TMP and that the sensitivity of the core molecules to MnO4

− was the limiting factor for
antibiotic degradation.

Here, the sulfonamide structure was more prone to disruption than the diaminopyri-
dine ring of OMP and TMP. Albeit these three aquaculture antibiotics could be ultimately
removed, the required time was quite extended compared to other well-known antibiotics,
such as oxytetracycline. The presence of the N atom on the heterocyclic ring of SDM, OMP,
and TMP, can minimize the electron density on the rings and deflect the attack by MnO4

−
to initiate the ring cleavage [32].

2.3. Effect of Initial pH

We observed changes from the initial pH level toward a neutral pH and a slight
decrease of MnO4

− (inset of Figure 2A). Using twice as much MnO4
− (3.34 mM) also

produced similar changes in MnO4
− and pH. As the MnO4

− reaction proceeds, the Mn–
byproduct (MnO2) will naturally form, and the pH will more likely be in the range of 4–6.
This would allow the MnO2 to enhance the oxidative performance, resulting in a faster
reaction in this pH range [27]. Although MnO2 can catalyze oxidative reactions, it could
negatively impact our slow-release MnO4

−. MnO2 can also block MnO4
− releasing passage

from the slow-release composite, which would delay contaminant degradation. Therefore,
minimizing MnO2 during treatment was an important research niche for developing a
slow-release oxidant composite for aquacultural systems.

 

Figure 2. (A) Observed kinetic rate constant (kobs) of SDM degradation with different initial pH
levels following treatment with MnO4

−. Inset graph shows temporal changes of pH of correspond-
ing MnO4

− concentration. (B) Temporal changes of SDM concentration following treatment with
MnO4

− under varying humic acid concentrations or actual wastewater discharge. Inset graph shows
comparison of kobs at corresponding HA concentration.
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2.4. Effect of Humic Acids and Real Wastewater

Results showed that the kobs decreased with increasing humic acid, indicating the
strong influence of HM on SDM degradation (Figure 2B). Conversely, Sun et al. [33] reported
that the presence of HM increased contaminant removal efficiency via the formation of
a secondary oxidant (MnO2) during the MnO4

− reaction. However, the increased kobs
did not appear in our experiments, perhaps due to several reasons: (1) the operating pH
(unbuffered pH) did not facilitate MnO2 formation; (2) the SDM-MnO4

− rate was quite
slow compared to the tentative reaction time of MnO2 with other contaminants, which
usually occurred within the first 30 min; and (3) over time, the MnO4

− concentration was
unchanged, indicating that if MnO2 did form, it might be insufficient to initiate MnO2
oxidation. Notably, kobs values were unchanged at high HM concentrations; in addition,
the SDM relative concentration seemed to reach a plateau sooner with the wastewater
compared to the 100 mg L−1 HM solution (Figure 2B). Here, MnO2 may have been readily
liberated as the MnO4

− was surrounded by organic constituents that are prone to react
with any oxidative substance.

Given these possibilities, previous reports also demonstrated that the interaction
of organic matter with oxidative molecules was quite complex; thus, different types of
impact may be expected depending on the oxidant. For example, phenolic moieties in
organic matter may also act as an activator for persulfate oxidation, which would result in
a much faster degradation rate [34]. However, our results showed that humic substances
could have a major inhibitory effect on SDM degradation, delaying it by as much as
50% compared to the control (no HM; Figure S1 vs. Figure 2B). Similar observations
showed that, at only 5 mg L−1 of HM, the degradation of sulfamethoxazole was inhibited
during MnO4

− oxidation (Gao et al., 2014). Therefore, prolonging the contact time of
the oxidant and having a slightly higher MnO4

− concentration must be considered for
real-world applications. The aforementioned statements provide sufficient proof to support
the beneficial application of slow-release MnO4

−.

2.5. Release Concentration of SR Permanganate
2.5.1. Release Concentration

Using paraffin and no biowax, a rigid cylindrical shape was produced that provided
the continual release of MnO4

− up to ~500 mg L−1, which was nearly 95% of MnO4
− in

one SR (Figure S3B). Because paraffin mostly contains saturated long-chain hydrocarbons
(C18–C60), its biodegradation can take some time. Furthermore, Carrilloa et al. [35] re-
ported that the accumulation of paraffin wax can cause severe health effects on aquatic life
and their habitat, which could also threaten human health.

During the preparation of slow-release samples, we found that the soy wax-paraffin-
MnO4

− mixture was unlikely to form. The mixture’s homogeneity was so sparse that the
material was crumbly with an obvious covering of wax. These crumbs provided individual
encapsulation that would have served as many SR-MnO4

− sites and therefore provided
higher MnO4

− release (Figure S3C). The deformation of soy wax may have been due to its
being more branched with short-chain fatty acids, hydroxyl groups, and containing more
ester compounds, making it very difficult to form a rigid SR [23,36]. In addition, soy wax
thermographs from differential scanning calorimetry support its ability to melt at a lower
temperature compared to paraffin and beeswax [37]. We believe that these abilities may
cause deformity of the mixture and its failure to re-solidify into the desired shape at room
temperature, resulting in undesirable shredding. However, our current results showed
that the releasing concentration was quite low (<350 mg L−1) as most KMnO4 granules
were entirely covered with unmixed waxes that minimized the surface diffusion channel,
worsening the release of MnO4

− (Figure S3C).
As discussed earlier, the physicochemical properties of waxes play an important role

in the releasing ability of MnO4
−. The rice bran wax chemical composition was ester com-

pounds (up to 73.4%), triacylglycerols (21.9%), and free aliphatic alcohol (4.6%) [38]. Here,
rice bran wax failed to form a rigid shape with any of the mixtures as the MnO4

− releasing
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concentrations were inconsistent for both short-term (<7 d) and long term (>7 d) release,
resulting in large variations in the MnO4

− concentration (Figure S3D). In addition, the rice
bran wax tended to swell in water in our separate swelling test experiment. Therefore, rice
bran wax was not suitable as a binding agent for SR-MnO4

−.
On the other hand, beeswax performed very similarly to using paraffin alone, despite

lessening the amount of paraffin in the wax proportion, resulting in a spongier surface. In
terms of releasing MnO4

− concentration, large concentration discrepancies were observed
between samples from 0.25 d to 7 d and from 28 d to 56 d. In contrast, the releasing
concentration was quite consistent from 7 d to 28 d (Figure S3E). Compared to the paraffin,
the initial phase of beeswax provided 1-fold more releasing concentration, indicating that
beeswax was a better binding agent than paraffin alone (Figure S3B vs. Figure S3E). With
time, oxidation of MnO4

− on the beeswax slowly occurred, with the possible formation
of MnO2, resulting in blockage of the diffusing channel of MnO4

− during 7 d to 28 d. We
observed more obvious cracks on the SR surface on day 28, which created new diffusing
channels, resulting in more MnO4

− concentration being released. At 56 d, the highest
concentrations of beeswax at all ratios were still 17% lower than from using paraffin alone
(Figure S3E).

In terms of chemical composition, beeswax consists of longer chain carbons compared
to soy wax. One of the major components of beeswax is esters, which contain up to
52 carbons and a series fraction of internal chain methylene (int-(CH2)) [39]. Therefore, the
beeswax can degrade more easily than paraffin.

2.5.2. SR-MnO4
− Surface Properties

We initially selected beeswax SR-MnO4
− (SRB) to further characterize its changes

in surface properties using FTIR (Figure 3). The double peaks at 2912–2845 cm−1 were
attributed to the presence of fatty acid chains, while peaks at 1320 and 729 cm−1 were
ascribed to C-H stretching in symmetry with aliphatic hydrocarbons and the amide group.
These spectra resembled the major component of natural beeswax [40]. The signals at 1467
and 1794 cm−1 belonged to the C=C stretching band of saturated hydrocarbons and the
C=O stretching vibration in the wax polymer.

 

Figure 3. Fourier-transform infrared spectroscopy spectra of three different SRs: pure beeswax
(BEE), slow-release permanganate consisted beeswax in the mixture (SRB), and SRB after soaked in
SDM solution.
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The peak intensities decreased with a decreased portion of beeswax in the SRB and
SRB-SDM, while still showing the original components of beeswax (Figure 3). This decrease
may imply that the short longevity of SRB improved its suitability for being biodegradable.
The absence of the CH2 rocking bands at 800 cm−1 on the SRB-SDM indicated the loss of
the crystal structure of the hydrocarbon chain due to MnO4

− oxidation on the SR surface
during the batch experiment. Shaabani et al. [41] reported that MnO4

− oxidation was
responsible for shortening the aliphatic hydrocarbon chain, causing the disappearance
of the FTIR bands. The 538 cm−1 band corresponded to the stretching vibration of the
adsorption band of MnO on the MnO2 molecular structure that resulted from the SDM-
MnO4

− reaction [42]. Therefore, it could be concluded that the MnO2 rind that appeared
on the SRB surface during oxidation could later block the MnO4

− diffusing passage. This
meant that chemical additions, such as dispersing agents, were needed to prevent the
aggregation of MnO2 and simultaneously enlarge the release passage.

2.5.3. Chemical Addition/MnO4
− Residual on Surface

In this releasing experiment of mixture set B, we selectively presented the controls
(XC0) and ones denoted as XT1, XT2, XS1, and XS2 where X represents the type of wax—S,
R, B, or P—in the successive releasing experiment (Figure S4). Despite adding the TKPP or
SHMP to benefit the emulsifying activity and support gel formation in the mixture [43],
at higher amounts (>0.04 g), our SR failed to achieve the desired cylindrical shape after
one week (Table S4). This is because increasing the dispersing agent by more than 2.5% of
the total SR weight—the total of binding agents was then less than 24.7%—could easily
dissolve in water and leave voids in the SR surface, making it unstable to maintain the
original shape (Table S4).

We found that in the short term, chemical addition made only minor differences
in the MnO4

− release compared to previous experiments with no chemical addition
(Figure S3 vs. Figure S4). Soy wax and rice bran wax still presented oscillated concen-
trations due to unsuitability between the binding agent and MnO4

−, while beeswax and
paraffin provided more stable release. Among these various tests, BT2 and BS2 provided
the best releasing concentration (Figure S4), which was approximately 20% better than
without chemical addition (Figure S3). This was due to the phosphate ions binding with the
colloidal manganese oxide, resulting in the creation of repulsive forces that later delayed
MnO2 aggregation.

2.5.4. Releasing Empirical Formula

Generally, release MnO4
− concentration showed fresh dissolution in the initial phase,

followed by continual release until reaching the saturation plateau (Figure S6). Although
most of the MnO4

− release patterns had similar trends, the release kinetics differed de-
pending on various types of mixtures and amounts of binding agent (Table 1). The MnO4

−
release pattern can be varied depending on the uniformity of the mixture and the granule-
aligning configuration of the SR. Biphasic graph types of the release kinetics were observed
in all the SR formulations, confirming the common pattern for oxidant release, as our
research group previously demonstrated (Table 1; Figures S6–S10). We evaluated a full
range of experimental times (60 d) for all the theoretical models, except the Higuchi models,
in which the partial time (~60% of released concentration; ~8 d) was separately evaluated,
as suggested by Passot et al. [44]. The results indicated that beeswax and paraffin had
longer steady state time spans (11 d vs. 15 d) than those of soy wax and rice bran wax (~5 d;
Figure S7). Therefore, linear regression for the shorter timespan (<8 d) for the Higuchi
model provided a better fit (Figure S8).
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All of the r2
adj values obtained using the Noyes-Whitney model were unsatisfactory

due to the slight increase toward the end of releasing experiments and its possessing
biphasic behavior (Table 1; Figure S9). The Noyes-Whitney model calculation is based on a
uniform layer, while our SR was manufactured from a mixture of binding agents, which
may not have uniformly encapsulated both granules of MnO4

− and the dispersing agents.
In addition, we observed that only beeswax with dispersing agents (BT1, BT2, and BS1)
could provide a better fit within the first 15 d of the experiment (r2

adj > 0.87). This might
have been due to the texture of the beeswax itself, which allowed for more uniform mixing
from the circumferential surface toward the center of the SR cylinder. In addition, TKPP
and biowax were better distributed in the SR mixture than SHMP. Unlike the Higuchi
model, it was clear that the Noyes-Whitney model would only be suitable for slow-release
types that had reached 80% of the released concentration.

The lack of correlation using the Weibull model was observed for soy wax and rice
bran wax (r2

adj values of 0.73–0.84; Table 1; Figure S10). Because of the obvious biphasic
feature of the release pattern in these two types of biowax, it was unlikely to achieve a
well-fitted pattern with a Weibull model. Unlike the beeswax and paraffin SR, the r2

adj was
better described with the Weibull model. Furthermore, the shape parameters (β values) of
0.3667–0.5269 in all formulations implied that the SR released MnO4

− according to Fickian
diffusion [45].

Among the other models, the Higuchi model could better provide phenomenological
analysis of releasing data, but only within the recommended timeline [44]. None of the
r2

adj values for SR manufacturing with soy wax and rice bran wax were acceptable in the
full timespan range (Table 1), confirming that these SR types did not correlate well with this
model using the entire timespan and that these waxes contributed to the random release of
MnO4

−, even in the initial phase. These physical wax characteristics were so inconsistent
that the wax texture prevented the mixture uniformity. The uneven mixture was probably
the main reason causing the rind and wax blockage on the MnO4

− dissolution front.
Considering only t < 8 d, the r2

adj values using soy wax and rice bran wax were
still unsatisfactory, with the paraffin and beeswax applications providing much better fits
(r2

adj 0.944–0.991; Table 1). In addition, when paraffin was used with TKPP or SHMP
addition, the k values were more consistent compared to those using beeswax, indicating
that paraffin could provide a likely controllable release (Table 1). The beeswax was more
likely controllable with TKPP addition than SHMP addition.

Overall, in the beeswax formulations, TKPP addition produced a better fit and slightly
lower k values than SHMP addition. By extending to the full range of release analysis, the
Siepmann-Peppas model, based on the power law model, was better suited with much
higher r2

adj values and could better predict the release of MnO4
− from the SR mixture

formulation. Similar to the Higuchi model, only formulations with beeswax or paraffin
only provided relatively high r2

adj values > 0.9. The only exception was the SHMP addition
in the beeswax formulation that provided a relatively low r2

adj value, indicating that SHMP
might not be a good candidate to provide constant MnO4

− release.
The results obtained by applying the Siepmann-Peppas model showed that this model

was most suitable for full-range analysis of the release of MnO4
−. The release longevity

revealed that the MnO4
− reached its maximum capacity no later than 20 d (Figure S6). It

also revealed that the MnO4
− releasing trends were deliberate when the α and β values

were lower than 200 and relatively close to 0.300 (Table 1). In other words, a high amount
of chemical addition would either produce an out-of-shape SR cylinder or make the release
pattern unpredictably random.

In addition, from a structural wax standpoint, both paraffin and beeswax contain up
to 90% CH2 carbons, but beeswax also contains larger amounts of polar compounds, such
as alcohols, free acids, and esters, [46]. When SRB meets water, part of the beeswax would
swell and possibly hinder the release of MnO4

− by partially blocking the diffusion channel.
This would be unlikely to occur with paraffin as it contains mostly alkane groups, which
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are hydrophobic. Therefore, there could have been several pores on the SR surface once
MnO4

− started to diffuse, making it easier to control chemical release.

2.5.5. Comparison of SDM Degradations by MnO4
− Solution and SR-MnO4

−

Results showed that the MnO4
− solution alone removed SDM better than the compos-

ites in the short term (~0.08 d), while the SR composites performed much better over the
long term (up to 48 d) (Figure 4). A dispersing agent in SR-MnO4

− revealed up to 20–30%
better SDM removal efficiency (Figure 4). This indicated that both TKPP and SHMP could
perfectly delay MnO2 aggregation.

Figure 4. SDM removal percentage with different treatments of permanganate (solution or SR) for
short-term (0.08 d) and long-term (48 d). Embedded bar graphs represent SDM removal percentages
for different treatments of MnO2 at varying MnO2 amounts. The MnO2 treatment used a similar
configuration (solution or SR) to that of the corresponding MnO4

− bar graph.

The oxidation of MnO2 alone with SDM showed that the SDM removal was propor-
tional to the amount of MnO2, but to a lesser extent than for MnO4

− and that the presence
of chemical addition did not change the SDM removal efficiency (see embedded bars in
Figure 4). In addition, no adsorption of SDM on the MnO2 surface was observed; rather, it
has been shown to easily degrade with the initiation of electron transfer (Gao et al., 2012).
Furthermore, the available oxidative sites on the MnO2 surface could be hindered by bind-
ing agent embedment on the MnO2 particles. The formation of rind on the SR surface could
be minimized by using a dispersing agent, which allowed more MnO4

− to be released into
the solution.

The paraffin SR-MnO4
− was better at releasing MnO4

− and degrading SDM compared
to the beeswax SR-MnO4

− (Figure 4, Figures S3 and S4). However, adding TKPP was a
better combination with beeswax than adding SHMP, regardless of these two SR types.
This was due to the smaller phosphate group attached to the TKPP molecules (diphosphate
or pyrophosphate) (Table S2) that allowed better chelating ability on metal ions and the
shorter chained polyphosphates of TKPP, giving it approximately two-fold greater water
solubility than SHMP [47].

