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Preface to ”Genomic Analysis of Antibiotics
Resistance in Pathogens”

The emergence of antibiotic-resistant pathogens currently represents a serious threat to public

health and the economy. Due to antibiotic treatments in humans and veterinary medicine,

prophylactic use and environmental contamination, bacteria are today more frequently exposed to

unnatural doses of antibiotics and their selective effect.

Antibiotic resistance can be encoded on chromosomes, plasmids, or other mobile genetic

elements in bacteria. It may also result from mutations that lead to changes in the affinity of

antibiotics for their targets or in the ability of antibiotics to act on bacterial growth or death.

Exposure of bacteria, bacterial populations, and microbial communities to antibiotics at different

concentrations shapes their genomic dynamics, as does the mobilisation and spread of resistance

determinants. It is, therefore, essential to understand the dynamics and mobilisation of genes

encoding antibiotic resistance, in human, animal, plant, and environmental microbiomes, through

genomic and metagenomic approaches and bioinformatics analyses.

This Special Issue gathers research publications on the horizontal transfer of antibiotic-resistance

genes, their dissemination and epidemiology, their association with bacterial virulence, between

bacterial genotypes and their phenotypes, and other related research topics.

Teresa V. Nogueira
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Genomic Analysis of Antibiotics Resistance in Pathogens
Teresa Nogueira 1,2
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Sustainability Institute, Faculdade de Ciências, Universidade de Lisboa, 1749-016 Lisbon, Portugal

The emergence of antibiotic-resistant pathogens currently represents a serious threat
to public health and the economy worldwide. Due to antibiotic treatments in human and
veterinary medicine, pathogenic bacteria are most often exposed to unnatural doses of
antibiotics and their selective effect.

Back in 1945, in his Nobel prize lecture, Alexander Fleming said: “The time may come
when penicillin can be bought by anyone in the shops. Then there is the danger that the
ignorant man may easily underdose himself and by exposing his microbes to non-lethal
quantities of the drug make them resistant. Here is a hypothetical illustration. Mr. X. has a
sore throat. He buys some penicillin and gives himself, not enough to kill the streptococci
but enough to educate them to resist penicillin. He then infects his wife. Mrs. X gets
pneumonia and is treated with penicillin. As the streptococci are now resistant to penicillin
the treatment fails. Mrs. X dies. Who is primarily responsible for Mrs. X’s death? Why Mr.
X whose negligent use of penicillin changed the nature of the microbe. Moral: If you use
penicillin, use enough” [1].

In fact, after the discovery of penicillin, antibiotics were introduced into clinical
practice in humans, and later in veterinary health and agriculture as growth promoters. As
a consequence, antibiotics became an environmental contaminant.

Fleming predicted what we know today to be the genomic dynamics of the acquisition
of antibiotic resistance and its epidemic nature, eight years before Francis Crick and
James Watson determined the structure of the DNA molecule. He also predicted that
the widespread, unsupervised use of antibiotics could become a health problem, as he was
already aware that antibiotic resistance could be triggered by exposure to sublethal doses
of antibiotics.

In bacteria, antibiotic resistance can be encoded on chromosomes, plasmids, or other
mobile genetic elements. It can also result from mutations that lead to changes in the affinity
of antibiotics for their targets or in the ability of antibiotics to act on bacterial growth or
death. It is essential to understand the evolutionary dynamics and mobilization of genes
encoding antibiotic resistance in the human, animal, plant, and environmental microbiomes
but also the transmission of resistant bacteria between individuals and between humans,
animals, and the environment in a One Health approach. These studies can be developed
using genomic and metagenomic approaches and bioinformatics analyses. This Special
Issue addresses the horizontal transfer of antibiotic resistance genes and their spread,
epidemiology, and association with bacterial virulence between bacterial genotypes and
their phenotypes.

Although antibiotics are global contaminants, environmental bacteria, commensals,
and human and animal pathogens are not expected to be exposed to the same types
of antibiotics. Pathogenic bacteria will more often be exposed to therapeutic doses of
the antibiotics of medical interest. Darmancier et al. [2] performed a comprehensive
bioinformatic study of 16,632 complete bacterial reference genome sequences to discover
whether there would be a relationship between bacterial virulence and antibiotic resistance.
They found evidence that some categories of virulence and antibiotic resistance genes
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could be co-selected and that mobile genetic elements, such as integrative and conjugative
elements, could play an important role in their co-mobilization. The fact that human
pathogens whose therapy requires specific antibiotics have become resistant has emerged
as a major obstacle to the treatment of diseases that threaten humans.

This collection also gathers papers on antibiotic resistance of some of the major emerg-
ing infections pathogens such as Mycobacteroides abscessus [3], Klebsiella pneumoniae [4,5],
Salmonella sp. [6,7], Francisella tularensis [8], Acinetobacter baumannii [9,10], or Pseudomonas
aeruginosa [11] and other human pathogens such as Neisseria gonorrhoea [12], Staphylococcus
aureus [13], or Escherichia coli [14]. Most of them are high-priority pathogens [15], according
to the National Institute of Allergy and Infectious Diseases, and are globally and medically
important pathogens.

Ng and Ngeow have published a review on the Tigecycline (a third-generation tetra-
cycline) resistance in the Actinobacteria Mycobacteroides abscessus a clinically important
human pathogen known to harbor a multidrug-resistance phenotype [3].

Staphylococcus aureus is one of the main etiological agents of skin and wound infections
of nosocomial origin, belonging to the phylum Firmicutes. It has been classified as a globally
and medically important human and foodborne pathogen [16], and methicillin resistance
has been a major challenge to treatment and patient science. Ullah et al. have performed a
comparative genomic analysis of a highly virulent methicillin-resistant S. aureus (MRSA) of
a Pakistan clone [13].

Neisseria gonorrhoeae is a Beta Proteobacteria that is the etiological agent of gonorrhea,
a sexually transmitted disease, as well as an eye infection transmitted, for example, during
vaginal delivery, which can lead to blindness when left untreated. Gonzalez et al. con-
ducted a study in which they allowed two reference strains of N. gonorrhoeae to evolve
and then followed the emergence of ciprofloxacin resistance by mutation. They then per-
formed genomic analyses of several of the clones to conclude that there are strain-specific
differences in the emergence of ciprofloxacin resistance [12].

The Gamma Proteobacteria phylum encloses many human pathogens. This collection
includes a review by Rodrigues and his colleagues who have characterized the resistome
of Acinetobacter baumannii and described its genome as very plastic and open [10]. Thad-
tapong et al. have highlighted the epidemic potential of colistin and carbapenem-resistant
A. baumannii clone carrying a conjugative system and a potential virulence system [9].

Another Gamma Proteobacteria is Pseudomonas aeruginosa, which is an opportunistic
human pathogen that is often difficult to treat with antibiotics due to its ability to form
biofilms but also due to the expression of efflux pumps. Ahmed et al. have studied the
impact of titanium dioxide nanoparticles on the quorum-sensing genes controlling biofilm
production and efflux pump gene expression [11].

Souder et al. have identified a novel role for two genes dipA and pilD in Francisella
tularensis (the etiologic agent of Tularaemia) susceptibility to resazurin [8].

The phylum Gamma-proteobacteria also includes the most common etiologic agents of
human gastroenteritis: Salmonella sp. and Escherichia coli. Hernández-Díaz and colleagues
performed a comparative genomic analysis of Typhimurium serotypes of S. enterica that
led to the identification of 44 genes, 34 plasmids, and 5 point mutations associated with
antibiotic resistance, distributed across 220 genomes of ST213 strains [6]. Vázquez et al., on
the other hand, performed a genomic analysis of S. enterica serotype Infantis to identify
pESI-like plasmids encoding blaCTX-M-65 [7]. Masoud et al. identified extended-spectrum
beta-lactamases (ESBLs), metallo beta-lactamases (MBLs), and plasmid-mediated quinolone
resistance in E. coli isolated from different clinical specimens in Egypt [14].

Klebsiella pneumoniae is another important human pathogen and one of the etiological
agents of pneumonia. Mendes et al. identified Ceftazidime/Avibactam resistance in a pa-
tient isolate in Portugal [4]. As the combination resistance to Ceftazidime and Avibactam is
new, and as it appears together with resistance to other antibiotics, the authors recommend
special epidemiological surveillance.

2



Antibiotics 2022, 11, 1013

Altayb et al. studied and isolated a K. pneumoniae isolate from a patient with recurrent
urinary tract infection, identified as hypermucoviscent, type 2 (K2) capsular polysaccharide,
ST14, and multidrug-resistant. The authors performed genomic analysis and demonstrated
that it harbors four plasmids, several virulence factors, and antibiotic resistance encoding
genes, which are worth studying in more detail [5].

Funding: Fundação para a Ciência e a Tecnologia (FCT) supported T.N. by contract PTDC/BIA-
MIC/28824/2017.

Conflicts of Interest: The author declares no conflict of interest.
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Comparative Genomic Analysis Discloses Differential
Distribution of Antibiotic Resistance Determinants between
Worldwide Strains of the Emergent ST213 Genotype of
Salmonella Typhimurium
Elda Araceli Hernández-Díaz 1,†, Ma. Soledad Vázquez-Garcidueñas 2,†, Andrea Monserrat Negrete-Paz 1

and Gerardo Vázquez-Marrufo 1,*

1 Centro Multidisciplinario de Estudios en Biotecnología, Facultad de Medicina Veterinaria y Zootecnia,
Universidad Michoacana de San Nicolás de Hidalgo, Km 9.5 Carretera Morelia-Zinapécuaro,
Col. La Palma Tarímbaro, Morelia 58893, Michoacán, Mexico; 0617452b@umich.mx (E.A.H.-D.);
andrea.negrete@umich.mx (A.M.N.-P.)

2 División de Estudios de Posgrado, Facultad de Ciencias Médicas y Biológicas “Dr. Ignacio Chávez”,
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* Correspondence: gvazquez@umich.mx; Tel./Fax: +52-01-443-2-95-80-29
† These authors contributed equally to this work.

Abstract: Salmonella enterica constitutes a global public health concern as one of the main etiological
agents of human gastroenteritis. The Typhimurium serotype is frequently isolated from human,
animal, food, and environmental samples, with its sequence type 19 (ST19) being the most widely
distributed around the world as well as the founder genotype. The replacement of the ST19 genotype
with the ST213 genotype that has multiple antibiotic resistance (MAR) in human and food samples
was first observed in Mexico. The number of available genomes of ST213 strains in public databases
indicates its fast worldwide dispersion, but its public health relevance is unknown. A comparative
genomic analysis conducted as part of this research identified the presence of 44 genes, 34 plasmids,
and five point mutations associated with antibiotic resistance, distributed across 220 genomes of
ST213 strains, indicating the MAR phenotype. In general, the grouping pattern in correspondence
to the presence/absence of genes/plasmids that confer antibiotic resistance cluster the genomes
according to the geographical origin where the strain was isolated. Genetic determinants of antibiotic
resistance group the genomes of North America (Canada, Mexico, USA) strains, and suggest a
dispersion route to reach the United Kingdom and, from there, the rest of Europe, then Asia and
Oceania. The results obtained here highlight the worldwide public health relevance of the ST213
genotype, which contains a great diversity of genetic elements associated with MAR.

Keywords: ST213 worldwide strains; genomic databases; antibiotic resistance plasmids; Typhimurium

1. Introduction

Salmonella enterica is one of the main pathogens associated with food contamination;
it is considered responsible for around 94 million cases of gastrointestinal illnesses and
155,000 annual deaths worldwide [1–3]. The typing method used for the follow-up of
outbreaks and epidemiological studies of S. enterica for nearly 90 years is serotyping [4].
Currently, more than 2600 serotypes are registered worldwide [5,6]. The Typhimurium and
Enteritidis serotypes are considered of the greatest global public health relevance, because
these have the widest geographical distribution and the highest incidence in clinical and
food samples worldwide [7,8]. However, among the plethora of molecular genetic typing
methods generated in the last few decades, comparative genomic analysis stands out for its
greater discrimination power, making it possible to distinguish strains associated with an
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outbreak from those that are not [9–11]. This discrimination power is of epidemiological
and public health relevance, since it allows the generation of strategies for the prevention
and control of outbreaks [12–14].

Among the genotyping methods used as epidemiological tools for the study of S. enter-
ica, multi locus sequence typing (MLST) for the assignment of sequence type (ST) through
variations in seven loci efficiently identify clonal groups and founder genotypes [15,16].
Recently, MLST analysis was modified in accordance with the possibilities offered by whole-
genome sequencing (WGS) to use a large number of genes from the core genome [17–19],
enabling the differentiation between clonal groups to be more precise, allowing the descrip-
tion of emerging genotypes, and making it possible to distinguish between lineages within
an ST [20–22]. This resolution power offered by MLST using WGS opens the possibility of
comparing strains between very diverse space-time scales; in addition to its application in
epidemiological studies, this allows evaluating the micro-evolutionary process of S. enterica
and detecting the emergence of variants of relevance in the field of public health [21–23].
Beyond its excellent ability to discriminate between clonal groups and variants within an ST,
comparative genomic analysis allows the study of dispersion and distribution of virulence
and resistance to antibiotics-associated genes [24–28] and relevant genetic determinants of
S. enterica emerging pathogenic variants.

MLST analysis has clearly established that the founding genotype of S. enterica Ty-
phimurium is ST19, as the most prevalent genotype of this serotype around the world
from which the vast majority of other STs have been derived [15,16]. However, it has been
recently documented that some countries have experienced the ST19 being replaced with
other STs that show a higher incidence in clinical and food samples. These replacement
genotypes have genotypic and phenotypic characteristics that make them relevant in terms
of epidemiology and public health. In this sense, the best documented cases of replacement
are replacements by the ST313 genotype, which have been identified in Sub-Saharan Africa
and are associated with systemic disease in HIV patients. Thus far, two sub-lineages have
been identified, one of which has resistance to antibiotics, complicating the treatment of
HIV [21,29]. The increased incidence of the ST34 genotype carrying antibiotic resistance
genes/plasmids has been documented in some regions of China in both clinical and food
samples [30,31].

In Mexico, a study on clinical and food samples carried out for four years in different
states of the country revealed evidence of the replacement of ST19 by ST213 [32]. Subse-
quent analyses showed that this strain carries IncA/C plasmids, now changed to IncC [33],
with genetic determinants for multiple resistance to antibiotics [34]. According to the
genome metadata available in EnteroBase [35], the ST213 genotype has been isolated in
recent years from different regions of the world. However, to date the epidemiological
risk associated with the geographical dispersion of this genotype sequence is unknown,
as is whether the patterns of resistance to antibiotics are shared between strains from
different regions.

It has been documented that bioinformatic genomic analysis allows the robust predic-
tion of phenotypic resistance to antibiotics in S. enterica [28,36]. Thanks to the considerable
increase in the available genomes of ST213 from different regions of the world, it is feasible
to perform an analysis that allows establishing solid hypotheses about the resistance of
this genotype to antibiotics. Furthermore, it is possible to establish whether the strains
from different geographical regions have the same set of genetic determinants of resis-
tance to antibiotics and the presence of multi-resistance between them. Therefore, the
objective of this work was to carry out a comparative genomic analysis of all ST213 strains
whose genomes are available in public databases in order to analyze the presence and
distribution of genes and mutations associated with antibiotic resistance. Differences in
the presence/absence of genetic determinants associated with resistance to antibiotics in
relation to the geographical origin, year of isolation, and type of samples of ST213 genotype
strains are analyzed and discussed.
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2. Results
2.1. Distribution of the Genomes of the Strains Analyzed by Country, Type of Sample and Year
of Isolation

Of the 220 genomes retrieved from databases of S. Typhimurium strains belonging
to the ST213 genotype and included in this study, 29% (n = 64) came from the United
Kingdom, 25.9% (n = 57) came from Mexico, 24.5% (n = 54) came from the United States
of America, and 9.5% (n = 21) came from Canada, while the remaining 11% (n = 24) were
obtained from nine different countries, mainly from Europe (Figure 1).
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Figure 1. World distribution of the Salmonella enterica Typhimurium strain genotype ST213, the
genomes of which were analyzed in this work.

A total of 70% (n = 154) of the strains were obtained from human clinical samples, 15%
(n = 33) were obtained from samples of animal origin, and the remaining 15% (n = 33) were
obtained from nine other sources in smaller percentages (Figure 2). In relation to the year
of isolation, the genomes were derived from strains isolated between the years 1957 and
2021, with the years 2003, 2004, 2017, 2018, and 2019 being the ones in which the largest
number of records were made. Between 2002 and 2005, most of the Mexican records were
made; between 2014 and 2019, the largest number of records from the United Kingdom
were obtained; and the strains from the United States were all registered in 19 years, apart
from the years 1965, 1967, 2001, 2004, 2005, 2008, and 2009. It is interesting to note that, so
far, during the year 2013, no isolates of ST213 have been recorded in any geographical area
(Figure 3).
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Figure 3. Year of isolation of the ST213 strains from which genomes were analyzed in this work. The
total number of genomes analyzed after filtering was 220 (see Figure 8).

2.2. Presence of Antibiotic Resistance Genes

Forty-four antibiotic resistance genes were identified in the analyzed genomes (Table 1),
of which aac(6)-Iaa, golS, mdsA, mdsB, mdsC, mdtK, and sdiA are present in the 220 (100%)
genomes analyzed. The genes aac(3)-IV, aph(3)-IIa, aph(4)-Ia, blaCARB-3, catII, cmlA1, dfrA1,
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linG, mefB, qnrA1, qnrB19, qnrS1, tetM, and tetU were found in <1% of the genomes studied.
The aadA5, ant(3)-IIa, aph(3)-Ia, blaTEM-1, dfrA17, qnrB5, sul1, tetB, and tetC genes were found
in between 1 and 15% of the genomes included in this study, while the aac(3)-IId, aadA2,
blaCMY-59, dfrA12, floR, oqxA, oqxB, qacH, sul2, and sul3 genes were identified in 20% to 40%
of the study genomes. Finally, the aph(3)-Ib, aph(6)-Id, tetA, and tetR genes were found in
50–57% of all the analyzed genomes (Table 1). Regarding the type of sample from which
the genomes were isolated, the blaCARB-3 gene was only found in strains from samples of
animal origin, the blaCMY-59 gene was not found in strains from food, and blaTEM-1 was
identified in strains taken from water samples. On the other hand, the linG gene was found
in food-associated strains and mefB was identified in human clinical samples from the
United Kingdom and the United States, respectively. Regarding the country from which
the strains were obtained, ten of the genes that confer resistance to aminoglycosides were
found in the genomes of strains from Australia, Canada, Denmark, Thailand, Mexico, the
United Kingdom, and the United States. Genes related to resistance to β-lactams and
fluoroquinolones were not found in the genomes of strains from Denmark, and genes
related to resistance to chloramphenicol were not found in the genomes of strains from
Thailand. Similarly, tetracycline and diaminopyrimidine resistance genes were not found in
strains from Denmark and Thailand, while the qacH gene was not identified in the genomes
of strains isolated in Australia.

Table 1. Resistance genes found in the analyzed genomes of ST213 strains.

Antibiotic Group/Resistance Gene(s) Encoded 1 % Frequency 2

Aminoglycosides
aph(4)-Ia, aac(3)-IV, ant(3)-IIa, aac(3)-IId P (IncHI2) 0.4 (n = 1), 0.9 (n = 2), 10.9 (n = 24), 29 (n = 64)

aph(3)-IIa, aph(3)-Ia T 0.9 (n = 2), 9.5 (n = 21)
aac(6)-Iaa C 100 (n = 220)

aadA2 P/I (IncHI2/IncHI2A) 40 (n = 89)
aadA5 P/T/I 1.8 (n = 4)

aph(3)-Ib P/T/C (IncC, IncFII/IA/IB,) 50 (n = 111)
aph(6)-Id P/CG-I (IncC, IncFII/IA/IB,) 50 (n = 110)

Cephamicin
blaCMY-59 P (IncC) 36.8 (n = 81)

Diaminopyrimidines
dfrA1, dfrA12, dfrA17 I 0.4 (n = 1), 37.2 (n = 82), 1.8 (n = 4)

Penam
blaCARB-3 P 0.4 (n = 1)

Penam, penem, cephalosporin, monobactam
blaTEM-1 C/P (IncHI2/IncHI2A) 14 (n = 31)

Disinfecting agents and intercalating dyes
qacH P 26.3 (n = 58)

Fluoroquinolones
mdtK C 100 (n = 220)

qnrA1, qnrB5, qnrB19, qnrS1 P (IncHI2/IncHI2A) 0.4 (n = 1), 10 (n = 22), 0.4 (n = 1), 0.9 (n = 2)
Lincosamides

linG I-agc, with aadA2 0.4 (n = 1)
Macrolides

mefB P, located in the sul3 vicinity 0.4 (n = 1)
Sulfonamides

sul1 C-1 I 8.6 (n = 19)
sul2 SP (IncHI2, IncC, IncFII/IA/IB) 49.5 (n = 109)
sul3 P (IncHI2/IncHI2A) 27.2 (n = 60)

Tetracyclines
tetA, tetB, tetR C/P (IncHI2, IncC, IncFII/IA/IB) 56.8 (n = 125), 1.8 (n = 4), 55.9 (n = 123)

tetC P (IncHI2/IncHI2A/IncI1_I_γ) 1.3 (n = 3)
tetU P (pKQ10) 0.4 (n = 1)
tetM T 0.4 (n = 1)

Phenicol
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Table 1. Cont.

Antibiotic Group/Resistance Gene(s) Encoded 1 % Frequency 2

catII (E. coli K-12), cmlA1, floR C/P (IncHI2/ IncHI2A/
IncI1_I_γ/IncQ1, IncC) 0.4 (n = 1), 0.9 (n = 2), 47.7 (n = 105)

Phenicol, β-lactams, diaminopyrimidines,
fluoroquinolones, glycyl-cyclines, nitrofuran

and tetracyclines, rifamycin, triclosan.
golS, mdsA, mdsB, mdsC C 100 (n = 220)

oqxA, oqxB C/P (IncHI2) 24.5 (n = 54)
sdiA C/P 100 (n = 220)

Note: 1 C, chromosome; CG-I, chromosome genomic islands; C-1 I, class 1 integron; I, integrons; Iagc, Integron-
associated gene cassette; P, plasmids; SP, small plasmids; T, transposon. 2 Number of genomes in which each
gen/plasmid was found is given in parentheses.

2.3. Antibiotic Resistance Mutations

A total of five point mutations associated with codon/amino acid changes that confer
resistance to fluoroquinolones were found in the analyzed genomes, four of which were
found in the gyrA gene and one of which was found in the parC gene (Table 2). The most
frequent mutation was p.S83Y, which was carried by 23 genomes, whereas the least frequent
were p.D87G and p.S80I, which were present in one genome each. Except for the genome
of one Thailand strain, the rest of the genomes carrying such mutations belonged to North
American strains, with one coming from Canada, nine from Mexico, and 19 from the USA
(Table 2).

Table 2. Mutations associated with antibiotic resistance in the analyzed genomes.

Mutation Codon Change Amino Acid Change Genome % of Genomes 1

gyrA p.D87G GAC → GGC D → G MEX04C_2003 3.4 (n = 1)
parC p.S80I AGC → ATC S → I US37H_2015 3.4 (n = 1)
gyrA p.S83F TCC → TTC S → F MEX22F_2008 6.8 (n = 2)

MEX51H_2011
gyrA p.D87N GAC → AAC D → N US17H_2011 10.3 (n = 3)

US19H_2011
US43H_2011

gyrA p.S83Y TCC → TAC S → Y CAN20H_2017 79.3 (n = 23)
MEX14F_2009
MEX15F_2009
MEX16F_2009
MEX18F_2008
MEX34H_2003
MEX56R_2019
THA01C_2019

US07B_2020
US12B_2021
US18H_2010
US20H_2015
US21H_2015
US22H_2015
US24H_2016
US28H_2012
US30H_2017
US37H_2015
US38H_2017
US44H_2010
US46H_2010
US47H_2017
US49B_2019

Note: 1 Percentage of genomes that carry each plasmid. The number of genomes for each case is shown in
parentheses. The total number of analyzed genomes was 220.
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2.4. Plasmid Replicons Detection

Thirty-three different plasmid replicons were found in the analyzed genomes, of which
23 were identified in fewer than 5% of the study genomes, seven in more than 5% but fewer
than 30%, two in 34%, and one in 47.7%. However, twelve of the analyzed genomes did
not present plasmid replicons. Of the detected plasmids, it was recently proposed that the
IncA/C2 denomination must be discarded and replaced by the IncC nomenclature [33];
thus, in the present paper, all bioinformatic detection of IncA/C2 in this work was designed
as IncC. Despite the bioinformatics detection of plasmid replicons, it must be taken into
account that, although this occurs infrequently, plasmids can be integrated in the bacterial
chromosome or co-integrated in a plasmid with multiple replicons [37,38].

In relation to the type of sample used, the ColRNAI, IncC, and IncFIB(K)_1_Kpn3
plasmids were present in all the genomes of all the sample types analyzed here. Plasmids
IncP1 and IncQ1 were only found in strains of samples of animal origin, while plasmids
Col(BS512), IncFIC(FII), IncFII(pCTU2)_1_pCTU2, IncI2, IncI2_1_δ, IncX4, pESA2, pSL483,
and rep14a_4_rep(AUS0004p3) were identified only in strains obtained from human clinical
samples. In the case of the plasmids Col(MG828), Col440II, IncFIA, IncFIB(AP001918), Inc-
FII, IncFII(pCoo)_1_pCoo, and IncX, these were found in genomes whose strains came from
samples of both animal and human origin. Plasmids IncHI1A and IncHI1B(R27)_1_R27
were identified in strains from samples of animal and undefined origin, while Col156 and
ColpVC were found in strains of animal and human origin as well as in food samples.
Plasmid IncFIA(HI1)_1_HI1 was only found in strains from undefined samples; IncI_γ_1
was found in strains of animal, human, and undefined origin; and Col440I was not found
in the genomes of food-associated strains. Plasmids IncFIB(S), IncFII(S), IncHI2A, IncHI2,
and IncI1_1_α_1 were not identified in strains identified from water samples. On the
other hand, the plasmids IncFIC(FII), IncI2_1_δ, pESA2 rep14a_4_rep(AUS0004p3), and
IncFII(pCTU2)_1_pCTU2 were identified in the genomes of strains isolated in Mexico;
pSL483 was identified only in strains from Canada; IncI2 was identified only in strains
from the United Kingdom, and Col( BS512), IncFIA(HI1)_1_HI1, IncFIA, IncP1, and IncQ1
were identified only in strains from the United States. Plasmids IncX4 and IncI_γ_1 were
found only in the genomes of strains from the United States and the United Kingdom;
IncFII was found only in strains from Canada and the United States; and IncFIB(AP001918),
IncFII(pCoo)_1_pCoo, IncHI1A, IncHI1B(R27)_1_R27, IncHI2, and IncHI2A were identified
only in strains from Mexico and the United States. In the case of the Col(MG828) and
IncX plasmids, they were identified in strains from Canada, Mexico, and the United States;
Col156 and Col440II in strains from Canada, the United States, and the United Kingdom;
ColpVC were identified in strains from Mexico, the United States, and the United Kingdom;
Col440I and IncFIB(K)_1_Kpn3 were identified in strains from these three North American
countries and the United Kingdom; and ColRNAI and IncC were identified in strains
from North America, the UK, and Australia. Finally, the IncI1_1_α_1 plasmid was not
found in strains from Australia, France, India, Ireland, the Netherlands, or Portugal, and
the IncFIB(S), IncFII(S) plasmids were not present in the genomes of strains from Mexico
and Portugal.