To ensure the absence of MnO2 on the SR surface of SRB with TKPP addition, we
proved the MnO2 formation using XRD. By comparing the results of four different types
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of SRB with the various polymorphs of the MnO2 standard (pyrolusite, ramsdellite, and
hollandite), there was no matching of any MnO2 formation on the surface, indicating that
TKPP could successfully prevent self-aggregation of MnO2 (Figure S5). Notably, there was
also no clear evidence of colloidal or other precipitates in the solution.

2.6. SR Permanganate Use in Contact Tank

Results showed that the MnO4
− solution could not decrease the SDM concentration

in both matrices and may even have slightly increased the overall SDM concentration with
time because of the continuous flow of newly flushed SDM-contaminated water into the
system (Figure 5). This indicated a possible adverse effect when KMnO4 was selected as the
sole treatment. Although there was a slight decrease in the SDM concentration in the first
cycle, the available MnO4

− in the contact tank may have been insufficient for successive
flushing cycles.

Figure 5. Temporal changes in SDM concentration (C/Co) and MnO4
− concentration observed in

contact tank following treatment with different water matrices (DI water or actual wastewater).

When SRB (i.e., with TKPP) was used, the results showed that both the SDM concen-
tration and the MnO4

− residual concentration continually decreased with time (Figure 5).
Again, a slight increase in the SDM concentration was observed. The MnO4

− concentration
was less than the total concentration in the releasing experiment because of the sizing
difference. However, with this low concentration of MnO4

− prior to entering the effluent
reservoir, we suggest that numerous SRB types could be used and the contact time could
be extended to facilitate system efficiency.

Because we expected that other organic contents would affect our system and our SRB,
we mimicked the previous experiment with the actual aquaculture discharge water (ww).
Similar decreasing trends in both the SDM and MnO4

− concentrations were observed.
However, after the first cycle, the overall removal percentage of SDM reached ~27% and
~55% for DI water and actual wastewater and continued to decrease with time (Figure 5).
The addition of TKPP proved to prolong the slow release of MnO4

−, delay the formation
of MnO2, and negate the need for frequent replenishment of the SRB.

Based on the SDM removal efficiency and the MnO4
− concentration, the contact tank

experiment showed less SDM removal and a lower MnO4
− concentration than the batch

experiment (Figure 5 vs. Figure S1). This could have been due to differences in the contact
tank volume, indicating that regular cleaning practices and environmental conditions on
the farm may need to be further evaluated with our developed SR to efficiently remove
these contaminants from farming wastewater. Overall, we proved that SRB+TKPP was
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more effective than using MnO4
− solution alone, provided that the existence of organic

constituents in the wastewater was taken into consideration.

3. Materials and Methods

3.1. Chemicals and Analyses

The chemicals used in experiments were purchased from several vendors. Sul-
fadimethoxine (C12H14N4O4S: 122-11-2, SDM), ormetoprim (C14H18N4O2: 6981-18-6, OMP),
and trimethoprim (C14H18N4O3: 738-70-5, TMP; Table S1) were obtained from Dr. Ehren-
storfer GmbH (Wesel, Germany). Manganese dioxide (MnO2) was purchased from BDH
(Poole, England). Potassium permanganate (KMnO4), ascorbic acid, tetrapotassium py-
rophosphate (TKPP), and sodium Hexametaphosphate (SHMP; Table S2) were of analytical
reagent (AR) grade and purchased from Ajax Finechem (Oakland, New Zealand). Hu-
mic acid was obtained from Sigma-Aldrich (St. Louis, MO, USA). All SR binding agents
(synthetic paraffin, paraffin, soy wax, beeswax, and rice bran wax) were acquired from
Chemipan (Bangkok, Thailand), a local wax manufacturing company in Bangkok, Thailand.

Changes in antibiotic concentration were determined based on high-performance
liquid chromatography (HPLC) with an e2695 unit using a diode-array UV detector no.
2998 (Waters, Milford, MA, USA). For the isocratic elution of acetonitrile, 0.1% acetic
acid (60:40) was used as the mobile phase at a flow rate of 1 mL min−1. The detection
wavelength was set at 270 nm for SDM analysis and at 200 nm for OMP or TMP analysis.
After injecting 20 μL of samples, antibiotics were separated using a Mightysil RP-18GP
column (250 × ∅ 4.6 mm, 5 μm) coupled with a guard column. The MnO4

− concentration
was measured using a Cary60 Agilent UV-Vis spectrophotometer (Santa Clara, CA, USA)
at a wavelength of 525 nm.

The SR samples made of selected binding agents were selectively analyzed for surface
properties. Fourier-transform infrared spectroscopy (FTIR; Bruker Tensor 27; Billerica, MA,
USA) was used to analyze the surface functional groups of the unheated beeswax (BEE),
SR-MnO4

− made of beeswax (SRB), and 7 d SDM-soaked solution SRB (SRB-SDM). To
further confirm the absence of MnO2 following adding chemical addition (TKPP), a 2θ scan
(15–80◦) was performed using X-ray diffraction (XRD; Bruker D2 Phaser; Billerica, MA,
USA). Comparisons were made after using the SRB with and without TKPP on testing with
SDM by soaking in SDM solution for 7 d.

3.2. Antibiotic Kinetic Experiments

The first experiment was to determine the MnO4
− degradation efficiency of antibiotics

in a series of batch experiments. A 250 mL Erlenmeyer flask was used as an experimental
unit for a 100 mL aqueous solution. Unless stated otherwise, all experiment units were
covered with aluminum foil to prevent photodegradation of MnO4

−. All experiments
were performed under agitation using an orbital shaker at 150 rpm. Treated samples were
quenched to further prevent antibiotic transformation following treatment with MnO4

−.
We used ascorbic acid as a quenching agent instead of using manganese salts to avoid
interference with the properties of aliquot samples. The typical quenching procedure
involved transferring a 1 mL sample at preselected times into a 1.5 mL centrifuge tube
that contained 0.1 mL of freshly prepared ascorbic acid (20,000 mg L−1), centrifuging at
14,000 rpm for 10 min, removing the supernatant to an HPLC vial, and storing samples
until analysis based on HPLC.

Although SDM was the main focus of this research, OMP and TMP were also selected
for antibiotic kinetic experiments as they act synergistically with SDM at a 5:1 ratio in
real-world medicinal applications [5]. To determine antibiotic reaction rates, we performed
batch experiments where the SDM initial concentration was fixed at 161.12 μM and the
MnO4

− concentrations ranged from 0.315 to 5.033 mM. Based on the applicable ratio, OMP
or TMP was fixed at 36.45 μM and 34.44 μM, and the MnO4

− concentrations ranged from
0.189 to 27.181 mM. These high concentration ranges of MnO4

− allowed us to evaluate the
reaction rates when the MnO4

− was in excess.
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Likewise, using the initial MnO4
− concentration at 1.133 mM, we treated varying

concentrations of either SDM (16.11 to 161.12 μM) or OMP (4.56 to 72.91 μM) or TMP
(4.56 to 72.91 μM) individually. The initial rate method modified from Sakulthaew and
Chokejaroenrat [19] was selected to determine the kinetic order rates of the antibiotic
and MnO4

−.
In addition, we conducted a series of experiments that compared degradation rates

when antibiotics were treated alone and in combination (i.e., as co-contaminants) to quantify
SDM degradation in the presence of other synergistic antibiotics (OMP and TMP).

3.3. Influential Effects on Antibiotic Degradation
3.3.1. Effect of pH

The ambient pH of aquaculture water can fluctuate due to the excreted ammonia
from fish following protein feeds, which can cause a slightly higher pH in the discharge
water [48]. Therefore, it would be more difficult to degrade antibiotics because MnO4

− is
more efficient in acidic solutions. Therefore, we conducted a series of batch experiments
to verify that the SDM destruction rates by MnO4

− (1.67 and 3.32 mM) were similar at
differing levels of the initial pH. The experiment was investigated over a pH range of 3–11
to cover a vital range (4–11). The solution pH was adjusted to the designated pH using
either 0.1 M NaOH or 0.1 M HCl. A stock solution of SDM was spiked into the solution to
obtain the final concentration of 161.12 μM. Samples were collected periodically following
the monitoring of SDM concentrations and pH measurement of the solution.

3.3.2. Effect of Humic Acids and Real Wastewater

Aside from the micropollutant contamination in the discharge water from aquaculture
farming, high levels of organic constituents can be a major contributing factor in scavenging
for available MnO4

−. In separate sets of vessels, we used a 3.32 mM solution of MnO4
−

and varied the humic acid concentration ranging from 6.25 to 100 mg L−1, which was used
as a representative of natural organic matter (NOM). To test the treatability of MnO4

−
on-site treatment for SDM, we used real discharge water as the solution matrix in the
batch experiment. This wastewater was provided from local prawn farms in Kampangsaen
district, Nakhon Pathom province, Thailand, and was collected during the harvesting
period. Its water characteristics are presented in Table S3. Similar to most aquaculture
farming in rural areas, this water had received insufficient treatment prior to disposal in
the adjacent lagoon watershed.

3.4. Slow-Release Permanganate

A series of ratios between solid wax (acting as a binding agent), KMnO4, and stabiliza-
tion aids are discussed later in this section. The mixture was heated until the liquid was
on a hotplate at 75 ◦C and continuously stirred to achieve textural homogeneity prior to
pouring it into a cylindrical mold (∅ 0.6 cm). Each SR sample was trimmed and weighed
to 0.75 ± 0.05 g to ensure minimal fluctuation in the release of the MnO4

− concentration.
These samples were kept in a desiccator at room temperature prior to use within 5 d.

3.4.1. Manufacturing Mixture Ratio

To determine the most optimal mixture for SR-MnO4
−, two types of mixture ratios (A

and B) were used for different purposes. The set A mixture was used to evaluate the best
slow-but-sustained release of MnO4

− using different kinds of binding agents (i.e., synthetic
paraffin and three types of biowax), whereas the set B mixture was used to evaluate the
most suitable type and the amount of dispersing agent (TKPP or SHMP) in the SR mixture.
Other research proved that SHMP facilitated a more consistent release of MnO4

− [24], and
both SHMP and TKPP allowed MnO4

− to enter low permeable zones much deeper than
without using these chemical agents in the transport experiments [49].

For mixture set A, we used different amounts of each composition while maintaining
the same total weight (3.3 g per batch). In general, biowax was more difficult to solidify
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compared to paraffin. In each batch, we varied the amount of biowax (0.2–1.0 g per batch)
and the paraffin (intervals of 20% or 0–0.8 g per batch) while maintaining the same amount
of KMnO4 (Figure S3A). We selected this mixture ratio for the succeeding experiments
based on two criteria: (1) the best slow-but-sustained release of MnO4

− and (2) the ability
of SR-MnO4

− to retain its cylindrical shape.
Mixture set B involved the addition of stabilization aids or dispersing agents. The

TKPP and SHMP were reported to reduce MnO2 rind formation substantially during the
sweeping of MnO4

− flushing in the subsurface [49]. The new mixtures were investigated
using varying amounts of the stabilization aid (0.01, 0.02, 0.04, or 0.08 g) (Table S4). To
elucidate the effect of the dispersing agents, we maintained the weight of each SR-MnO4

−
at 0.75 ± 0.05 g and the constant amount of paraffin at 0.09 g. Therefore, we compensated
for the addition of either TKPP or SHMP by reducing the amount of biowax (Table S4).
Here, each type of SR is abbreviated and written as wax·chemical additive·additive amount
(Figure S4; Table S4). For example, ST2 was used as the abbreviation for soy wax mixed with
0.02 g of TKPP (per SR). The additional criterion for selecting the most suitable proportion
was that the SR should be able to continually release MnO4

− in the aqueous solution while
preventing rind formation.

3.4.2. MnO4
− Releasing Experiments

Batch experiments were conducted for MnO4
− releasing to evaluate the optimum ratio

for each mixture set. Typical experiments involved placing the SR-MnO4
− into individual

1.5 L flasks that contained 1 L of water. Each container was thoroughly covered with
aluminum foil to prevent MnO4

− photodegradation. The SR-MnO4
− was suspended 10 cm

from the top of the water surface using cheesecloth bags that allowed 100% MnO4
− diffu-

sion. Each unit was done in quadruplicate. Sampling for MnO4
− concentrations occurred

immediately after the SR-MnO4
− had been removed from the flasks. The deformity of SR

was recorded as not applicable and was not considered in the succeeding experiments.

3.4.3. Slow-Release Applicability Test

By flushing SR with fresh water, the MnO4
− concentration is quickly released via

diffusion mechanisms because rind formation and different binding agents could interfere
with the release of MnO4

−. In an individual container, each SR sample from mixture set
B was soaked in 1 L of water for 2 h to imitate the flushing event on aquaculture farms.
The MnO4

− concentration was monitored 12 times during 28 d. Then, we removed the
SR from the soaking unit and left it at room temperature until the next sampling time.
Four empirical formulas (Siepmann-Peppas, Higuchi, Noyes-Whitney, and Weibull) were
selected to quantify the releasing mechanism and better understand the MnO4

− release.
Both the coefficient of determination (R2), obtained using the graphical software, and the
adjustable coefficient (r2

adj) (Equation (4)) [50] were applied to evaluate the best fitting
model for MnO4

− release.

r2
adj =

(
1 − R2)(N − 1)
(N − m − 1)

(4)

where N is the number of samples in each run and m is the number of parameters in each
empirical model. As one of the criteria of SR selection was to maintain its cylindrical shape,
we only selected ones with sufficient binding agent (dispersing agent < 2.5%) for further
discussion on the releasing model.

To compare the SDM removal using MnO4
− solution and SR-MnO4

−, we conducted
additional experiments that monitored SDM concentrations up to 48 d. Either TKPP or
SHMP was included in both treatments (i.e., MnO4

− solution and SR-MnO4
−). For SR-

MnO4
−, we compared only two types of binding agents: (1) paraffin and (2) beeswax. To

further evaluate if MnO2 could serve as an oxidative surface for SDM in our treatment
configuration, we added either 0.08 g L−1 or 0.4 g L−1 MnO2 to the experimental unit.
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3.5. Contact Tank Experiment

In the final part of this research, a contacting system was constructed to investigate
the ability of SR-MnO4

− to effectively treat intermittent discharge water (Figure 6).

Figure 6. Contact tank diagram for SR-MnO4
− treatment system. Number 1 to 3 represents each

chambers in the tank.

3.5.1. Construction of Contact Tank

The specifically designed tank (45 cm × 30 cm × 30 cm) was rectangular and made of
acrylic, which is a non-SDM absorbable material. The release of MnO4

− started in the first
chamber when the SR-MnO4

− met water just 5 cm above the water surface. Baffles were
used to divide the chambers. The first baffle attached to the first chamber forced water to
pass only from the bottom of the tank to ensure that the reaction commenced within this
chamber. The second chamber was the contact area, where mixing of the water allowed
the accumulation and reaction with diffused MnO4

−. Therefore, the second baffle height
was adjusted depending on the time required for the MnO4

− to treat the SDM. The contact
area was in the second and last chambers, which allowed precipitates to settle prior to
wastewater release into the receiving watershed.

3.5.2. Remediation Experiment

Spiked-SDM in the discharge water was prepared to determine if the SR could treat
multiple discharge events. We used a peristaltic pump model no. BT 100 2J (Baoding City,
Hubei, China) connected with Masterflex Viton® tubing (Coleparmer, IL, USA) to introduce
water from an SDM solution reservoir at 50 mg L−1. Sampling was collected in the three
chambers and at the end of the ditch to determine the overall removal efficiency of SDM
in the effluent during each cycle. This allowed us to quantify the effect of residence times
under dynamic conditions. Only the treatment of SRB+TKPP is selectively presented, along
with the addition of MnO4

− solution in the matrices of either SDM-spiked DI water or
wastewater. We imitated the use of SRB+TKPP by placing it in the holder so that the release
of MnO4

− would only occur when needed (Figure 6).

4. Conclusions

In this study, we developed a slow-release oxidant consisting of permanganate
(MnO4

−), biodegradable wax, and a phosphate-based dispersing agent to degrade aqua-
culture antibiotics (SDM, OMP, and TMP). The details of our findings are provided in the
following:

• The second-order degradation rates for these antibiotics were 0.128 s−1 M−1 for SDM,
0.097 s−1 M−1 for OMP, and 0.056 s−1 M−1 for TMP, proving that the MnO4

− efficiency
for a variety of antibiotics depends upon their molecular structure.
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• Manganese dioxide (MnO2) formed during treatment and enhanced SDM degradation
by promoting surface-coordinated oxidization, but it also acted like a low permeable
rind that reduced MnO4

− release.
• Solution pH beyond neutral (pH > 4–6) and the presence of natural scavengers, such

as organic constituents, slowed and sometimes halted oxidative degradation.
• While the oxidant composite was effective in treating SDM, the biodegradable wax

component still required some synthetic paraffin in the mixture (>12%) to provide
structural integrity. Among the several biowax and mixing ratios tested, 80% beeswax
in the SR composite (SRB) produced the most consistent permanganate release patterns.

• Both dispersing agents (TKPP, SHMP) mixed in the composite produced delayed
MnO2 rind formation. By increasing this addition to more than 2.5% (>0.02 g) per SR
weight, the cylindrical shape was compromised. Within this upper limit as a suitable
amount, the addition of TKPP (SRB+TKPP) provided the best releasing concentration
(up to 20% greater release) in the beeswax formulation. The Siepmann-Peppas model
provided the best fit of MnO4

− release rates over 60 d.
• Using SRB+TKPP in the contact tank receiving the SDM-contaminated discharge water

removed 80% of the SDM over three flushing cycles. These results confirmed that our
SRB+TKPP formulation could provide sustained release of MnO4

− and warrant the
proposed oxidant composite as a low-cost treatment technology suitable for treating
antibiotic-contaminated discharge water.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12061025/s1, Figure S1: Temporal changes in antibi-
otic relative concentrations (A; SDM 161.12 μM, B; OMP 36.45 μM, C; TMP 34.44 μM) following
treatment with varying MnO4

− concentrations (0.315 to 5.033 mM for SDM or 0.189 to 27.181 mM
for OMP or TMP) and loss of initial concentrations of antibiotics (D; SDM 16.11 to 161.12 μM, E;
OMP 4.56 to 72.91 μM, F; TMP 4.56 to 72.91 μM) when treated with MnO4

− at 1.133 mM.; Figure
S2: Observed kinetic rate constant (kobs) of each antibiotic degradation (A; SDM, B; OMP, or C;
TMP) with presence of different synergetic antibiotics (as individual, SDM+OMP, or SDM+TMP)
following treatment with MnO4

− at 180 mg L−1; Figure S3: Permanganate release concentration
[Mixing ratio: Set A]; (A) Weight composition of SR-MnO4

− per batch (3.3 g) at different natural
wax percentages. (B–E) Permanganate concentrations of each type of SR-MnO4

− at different natural
wax percentages (20–100%) and at different timelines (0.25, 7, 28, and 56 d). Graphs (B–E) represent
different types of natural wax in the mixture: (B) synthetic paraffin, (C) soy wax, (D) rice bran wax,
and (E) beeswax; Figure S4: Permanganate concentrations of each type of SR-MnO4

− with different
formulations of natural wax, synthetic paraffin, and chemical addition (TKPP or SHMP) for different
timelines: (A) 0.25 d, (B) 15 d, and (C) 56 d. (D) Temporal changes of MnO4

− releasing concentration
from selected types of SR; Figure S5: X-ray diffraction analysis of different types of SRB before and
after soaking in SDM solution for 7 d; Figure S6: Temporal changes in MnO4

− concentration from
each type of SR-MnO4

−: (A) soy wax; (B) rice bran wax (C) beeswax; and (D) paraffin; Figure S7:
Release pattern of MnO4

− concentration of each type of SR-MnO4
− plotted for Higuchi releasing

model with all selected data (t < 60 d): (A) soy wax; (B) rice bran wax (C) beeswax; and (D) paraffin.
Hatched boxes represented range of time that data may be fitted in linear regression; Figure S8: Linear
regression of each type of SR-MnO4

− using Higuchi releasing model with selected data from t < 8 d:
(A) soy wax; (B) rice bran wax (C) beeswax; and (D) paraffin; Figure S9: Release pattern of MnO4

−
concentration of each type of SR-MnO4

− plotted for Noyes-Whitney releasing model: (A) soy wax;
(B) rice bran wax (C) beeswax; and (D) paraffin. Hatched boxes represent range of time that data may
be fitted in linear regression; Figure S10: Linear regression of each type of slow-release permanganate
using Weibul releasing model: (A) soy wax; (B) rice bran wax (C) beeswax; and (D) paraffin; Table S1:
Physiochemical characteristics of antibiotics; Table S2: Properties of TKPP and SHMP (Chokejaroenrat
et al., 2014); Table S3: Physicochemical properties of aquaculture discharge wastewater; Table S4:
Weight composition of SR-MnO4

− with chemical addition (TKPP or SHMP) per SR (0.75 g) [Mixing
ratio: Set B]. References [51–55] are cited in the Supplementary Materials.
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45. Kobryń, J.; Sowa, S.; Gasztych, M.; Dryś, A.; Musiał, W. Influence of hydrophilic polymers on the factor in weibull equation
applied to the release kinetics of a biologically active complex of aesculus hippocastanum. Int. J. Polym. Sci. 2017, 2017, 3486384.
[CrossRef]

46. Bucio, A.; Moreno-Tovar, R.; Bucio, L.; Espinosa-Dávila, J.; Anguebes-Franceschi, F. Characterization of Beeswax, Candelilla Wax
and Paraffin Wax for Coating Cheeses. Coatings 2021, 11, 261. [CrossRef]

47. Cornforth, D.; West, E. Evaluation of the Antioxidant Effects of Dried Milk Mineral in Cooked Beef, Pork, and Turkey. J. Food Sci.
2002, 67, 615–618. [CrossRef]

48. Famoofo, O.O.; Adeniyi, I.F. Impact of effluent discharge from a medium-scale fish farm on the water quality of Odo-Owa stream
near Ijebu-Ode, Ogun State, Southwest Nigeria. Appl. Water Sci. 2020, 10, 68. [CrossRef]

49. Chokejaroenrat, C.; Comfort, S.; Sakulthaew, C.; Dvorak, B. Improving the treatment of non-aqueous phase TCE in low
permeability zones with permanganate. J. Hazard. Mater. 2014, 268, 177–184. [CrossRef]

50. Sakulthaew, C.; Watcharenwong, A.; Chokejaroenrat, C.; Rittirat, A. Leonardite-Derived Biochar Suitability for Effective Sorption
of Herbicides. Water Air Soil Pollut. 2021, 232, 1–17. [CrossRef]

51. Sanders, S.; Srivastava, P.; Feng, Y.; Dane, J.; Basile, J.; Barnett, M. Sorption of the Veterinary Antimicrobials Sulfadimethoxine and
Ormetoprim in Soil. J. Environ. Qual. 2008, 37, 1510–1518. [CrossRef] [PubMed]

52. Straub, J.O. An Environmental Risk Assessment for Human-Use Trimethoprim in European Surface Waters. Antibiotics 2013, 2,
115–162. [CrossRef] [PubMed]
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Abstract: Excessive antibiotic use in veterinary applications has resulted in water contamination
and potentially poses a serious threat to aquatic environments and human health. The objective
of the current study was to quantify carbonized leonardite (cLND) adsorption capabilities to re-
move sulfamethoxazole (SMX)- and enrofloxacin (ENR)-contaminated water and to determine the
microbial activity of ENR residuals on cLND following adsorption. The cLND samples prepared at
450 ◦C and 850 ◦C (cLND450 and cLND550, respectively) were evaluated for structural and physical
characteristics and adsorption capabilities based on adsorption kinetics and isotherm studies. The
low pyrolysis temperature of cLND resulted in a heterogeneous surface that was abundant in both
hydrophobic and hydrophilic functional groups. SMX and ENR adsorption were best described using
a pseudo-second-order rate expression. The SMX and ENR adsorption equilibrium data on cLND450
and cLND550 revealed their better compliance with a Langmuir isotherm than with four other models
based on 2.3-fold higher values of qmENR than qmSMX. Under the presence of the environmental
interference, the electrostatic interaction was the main contributing factor to the adsorption capability.
Microbial activity experiments based on the growth of Staphylococcus aureus ATCC 25923 revealed
that cLND could successfully adsorb and subsequently retain the adsorbed antibiotic on the cLND
surface. This study demonstrated the potential of cLND550 as a suitable low-cost adsorbent for the
highly efficient removal of antibiotics from water.

Keywords: adsorption isotherm; adsorption kinetics; antibiotic adsorption; carbonization; elovich;
enrofloxacin; growth inhibition zone; intraparticle diffusion; leonardite; sulfamethoxazole

1. Introduction

An exponential increase in medicinal technology development has resulted in exces-
sive antibiotic use in veterinary practices. In many countries, farmers use antibiotics not
only therapeutically but also prophylactically (as growth promoters) in livestock, poultry
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farming, and aquaculture in an effort to gain a substantial additional yield in a relatively
shorter time frame [1–3]. The excess antibiotic may enter the environment via animal waste
excretion or in discharge water and may even exist in active forms, as it can be partially
metabolized by animals [4–7]. These residuals (estimated at 30–90% of the initial load) are
mostly still considered to be pharmaceutically active compounds. Without proper waste
and discharge water treatment, these chemicals can potentially contaminate soils, surface
water, and ground water and pose a serious threat to the environment [8–12]. Long-term
exposure to these contaminated antibiotics is considered to be directly interrelated to the
proliferation of antibiotic resistance genes, which can be genetically transferred among
local microorganisms [13,14].

The sulfonamide, macrolide, and tetracycline antibiotic families have been mostly
detected at microgram-per-liter levels in tropical Asian countries [15]. Among these chem-
icals, sulfamethoxazole (SMX) has been detected at up to 1720 ng L−1, which is higher
than the detected levels in China and Western countries. Antibiotic residuals in conven-
tional wastewater treatment plants (WWTPs) have been regularly reported throughout the
world. The fluoroquinolone and sulfonamide families have been frequently detected in
WWTPs and natural receiving water, such as canals, and rivers in Thailand [16]. Following
chlorination and UV irradiation, SMX has proven to be the most difficult antibiotic to
remove among the sulfonamides [17]. Up to 21 μg L−1 of ampicillin was detected in the
effluent water from an Indian city municipal WWTP [18]. Even with the strict regulation
of drug manufacturers in India, up to 31,000 μg L−1 of ciprofloxacin—from enrofloxacin
degradation—was discovered in the effluent [19]. This evidence signifies the potential inad-
equacy of regular, conventional unit operations, such as chlorination, biological treatment,
filtration, and coagulation. Hydroxyl radical (•OH) generation in advanced oxidation
processes provides an efficient approach for mitigating antibiotics [20]. However, this treat-
ment usually requires a large amount of oxidant and has high operational and application
costs, as well as possibly leading to secondary contamination [21,22].

Adsorption was proven to be an efficient treatment meeting both economic values and
environmental requirements. Although carbon nanomaterial is usually applied as a decent
antibiotics adsorbent, these materials are not economical for large-scale treatments [9,23,24].
To overcome this problem, pyrolyzed material is preferentially selected, as it generally
enriches with carbon, which is naturally suitable for removing organic contaminants. The
pyrolyzed materials tend to possess a more porous structure, high surface area, and high
cation exchange capacity that are more compatible with antibiotics capable of presenting in
different ionic forms. The magnitude of antibiotic sorption is based on various mechanisms
such as the hydrophobic interaction, π–π interaction, H bonding, and even electrostatic in-
teraction [25,26]. Example of pyrolyzed material that efficiently adsorb antibiotics included
animal manure, rice straw, etc. [27,28].

Uncarbonized leonardite (LND)—a byproduct from a lignite coal reaction in a power
plant—is naturally abundant in humic substances, consisting of a wide variety of both
carboxylic and hydroxylic sites, making it a promising material as a soil conditioner and
an extremely porous material after pyrolysis (as carbonized LND or cLND). Recently,
leonardite char (cLND) was used as a suitable adsorbent for both organic and inorganic
pollutants, such as atrazine, organic dyes, and heavy metals [29–31]. The cLND not
only had abundant C=C structures on the surface but also had numerous fractures on its
planar surface, making it very suitable for adsorbing both hydrophobic and hydrophilic
materials [31]. While cLND chemical and physical properties are well-understood, only
limited information has been reported on cLND adsorptive application with emerging
contaminants such as antibiotics.

In this study, we selected two frequently used veterinary antibiotics—sulfamethoxazole
(SMX) and enrofloxacin (ENR)—as adsorbate antibiotic representatives, because they were the
most frequently found antibiotics in aquacultural discharge wastewater and natural flowing
streams [32]. The objectives were: (1) to quantify the ENR and SMX removal efficiencies using
cLND based on adsorption kinetics and adsorption isotherms under different experimental
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conditions and (2) to determine the microbial activities on the adsorbed ENR on cLND using
Staphylococcus aureus ATCC 25923 during the adsorption and desorption processes.

2. Material and Methods

2.1. Chemicals and Chemical Analyses

The representative antibiotics used in this study—enrofloxacin (ENR) and sulfamethox-
azole (SMX)—were purchased from Merck. Sodium hydroxide, hydrochloric acid, sodium
bicarbonate, acetic acid, and potassium chloride were used as purchased from Carlo Erba.
Acetonitrile and methanol were of high-performance liquid chromatography (HPLC) grade
obtained from Honeywell Burdick & Jackson. Low-grade coal (leonardite; LND) was
donated from the Mae Moh lignite mine in Lampang Province, Thailand.

The antibiotics were analyzed using HPLC in a 600E unit coupled with a 2487 UV
detector (Waters). The mobile phase used for the ENR analysis was a mixture of 0.1%
acetic acid (v/v) and acetonitrile at 80:20, while that used for the SMX analysis was at 60:40.
Peak separation was achieved using a Mightysil HPLC column (RP-18GP; 250 × Ø4.6 mm,
particle size 5 μm, pore size 12.5 nm; Kanto Chemical) under a flow rate of 1 mL min−1 at
room temperature. The injection volume was set at 20 μL, and the detection wavelengths
were set at 265 and 280 nm for SMX and ENR, respectively.

We compared the cLND physical and chemical characteristics at different carbonized
temperatures. The cLND morphological properties were obtained from scanning electron
microscopy (SEM; JEOL JSM-6010). The surface functional groups were analyzed using
Fourier-transform infrared spectroscopy (FTIR; Bruker Tensor 27).

2.2. cLND Preparation

Initially, we discarded distinctively large and darkened debris from the obtained LND
before drying the remainder in a hot air oven at 105 ◦C for 3 h. Since the LND varied
in size, we mechanically sieved using an AS200 sieve shaker (Retsch GmbH) and sorted
only the <2 nm particles. Then, the LND was carbonized at a 5 ◦C min−1 heat rate to the
desired carbonized temperatures of 450 ◦C, 550 ◦C, 650 ◦C, 750 ◦C, and 850 ◦C (denoted as
cLND450 for the 450 ◦C carbonizations). To maintain the cLND pyrolysis conditions, the
heating system was maintained for 5 h at each designated temperature under an N2 flow
stream. The cLND powder was kept in a desiccator at room temperature until use.

2.3. Adsorption Kinetics

The ENR and SMX stock solution was freshly prepared before use to ensure its stability
at room temperature. A sample of 30 mL of 100 mg L−1 antibiotic solution was placed
individually in a 40-mL amber vial with a Teflon-lined screw cap. An experimental unit
was done in triplicate. Each vial received 30 mg cLND and was shaken on a reciprocating
shaker at 200 rpm. The cLND carbonized at varying temperatures (i.e., 450, 550, 650, 750,
and 850 ◦C) was tested individually. Samples were periodically collected, placed in separate
1.5-mL centrifuge tubes, centrifuged at 5000 rpm for 10 min, transferred to an HPLC vial,
and stored at 4 ◦C before analysis using HPLC.

2.4. Adsorption Isotherm

The isotherm experiments were conducted in a 40-mL Teflon tube. Only cLND450 and
cLND550 were selected as an absorbent for both ENR and SMX. Each antibiotic solution
of 30 mL with an initial concentration ranging between 5 and 50 mg L−1 was separately
poured into each vial. The isotherm experiment commenced when the pre-weighed cLND
at 30 ± 0.2 mg was added to each vial. The cLND exact weights were recorded for further
adsorbed concentration calculations. The sample collection protocol was similar to the
previous experiment. However, we only collected samples twice (at 24 h and 48 h) to
confirm that an equilibrium between the cLND and antibiotic had been reached. Then,
the adsorbed concentration (qe) and equilibrium concentration (Ce) were plotted and
determined for the best fit adsorption isotherms.
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2.5. Point of Zero Charges Determination

Since the point of zero charge (pHzpc) can explain the material adsorption capacity
under the presence of ionic constituents, we determined the pHzpc using changes in the pH
before and after adding cLND. Eleven flasks containing 50 mL of sodium chloride solution
(0.01 M) were prepared. Each flask was pH-adjusted to designate pH (2–12) using 0.1 M of
either HCl or NaOH. A small amount (0.12 g) of cLND was placed in each flask, and the pH
was immediately measured. The first pH curve was plotted between the before and after
adjusted pH. Then, all flasks were agitated at 180 rpm for 48 h. The final pH was recorded
and plotted against the initial pH. The pHzpc can be obtained from the intersection of both
pH curves.

2.6. Influential Effect Experiments

Since other environmental parameters are known to directly affect the adsorbent
surface charge, we individually varied the parameters such as solution pH, humic acid
(HA), HCO3

−, and Cl− and measured the temporal changes in the antibiotic concentrations.
The ranged concentrations of these values were based on the normal values that could
be observed under natural conditions. The solution pH ranged from 3 to 11, the humic
acid concentrations ranged from 2.5 to 40 mg L−1, and the HCO3

− and Cl− concentrations
ranged from 50 and 800 mg L−1.

2.7. ENR Bacterial ACTIVITY after Treatment

Six ENR concentrations ranging between 10 and 100 mg L−1 were tested in this exper-
iment to differentiate the cLND adsorption and desorption activities from the adsorption
treatments between two cLNDs (cLND450 and cLND550) at the two cLND amounts (30 and
300 mg). The experimental setup was arranged similarly to the adsorption kinetic experiments
discussed earlier. We investigated the bacterial activities of cLND-adsorbed ENR against
Gram-negative Staphylococcus aureus (ATCC 25923) bacteria using the agar diffusion technique
based on the Kirby–Bauer method. In brief, colonies of bacteria-grown culture were adjusted
to an opacity equivalent to 0.5 McFarland (~1.5 × 108 CFU mL−1), seeded on Mueller–Hinton
agar in a petri dish, and grown overnight under aerobic conditions at 37 ◦C.