2.5. Grouping Patterns

When the presence/absence of resistance genes in the study genomes is used as a
matrix for the generation of clustering patterns, interesting groups can be observed in
relation to the country and the sample of origin of the strains. The presence of resistance
genes brings together the strains from the three North American countries (Canada, Mexico,
USA), as well as those from the United Kingdom and Australia. Mexico and the United
States appear together in a subcluster while Canada, the United Kingdom, and Australia are
grouped in another branch (Figure 4). In the other large cluster, the strains from European
countries appear alongside strains from India and Thailand, with the strains from the latter
and Denmark being distinguished by the presence of particular resistance genes that have
previously been mentioned. Regarding the clustering pattern of the heat map generated
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when information on the presence/absence of resistance genes in the analyzed genomes
is combined with the type of sample used, the genomes from chicken-, water-, swine-,
and non-determined-origin strains cluster in the first group (Figure 5). Food and bovine
samples are grouped together, and human samples are segregated in a single terminal
ramification. Genomes derived from poultry and canine strains cluster in the last group.
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of the ST213 strains analyzed in this work. A binary matrix of presence (1)/absence (0) of each
gene shown was used as an input for grouping using Manhattan and UPGMA for the calculation of
distances and the generation of the grouping pattern, respectively. See the Section 4 for details.

Regarding the grouping pattern created by the presence/absence of resistance genes
from each individual genome/strain, it can be seen that two larger clusters are clearly
defined (Figure 6). The first includes mainly genomes from UK strains along with two Cana-
dian genomes and all the European, Asian, and Australian samples (Figure 6, cluster A).
This first cluster also includes, though in a different subgroup, several North American
samples (Canada, Mexico, USA), two samples from the UK, and one sample from Thai-
land. The second main cluster contains genomes/strains exclusively from the three North
American countries, and only three UK samples are dispersed in the three subgroups of
this cluster (Figure 6, cluster B).

The plasmid replicons presence/absence grouping pattern shows a similar pattern to
that observed for previously described resistance genes. Genomes of countries from North
American (Canada, Mexico, USA) strains shape the first big cluster, with one strain from
the UK and one from Australia (Figure 7, cluster A). The second big cluster is composed of
European, Asian, and Australian genomes/strains, with five samples from Canada, one
from Mexico, and one from the USA dispersed in the subgroups of the cluster (Figure 7,
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cluster B). A total of three small clusters are made up of genomes of strains from Mexico
and the USA, as well as one from the UK (Figure 7, clusters C–E).
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Figure 6. Grouping pattern by strain and resistance gene identified in the genomes of the ST213 strains
analyzed in this work. A binary matrix of presence (1)/absence (0) of each shown gene was used as
an input for grouping using the Manhattan and UPGMA methods for the calculation of distances and
the generation of the grouping pattern, respectively. See Section 4 for details. (A) Grouping pattern
of genome/strain from UK strains along with two Canadian ge-nomes and all the European, Asian,
and Australian samples; (B) Grouping pattern of ge-nome/strain from the three North American
countries, and only three UK. Country symbols: AUS, Australia; BEL, Belgium; CAN, Canada; DEN,
Denmark; FRA, France; IND, India; IRE, Ireland; MEX, Mexico; NET, Netherlands; POR, Portugal;
THA, Thailand; UK, United Kingdom; US, United States of America.
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Figure 7. Grouping pattern by strain and plasmid presence/absence in the genomes of the ST213
strains analyzed in this work. A binary matrix of presence (1)/absence (0) of each shown plasmid
was used as an input for grouping with the Manhattan and UPGMA methods for the calculation
of distances and the generation of the grouping pattern, respectively. See Section 4 for details.
(A) Grouping pattern of genome/strain from UK and one from Australia; (B) Grouping pattern of
genome/strain European, Asian, and Australian, with five samples from Canada, one from Mexico,
and one from the USA; (C) Grouping pattern of genome/strain from Mexico; (D) Grouping pattern of
genome/strain from the USA; (E) Grouping pattern of genome/strain from the UK. Country symbols:
AUS, Australia; BEL, Belgium; CAN, Canada; DEN, Denmark; FRA, France; IND, India; IRE, Ireland;
MEX, Mexico; NET, Netherlands; POR, Portugal; THA, Thailand; UK, United Kingdom; US, United
States of America.
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3. Discussion

In the present work, the intragenotypic variability of S. Typhimurium ST213 strains
in relation to the presence of genes associated with antibiotic resistance was evaluated by
means of comparative genomic analysis. In the same way, this variation was documented
in relation to the country and the type of sample of origin of the strains whose genomes
were analyzed. Previous analyses related to the distribution of S. enterica strains in different
countries and sample types, as well as the variability in the distribution of genetic determi-
nants of antibiotic resistance, have focused mainly on evaluating the differences between
serotypes or within the same serotype, as shown by several recent reviews on the sub-
ject [2,8,24,39,40]. Epidemiological studies documenting genomic variation associated with
antibiotic resistance at a more subtle level, such as within the same S. enterica ST genotype,
despite having been performed increasingly more frequently in recent years [29,41–43], are
still relatively scarce. In this sense, the description of the variation in the resistance genes
of S. Typhimurium strains of the ST313 genotype that causes systemic infection in Africa
stands out, with differences having been observed in the phenotypic pattern of resistance to
antibiotics associated with both the presence of the plasmid named pSLT-BT as well as with
the composition of genes within it [21,29]. Similarly, strains of the emerging genotype ST34
present different patterns of resistance to antibiotics and show variation in the presence of
genetic determinants of resistance [31,43]. As far as we have been able to document, these
are the cases in which intragenotypic differences have been established in the epidemiology
and patterns of antibiotic resistance in S. enterica in emergent/re-emergent STs replacing
the ancestral ST19 genotype.

The emerging ST213 genotype was reported in Mexico to be associated with a pro-
cess of displacement of the ST19 genotype [44], considered to be the founder within the
Typhimurium serotype. The process of genome retrieval from public databases of strains of
the ST213 genotype carried out here shows that this genotype is now frequently isolated
in North America (Canada, Mexico, USA) and has recently spread to Europe, Asia, and
Oceania, which is why it may represent a global public health problem as an emerging/re-
emerging genotype.

It is noteworthy that six of the ST213 genomes retrieved from the databases belong to
stored strains isolated before this century, with the oldest one in the USA dating back to
1957. This finding clearly shows that ST213 genotype was present long before its detection
as an emerging public health concern in Mexico, replacing the founder ST19 genotype [44].
Additionally, the genomes retrieved indicate that ST213 strains have been widely dispersed
throughout the North America region (Canada, Mexico, USA) since the beginning of this
century. Furthermore, despite its presence in Europe (specifically Portugal) since 1965,
strains of the ST213 genotype began to be frequently recovered from clinical and food
samples at the beginning of this century, particularly in the United Kingdom, but also
reached Thailand at the same time. The isolation year of ST213 strains whose genomes
were analyzed here suggests its recent dispersion to India and Australia.

The fast spread of strains of the ST213 genotype in North America makes sense,
given the geographical proximity and the constant flow of people and food between the
three countries of this region [45–47]. Despite the need for a detailed epidemiological
analysis, the years of isolation of the ST213 strains analyzed here suggest a dispersion
route since its emergence and detection in Mexico. The available data strongly suggest
that despite their global presence of at least 65 years, the ST213 strains have only recently
become a public health issue because of its emergence in Mexico and/or the USA. The
grouping presence/absence patterns of plasmids and resistance genes indicate that ST213
reached the UK from the USA and, from this country, spread to the rest of Europe, Asia,
and Oceania. It is plausible that the ST213 genotype dispersed from the USA to the UK
and, from there, to the rest of Europe, Asia, and Oceania through a traveler, rather than
food or a vehicle. The traveler income/outcome of multi-resistant S. enterica strains of
different serotypes has recently been documented in the regions and countries involved
in the present analysis [48–52]. As previously stated, this epidemiological pattern is a
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hypothesis that emerged from the results obtained here and deserves further genomic
epidemiological analysis.

The grouping pattern generated based on the sample of isolated strains whose genomes
were analyzed here indicates that human strains possess a particular set of antibiotic re-
sistance genetic determinants. However, the determinant genetics of antibiotic resistance
from human samples share a bigger clade with animal and meat (food) samples. Thus,
such a grouping pattern suggests that ST213 human strains are mainly acquired from
farm animals and food and/or interchange some genetic subset(s) with strains from these
sources. This hypothesis is consistent with reports of the frequent zoonotic transmission
of non-invasive Typhimurium serotype strains in Mexico [32,53], Canada [54,55], and the
United States [56,57], the three North American countries, which contributed the greatest
number of strains to this study. Furthermore, in the zoonotic reports from these three
countries, the transmission of strains of S. enterica from pigs, cattle, and poultry to humans
is common, and these are the species samples whose genomes were analyzed in this work.

All antibiotic resistance genes detected in the ST213 strains genomes analyzed were
predominantly relevant in the North American countries. In the same way, all the resistance
genes/mutations were present predominantly in human samples. Both regional and sample
type predominancies can be partially explained by the overrepresentation of genomes
from strains at regional and sample levels. Furthermore, Mexico or North America are
the probable origin of the ST213 as an emergent/reemergent pathogen of global health
relevance. Thus, the discussion highlights results for North America and the human ST213
genomes. The ST213 genomes harbor a great diversity of genetic determinants for antibiotic
resistance, and the gene/mutations/plasmid replicon combinations per genome are also
diverse. The genetic determinants to resistance against quinolones and aminoglycosides
are relevant because the World Health Organization classifies them as critically important
antimicrobials which are the “Sole, or one of limited available therapies, to treat serious
bacterial infections in people”, along with other relevant criteria [58].

The qnr and oqxAB genes associated with quinolone resistance are mainly related to
plasmids [59,60]. Despite being found in other serotypes in Mexico, the qnr genes were
absent in Typhimurium strains of animal origin [61,62], but present in Mexican human
strains of this serotype [63]. The oqxAB genes found here have also been previously re-
ported for several serotypes of human isolates in Mexico [61,62]. Resistance to quinolones
is considered low for S. enterica strains in the USA, although in this country it has been
documented the presence of genes conferring resistance to such antimicrobial compounds
in the serotype Typhimurium strains coming from clinical, pork meat, and livestock sam-
ples [64–67]. In contrast, in the case of Canada, the qnrB and qnrS genes were recently
reported in ciprofloxacin-resistant human clinical strains of different serotypes of S. enterica,
including Typhimurium, and the oqxAB gene has rarely been found [68]. Regarding the
five point mutations that occur in the quinolone resistance-determining regions (QRDR) of
DNA gyrase (gyrA) and topoisomerase IV (parC) [60] found in the genomes of ST213 strains,
the double mutant S83Y in gyrA and S80I in parC is interesting, since S. Typhimurium
mutations in gyrA, in addition to playing a dominant role in resistance to fluoroquinolones,
have a synergistic effect with other resistance mechanisms, while the S80I mutation in parC
appears to have no effect on quinolone resistance without gyrA mutations [69]. Whereas
QRDR mutations are frequent in bovine S. enterica isolated strains of different serotypes in
Mexico [62] and Canada [70], it appears to be absent or to occur with low frequency in the
USA [36,71].

In relation to aminoglycoside resistance, the ST213 genomes carry the genes coding
for the three types of modifying enzymes [72]. However, the CLSI has cautioned that
aminoglycosides are not clinically effective against S. enterica, with this species being
relevant as a carrier and potentially a means of transfer to other pathogenic bacteria [73].
The transference of genomic island one of S. enterica to Escherichia coli, a mobilizable element
that carries multiple resistance antibiotics genes, has been experimentally demonstrated [74].
It has been documented that gentamicin resistance has increased significantly in the strains
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of eight serovars in human and retail meat in Canada in the last few decades [75]. Around
50% of Typhimurium strains from different sources from Mexico now show gentamicin
resistance [32] Additionally, aminoglycoside resistance genes are highly prevalent in S.
enterica strains isolated from farm animals in the USA, showing the geographical variations
in its incidence [76].

In the case of tetracycline, sulfonamides, and phenicols, these antibiotics are consid-
ered by the WHO in the category of highly important antimicrobials, fulfilling the same
first criterion of the previous antimicrobials but not adding more criteria [58]. The six
tetracycline resistance genes detected in the ST213 strains are related to two resistance
mechanisms, efflux pumps and ribosomal protection [77]. Regarding the sulfonamide resis-
tance genes, the ST213 genome carries three of the four resistance genes associated with
dihydropteroate synthetase modifications [78]. Interestingly, sul2 and sul3 predominate
over the most frequently reported sul1. Additionally, the genomes carry three modifications
of the dihydrofolate reductase enzyme for resistance to trimethoprim, of which dfrA12 pre-
dominates. Although three genes that confer resistance to phenicols in the ST213 genomes
are also present, the most widely distributed is the efflux bomb-coding gene floR. The
strains of the Typhimurium serotype isolated from different sources show high percentages
of resistance to these three types of antibiotics [32].

Besides all the previously commented resistance genes, all the analyzed genomes
harbor aac(6′)-Iaa, mdsA, mdsB, mdsC, golS, sdiA, and the majority carried the qacH gene. The
aac(6’)-Iaa gene for aminoglycosides resistance resides in the chromosome of Typhimurium
strains and is present in the ancestral ST19 genotype [79]. The genes mdsA, mdsB, and mdsC
code for the transporter efflux pump mdsABC golS, a promoter that is related to resistance
to novobiocin [80], And it is also present in the ST19 genotype [81]. The sdiA gene codes for a
quorum-sensing regulator that mediates the multi-drug resistance AcrAB efflux pump [82],
the overproduction of which confers multidrug resistance; it is also present in the ST19
genotype. Finally, the qacH gene codes for an efflux bomb that confers resistance to the
quaternary ammonium compounds, commonly used organic disinfectants [83]. This last
gene is mainly found in different types of mobile genetic elements and confers resistance
to aminoglycosides, chloramphenicol, erythromycin, and tetracyclines. As a whole, these
antecedents suggest that such common ST213 genes are ancestral characters present in the
ST19 genotype that can confer antibiotic multi-resistance to both genotypes.

All the antibiotics mentioned above are relevant for their use in veterinary and human
medicine [58,84]. The samples of isolation of the ST213 strains for which genomes were
analyzed here were predominantly from human and farm animals. This suggests that both
farms and hospitals are relevant reservoirs for S. enterica ST213 strains carrying resistance
genes that can be transferred to other pathogenic bacteria or directly to humans [85].
The diversity and distribution of the genes/mutations found in the analyzed genomes
suggest that most of the North American ST213 strains are phenotypically multi-resistant
to antibiotics.

In this work, 33 different plasmids were bioinformatically identified in the genomes of
ST213 strains from around the world. Inc-type plasmids were found in 207 strains, while
Col-type plasmids in 103; pESA2, pSL483 and rep14a_4_rep were found in a single strain
each. The genomes of S. enterica North American ST123 strains from the US, Mexico, and
Canada harbor 32 of the 33 plasmids, in contrast to the reduced variation in genomes of
strains from Europe, but the low number of ST213 strains from Asia and Australia makes
comparison difficult within these regions.

The Inc (C, F, H, I1) conjugative plasmids found in the analyzed genomes are frequently
reported in different S. enterica serotypes, including Typhimurium, which together carry
genes for all kind of antibiotics, some of which can be within an integron [37,38]. The simul-
taneous presence of IncHI2/IncHI2A and IncFIB(S)/IncFII(S) plasmids in the same ST213
genomes has previously been observed in S. enterica strains from Asia [86], Europe [87],
and South America [88] for the first pair and in Africa for the second [89]. In addition, the
IncHI2/IncHI2A pair was only found in the genomes of North American strains, while
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the presence of the IncFIB(S)/IncFII(S) pair was predominant in European strains. The
plasmids IncI2 [90], ColpVC, IncHI2/IncHI2A, IncFIA, IncH1A, IncFIA(HI1)_1_HI1 [88,91],
and ColRNAI, IncFIB(S)/IncFII(S) [41,92] have already been reported in strains of the ST19
founder genotype. The Col and IncX plasmids were present but less frequent in the ST213
genomes analyzed. The Col plasmids are mainly associated with the spread of qnrS1 and
qnrB19 [37], and specifically the ColpVC detected here is associated with aph(3”)-Ia in
bovine strains [93]. The IncX plasmids have been mainly isolated from human and animal
samples and mainly encode genetic determinants against extended-spectrum β-lactams
and quinolones [37,38].

The presence of the replicon rep14a_4_rep(AUS0004p3) is surprising because this
plasmid belongs to a three-membered family of small mobilizable plasmids only described
in the Gram-positive species Enterococcus faecium; thus, it must be considered to have
a narrow host range [94]. Furthermore, the presence of these plasmids in E. faecium is
associated with tetracycline resistance in strains isolated from human clinical samples, and
it has been stated that such plasmids cannot be transferred by conjugation. This intriguing
finding indicates the existence of a horizontal gene transfer (HGT) mechanism between
E. faecium and S. enterica, which, to the best of our knowledge, has not previously been
suggested. Further data on the plasmid sequence are needed to corroborate this result, and
it will be relevant to analyze the HGT mechanism between the involved species.

The diversity of plasmid replicons found in the ST213 genomes indicates that such
genotypes can be prone to the horizontal gene transfer (HGT) of antibiotic resistance
genes. The plasmid diversity and distribution in the genomes analyzed here indicates
that the plasmid interchange in ST213 strains features different dynamics between North
America and Europe, apparently being more dynamic in the former region. Several plasmid
replicons were found in the genomes of ST213 strains from all types of samples but showed
different rates of incidence. However, most plasmids are present in samples related to the
well-established zoonotic/food transmission chains of S. enterica to humans. Further work
is needed to analyze a possible positive relationship between the type of sample and the
presence/absence of a particular type of plasmid. Additionally, it is important that further
studies define whether there is any significant relationship between the presence of these
plasmids and the geographical region of origin of the ST213 strains, as well as its public
health consequences.

It is important to consider that one of the weaknesses of the present study is that the
analyzed genomes did not come from a systematic program based on the random sampling
of strains. All ST213 genotype genomes available in public databases, of good quality,
and with adequate metadata were analyzed. Thus, the trends and rates of prevalence
reported here are the result of various factors, including the study of specific outbreaks by
country as well as the capacity for genomic sequencing and its use as an epidemiological
surveillance tool in different countries. The effect of these variables is reflected in the
number of genomes of the ST213 genotype reported by year and by country (Figure 3),
where the prevalence of genomes of strains from the USA, the UK, and other European
countries, as well as from Australia, can be observed. Some of these countries routinely use
genome sequencing in outbreak analyses and have adopted such strategies as the standard
for the epidemiological surveillance of S. enterica or are in the process of doing so [95–99].

Another factor that may influence the results of the analysis carried out here is the
quality of the sequences used, since low-level contamination can affect the detection of an-
tibiotic resistance genes and point mutations associated with resistance [100]. However, the
assembled genomes of EnteroBase undergo a quality control process that excludes the ef-
fects of such contamination [35], and the sets of reads used were filtered with bioinformatic
tools to remove those that did not meet appropriate quality standards. Furthermore, it has
been documented that the bioinformatic analysis of WGS to predict antibiotic resistance in
S. enterica can generate results inconsistent with the observed phenotypic resistance [101].
However, in such works, only the ResFinder 3.2.0 tool is used for the location of antibiotic
resistance genes, in contrast to the use of this software together with the ARG-ANNOT
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and CARD tools here to aid in locating the genetic determinants of antibiotic resistance,
along with the use of databases recently curated to include genes and mutations previously
not included in ResFinder [96–98]. In addition, the ResFinder update makes it possible to
determine the number of copies of genes associated with resistance [102], another factor in
antibiotic resistance that has previously not been considered by bioinformatics packages
in resistance determination. Despite the predictive power of this bioinformatic analysis,
it was desirable to contrast the results obtained here with the phenotypic antibiotic resis-
tance/susceptibility data in order to obtain a clearer picture of the public health relevance
of the ST213 genotype.

4. Materials and Methods
4.1. Data Retrieval

A total of 286 sets (572 reads pairs clusters) of Illumina sequencing reads avail-
able in EMBL’s European Bioinformatics Institute (https://www.ebi.ac.uk/, accessed on
1 July 2022) and 33 EnteroBase assembled genomes (https://enterobase.warwick.ac.uk/,
accessed on 1 July 2022) [35,103,104] assigned to ST213 genotype strains of Salmonella en-
terica were retrieved. All read sets and assembled genomes retrieved were filtered for a
quality assessment to exclude duplicates, remove low-quality reads, and sampling coverage
(Figure 8). Additionally, reads/genomes for which relevant metadata (country of isolation,
year of isolation, sample kind) were not available were discarded. After filtering (see
Section 4.2 below), 188 read sets and 32 assembled genomes were deemed to be adequate
for analysis (Supplementary Table S1).
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were applied. Each filtering criterion shows the number of genomes/reads excluded. The metadata
considered to include a genome/reads dataset were country of precedence, type of sample, and year
of isolation. For details on the analyzed genomes, see Supplementary Tables S1–S3. For quality filter
analysis, see the main text (figure created with Biorender.com, accessed on 1 July 2022).

4.2. Bioinformatic Analysis

The 188 sets of sequencing reads and 32 assembled genomes were processed with
TORMES 3.0 [105] for sequence quality filtering, de novo genome assembly, and antibiotic
resistance gene screening. All the genomes used in this analysis were at the level of
draft genomes. The quality parameters used in the bioinformatic filtering to select both
the genomes obtained from Enterobase (Supplementary Table S2) and for the genomes
assembled in this work (Supplementary Table S3) were a high value of N50, an average
length of contigs of greater than 5000 bases, and a low number of contigs [106], Additionally,
the genome length obtained was in agreement with the genome length of different serotypes
of Salmonella enterica, including Typhimurium [107]. Regarding the number of contigs,
the mean of the assemblies obtained from the Enterobase was 73, while the mean for the
assemblies carried out in this work was 89. This allowed us to ensure an adequate quality
of the assemblies used for the gene search analysis and identification.

The identification of antibiotic resistance genes in the genomes of interest was carried out
using ARG-ANNOT [108], CARD [109,110], and ResFinder 3.2.0 [111]. The PlasmidFinder
tool [112] was used for the identification of plasmid replicons and PointFinder 3.1.0 for
mutations in antibiotic resistance genes [113]. Gene nomenclature used here is provided
by CARD.

4.3. Data Analysis

Binary (1,0) matrices were constructed to represent the presence (1)/absence (0) of
resistance genes or plasmids, as appropriate. The genes/plasmids present in the genomes
of all tested strains were excluded from this analysis. Both matrices were analyzed in
the Heatmapper server [114] with the parameters of the Manhattan and UPGMA criteria
for the calculation of distances and the generation of the grouping pattern, respectively.
Manhattan distances were calculated based on the presence/absence of 37 identified
antibiotic resistance genes, excluding seven genes that were present in 100% of the analyzed
genomes (see Table 1). Additionally, those strains lacking all the genes/plasmids were
excluded from this analysis.

5. Conclusions

The replacement of the ST19 genotype by other genotypes in different countries rep-
resents a serious public health concern worldwide because of the virulence and multiple
antibiotic resistance of these emergent genotypes. Thus, the fast increase in the number
of genomes deposited in public databases belonging to strains of the ST213 genotype
throughout the world is a signal of the need to study this multiple-antibiotic-resistant
and virulent S. Typhimurium variant. The great number of antibiotic resistance genes
and plasmid replicons carried by ST213 strains and its simultaneous presence in the same
genome indicates that most of them present a multiple antibiotic resistance phenotype
and are prone to the HGT of antibiotic resistance determinants. Additionally, the genomes
and grouping patterns obtained here suggest a route of dispersion of the ST213 emergent
genotype beginning in North America (Canada, Mexico, USA) and moving to the United
Kingdom, with further dispersion occurring from here to the rest of Europe and simultane-
ously to Asia and Oceania. Further detailed epidemiological analysis is necessary in order
to clarify this dispersion hypothesis and to understand the mechanisms associated with
the differences in the pattern of the presence/absence of antimicrobial resistance genetic
determinants by the geographical origin of the strains and the type of sample of precedence.
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Abstract: Salmonella enterica serovar Infantis (S. Infantis) is a broiler-associated pathogen which ranks
in the fourth position as a cause of human salmonellosis in the European Union. Here, we report a
comparative genomic analysis of two clinical S. Infantis isolates recovered in Spain from children who
just returned from Peru. The isolates were selected on the basis of resistance to cefotaxime, one of the an-
tibiotics of choice for treatment of S. enterica infections. Antimicrobial susceptibility testing demonstrated
that they were resistant to eight classes of antimicrobial agents: penicillins, cephalosporins, phenicols,
aminoglycosides, tetracyclines, inhibitors of folate synthesis, (fluoro)quinolones and nitrofurans, and one
of them was also resistant to fosfomycin. As shown by whole-genome sequence analysis, each isolate
carried a pESI-like megaplasmid of ca. 300 kb harboring multiple resistance genes [blaCTX-M-65, aph(4)-Ia,
aac(3)-IVa, aph(3′)-Ia, floR, dfrA14, sul1, tet(A), aadA1 ± fosA3], as well as genes for resistance to heavy
metals and disinfectants (mer, ars and qacE∆1). These genes were distributed in two complex regions,
separated by DNA belonging to the plasmid backbone, and associated with a wealth of transposable
elements. The two isolates had a D87Y amino acid substitution in the GyrA protein, and truncated
variants of the nitroreductase genes nfsA and nsfB, accounting for chromosomally encoded resistances to
nalidixic acid and nitrofurantoin, respectively. The two S. Infantis isolates were assigned to sequence
type ST32 by in silico multilocus sequence typing (MLST). Phylogenetic analysis revealed that they
were closely related, differing only by 12 SNPs, although they were recovered from different children
two years apart. They were also genetically similar to blaCTX-M-65-positive± fosA3 isolates obtained from
humans and along the poultry production chain in the USA, South America, as well as from humans in
several European countries, usually associated with a travel history to America. However, this is the
first time that the S. Infantis blaCTX-M-65 ± fosA3 MDR clone has been reported in Spain.

Keywords: S. Infantis; multidrug-resistance; blaCTX-M-65; fosA3; heavy-metal resistance; pESI-like
megaplasmid; whole-genome sequencing

1. Introduction

Salmonella enterica serovar Infantis (S. Infantis) is one of the main non-typhoid serovars
of S. enterica. In 2020, it ranked in the fourth position as a cause of human salmonellosis in
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the European Union, only preceded by S. Enteritidis, S. Typhimurium and the monophasic
1,4,[5],12:i:- variant of the latter serovar. In addition, it was the most common serovar
in broiler flocks and broiler meat [1]. Apart from the European Union, S. Infantis has
increasingly been found in clinical, animal and food samples from many other geographical
regions [2–6]. The epidemiological success of S. Infantis is strongly associated with the
spread of isolates harboring a large conjugative plasmid which confers resistance, virulence
and fitness properties. This plasmid, termed pESI (plasmid of Emerging S. Infantis), was
first reported in a multidrug-resistant (MDR) clone of S. Infantis detected since 2006 in
Israel [7,8]. pESI was identified as a chimeric megaplasmid of ca. 280 kb, found to contain
the origin of replication (oriV) and incompatibility region of IncP-1α plasmids, and the IncI
leading and transfer region. Later on, pESI-like plasmids were also detected in S. Infantis
from many other countries, including Italy, Switzerland, Denmark, England and Wales,
the USA and South America, and they were shown to contain the IncFIB replicon [2,9–15].
All pSE1-like plasmids confer resistance against multiple antimicrobial agents, including
clinically relevant antibiotics such as third-generation cephalosporins. So far, two distinct
types of pESI-like plasmids bearing genes encoding extended spectrum β-lactamases
(ESBL) have been reported: blaCTX-M-1-positive and blaCTX-M-65-positive plasmids, found in
European and American isolates, respectively [16].