After the cLND-ENR reaction reached an adsorption equilibrium at 24 h, two sepa-
rate samples were taken from the adsorption experimental units: (1) filtrated water and
(2) used cLND (the retentate). We passed the filtrated watered using a vacuum filter through
a 0.22-μm PES Corning filter membrane (Glendale, AZ, USA). Ten microliters of filtrated
sample were dropped directly on a sterile blank disc (Ø = 6 mm, Whatman, USA), dried in
the dark for 30 min, and placed on the bacterial inoculated agar. A standard ENR antibiotic
disc (5 μg; Oxoid, UK) was used as the positive control. The culture plates were further
incubated at 37 ◦C for 24 h. At the designated time following incubation, a symmetrical
inhibition ellipse was measured using a reflected lightbox and digital calipers. To evaluate
how cLND strongly adsorb ENR, we gently placed a sterile blank disc over the retentate
cLNDs and dried them in the dark for 30 min. Each disc was placed in a separate bacterial
inoculated agar and incubated at 37 ◦C for 24 h. Then, the increase in inhibition zones was
compared between day 1 and day 3.

3. Results and Discussion

3.1. cLND Characteristics

A carbonized LND (cLND) morphological analysis was performed using SEM and
FTIR. The cLND SEM images of two carbonization temperatures at 450 ◦C and 850 ◦C
(cLND450 and cLND850) were viewed at 3000 and 15,000 magnification (Figure 1). These
images indicated clear heterogeneity crowded with irregular lamella-shaped flakes over-
laying each other. While irregular surface pores were observed in both carbonization
temperatures, those in the cLND850 were more evident, indicating that the molecular pore-
filling mechanism may be prominent at higher carbonization temperatures (Figure 1C,D).
This was the initial proof that the cLND was a suitable adsorbent for both organic and
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inorganic compounds. High carbonization temperatures at > 550 ◦C eliminated the organic
compounds (the carboxylic group), resulting in a rougher surface, greater hydrophobic-
ity and porosity, and a large surface area, which provided a greater surface area and
consequently provided more binding sites with adsorbate, making it a docile adsorbent,
particularly with organic pollutants [29–31,33]. With lower carbonization temperatures
(< 550 ◦C), the biochar typically had smaller pore sizes with oxygen-containing functional
group residuals on the surface, rendering them well-suited for inorganic pollutant adsorp-
tion [30]. Nonetheless, the higher pyrolysis temperature did not necessarily ensure better
adsorption, and this was also the case for cLND.

Figure 1. (A–D) cLND scanning electron micrograph images at 450 ◦C and 850 ◦C carbonization
temperature (cLND450 and cLND850) at 3000 magnification and 15,000 magnification.

The cLND FTIR spectra were recorded in the range 600–3800 cm−1 to characterize the
surface functional group changes between the two carbonization temperatures. Some of these
changes reflected the cLND adsorptive effectiveness toward organic molecules. The higher
carbonization temperature caused the loss of a stronger and broader band at 3200–3600 cm−1,
which was associated with the stretching vibration of the –OH groups (Figure 2). These
changes in the functional groups initially confirmed that the cLND adsorption behavior
could be categorized as both hydrophobic and hydrophilic interactions. The cLND450 FTIR
spectra showed stronger bands of symmetrical and asymmetrical aromatic and aliphatic
C-H bonding (CH3-CH2) at 2923–2854 cm−1, while these bands almost disappeared during
higher carbonization (Figure 2). A strong adsorption band at 3450 cm−1, corresponding to
the –OH groups, was more evident at the lower carbonization temperature similar to other
hydrophilic functional groups, such as H-bonded OH, C = O, and Si-O-Si located at 3620,
1670, and 1100 cm−1, respectively (Figure 2). The peak at 3620 cm−1 could be attributed
to the H-bonded OH of the Si-OH group or other H bonding with water molecules that
almost completely dissipated at the higher carbonization temperature. These results indicated
that cLND850 was less polar than cLND450, supporting the beneficial use of cLND450 for
hydrophilic/hydrophobic interactions and cLND850 for hydrophobic interactions.
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Figure 2. FTIR spectra comparisons between cLND450 and cLND850.

3.2. Adsorption Kinetics

In the kinetic experiments of both antibiotics and each cLND at different carboniza-
tion temperatures (450–850 ◦C), both the adsorbed concentration (qe) and relative ad-
sorption concentration (C/Co) were plotted against time (Figure 3). For cLND that car-
bonized at 450–650 ◦C, a rapid decrease in antibiotic adsorption was observed (SMX < 3 h,
ENR < 1 h), as shown in Figure 3C,D, respectively. At the higher carbonization temperature,
slower SMX adsorption rates were observed, while the ENR adsorption rates were slightly
different. Although the increase in contact time increased the adsorption performance,
it mainly depended on the cLND type for SMX adsorption (Figure 3A,C). Each SMX ad-
sorption result tended to reach a plateau at a specific adsorbed amount, indicating that
the carbonization temperature directly affected the SMX adsorption performance. The
ENR adsorption was substantially different compared to that of SMX (Figure 3B,D). All of
them reached a plateau at relatively close qe values, supporting the adsorbate molecular
structure as the main contributing factor for better adsorption. However, a larger cLND
amount tended to agglomerate into a bulkier size, decreasing the adsorptive sites in the
cLND microspores [31]. Here, we did not observe such a case, as there was not enough
cLND to initiate such an agglomeration. Overall, the results initially proved that cLNDs
were an efficient adsorbent for both antibiotics, but the SMX and ENR adsorption rates
were substantially different due to (1) the SMX and ENR chemical perspectives and (2) the
differences in the carbonization temperatures.

We used four kinetic models to explain the adsorption process between each antibi-
otic and cLND at varying temperatures (450–850 ◦C). These four models were: pseudo-
first-order kinetics, pseudo-second-order kinetics, Elovich, and intraparticle diffusion
(Equations (1)–(4), respectively) [34].
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Figure 3. Adsorption kinetic studies of varying cLND with SMX or ENR. (A,B) Temporal changes in
the antibiotic concentrations. (C,D) Temporal changes in the adsorbed concentrations in cLND.

Pseudo − first − order kinetic model : qt = qe

(
1 − e−K1t

)
or (qe − qt) = qee−K1t (1)

Pseudo − sec ond − order kinetic model :
t
qt

=
1

K2q2
e
+

1
qe

t (2)

Elovich model : qt =

(
1
b

)
ln(ab) +

(
1
b

)
ln t (3)

Intraparticle diffusion : qt = Kdt
1
2 + C (4)

where qe and qt (mg g−1) are the cLND adsorption capacity at equilibrium and at any given
time t (h), respectively, K1 (h−1) is the rate constant of the pseudo-first-order model, K2
(g mg−1h−1) is the rate constant of the pseudo-second-order model, a (mg g−1h−1) is the
Elovich chemisorption rate, b (g mg−1) is the desorption rate constant, Kd (mg g−1h−1/2) is
the intraparticle diffusion coefficient, and C (mg g−1) is the intraparticle diffusion constant.

Two correlation values were selected to evaluate the validity of each model: the
coefficient of determination (R2) obtained from SigmaPlot software and the adjustable
coefficient (r2

adj) calculated from Equation (5) [35]:

r2
adj = 1 −

(
1 − R2)(N − 1)
(N − m − 1)

(5)
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where N is the number of data points, and m is the total number of independent vari-
ables. By comparing these two values, the small difference implies that these independent
variables have less impact on the dependent variables.

By comparing the correlation values, the pseudo-second-order kinetics had a better
fit than all the other models at any carbonization temperature (Table 1). In addition, SMX
adsorption was a good fit only with pseudo-second-order kinetics while the ENR was a
good fit with the pseudo-first- and -second-order models. The differences in R2 and r2

adj
were quite large (6–33%) for the SMX pseudo-first-order kinetics, while these differences
were <0.13% with the pseudo-second-order kinetics, confirming the greater usefulness of
all the parameters for ENR adsorption than for SMX (Table 1). This also indicated that
the chemisorption was dominant and possibly involved the primitive valence forces from
the electron exchange between the antibiotic molecules and adsorbent surface functional
groups [36].

Table 1. Kinetic parameters for SMX and ENR adsorption onto varying types of cLND.

Kinetic Model
Parameters

Sulfamethoxazole (SMX) Enrofloxacin (ENR)

cLND
450

cLND
550

cLND
650

cLND
750

cLND
850

cLND
450

cLND
550

cLND
650

cLND
750

cLND
850

Experimental qe

qexp mg g−1 75.812 87.603 75.519 47.832 45.992 94.939 95.431 93.710 88.447 89.107

First-order kinetic model

qcal mg g−1 71.331 80.543 62.940 43.376 40.399 94.441 95.149 92.166 88.304 89.497
K1 h−1 0.737 0.893 0.161 0.847 0.086 0.916 0.681 0.637 0.604 0.498
R2 - 0.820 0.906 0.880 0.957 0.961 0.987 0.982 0.974 0.983 0.967
r2

adj - 0.618 0.791 0.737 0.902 0.911 0.970 0.958 0.940 0.961 0.924

Second-order kinetic model

qcal mg g−1 76.336 89.286 78.125 61.38 50.000 95.238 97.087 95.238 89.286 91.043

K2
g

mg−1h−1
8.7 ×
10−3

10.6 ×
10−3

4.4 ×
10−3

3.4 ×
10−3

3.4 ×
10−3

18.7 ×
10−3

12.5 ×
10−3

11.2 ×
10−3

11.9 ×
10−3

8.1 ×
10−3

R2 - 0.997 0.999 0.995 0.994 0.995 0.999 0.999 0.999 0.999 0.999
r2

adj - 0.993 0.998 0.988 0.986 0.988 0.998 0.998 0.998 0.998 0.998

Elovich model

a mg
g−1h−1 21,552 39,988 161.8 22.1 23.9 57,835 3526.7 1756.9 1342.5 568.5

b g mg−1 0.163 0.141 0.088 0.099 0.107 0.129 0.096 0.090 0.092 0.081
R2 - 0.973 0.983 0.996 0.991 0.980 0.775 0.794 0.754 0.699 0.819
r2

adj - 0.938 0.961 0.991 0.979 0.954 0.534 0.569 0.497 0.403 0.616

Intraparticle diffusion

Kd1
mg

g−1h−1/2 3.891 4.391 7.109 6.648 5.850 54.463 70.132 83.980 70.993 78.532

C1 mg g−1 49.344 60.910 29.834 5.979 8.287 3.551 23.186 43.631 19.242 46.47

Kd2
mg

g−1min−1 - - - - - 1.641 2.367 2.439 1.067 3.011

C2 mg g−1 - - - - - 84.219 80.520 78.110 91.257 69.972
R2 - 0.988 0.932 0.949 0.967 0.977 0.815 0.817 0.802 0.627 0.822
r2

adj - 0.972 0.847 0.884 0.924 0.947 0.608 0.612 0.584 0.292 0.622

Changes in the pseudo-first-order rates (K1) and pseudo-second-order rates (K2) for
ENR adsorption on cLND had the same trend, with both having high values of r2

adj for any
cLND (0.924–0.998%), corresponding to the good fit of the adsorption data for both models, as
discussed earlier (Table 1 and Figures 4 and S1). However, the changes in the reaction rates
for SMX adsorption fluctuated more for K1 and only had a high r2

adj (>0.902%) for the high
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carbonization temperature (>750 ◦C), indicating that these temperatures had a high impact on
the adsorption behavior of higher hydrophilic molecules under our experimental conditions
(Figure S1). As the ENR correlations were close to 1 with all the cLND types, these calculated
parameters were reliable and could be used to explain the adsorbate adsorption behaviors in
the aqueous phase, confirming the chemisorption process.

Figure 4. Changes in the pseudo-second-order reaction rates (K2) and adsorbed concentrations (qe).

Considering the K2 values of SMX adsorption, cLND550 had the highest adsorption
rates, confirming that the higher carbonization temperature might not be necessary (Figure 4).
However, adsorbent carbonization was still needed to allow cLND to provide interactions
between both the hydrophilic functional group (-COOH, -OH, and Si-OH) and the hy-
drophobic functional group (CH3-CH2 and C = C), as well as generating numerous pore
structures for the better adsorption of organic substances.

All the qe values indicated the cLND had better adsorption for ENR than for SMX
(~50–89-mg SMX g−1-cLND versus ~89–97-mg ENR g−1-cLND), indicating that cLND was
a suitable adsorbent for the hydrophobic compound at any carbonization temperature
(Table 1). Notably, for ENR, an adsorbed amount almost showed complete adsorption
(100 mg g−1) at the lower carbonization temperature (Figure 4), because ENR was prone to
being adsorbed at a lower carbonization temperature. With the SMX, qe was the highest
with cLND550 (~89 mg g−1) in the pseudo-second-order rates and continued to decrease
with higher carbonization temperatures, which corresponded to the highest kinetic order
rates (Figure 4).

The difference between qe obtained from the experiments (qexp) and that obtained from
the calculated equations (qcal) could also explain the best fit model. The results showed
that all qexp values were higher than the ones obtained from the equations (Table 1). The
differences were larger for SMX adsorption, especially for the pseudo-first-order kinetic
models (6–20%); however, this was much smaller for ENR adsorption for both models (<1.6%).
These calculations supported using both models to explain the ENR adsorption mechanism.

The results from fitting the Elovich model produced a bet fit for SMX adsorption
(r2

adj = 0.938–0.991%) compared to ENR adsorption (r2
adj = 0.403–0.616%) (Table 1). Al-

though the suitably fit with the Elovich model lends credence to the adsorbent having a
heterogeneous surface, the adsorbed amount variation between sampling points could
lead to an incorrect evaluation of the adsorbent surface. This could be further explained
by the rapid ENR adsorption in the early stage, which approached >70% after 4 h of sam-
pling, regardless of the carbonization temperature, thus resulting in a smaller adsorption
variation afterward (ln T > 0.7). However, the adsorption surface cannot be entirely ruled
out for homogeneity, as the SEM images showed its nonuniformity for the selected two
carbonization temperatures (Figure 1).

Both Elovich parameters (a and b) for the antibiotic adsorption varied with the SMX
adsorption more than for the ENR (Figure S2). The a and b values were high at the lower
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carbonization temperature (450 ◦C) and continued to decrease when the carbonization
temperature increased. Notably, the Elovich parameter (a) can vary extremely (from
4.4 × 1018 to 1.52 mg g−1min−1) based on the calculated changes in the approaching
equilibrium parameters (RE) [37].

We used the equation model modified from Weber and Morris to determine the adsorp-
tion behavior between antibiotics and active sites and whether intraparticle diffusion governed
the overall adsorption process [38,39]. The results showed that none of the y-intercepts (C) for
the linear intraparticle diffusion equations (Equation (4)) were zero. However, SMX and ENR
adsorption produced different patterns that resulted in single-linearity characterization for
SMX and double-linearity characterization for the ENR (Figure 5). These stages represented
the diffusion type order (external followed by internal diffusion).

Figure 5. Intraparticle diffusion mechanism plots with varying cLND for (A) SMX or (B) ENR.

The results for SMX adsorption showed that more than one stage possibly occurred
for cLND with a carbonization temperature <650 ◦C (Figure 5A). The R2 was high (>0.93)
at all carbonization temperatures (Table 1 and Figure 5A). Here, the diffusion behavior may
have occurred simultaneously once the adsorbent met the antibiotic molecules; however,
with this relatively high initial concentration, instant adsorption may have occurred before
our first sampling (2 h). Therefore, instant adsorption can be easily overshadowed, and
consequently, ruling out intraparticle diffusion as the rate-limiting step might be inexact.

For ENR adsorption, the fitted curves showed two distinctive slopes (i.e., Kd1 and Kd2)
divided at the second sampling (t1/2 = 1.414), followed by gradually smaller adsorption
variations between the samples until the end of the runs for all carbonization temperatures
(Figure 5B). This rapid change in the adsorption rates indicated instant adsorption on the
adsorbent surface and that the following slower adsorption rates indicated diffusional
phenomenon inside the adsorbent particles [40]. However, the low R2 values (<0.85%)
and a larger difference between R2 and r2

adj indicated that this model may not be suitable
to explain the adsorbent diffusion mechanisms and also implied that there were other
diffusional phenomena controlling the adsorption rates.

3.3. Adsorption Isotherms

The aim for the adsorption isotherm analysis between the cLND and antibiotics is
to evaluate their adsorption affinity and describe the equilibrium relationships between
them. Adsorption isotherm determination is of importance, as it can provide supported
data for designing an efficient adsorption system and for improving the adsorption path-
ways. In this study, we used five isotherm models to characterize the antibiotic molecular
distribution at varying equilibrium concentrations obtained from the equilibrium adsorp-
tion experiment. The five models used in this study were: Freundlich, Langmuir (linear
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form Type 1), Langmuir (linear form Type 2), Temkin, Dubinin-Radushkevich (D-R), and
Jovanovic (Equations (6)–(16), respectively) [35,41–43].