The molecular epidemiology of S. Infantis and its pESI-like plasmids in Europe has
been investigated by whole-genome sequencing and bioinformatics analysis, using isolates
from America as an outgroup [16]. This study revealed the heterogeneity of the European
S. Infantis population, which is composed by multiple clusters defined at the core-genome
level, confirming previous proposals of the polyphyletic nature of this serovar [11,17].
However, pESI-like variants, which were present in 64.1% of the isolates analyzed (a total of
362; [16]), were genetically more homogeneous and were distributed among different clonal
lineages in most countries. It has been proposed that once acquired by an S. Infantis isolate,
the conjugative megaplasmid would rapidly become established in the local population
because of the selective advantages it confers to the host bacteria [16]. Such advantages are
not only provided by the presence of antibiotics resistance genes, but also by genes coding
for resistances to quaternary ammonium compounds and heavy metals, which are likewise
widespread in other successful clones of non-typhoid serovars of S. enterica [13,18–21].
Moreover, pESI-like megaplasmids also provide genes involved in colonization, virulence
and fitness, including those encoding two types of fimbriae (Fim and K88-like) and the
siderophore yersiniabactin, as well as toxin–antitoxin systems (like CcdBA, PemKI) [7,16].

In a screen for S. enterica resistant to third-generation cephalosporins in Spanish
hospitals, two isolates of S. Infantis resistant to cefotaxime were identified. The present
study aimed to combine epidemiological information with experimental research and
whole-genome sequencing (WGS) analysis for in-depth characterization of these isolates.
This provided evidence for the migration of the S. Infantis clone carrying pESI-like plasmids
of the “American type” from Peru to Spain.

2. Results
2.1. Origin of the Isolates, Genome Sequencing and Resistance Phenotypes

The two isolates, HUMV 13-6278 and HUMV 15-5476, were recovered in 2013 and
2015 at the “Hospital Universitario Marqués de Valdecilla” (HUMV) from fecal samples of
small children with gastroenteritis (Table 1). The children did not require hospitalization
and were attended to at Primary Care Centers associated with the hospital. In both cases,
the onset of the disease coincided with their return to Spain after a trip to Peru.

As shown in Tables 1 and 2, the latter compiling MIC values for relevant compounds,
the two isolates were resistant to 14 out of the 21 antimicrobials tested, including cefo-
taxime (MIC of 32 µg/mL; used as the bases for selection of the isolates), nalidixic acid
(MIC of 128 and >256 µg/mL for HUMV 13-6278 and HUMV 15-5476, respectively), pe-
floxacin (selected by EUCAST as a surrogate of ciprofloxacin to disclose clinical resistance
to fluoroquinolones; https://eucast.org/clinical_breakpoints; accessed on 8 April 2022),
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ciprofloxacin (MIC of 0.125 µg/mL, resistant according to EUCAST criteria), and nitrofu-
rantoin (MIC of 512 µg/mL). HUMV 15-5476 but not HUMV 13-6278 was also resistant to
fosfomycin, displaying MIC values of 512 and 0.19 µg/mL, respectively. With regard to
heavy metals, the two S. Infantis isolates were resistant to mercury as well as to inorganic
and organic arsenic compounds (Table 2).

Table 1. Origin and properties of clinical cefotaxime-resistant isolates of Salmonella enterica serovar
Infantis ST32.

HUMV
Isolate a

Patient
Sex b/Age

Travel
History

Clinical
Sample

Resistance Pattern c

Antibiotic Resistance Genes d
Chromosome (Size bp)
Plasmid e (Size bp)

13-6278 M/23 mth Peru Feces

[NAL, CIP, PEF], NIT
[gyrA D87Y, parC T57S], [∆nfsA, ∆nfsB] Chromosome (4,686,236)
[AMP, CTX], CHL, [GEN, TOB, KAN, STR],
TET, [SUL, TMP]
blaCTX-M-65, floR, [aac(3)-IVa, aph(3′)-Ia,
aph(4)-Ia, aadA1], tet(A), [sul1, dfrA14] IncFIB (313,645)

15-5476 M/12 mth Peru Feces

[NAL, CIP, PEF], NIT
[gyrA D87Y, parC T57S], [∆nfsA, ∆nfsB] Chromosome (4,682,901)
[AMP, CTX], CHL [GEN, TOB, KAN, STR],
TET, [SUL, TMP], FOS
blaCTX-M-65, floR, [aac(3)-IVa, aph(3′)-Ia,
aph(4)-Ia, aadA1], tet(A), [sul1, dfrA14], fosA3 IncFIB (317,684)

a, HUMV, “Hospital Universitario Marqués de Valdecilla”, Santander, Cantabria, Spain. b, M, male; mth, months.
c, NAL, nalidixic acid; CIP, ciprofloxacin; PEF, pefloxacin; NIT, nitrofurantoin; AMP, ampicillin; CTX, cefotaxime;
CHL, chloramphenicol; GEN, gentamycin; TOB, tobramycin; KAN, kanamycin; STR, streptomycin; TET, tetracy-
cline; SUL, sulfonamides; TMP, trimethoprim; FOS: fosfomycin (note that resistance to hygromycin, which could
be conferred by the aph(4)-1a gene, was not experimentally tested). Antimicrobials belonging to the same class are
combined in brackets. d, Genes conferring resistance to antimicrobials of the same class are combined in brackets.
e, Inc, plasmid incompatibility group. The IncFIB megaplasmids of the isolates under study were named pHUMV
13-6278 and pHUMV 15-5476.

Table 2. Minimum inhibitory concentration (MIC, given in µg/mL) of relevant antibiotics and heavy
metals determined for Samonella enterica serovar Infantis strains from a Spanish hospital.

Strain a CTX b NAL b CIP b NIT b FOS b HgCl2 NaAsO2 Na2HAsO4
Phenylarsine
Oxide

HUMV 13-6278 32 128 0.125 512 0.19 64 128 2048 8
HUMV 15-5476 32 >256 0.125 512 512 32 128 512 8
LT2 4 3 0.016 32 0.019 4 64 128 0.25
LSP 146/02 nd nd nd 256 nd 32 32 256 0.5
LSP 389/97 nd nd nd nd nd 32 64 128 4

a, HUMV, “Hospital Universitario Marqués de Valdecilla”, Santander, Cantabria, Spain; LSP, “Laboratorio de Salud
Pública”, Asturias, Spain. S. enterica serovar Typhimurium strain LT2 was included as negative control. S. enterica
serovar Typhimurium strain LSP 146/02 and S. enterica serovar 4,5,12:i:- strain LSP 389/97 were included as
positive controls of resistance to some of the antimicrobials tested [21–23]. b, CTX, cefotaxime; NAL, nalidixic
acid; CIP, ciprofloxacin; NIT, nitrofurantoin; FOS: fosfomycin.

The draft genomes of HUMV 13-6278 and HUMV 15-5476 contained a total of 88 and
86 contigs, respectively, with an assembly size of about 4700 kb (Table 1). They shared the
antigenic formula 7:r:1,5 and the sequence type ST32, both associated with S. Infantis. Each
isolate harbored a single pESI-like plasmid of more than 310 kb (Table 1), termed pHUMV
13-6278 and pHUMV 15-5476, respectively. The two plasmids carried the IncFIB replicon,
the IncP origin of replication (oriV) and a gene for a MOBP-family relaxase. Additionally,
plasmid typing identified the ardA_2, pilL_3, sogS_9, trbA_21 alleles of the pMLST scheme
designed for the IncI1 incompatibility group, but lacked the repI1 gene. Based on the
detected alleles, the closest related sequence type within the IncI pMLST scheme was ST71.
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2.2. Genetic Bases of Antimicrobial Drug Resistance

The resistance genes detected in the genomes of the two isolates by bioinformatics
analysis were in agreement with the observed phenotypes (Table 1). Both isolates con-
tained blaCTX-M-65 (ampicillin and cefotaxime), floR (chloramphenicol), aac(3)-IVa, aph(3′)-Ia,
aph(4)-Ia, aadA1 (aminoglycosides), tet(A) (tetracycline), sul1 and dfrA14 (sulfonamides and
trimethoprim, respectively), together with genes conferring resistance to heavy metals:
locus merRTPCADE (mercury), arsA and arsD (inorganic arsenic compounds), arsH (or-
ganic arsenicals), arsR2 (metal-responsive transcriptional regulator), and qacE∆1 (although
resistance to disinfectants was not experimentally tested). In the case of HUMV 15-5476,
fosfomycin resistance was mediated by fosA3. All these genes were located on the pESI-like
plasmids, as part of two complex resistance regions: R1 and R2, comprising approximately
36 or 32 kb (depending on the presence or absence of fosA3) and 21 kb, respectively. R1
and R2 were separated by DNA of the pESI-like backbone, and contained a wealth of
transposable elements belonging to multiple families, including several copies of IS26
(Figure 1).

pHUMV 15-5476    

pHUMV 13-6278    

pESI   

pFSIS1502169 

pCVM N18S2198   

Figure 1. Comparison between the assembled resistance regions (R1 and R2) of the pESI-like plasmids
pHUMV 13-6278 and pHUMV 15-5476 found in the Salmonella enterica serovar Infantis isolates under
study with related regions from other pESI-like plasmids (accession No. CP016407, CP082522 and
GCA_000506925.1 for plasmids of the FSIS1502169, CVM N18S2198 isolates and plasmid pES1 of the
119944 isolate, respectively). Coding regions are represented by arrows indicating the direction of
transcription and colored according to their function: red, resistance; blue, insertion sequences, with
the multiple copies of IS26 highlighted by arrowheads with white background and blue border lines;
grey, other roles; white with black border lines, hypothetical proteins. The alignments were created
with EasyFig BLASTn. The gray shading between regions reflects nucleotide sequence identities
according to the scale shown at the right lower corner of the figure.

The resistance regions of the two plasmids differed only by the presence of the IS26-
fosA3-IS26 pseudo-compound transposon in R1 of pHUMV 15-5476, which was lacking in
the corresponding region of pHUMV 13-6278, and by a copy of IS26 located at the 5′-end of
R2 in the former but not in the latter. Consistent with the high conservation of the pESI-like
plasmids [16], regions identical to those of the plasmids under study were found in other
plasmids of this group. However, there was also considerable variation, as shown by their
comparison with some key examples (Figure 1), which include the original pESI plasmid,
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detected in a human isolate from Israel (119944), which lacks most of the R1 region [7,8].
A higher degree of similarity was found with two blaCTX-M-65-positive plasmids, with or
without fosA3 (FSIS1502169 and CVM N18S2198, respectively; [14,24]), identified in isolates
from chicken samples in the USA.

Apart from the plasmid-encoded genes, the two isolates displayed a point muta-
tion in the chromosomal gyrA gene (G259T), resulting in D87Y exchange in the protein,
which could account for nalidixic acid resistance. In addition, both strains also carried
a single-nucleotide polymorphism in their chromosomal parC gene (C170G), leading to
T57S substitution in the protein. Finally, nitrofurantoin resistance of the two isolates was
associated with premature stop codons in the nsfA and nsfB genes, producing truncated
forms of the NsfA and NsfB nitroreductases, with only 158 and 136 amino acids, as opposed
to 240 and 217 amino acids in the wild type, respectively.

2.3. Phylogenetic Analysis

Figure 2 shows the phylogenetic position of the two HUMV isolates in the context
of other S. Infantis isolates. Since S. Infantis is a broiler-associated pathogen, we chose a
selective comparison of sequences of isolates from humans, chickens or the chicken farm
environment in different countries of Europe and America, and in Israel (Supplementary
Materials Table S2). All isolates harbored a pESI-like plasmid, which carried the blaCTX-M-1,
the blaCTX-M-65 gene, or neither. The Spanish isolates, which differed by only 12 SNPs,
belonged to a clonal lineage that groups all blaCTX-M-65-positive isolates together with
isolates lacking a blaCTX-M gene. The minimum and maximum number of SNPs between
isolates of this cluster ranged from 3 to 60, and the distance with respect to the 119944 strain
from Israel, which contains the original pESI plasmid, ranged from 93 to 127 SNPs.

Origin                                      Country                            blaCTX-M       fosA3 

Broiler flocks                         
Poultry flocks   
Human feces                         

Austria 
Turkey 
Germany                         
USA 
Germany 

- 
- 
blaCTX-M-1 

- 

blaCTX-M-1 

- 
- 
-                         
- 
- 
- 
 

Chicken wings 
Human feces 
Human feces 
Creek wáter 
 
 

Germany 
USA 

blaCTX-M-1 

- - 
- 
- 

NA 
Human feces 

Germany 
Germany 

blaCTX-M-1 

blaCTX-M-1 
NA 
Human feces 

Germany 
Germany 

blaCTX-M-1 

blaCTX-M-1 

- 
- 

Human feces 
Human feces 

Germany 
Germany 

blaCTX-M-1 

blaCTX-M-1 

- 
- 

Human feces 
NA 

Germany 
Germany 

blaCTX-M-1 

blaCTX-M-1 

- 
- 

Human feces 
Broiler chicken 

Germany 
Italy 

blaCTX-M-1 

- 

- 
- 

Broiler meat 
Broiler chicken 

Italy 
Italy 

- 
blaCTX-M-1 

- 
- 

Broiler chicken 
Human feces 

Italy 
Germany 

blaCTX-M-1 

blaCTX-M-1 

- 
- 

Human feces 
Human feces 

Germany 
Israel 

blaCTX-M-1 

- 

- 
- 

Human (NA) 
Human feces 

Italy 
Spain 

blaCTX-M-65 

blaCTX-M-65 

+ 
- 

Human feces 
Human feces 

Spain 
The Netherlands 

blaCTX-M-65 

blaCTX-M-65 

+ 
+ 

Human (NA) 
Human (NA) 

USA 
The Netherlands 

blaCTX-M-65 

blaCTX-M-65 

- 
+ 

Human (NA) 
Chicken breast 

The Netherlands 
USA 

blaCTX-M-65 

blaCTX-M-65 

+ 
- 

Chicken wings 
Cloacae swab 

USA 
Trinidad and Tobago 

- 

blaCTX-M-65 

- 
- 

Chicken breast 
Comminuted chicken 

USA 
USA 

blaCTX-M-65 

blaCTX-M-65 

- 
+ 

Chicken ceca 
Chicken breast 

USA 
USA 

blaCTX-M-65 

blaCTX-M-65 

+ 
- 

Human feces 
Chicken liver and spleen 

The Netherlands 
Peru 

blaCTX-M-65 

blaCTX-M-65 

+ 
+ 

Human (NA) 
Broiler flocks 

The Netherlands 
Austria 

blaCTX-M-65 

- 

+ 
- 

Human feces 
Human (NA) 

Germany 
England and Wales 

blaCTX-M-1 

- 

- 
- 

Figure 2. Phylogenetic position of Salmonella enterica serovar Infantis HUMV 13-6278 and HUMV
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15-5476 from a Spanish hospital, in the context of S. Infantis isolates from different sources and
countries. The tree was constructed with the CSI Phylogeny 1.4 (https://cge.cbs.dtu.dk/services/
CSIPhylogeny/, accessed on 6 May 2022) using the genome of S. Infantis 119944 as the reference for
SNP calling. Values at each node represent percent bootstrap support based on 1000 replicates. The
cluster containing the Spanish isolates (shown in bold) is highlighted in blue, and the 119944 isolate
is emphasized in red. Relevant information related to the isolates is shown at the right of the
figure. Accession numbers of the genomes and the pairwise distance matrix used to construct the
phylogenetic tree are shown in Supplementary Materials Tables S2 and S3, respectively.

3. Discussion

The present study examined two clinical isolates of S. Infantis harboring the blaCTX-M-65
gene on pESI-like megaplasmids. As other blaCTX-M genes, it confers resistance to most
β-lactam antibiotics, including penicillins, broad spectrum cephalosporins and monobac-
tams, but not to amoxicillin-clavulanic acid, cephamycins and carbapenems [25]. As such, it
conveys resistance to third-generation cephalosporins, which currently are first-line drugs
for the management of severe S. enterica infections. Thus, the presence of blaCTX-M-65 is a
cause of concern, particularly when associated with resistance to other classes of medically
relevant antimicrobials. In fact, the two isolates were resistant to antimicrobials belonging
to eight classes: penicillins, cephalosporins, phenicols, aminoglycosides, tetracyclines,
inhibitors of folate synthesis, (fluoro)quinolones, and nitrofurans, as confirmed by disk
diffusion assays complemented with MIC determinations for selected compounds. HUMV
15-5476, but not HUMV 13-6278, was additionally resistant to fosfomycin.

Most of the resistance genes found were located on pESI-like megaplasmids, but
resistances to (fluoro)quinolones and nitrofurantoin were mediated by chromosomal loci.
Thus, the two isolates had single-point mutations both in gyrA (G259T→D87Y) and parC
(C170G→T57S). The former mutation, which is now widespread among S. Infantis, was
originally identified as responsible for nalidixic acid resistance in isolates from Israel. This
trait was already present in a limited number of pre-emergent isolates, which were obtained
before 2006 and lacked pESI, while becoming fixed in the gyrA gene of the emergent pESI-
positive clone (recorded after 2006), adding to its MDR phenotype [3,7]. In addition to
D87Y, three other point mutations in gyrA (D87G, S83Y and S83F) were later associated
with (fluoro)quinolone resistance in an extensive collection of S. Infantis recovered in
Europe from animals, meat, feed and humans [16]. In that work, a single-(fluoro)quinolone-
resistant isolate tested negative for known mutations in gyrA, but presented the T57S
substitution in the ParC protein. The latter change has been previously found both in
resistant and in susceptible strains of different serovars of S. enterica, with or without
concomitant mutations in gyrA [16,26–29]. The contribution of the T57S substitution to
(fluoro)quinolone resistance in the isolates thus remains unclear. PMQR (Plasmid-Mediated
Quinolone Resistance) mechanisms, which confer low level, albeit clinically relevant,
resistance to fluoroquinolones, were not present in our isolates but have already been
reported in S. Infantis from different countries [16].

In S. enterica, as well as in Escherichia coli, resistance to nitrofurans has been associated
with alterations affecting the nfsA and nfsB genes that encode type I (i.e., oxygen insensitive)
nitroreductases. Amongst other substrates, these enzymes appear to reduce nitrofurans,
generating active intermediates with antimicrobial activity. Nitrofurans are used for treating
uncomplicated urinary tract infections caused by a wide spectrum of Gram-positive and
Gram-negative bacteria [30,31]. In both E. coli and S. Typhimurium, a stepwise increase
in resistance to nitrofurantoin has been correlated with sequential inactivation first of
nfsA and then of nfsB, with alterations in the two genes being required to achieve full
resistance [22,32,33]. The S. Infantis isolates in the present study were highly resistant to
nitrofurantoin (Table 2). In agreement with this, both carried premature stop codons in the
two nfs genes, leading to truncated forms of the proteins. The same mutation in nfsA was
previously detected in S. Infantis from Israel, without reference to alterations in the nfsB
gene [7]. Yet, sequence comparisons of the nsfB gene from our isolates and strain 119944,
obtained in 2008 from a clinical sample in Israel [3], revealed the presence of the mutation

34



Antibiotics 2022, 11, 786

(data not shown). Accordingly, the isolate from Israel was likely to display high-level
resistance to nitrofurantoin, although the MIC of nitrofurantoin was not reported.

As previously shown for other S. Infantis isolates, the pESI-like megaplasmids played
a major role in the MDR phenotype of the isolates under study. They not only harbor
numerous antibiotic resistance genes, but also genes for resistance to mercury (merRTP-
CADE locus) and arsenic (arsA, arsD, arsH and arsR2) compounds. In the case of arsenic,
toxicity depends on the chemical form (inorganic or organic) and oxidation state (trivalent
or pentavalent species) of the compound, with As(III) arsenite being more toxic than As(V)
arsenate. The product of arsA is an ATPase that interacts with ArsB to form an arsenite
efflux pump energized by ATP hydrolysis. It is of note that arsA, but not arsB, is present
in the pESI-like plasmids of the isolates under study, which were nevertheless resistant
to NaAsO2 [As(III)]. However, besides canonical ars genes, additional genes have been
discovered that broaden the spectrum of arsenic tolerance [34]. Apart from interacting
with ArsB, the ArsA ATPase has been proposed to form primary arsenite transporters in
association with different membrane proteins [35]. The most likely candidate would be
Acr3, but the acr3 gene was not found in the genome of our isolates. The product of arsD,
a gene also present in pESI-like plasmids, acts as a metallochaperone that binds arsenite
and transfers it to the ArsA ATPase for export [36]. Finally, the ArsH protein, which
is under the control of the ArsR2 transcriptional regulator, encodes an organoarsenical
oxidase that transforms trivalent methylated and aromatic arsenicals into their less toxic
pentavalent species [37]. Accordingly, the two isolates described herein were resistant to
the aromatic As(III) phenylarsine oxide. Of note, although mer and ars genes are frequently
found in pESI-like plasmids, their association with phenotypic resistance of S. Infantis
has not been previously tested [38]. The selective pressure caused by the use of heavy
metals, and also of nalidixic acid, tetracyclines, sulfonamides and nitrofurans in livestock
production, could have contributed to the selection of pESI-positive isolates of S. Infantis,
as it was probably the case for other successful clones of different non-typhoidal serovars
of S. enterica [13,18–21].

Of the multiple resistance genes harbored by the pESI-like plasmids under study, only
fosA3 was differentially present in HUMV 15-5476, which was highly resistant to fosfomycin
(Table 2). This broad-spectrum bacteriolytic antibiotic was originally approved for treating
uncomplicated urinary tract infections in the early 1970s. However, the major threat
posed by antimicrobial resistance to human health, and the shortage of new antimicrobial
agents, has led to re-evaluating older antibiotics, including fosfomycin, for the treatment
of infections caused by multidrug-resistant bacteria [39]. Therefore, the increasing rate of
fosfomycin resistance, which is mainly mediated by inactivating enzymes, is a cause of
concern. Like other fosA genes, the fosA3 gene of the pESI-like plasmid of HUMV 15-5476
encodes a glutathione-S-transferase, which catalyzes the opening of the epoxide ring of
fosfomycin by adding glutathione [40]. In S. Infantis, fosA3 has been found in the subgroup
of pESI-like plasmids positive for blaCTX-M-65, but not in those carrying blaCTX-M-1 [16].

It is interesting to note that, as previously reported for other pESI-like plasmids, those
of the HUMV isolates not only contained antimicrobial-resistant genes, but also genes
associated with virulence, colonization and fitness, including genes for fimbriae, for the
siderophore yersiniabactin, and for toxin-antitoxin systems which are involved in the post-
segregational killing of bacteria that lose the plasmid. Taken together, these determinants
confer selective advantages which explain the epidemiological success of the isolates that
have managed to acquire this self-transmissible plasmid [7,41].

It is finally of note that isolates harboring pESI-like plasmids with blaCTX-M-65 ± fosA3,
like those reported herein, form a well-defined cluster within the phylogenetic tree of
S. Infantis ([13,16]; Figure 2). They have been reported in humans and along the poultry
production chain in the USA and South America, with only a limited number of isolates
being detected in other livestock animals [14,24,42–46]. Isolates carrying pESI-like plasmids
positive for blaCTX-M-65 ± fosA3 have also been associated with human clinical cases in
Europe, specifically in patients with a travel history to America [10,12,16]. However, to
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the best of our knowledge, this is the first report of such isolates in Spain, with a clearly
established link to Peru. In Spain, information is also lacking on the possible presence
of S. Infantis carrying pESI-like plasmids of the “European type”, positive for blaCTX-M-1
instead of blaCTX-M-65, which are circulating in food-animal production systems of many
other European countries [16]. Within the One Health Concept, promoted by the World
Health Organization, further studies are required to investigate the occurrence of such
isolates in Spanish livestock, and particularly along the poultry food chain. WGS analyses
could certainly assist in the detection and detailed characterization of isolates belonging
to the different MDR CTX-M-producing lineages of S. Infantis, and to establish their
phylogenetic relationships with those from other countries.

4. Materials and Methods
4.1. Bacterial Isolates and Antimicrobial Susceptibility Testing

The two cefotaxime-resistant isolates of S. Infantis, HUMV 13-6278 and HUMV 15-5476,
selected for the present study, were detected at the “Hospital Universitario Marqués de
Valdecilla” (HUMV), Santander, Cantabria, Spain (Table 1). They were obtained from
fecal samples of small children with gastroenteritis, using selective culture media (Selenite
broth and Hecktoen agar; bioMerieux, Marcy l’Etoile, France). Identification was per-
formed with MALDI-TOF MS, following the manufacturer’s instructions (Bruker Daltonics,
Billerica, MA, USA).

Susceptibility to antimicrobial agents was determined by automated MicroScan NC
53 (Beckman Coulter, CA, USA), complemented with disk diffusion assays. For the lat-
ter, the following compounds (Oxoid, Madrid, Spain, except for pefloxacin purchased
from Bio-Rad, Alcobendas, Madrid, Spain) were used, with the amount per disk in µg
shown in parenthesis: ampicillin (10), amoxicillin-clavulanic acid (30), cefepime (30), cefo-
taxime (30), cefoxitin (30), erthapenem (10), chloramphenicol (30), amikacin (30), gentam-
icin (10), kanamycin (30), streptomycin (10), tobramycin (10), azithromycin (15), nalidixic
acid (30), ciprofloxacin (5), pefloxacin (5), sulfonamides (300), tetracycline (30), trimetho-
prim (5), fosfomycin (300) and nitrofurantoin (300). The minimum inhibitory concentrations
(MIC) of cefotaxime, ciprofloxacin and fosfomycin were determined by E-test (bioMérieux,
Marcy l’Étoile, France), and the MIC of nitrofurantoin by a broth microdilution assay
with concentrations ranging from 4 to 512 µg/mL. Results were interpreted according
to EUCAST (European Committee on Antimicrobial Susceptibility Testing) guidelines
(https://eucast.org/clinical_breakpoints/; accessed on 8 April 2022) or to CLSI [47], in the
case of nalidixic acid which is not contemplated by EUCAST. To obtain additional informa-
tion on the resistance properties of the S. Infantis isolates, the MIC of heavy metals were also
determined by broth microdilution assays, using HgCl2 (0–256 µg/mL) and the following
inorganic and organic arsenic compounds (Sigma-Aldrich, Merck Life Science, Madrid,
Spain): NaAsO2 (0–256 µg/mL), Na2HAsO4·7H2O (0–256 µg/mL) and phenylarsine oxide
(0–16 µg/mL). S. Typhimurium LT2, S. Typhimurium LSP 146/02 and S. Typhimurium
4,5,12:i:- (monophasic) LSP 389/97 were included as negative or positive controls [21–23].

4.2. Whole-Genome Sequencing and Bioinformatics Analysis

For WGS, the genomic DNA of the isolates was purified from overnight cultures
grown in Luria-Bertani (LB) broth, using the GenEluteTM Bacterial Genomic DNA Kit,
according to the manufacturer’s protocol (Sigma-Aldrich). WGS was performed with
Illumina technology, at the “Centro de Investigación Biomédica”, La Rioja (CIBIR), Spain.
Paired-end reads of 100 nt, obtained from PCR-free fragment libraries of ca. 500 bp, were
assembled de novo using the VelvetOptimiser.pl script implemented in the on line version
of PLACNETw (https://omictools.com/placnet-tool; accessed on 6 June 2019). This tool
also allows distinguishing contigs of chromosomal or plasmid origin [48]. The assembled
genomes were deposited in GenBank under the accession numbers included in the “Data
Availability Statement” (see below), and annotated by the NCBI Prokaryotic Genome
Annotation Pipeline (PGAP; https://www.ncbi.nlm.nih.gov/genome/annotation_prok/;
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accessed on 4 August 2021). Relevant parameters regarding the quality of the assemblies
are shown in Table S1. Bioinformatics analysis was performed with PLACNETw, MOBscan
(a web application for the identification of relaxase MOB families [49]), and with different
tools available at the Center for Genomic Epidemiology (CGE) of the Technical University
of Denmark (DTU) (https://cge.cbs.dtu.dk/services/; accessed on 7 June 2020). These
included SeqSero 1.2 [50], MLST 2.0 [51], ResFinder 4.1 [52,53], PlasmidFinder 2.1 and
pMLST 2.0 [54].

Once identified by PLACNETw, plasmid contigs carrying resistance genes were joined
by PCR amplification (using the primers shown in Table S4), followed by Sanger sequencing
of the obtained amplicons, when required. The annotation of the assembled resistance regions
were manually curated with the aid of blastn, blastp (https://blast.ncbi.nlm.nih.gov/Blast.
cgi; accessed on 28 April 2022) and CLONE Manager Professional (CmSuit9). The genetic
organization of these regions was represented with EasyFig BLASTn (https://mjsull.github.io/
Easyfig/; accessed on 7 May 2022).

4.3. Phylogenetic Analysis

A phylogenetic tree based on single-nucleotide polymorphisms (SNPs) was built with
the CSI phylogeny 1.4 tool (https://cge.cbs.dtu.dk/services/CSIPhylogeny/; accessed
on 6 May 2022 [55]). The pipeline was run with default parameters, setting a bootstrap
replication value of 1,000 to generate the consensus tree [56]. Apart from the genomes of
the HUMV isolates, 42 other S. Infantis genomes retrieved from databases were included
in the analysis (see Table S3 for accession numbers and additional details). The genome of
isolate 119944 from Israel (accession No. GCA_000506925.1) was used as the reference for
SNP calling, and the resulting SNP matrix is shown in Table S4.

5. Conclusions

This study documents the import of the S. Infantis MDR clone which carries the
blaCTX-M-65 within pESI-like megaplasmids from Peru into Spain. To the best of our knowl-
edge, this is the first report on the presence of this clone in Spain, which has probably
emerged in South America [46]. We also first experimentally demonstrated the resistance
of the clone to mercury and to inorganic and organic arsenicals. Further studies will be re-
quired to establish the actual epidemiology of these and other CTX-M-producing S. Infantis
lineages in Spain.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics11060786/s1, Table S1: Accession numbers of the genomes
cefotaxime resistance plasmid-mediated of Salmonella enterica serovar Infantis isolates from clinical
samples and parameters related to the quality of the assemblies; Table S2: Origin and accession
numbers of the genomes of Salmonella enterica serovar Infantis isolates used for phylogenetic analysis
in the present study. Table S3: Pairwise SNP distance matrix calculated from the genomes of
two Salmonella enterica serovar Infantis isolates from a Spanish hospital and 42 additional isolates
obtained from different sources and countries. Table S4: Oligonucleotides designed for this work
and used for the as-57 sembly of the resistance regions (R1 and R2) of pESI-like plasmids found 58 in
Salmonella enterica serovar Infantis isolates from a Spanish hospital. References [57–60] are cited in the
supplementary materials.
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Abstract: Although pathogenic bacteria are the targets of antibiotics, these drugs also affect hundreds
of commensal or mutualistic species. Moreover, the use of antibiotics is not only restricted to the
treatment of infections but is also largely applied in agriculture and in prophylaxis. During this work,
we tested the hypothesis that there is a correlation between the number and the genomic location
of antibiotic resistance (AR) genes and virulence factor (VF) genes. We performed a comprehensive
study of 16,632 reference bacterial genomes in which we identified and counted all orthologues of
AR and VF genes in each of the locations: chromosomes, plasmids, or in both locations of the same
genome. We found that, on a global scale, no correlation emerges. However, some categories of AR
and VF genes co-occur preferentially, and in the mobilome, which supports the hypothesis that some
bacterial pathogens are under selective pressure to be resistant to specific antibiotics, a fact that can
jeopardize antimicrobial therapy for some human-threatening diseases.

Keywords: antibiotic resistance; virulence; plasmid; Integrative and Conjugative Element; co-selection;
genomics; evolution

1. Introduction

Antimicrobial resistance is a natural phenomenon, yet its emergence has been driven
by antimicrobial exposure in healthcare, agriculture, veterinary settings, and the environ-
ment [1]. In the case of antibiotic use to cure bacterial infections, the onset of the disease dic-
tates the prescription [2] and so antibiotics are specifically targeted to the bacterial pathogen.
Recently, a study referred to a large increase in the prevalence of carbapenem-resistant
Klebsiella pneumoniae and hypervirulent K. pneumoniae, revealing a worrying increase in this
association between antibiotic resistance and virulence in human pathogens [3–5]. Another
recent study also showed that 31% of 56 clinical isolates of Pseudomonas aeruginosa (an
important agent of nosocomial infections worldwide), collected from different medical
centers in Kenya between 2015 and 2020, harbor both virulence genes and a multidrug resis-
tance phenotype. The authors report novel strains with extensive antimicrobial resistance
genes (hereafter named AR) and the highest number of virulence factor genes (hereafter
named VF) [6–8]. Therefore, natural selection might have been favoring the co-localization
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of virulence and resistance genes in the same cell genome or even in the same replicon
(plasmid or chromosome). However, even when targeting pathogens, antibiotics also strike
hundreds of commensal or mutualistic bacterial species comprising the trillions of cells
present in the human or animal bodies.

Besides their therapeutic use, antibiotics have been used in medicine and veterinary
care for decades, for prophylactic and metaphylactic uses [9]. In agriculture and animal
production systems, for example, antibiotics are used on a very large scale, driven by
economic interests [10]. In addition, there has been the reported release of antibiotics
and active antibiotic residues into the environment, issuing from agriculture and the
pharmaceutical industry [11]. This widespread and large-scale use has made antibiotics
an emerging environmental contaminant [12]. Sewage waters issuing from urban areas,
hospitals, and agricultural fields reach rivers [13] and contaminate agricultural fields. In this
scenario, antibiotic resistance can be easily transferred between the environment, humans,
and animals, as envisaged in the one health approach [1]. Thus, in the environment, all
bacteria could potentially be equally exposed to these antibiotics, regardless of whether
they are a human or an animal pathogen. However, as is the case for antibiotic exposure in
infection therapy, environmental contamination from antibiotic use in agriculture can also
be biased towards some antibiotics due to usage guidelines and regulations in place.

Previous research has shown that the diversity of virulence and antibiotic resistance
genes correlate positively across human gut microbial communities and their genomes
(metagenomes) [14]. In other words, metagenomes with a higher diversity of drug re-
sistance genes are also the ones with a higher diversity of virulence genes, and vice
versa—metagenomes with a lower diversity of drug resistance genes are also the ones
with a lower diversity of virulence genes [15]. A previous work has shown that this positive
correlation arises whenever the transmission probability of bacteria, along with their genes,
between people is higher than the probability of losing resistance genes. This is a likely
relationship because fitness costs imposed by resistance determinants often disappear in
a few tens or hundreds of generations after a new gene has arisen [16–18]. Therefore, the
positive correlation did not arise due to co-selection by antibiotics on both gene types in
the metagenome [15]. Human beings interact and exchange bacteria and resistance and
virulence genes through physical contact—perhaps unexpectedly, individuals with a higher
diversity of both gene types are the ones that have not taken antibiotics for a long time.
Those individuals who have recently used antibiotics show a decreased diversity in these
genes [15]. However, these works do not elucidate what to expect at the level of individual
bacterial cells or replicon localization.

Recent studies on the co-localization of ARs and VFs have focused on the dynamics
of antibiotic resistance in bacterial pathogens and its comparison with non-pathogenic
bacteria [19,20]. It is particularly important, however, to understand the co-evolutionary
paths of antibiotic resistance and bacterial virulence at a bacterial genome level, though,
to evaluate potentially critical combinations that could hinder the treatment of human
and animal bacterial infections. During this study, we tested the co-selection hypothesis
at different genomic locations in an exceptionally large and comprehensive database and
identified the most favored and the most disadvantaged combinations of AR and VF. It is
an innovative work because it generates knowledge that allows the study of evolutionary
forces and those driving the co-mobilization of every AR and VF type or class, in bacterial
genomes, on a very large scale.

We consider the bacterial genome as two types of molecular replicon: the chromosome
and the plasmids. Most of the housekeeping genes are chromosomally encoded. Plasmids,
however, are especially important mobile genetic elements, part of the accessory genome
responsible for local adaptation. They can encode for supplementary biochemical pathways,
which allow the expression of the different phenotypes and lifestyles, adaptative traits
enabling cells to respond to local competitive or environmental pressures, such as exposure
to antibiotics, bacteriocins, heavy metals, or other xenobiotics. Plasmids are enriched with
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genes encoding extracellular traits, and for proteins targeted to the cell envelope, such as
those in the bacterial secretion systems [21].

Plasmids can be mobilized from one bacterium cell into another and can carry In-
tegrative Conjugative Elements (ICE), which are mobile genetic elements able to both
integrate bacterial chromosomes by site-specific recombination or exist as autonomous
plasmid-like conjugative elements [22]. ICEs are also known as conjugative transposons as
they encode for the type IV secretion system (which are also bacterial virulence factors) that
is necessary for horizontal gene transfer between cells. Moreover, ICEs can carry insertion
sequences and/or transposons, Integrases, and the Relaxase enzyme, which is critical for
conjugation [23].

However, as they also stay in the chromosome, we are considering here all the genes
that can be on either type of replicon, such as ICE, for example, in a different category
named ‘both’. It is believed that they mostly remain integrated into the chromosome,
where they are transferred vertically. Nevertheless, under a lethal challenge, they can be
horizontally transferred when the host cells are subject to DNA damage and SOS stress
or under a starvation/stationary phase [23], in a small fraction of the bacterial population.
ICEs can encode for adaptative niche traits as they harbor cargo genes conferring the
following phenotypes: antibiotic resistance, the ability to metabolize a new carbon source,
pathogenicity, or symbiosis islands [23].

The aim of this work is to understand whether evolution may have shaped bacte-
rial genomes favoring a genetic link between virulence factors and antibiotic resistance-
encoding genes, and to understand the overly complex relation between VF and AR at the
genomic level.

2. Results

To try to capture evolutionary patterns on an overly broad scale, we retrieved all
16,632 complete closed bacterial genomes from the NCBI RefSeq database and classified
all their replicons as chromosomal or plasmid. An additional genomic category was
considered that included genes that have copies in the chromosome and in a plasmid of
the same genome, and which could potentially be ICE. Each gene can only belong to one
of these three categories—chromosome, plasmid, or ‘both’—as every gene that appears
on both chromosome and plasmid is only considered in the category ‘both’. Note that a
single cell may harbor more than one plasmid; therefore, even if two genes co-localize in
plasmids, they may localize in different plasmids.

2.1. Genomic Organization of Antibiotic Resistance-Encoding Genes in Bacterial Genomes

To assess the identification and localization of antibiotic resistance-encoding genes
within the bacterial genomes, we identified and classified all proteins from the dataset.
To do so, we aligned all these protein sequences against antibiotic resistance databases:
ResFinder, which consists of 3160 genes of acquired antibiotic resistance organized into
17 categories, including disinfectant resistance [24], and MUSTARD, which is a catalogue
of 3.9 million proteins from the human gut microbiome organized into 41 categories [25].
For each genome, we identified all orthologs of each antibiotic resistance category, in each
replicon type: chromosome or plasmid. We then counted the number of AR orthologues
of each category that are located only in the chromosome, only in their plasmids, or
simultaneously in both replicons. One may expect that larger plasmids or chromosomes
would contain more AR orthologues. To remove this effect, we proceeded by dividing
the counts by the total number of coding sequences (CDS) that are in each of the genomic
locations: on the chromosome only, on the plasmids only, or on both locations in the same
genome (57020371, 1531377, and 29622, respectively).

Figure 1 represents the distribution of the normalized number of antibiotic resis-
tance gene orthologues per antibiotic class. According to ResFinder (Figure 1a,b), the
largest amount of ARs belong to the category of beta-lactamase, sulphonamide, quinolone,
macrolide, phenicol, trimethoprim, and tetracycline, which are present in the chromo-
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some, plasmids, or in both chromosomes and plasmids belonging to the same bacterial
genome. We also found large amounts of disinfectant-resistant genes. Of note, no fos-
fomycin, nitroimidazole, pseudomonicacid, or glycopeptide orthologues were found in
the ‘both’ location. Interestingly, most orthologues for disinfectant resistance also appear
to be preferentially encoded in the bacterial mobilome (here represented by the plasmids
and ICE). Figure 1b represents the relative number of AR orthologues per genomic location.
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Figure 1. Bar plots and weighted bar plots of the number of antibiotic resistance orthologues. Because
replicons vary in size, the number of resistance orthologues in each genome was divided by the
amount of coding DNA sequences (CDS) in that genome (in that plasmid, in that chromosome, or
in both). (a,b) Data from the ResFinder database; (c,d) data from the MUSTARD database. (a) For
the ResFinder orthologues, the highest amount of antibiotic resistance orthologues is in the ‘both’
location (yellow). Beta-lactamase, sulphonamides, and disinfectant orthologues are more often (more
than 50%) located in both replicons than in only a plasmid or the chromosome. (b) For the ResFinder
orthologues, weighted bar plot shows that there are no fosfomicin, nitroimidazole, pseudomonicacid,
fusidic acid, or glycopeptide orthologues in the ‘both’ location (yellow). Orthologues located in
chromosomes (green) have a lower proportion compared to the other two genomic locations. (c) For
the MUSTARD orthologues, there is a higher number of antibiotic resistance orthologues located
simultaneously in both a plasmid and the chromosome (‘both’ location in yellow). There is a higher
amount of blaa, rnam, and sul and orthologues. (d) For the MUSTARD database, there is a higher
proportion of orthologues located in plasmids (blue). There is a lower proportion of orthologues
located in ‘both’ a plasmid and the chromosome (yellow) than in a plasmid only or in the chromosome
only. Moreover, 15 out of 45 orthologues (e.g., the orthologues of vgb, vat, or tetk) are present only in a
plasmid or in the chromosome (i.e., without a ‘both’ location).
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Overall, the results obtained with the two databases showed a high number of antibi-
otic resistance orthologues located in both genomic locations of the same genome, suggest-
ing that ARs are carried in the bacterial mobilome. AR genes encoding beta-lactamases
showed the highest numbers of orthologues in both the ResFinder and MUSTARD databases.
This latter showed that the blaa category encodes Class A beta-lactamases, which are the
predominant beta-lactamases found in the bacterial genome. All beta-lactamases can be
found in plasmids and both plasmids and chromosome, except subclass B2 beta-lactamases,
which are found only in the chromosome.

We have also generated boxplots of the antibiotic resistance orthologues per CDS for
each genomic location (Figure 2). The boxplots do not show significant differences in the
relative frequencies of ARs between the different genomic locations. The Kruskal–Wallis
test was conducted to examine the differences between the relative number of antibiotic
resistance orthologues according to the three types of genomic location. No significant
differences were found (ResFinder: Chi square = 50.00, p-value = 0.2815, df = 16; and
MUSTARD: Chi square = 116.42, p-value = 0.05838, df = 40).
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2.2. Genomic Organization of Virulence Factor-Encoding Genes in Bacterial Genomes

We have also computed the number of virulence factor orthologues as described in
the previous section. We calculated the number of orthologues of virulence factors (VF)
grouped into various categories of the VFDB database, and according to their genomic
location: only in the chromosome, only in a plasmid, or in both simultaneously. Once again,
we may expect that larger plasmids or chromosomes would contain more VF orthologues.
To remove this effect, we proceeded by dividing the counts by the total number of CDS in
each of the genomic locations, as we did for the analysis of the ARs.

Although there are many virulence genes encoded on the plasmid, the chromosomal
location is also very frequent in most bacteria (Figures 3 and 4). The results shown in
Figure 3 show an uneven distribution of the various categories of virulence factors in each
genome location. Pili, fimbriae, and flagella are the most representative virulence factors
encoded on the chromosomes (Figure 3a). They all belong to the adhesion and invasion
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systems, which are essential to the colonization of the host or substrate, in the case of
environmental species.
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Figure 3. Bar plots (a) and weighted bar plots (b) of the number virulence factor orthologues in
VFDB. Because replicons vary in size, the number of virulence orthologues in each genome was
divided by the amount of coding DNA sequences (CDS) in that genome (in that plasmid, in that
chromosome, or in both). (a) There is a higher number of virulence factor orthologues located in
chromosomes (green) than only in a plasmid or in both a plasmid and the chromosome. There is
a higher number of orthologues of Pili, fimbriae, and flagella and type III secretion systems than
orthologues of the other virulence genes. (b) Orthologues of virulence genes are proportionally more
present in the chromosome (green) only or in a plasmid only (blue). Transferrin and lactoferrin iron
uptake orthologues are only located in chromosomes (green). Extracellular acting toxins and type III
secretion system orthologues were either located in a plasmid (blue) or in the chromosome (green),
not in both (yellow).
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Another important category of virulence factor is the type III secretion system (T3SS) [26],
which, on the other hand, appears to be mainly encoded on plasmids (Figure 3a). They are
important for the interaction of the cell with the host and are involved in the secretion of
bacterial toxins directly into the host cell [27].

Regarding iron uptake systems, there is an uneven distribution according to the
various categories: siderophore, heme, transferrin, and lactoferrin-mediated iron uptake
systems. Siderophores are the most abundant, followed by heme-mediated iron uptake
proteins, while orthologues of transferrin- and lactoferrin-mediated iron uptake proteins
appear to be rare and chromosomally encoded (Figure 3a).

We can also see elevated levels of type IV and type VI secretion systems (T4SS and
T6SS) [28,29] that, together with T3SS, are responsible for cell-to-cell interactions, such as
the injection of toxins into host cells, or in conjugation and quorum sensing in bacteria.
All these coding traits can be located on the chromosome, on plasmids, or present in both
locations on the same genome (Figure 3a).

T4SS is part of the conjugation systems that are put in place to allow the transfer of
mobilizable plasmids and conjugators as well as ICE from one cell to another [30]. The
majority of the T4SS share a plasmid location.

We have also generated boxplots (Figure 4) and conducted the Kruskal–Wallis test
to analyze the differences between the relative number of virulence gene orthologues
according to the three types of genomic location. No significant differences were found
(Chi square = 33.615, p-value = 0.4375, df = 12).
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2.3. Correlation Analysis of Antibiotic Resistance- and Virulence Trait-Encoding Genes Per
Genomic Location

The hypothesis that antibiotic resistance and virulence are genetically linked stems
from the fact that, in human and veterinary medicine, the use of antibiotics, when not for
prophylaxis, is adopted specifically to treat a bacterial infection, i.e., antibiotic therapy is
targeted at pathogenic bacteria. If this assumption holds, we expect these two traits to be co-
selected and mobilized together in plasmids—for example, in microbial communities [14].
Thus, first, we decided to assess the relationship between the number of ARs and VFs in
each genome, at each genomic location, following a similar algorithm as in the previous
sections. We assigned each orthologue to a genomic location: only on the chromosome,
only on the plasmid, or both on the chromosome and plasmid. Then, we counted, for each
genome, the number of ARs and VFs in each location. Finally, we divided these counts by
the number of coding DNA sequences (CDS) in each location. These new values were used
to generate the linear model in Figure 5. In general, there are no correlations between the
number of ARs and VFs in bacterial genomes (Figure 5).

Antibiotics 2022, 11, x FOR PEER REVIEW 13 of 26 
 

 
Figure 5. Relationship between antibiotic resistance gene orthologues of the ResFinder database 
(vertical axes) and virulence gene orthologues of the VFDB (horizontal axes). To correct for the size 
of the corresponding locations, the number of resistance and virulence genes in each genome was 
divided by the amount of coding DNA sequences (CDS) in that genomic location. Each point repre-
sents a genome. The colors indicate the genomic location: plasmid (blue), chromosome (green), or 
‘both’ (yellow). (C,D) show the same data; however, (D) has the scale adjusted to better demonstrate 
the distribution of points. In (A), plasmid location (R = 0.005, slope = 0.032, p-value = ~0). In (B), both 
locations (R = 0.109, slope = 0.183, p-value = ~0). In (C,D), chromosome location (R = 0.023, slope = 
0.008, p-value = ~0). 

For the case of genes that are present both in the chromosome and in a plasmid, the 
sample size is much smaller than for the other locations. Furthermore, the size of a possi-
ble ICE-like mobile genetic element is expected to be even smaller than that of plasmids 
and chromosomes, which makes it risky to make direct comparisons. This smaller size 
makes the co-occurrence of ARs and VFs less likely and may explain the vertical and hor-
izontal clustering of points seen in the ‘both’ panel of Figure 5B. 

In order to evaluate the distribution of the co-occurrence of each of the antibiotic re-
sistance gene categories and the virulence gene categories in the genomes used in this 
study, we constructed a contingency table. Each field of the contingency table contains the 
number of genomic elements containing orthologues from each of the AR and VF catego-
ries. These counts were made for all the AR and VF categories’ combinations. Next, we 
generated a matrix containing the expected values of counts for each of the previous 

Figure 5. Relationship between antibiotic resistance gene orthologues of the ResFinder database
(vertical axes) and virulence gene orthologues of the VFDB (horizontal axes). To correct for the size
of the corresponding locations, the number of resistance and virulence genes in each genome was
divided by the amount of coding DNA sequences (CDS) in that genomic location. Each point repre-
sents a genome. The colors indicate the genomic location: plasmid (blue), chromosome (green), or
‘both’ (yellow). (C,D) show the same data; however, (D) has the scale adjusted to better demonstrate
the distribution of points. In (A), plasmid location (R = 0.005, slope = 0.032, p-value = ~0). In (B),
both locations (R = 0.109, slope = 0.183, p-value = ~0). In (C,D), chromosome location (R = 0.023,
slope = 0.008, p-value = ~0).

For the case of genes that are present both in the chromosome and in a plasmid, the
sample size is much smaller than for the other locations. Furthermore, the size of a possible
ICE-like mobile genetic element is expected to be even smaller than that of plasmids and
chromosomes, which makes it risky to make direct comparisons. This smaller size makes
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the co-occurrence of ARs and VFs less likely and may explain the vertical and horizontal
clustering of points seen in the ‘both’ panel of Figure 5B.

In order to evaluate the distribution of the co-occurrence of each of the antibiotic
resistance gene categories and the virulence gene categories in the genomes used in this
study, we constructed a contingency table. Each field of the contingency table contains
the number of genomic elements containing orthologues from each of the AR and VF
categories. These counts were made for all the AR and VF categories’ combinations. Next,
we generated a matrix containing the expected values of counts for each of the previous
combinations. They are the product of the orthologous counts of each of the AR and VF
categories in all genomes, divided by the total number of counts. Finally, we have computed
the Log2 of the quotient of each observed value by the respective expected value. Heatmaps,
as represented in Figures 6 and 7, were generated for the co-occurrences between all classes
of ARs and VFs. Values in each position of the matrix that are greater than zero represent
the genomes for which there are a higher number of co-occurrences between ARs from a
given category and VFs from another category than expected at random and may mean
that there is co-selection of these two genetic determinants. Conversely, a value below zero
means that co-occurrence between a given AR category and another given category of VF is
rarer than what would be expected to happen by chance, perhaps due to counter-selection.
However, we have only considered as relevant those that are above 1 (represented in the
yellow to red color shades) or below −1 (represented in blue shades). For these calculations,
we have considered that each protein of the dataset can be classified into different AR or VF
categories. With this choice, we are assuming that the same protein can belong to different
antibiotic resistance mechanisms. An example of this is proteins that are part of the efflux
pumps that perform the nonspecific extrusion of antibiotics belonging to different classes.
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Figure 6. Heatmaps of the number of antibiotic resistance orthologues of the ResFinder database
(x axis) and virulence factor orthologues of the VFDB database (y axis) in each genomic position.
The values correspond to the Log2 of the quotient of observed/expected values. The yellow to
red shades represent a higher-than-expected number of co-occurrences; the blue shades represent a
lower-than-expected number of co-occurrences; and the grey represents values close to the expected
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values. (a) The higher number of ResFinder’s orthologous proteins that co-occurred with VFDB’s
orthologous in the chromosome is between type VII secretion systems and fusidic acid. (b) In
plasmids, the highest number of co-occurrences is between type VII secretion systems and fusidic
acid and between intracellular acting proteins and aminoglycosides. (c) The number of co-occurrences
in both the chromosome and plasmid is low. Consequently, we detected no co-occurrences involving
six out of thirteen orthologues of virulence genes. There is a high number of co-occurrences of
disinfectant orthologues with type IV and type VI secretion systems. The highest number of co-
occurrences is between adhesion and invasion proteins and tetracyclines and between heme-mediated
iron uptake and macrolides.
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Figure 7. Heatmaps of the number of antibiotic resistance orthologues of the MUSTARD database
(x axis) and virulence factor orthologues of the VFDB database (y axis) in each genomic position.
The values correspond to the Log2 of the quotient of observed/expected values. The yellow to
red shades represent a higher-than-expected number of co-occurrences; the blue shades represent a
lower-than-expected number of co-occurrences; and the grey represents values close to the expected
values. (a) The highest number of co-occurrences of proteins orthologous to the MUSTARD database
is between type VII secretion systems and the mecA antibiotic resistance gene, and between type
VII secretion systems and aac2. (b) In plasmids, the highest number of co-occurrences appear to
involve type VII secretion systems and toxins. (c) The ‘both’ genomic position has the lower number
of co-occurrences; there is a more diverse pattern of co-occurrences. We observed no co-occurrence
involving six out of thirteen orthologues of virulence genes.

The co-occurrences that vary most according to genomic location involve T7SS, which
frequently co-occur with fusidic acid resistance genes, either on the chromosome or on the
plasmid, but never on both simultaneously (Figures 6 and 7).

On the chromosome, fusidic acid resistance genes, on the other hand, do not occur
with many different categories of other antibiotic resistance genes, such as colistin. At this
location, apart from genes encoding transferrin-mediated iron uptake (for which there are
no co-occurrences at any genomic locus), several other co-occurrences are exceedingly rare,
as is the case for T5SS, with several distinct categories of antibiotic resistance genes.

In plasmids, there is a strong association between genes encoding for intracellularly
acting toxins and those for aminoglycoside resistance, and oxazolidinone resistance genes
co-occur frequently with some virulence factor genes, such as T3SS, the siderophore iron
uptake system, or extracellularly acting proteins, while it co-occurs less than expected with
all other virulence factors.

It is also worth noting that the heme-mediated iron uptake-encoding traits tend to
co-occur with those for macrolide resistance at the ‘both’ loci. Transferrin-mediated iron
uptake-coding genes only co-occur frequently with antibiotic resistance genes on the
chromosome. The results in Figure 6 also highlight that adhesion and invasion virulence
factor-encoding genes often co-occur with tetracyclines only at the ‘both’ loci, and with
aminoglycosides and glycopeptides at the plasmid site, but to a lesser extent.

3. Discussion

This work aimed to study the evolutionary genomic dynamics of antibiotic resistance
and virulence in bacteria. To have large-scale data and to perform a comprehensive study,
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we collected 16,632 reference genomes in the RefSeq database to address the correlation
between the genomic locations of genes encoding for antibiotic resistance and bacterial
virulence at two different scales. We first observed that the number of AR orthologues of
all categories taken together does not differ significantly between the three locations (on
the chromosome only, on a plasmid only, or on both). We reached the same conclusion for
orthologues of VFs. In a second approach, which is novel, we analyzed the co-occurrences
of each AR category with each VF category, by genomic location. This latter approach
revealed co-occurrence patterns that are worth being addressed in more detail, and this
will pave the way for further studies.

For this study, we have used the dataset of bacterial genomes from RefSeq, the NCBI
Reference Sequence database, which consists of a non-redundant, well-annotated set of
reference sequences including genomic and protein sequences. This dataset, however, does
not represent a random sample of bacterial genomes. In fact, we expect this collection to
be skewed towards bacterial genomes of human and medical interest. In this sense, an
overrepresentation of human pathogens would explain the overrepresentation of VFs that
we have found.