Freundlich isotherm : qe = K f C
1
n
e (6)

Linearized Freundlich equation : ln[qe] = ln
[
K f

]
+

1
n

ln[Ce] (7)

Langmuir isotherm : qe =
qm·b·Ce

1 + b·Ce
(8)

Linearized Langmuir Type 1 equation :
1
qe

=

[
1

qmb

]
1

Ce
+

1
qm

(9)

Linearized Langmuir Type 2 equation :
Ce

qe
=

[
1

qm

]
Ce +

1
qmb

(10)

Temkin isotherm : qe =

(
RT
bT

)
ln(ATCe) (11)

Linearized Temkin equation : qe =

(
RT
bT

)
ln AT +

(
RT
bT

)
ln Ce (12)

Dubinin − Radushkevich (D − R) : qe = Qme−(Bε2); ε = RT ln
(

1 +
1

Ce

)
(13)

Linearized Dubinin − Radushkevich equation : ln qe = ln Qm − Bε2 (14)

Jovanovic isotherm : qe =
qm

eKjCe
(15)

Linearized Jovanovich equation : ln qe = ln qm − KjCe (16)

where Ce (mg L−1) is the antibiotic equilibrium concentration, qe(mg g−1) is the cLND adsorp-
tion capacity at the equilibrium, qm (mg g−1) is the cLND theoretical maximum adsorption
capacities, b (L mg−1) is the Langmuir energy constant related to the adsorption heat, Kf

(mg g−1(L mg−1)1/n) is the Freundlich constant, 1
n is the Freundlich adsorption intensity, R

(8.314 J mol−1K−1) is the universal gas constant, T (K) is the temperature, bT (J mol−1) is the
Temkin constant, AT (L mol−1) is the Temkin Equilibrium binding constant, Qm is the ad-
sorption saturation capacity, B is a Dubinin-Radushkevich constant, and Kj is the Jovanovich
constant. Again, we used R2 and r2

adj to evaluate the best fit isotherm model.
We selected cLND550 to evaluate further adsorption mechanisms, because the adsorp-

tion kinetic experiments indicated that it was a better adsorbent for two different antibiotic
families. Both antibiotics were again used in this experiment, because their different chemi-
cal properties may have affected the adsorption results. In addition, we selected cLND450
to compare the adsorption behavior with the cLND550 results as, at this carbonization
temperature, some hydrophilic functional groups still existed.

Based on the R2 and r2
adj j values, the adsorption process followed the order of Lang-

muir, Temkin, and D-R, indicating that antibiotic molecules formed multilayer coverage on
the cLND heterogeneous surface (Table 2). The high R2 values indicated that the Langmuir
isotherm better described the SMX adsorption with both cLNDs similar to the ENR (Table 2).
The Langmuir maximum monolayer adsorption capacity (qm) was different between the
SMX and ENR. The qmENR,450 and qmENR,550 values were relatively close (100.01 versus
104.16 mg g−1), indicating that ENR was prone to be adsorbed with cLND regardless of
the carbonization temperature due to its hydrophobicity. The qmSMX,450 and qmSMX,550
values differed by 17% (Table 2), indicating that cLND550 was a much better adsorbent for
SMX than cLND450, corresponding with the previous experiments that showed a better
adsorption for cLND550.
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Table 2. SMX or ENR kinetic parameter comparisons for two types of cLND (cLND450 and cLND550).

Adsorption Isotherm
Parameters

Sulfamethoxazole (SMX) Enrofloxacin (ENR)

cLND 450 cLND 550 cLND 450 cLND 550

Freundlich isotherm

K f
mg g−1(L
mg−1)1/n 11.987 16.211 25.554 18.460

1
n - 0.394 0.330 0.423 0.512

R2 - 0.822 0.844 0.818 0.877
r2

adj - 0.622 0.664 0.614 0.731

Langmuir isotherm(Linearized Langmuir Type 1 equation)

qm mg g−1 46.083 50.761 120.482 129.870
b L mg−1 0.179 0.239 0.014 0.094

R2 - 0.951 0.958 0.934 0.953
r2

adj - 0.888 0.904 0.851 0.893
RL - 0.101–0.691 0.077–0.626 0.588–0.966 0.175–0.810

Langmuir isotherm(Linearized Langmuir Type 2 equation)

qm mg g−1 38.610 45.249 100.003 104.167
bT L mg−1 0.309 0.366 0.229 0.147
R2 - 0.974 0.985 0.956 0.946
r2

adj - 0.940 0.965 0.900 0.877
RL - 0.061–0.564 0.052–0.522 0.080–0.636 0.120–0.731

Temkin isotherm

b J mol−1 275.893 251.898 101.803 95.889
AT L mol−1 2.511 3.573 1.717 1.113
R2 - 0.847 0.866 0.836 0.911
r2

adj - 0.670 0.708 0.649 0.802

Dubinin-Radushkevich isotherm

Qm mg g−1 13.330 14.013 14.879 14.441
B - 2.92 × 10−6 3.53 × 10−6 4.09 × 10−6 −4.17 × 10−6

R2 - 0.831 0.847 0.872 0.854
r2

adj - 0.639 0.670 0.720 0.684

Jovanovich isotherm

qm mg g−1 17.764 23.729 42.636 32.858
Kj - 0.041 0.033 0.041 0.052
R2 - 0.596 0.639 0.62 0.724
r2

adj - 0.248 0.310 0.292 0.445

Notably, the Langmuir isotherms can be linearized into four types of equations, de-
pending on the variables plotted for the X- and Y-axis [31]. Selected linearized Langmuir
equations were the only ones that had R2 values >0.9. As it can be seen, both linearized
equations provided a high correlation coefficient, supporting the well-described with Lang-
muir isotherm. Having said that, it does not necessarily mean all linearized Langmuir
equations will always provide best fit. The difference in the linearized Y-axis and X-axis
caused these fit discrepancies. Among them, Langmuir type 2 (Ce/qe versus Ce) generally
provide minimal error distributions between sampling points, hence giving a better fit than
the others [25]. The Langmuir isotherm was further calculated for the reaction favorability
and the isotherm type (Equation (17)).

RL =
1

1 + bCo
(17)
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where RL is a dimensionless equilibrium parameter, and Co (mg L−1) is the antibiotic
initial concentration. The results showed that all RL values for any cLND adsorption were
between 0 and 1 (0.052–0.966), indicating that the adsorption was a favorable process under
the conditions applied. These numbers also coincided with the 1/n values (<1 for complete
antibiotic adsorption) obtained from the Freundlich isotherm model, which also indicated
the favorability of SMX and ENR adsorption onto cLND.

3.4. Influential Effect Experiments
3.4.1. Effect of pH

Typical environmental parameters that could potentially affect the adsorption ef-
ficiency were investigated using cLND550 against the presence of SMX or ENR. The
parameters considered were: solution pH, organic matter, represented by humic acids
(HA), bicarbonate (HCO3

−), and chloride (Cl−). We reported the changes in antibiotic
removal efficiency at different timelines (3, 12, 24, and 48 h) to demonstrate how these
effects influenced their adsorption mechanisms (Figures 6 and 7).

Figure 6. Effect of (A) initial pH and (B) humic acid concentrations on SMX or ENR removal efficiency
using cLND550.

Figure 7. Effect of (A) bicarbonate and (B) chloride concentrations on SMX or ENR removal efficiency
using cLND550.

Although the typical antibiotic-containing discharge water from animal farming is
slightly alkaline, the pH from typical wastewater treatment plants can range between 2 and
10. The results showed that the adsorption efficiency decreased for alkaline conditions
(Figure 6A). The adsorbate–adsorbent equilibrium was reached at approximately 24 h, as
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only slight changes were observed at 48 h. Compared with the control (adsorption in DI;
pH~6.0), the SMX adsorption efficiency decreased up to 23% at pH 11, while that of ENR de-
creased up to 27%, indicating that the antibiotic adsorption was pH-dependent (Figure 6A).
This also depended on the antibiotic chemical characteristics, as an antibiotic can be present
in cationic, anionic, and neutral forms under different pH conditions. Since the important
key role in the adsorption process was based on the catalyst surface, we determined the
cLND550 point of zero charges (pHpzc) was approximately 8.5. When the experimental
pH > pHpzc, the cLND550 surface became negatively charged, favoring cationic species
adsorption and vice versa; when the experimental pH < pHpzc, the positively charged
cLND550 surface favored anionic species adsorption.

SMX and ENR had two pKa (1.85 and 5.29 for SMX and 6.19 and 7.91 for ENR) [44,45].
For pH < pKa1, the antibiotic forms were positively charged (SMX+ and ENR+), while, for
pH > pKa2, the antibiotic forms were negatively charged (SMX− and ENR−). Therefore,
the antibiotic zwitterionic forms (SMX+/− and ENR+/−) were present when the pH was
between pKa1 and pKa2.

The antibiotic rapid adsorption in the first stage (3 h) was due to these opposite
charges between the adsorbate and adsorbent. As discussed earlier in the adsorption
kinetic experiment, the adsorption efficiency between ENR and SMX was substantially
different (Figure 3). Notably, ENR adsorption on cLND550 was high (~91%), even though
both ENR and cLND550 had a positive charge. This can be explained by the ENR’s low
water solubility, facilitating the hydrophobic adsorption and the π–π interaction between
the ENR and aliphatic functional groups on cLND550 (Figure 2) [46–48]. In addition, the
ENR adsorption could have been due to the H bonding occurring between fluorine atoms
in the ENR structure and -OH functional groups on the cLND surface (Figure 2) [49]. These
were possibly the main reasons for the better ENR adsorption under acidic conditions
despite both ENR and cLND550 having a positive charge.

Since ENR has a lower water solubility than SMX (~146 mg L−1 versus 281 mg L−1),
SMX hydrophobic adsorption and the π–π interaction could be less, resulting in a lower
adsorption efficiency than for ENR [50]. In addition, under acidic conditions, the SMX water
solubility was much lower than for alkaline conditions, facilitating a greater adsorption for
SMX with this pH [51].

When 3 < pH < 6, the same ENR adsorption behavior was expected, as discussed
earlier. By increasing the pH from 5 to 7, the SMX adsorption efficiency increased from 77 to
87% (Figure 6A), mainly due to the electrostatic attraction occurring from the increased
SMX charge distribution toward SMX− from the SMX deprotonation, making it more prone
to being adsorbed on the cLND550 positively charged surface (cLND+). At pH 7, the
ENR adsorption reached its maximum adsorption capacity of 98% (Figure 6A). Here, the
hydrophobic interaction, π–π interaction, and H bonding were more pronounced with
aromatic-containing molecules -OH and Si-OH on the cLND550 surface (Figure 2) [47]. A
similar observation for a neutral pH was reported for ENR adsorption on highly pyrolytic
corn stalk materials [52].

For strong alkaline conditions (pH 9–11), both antibiotics had negative charges, increas-
ing the electrostatic repulsion with cLND− [53,54]. Therefore, the SMX removal efficiencies
decreased to 63% and 57% for pH 9 and 11, respectively, while those of ENR decreased
to 72% and 68%, respectively (Figure 6A). The ongoing adsorption for this pH range was
observed, which could be attributed to the interaction between the antibiotic molecule and
the existing cLND550 functional groups, as discussed earlier.

3.4.2. Effect of Humic Acids (HAs)

Since real antibiotic-containing discharge water usually contains natural organic mat-
ter, we investigated this influential effect on the antibiotic adsorption efficiency by varying
the HA content between 2.5 mg L−1 and 40 mg L−1. Compared to the control (no HA), the
results showed that HA potentially suppressed the removal efficiency by up to 40% for
SMX and by up to 25% for ENR (Figure 6B).
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HA is usually rich in numerous functional groups embedded on the particle surface
of the HA, such as carboxylic acid and aromatic and phenolic groups [55]. This functional
group existence enabled stronger interactions with other foreign chemicals on the cLND
surface via either H bonding or π–π interactions. Among these, carboxylic acid is naturally
deprotonated, making the HA negatively charged for most environmental pH ranges. Once
presented together with cLND under normal pH conditions, cLND+ (pHpzc = 8.5) spon-
taneously became available at adsorptive sites that favored HA adsorption, giving fewer
sites for antibiotic adsorption. In addition, the existence of nonpolar functional groups can
further adsorb HA, which can potentially compete with target antibiotic contaminants with
a higher HA content. Hou et al. [10] showed that HA possibly combined with the available
antibiotics and formed a more soluble complex compound that can potentially minimize
the adsorption performance. However, antibiotic adsorption still occurred, indicating that
the cLND surface could still provide unbound functional groups with antibiotic molecules.
The better adsorption by ENR than SMX could have been due to the electrostatic attraction
between ENR+ and HA− for these normal pH conditions. Although most suspended solids
would be removed during the preliminary process in the WWTP, other organic constituents
may be of concern. This information suggested other means to initially separate abnormally
high humic colloids or other organic-containing contents from the water before it entered
the adsorption unit.

3.4.3. Effect of Anionic Constituents

Since bicarbonate (HCO3
−) and chloride (Cl−) are some of the most prominent anionic

compounds in nature, we individually varied these two anionic concentrations up to
800 mg L−1 for neutral pH conditions. The results showed that the increase in these two
ions slightly decreased the antibiotic adsorption efficiency (Figure 7). HCO3

− had fewer
negative effects on antibiotic adsorption than Cl−. This can be explained by the increase
in the anionic concentration simultaneously filling the aqueous solution with anionic
molecules that later underwent electrostatic attraction with cLND+, consequently blocking
the sorption sites for antibiotic adsorption.

Other than competing with the sites with cLND+, the interference was more pro-
nounced with SMX adsorption. Since this reaction occurred under neutral pH conditions,
the repulsion interaction between anionic ions and SMX− also occurred, suppressing its
electrostatic attraction with cLND+. This anionic existence in the adsorption process may
not be problematic due to the lower magnitude of interference. While our highest tested
concentration was far less than the natural possible conditions (Cl− ~19,800 mg L−1 for
seawater; [56]), the ENR-adsorbed concentrations on bamboo biochar in the presence of
3000 mg L−1 Cl− were reduced by only 25% [57]. Overall, the results confirmed that the
negative influence of anions on the SMX/ENR adsorption should not be neglected at high
anionic concentrations (>200 mg·L−1).

3.5. Bacterial Activity

As stated earlier in the adsorption kinetics section, chemisorption plays a dominant
role during the adsorption process, and so, the desorption processes can be ignored. To
validate this statement, we used a growth inhibition zone experiment and testing Gram-
negative Staphylococcus aureus (ATCC 25923) bacteria with treated water (filtrated water)
and cLND (retentate after filtration). We selected only ENR as the target representative,
as it was more frequently detected [58], and it has greater absorptivity on cLND at any
carbonization temperature. The clear zone difference percentage after 24 h of adsorption
(CΔ-24h) was calculated and plotted against the ENR initial concentration (Figure 8A).
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Figure 8. (A) Clear zone difference of Staphylococcus aureus ATCC 25923 after 24-h adsorption (CΔ-24h)
of ENR onto each type of cLND (cLND450 and cLND550), and (B,C) clear zone examples at two ENR
concentrations (20 and 40 mg L−1) onto cLND550.

Using cLND at 300 mg, ~100% of CΔ-24h at 20 mg L−1 ENR was observed, indicating
that there was no clear zone after cLND adsorption, and thus, the cLND completely
removed the ENR (Figure 8B). Conversely, at the lower cLND amount (30 mg), the ENR
residue was still in the solution, resulting in ~7–~11% CΔ-24h (Figure 8A). As such, regardless
of the cLND type or amount, the increase in the ENR initial concentration substantially
increased CΔ-24h (Figure 8B,C). This can be explained by the reduced availability of the
adsorptive sites on the cLND surface to adsorb ENR, as the available ENR molecules had
already been chemisorbed on the surface. The cLND550 CΔ-24h was slightly higher than
for cLND450, signifying that the cLND550 could better adsorb antibiotics than cLND450
(Figure 8A).

Banana peel biochar can serve as a growth inhibitor for E. coli, because the natural
potassium chloride in the biochar can hinder the bacterial cellular activities [59]. Our cLND
had no such effect on the S. aureus ATCC 25923 strains, indicating that the clear zone
occurrence was solely from the existing adsorbed ENR, not from the cLND itself, and that
any cLND leached into the environment would not interfere with any local organisms.

A key to being a compatible adsorbent for real applications is that the adsorbent
should retain the adsorbate without releasing it into the aqueous solution. Again, we used
this sensitive bacterial growth inhibition experiment on the retentate cLND obtained from
both the cLND adsorption experiments (cLND450 and cLND550) with various initial ENR
concentrations. A comparison was made between day 1 and day 3 and presented as an
increase in S. aureus growth (change percentages in the clear zone, CΔ-3d) at different ENR
initial concentrations (Figure 9).

With the different cLND amounts or different carbonization temperatures, both cLNDs
had the same clear zone trend, where an increase in the ENR initial concentration increased
the CΔ-3d. Although CΔ-3d was the highest at 100 mg L−1 ENR concentration in any of the
experimental setups, the CΔ-3d value was ~9.6% (Figure 9). This indicated that the cLND
was still beneficial, as it retained (less desorption) most of the adsorbed ENR.
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Figure 9. Changes in the clear zone after day 3 (CΔ-3d) of Staphylococcus aureus ATCC 25923 following
ENR adsorption onto cLNDs.