The asymmetrical distribution per replicon of the ARs and VFs can result from the
fact that we have 37-fold more coding sequences (CDS) at the chromosomal location than
the plasmid one, and 51-fold more CDS in plasmids than in ‘both’ locations. This is also
because we have as twice as many chromosomes as plasmids on our dataset, but also
because most of the plasmids are indicated to encode around 60 proteins and are thus much
smaller than chromosomes [30], and ICE are even smaller than plasmids.

The fact that a particular gene is found on both the chromosome and a plasmid may
indicate that this gene is in mobile regions of the chromosome, namely in ICE. According
to Johnson and Grossman [23], antibiotic resistance genes mobilized from cell to cell by
conjugative plasmids tend to move transiently or permanently onto the chromosome and
do not remain in the cell as a stable plasmid. Therefore, one would expect that the antibiotic
resistance genes found to have both a chromosome and plasmid location would be those
clustered in the ICE and, therefore, also belong to the mobilome (the collection of mobile
genetic elements).

3.1. The Antibiotic Resistance Genes Located in Plasmids Are Involved in Bacterial Local Adaptation

The normalization of the number of ARs by the number of CDS allowed the observa-
tion that there are many antibiotic resistance genes that are encoded in mobile regions of
the genome, such as the ‘both’ category and in plasmids. This observation suggests that
antibiotic resistance is a volatile and evolving trait, easily gained and lost, reinforcing the
idea that these genetic elements are drivers of bacterial adaptation to the environment.

In this study, plasmids appear to be enriched with the following antibiotic resistance
mechanisms: nucleotidyltransferase, beta-lactamase, phosphotransferase, and acetyltrans-
ferase. The production of hydrolyzing enzymes such as beta-lactamases encoded by bla
genes is among the most important mechanisms for beta-lactams [31]. Bacteria encoding
beta-lactamases are able to detoxify the local environment, hence rescuing nearby sensitive
bacteria [32]. Other important enzymes include family members of nucleotidyltransferases
(e.g., ant genes), phosphotransferase (e.g., mph and fos genes), and acetyltransferase (e.g., aac
and cat genes), which confer resistance to aminoglycosides, macrolides, chloramphenicol,
and fosfomycin, among others [33]. The link between antimicrobial use and resistance is
complex, but the emergence of resistance is likely to be specific to each drug and to each mi-
croorganism [34]. Therefore, horizontal gene transfer and clonal expansion are giving rise to
highly resistant microorganisms [5,35]. Nevertheless, other factors, such as cross-selection
and co-selection, are highly pertinent while addressing antibiotic resistance [34].

We have also noticed that resistance to disinfectants is a very frequent trait, whose
encoding genes preferentially belong to the ‘both’ category—that is, orthologues of dis-
infectant resistance are found in both the chromosome and a plasmid of the same cell.
The link between disinfectants and antibiotics can be illustrated by the example of the
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use of quaternary ammonium compounds and sulphonamides since the 1930s, which has
facilitated the spread of class 1 integrons and, thus, the evolution of antibiotic resistance
in clinically relevant bacteria [36]. Given the fact that the use of disinfectants to clear
pathogenic bacteria is recent, the results obtained here allow us to access the recent evolu-
tion of bacteria. The finding that the determinants of resistance to disinfectants are frequent
and preferentially encoded in the mobile genome is a perfect example of the speed of the
adaptive response and evolution of bacterial genomes in response to new environmental
stresses. It has already been shown that biocidal agents used for disinfection can enhance
antibiotic resistance in Gram-negative species [37]. Furthermore, in almost 90% of the
outbreaks, the isolated pathogen turned out to be highly resistant to the disinfectant [36].

3.2. Mobile Genetic Elements Encode for Extracellular Traits and Cell-to-Cell Interactions

If we consider the considerable number of VFs that exist in the totality of genomes
under study in this paper, we can observe that they are frequently encoded on the bacterial
chromosome. This observation can reinforce the idea that many virulence traits are, in fact,
essential to bacterial lifestyle and tend to be part of the core genome, rather than part of
the arsenal for the colonization of new niches or environments. However, when we look
at each of the VF categories individually, we can see that there are different patterns of
genomic localization.

In this study, plasmids appear to be enriched with genes encoding extracellular traits,
and for proteins targeted to the cell envelope, such as those pertaining to the bacterial
secretion systems. Our previous results show that virulence factors that are targeted to
the cell envelope or the outside medium are encoded in the mobilome [21]. This result
seems coherent with the hypothesis that genes encoding for environmental adaptation and
communication tend to be more mobile.

ICE are characterized by encoding T4SS, the conjugation pilus that enables them to
‘jump’ from the bacterial chromosome into an autonomous plasmid-like replicon able to
synthetize the conjugative pilus, a T4SS, and be transferred from one cell into another [23],
which may explain the elevated levels of co-occurrence between the T4SS and resistance to
disinfectants.

3.3. Co-Selection between Antibiotic Resistance and Bacterial Virulence at Genomic Level

The natural selection exerted by antibiotics administered in the context of infection
is not only exerted on bacterial pathogens. The entire host’s microbiome will be under
antibiotics’ selective pressure, which weakens the association between antibiotic resistance
and virulence in bacteria.

If, however, in modern industrialized societies, the onset of a bacterial infection triggers
compliance to a standardized therapeutic protocol for that bacterial infection, then we are
reinforcing the idea that there is an association between certain pathogenicity mechanisms,
characteristics of certain bacterial infections, and resistance to the antibiotics most used to
treat that type of infection. On the other hand, approaching the question from the point of
view of bacterial evolution, we can imagine that resistance to the antibiotics most described
for a given infection will confer an adaptive advantage to the pathogenic clones. From this
point of view, antibiotic resistance is seen as a virulence factor, and is, therefore, in the limit,
part of the infection mechanism since it will be under selective pressure.

This large-scale study did not detect a strong correlation between antibiotic resistance
and virulence in bacterial genomes, even though bacterial reference genomes were biased
towards human bacterial pathogens. The widespread transmission of antibiotic resistance
traits, together with the permanent exposure to ubiquitous antibiotics, also undermines
the hypothesis of the correlation between antibiotic resistance and bacterial virulence, thus
explaining the results.

The novelty of this study, however, comes from the extremely broad and comprehen-
sive analysis that highlights which combinations of distinct categories of AR and VF are in
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genetic linkage, and which could potentially be epidemic-prone due to their location in a
mobile genomic locus.

On chromosomes and in plasmids, there are some strong co-occurrences between
fusidic acid resistance and type VII secretion systems (T7SS), suggesting that resistance to
this type of antibiotic is an important feature. Fusidic acid is bacteriostatic that is widely
used to treat skin infections by Gram-positive bacteria, and that is also active against
tuberculosis [27,38]. T7SS plays a significant role in mycobacteria, and in the human
pathogen Mycobacterium tuberculosis, the main causative agent of tuberculosis [39]. These
strong co-occurrences in many genomes, and especially on the chromosome, may highlight
the evolution of the bacterial genome in response to antibiotic therapy for tuberculosis.

T5SS is a widely distributed autotransporter system involved in the secretion of
bacterial toxins of Escherichia coli into the surrounding extracellular milieu [40]. E. coli is a
particularly important human and animal pathogen, and, so, this differential co-occurrence
with different antibiotic resistance categories of genes may result from differential selection
pressure exerted, for example, due to the therapeutic protocols to cure E. coli infections.

Co-occurrence analysis leverages an understanding of the genomic evolution of human
and animal pathogens and will therefore foster our understanding of the selective pressures
favoring the antibiotic resistance of major bacterial pathogens.

3.4. Conclusions

With this work, we aimed to test whether there would be an association between
antibiotic resistance and bacterial virulence at the genomic level. To do this, we analyzed
an exceptionally large set of reference bacterial genomes. Although the dataset studied
here was expected to be enriched with pathogenic bacterial genomes, we did not identify
an overall trend towards the existence of a genetic linkage between virulence and antibiotic
resistance at either the chromosomal or plasmid level. However, there are patterns of
association between some virulence categories and antimicrobial resistance factors at
different genomic locations that point to the evolution of bacterial genomes dictated by
antibiotic use.

4. Methods
4.1. Data Gathering and Preparation

As a first step to begin this large-scale analysis, 16,632 complete bacterial genomes
were retrieved from the National Center for Biotechnology Information (NCBI) Reference
Sequence (RefSeq) database, which provides a non-redundant collection of sequences
representing genomic data, transcripts, and proteins, in fasta format. Our dataset is
composed of protein sequence fasta format files derived from every complete bacterial
genome present in the repository, downloaded via command line, from https://ftp.ncbi.
nlm.nih.gov/genomes/refseq/bacteria/ (accessed on 19 October 2020).

4.2. Blast against Selected Databases

The BLAST+ executables package (ncbi-blast-2.9.0+ version) was downloaded from the
NCBI website (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+ (accessed on 11 Novem-
ber 2019)) [41]. MUSTARD is a database of antimicrobial resistance determinants that
was generated using a 3-dimensional modeling-based approach, called pairwise com-
parative modeling (PCM), that accurately predicts functions of proteins that are dis-
tantly related to proteins with known functions from the human intestinal microbiota.
This database is structured in 41 categories. MUSTARD was downloaded from http:
//mgps.eu/Mustard/db/all_ard.zip (accessed on 26 October 2020) [25].

ResFinder is a comprehensive and up-to-date database of acquired genes and chromo-
somal mutations mediating antimicrobial resistance in total or partial DNA sequences of
bacteria of major public health relevance. This database is divided into 17 categories. The
ResFinder database was downloaded from https://bitbucket.org/genomicepidemiology/
resfinder_db.git, accessed on 30 October 2020 [24].
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The Virulence Factor Database (VFDB) is a collection of bacterial virulence factor pro-
tein families with current and in-depth coverage of the major virulence factors of the best-
characterized bacterial pathogens. This database contains a total of 13 functionally classi-
fied fasta files of bacterial virulence factor protein sub-families. Files were downloaded from
http://www.mgc.ac.cn/VFs/Down/VFDB_setB_pro.fas.gz, accessed on 6 November 2020 [42].

Protein sequence fasta files pertaining to the databases were formatted in the bash
shell, using the BLAST manual as a guideline. The BLAST program makeblastdb was run
to set up the database. The blastdb_aliastool was then run to compile each database. The
BLASTP analysis was performed using a small bash script, using non-default parameters,
qcov 0.6 for the coverage, e-value was set at 1 × 105, and the output format was set to ‘6’,
which gives a tabular format to the BLAST results.

4.3. Post-BLAST Processing

Following the BLAST analysis, another filtering algorithm was applied to identify the
hits with at least 40% identity. Of the alignments that passed this identity filter, we aimed
to identify only the best alignment from each of the queries (alignment with the highest
coverage). That is, even if a query aligns with more than one subject within the same family,
or aligns with more than one family, only the best one is considered.

Each alignment was then divided into three categories based on its genomic location:
(i) exclusively on the plasmid; (ii) exclusively on the chromosome; or (iii) both (on the
plasmid and on the chromosome). There are no overlapping counts; this means that if
a given genome has one or more copies of genes of a certain category on a plasmid and
chromosome, the ‘both’ category count will be incremented by one and will not increase the
counts on any of the individual plasmid or chromosome category. To perform this division,
we used the feature tables for each genome that are available on RefSeq.

4.4. Normalization to the Size of the Genomic Location

Chromosomes and plasmids differ in size, which could impact the probability of
encoding ARs or VFs. To avoid this effect, we also counted, for each genome, how many
CDS exist for each genomic location. Subsequently, the counts of VF and AR orthologues
per genomic location were divided by the number of CDS in that location.

4.5. Graphical and Statistical Analysis

The bar plots and the boxplots were created using the R ggplot2 package [43]; the
linear regression models were created using R [44]; the heatmaps were created using the R
gplots package [45], and the Kruskal–Wallis tests were performed with R [44].

4.6. Observed/Expected Ratio Calculation

To calculate the extent to which each AR orthologue and each VF orthologue co-
localized more often or less often than expected, we proceeded as follows. First, we built
a matrix where, in each position, we had the number of times each AR orthologue and
each VF co-localizes (in the chromosome of the same bacterial cell, in plasmids of the same
bacterial cell, or in both). Then, we calculated another matrix, but with the expected values.
These expected values were calculated for ResFinder, MUSTARD, and VFDB orthologues,
from the observed count of orthologues per category multiplied by the total number of
orthologues in that genomic location (of all categories) divided by the total number of
orthologues found pertaining to the respective database. From this table, we constructed
another matrix, for each database, with the observed/expected ratios of antibiotic resistance
gene orthologues in each database category per genomic location.

The details to build the matrix with the expected values are as follows. Firstly, for each
observation, the expected value was calculated using

E
(

ARi, VFj
)
=

∑k Obs(ARi, VFk)·∑m Obs(ARm, VFi)

∑k ∑m Obs(ARm, VFk)
(1)
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Secondly, each observation was divided by the expected value. The (i, j) position of
the resulting matrix is

Obs
(

ARi, VFj
)

E
(

ARi, VFj
) (2)

These calculations were performed for each genomic position and for the co-occurrences
between Resfinder and VFDB and between MUSTARD and VFDB. The third step was to

calculate the Log2

[
Obs(ARi ,VFj)

E(ARi ,VFj)

]
for each (i, j) pair. The final tables were used to create

the heatmaps. We considered relevant those cases where the number of observations
was less than half of the expected value, so Obs/E < 1/2 (therefore, Log2

[
Obs

E

]
is less than

Log2(1/2) = −1) or where the number of observations was higher than double the expected
value Obs/E > 2 (therefore, Log2

[
Obs

E

]
> Log2[2] = 1.

If Obs(ARi,VFj) = 0 and E(ARi,VFj) > 0, Obs(ARi,VFj)/E(ARi,VFj) = 0. For these cases,
and because Log(0) = −infinity, we changed the zero to the lowest number of the table
divided by 10. Furthermore, we did not include the (ARi,VFj) cases in the heatmaps when
Obs(ARi,VFj) = 0 and E(ARi,VFj) = 0.
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Abstract: Hypervirulent K. pneumoniae (hvKP) strains possess distinct characteristics such as hyper-
mucoviscosity, unique serotypes, and virulence factors associated with high pathogenicity. To better
understand the genomic characteristics and virulence profile of the isolated hvKP strain, genomic
data were compared to the genomes of the hypervirulent and typical K. pneumoniae strains. The
K. pneumoniae strain was isolated from a patient with a recurrent urinary tract infection, and then the
string test was used for the detection of the hypermucoviscosity phenotype. Whole-genome sequenc-
ing was conducted using Illumina, and bioinformatics analysis was performed for the prediction of the
isolate resistome, virulome, and phylogenetic analysis. The isolate was identified as hypermucovis-
cous, type 2 (K2) capsular polysaccharide, ST14, and multidrug-resistant (MDR), showing resistance
to ciprofloxacin, ceftazidime, cefotaxime, trimethoprim-sulfamethoxazole, cephalexin, and nitrofu-
rantoin. The isolate possessed four antimicrobial resistance plasmids (pKPN3-307_type B, pECW602,
pMDR, and p3K157) that carried antimicrobial resistance genes (ARGs) (blaOXA-1, blaCTX-M-15, sul2,
APH(3′′)-Ib, APH(6)-Id, and AAC(6′)-Ib-cr6). Moreover, two chromosomally mediated ARGs (fosA6
and SHV-28) were identified. Virulome prediction revealed the presence of 19 fimbrial proteins, one
aerobactin (iutA) and two salmochelin (iroE and iroN). Four secretion systems (T6SS-I (13), T6SS-II (9),
T6SS-III (12), and Sci-I T6SS (1)) were identified. Interestingly, the isolate lacked the known hyper-
mucoviscous regulators (rmpA/rmpA2) but showed the presence of other RcsAB capsule regulators
(rcsA and rcsB). This study documented the presence of a rare MDR hvKP with hypermucoviscous
regulators and lacking the common capsule regulators, which needs more focus to highlight their
epidemiological role.

Keywords: antimicrobial resistance; hvKP; K2 capsule; ST14; fimbrial proteins; aerobactin

1. Introduction

Klebsiella pneumoniae is a Gram-negative bacterium associated with invasive hospital-
acquired infections [1]. Hypervirulent K. pneumoniae (hvKP) overproduces a polysaccharide
capsule and is an important clinical pathogen responsible for several infections in healthy
and immunosuppressed patients [2,3]. The presence of capsular polysaccharides (CPS) and
lipopolysaccharides (LPS) are associated with organism dissemination and virulence [4].
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This pathotype with hypermucoviscosity has acquired antimicrobial resistance capable of
causing serious invasive disease, unlike the old drug-susceptible strains [3]. The presence
of hvKP has been linked to endophthalmitis, pneumonia, liver abscesses, and meningitis [5].
The hvKP phenotype, which contributes to the hypermucoviscous phenotype, is related to
the presence of a virulence plasmid containing two capsular polysaccharide regulator genes
(rmpA and rmpA2) as well as multiple siderophore gene clusters and capsular K antigens
(K1, K2, K5, K20, K54, and K57) [6,7]. Most of the hvKPs belong to a small collection of
clonal groups; the more dominant groups are CG23 and include ST23, 26, 57, and 1633 [8].

Capsules, siderophores, lipopolysaccharides (LPS), fimbriae, outer membrane proteins,
and type 6 secretion systems (T6SS) are among the virulence components that contribute to
hvKP strains [9]. Most of the hypermucoviscous and hypervirulent strains of K. pneumoniae
are characterized by the presence of the rmpA and rmpA2 (transcriptional activators, which
regulate the mucoid phenotype) regulatory genes [10], but in a few cases, these strains
could lack the rmpA and rmpA2 regulators [8,11].

Aerobactin is considered one of the most critical virulence factors in hvKP and is used
for the definition of hypermucoviscous strains such as hvKP [6]. Aerobactin-producing
isolates are more likely to cause a severe immune response in the host and more invasive
infections [6]. In Taiwan, hypermucoviscosity was seen in 88.8% of K. pneumoniae isolates
from individuals with pyogenic liver abscesses [12]. A purulent liver abscess caused
by a very invasive community-acquired K. pneumoniae has recently been reported [3].
Furthermore, an outbreak of ST11-type carbapenem-resistant hvKP was reported in a
Chinese hospital in 2016 [13].

Most of the hvKPs have remained susceptible to a variety of routinely used antimi-
crobial agents with the exception of ampicillin, but recently MDR isolates have been
increasingly reported worldwide [14–16]. Carbapenem-resistant K. pneumoniae strains from
the clonal group (CG) 258 are the most prevalent, with ST258 and ST11 being the most
common multilocus sequence types globally [17]. The acquisition of virulence plasmids by
K. pneumoniae harboring the insertion of the drug resistance genes blaKPC-2 and catA1 has
been reported [18,19]. According to Hao et al. [3] the rates of the virulence-associated genes
rmpA, iroB, fib, and hib were considerably greater in hvKP than in non-hvKP. Furthermore,
plasmids carrying two replicons (IncHI1B–IncFIB and IncFIIK–IncFIBK) coding for drug-
resistant and virulence genes were discovered [20,21]. The presence of a wide range of
β-lactamases, aminoglycoside, and carbapenem-resistant genes could result in the increas-
ing difficulty of treatment and long hospital stays [16,22]. More recently, hvKP belonging to
ST147 in COVID-19 patients has been reported in Italy with three plasmid replicons of the
IncFIB (Mar), IncR, and IncHI1B types as well as different resistance genes [23]. Addition-
ally, fourteen colistin-resistant K. pneumoniae (CoRKp) strains were screened retrospectively
in China between 2017 and 2018 [24]. Among them, six CoRKp strains belonging to ST11
were MDR [24].

Khartoum is one of the most crowded cities in Africa [25,26] which facilitates the
horizontal transfer of antimicrobial-resistant bacteria. Additionally, Sudan suffers from the
inappropriate use of antibiotics; most of the antibiotics are frequently sold over the counter
and even without a medical prescription [27,28]. In a recent study conducted in Khartoum
state, strains positive for β-lactamase and carbapenemase genes have been reported in hvKP
isolates [29]. To better understand the genomic characteristics and virulence profile of the
newly isolated hvKP strain (named 9KP), this comparative genomic study was conducted.

2. Results
2.1. Patient Details and Phenotypic Characterization of the Isolate

The isolate was obtained from a patient with CKD in Soba University Hospital in
Sudan, and it was identified with a hypermucoviscous phenotype using the string test, in
which mucus is measured more than 9 cm by lop (Supplementary file 1, Figure S1). The
isolate was classified according to CLSI breakpoints as MDR when showing resistance
to ciprofloxacin, ceftazidime, cefotaxime, trimethoprim-sulfamethoxazole, cephalexin,
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nitrofurantoin, amoxicillin-clavulanic acid, and ampicillin, while it was susceptible to
meropenem, imipenem, amikacin, and gentamicin. A high resistance level was observed
for cephalosporins and penicillin, in which a no inhibition zone (0 mm) was observed
for amoxicillin-clavulanic acid and ampicillin. Additionally, for the first-generation and
third-generation cephalosporins, a small zone of inhibition (10 mm) was observed. Among
non-β-lactams, a high resistance level was observed for trimethoprim-sulfamethoxazole
(0 mm) and a small zone of inhibition (10 mm) was observed with ciprofloxacin (Table 1).

Table 1. Antimicrobial susceptibility testing of selected antimicrobial agents used against 9KP strain.

Antibiotic Inhibition Zone (mm) MIC (µg/mL) Susceptibility a

ciprofloxacin 12 128 R

ceftazidime 10 - R

cefotaxime 10 128 R

trimethoprim-
sulfamethoxazole No inhibition - R

cephalexin 10 - R

nitrofurantoin 10 - R

amoxicillin-clavulanic acid No inhibition - R

ampicillin No inhibition 1024 R

tetracycline - 256 R

meropenem 32 - S

imipenem 30 - S

amikacin 20 - S

gentamicin 20 4 S

chloramphenicol - 4 S
Abbreviation: R = Resistant, S = Sensitive, - = Not tested, mm = millimeter; a Antimicrobial susceptibility testing
determined according to CLSI guidelines [30].

For the determination of the minimum inhibitory concentrations (MIC) of the an-
tibiotics, we used the microtitre broth dilution method, which revealed that the isolate
possessed a high resistance level against ampicillin (MIC = 1024 µg/mL), tetracycline
(MIC = 256 µg/mL), cefotaxime (MIC = 128 µg/mL), and ciprofloxacin (MIC = 128 µg/mL),
while two antimicrobial (gentamicin and chloramphenicol) scored a very low MIC (4 µg/mL),
falling within the susceptibility range according to CLSI guidelines [30] (Table 1).

2.2. Genome Characteristics and Typing

The total genome was assembled into 5364730 bp, with 83 contigs and an average con-
tig length of 64635, while N50 was 220979, L50 7, the average coverage was 100X, and the GC
content was 57.3%. The total number of predicted genes was 5248, 76 tRNA, and 202 genes
associated with stress response, defense, and virulence (Supplementary file 1, Figure S2).
The isolate was identified as K. pneumoniae with sequence type (ST) 14 by the Institut Pasteur
MLST and MLST 2.0 databases. The global platform for genomic surveillance, Pathogen-
watch, was used for the prediction of the capsule (K) and O serotypes; the isolate was
identified with the K2 (wzi2 genotype) capsule and O1 serotype. The 9KP strain harbored
ten antimicrobial resistance genes including β-lactam resistance genes (blaOXA-1, blaCTX-M-15,
and blaSHV-28), sulfonamide resistance (sul2), fosfomycin resistance (fosA6), aminoglycoside
resistance (APH(3′′)-Ib, APH(6)-Id, and AAC(6′)-Ib-cr6), and the gene causing resistance to
tetracycline (tet(A)). The chloramphenicol O-acetyltransferase (CatB3) gene was detected
in the 9KP strain with 70% coverage and 100% identity (Supplementary file 1, Table S1).
Additionally, three efflux pumps were identified, including K. pneumoniae KpnF, LptD,
and oqxA. Two chromosomal mutations conferring resistance to fosfomycin (E350Q) and
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elfamycin EF-Tu (R234F) were also identified. The PlasmidFinder tool revealed the pres-
ence of four plasmid replicons (Col440II, IncFII, IncFIB(K), and IncFII(K)) in the 9KP strain
with 100% identity and coverage. Additionally, the use of a BLASTn search against the
PLSDB database revealed the presence of four plasmids in the 9KP strain, carrying different
ARGs, pKPN3-307_type B, pECW602, pMDR, and p3K157, which showed a matching of
99.56%, 99.75%, 100%, and 100%, respectively. The pKPN3-307_type B plasmid of the
K. pneumoniae strain H151440672 was identified in our strain as carrying genes correspond-
ing to blaCTX-M-15, RND efflux, and IS1 sequences (Supplementary file 1, Figures S3 and S4).
The Escherichia coli plasmid pECW602 was detected in the 9KP strain carrying different
mobile elements and ARGs-encoding genes, which included sulfonamide (sul2) and amino-
glycoside resistance genes (APH(3′′)-Ib and APH(6)-Id) (Figure 1). K. pneumoniae pMDR
was identified with two transposases capturing tet(A) MFS-family efflux-pump-encoding
genes (Supplementary file 1, Figure S5). Moreover, we detected the chloramphenicol O-
acetyltransferase (CatB3) gene, class D beta-lactamase (blaOXA-1), and aminoglycoside N(6′)-
acetyltransferase (aac(6′)-Ib-cr) genes in the 9KP plasmid (p3K157) (Supplementary file 1,
Figure S6) while SHV-28 and fosfomycin resistance (fosA6) genes were detected only in chro-
mosomal sequences and were absent in the assembled plasmid, indicating their possible
chromosomal association.

One plasmid belonging to the IncFIB(K) type was identified by a BLASTn search
against PLSDB and showed 99.7% identity to the K. pneumoniae strain SCKP020143 plasmid
p1_020143, and it was negative for ARGs (Supplementary file 1, Figure S7).

The virulence factor database was used for the prediction and comparison of the
virulence genes of the 9KP strain with others. Different types of fimbrial proteins were
discovered including type I (10), type 3 (8), and type IV pili (pilW) (Table 2) (Supplementary
file 1, Table S2). A total of 15 iron uptake proteins were identified, including 1 aerobactin
(iutA), 12 Ent siderophores, and 2 salmochelin, while it lacked the other aerobactin (iucA,
iucB, iucC, and iucD) reported in the hvKP strains (NTUH-K2044 and KCTC 2242). The
most closely related strains (kkp066 and kkp0e7) were positive for the hvKP marker,
the RmpA gene, and lacked aerobactin (iucA, iucB, iucC, and iucD), similar to our strain.
High similarity in the iron uptake system of 9KP and the other Sudanese strain (23KE)
was observed, including the complete absence of genes related to yersiniabactin and the
presence of two salmochelin and one aerobactin. Four secretion systems that are crucial
virulence factors of pathogenic bacteria were identified in the 9KP strain, including T6SS-I
(13), T6SS-II (9), T6SS-III (12), and one Sci-I T6SS exclusively detected in our strain. The
isolate was positive for two RcsAB (rcsA and rcsB) regulatory proteins and one serum
resistance LPS protein. The mediator of the hyper adherence YidE in enterobacteria and its
conserved region were predicted in the isolate.
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2.3. Comparative Genomics and Phylogenomics Analysis

After the genome comparison, the species formed 6142 protein clusters, 3185 orthol-
ogous, and 2957 single-copy gene clusters. 9KP showed 192 single-copy genes and 4843
proteins clustered with others (Supplementary file 1, Table S3). A high degree of variability
was observed at different chromosomal regions of 9KP, which contains ARGs, incF plasmid
proteins, IS, and other mobile elements.