The cLND550 retained better microbial activity than the cLND450 at any ENR ini-
tial concentration based on the value of CΔ-3d (2.35% for 30 mg cLND and 1.01% for
300 mg cLND), as shown in Figure 9. The ENR stronghold on cLND can be explained by
both physical adsorption and chemisorption, with more than one interaction potentially
occurring, such as the π–π interaction, hydrophobic adsorption, H bonding, and pore filling
between antibiotics on the biochar surface [60]. The unchanged CΔ-3d value for cLND450
at 30 mg indicated little microbial activity could be expected that might interfere with the
cLND adsorption activity under adsorptive competition between adsorbates. Notably, we
used a much higher ENR concentration in this experiment compared to the frequently
detected concentration, thus confirming that cLND could efficiently adsorb ENR even at
exceptionally high concentrations, which could compromise the effectiveness of the other
adsorbate organic constituents.

4. Conclusions

Carbonized leonardite (cLND) was successfully prepared from a byproduct generated
from lignite coal that was carbonized at a constant heat rate to the desired temperatures
between 450 ◦C and 850 ◦C under a N2 flow stream. Of these carbonization temperatures,
the cLND550 product had the highest adsorption capability for SMX and ENR, because the
cLND550 had both hydrophobic and hydrophilic active functional groups on the cLND
surface. The nonlinear kinetics fitting results showed that the pseudo-second-order kinetics
model was more suitable for describing the cLND and SMX or ENR adsorption. Among
the several isotherm models, both the SMX and ENR adsorption equilibrium data fitted
well with Langmuir isotherms. The cLND yielded maximum adsorption capacities of
104.167 mg g−1 (ENR) and 45.249 mg g−1 (SMX). For neutral pH conditions, antibiotic
adsorption revealed the highest removal efficiency due to the electrostatic interaction and H
bonding between the antibiotic and cLND. Anionic and organic constituents suppressed the
antibiotic adsorption, mostly resulting from the charge attraction between cLND and these
ions, which competed with the available antibiotics. Microbial activities confirmed that
cLND450 and cLND550 successfully adsorbed ENR at varying ENR initial concentrations,
and the percentage desorption difference after 3 d was relatively low (1.70–35%). Overall,
this work showed the potential good utilization of low-ranked coals to efficiently adsorb
emerging contaminants, such as antibiotics, and the study also provided proof that cLND
was a suitable adsorbent for antibiotics and could be applied to combat various kinds of
water pollutants.
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Abstract: The amount of antibiotics and personal care products entering local sewage systems and
ultimately natural waters is increasing and raising concerns about long-term human health effects. We
developed an adsorptive photocatalyst, Cu0.5Mn0.5Fe2O4 nanoparticles, utilizing co-precipitation and
calcination with melamine, and quantified its efficacy in removing paraben and oxytetracycline (OTC).
During melamine calcination, Cu0.5Mn0.5Fe2O4 recrystallized, improving material crystallinity and
purity for the adsorptive–photocatalytic reaction. Kinetic experiments showed that all four parabens
and OTC were removed within 120 and 45 min. We found that contaminant adsorption and reac-
tion with active radicals occurred almost simultaneously with the photocatalyst. OTC adsorption
could be adequately described by the Brouers–Sotolongo kinetic and Freundlich isotherm mod-
els. OTC photocatalytic degradation started with a series of reactions at different carbon locations
(i.e., decarboxamidation, deamination, dehydroxylation, demethylation, and tautomerization). Fur-
ther toxicity testing showed that Zea mays L. and Vigna radiata L. shoot indexes were less affected by
treated water than root indexes. The Zea mays L. endodermis thickness and area decreased consider-
ably after exposure to the 25% (v/v)-treated water. Overall, Cu0.5Mn0.5Fe2O4 nanoparticles exhibit
a remarkable adsorptive–photocatalytic performance for the degradation of tested antibiotics and
personal care products.

Keywords: adsorption–photocatalysis integration; adsorption isotherms; adsorption kinetics;
Cu0.5Mn0.5Fe2O4 nanoparticles; oxytetracycline removal; paraben removal; root anatomical changes;
seed germination

1. Introduction

Pharmaceuticals and personal care products (PPCPs) are substances used for medical,
cosmetics, hygiene, and health care. The increased global production of PPCPs and subse-
quent disposal without environmental controls have negatively impacted some soil–water
environments. While newly developed personal care products are continuously entering
the environment, older, previously disposed PPCPs may also be a concern. Many PPCPs are
non-biodegradable in aerobic environments, especially nitrogen-containing compounds [1].
Because natural PPCP degradation can take several months to years, both parent structure
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and degradation products can still be found in the environment, long after their initial
discharge [2]. Some PPCPs have the capability to be transferred from disposal streams
(i.e., manure amendments, wastewater irrigation, and sludge disposal) to agricultural lands,
crops, and then humans or animal dietary intake [3]. Because of this, human blood, urine,
and breast milk have all recently been found to contain some PPCPs [4,5].

The detection of PPCPs in animals and humans confirms that conventional wastewater
treatment approaches are inadequate. Moreover, trace concentrations of PPCPs can produce
potential adverse effects on human health, aquatic animals, and aquatic ecosystems [6].
Consequently, there is a need for novel water treatment that can effectively reduce PPCPs
while simultaneously removing traditionally encountered organic contaminants. Advanced
oxidation processes (AOPs) are primarily recognized for their strong reactivity and harmless
by-product production [7]. Heterogeneous photo-Fenton-like processes are considered
AOPs and have been previously used in several PPCP treatment [8,9].

The selection of freshly synthesized materials that are reusable and capable of operat-
ing across a broad pH range is vital to the success of remedial technologies. By employing
manganese ferrite (MnFe2O4) as heterogeneous catalysts, researchers have found it to be
more effective than other catalysts. This is due to the various valences in the nanocompos-
ites, including Mn4+, Mn3+, Mn2+, Fe3+, and Fe2+, which can trigger the synergistic action
between the Mn and Fe redox cycles [10,11]. Furthermore, doping manganese ferrite struc-
tures with another transition metal (e.g., Cu) can produce ternary transition metal oxides
(e.g., Cu0.5Mn0.5Fe2O4), which have a greater surface area than iron-based transition metal
catalysts [12,13]. This is beneficial to photo-Fenton-like AOP treatments by providing larger
active sites, an excellent oxygen exchangeability, and an outstanding capability for electron
transfer through the Cu2+/Cu1+ redox cycle. These characteristics facilitate activating
hydrogen peroxide (H2O2) and producing hydroxyl radicals that enhance the degradation
of recalcitrant organic pollutants [12,13]. As such, Cu0.5Mn0.5Fe2O4 had higher catalytic
activity than other single spinel ferrites (e.g., CuFe2O4, MnFe2O4, etc.) in activating H2O2
under ultraviolet (UV) light and was unlikely to cause secondary pollution from metal
leaching due to its high stability [14,15]. In addition, several researchers reported that
Cu0.5Mn0.5Fe2O4 nanoparticles could be successfully used as an adsorbent to remove sev-
eral contaminants from wastewater [12,14,16]. However, an evaluation of the cooperative
impact between the adsorption and photocatalysis of Cu0.5Mn0.5Fe2O4 nanoparticles for
removing PPCPs has never been reported.

In this study, we selected two representatives for PPCPs: (1) oxytetracycline (OTC),
an antibiotic generally used in aquatic veterinary practice, and (2) parabens (e.g., methyl-,
ethyl-, propyl-, and butylparaben), an antimicrobial preservative often used in cosmetic and
care products. Our objective was to determine the adsorptive–photocatalytic degradation
performance of OTC and parabens using Cu0.5Mn0.5Fe2O4 synthesized using a simple
co-precipitation method. The physicochemical properties of Cu0.5Mn0.5Fe2O4 before and
after use were characterized. In the end, we determined any residual toxicity impacts of
the treated water on seed germination, seedling growth, and anatomical root changes for
Zea mays L. and Vigna radiata L.

2. Materials and Methods

2.1. Chemicals

Analytical-grade substances from different sources and deionized water (DI) were em-
ployed in this research. Loba Chemie Pvt. Ltd. (Mumbai, India) supplied manganese sulfate
monohydrate (MnSO4·H2O, 99%). QRëC (Auckland, New Zealand) supplied ferric chloride
hexahydrate (FeCl3·6H2O, >98%) and acetic acid (CH3COOH, 99.8%). Merck (Darmstadt,
Germany) supplied sodium hydroxide (NaOH), hydrogen peroxide (30%, H2O2), cop-
per sulfate (CuSO4, 99%), oxytetracycline dihydrate (C22H24N2O9·2H2O; OTC, ≥99%),
methyl 4-hydroxybenzoate (C8H8O3; methylparaben, MP, ≥99%), ethyl 4-hydroxybenzoate
(C9H10O3; ethylparaben, EP, ≥99%), propyl 4-hydroxybenzoate (C10H12O3; propylparaben,
PP, ≥99%), and butyl 4-hydroxybenzoate (C11H14O3; butylparaben, BP, ≥99%). RCI Lab-
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scan (Bangkok, Thailand) supplied acetonitrile (C2H3N; ACN) and methanol (CH3OH;
MeOH). Alfa Aesar (Shanghai, China) supplied melamine (C3H6N6, 99%).

2.2. Synthesis of Cu0.5Mn0.5Fe2O4 Nanoparticles

The Cu0.5Mn0.5Fe2O4 nanoparticles were synthesized via co-precipitation and
melamine-assisted calcination. We mixed 125 mL of CuSO4 (0.2 M), 125 mL of MnSO4·H2O
(0.2 M), 250 mL of FeCl3·6H2O (0.4 M), and 500 mL of DI at 80 ◦C for 1 h. To raise the
pH to 10.5, we gently dripped 8 M NaOH solution into the mixture for 1 h. After stirring
for another hour, we filtered the precipitates by applying vacuum, washed them with DI
water and ethanol multiple times, and dried them at 95 ◦C for 15 h. The dry particles were
blended with melamine in a crucible at a ratio of 2:1. The resulting mixture was subjected
to calcination at a temperature of 550 ◦C for a duration of 3 h, resulting in the production
of the final product.

2.3. Chemical and Material Analyses

Temporal changes in OTC and paraben concentrations were analyzed by
high-performance liquid chromatography (HPLC) using a photodiode array detector (Wa-
ters). With a 20 μL injection volume, an isocratic mobile phase of acetonitrile and 0.1%
(v/v) acetic acid (20:80) was used for OTC analysis, whereas a mobile phase of acetonitrile
and DI (60:40) was used for paraben analysis. Using a flow rate of 1 mL min−1, samples
were separated by a Reversed-Phase 18 (RP-18) Mightysil HPLC column (250 × Ø 4.6 mm)
connected with a guard column. Sample peaks were quantified at 354 nm wavelength for
OTC and 254 nm for four types of parabens (i.e., methyl-, ethyl-, propyl-, and butylparaben,
or MP, EP, PP, and BP) using an external calibration curve.

Morphological structures were analyzed using JEOL (JSM-6010) scanning electron
microscopy and Talos (F200X) high-resolution transmission electron microscopy (HRTEM).
Material crystallinity characteristics were obtained from a D2 Phaser Bruker X-ray diffractor
(XRD), whereas the surface functional groups were acquired from a Bruker (Tensor 27)
Fourier transform infrared spectroscopy (FTIR).

Following the photocatalytic degradation experiments, we used ProElut C18 solid-
phase extraction cartridges (Dikma) to concentrate the OTC degradates prior to further
analyzing them on a liquid chromatography mass spectrophotometer (LC/MS). Initially,
the cartridge was preconditioned with 5 mL of methanol followed by 5 mL of ultrapure
water at a flow rate of 2 mL min−1. A total of 60 mL of samples was introduced into
the cartridge at a flow rate of 5 mL min−1. Then, the samples were eluted with 2 mL of
acetonitrile into the glass test tubes prior to filtrating with a 0.45 μm polytetrafluoroethylene
(PTFE) syringe filter and transferred to vials for LC/MS analysis (Agilent 6420).

An isocratic mobile phase of freshly prepared acetonitrile and 0.1% (v/v) acetic acid
(20:80) was used with a 10 μL injection volume. Using a flow rate of 0.2 mL min−1, samples
were separated by a Mightysil C18 column (250 × Ø 4.6 mm). Mass spectral data were
obtained by scanning the quadrupole from 200 to 500 m/z with a 1 sec scan and a 30 V
cone voltage setting with the following conditions: electrospray ionization source (positive
ion mode), 3.7 kV electrospray voltage, 75 psi nebulization gas pressure, 500 ◦C heater
temperature, and 400 ◦C capillary temperature.

2.4. Varying Dosage of H2O2 or Catalysts

Two independent variables that can affect the photo-Fenton catalytic performance
are H2O2 and catalyst dosage. Here, we varied both parameters (H2O2: 0.1–0.6 mg L−1,
Cu0.5Mn0.5Fe2O4: 0–0.5 g L−1) and determined the temporal changes of OTC and paraben
concentrations. Initially, 100 mL of 0.1 mM OTC was placed in a 250 mL beaker with
a designated catalyst and stirred in the absence of light for 30 min to reach adsorption
equilibrium. Then, the beaker was irradiated with a simulated sunlight source using a
commercial 75-watt halogen lamp. At a preselected time, 1 mL of sample was filtered
through a 0.45 μm PTFE syringe filter. To stop the reaction, 0.7 mL of filtrated sample was
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transferred to an HPLC vial containing 0.875 mL of methanol. Samples were then stored in
a refrigerator at 4 ◦C until HPLC analysis.

2.5. OTC Adsorption Study
2.5.1. Adsorption Kinetics

The OTC solution was freshly prepared before use in the kinetic and isotherm experi-
ments. A total of 30 mL of 0.1 mM OTC concentrations was placed in a 40 mL amber vial.
We selected 6 mg, 12 mg, and 18 mg of Cu0.5Mn0.5Fe2O4 as adsorbents in this kinetic study
(equivalent to 0.2, 0.4, and 0.6 g L−1). The experiments were performed in quadruplicate.
The experiment started once the adsorbent had been added. Vials were shaken on a recip-
rocating shaker at 200 rpm. A total of 0.75 mL of samples was collected at 0.5, 1, 2, 3, 4, 5,
and 6 h and filtrated using a 0.45 μM PTFE syringe filter. Samples were kept at 4 ◦C until
HPLC analysis.

The kinetic models used in this study were pseudo first-order, pseudo second-order,
Elovich, Brouers–Sotolongo (order 2), and intra-particle diffusion (2 phases) kinetic models
(Table 1). The parameters in these models were determined by least squares approximation.
In other words, the model used the parameter values that yielded the lowest sum of squared
error (SSE) between observed and modeled values (Equation (1)).

SSE =
n

∑
i=1

(yi − ŷi)
2 (1)

where n is the count of data, yi is the value of i the observed data (observed amount of
adsorbed OTC), and ŷi is the value of i modelled data (calculated amount of adsorbed
OTC). For each kinetic model, the values of parameters that gave the lowest SSE were
determined by a generalized reduced gradient (GRG) algorithm [17] with multiple starting
points. The GRG algorithm was performed by the Solver add-in in Microsoft Excel.

2.5.2. Adsorption Isotherms

Three amounts of Cu0.5Mn0.5Fe2O4 (6, 12, and 18 mg) were selected for the adsorption
isotherm study (equivalent to 0.2, 0.4, and 0.6 g L−1). The OTC concentrations, which
ranged from 0.005, 0.01, 0.025, 0.05, 0.75, 0.1, 0.15, and 0.2 mM, were placed in each vial.
The experimental set-up and sample collecting protocol were similar to the adsorption
kinetic experiment.

2.5.3. Isotherm Models

This study employed multiple isotherm models (Table 1). However, in this study, the
values of parameters cannot be clearly determined for some models. Only the models that
give clear values of parameters were selectively reported. These models include Langmuir,
Freundlich, and Temkin isotherm models. Since these models can be transformed into linear
forms (Equations (2)–(4) for Langmuir, Freundlich, and Temkin isotherm models, respec-
tively), the parameters in these models were determined by least squares linear regression.

1
qe

=
1

qmb

(
1

Ce

)
+

1
qm

(2)

ln qe =
1
n
(ln Ce) + ln K f (3)

qe =
RT
BT

(lnCe) +
RT
BT

(lnAT) (4)

From the linearized Langmuir isotherm model (Equation (2)), the value of 1/(qmb)
was the slope of the linear relationship between 1/Ce (independent variable) and 1/qe
(dependent variable), and the value of 1/qm was the y-intercept of that linear relationship.
By using a similar approach, the values of K f and n in the Freundlich isotherm model
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(Equation (3)) and the values of AT and BT in the Temkin isotherm model (Equation (4))
could be determined.

Table 1. Kinetic and isotherm models used in this study.

Model Equation Ref. Nomenclature

Kinetic Model
AKC : Koble–Corrigan parameter (LnKC mg1−nKC g–1)
AT : Temkin equilibrium binding parameter (L mol–1)
BDR: Dubinin-Radushkevich constant (mol2 J–2)
BKC : Koble–Corrigan parameter (

(
Lmg–1)nKC )

BT : Temkin constant (J mol–1)
b: Langmuir energy constant (L mg–1)
bK : Khan model constant (L mg–1)
C: constant for intra-particle diffusion kinetic model
(mg g–1)
Ce: OTC concentration at equilibrium (mg L–1)
KBS: Brouers–Sotolongo isotherm constant (L mg–1)
Kd: coefficient for intra–particle diffusion kinetic model
(mg g–1 h–1/2)
K f : Freundlich constant (mg g–1(L mg–1)1/n)

KH : Hill constant
(

mgL−1
)nH

Kj: Jovanovich constant (L mg–1)
KRP: Redlich–Peterson isotherm constant (L g–1)
KT : Toth model constant (L mg–1)
k1: rate constant for pseudo first-order kinetic model (h–1)
k2: rate constant for pseudo second-order kinetic model
(g mg–1 h–1)
1/n: Freundlich adsorption intensity
nKC : Koble–Corrigan parameter
nH : Hill cooperativity coefficient
nr : non-integer reaction order
nT : Toth model exponent
qe: amount of OTC adsorbed at equilibrium (mg g–1)
qm: maximum amount of the adsorbate per unit weight
of the adsorbent (mg g–1)
qt: amount of OTC adsorbed at time t (mg g–1)
R: universal gas constant (8.314 J K–1 mol–1)
T: temperature (298 K)
t: adsorption time (h)
α: Elovich chemisorption rate (mg g–1 h–1)
αbs: Brouers–Sotolongo model exponent

αRP: Redlich–Peterson isotherm constant (
(
Lmg−1)βRP )

αK : Khan model exponent
β: Elovich desorption rate constant (g mg–1)
βRP: Redlich–Peterson model exponent
γ: fractal time exponent
τ: characteristic time (h)

Pseudo
first-order

qt = qe
(
1 − e−k1t) [18]

Pseudo
second-order

qt =
q2

e k2t
qek2t+1 [18]

Elovich qt =
1
β ln(αβt) [18]

Brouers-
Sotolongo

qt = qe

(
1 −

(
1 + (nr − 1)

( t
τ

)γ
) −1

nr−1

)
[19]

Intra-particle
diffusion

qt = Kdt1/2 + C [18]

Isotherm model

Langmuir qe =
qmbCe
1+bCe

[18]

Freundlich qe = K f C1/n
e [18]

Temkin qe =
RT
BT

ln(ATCe) [18]

Dubinin-
Radushkevich

qe = qme−(BDRε2)

ε = RTln
(

1 + 1
Ce

) [18]

Jovanovic qe = qm

(
1 − e−KjCe

)
[18]

Koble-Corrigan qe =
AKC BKCC

nKC
e

1+BKCC
nKC
e

[19]

Khan qe =
qmbK Ce

(1+bK Ce)
αK [19]

Hill qe =
qmC

nH
e

KH+C
nH
e

[19]

Brouers-
Sotolongo

qe = qm

(
1 − e−KBSC

αbs
e

)
[19]

Toth qe =
qmKT Ce

(1+(KT Ce)
nT )

1
nT

[19]

Redlich-Peterson qe =
KRPCe

1+αRPC
βRP
e

[19]

2.5.4. Model Evaluation

In this study, the kinetic and isotherm models were evaluated by root mean square
error (RMSE) and coefficient of determination (R2) (Equations (5) and (6)).

RMSE =

√
1
n

n

∑
i=1

(yi − ŷi)
2 (5)

R2 = 1 − ∑n
i=1(yi − ŷi)

2

∑n
i=1(yi − y)2 (6)

where RMSE is the root mean square error, n is the count of data, yi is the value of i th
observed data, ŷi is the value of i th modelled data, R2 is the coefficient of determination,
and y is the average value of the observed data. A low RMSE and high R2 indicate that
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the model is suitable. Conversely, a high RMSE and low R2 indicate that the model is not
suitable [20].

Since the isotherm models were parameterized by least squares linear regression, the
strengths of the linear relationships were also measured using squared Pearson correlation
coefficients (r2) (Equation (7)). Moreover, the adjustment of r2 according to the count of
predictor(s) was also performed (Equation (8)) [21].

r2 =
(∑n

i=1 (xi − x)(yi − y))2

∑n
i=1 (xi − x)2∑n

i=1(yi − y)2 (7)

r2
adj = 1 −

(
1 − r2)(n − 1)
(n − p − 1)

(8)

where r2 is the squared Pearson correlation coefficient, n is the count of data, xi is the value
of i th independent variable, x is the average value of the independent variable, yi is the
value of i th dependent variable, y is the average value of the dependent variable, r2

adj is

the r2 adjusted according to the count of predictor(s), and p is the count of predictor(s).

2.6. Evaluating Effects of Treated Water on Seed Germination and Root Anatomy

Due to their prevalence in Thai agriculture, Zea mays L. and Vigna radiata L. were
used as representative species (monocotyledon vs. dicotyledon) for assessing the effects of
treated water on seedling development and root morphological features. Zea mays L. seeds
(cv.SW5720, National Corn and Sorghum Research Center, Nakhon Ratchasima, Thailand)
and Vigna radiata L. seeds (cv.KUML4, Department of Agronomy, Faculty of Agriculture
at Kamphaeng Saen, Kasetsart University, Nakhon Pathom, Thailand) were selected for
this purpose. The OTC-untreated and treated water were assigned in two separate studies
with varying percentages of OTC solution (5 to 15% and 25 to 50%). Fifty seeds from each
treatment were planted in a box (19 × 28 × 11 cm) containing 2.55 kg of sand and 450 mL
of three previously described waters and incubated at 25 ºC. Each treatment was repeated
four times and arranged in a completely random design (CRD). In order to evaluate the
vigor and physiological performance of the seeds, the length of the shoots (the length
from ground level to the tip of the longest leaf) and roots (the length from the base of the
stem to the end of the longest root) were measured 7 d after planting (Zea mays L.) or 8 d
(Vigna radiata L.). Normal seedlings’ shoots and roots were weighed in mg (per plant)
after drying in a hot-air oven at 80 ◦C for 24 h. All the obtained data were statistically
evaluated. The mean germination time (MGT) and vigor index (VI) were calculated using
the following formulas (Equations (9) and (10)):

MGT(days) = ∑(n ∗ d)
N

(9)

VI = Final germination(%)× Seedling dry weight (10)

where n is number of seeds germinated on each day, d is number of days from germination,
and N is total number of germinated seeds.

Because Zea mays L. and Vigna radiata L. roots exhibited varying degrees of sensitivity
to the constituents present in the treated water, leading to alterations in key anatomical
features, their anatomical studies provided valuable insights into the potential physio-
logical and developmental impacts of treated water on root tissues. We investigated the
effect of treated water on root anatomy, focusing on parameters such as endodermis thick-
ness, endodermis area, vascular cylinder diameter, metaxylem area, and cortex. These
anatomical parameters are responsible for water and nutrient uptake, anchoring the plant,
and providing structural support. Three roots per treatment per replication were anatomi-
cally analyzed.
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The roots were immersed for 2 days in the FAA fixative solution (i.e., formalin
(10%)/glacial acetic acid (5%)/ethanol (50%)/DI water (35%)). A table microtome and
free-hand sectioning were used to generate cross sections at 4 ± 0.5 cm from the root apex
to study Zea mays L. and Vigna radiata L. root anatomy. The slices were dyed with a 1%
safranin-O dye solution for 2 min, mounted on glass slides with 50% glycerin, and then
inspected and photographed using a light microscope coupled with Zen 3.5 software (Carl
Zeiss, Axio lmage 2, Oberkochen, Germany). Tukey’s honest significant difference (HSD)
was used to compare treatment means at p = 0.05.

3. Results and Discussion

3.1. Cu0.5Mn0.5Fe2O4 Characteristics

The SEM images of Cu0.5Mn0.5Fe2O4 exhibited a rough, uneven, and porous network
structure caused by smaller particles that were well-distributed among larger particles,
evidencing the flawless melamine-assisted calcination (Figure 1A,B). The TEM images
depict the arrangement of large octahedral shapes surrounded by smaller particle sizes
(Figure 1C,D). It is obvious that the morphological characteristics of the material were
consistent with those observed through SEM. The HRTEM images also showed lattice
fringes of 0.25 nm corresponding to the (311) plane (Figure 1D). In addition, the magnetic
properties were more pronounced in comparison to the catalyst that was prepared without
melamine addition. This was attributed to the recrystallization process that occurred during
the calcination stage with melamine, which served as a coordinating agent. It was confirmed
that melamine provided a platform and coordinated with the co-precipitated particles
during calcination, resulting in promoting the Cu0.5Mn0.5Fe2O4 formation without impurity
and providing a carbon source for the M-C and C-C/C=C bonds forming a heterojunction
structure with Cu0.5Mn0.5Fe2O4 [12] (Figure 1E–G). Like carbon-based material doping,
these carbons could act as an electron acceptor by suppressing photo-excited electron–
hole recombination and enhancing the light absorption capability, thereby improving
Cu0.5Mn0.5Fe2O4 photocatalytic activity [22,23]. This ultimately facilitated the formation of
a ferrite structure without the α-Fe2O3 impurities [12].

 

Figure 1. Cu0.5Mn0.5Fe2O4 nanoparticle characteristics: (A,B) SEM images; (C) TEM image with
a visual observation of particles; (D) HRTEM image. The nanoparticle before and after use in
photocatalytic reaction: (E) XRD patterns; (F) FTIR spectra; and (G) C 1s XPS spectra.

While the XRD spectra of both materials (before and after use in adsorptive–photocatal-
ytic activity) show similar diffraction peaks at 2θ values of 18.3◦, 30.0◦, 35.4◦, 37.0◦, 43.0◦,
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53.3◦, 56.8◦, and 62.4◦ corresponding to the diffraction crystal planes (111), (220), (311),
(222), (400), (422), (511), and (440), the unused materials had a slightly higher peak intensity
(Figure 1E). This indicates that the occupying of adsorption sites may have occurred, but
the crystallinity was still intact, which would still be able to provide a great photocat-
alytic performance.

The strong vibration spectra in the low wavenumber region (450 to 700 cm−1) were
assigned to the M–O band (M=Cu, Mn, and Fe) (Figure 1F). These bands confirmed the for-
mation of M–O bonds at octahedral sites (Cu2+–O2−, and Mn2+–O2− stretching vibration)
and tetrahedral sites (Fe3+–O2− stretching vibration) of the Cu0.5Mn0.5Fe2O4 nanocom-
posite surface [13,24–26]. These surface metals play an important role in heterogeneous
catalytic reactions. The peaks at 1150, 1530, 1640, and ~3000 cm−1 can be attributed to C-O,
C=O, C=C, and sp2 (–CH) or sp3 (=CH) hybridized carbon atoms (Figure 1F) [25,27,28].
The XPS analysis of the C 1s spectra indicates that the peaks at 282.8 and 283.8 eV corre-
sponded to M-C bonds, while the other peaks at 284.9, 286.3, and 288.4 eV were attributed
to C-C/C=C, C-O, and O=C-O (Figure 1G) [25,29]. It also reveals that, after use, C-C
and C=C were decreased, while C-O and C=O were increased, indicating that the surface
carbons undergo partial oxidation by the active oxygen species or exhibit involvement in
the catalytic reaction.

Furthermore, despite the fact that the addition of melamine would result in C–N
containing peaks that would aid in the crystal reformation, we did not see such peaks in
XRD, FTIR, or XPS analyses. This may be explained by the role of melamine during the
calcination stage. Upon heating melamine with the co-precipitated particles, a platform
for the distribution of nanoparticles was created. This process was coordinated with the
transition metals, leading to the formation of a metal–melamine complex [30,31]. At a high
calcination temperature of 550 ◦C, this compound can undergo further decomposition,
resulting in the formation of a spinel ferrite structure and the release of volatile gases
(i.e., COX, NOX, and NH3) [32]. The findings validate the function of melamine as a
coordinating agent that effectively enhances the crystalline structure of Cu0.5Mn0.5Fe2O4
and successfully eliminates the presence of Fe2O3 impurities.

3.2. Photocatalytic Performance
3.2.1. Paraben Degradation Efficiency

A photocatalytic experiment revealed that a >95% paraben degradation efficiency
was obtained in 120 min (Figure 2). We did not observe a significant change in the first
30 min in the dark, indicating that the adsorption–desorption equilibrium of catalysts
had been reached. The insignificant difference between parabens in the first 30 min of
light-irradiation was probably due to the insufficient energy for initiating active oxygen
species production. The temporal monitoring of each paraben concentration revealed a
rise in the observed pseudo first-order rate constant (kobs), and %removal at 120 min in
the order BP > PP > EP > MP (inset of Figure 2), which was due to the generated •OH,
photoelectron (e−), and •O2

−, confirmed by our previously proposed radical formation
mechanisms in our recent publication by Angkaew et al. [12], which was similarly observed
by other works [33,34]. The BP highest degradation efficiency was due to the BP molecular
structure with a longer ester chain and the existence of more unsaturated C=C bonds, both
of which were preferentially targeted by •OH and •O2

− [35,36]. These results validate
the occurrence of the reaction with •OH in a correlation with the alkyl chain length of the
paraben [37].
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Figure 2. Temporal changes in paraben concentration (i.e., methyl-, ethyl-, propyl-, and butylparaben,
or MP, EP, PP, and BP) under the adsorptive–photocatalysis process; (inset graph) removal efficiency
(at 120 min) and observed degradation rates of parabens (kobs; min−1).

When the photocatalytic activity was tested by removing parabens individually at
different H2O2 concentrations and Cu0.5Mn0.5Fe2O4 dosages, the BP degradation rates
were again the fastest, confirming that its molecular structure is more susceptible to ox-
idative species (Figure 3). The degradation rate exhibited a corresponding increase with
the increase in catalyst doses. The degradation rate did not, however, rise by 2.5 times as
expected in response to the increase in catalyst dosage, but rather by 1.25 times. Never-
theless, the larger specific area was responsible for this increase because it provided more
adsorptive and reactive sites for the H2O2 that was present, accelerating the production of
reactive species (Figure 3).

Figure 3. Temporal changes in paraben concentration (i.e., methyl-, ethyl-, propyl-, and butylparaben)
under three different oxidative conditions; (inset graph) adsorption removal of each paraben in the
absence of light irradiation.

It is noted that, in the dark, BP was also adsorbed, even though there was no pho-
toactivity involved (Figure 3). Up to a 40% increase in paraben removal efficiency was
observed following an increase in the Cu0.5Mn0.5Fe2O4 dose to 0.5 g L−1. This proves that,
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besides photocatalytic activity, the availability of adsorption sites and a contact surface
area also increased. However, Hashemian, et al. [16] reported that, when the quantity of
adsorbent exceeds 1.0 g, the increase in removal of pollutants can become negligible due to
the occurrence of particle–particle interactions, such as aggregation, which subsequently
diminish the available surface area for adsorption sites, and that the adsorption efficiency
may play a synergistic important role in this oxidative system.

3.2.2. Oxytetracycline (OTC) Degradation Efficiency

The results of lowering H2O2 and catalyst dosages more than the previous experiment
show that the increase in these dosages did not necessarily increase the OTC degradation
efficiency (Figure 4). The increase in H2O2 resulted in a better photocatalytic activity, except
for the H2O2 doses of 0.4 mL and 0.6 mL, which had a similar degradation efficiency
(Figure 4A). This could have been a lack of active sites for the catalyst dose to initiate the
reaction. One other possible explanation is that the created •OH was quenched by the
self-scavenging action of the abundant H2O2, which itself deteriorated into H2O and O2
(Equations (11)–(13)) [10,29].

H2O2 + H2O2 → H2O + O2 (11)

H2O2 + •OH → HO2
• + H2O (12)

HO2
• + •OH → O2 + H2O (13)

 

Figure 4. Temporal changes in oxytetracycline concentration (OTC) under the adsorptive–
photocatalysis process at varied concentrations of H2O2 (A) and catalyst dose (B).

Increases in the Cu0.5Mn0.5Fe2O4 dosage had a similar effect on OTC degradation
efficiency as increases in the H2O2 concentration did (Figure 4B). Besides the lack of H2O2
concentration for initiating the reaction, a self-scavenging effect may have occurred from
the excessive amounts of Cu+, Fe2+, and Mn2+ in the solution (Equations (14)–(16)) [25,38].

Cu+ + •OH → Cu2+ + OH− (14)

Mn2+ + •OH → Mn3+ + OH− (15)
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Fe2+ + •OH → Fe3+ + OH− (16)

Moreover, an excessive amount of suspended catalysts might prevent light from
reaching the reaction sites, reducing the amount of •OH produced. Notably, the re-
moval efficiency anomaly (>10%) in the dark was observed for the highest catalyst dose
(0.4 g L−1) (Figure 4B). This phenomenon indicates the existence of catalyst adsorptivity
prior to the generation of active radicals and that some contaminants may have been ad-
sorbed on the catalyst surface. As a result, we ruled out the idea that adsorption was also a
key factor in pollution removal. This information is valuable as it pertains to the potential
utilization of greater quantities of catalyst in practical applications.

3.3. Adsorptive Performance

At the beginning of the adsorption experiment, a high adsorption rate was seen for all
three chosen amounts. This indicates that the catalyst was a viable adsorbent and that there
were plenty of adsorption sites accessible, especially as the adsorbent amount increased.
This might be attributed to our selected synthesis approaches that used melamine-assisted
calcination, which resulted in its octahedral morphology surrounded by tiny spheres. Thus,
this is advantageous for both excellent adsorption and excellent photocatalytic properties.