Comparative genomics revealed that the strains TCC BAA-2146, 23KE, kkp066, kkp0e6,
and NTUH-K2044 exhibited a high similarity to 9KP, in which different virulent regions
were similar, such as the outer membrane protein OmpN, LysR-type transcriptional reg-
ulators, kinase, and fimbrial proteins (Figure 2) detected at a region located between the
chromosomal range 1.5–1.6 Mb. Ferric enterobactin-related proteins and phage-related
proteins were clustered in K. pneumoniae 9KP similarly to the strains ATCC BAA-2146 and
NTUH-K2044 (Figure 3), while the secretion systems T6SS were located in a region adjacent
to the VgrG protein, transposases, putative kinase, mobile elements, transcriptional regula-
tor, LysR family, and phage proteins. The PTS system in the 9KP strain was most similar to
the PTS system of the 23KE strain from Sudan others (Supplementary file 1, Figure S3, and
Supplementary file 2).

A phylogenetic tree was generated among the African strains by the iTOL—Interactive
Tree of Life—Klebsiella Pasteur MLST database. The 9KP strain was clustered in a clade
containing three strains from Kenya, one was isolated from a patient with a soft tissue infec-
tion (kkp066) and the others (kkp0e6 and kkp0e7) were isolated from hospital environment.
And it was also clustered to one MDR Sudanese strain (K23) isolated from drinking water
in Khartoum state (Figure 4).
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3. Discussion

Hypervirulent K. pneumoniae strains possess distinct morphological and genotypic
characteristics when compared to other classical strains, which include the production
of colonies with hypermucoviscosity, unique serotypes, and virulence factors associated
with high pathogenicity [31]. Except for ampicillin, most of the hvKPs have remained
susceptible to a variety of routinely used antimicrobial drugs, but recently MDR isolates
have been increasingly reported worldwide [14–16]. The present study reported MDR
hvKP in a patient with a recurrent UTI, and it harbored genes conferring resistance to
β-lactam (blaOXA-1, blaCTX-M-15, and blaSHV-28), sulfonamide (sul2), fosfomycin (fosA6), and
aminoglycoside (APH(3′′)-Ib, APH(6)-Id, and AAC(6′)-Ib-cr6). The presence of a wide range
of β-lactamases and aminoglycoside-resistant genes could result in the increased difficulty
of treatment and long hospital stays [16,22]. Klebsiella species are known to have intrinsic
resistance to ampicillin [32], and here we reported a very high resistance level to ampicillin
(MIC ≥ 1024 µg/mL). This could be a result of the presence of additional beta-lactamases
(blaCTX-M-15, blaOXA-1, and blaSHV-28). A high resistance level was also observed against
cefotaxime (MIC ≥ 128 µg/mL), which could be attributed to the presence of blaCTX-M-15
which possesses a high hydrolytic activity against cefotaxime [33]. Although the isolate
harbored chloramphenicol O-acetyltransferase (CatB3), the isolate was highly susceptible
to chloramphenicol. This could be due to the truncation of the gene, which only showed
70% coverage to the references.

Our isolate harbored an IncF plasmid, insertion sequences, and phage-associated
proteins at regions containing ARGs and virulence genes, which reflect their possible
role in the horizontal gene transfer and dissemination of such strains [16]. The IncF
plasmids are thought to play a significant role in the acquisition of MDR genes [34,35],
which could increase the chance for the acquisition of genes such as the blaKPC carbapenem
resistance gene.

We identified four plasmids that carried different ARGs and transposases. The
presence of the ARGs plasmids in the hvKP strain, which is known to be a more drug-
susceptible strain [36], could be a reason for the presence of the MDR phenomenon in
our isolate. Additionally, these plasmids may result in the mobility of these ARGs to
drug-susceptible isolates.

Our isolate harbored a pKPN3-307_type B plasmid that carried genes corresponding
to blaCTX-M-15, RND efflux, and IS1 sequences; similar plasmids carrying blaCTX-M-15 with
transposases have been reported in the KPC-producing K. pneumoniae ST307 strain in the
UK [37]. The presence of the CTX-M gene in the mobile elements could be the reason for
the current dissemination of the CTX-M-positive isolates in our region [38,39]. Moreover,
the isolate possessed the heavy metal (copper(I)/silver(I)) efflux pump (RND efflux);
isolates resistant to silver have more affinity to establishing hospital and environmental
outbreaks [40]. Interestingly, the 9KP strain harbored the plasmid pECW602, which is
a novel plasmid reported recently in an extensively drug-resistant (XDR) E. coli isolate
in China [41]; here we reported it for the first time in a K. pneumoniae (9KP) isolate with
high identity (99.75%) and high coverage (744). The 9KP plasmid (pECW602) and E. coli
pECW602 plasmid carried a similar pattern regarding the presence of sulfonamide (sul2)
and aminoglycoside resistance genes (APH(3′′)-Ib and APH(6)-Id). The gene responsible
for the resistance to tetracycline (tetA) associated with the MFS family efflux pump was
identified in the K. pneumoniae 9KP strain pMDR plasmid; the gene expression of the
MFS-type tetA has been documented in different Gram-negative isolates [42,43]. tet(A)-
bearing K. pneumoniae was reported with a high tetracycline and tigecycline resistance
level [42]. Adding to that, another tetracycline resistance efflux (oqxA) was discovered in
our isolate [44]. In addition to plasmid-mediated ARGs, two genes (fosA6 and SHV-28) were
not detected among the assembled plasmids of the 9KP strain but they were present in the
chromosomes; the fosfomycin resistance gene (fosA6) and the broad spectrum B-lactamase
SHV-28 gene are commonly reported in K. pneumoniae chromosomes [45–48].
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The isolate lacked the common regulators of the hypermucoviscous phenotype (rmpA/
rmpA2) [49] and yersiniabactin system but showed the presence of aerobactin-(iutA) and
salmochelin-(iroE and iroN) encoding genes, which are clear markers for hvKP identifica-
tion [50]. Additionally, the strain was predicted with the K2 capsule type and hypermuco-
viscosity, which are common virulence factors in hvKP [51]. Similarly, strains belonging to
hvKP and lacking the rmpA and rmpA2 genes were previously reported without knowl-
edge of the mechanisms of capsule overexpression [52,53]. One possible explanation of
the mucoviscosity in K. pneumoniae 9KP is the presence of the RcsA and RcsB genes; the
RcsA gene binds with RcsB to activate the genes responsible for capsular polysaccharide
production in E. coli [54]. Another explanation for the presence of the siderophore receptors
without biosynthetic genes in hvKP is that these strains can acquire the siderophores from
other bacteria found in the same environment [8]. Similar to our finding, a highly virulent
and invasive K. pneumoniae strain possessing genes such as aerobactin (iutA), hypermuco-
viscosity, salmochelin, and lacking rmpA/rmpA2 was reported in a patient suffering from
necrotizing soft tissue infection at Northwestern Memorial Hospital, USA [51].

In this study, four T6SS systems were detected. The type VI secretion system (T6SS)
is usually located at the chromosomes or pathogenicity islands of virulent bacteria, and
they have a role in host infection and colonization [55]. Additionally, eight type 3 fimbrial
proteins were reported. Usually, isolates that express type 3 fimbriae are more biofilm-
producing compared to other strains [56]. Biofilm-producing isolates can cause community
or hospital infections and are associated with 65% of microbial infections and 80% of
chronic infections globally [57]. Furthermore, the genomic analysis of the K. pneumoniae
9KP strain demonstrated a large abundance of LysR-family transcriptional regulators in
the genomic regions containing a cluster of virulence and antimicrobial resistance genes.
LysR is found in different bacterial species and has a role in the regulation of virulence
factors in pathogenic bacteria [58]. A novel type of the LysR family has been demonstrated
to have a pleiotropic role in mediating the resistance and increasing the virulence of the
hvKP NTUH-K2044 strain [59].

The phylogenetic analysis showed that the 9KP strain is more related to strains from
Kenya and Sudan. This could be due to the fact that Kenya is a neighboring country to
Sudan, and the Sudanese clustered isolate was from the same location (Khartoum) of the
sample collection in our study. Two of the Kenyan strains (kkp066 and kkp0e7) were hvKPs
possessing the RmpA gene and lacked aerobactins (iucA, iucB, iucC and iucD), similar to
our strain. Additionally, the 9KP strain showed a high similarity in the PTS system to the
23KE strain from Sudan. This could be one of the reasons behind their high similarity to
our strain.

MDR and hvKP strains previously developed in distinct clonal groups [60] but the
recent emergence of hvKP isolates carrying MDR genes needs more attention. Such a strain
has the potential to produce fatal hospital outbreaks, so more focus is needed to highlight
its epidemiological role.

4. Methods
4.1. Bacterial Isolation, Identification, Susceptibility Testing, and DNA Extraction

Klebsiella spp. was isolated from the urine sample of a 40-year-old male patient with
a history of recurrent UTI, hypertension, and chronic kidney disease (CKD) admitted
for hemodialysis in Soba Hospital, Khartoum in July 2021. The patient was visiting the
dialysis unit regularly 2 times in a week; the patient received a course of ciprofloxacin
twice daily for 3 days without a response. The bacterium was isolated using a MacConkey
and blood agar (HiMedia, Mumbai, India), then was identified using routine conventional
microbiology methods [61] and Chromogenic UTI media (bioMérieux, Lyon, France). The
isolate was identified as a hypermucoviscous strain using the string test [62]. Antimicrobial
susceptibility testing was performed using the disk diffusion method to test the activity of
amoxicillin-clavulanate (30 µg), cefuroxime (30 µg), ceftriaxone (30 µg), ceftazidime (30 µg),
cephalexin (30 µg), meropenem (10 µg), imipenem (10 µg), amikacin (30 µg), gentamicin

76



Antibiotics 2022, 11, 596

(10 µg), ciprofloxacin (5 µg), trimethoprim-sulfamethoxazole (25 µg), and nitrofurantoin
(300 µg). K. pneumoniae ATCC 700603 was used for testing the quality of the culture media,
antibiotic disc, and MIC. CLSI guidelines [30] were used for the susceptibility test results
interpretation. DNA was extracted using the quinidine chloride protocol [63]. The gel
electrophoresis and Nanodrop, Qubit (Thermo Scientific TM, Carlsbad, CA, USA), were
used for the estimation of the integrity and quantification of the extracted DNA.

4.2. Minimum Inhibitory Concentration (MIC)

The microtitre broth dilution method [64] was used to determine the minimum in-
hibitory concentration of ciprofloxacin, gentamicin, cefotaxime, ampicillin, chlorampheni-
col, and tetracycline. A two-fold serial dilution of the antibiotics was prepared in Muller–
Hinton (MH) broth, and 100 µL of overnight-grown bacteria adjusted to 5–105 CFU/mL
was poured into each well. The antibiotics concentration used was in the range of 2 to
1024 µg/mL [65]. MIC results were interpreted according to CLSI guidelines [30].

4.3. Genome Sequencing and Assembly

Whole-genome sequencing was conducted by Novogene Company (Beijing, China)
using HiSeq 2500 platform (Illumina, San Diego, CA, USA). The generated short reads
(2× 150 bp) were assembled into contigs using a de novo assembly of Velvet v. 1.2.10 [66];
then, reads with low quality and less than 200 bp were removed. The assembled sequences
were submitted to GenBank under bioproject (PRJNA767482), biosample (SAMN26332310),
and accession number JAKWFM000000000, and were assigned the 9KP strain. The isolate
was identified using MLST 2.0 and the Pasteur MLST. The PATRIC web server and the NCBI
Prokaryotic Genome Annotation Pipeline (PGAP) [67] were used for genome annotation.

4.4. Plasmid Assembly and Identification

The plasmidSPAdes tool v3.15.4 [68] was used for the assembly of the putative plas-
mids sequences from the illumine short read, using different k-mer sizes (21, 33, and
55). The generated plasmids were further evaluated by the Plasmid Finder 2.1 tool using
95% identity and 60% coverage. Additionally, the generated plasmids were aligned using
BLASTn against the plasmid sequences obtained from the plasmid database (PLSDB); then,
a local database of the obtained plasmids was generated at OmicsBox v2.1, and a local
blast search was used for the identification of the plasmids. A plasmid circular map was
generated by the SnapGene Viewer 6.0.2 software.

4.5. Identification of Antimicrobial-Resistant Genes (ARGs) and Mobile Elements

To identify plasmid-mediated ARGs, the generated plasmids were submitted to the
Resistance Gene Identifier (RGI) 5.2.1 and ResFinder 4.0 [69] databases; hits with ≥95%
identity and ≥98% coverage were accepted. Furthermore, ResFinder 4.0 was used to detect
chromosomal mutations conferring resistance to antibiotics; this tool contains a hit that can
be flagged to indicate whether the hit is a plasmid or chromosomally mediated. Insertion
sequences (IS) were identified by an IS Finder.

4.6. Prediction and Comparison of Virulence Genes

The virulence factors of the hvKP strain were screened using RAST 2.0 and the vir-
ulence factor database (VFDB) [70]. The capsule-type genes were identified using the
Kleborate v2.2.0 [71] and Pathogenwatch database. The isolate (9KP) virulence profile
was compared to a list of K. pneumoniae strains including the most closely related strains
(23KE, kkp066, kkp0e6, and kkp0e7) and those found in the VFDB database which includes
K. pneumoniae 342, MGH78578, NTUH-K2044, 1084, HS11286, KCTC 2242, and SB3432;
among these strains, two (NTUH-K2044 and KCTC 2242) were hvKP [72]. SnapGene
Viewer v.6.0.2 (GSL Biotech; available at snapgene.com, accessed on 20 March 2022) was
used for the visualization of the virulence genes cassettes.
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4.7. Comparative Genomics and Phylogenetic Analysis

The PATRIC v3.6.12 proteome comparison tool [73] was used to perform a protein-
sequence-based genome comparison using bidirectional BLASTp. The OrthoVenn2 server [74]
was used for protein orthologous clustering analysis. The most closely related genomes
(23KE, kkp066, and kkp0e7) and the commonly used strains (K. pneumoniae BAA2146,
HS11286, MGH78578, NTUH-K2044, NUHL24835, and PittNDM01) for K. pneumoniae
genome comparison [31,75,76] were used as references. The phylogenetic tree was gen-
erated and visualized by the online Interactive Tree of Life (iTOL v6) tool available at
Pasteur MLST. This tool generates neighbor-joining trees from concatenated nucleotide
sequences; we considered all loci that contained allele sequence identifiers and cgMLST
schemes for tree generation. The tree was generated against the most similar African strains
of K. pneumoniae submitted to the Pasteur MLST database.

5. Conclusions

This study documented the presence of a rare MDR hvKP, K. pneumoniae 9KP, belong-
ing to K2 and ST14 with hypermucoviscous; it lacked the yersiniabactin system and the
common regulators (rmpA/rmpA2) of the hypermucoviscous but showed the presence
of other capsule regulators, such as RcsAB (rcsA and rcsB) and aerobactin (iutA), as well
as the presence of salmochelin-(iroE, iroN) encoding genes, which are clear markers for
hvKP identification.

The MIC revealed that the isolate possessed a high resistance level against ampi-
cillin (1024 µg/mL), tetracycline (256 µg/mL), cefotaxime (128 µg/mL), and ciprofloxacin
(128 µg/mL).

The isolate possessed four antimicrobial resistance plasmids (pKPN3-307_type B,
pECW602, pMDR, and p3K157) that carried different ARGs and transposases, indicat-
ing their possible horizontal transfer and the clonal spread. The pECW602 plasmid is a
novel plasmid reported recently in an extensively drug-resistant (XDR) E. coli isolate in
China [41]; here, for the first time, we reported it in a K. pneumoniae (9KP) isolate with high
identity (99.75%).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics11050596/s1, Supplementary file 1: contains Tables S1–S3, representing ARGs
(Table S1), virulence factors (Table S2), and numbers of the clustered and singletons proteins in
the 9KP strain compared to others (Table S3). Additionally, it contains figures from Figures S1–S7
representing the string test photograph (Figure S1), a pie chart of the annotated subsystem and genes
of K. pneumoniae 9KP (Figure S2), a circular map of the whole-genome comparison of the 9KP strain
to different K. pneumoniae strains (Figure S3), and a map of the K. pneumoniae strain 9PK plasmids
(Figures S4–S7)). Supplementary file 2: contains the complete data of the whole-genome comparison
of the 9KP strain to different K. pneumoniae strains.
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Abstract: Mycobacteroides abscessus (formerly Mycobacterium abscessus) is a clinically important, rapid-
growing non-tuberculous mycobacterium notoriously known for its multidrug-resistance phenotype.
The intrinsic resistance of M. abscessus towards first- and second-generation tetracyclines is mainly
due to the over-expression of a tetracycline-degrading enzyme known as MabTetX (MAB_1496c).
Tigecycline, a third-generation tetracycline, is a poor substrate for the MabTetX and does not induce
the expression of this enzyme. Although tigecycline-resistant strains of M. abscessus have been docu-
mented in different parts of the world, their resistance determinants remain largely elusive. Recent
work on tigecycline resistance or reduced susceptibility in M. abscessus revealed the involvement
of the gene MAB_3508c which encodes the transcriptional activator WhiB7, as well as mutations in
the sigH-rshA genes which control heat shock and oxidative-stress responses. The deletion of whiB7
has been observed to cause a 4-fold decrease in the minimum inhibitory concentration of tigecycline.
In the absence of environmental stress, the SigH sigma factor (MAB_3543c) interacts with and is
inhibited by the anti-sigma factor RshA (MAB_3542c). The disruption of the SigH-RshA interaction
resulting from mutations and the subsequent up-regulation of SigH have been hypothesized to lead
to tigecycline resistance in M. abscessus. In this review, the evidence for different genetic determinants
reported to be linked to tigecycline resistance in M. abscessus was examined and discussed.

Keywords: Mycobacteroides abscessus; tigecycline; resistance; genetic determinants; WhiB7; SigH; RshA

1. Introduction
1.1. Tigecycline

Tigecycline is the first and only clinically available glycylcycline (a new class of tetra-
cycline). It is a minocycline derivative, with an N,N-dimethyglycylamido moiety attached
to the 9′ carbon on the tetracycline four-ringed skeleton [1]. Like other tetracyclines,
tigecycline is a bacteriostatic antibiotic which inhibits translation by binding to the A
site of the 30S ribosomal subunit (made up of the 16S rRNA and ribosomal proteins) [2].
The protein-synthesis inhibitory activity of tigecycline is 3- and 20-fold more potent than
that of minocycline and tetracycline, respectively [3]. The ability of tigecycline to escape
two common mechanisms of tetracycline resistance, active efflux and ribosomal protec-
tion [2], is attributed to its bulky side chain [4]. Furthermore, a molecular modelling study
demonstrated that tigecycline has additional interaction with H34 and H18 nucleotides
of ribosomes, in comparison to tetracycline and minocycline [3]. These characteristics are
believed to help tigecycline to bind in a different orientation and with greater affinity than
tetracycline [5], thus preventing recognition by ribosomal protection proteins and Tet efflux
transporters [6,7].

Tigecycline is a broad-spectrum antibiotic. It is also active against important drug-
resistant pathogens, such as methicillin-resistant Staphylococcus aureus, penicillin-resistant
Streptococcus pneumoniae, vancomycin-resistant enterococci, and extended-spectrum beta-
lactamase producers [2]. Furthermore, tigecycline is one of the rescue antibiotics, alongside
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colistin, to treat infections caused by pathogens expressing the New Delhi metallo-beta-
lactamase-1 (a carbapenemase) that confers resistance to multiple antibiotics [8]. Fast-
growing non-tuberculous mycobacteria are highly tigecycline-susceptible [9]. Specifically,
this antibiotic has shown good in vitro and in vivo activities against Mycobacteroides absces-
sus complex (formerly known as Mycobacterium abscessus complex) [10,11]. On the other
hand, slow-growing non-tuberculous mycobacteria and Mycobacterium tuberculosis complex
are largely resistant to tigecycline [9,12].

1.2. The M. abscessus Complex

M. abscessus complex is a species complex, consisting of M. abscessus subspecies
abscessus, M. abscessus subspecies massiliense and M. abscessus subspecies bolletii (hereafter
referred to as M. abscessus, M. massiliense and M. bolletii, respectively), that causes a wide
spectrum of infections in humans, including but not limited to pulmonary and soft-tissue
infections, and disseminated infections [13]. It is also one of the most important pathogens
in cystic fibrosis patients [14]. More importantly, this species complex is notorious for
its resistance to multiple antibiotics, mediated through its intrinsic features or through
chromosomal mutations that arise under the selective pressure of antibiotic use [15]. Thus,
the M. abscessus complex poses a major threat to clinical management and public health as
treatment options for the infections caused by it are limited.

The intrinsic resistance of the M. abscessus complex towards first- and second-generation
tetracyclines is mainly due to the over-expression of a tetracycline-degrading enzyme
known as MabTetX (MAB_1496c) [16]. Tigecycline is a poor substrate for the MabTetX
and does not induce the expression of this enzyme [16], which could explain its potency
against M. abscessus complex. Interestingly, tigecycline has shown synergistic activities
with other antibiotics (clarithromycin, linezolid and teicoplanin) against the M. abscessus
complex in vitro and in vivo [11,17,18]. In 2014, Wallace et al. reported that, after receiving
tigecycline-containing salvage regimens for more than a month, approximately 66% of
patients with M. abscessus complex or M. chelonae infections (n = 38) showed clinical im-
provement [19]. This led the authors to conclude that tigecycline might be a useful addition
to other clinically available drugs in patients with these difficult-to-treat infections.

1.3. Genetic Determinants of Tigecycline Resistance or Reduced Susceptibility in Other Bacteria

Tigecycline resistance has emerged in the past 10 years and is most commonly ob-
served among Gram-negative bacteria, mainly Acinetobacter baumannii and members of the
Enterobacteriaceae [7]. The decreased susceptibility or resistance to tigecycline in these
clinically important microorganisms has mostly been attributed to the over-expression of
resistance-nodulation-cell division-type transporters, including the AcrAB efflux pumps [7].
Moreover, mutations in genes encoding the ribosomal protein S10 [20], a SAM-dependent
methyltransferase [21], the acyl-sn-glycerol-3-phosphate acyltransferase [22], and proteins
involved in the lipopolysaccharide core biosynthesis [23] have also been linked to tigecy-
cline resistance in Gram-negative organisms. Another mechanism of tigecycline resistance
is the TetX-mediated modification of the drug [24]. Tigecycline resistance has also been
documented, albeit less frequently, in Gram-positive bacteria [7]. Through the character-
ization of laboratory-derived mutants, over-expression of MepA (a multidrug and toxic
compound extrusion family efflux pump) and mutations in ribosomal genes (16S rRNA,
ribosomal proteins and a 16S rRNA methyltransferase) were associated with resistance or
decreased susceptibility to tigecycline in S. aureus and S. pneumoniae, respectively [25,26].

2. Genetic Determinants of Resistance or Reduced Susceptibility to Tigecycline in
M. abscessus

Although tigecycline-resistant strains of M. abscessus complex have been documented
in different parts of the world [27,28], their resistance determinants remain largely elusive.
In this review, the evidence for different genetic determinants reported to be linked to
tigecycline resistance or reduced tigecycline susceptibility in the subspecies M. abscessus
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was examined and discussed. These reported genetic determinants were identified from
mutants generated from M. abscessus ATCC 19977, the type strain of M. abscessus.

2.1. An Intrinsic Feature Associated with Reduced Tigecycline Susceptibility: WhiB7

In mycobacteria, WhiB7 is a transcriptional activator of intrinsic antibiotic resistance
that can be induced by exposure to stresses, such as heat shock, iron deficiency and redox
imbalance, and many antibiotics, including aminoglycosides, lincosamides, macrolides,
pleuromutilins and tetracyclines [29–32]. In 2017, Pryjma et al. found whiB7 (MAB_3508c) to
be associated with reduced tigecycline susceptibility in M. abscessus [33]. The deletion of the
WhiB7-encoding gene caused a 4-fold decrease in the minimum inhibitory concentration
(MIC—minimum inhibitory concentration) of tigecycline. Unfortunately, this group of
authors did not identify the downstream effector gene(s) of WhiB7 that is linked to the
reduced tigecycline susceptibility. To the best of our knowledge, this constitutes the earliest
report on the genetic determinant associated with reduced tigecycline susceptibility in
M. abscessus.

2.2. Acquired Tigecycline Resistance: RshA Mutations

In M. abscessus, the sigH gene (MAB_3543c) for the sigma factor SigH and rshA gene
(MAB_3542c) for the anti-sigma factor RshA control heat shock and oxidative-stress re-
sponses. In the absence of environmental stress, RshA interacts with and inhibits SigH. In
response to stress, however, the interaction between RshA and SigH is disrupted, leading
to the release of SigH which would then form the RNA polymerase holoenzyme (with the
core RNA polymerase) and initiate the transcription of sigH and other genes involved in
stress response [34]. Other than heat and redox stress signals, the RshA-SigH interaction
can also be disrupted by mutations in the HXXXCXXC motif of RshA [34].

Through the characterization of a tigecycline-resistant, spontaneous mutant of
M. abscessus ATCC 19977 (MIC: 0.25 mg/L), designated as 7C (MIC: 2 mg/L), Ng et al.
(2018) found the C51R mutation in the RshA to be associated with tigecycline resistance [35].
The non-species related breakpoints (sensitive ≤ 0.25 mg/L, resistant > 0.5 mg/L) pro-
posed by the EUCAST (2018) [36] was used in this study. The C51R mutation changed
the first cysteine residue in the HXXXCXXC motif to arginine. As a result, there was
an up-regulation of sigH and other stress-response genes in 7C that was confirmed by
transcriptome profiling [37]. The causal relationship between the mutation, identified by
whole-genome sequencing, and the resistance phenotype was established using the comple-
mentation of 7C with the wild-type MAB_3542c gene. The whiB7 gene was not differentially
expressed in 7C. In a follow-up study, Lee et al. (2021) showed that the over-expression
of the sigH gene alone was capable of inducing tigecycline resistance in the wild-type
M. abscessus ATCC 19977 [38]. This is supported by a recent study by Schildkraut et al.
(2021) which showed an increased expression of sigH following an exposure of M. abscessus
to tigecycline at a sub-inhibitory concentration, suggesting that this gene is needed for
the tigecycline adaptation [39]. Although it has been well-documented that dysregulated
stress response can lead to antibiotic resistance in bacteria [40], the exact mechanism or
downstream gene(s) through which the RshA mutation and the sigH up-regulation caused
a tigecycline-resistance phenotype remains unclear.

2.3. SigH Mutation

SigH is known to play two functions, which are to interact with and be inhibited by
the RshA anti-sigma factor under normal circumstances and to initiate transcription in
response to stressful conditions [34]. Lee et al. (2021) isolated a tigecycline-resistant mutant,
designated as CL7 (MIC: 2 mg/L), which carried a stop-gain mutation (E229×) in SigH
(MAB_3543c) [38]. The stop-gain mutation led to a seven-amino-acid truncation in the
SigH protein. Interestingly, by transforming an expression plasmid carrying the mutant
sigH gene, the previously sensitive ATCC 19977 developed resistance towards tigecycline,
suggesting that truncated SigH might retain its capability to cause tigecycline resistance.
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RT-qPCR analyses of CL7 showed an over-expression of sigH along with stress-response
genes encoding the thioredoxin and heat-shock proteins, which are the known regulon
of SigH [34]. As such, these findings suggested that the SigH mutation might not be a
completely loss-of-function mutation, as it only disrupted the interaction of mutated SigH
with RshA but retained the SigH ability to auto-up-regulate itself and key stress genes,
ultimately leading to the development of tigecycline resistance.

2.4. rshA-Knockout Mutant

The demonstration of tigecycline resistance in M. abscessus following the disruption of
the SigH-RshA interaction and subsequent up-regulation of sigH led to the prediction that
knocking out the rshA gene should also result in the development of tigecycline resistance,
owing to a decreased inhibition of SigH. Unexpectedly, a recent study by Schildkraut et al.
(2021) suggested otherwise [39]. Their rshA-knockout mutant (∆MAB_3542c), derived
from ATCC 19977, had neither an increase in tigecycline MIC nor a sigH up-regulation.
A possible explanation could be that sigH and rshA are co-transcribed in a polycistronic
mRNA (Figure S1A) as the genome of ATCC 19977 shows a four-bp overlap (the final
four bps of the sigH gene are the first four bps of the rshA gene) (Figure S1B). As such, the
deletion of rshA could likely result in an unwanted polar effect on the neighboring sigH
gene. One example of such a polar effect is the introduction of synonymous mutations in the
final two codons of the sigH gene (the alanine and stop codons) (Figure S1C). Synonymous
mutations are known to alter the target gene expression [41]. In addition, the tag stop
codon, introduced after the deletion of rshA, has been associated with a higher read-
through error rate than tga (the original stop codon) during the translation [42]. Thus, the
unexpected findings by Schildkraut et al. were likely an outcome of the longer-than-usual,
non-functional SigH which failed to induce tigecycline resistance and its auto-up-regulation
or the altered gene expression of sigH due to the synonymous mutations.

3. Future Perspectives and Research Areas

Thus far, the reported genetic determinants of resistance or reduced susceptibility to
tigecycline in M. abscessus, including WhiB7, RshA and SigH, are transcriptional regulators
which respond to physiological stresses. Ribosome disruption via antibiotic exposure or
mutation can lead to the production of aberrant polypeptides that are prone to oxidative
modification/damage [43]. Although this aspect (tigecycline-induced oxidative damage)
of tigecycline killing/inhibition has not been described before in bacteria, tigecycline has
been shown to be able to induce oxidative stress in eukaryotic mitochondria [44] which
have a bacterial origin [45,46]. If oxidative damage were indeed a part of the tigecycline
killing/inhibition, it would be convenient for M. abscessus strains with WhiB7 or SigH over-
expression, or RshA and SigH mutations to resist the antibiotic onslaught in clinical therapy.
As oxidative damage is one of the human immune defense functions against microbes [47],
and both WhiB7 and SigH are potential virulence factors in mycobacteria [48,49], it may
also be interesting to investigate the pathogenicity of the WhiB7, SigH and RshA mutants
in animal models.

With the emergence of tigecycline resistance in the past decade, it can be foreseen that
molecular assays, such as those based on the PCR, line immunoassay and next-generation
sequencing technologies, will be increasingly used for the rapid resistotyping of clinical iso-
lates. Among the M. abscessus complex, studies on tigecycline resistance determinants have
thus far been focused solely on M. abscessus. Since there is evidence suggesting a differential
tigecycline susceptibility pattern among the subspecies of the M. abscessus complex [28],
future studies in this area should focus more on the other two subspecies of M. massiliense
and M. bolletii. In general, a thorough understanding of resistance determinants would help
to determine the best way to utilize tigecycline for the treatment of M. abscessus complex
infections, to prevent further escalation of tigecycline resistance in these pathogens.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics11050572/s1, Figure S1: (A) The sigH (MAB_3543c) and
rshA (MAB_3542c) genes are transcribed as an operon. RT-PCR analysis with the forward primer
annealed to the MAB_3543c gene and the reverse primer annealed to the MAB_3542c gene. cDNA
was prepared from the RNA of ATCC 19977. NoRT: no-reverse transcription control. (B) Both genes
are neighbor genes in the ATCC 19977 genome with a 4-base overlap. (C) Partial DNA sequences of
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Abstract: Staphylococcus aureus (S. aureus) ST22 is considered a clinically important clone because
an epidemic strain EMRSA-15 belongs to ST22, and several outbreaks of this clone have been
documented worldwide. We performed genomic analysis of an S. aureus strain Lr2 ST22 from
Pakistan and determined comparative analysis with other ST22 strains. The genomic data show that
Lr2 belongs to spa-type t2986 and harbors staphylococcal cassette chromosome mec (SCCmec) type
IVa(2B), one complete plasmid, and seven prophages or prophage-like elements. The strain harbors
several prophage-associated virulence factors, including Panton–Valentine leukocidin (PVL) and
toxic shock syndrome toxin (TSST). The single nucleotide polymorphism (SNPs)-based phylogenetic
relationship inferred from whole genome and core genome revealed that strain Lr2 exhibits the
nearest identities to a South African community-acquired methicillin-resistant S. aureus (CA-MRSA)
ST22 strain and makes a separate clade with an Indian CA-MRSA ST22 strain. Although most ST22
strains carry blaZ, mecA, and mutations in gyrA, the Lr2 strain does not have the blaZ gene but, unlike
other ST22 strains, carries the antibiotic resistance genes erm(C) and aac(6′)-Ie-aph(2′′)-Ia. Among ST22
strains analyzed, only the strain Lr2 possesses both PVL and TSST genes. The functional annotation
of genes unique to Lr2 revealed that mobilome is the third-largest Cluster of Orthologous Genes
(COGs) category, which encodes genes associated with prophages and transposons. This possibly
makes methicillin-resistant S. aureus (MRSA) Lr2 ST22 strain highly virulent, and this study would
improve the knowledge of MRSA ST22 strains in Pakistan. However, further studies are needed on
a large collection of MRSA to comprehend the genomic epidemiology and evolution of this clone
in Pakistan.

Keywords: comparative genomic analysis; CA-MRSA; EMRSA-15; PVL-positive; ST22

1. Introduction

Staphylococcus aureus (S. aureus) has long been considered an important human pathogen
that causes both hospital- and community-acquired (HA and CA) infections. This pathogen
is also well-known for acquiring resistance to a variety of antibiotics [1,2]. Particularly,
methicillin resistance is becoming more common in S. aureus, posing a growing public
health threat with substantial mortality and morbidity. The methicillin-resistant S. aureus
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(MRSA) produces a low-affinity penicillin-binding protein (PBP2a), which enables it to
confer resistance to almost all beta-lactam antibiotics [3,4]. The PBP2a is encoded by the
gene mecA, which is carried by a large mobile genetic element known as staphylococcal
cassette chromosome mec (SCCmec) [5]. In the past, MRSA caused mostly hospital-acquired
infections; however, now, it also causes community-acquired infections, including necrotiz-
ing pneumonia and skin and soft tissue infection (SSTI) [6]. Apart from humans, MRSA
can also colonize other animal species, particularly livestock, and CA-MRSA infections can
also be caused by livestock-associated MRSA (LA-MRSA) [7].

Compared with HA-MRSA, the CA-MRSA strains belong to a diverse lineage with
smaller SCCmec, for example, SCCmec IV, and harbors distinct virulence factors, partic-
ularly Panton–Valentine leukocidin (PVL) [8]. PVL is a two-component toxin encoded
by prophage-associated genes lukF-PV and lukS-PV [9,10]. The toxin targets phagocytic
leucocytes and triggers leukocyte lysis and/or apoptosis by forming pores. Therefore, PVL-
positive CA-MRSA strains cause various infections, particularly necrotizing pneumonia and
SSTI [11]. Although not all CA-MRSA contain the pvl gene, it can be considered as a molec-
ular marker for CA-MRSA along with the SCCmec type IV because PVL is associated with
the global spread of CA-MRSA [12]. The well-known clones of PVL-positive CA-MRSA
include ST8, frequently found in the United States [13]; ST80, a Europe clone [10]; ST59,
reported in Taiwan [14]; ST30, a global strain [15]; and ST22 (SCCmec IV/PVL-positive),
which emerged in the United Kingdom and is now spreading worldwide [16]. S. aureus
ST22 is considered a clinically important clone because an epidemic strain EMRSA-15
belongs to ST22. The EMRSA-15 emerged in the United Kingdom in the 1990s [17] and
very quickly expanded all over Europe, Australia, and Asia [18]. EMRSA-15 has SCCmec
type IV, a deletion of 2268 bp region in fibronectin-binding protein (FnBP) locus, and a
point mutation in the ureC gene, and it is resistant to fluoroquinolone and macrolide. The
genomic analysis of ST22 strains revealed that the epidemic clone EMRSA-15 makes a
distinct clade (ST22-A clade) [18].

Although there is a wealth of literature available on comprehensive epidemiological
and molecular characterization of MRSA in the USA, Europe, and Asia, there is a scarcity of
detailed genomic characterization of MRSA strains in Pakistan. According to some recent
studies, Pakistan has a greater rate of MRSA infection, and the data suggest that MRSA
clones are becoming more diverse [19–21]. The whole-genome analysis provides high reso-
lution in both global and local outbreak investigations as well as further exploring genes
associated with pathogenicity and antibiotic resistance [22]. Therefore, whole-genome-
based approaches have become an indispensable tool for the real-time comparative genomic
study of a variety of pathogens in terms of antibiotic resistance, the emergence of new viru-
lent clones, and niche adaptation [23]. Furthermore, investigating virulence- and antibiotic
resistance-associated genes can help identify risk factors for MRSA infection and develop
efficient infection control programs. Given the lack of genome-based surveillance and
epidemiological studies of MRSA in Pakistan, we aimed to study a CA-MRSA ST22 strain
from Pakistan at the genomic level and compare the virulence and antibiotic resistance
genes and evolutionary relationships to other ST22 strains. To our knowledge, this is the
first genome-based analysis of PVL-positive CA-MRSA ST22 from Pakistan, and we found
many genomic differences compared to other complete genomes of MRSA ST22 strains.

2. Results
2.1. Preliminary Identification and Phenotypic Antibiotic Resistance Pattern

The isolate Lr2 was found positive for coagulase and catalase while negative for oxi-
dase. The isolate was resistant to oxacillin, methicillin, ampicillin, erythromycin, gentam-
icin, streptomycin, clindamycin, ciprofloxacin, linezolid, and tetracycline but susceptible to
vancomycin, chloramphenicol, and rifampicin (Table 1). The amplification of the 500 bp
mecA gene confirmed the nature of methicillin resistance.
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Table 1. The phenotypic and genotypic resistance profile of Lr2.

Antibiotic Sensitivity (Zone of Growth
Inhibition in mm) Related Gene(s)

Oxacillin R (no zone)

mecAAmpicillin R (no zone)

Methicillin R (no zone)

Gentamicin R (4 mm)
aac(6′)-Ie-aph(2′′)-Ia

Streptomycin R (7 mm)

Erythromycin R (4 mm)
erm(C)

Clindamycin R (9 mm)

Ciprofloxacin R (11 mm) gyrA

Vancomycin S (23 mm) ND

Chloramphenicol S (17 mm) ND

Linezolid R (13 mm) ND

Rifampicin S (21 mm) ND

Tetracycline R (9 mm) ND

Fusidic acid R (11 mm) ND
R—resistant; S—susceptible; ND—not determined.

2.2. Genomic Features and Epidemiological Typing

The genomic DNA (gDNA) was successfully sequenced, and a total of 1,363,009 reads
with a mean length of 565 bp (272-fold sequence coverage) were obtained. The kmerFinder
2.0 identified the isolate as S. aureus. The N50, N75, and L50 values are 131,746, 94,139,
and 7, respectively; de novo assembly resulted in 52 contigs (>500 bp), and the size of the
largest contig is 425,597 bp. The genome size of Lr2 is 2,831,239 bp with 32.7% GC content.
Genome annotation predicted 2835 total genes, of which 2768 are CDSs. The number of
predicted tRNA are 56 and rRNA are 7 (5S = 4, 16S = 2, 23S = 1). In silico genome-based
epidemiological typing revealed that strain Lr2 belongs to ST22, spa-type t2986, and carries
SCCmec type IVa(2B) (Table 2).

Table 2. The genomic features and characteristics of the MRSA strain Lr2 ST22.

Characteristics Lr2

Genome size (bp) 2,831,239
Contigs 52

GC content % 32.7
N50 131,746
N75 94,139
L50 7

Largest contig (bp) 425,597
Genes (total) 2835
CDSs (total) 2768
No. of tRNA 56
No. of rRNA 4, 2, 1 (5S, 16S, 23S)

ST 22
SCCmec type IVa(2B)

spa-type t2986
NCBI Accession number JAIGOF000000000

2.3. Predicted Antibiotic Resistance Determinants and Virulence Factors

The Lr2 genome contains a methicillin resistance gene mecA, an aminoglycoside
resistance gene aac(6′)-Ie-aph(2′′)-Ia, a point mutation in gyrA conferring resistance to fluo-
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roquinolones, and erm(C)—a plasmid-associated gene conferring resistance to lincosamide,
macrolide (erythromycin), and streptogramin. However, the blaZ gene conferring penicillin
resistance was found absent in Lr2 (Table 1 and Figure 1).
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The Virulence Factor Database (VFDB) predicated 62 virulence factors responsible
for adherence, protein secretion, immune evasion, and toxin production. Adherence-
associated genes are autolysin (atl); clumping factor A (clfA) and B (clfB); an elastin binding
protein (ebp); cell-wall-associated fibronectin-binding protein (ebh); collagen adhesion (cna);
fibrinogen-binding protein (efb); fibronectin-binding protein A (fnbA) and B (fnbB); Ser-
Asp rich fibrinogen-binding protein C (sdrC), D (sdrD), and E (sdrE); intercellular adhesin
(icaA, icaB, and icaC); and staphylococcal protein A (spa) (Figure 1). The virulome also
consists of several exoenzymes genes, including hyaluronate lyase (hysA), staphylokinase
(sak), cysteine protease (sspB and sspC), serine V8 protease (sspa), lipase (geh and lip),
staphylocoagulase (coa), and thermonuclease (nuc). However, a six gene-cluster (splA, splB,
splC, splD, splE, and splF) of serine was absent in Lr2 (Figure 1). The Lr2 genome also
contains virulence factors associated with the host immune evasion, such as staphylococcal
complement inhibitor (scn), IgG-binding protein (sbi), and chemotaxis inhibiting protein
(chp) (Figure 1). It also carries type VII secretion system associated virulence factors,
including soluble cytosolic (esaB and esaG) and membrane-associated protein A (essA), B
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(essB), and C (essC), and A (esxA) but no esxB, esxC, esxD, esaD, and esaE were found in Lr2
genome (Figure 1).

The genome of Lr2 carries toxin associated genes, particularly alpha-hemolysin gene
(hla), gamma hemolysin (hlgA, hlgB, and hlgC), delta hemolysin gene (hld), exotoxins (set10,
set13, set15, and set16), enterotoxin-like O (selo), exotoxins (set1, set2, set4, set7, set10, set13,
set15, and set16), enterotoxin-like M (selm), enterotoxin-like N (seln), enterotoxin B (seg), PVL
(lukF-PV and lukS-PV), and TSST (tsst-1). However, beta-hemolysin gene (hlb), exfoliative
toxin type A (eta), enterotoxin A (sea), enterotoxin Yent1 (yent1), enterotoxin-like K (selk),
exotoxins (set34, set37, and set39), and leukotoxins (lukM, lukD, and lukE) were found absent
(Figure 1).

2.4. Predicted Plasmids and Prophages

PlasmidFinder identified one plasmid of 2402 bp length with 99.75% sequence similar-
ity to S. aureus strain E14 plasmid pDLK1 (GU562624.1). The pDLK1 plasmid consists of
an erythromycin resistance gene (emrC) and a replication gene (repL), and it encodes no
other factors.

The genome of Lr2 strain presents seven putative prophages including a complete
prophage (PHAGE_Staphy_tp310_3), five incomplete prophages (PHAGE_Bacill_IEBH,
PHAGE_Staphy_PT1028, PHAGE_Clostr_phiC2, PHAGE_Staphy_phiPVL_CN125,
and PHAGE_Staphy_96), and a questionable prophage (PHAGE_Staphy_phiN315)
(Table 3). Several virulence factors were predicted in the identified prophages, e.g., sec,
sell, and tsst in the prophage PHAGE_Bacill_IEBH; the ebp, lukF-PV, and lukS-PV in
PHAGE_Staphy_phiPVL_CN125; the seg, sei, yent2, selm, seln, and selo in PHAGE_Staphy_96;
sak, chp, and scn in PHAGE_Staphy_tp310_3; and cna in PHAGE_Staphy_phiN315 (Table 3).
However, no antibiotic resistance gene was found in any of the identified prophages.

Table 3. Characteristics of prophages present in MRSA Lr2 ST22.

Prophage Length
(Kb)

Total
Proteins

Phage Hit
Proteins GC % Annotation Most Common Phage Virulence

Factors

1 (incomplete) 9 15 7 32.8 Transposase, tail PHAGE_Bacill_IEBH None

2 (incomplete) 19 24 20 31.6 Integrase PHAGE_Staphy_PT1028 sec, sell, tsst

3 (incomplete) 9.1 20 10 29.0 Head PHAGE_Clostr_phiC2 None

4 (incomplete) 42.8 42 35 31.9 Integrase PHAGE_Staphy_phiPVL_CN125 ebp, lukF-PV,
lukS-PV

5 (incomplete) 12.5 24 21 28.8 Portal, transposase PHAGE_Staphy_96 seg, sei, yent2,
selm, seln, selo

6 (complete) 55.1 79 68 32.6
Tail, head, portal,

terminase,
integrase

PHAGE_Staphy_tp310_3 sak, chp, scn

7 (questionable) 46 37 26 33.2 Tail, transposase,
integrase PHAGE_Staphy_phiN315 cna

2.5. Comparative Phylogenetic Analysis

The whole-genome-based single nucleotide polymorphisms (SNPs) phylogenetic
analysis of the Lr2 ST22 strain with all other ST22 strains indicated that the Lr2 strain
exhibits the nearest identities to South African CA-MRSA ST22 strain 71A_S11 (CP010940)
and Indian strain CA-MRSA ST22 VB31683 (CP035671) (Figure 2).
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Figure 2. Whole-genome-based SNPs phylogenetic tree of CA-MRSA ST22 strain Lr2 and other ST22
strains. The heatmap shows presence and absence of antimicrobial resistance determinants and
virulence factors.

2.6. Comparative Analysis of Antibiotic Resistance Determinants and Virulence Factors

The heatmap shows that aminoglycoside resistance gene aac(6′)-Ie-aph(2′′)-Ia and
a plasmid-associated gene erm(C) conferring resistance to lincosamide, macrolide (ery-
thromycin), and streptogramin are only present in Lr2 and Indian strain VB31683. Both Lr2
and Indian strain VB31683 also have a point mutation in gyrA, conferring fluoroquinolones
resistance, which is absent in a majority of ST22 strains. However, the penicillin-resistance
gene (blaZ) is absent in Lr2, while it is present in almost all ST22 strains. In contrast, the
South African strain 71A_S11, a sister strain to Lr2, carries only blaZ and mecA genes
(Figure 2). However, South African strain 71A_S11 has a very similar profile of virulence
factors to that of the Lr2 strain since both TSST (tsst) and PVL (lukF-PV and lukS-PV) genes
are only present in these two ST22 strains. In addition, Lr2 strains also harbor clumping
factor B (clfB), which is absent in South African strain 71A_S11 and all other ST22 strains.
Interestingly, leukotoxin D (lukD) and E (lukE) were absent in all ST22 strains, including the
Lr2 strain (Figure 2).

2.7. Pan-Genome Analysis and Functional Annotation

The pan genome of MRSA ST22 strains consists of 2941 genes, of which 2408 (81.8%)
genes are part of the core genome, 321 (10.9%) genes are accessory, and 212 (7.2%) genes
are unique (Figure 3A). The plot of the pan and core genome shows fluctuation in the
number of pan and core genes, which suggests that pan- and core-genome sizes are not
stable (Figure 3B).
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Figure 3. The pan genome of MRSA ST22 strains. (A) The pie chart shows number of genes in core,
accessory, and unique genomes of twenty genomes of ST22. (B) The pan genome vs. core genome
plot of ST22 strains.

The functional annotation of core genes shows that 960 (44.7%) Cluster of Orthologous
Genes (COGs) are involved in metabolism and transport; 440 (20.5%) in information,
storage, and processing; and 416 (19.4%) in cellular processing and signaling; 317 (14.8%) are
poorly characterized, and 14 (0.7%) are found to be associated with mobilome (Figure 4A).
The functional annotation of the genes unique to MRSA strain Lr2 ST22 revealed that
18 (32.1%) COGs are involved in metabolism and transport, 18 (32.1%) in information,
storage, and processing, 9 (16.1%) are associated with mobilome, 6 (10.7%) are poorly
characterized (either involve in general function and/or unknown function), and 5 (8.9%)
are involved in cellular processing and signaling (Figure 4B).
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The largest core-genome category of MRSA strains ST22 consists of genes with
functions associated with metabolism and transport, which are further categorized as
C (110 genes), involved in energy conversion and production; E (223 genes), involved in
transport and metabolism of amino acid; F (75 genes), involved in transport and metabolism
of nucleic acids; G (179 genes), involved in transport and metabolism of carbohydrates;
H (121 genes), involved in transport and metabolism of coenzyme; I (80 genes), involved
in lipid transport and metabolism; P (140 genes), involved in inorganic ions transport
and metabolism; and Q (32 genes), involved in biosynthesis, transport, and catabolism
of secondary metabolites (Figure 5). The second-largest COGs category with functions
related to information, storage, and processing are individually categorized as A (2 genes),
involved in modification and processing of RNAs; B (1 gene), involved in structure and
dynamics of chromatins; J (200 genes), involved in ribosomal structure, biogenesis, and
translation; K (139 genes), involved in transcription; and L (98 genes), involved in repair,
recombination, and replication (Figure 5). The COGs category of core genome contain-
ing the lowest number of genes belonging to mobilome, prophages, and transposons are
categorized as X, which accounts for about 0.7% of the total core genome (Figure 5).
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Figure 5. Comparative functional categories of COG in core genome of ST22 strains and COGs unique
to strain Lr2.

As expected, the largest category of COGs unique to Lr2 involved in metabolism and
transport and are individually categorized as six genes in the C category (involved in energy
conversion and production), four in the E category (involved in transport and metabolism
of amino acid), and eight in the G category (involved in transport and metabolism of
carbohydrates). No protein of F (involved in transport and metabolism of nucleic acids),
H (involved in transport and metabolism of coenzyme), I (involved in lipid transport and
metabolism), P (involved in inorganic ions transport and metabolism), and Q (involved
in biosynthesis, transport, and catabolism of secondary metabolites) category was found
(Figure 5). Interestingly, the third-largest category of COGs unique to Lr2 belongs to the
X category, which encodes genes associated with prophages and transposons (Figure 5).
Cellular processing and signaling is the lowest COGs category with five genes, which
are individually classified as three genes in the U category (involved in intracellular traf-
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ficking, secretions, and vesicular transport) and two in the T category (involved in signal
transduction mechanisms) (Figure 5).

In the pan genome of MRSA ST22 strains, 5 COGs were found to be present in all
19 strains while absent in the Lr2 strain. Functional annotation showed that those COGs
are involved in transposase (COG3666) and putative lipase (COG5153), which is essential
for the disintegration of autophagic bodies inside the vacuole.

The core-genome phylogenetic analysis grouped the Lr2 strain with a South African
ST22 strain 71A S11 strain and an Indian ST22 strain VB31683 (Figure 6). The phylogenetic
relationships determined from the core genome are in agreement with the phylogenetic
tree from whole-genome-based SNPs (Figure 2). The strains share more than 80% of genes;
however, the accessory genome of MRSA strain Lr2 contains many genes that are absent in
most of the strains (Figure 6).
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20 strains of MRSA ST22.

3. Discussion

The MRSA SCCmec type IV ST22 is a clinically important clone (EMRSA-15), and
several outbreaks of ST22 CA-MRSA and/or CA-MSSA have been documented world-
wide [24–26]. The ST22 clone is considered a genotype of HA-EMRSA-15; however, the
presence of ST22 clones in the general population and its correlation with community
settings have been reported recently [27]. The dissemination of MRSA from hospitals to
the community and vice versa and the emergence of strains resistant to β-lactams is a
major cause of concern worldwide. Consequently, tracking of emerging clones of MRSA
at the genomic level is required to prevent further spread and to guide the development
of rapid diagnostic tools and therapy. Although a small number of studies from Pakistan
molecularly characterized MRSA, including SCCmec, PFGE, and MLST typing, as well as
some studies that investigated PVL genes [19,28–30], none of them performed a genome-
based analysis. This shows that there are limited epidemiological and genomic data on
MRSA reported from Pakistan, leaving a substantial knowledge gap in our understanding
of this important human pathogen that what are the dominant clones of MRSA circulating
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in Pakistan and what makes them antibiotic-resistant and virulent. Therefore, we per-
formed an in-depth genome-based analysis of a CA-MRSA ST22 strain from Pakistan and
its comparative genomic analysis with other MRSA ST22 available in the NCBI database.

Genome analysis indicated that Lr2 belongs to MLST type ST22, spa-type t2986, and
SCCmec type IVa(2B). According to previous studies, SCCmec types IV is associated with
CA-MRSA, whereas HA-MRSA mostly exhibits SCCmec types I, II, or III [22,31]. The
strain was also found to be positive for PVL (lukF-PV and lukS-PV), which is commonly
considered a CA-MRSA marker [22,32]. Another study reported a high rate of MRSA PVL-
positive isolates from Pakistan, which were classified as community-associated [28]. The
PVL-positive strains are responsible for abscesses formation, tissue necrosis, and increased
inflammatory responses [33]. In addition to PVL, TSST-producing MRSA strains tend to
cause more complex infections. The presence of both tsst and PVL (lukF-PV and lukS-PV)
genes poses a concern for increased virulence of Lr2. A recent study also reported both
PVL (lukF-PV and lukS-PV) genes and the tsst gene in MRSA isolates from this region [19];
however, the presence of PVL genes in combination with tsst gene appears to be extremely
rare. The tsst and PVL (lukF-PV and lukS-PV) genes were found on PHAGE_Staphy_PT1028
and PHAGE_Staphy_phiPVL_CN125, respectively. The genes encoding staphylococcal
enterotoxins (i.e., selm, seg, yent2, sei, selo, and seln) were found on PHAGE_Staphy_96,
which are involved in staphylococcal food poisoning and belong to the enterotoxin gene
cluster (egc) [34]. In addition, the staphylococcal complement inhibitor (SCIN) encoding
gene scn as well as chemotaxis inhibiting protein of staphylococcus (CHIPS) encoding gene
chp were also found on prophages of the sequenced strain. These proteins have a significant
role in the host-pathogen interaction and help the pathogen to evade the host’s immune
response [35]. Therefore, the prophages predicted in this strain can act as a reservoir of
virulence factors and could contribute to strain evolution towards high virulency and pose
a serious threat [36]. Aside from the prophage-associated virulence factors, genes involved
in the S. aureus type VII secretion system, such as essA, essB, essC, esxA, esaA, esaB, and
esaG, were also present in PVL-positive CA-MRSA strain Lr2 (Figure 1), which promote
bacterial persistence [37]. The esxA gene is involved in the colonization and dissemination
of S. aureus as well as triggering T-cell immune response [38]. The genes encoding adhesion
factors, including fibrinogen-binding protein (efb), collagen-binding protein (cna), Ser-Asp
rich fibrinogen-binding proteins C (sdrC), D (sdrD), and E (sdrE), elastin-binding protein
(ebp), clumping factors A (clfA), and fibronectin-binding protein (fnbA) and (fnbB), were also
found in the studied genome. These surface components have several functions, including
adhesion to host cells, evasion of immunological responses, and biofilm formation [39].