In this study, pseudo first-order, pseudo second-order, Elovich, and Brouers–Sotolongo
models were used to explain adsorption, and two-phase intra-particle diffusion was used to
explain diffusion (Table 1). RMSE and R2 values were used to determine the best fit model.

Figure 5A shows the plot of the fitted adsorption models (pseudo first-order, pseudo
second-order, Elovich, and Brouers–Sotolongo models). Differences among results from
these models can be seen when the Cu0.5Mn0.5Fe2O4 amount is not very high. Overall,
both the Brouers–Sotolongo and the pseudo second-order kinetic models described the
OTC-Cu0.5Mn0.5Fe2O4 adsorption kinetics well, as indicated by the low RMSE and high R2

(Table 2). Therefore, it can be concluded that the adsorption process between the adsorbent
and OTC molecules in the liquid phase was a chemisorption process, and that the efficiency
was entirely dependent on the amount of adsorbent used and the concentration of the
adsorbate. The OTC-adsorbed mass per Cu0.5Mn0.5Fe2O4 mass at the equilibrium (qe) was
highest for the lowest Cu0.5Mn0.5Fe2O4 amount (i.e., 0.006 g) and the decrease at higher
Cu0.5Mn0.5Fe2O4 amounts was due to their more available adsorption sites (Table 2; Figure 5).

At 0.006 g of Cu0.5Mn0.5Fe2O4, the Brouers–Sotolongo model shows a notably greater
qe than the pseudo second-order model, and the accuracies of these models are low (RMSEs
are high and R2s are low), implying that the predicted data may not be as accurate at
an extremely low adsorbent amount (Table 2). At higher amounts of Cu0.5Mn0.5Fe2O4,
the predicted adsorbed concentrations from both models were similar (6.04 and
4.06–4.07 mg g−1 at 0.012 and 0.018 g of Cu0.5Mn0.5Fe2O4, respectively) and the accuracies
of the models are high (RMSEs are low and R2s are high). By comparing the values of R2,
the OTC adsorption mechanism appeared to be best described by the Brouers–Sotolongo
equation. Adsorbate/adsorbent interactions were found to be fractal when the fractal
time exponent (γ; also called the global fractal time) was less than 1 [39,40]. This may be
attributed to the material’s powder-like properties, which may preferentially reside on the
edge wall and the inner lid, decreasing the amount of contact with the OTC molecules.
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Figure 5. OTC adsorption on Cu0.5Mn0.5Fe2O4 nanoparticles; (A) observed and modeled kinetic
profiles; and (B–D) observed and modeled equilibrium isotherm profiles.

Table 2. Parameters for the kinetic model determined from least squares approximation and model
performance measured by RMSE and R2.

Model Cu0.5Mn0.5Fe2O4 (g) Parameters RMSE (mg/g) R2 (%)

Pseudo
first-order

qe (mg g−1) k1 (h−1)

0.006 10.14 2.41 0.48 78.98
0.012 5.94 5.03 0.07 83.92
0.018 4.04 7.91 0.01 79.00

Pseudo
second-order

qe (mg g−1) k2 (g mg−1 h−1)

0.006 10.82 0.38 0.25 94.50
0.012 6.04 3.26 0.01 99.64
0.018 4.06 20.72 <0.01 98.35

Elovich

α (mg g−1 h−1) β (g mg−1)

0.006 1.45 × 103 0.84 0.15 97.83
0.012 6.79 × 1012 5.49 0.05 90.17
0.018 2.78 × 1053 31.63 0.01 92.67

Brouers–Sotolongo (order 2; nr = 2)

qe (mg g−1) τ (h) γ

0.006 14.07 0.33 0.38 0.15 97.92
0.012 6.04 0.05 0.99 0.01 99.64
0.018 4.07 4.50 × 10−3 0.78 <0.01 98.73

Intra-particle
diffusion
(two phases)

Kd (mg g−1 h−1/2) C (mg g−1)

0.006 10.54 if t ≤ 0.58 h 0.00 if t ≤ 0.58 h 0.07 99.52
1.10 if t > 0.58 h 8.03 if t > 0.58 h

0.012 7.75 if t ≤ 0.54 h 0.00 if t ≤ 0.54 h 0.03 96.84
0.13 if t > 0.54 h 5.71 if t > 0.54 h

0.018 5.61 if t ≤ 0.51 h 0.00 if t ≤ 0.51 h <0.01 99.12
0.02 if t > 0.51 h 4.00 if t > 0.51 h
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With an increase in adsorbate amount, agglomeration may have started to occur, ren-
dering the adsorbent attachment to the edge wall unlikely. As can be seen, the experiment
was contaminant-specific and was conducted in the dark. By using OTC as the target con-
taminant, the results show that adsorption is playing the main role as OTC was tentatively
adsorbed before the start of the photocatalytic performance.

Ho and McKay [41] proposed that the adsorbate diffused through the liquid phase and
the film surrounding the adsorbent surface before interacting with the functional groups
of the adsorbent–adsorbate (Table 2). Consequently, the kinetic data previously acquired
were utilized to selectively examine the intra-particle diffusion stages.

Based on our findings, the adsorption phases (i.e., double-linearity characterization)
were divided at 0.51–0.58 h, indicating that the external mass transfer followed by in-
traparticle diffusion may occur at even lower amounts of adsorbent. This allows OTC
molecules to transport to different phases prior to reaching equilibrium. As the adsorbent
dosage increased, the first-phase slopes (Kd) decreased, suggesting that self-agglomeration
had slightly occurred and that the adsorbent boundary layers had thickened. The rapid
disruption in the Kd indicated prompt adsorption on the adsorbent surface, while the sub-
sequent slower rates of adsorption (i.e., a lower Kd) confirmed the occurrence of diffusional
phenomena within the adsorbent particles [42,43].

By comparing the values of RMSE and R2 among three isotherm models
(Tables 1 and 3; Figure 5), the Freundlich model better described the adsorption isotherm
data, indicating that multilayer adsorption was dominant and that the Cu secondary dop-
ing facilitated the uniformly distributed surface for OTC molecules. The n value increased
to >1 at 0.018 g of adsorbent, indicating the system’s unfavorability [44]. This was prob-
ably due to the agglomeration occurring at a higher adsorbent dose, which coincided
with the previously described kinetic experiments. Overall, the results provide proof that,
during the adsorption/desorption equilibrium, adsorption can occur prior to the photo-
catalytic reaction that serves as the main oxidation mechanism for degrading unadsorbed
OTC molecules.

Table 3. Parameters for the isotherm model determined from least squares linear regression, strength
of the linear relationship (between the independent and dependent variables in the linear form of the
model) measured by r2 and r2

adj, and model performance measured by RMSE and R2.

Model
Cu0.5Mn0.5Fe2O4

(g)
Parameters

r2

(%)

r2
adj

(%)

RMSE
(mg/g)

R2

Langmuir

qm (mg g−1) b (L mg−1)

0.006 - * - * - * - * - * - *
0.012 994.94 1.08 × 10−3 98.82 98.63 63.08 77.42
0.018 686.72 2.45 × 10−3 99.08 98.92 44.64 88.24

Freundlich

n K f (mg g−1(L mg−1)1/n)

0.006 0.70 0.14 97.68 97.29 28.30 97.09
0.012 0.93 0.74 99.06 98.90 14.65 98.78
0.018 1.09 1.97 99.70 99.65 6.23 99.77

Temkin

BT (J mol−1) AT (L mol−1)

0.006 14.68 14.47 82.87 80.01 68.60 82.87
0.012 19.48 17.17 82.15 79.17 56.09 82.15
0.018 19.98 21.34 86.60 84.37 47.66 86.60

* For Langmuir isotherm model applied to 0.006 g of Cu0.5Mn0.5Fe2O4, the values of parameters are out of
appropriate range.

3.4. OTC Degradation Products

Almost certainly, multiple mechanisms for the oxidative degradation of OTC
(m/z = 460) are occurring simultaneously in this system. The identified intermediates allow
us to suggest the reactions that occur, but only a very limited sequence ordering is possible.
An inspection of 6,10,12 a-trihydroxy-1,3,11,12-tetraoxo-2,5,6,12a-tetrahydronaphthacene
(TC1; m/z = 340) allows us to note that the following steps must have occurred, but in any
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number of different sequences: decarboxamidation at C2; deamination at C4; dehydroxyla-
tion at C5, demethylation at C6, and tautomerization at C3 and C12 [45] (Figure 6).

Similarly, OTC was converted to 3,4,4a,10-tetrahydro-1 2,8,10-tetrahydroxy-10-methyl-
9-(2H)-anthracenone (TC2; m/z = 277) by ring-cleavage at both the C4aC4 and C12a-C1
bonds [46]. This step occurred either before or after dihydroxylation at C5. The observa-
tion of degradation intermediates TC1 and TC2 supports the idea of multiple oxidative
pathways because TC2 cannot be produced by the degradation of TC1. This is because
the methyl group at C6 in TC2 has already been removed in TC1. Finally, either of these
compounds or many others could lead to the production of 2,3-dioxosuccinic acid by
oxidative cleavage of any ring or sequence of carbon giving a four-carbon chain.
Subsequent oxidation of each carbon of that chain would lead to succinic acid
(m/z = 146) [47].

Further oxidation of that compound would probably lead to oxalic and carbonic
acids, and then shortly thereafter to carbon dioxide and water. Thus, the oxidative fate of
these compounds is likely to be complete mineralization under the reported conditions.
Moreover, our LC/MS results also reveal that the adsorption process was the dominant
process throughout the OTC reaction; however, the degradation products may be unstable
and may have been adsorbed onto the catalyst surface.

Figure 6. OTC degradation mechanism following the photo-Fenton catalytic activity of
Cu0.5Mn0.5Fe2O4 nanoparticles.
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3.5. Effect to Seedling Growth and Root Anatomy

Up to a 50% composition of treated and untreated water, both species had no significant
effect on shoot lengths or root lengths for Vigna radiata L. (Figure 7). This implies that all
of the active radicals had already disappeared and that OTC degradates were not able to
trigger Vigna radiata L. irregular plant growth nor cause any oxidative stress. This result is
consistent with previous works indicating that Vigna radiata L. had an inherent ability for
growth in chemically contaminated soils [48,49]. For Zea mays L. root traits, however, 50%
of both tested waters revealed a significantly negative impact on the germination index,
vigor index, and root length, while, at a lower composition of tested water (i.e., 25%), there
were differences between untreated and treated water, indicating that our treated water
was safer for root growth at this lower composition (Figure 7).

Figure 7. Comparison of shoot and root lengths and their dry weights (g; in parentheses) of Zea mays
L. and Vigna radiata L. following exposure to different compositions of treated water. Values followed
by the same letter in each species are not significantly different at p ≤ 0.05 according to the Tukey’s
honest significant difference (HSD).

Water plays a crucial role in the germination process since it is necessary for the
activation of enzymes that break down the seed’s stored nutrients and initiate the growth
processes. Therefore, treated water at a high composition, which included OTC-degradates,
a minimal amount of inorganic metal, and an abnormal pH, presumably initially inter-
fered with the physiological and metabolic capacity of seeds to germinate and establish
themselves as healthy seedlings. OTC-contaminated water at high concentrations has been
confirmed to cause disruption in shoot and root growth by inhibiting the photosynthesis
and enzyme activity of lettuce [50]. In addition, Bao et al. [51] showed that, when tested
at higher concentrations of OTC (i.e., 50–150 mg L−1), the untreated OTC had significant
phytotoxic effects on wheat seed germination, root elongation, sprout length, and vitality
index. These investigations show the importance of removing as much antibiotic residues
as possible before utilizing contaminated water for irrigation.

Following the seedling growth experiment, root samples were analyzed for changes
in the anatomical parameters. Our findings reveal significant changes in root anatomy in
response to the composition of treated water, where it showed a shrinking of the endodermis
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thickness and endodermis area, which could be due to the decrease in the size of the
parenchyma of the cortex and vascular bundles (Figure 8).

For Zea Mays L., changes in endodermis area were observed at 50% of treated water,
while changes in the vascular cylinder diameter, metaxylem area, and cortex were observed
at only 25% of both treated and untreated water (Figure 8). However, the anatomical results
for Vigna radiata L. are slightly different. In brief, only metaxylem and cortex were impacted
by the tested water, but only 50% of the treated water started to negatively impact the
endodermis area and vascular diameter, indicating that Vigna radiata L. could tolerate extreme
conditions better than Zea mays L. (Figure 8). The Vigna radiata L. cortex obviously showed
more negative impacts from the tested water. This is probably due to the nature of the larger
root diameter (i.e., Zea Mays L.), which provided a longer radial distance containing more
cortexes protecting the absorbed aqueous solution from penetrating into the endodermis
area. At higher compositions of treated water, Vigna radiata L. root growth indicated that
both OTC and OTC-degradates could disrupt maturation and cell division in the roots and
may cause anomalous higher auxin production [52]. Because radical remnants were not the
main by-products, we believed that either TC1 or TC2 (refer to Section 3.4; Figure 6) could be
responsible for the reduction in parenchyma cells (Figure 8).

Figure 8. Comparison of seed germination, seedling growth, and anatomical roots of Zea mays L. and
Vigna radiata L. following exposure to different compositions of treated water. Values followed by
the same letter (s) in each species are not significantly different at p ≤ 0.05 according to the Tukey’s
honest significant difference (HSD).

The reduction in root development is a compelling indication of plant oxidative stress,
which results from a reduction in cell division, a decrease in cell elongation, and a reduction
in the extension of the root meristem [53]. This decrease in cell size could also cause a
reduction in cell wall elasticity, which can eventually lead to overall root contraction [54].
Gomes et al. [52] reported that this cell division impairment was due to the disruption of
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hormones that may have been associated with auxin production after exposure to treated
water, and that any disturbances in auxin signaling can have profound effects on root
anatomy and function.

Comparing the germination indices and the anatomical roots of both tested plants, it is
clear that Zea mays L. was more sensitive than Vigna radiata L. Because of the root parameter
reductions, it is plausible that the shoot would also suffer the same consequence. Because
the plant’s root water potential was greater than its shoot water potential, the plant was
able to absorb more water through its distorted xylem. Because of this, the plant’s capacity
to absorb nutrients would have been compromised, and the OTC degradates would still
be available for uptake by the roots. If the experiment had been set up for a longer time
period (>8 d), we might have seen a different variation in shoot anatomy. In practical
applications, a greater concentration of organic matter and other ion constituents can be
found in water. Existing antibiotics may be present at much lower concentrations, and they
would be naturally absorbed in soils before affecting root development. Most importantly,
the dilution would be significantly lower than the mixture that was tested (<25%).

Past research has shown that a decrease in both cell division and cell size and a
decrease in xylem vessel size are closely associated with the exposure to heavy-metal-
contaminated water that causes the interference of the plant’s uptake of several mineral
elements by heavy metals [55]. Although metal leaching was not an issue of concern in our
study, some micronutrients were found to disrupt the plant mineral nutrient uptake, which
consequently reduced enzyme activity, interfered with physiological processes, damaged
cell membranes, and limited the biosynthesis of metabolites [56].

These changes in root anatomy can ultimately hinder the overall plant growth and
development, can also highlight the sensitivity of root tissues to the composition of treated
water, and can have cascading effects on nutrient uptake, water transport, and overall plant
growth. Therefore, it is crucial to consider the potential impacts of treated water on root
anatomy when assessing the suitability of water sources for irrigation and agricultural
practices. Therefore, unless the amount of catalyst is increased to overcome the high loading
of organic constituents, there should be no concern that these residuals will interfere with
plant growth and yield. Therefore, our H2O2/Cu0.5Mn0.5Fe2O4 oxidative treatment was
shown to be successful in removing antibiotics from water while having minimal to no
negative effects on plant growth.

4. Conclusions

In this study, we developed Cu0.5Mn0.5Fe2O4 nanoparticles using the co-precipitation
method, calcination with melamine, and tested their adsorptive–photocatalytic perfor-
mance on four parabens and the oxytetracycline (OTC) removal efficiency. The material
showed more crystallinity after melamine calcination and showed no Fe2O3 impurity,
enhancing the larger adsorption sites as well as the electrons’ excellent oxygen exchange-
ability, which, in turn, can enhance oxidative reactivity for contaminant removal. All four
parabens were removed within 120 min and OTC within 45 min, respectively. The optimum
condition for pollutant removal was 0.2 g L−1 of Cu0.5Mn0.5Fe2O4 and 40 mM of H2O2.
In the aqueous phase, both adsorptive and photocatalytic reactions can occur. The OTC
diffused through the liquid phase and the film surrounding the adsorbent surface before
interacting with the functional groups of the adsorbent–adsorbate. Then, also in the liquid
phase, OTC rapidly reacted and generated reactive oxygen species. By fitting the kinetics
and isotherm models, the OTC adsorption kinetics fitted well with the Brouers–Sotolongo
model, and the OTC adsorption behavior was well described using the Freundlich isotherm.
The shoot length of Zea mays L. and Vigna radiata L. in 25% treated water had less nega-
tive impact compared to the root length. The overall results show that Cu0.5Mn0.5Fe2O4
nanoparticles have provided a relatively good adsorptive–photocatalytic performance for
the degradation of tested antibiotics and personal care products.
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