In silico screening of antibiotic-resistant determinants shows that mecA gene, aac(6′)-Ie-
aph(2′′)-Ia, and a gyrA gene are present on the Lr2 chromosome. However, erm(C), which
confers resistance to lincosamide, macrolide (erythromycin), and streptogramin was found
on plasmid pDLK1 (Figure 1). It is suggested that erm(C) is essential to this isolate for
environmental adaptation [40]. It was noticed that blaZ gene is absent in the studied
genome, and since the blaZ gene (β-lactamase) is carried by a transposon Tn552 located on
a large plasmid [41], it was probably eliminated due to the curing of that plasmid.

The SNPs phylogenetic relationship inferred from whole genome and core genome
revealed that strain Lr2 exhibits the nearest identities to South African CA-MRSA ST22
strain 71A_S11 (CP010940) and makes a separate clade with Indian strain CA-MRSA ST22
VB31683 (CP035671) (Figure 2). The heatmap of accessory genes comparison revealed
variation in accessory genes among different strains showing gain or loss of genes as well
as mobile genetic elements (MGEs) such as plasmids, prophages, and SCCmec element, etc.
(Figure 6). This pattern of variation in genes was also observed in previous studies [22,42].
These variations can be attributed to their distinct genetic makeup, as we noticed diverse
distribution of antibiotic resistance determinants and virulence factors in these strains. We
observed that blaZ, mecA, and gyrA antibiotic resistance genes are present in most ST22
strains. However, blaZ was absent in strains Lr2, R20, IT1-S, and IT4-R, while aac(6′)-Ie-
aph(2′′)-Ia and erm(C) are unique to Lr2 and Indian strain VB31683. A similar pattern of
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variation in virulence factors was also observed as the PVL genes (lukF-PV and lukS-PV)
were only found in Lr2, VB31683, and 71A_S11 strains. A virulence factor clumping factor B
(clfB), was only present in Lr2 (Figure 2). These additional genes associated with antibiotic
resistance and virulence are expected to make Lr2 more resistant to antibiotics and virulent.

The pan-genome analysis of MRSA ST22 strains revealed that more than 80% of
genes are part of the core genome, which shows high conservancy in these strains. The
core genome annotation using the Cluster of Orthologous Gene (COG) database revealed
the two largest core genome categories with functions associated with metabolism and
transport as well as related to information, storage, and processing. Previous studies also
reported high conservancy in the S. aureus core genome and that the core genes are mostly
associated with metabolism, replication, and information storage and processing [22,43,44].
However, genes belonging to mobilome, prophages, and transposons showed the lowest
proportion. Interestingly, mobilome is the third-largest category of COGs unique to strain
Lr2 (Figure 4). This abundance of mobile genetic elements in the Lr2 strain likely contributes
to its increased virulence and antibiotic resistance.

4. Materials and Methods
4.1. Isolation and Antibiotic Susceptibility Testing

S. aureus isolates were collected from hospitals in Peshawar, Rawalpindi/Islamabad,
and Lahore, and 4 isolates were randomly selected for whole-genome sequencing. Of the
4 sequenced strains, P10 and R46 were found to belong to ST113 [20], Lr12 belong to a new
sequence type (ST5352) [21], and Lr2 to ST22. The isolate Lr2 was collected from blood
culture in a hospital in Lahore, Pakistan, in March 2019. The isolate was preliminarily
identified by biochemical tests (catalase, oxidase, and coagulase) [45]. The antimicrobial
susceptibility was performed by disc diffusion method as per CLSI guidelines against the
following antibiotics: ampicillin (10 µg), oxacillin (1 µg), methicillin (10 µg), vancomycin
(5 µg), gentamicin (10 µg), erythromycin (15 µg), streptomycin (25 µg), clindamycin (2 µg),
ciprofloxacin (5 µg), chloramphenicol (30 µg), linezolid (30 µg), tetracycline (30 µg), ri-
fampicin (5 µg), and fusidic acid (10 µg) [46]. Furthermore, resistance to methicillin was
confirmed by PCR amplification of the mecA gene [20].

4.2. Genome Sequencing, Assembly, and Annotation

The genomic DNA (gDNA) was extracted from a fresh culture of Lr2 by Invitrogen®

DNA extraction kit Cat no. K1820-01 (Thermo Fisher Scientific, Carlsbad, CA, USA). The
gDNA integrity was checked by 0.7% agarose gel and quantified by Qubit 2.0 fluorometer
Cat no. Q32866 (Manufactured by Tecan Austria GmbH, Grodig, Austria for Life Tech-
nologies). The gDNA libraries were prepared by Nextera XT Library Prep Kit (Illumina,
San Diego, CA, USA), which was used as per instructions with a slight modification. Se-
quencing was performed in Illumina (HiSeq) system using a 250 bp paired-end protocol,
and Trimmomatic 0.30 was used to trim adapters from raw reads [47]. The resultant reads
were de novo assembled using SPAdes version 3.7 [48], and the generated contigs of Lr2
were annotated by NCBI’s Prokaryotic Genome Annotation Pipeline (PGAP) [49]. Finally,
the assembled contigs were reordered with S. aureus reference genome NCTC8325 using
Mauve [50], and the genome was visualized using CGView server (http://cgview.ca/,
accessed on 3 December 2021) [51].

4.3. Genome-Based Characterization

In silico epidemiological characteristics of the assembled genome were carried out
using SCCmecFinder-1.2 for the identification of SCCmec type [52], MLST 1.8 [53] for
Multilocus Sequence Typing, and spaTyper 1.0 [54] for spa typing available at Center for
Genomic Epidemiology (CGE) webserver (https://cge.cbs.dtu.dk/services/, accessed on
22 August 2021).
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4.4. Prediction of Resistome, Virulome, and Mobilome

The chromosomal mutations and acquired genes conferring antibiotic resistance were
identified by ResFinder 4.1 at CGE (https://cge.cbs.dtu.dk/services/ResFinder/, accessed
on 22 August 2021) [55]. Virulence factors in the genome were identified and annotated
using the Virulence Factor Database (VFDB) at http://www.mgc.ac.cn/VFs/, accessed on
22 August 2021 [56]. The assembled genome was searched for plasmid replicons (rep) in
PlasmidFinder 2.1 using default parameters [57]. The identified plasmid replicons (rep)
were searched in PLSDB (Plasmid Database) for the identification of full-length plasmids,
and the full-length plasmids were then BLASTed with the Lr2 genome [58]. The prophage
sequences in the assembled genome were identified and annotated by PHASTER online
tool [59]. The identified plasmids and prophages were also investigated for genes associated
with antimicrobial resistance and virulence.

4.5. Whole-Genome Single Nucleotide Polymorphism (SNP)-Based Phylogenetic Analysis

The whole-genome SNPs phylogenetic analysis of MRSA Lr2 ST22 strain was analyzed
against a set of publicly available ST22 complete genomes (n = 19, according to PATRIC,
https://www.patricbrc.org/, accessed on 29 March 2021). The SNPs were called against
the reference genome NCTC_8325 (GenBank accession no. CP000253.1), and the maximum-
likelihood tree was established using FastTree 2 tool [60] in CSI Phylogeny (https://cge.cbs.
dtu.dk/services/CSIPhylogeny/, accessed on 15 April 2021) [61]. The following default
settings were applied: SNP positions minimum depth 10, SNP positions relative depth 10, a
minimum distance between SNPs (prune) 10, minimum quality of SNP 30, and minimum Z-
score of SNP 1.96. The phylogenetic tree was visualized, and a heatmap of the presence and
absence of antibiotic resistance genes and virulence factors was generated using Interactive
Tree of Life (iTOL) [62].

4.6. Pan-Genome and Cluster of Orthologous Genes (COGs) Analysis

The MRSA ST22 genomes were annotated by Prokka at default parameters for es-
timation of pan genome [63]. The pangenome analysis and core-genome SNPs-based
phylogenetic analysis were performed using the pangenome estimation module (PGM) of
an in-house pipeline PanRV, which makes use of Roary [64,65]. The functional annotation
of core genome of ST22 strains and COGs unique to Lr2 ST22 strain was performed using
the functional annotation analysis module (FAM) of the in-house PanRV pipeline with
0.001 E-value, bit score 100, and percentage identity 70 [66,67].

5. Conclusions

This study provides important epidemiological and genomic data on a PVL-positive
CA-MRSA ST22 strain Lr2 from Pakistan. The comparative analysis of the resistome
shows that, unlike other ST22 strains, the strain Lr2 carries a plasmid-associated antibiotic
resistance gene erm(C) and an aminoglycoside resistance gene aac(6′)-Ie-aph(2′′)-Ia. The
strain also harbors several prophages with genes encoding important S. aureus virulence
factors such as PVL and TSST. These antibiotic resistance- and virulence-associated genes
possibly make this ST22 clone highly antibiotic-resistant and virulent, and these genes
could be transferred to other MRSA clones through horizontal gene transfer. However,
further studies are needed on a large collection of isolates to determine the molecular
epidemiology, evolution, and dynamics of transmission of this clone in Pakistan.
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Abstract: Emerging resistance to ceftriaxone and azithromycin has led to renewed interest in using
ciprofloxacin to treat Neisseria gonorrhoeae. This could lead to the rapid emergence and spread of
ciprofloxacin resistance. Previous studies investigating the emergence of fluoroquinolone resistance
have been limited to a single strain of N. gonorrhoeae. It is unknown if different genetic backgrounds
affect the evolution of fluoroquinolone resistance in N. gonorrhoeae, as has been shown in other
bacterial species. This study evaluated the molecular pathways leading to ciprofloxacin resistance
in two reference strains of N. gonorrhoeae—WHO-F and WHO-P. Three clones of each of the two
strains of N. gonorrhoeae were evolved in the presence of ciprofloxacin, and isolates from different
time points were whole-genome sequenced. We found evidence of strain-specific differences in the
emergence of ciprofloxacin resistance. Two out of three clones from WHO-P followed the canonical
pathway to resistance proceeding via substitutions in GyrA-S91F, GyrA-D95N and ParC. None of the
three WHO-F clones followed this pathway. In addition, mutations in gyrB, uvrA and rne frequently
occurred in WHO-F clones, whereas mutations in yhgF, porB and potA occurred in WHO-P.

Keywords: N. gonorrhoeae; fluoroquinolone; AMR; resistance; ciprofloxacin

1. Introduction

The World Health Organization (WHO) has categorized Neisseria gonorrhoeae as being
at high risk for the emergence of further antimicrobial resistance (AMR) [1]. In particular,
the emergence of combined gonococcal resistance to ceftriaxone and azithromycin has
renewed interest in reintroducing fluoroquinolones (FQs) as therapeutic agents [1,2]. The
resistance mechanisms developed by N. gonorrhoeae to ciprofloxacin (CIP) are due to point
mutations in the quinolone resistance determining region (QRDR) of the gyrA and parC
genes [3–6]. One study found that CIP could be successfully used to treat gonococcal isolates
that were negative for the S91F mutation in DNA gyrase subunit A [2]. An understandable
concern of this approach is that this will result in a renewed increase in fluoroquinolone
resistance in N. gonorrhoeae.

The initial introduction of fluoroquinolones as a treatment for gonorrhoea was fol-
lowed by an explosive increase in the prevalence of resistance to FQs [1,7]. The prevalence
of resistance has declined in recent years in a number of locales, and it would be prudent
only to reintroduce FQ to treat gonorrhoea in a way that minimizes the selection pres-
sure for resistance [8]. An important unknown in this regard is if all gonococcal strains
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have the same propensity to develop FQ resistance. Studies in Mycobacterium tuberculosis,
Staphylococcus aureus and Clostridium difficile have found large variations in this propen-
sity [9–11]. For example, in the case of M. tuberculosis, in vitro experiments have confirmed
that differences in the genetic background can result in two orders of magnitude differences
in the frequency of the emergence of FQ resistance [9].

In a recent phylogenetic analysis of a global collection containing 17,871 isolates of
N. gonorrhoeae, we found that the prevalence of FQ resistance varied considerably according
to multilocus sequence type (MLST) [12]. About twenty-five MLSTs were represented
by 100 or more isolates. If the GyrA-S91F substitution is used to define ciprofloxacin
resistance, then of these 25 MLSTs, 13 MLSTs were predominantly resistant (median 97.4%
[IQR 95.6–98.4%] resistance). The remaining 12 MLSTs were predominantly susceptible to
ciprofloxacin (median 2.7% [IQR 0.2–10.1%] resistance). The same was true for high-level
resistance (HLR; MIC to ciprofloxacin ≥16 mg/L). Of the 2384 ciprofloxacin HLR isolates
detected, half of the isolates (50.4%) belonged to ST1901, followed by ST7363 (11.49%) and
ST1579 (2.5%).

The molecular pathway to ciprofloxacin resistance in N. gonorrhoeae has been previ-
ously been assessed in vitro [3]. However, this study was limited to a single strain (FA-19),
was not performed in duplicate, and the molecular sequencing was limited to the gyrA/B
and parC/E genes [3]. In preliminary work, we noted that despite identical ciprofloxacin
MICs (0.004 mg/L), the WHO-P strain of N. gonorrhoeae appeared to acquire resistance to
ciprofloxacin more rapidly than WHO-F. Therefore, in this work, we aimed to assess if
there is a difference between WHO-F and WHO-P in (1) order of acquisition of mutations
in the target genes, (2) time to ciprofloxacin resistance, and (3) the molecular pathway to
ciprofloxacin resistance.

2. Methods
2.1. WHO-Reference Strains, Genetic Characteristics and Comparative Genomics

The strains used in this study were N. gonorrhoeae WHO reference strains (WHO-F
and WHO-P), both susceptible to ciprofloxacin with a minimum inhibitory concentration
(MIC) of 0.004 mg/L. The genetic background of the two strains are as follows: (i) WHO-
F belongs to porB1a serogroup with a WT mtrR promoter region, rpoB and rpsJ genes
(ii) WHO-P belongs to porB1b serogroup, with A to C substitution in mtrR promoter
region, and substitutions in RpoB- H552N and RpsJ-V57M [13]. Furthermore, the clades
of WHO-F and WHO-P were further investigated to delineate the molecular pathways
to FQ resistance using the previously defined whole genome MLST (wgMLST) and core
genome MLST (cgMLST) schemes according to Manoharan-Basil et al. 2022. Briefly, WGS
data that comprised of 17, 871 N. gonorrhoeae isolates were analyzed using chewBBACA
version 2.8.5 [14]. A training file using the complete genome of N. gonorrhoeae FA1090 was
created using Prodigal [15] and was followed by creating a study specific schema using
two complete N. gonorrhoeae genomes (FA1090 and MS11). A FASTA file for each coding
sequence (CDS) was generated, followed by the creation of wgMLST loci. The cgMLST loci
were then extracted from the wgMLST loci and visualized using a grape tree [16].

2.2. Plating Experiment and MIC Determination

All of the strains were grown on a gonococcal (GC) agar plate (Gonococcal Medium
Base, BD Difco™) supplemented with 1% IsoVitaleX (BD BBL™) and incubated at 36 ◦C
in an atmosphere of 5% CO2. Three independent clonal lineages of WHO-F (henceforth
referred to as WHO-F1, WHO-F2 and WHO-F3) and WHO-P (henceforth referred to as
WHO-P1, WHO-P2 and WHO-P3) strains were evolved from single colonies grown on a GC
agar plate. A single colony from each strain was inoculated on a GC agar plate containing
0.004 mg/L ciprofloxacin and incubated at 36 ◦C with 5% CO2. After visible growth was
attained, typically after 36–72 h, one colony was inoculated onto a GC agar plate in which
the drug concentration had been increased two-fold relative to the previous concentration.
The selection was continued until a ciprofloxacin (CIP) MIC concentration of 32 mg/L was
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attained, or no visible growth was seen. The cultures from each time point were stored in
skimmed milk supplemented with 20% of glycerol and stored at −80 ◦C. The number of
passages for each strain is presented in Table 1.

Table 1. Evolution of ciprofloxacin resistance over time. The isolates that were subjected to WGS are
colored in grey. Asterisk denotes bacterial cell death. X: data not recorded. Asterisk denotes bacterial
cell death.

WHO
Reference

Strains
CIP MIC (mg/L) Total No. of

Passages

1-23
WHO-F1 0.004 X X X X 0.032 0.032 0.047 X 0.047 X 0.125 * 5
WHO-F2 0.004 0.064 X X 0.064 0.064 X 0.094 X 0.094 X X 0.38 X 0.75 4 X 12 * 9
WHO-F3 0.004 0.006 X X 0.047 0.032 X 0.064 X X 0.125 * 5

1-23 WHO-P1 0.004 0.008 X X 0.012 0.125 * 3
WHO-P2 0.004 0.125 X X 0.125 0.25 X 1.5 1 X 1.5 X X X X 4 * 7
WHO-P3 0.004 0.125 X X 0.125 X 0.5 X X X 2 4 4 X X 16 X 32 X X 32 9
1-23 Days 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

MICs were determined using E-test strips (BioMerieux, Marcy-l’Étoile, France) on GC
agar according to the manufacturer’s instructions. The MIC for CIP ≥ 16 mg/L, >0.06 mg/L,
0.03 ≤ 0.06 and <0.03 mg/L were classified as being high-level resistant (HLR), resistant
(R), intermediate (I) and susceptible (S) to CIP, respectively [12,17]. Geometric mean (GM)
MIC are provided where appropriate. The doubling time was estimated to be ~60 min [18].

2.3. Whole-Genome Sequencing (WGS) and SNP Analysis

In this study, 11 clones from WHO-F [WHO-F1 (n = 3); WHO-F2 (n = 4); WHO-F3
(n = 4)] and 12 clones from WHO-P [WHO-P1 (n = 4); WHO-P2 (n = 3); WHO-P3 (n = 5)]
strains were subjected to WGS (Table 1). Genomic DNA was extracted using the MasterPure
Complete DNA and RNA Purification Kit (Epicenter, Madison, WI, USA) and eluted in
nuclease-free water. DNA was outsourced for WGS (GENEWIZ, Germany and Eurofins,
Leipzig, Germany) and was sequenced on an Illumina instrument using 150 bp paired-
end sequencing chemistry (Illumina, San Diego, CA, USA). The quality of the raw reads
was assessed using FASTQC [19]. The raw reads were trimmed for quality (Phred ≥ 20)
and length (≥32 bases) using trimmomatic (v0.39) [20]). The processed reads from the
baseline isolates were assembled using Shovill (v1.0.4) [21], which uses SPAdes for the
denovo assembly (v3.14.0). The parameters used for denovo assembly are as follows: —trim
—depth 150 —opts —isolate. The quality of the denovo contigs was evaluated using Quast
(v5.0.2) [22]. Finally, the draft genome was annotated using Prokka (v1.14.6) [23]. The
quality controlled reads were mapped to baseline draft genome using BWA MEM and
single nucleotide polymorphisms (SNPs) were determined using freebayes implemented
in Snippy (v4.6.0) with default parameters (10× minimum read coverage and 90% read
concordance at the variant locus) [24–26]. The raw reads generated are deposited at
https://www.ncbi.nlm.nih.gov/sra/PRJNA815938 (accessed on 14 March 2022).

Genetic characterization of the relevant genes associated with ciprofloxacin resistance
in WHO-F, WHO-P, and global Neisseria spp. collection.

The putative SNPs identified in the relevant genes associated with ciprofloxacin
resistance were further examined in the global collection comprising the genomes of
N. gonorrhoeae (n = 17,871), including the WHO-F and WHO-P, and commensal Neisseria spp.
(n = 1136) whose provenance and metadata are described elsewhere [12].

2.4. Statistical Analysis

Stata 16.0 (StataCorp, College Station, TX, USA) was used for all analyses. A p-value
of <0.05 was considered statistically significant. Mann-Whitney U-test was conducted to
test for significant changes in the MIC.
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3. Results
3.1. Association of WHO-F and WHO-P and Ciprofloxacin MICs

WHO-F belongs to ST10934, whereas WHO-P belongs to ST8127 (Figure 1). ST10934
(n = 9, including WHO-F) originated from ST7359 (n = 653) and ST8127 (n = 6, including
WHO-P) originated from ST1580 (n = 560). Isolates belonging to ST7359 were all gyrA and
parC wild type (WT). Out of 560 isolates belonging to ST1580, 23 isolates had mutations
conferring resistance to ciprofloxacin, 257 were WT, and 280 isolates had no available
data. Out of these 22 isolates, different combinations of mutations in the target genes were
identified and are as follows: twelve isolates had substitutions in GyrA-S91F, GyrA-D95A
and ParC-S87R (GM MIC—10.5 mg/L), four isolates had the GyrA-S91F and ParC-D86N
substitutions (GM MIC—0.38 mg/L), two isolates had the GyrA-S91F, GyrA-D95G, ParC-
E91Q substitutions (GM MIC—0.07 mg/L), two isolates had the GyrA-S91F, GyrA-D95G
and ParC-S87R (GM MIC—4 mg/L), one isolate had the substitutions in GyrA-S91F, and
GyrA-D95G (MIC—8 mg/L) and one isolate had only the ParC-S87R substitutions (MIC—
0.02 mg/L).
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Figure 1. Minimum spanning tree comparing core-genome allelic profiles with MLST resulting in
isolates with similar allelic profiles forming clusters. Isolates are displayed as circles. The size of each
circle indicates the number of isolates of this particular type. Numbers in brackets refer to the number
of isolates. WHO-F (ST10934) is denoted in magenta colour and WHO-P (ST8127) in green color.

3.2. In-Vitro Selection of Ciprofloxacin Resistance in WHO-F and WHO-P

In all six experiments, clones of the WHO-F and WHO-P strains acquired ciprofloxacin
resistance (MIC > 0.06 mg/L). Only one clone, WHO-P3, acquired high-level ciprofloxacin
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resistance and attained a MIC of 32 mg/L by day 18 (~432 generations), representing an
increase in MIC compared to baseline of about 8000-fold (Table 1).

3.3. Mutations in Fluoroquinolone Target Genes (gyrA, gyrB, parC and parE)—GyrA S91F
Pathway Is Associated with Higher Ciprofloxacin MICs

Mutations were detected in 9 out of the 11 clones of the WHO-F strain [WHO-F1 (2/3);
WHO-F2 (3/4); WHO-F3 (4/4)] and in 9 out of the 12 clones of the WHO-P strains [WHO-P1
(3/4); WHO-P2 (2/3); WHO-P3 (4/5)].

The genetic mechanisms underlying the antibiotic resistance in the evolved CIP resis-
tant isolates are as follows:

I. WHO-F
WHO-F1 and WHO-F3 developed resistance after five passages, whereas the isolates
of WHO-F2 attained resistance after four passages (Table 1).

(a) WHO-F1 & WHO-F3: WHO-F1 and WHO-F3 acquired the GyrA-D95N sub-
stitution at days 5 (~120 generations) and 6 (~144 generations), respectively
(MIC−0.032 mg/L). The highest MICs attained by these clones was 0.125 mg/L.

(b) WHO-F2: WHO-F2 acquired the S91Y substitution in the quinolone resistance-
determining regions (QRDR) in GyrA at day 2 (~48 generations, MIC−0.064 mg/L)
which was followed by additional substitutions in GyrA-D95N (MIC−0.38 mg/L;
Day-13 and MIC−12 mg/L; Day-18) and ParC- E91K (MIC−12 mg/L; Day 18).

Additional substitutions outside the QRDR region were also observed and are as
follows: GyrA-D80Y in WHO-F1 (MIC−0.125 mg/L; Day 12) and ParC-R537S in WHO-F3
(MIC-0.125 mg/L; Day 11).

II. WHO-P
WHO-P1 took three passages to reach a MIC of 0.125 mg/L while isolates from WHO-
P2 and WHO-P3 required one passage of ciprofloxacin exposure to attain the same
MIC (Table 1).

(a) WHO-P1: An insertion in GyrB (S467_G468ins) emerged by day 2 in WHO-P1
(MIC−0.008 mg/L) and persisted till day 3 (MIC−0.012 mg/L). On day 6,
WHO-P1 acquired the D95N substitution in GyrA, and its MIC increased to
0.125 mg/L, which was the highest MIC attained by WHO-P1.

(b) WHO-P2 & WHO-P3: The WHO-P2 and WHO-P3 clones acquired the GyrA-
S91F substitution by day 2 (MIC−0.125 mg/L), followed by substitutions in
ParC (ParC-D86N substitution in WHO-P2 by day 16 [MIC 4 mg/L] and ParC-
R537L substitution outside the QRDR at day 11 [MIC−0.125 mg/L]). WHO-P2
and WHO-P3 attained higher MICs (4 mg/L and 32 mg/L, respectively) than
WHO-P1 (0.125 mg/L).

Among all WHO-F and WHO-P clones, those that acquired the S91F/Y substitution
in GyrA (WHO-F2, WHO-P2 & WHO-P3) attained higher ciprofloxacin MICs (12, 4 &
32 mg/L, respectively) than the clones that did not acquire this mutation (WHO-F1, WHO-
F3 & WHO-P1, all MIC 0.125 mg/L; p = 0.037). The S91F/Y clones also survived for longer
(16, 18 & 21 days) than those that did not acquire S91F/Y (7, 12 & 13 days; Table 1; p = 0.049).

3.4. Mutations in gyrB, uvrA and rne Frequently Occurred in WHO-F Strains, Whereas
Mutations in yhgF, porB and potA Occurred in WHO-P during the Selection for
Ciprofloxacin Resistance

WGS analysis revealed that in addition to acquiring the known resistance associated
mutations (RAMs- GyrA-S91Y/F, GyrA-D95N, ParC-E91K and ParC-D86N) additional
substitutions were differentially detected in WHO-F and WHO-P. In WHO-F, substitutions
in gyrB [WHO-F1 (n = 1), WHO-F3 (n = 3)], rne [WHO-F1 (n = 2)] and uvrA [WHO-F1 (n = 1),
WHO-F3 (n = 2)] were identified (Figure 2 A, C, E), whereas in WHO-P substitutions were
detected in yhgF [WHO-P2 (n = 2), WHO-P3 (n = 2)], porB [WHO-P1 (n = 1), WHO-P3
(n = 1)] and potA [WHO-P3 (n = 1)] (Figure 2B,D,F).
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3.4.1. Mutations in gyrB, uvrA and rne in WHO-F

Two clones (WHO-F1 and -F3) acquired substitutions in UvrA. In both cases, this
involved a frameshift (fs) caused by a deletion (del) (987–997del GAC TTC AAT CGC;
Figure 2A,E), UvrA-M329fsdel, leading to a truncated protein. These substitutions occurred
at the same time as P739H substitutions in GyrB and D95N substitutions in GyrA that were
associated with intermediate resistance (MICs—0.032 to 0.125 mg/L). Neither WHO-F1 nor
WHO-F3 acquired the S91F GyrA substitution. The P739H substitution in GyrB was first
observed in WHO-F3 (n = 3) on day one and in WHO-F1 (n = 1) on day five.

112



Antibiotics 2022, 11, 499

In two of the four-time points at which the P739H substitution in GyrB was detected
in WHO-F3, no other substitutions were found (Figure 2E). These time points were the
first two time points for WHO-F3. The ciprofloxacin MICs for these time points were
not elevated compared to baseline (0.004 mg/L on baseline and day 1 and 0.006 mg/L
on day 2).

In contrast, WHO-F2 did not acquire these substitutions in GyrB or UvrA but did ac-
quire a frameshift mutation in Rne (M329fs) at two-time points that were contemporaneous
with the S91Y substitution in GyrA (Figure 2C).

3.4.2. Mutations in lldD, porB, potA and yhgF in WHO-P

In two WHO-P1 clones, an insertion in GyrB (S467_G468ins) was observed at the same
time a missense mutation in LldD-S114Y that emerged at day 2 (MIC–0.008 mg/L) and
persisted until the MIC had increased three-fold (MIC–0.012 mg/L; Figure 2B). E127K
substitutions were found to occur in PorB in WHO-P1 and WHO-P3 clones coincident
with D95N substitutions in GyrA (MIC-0.125 to 32 mg/L; Figure 2B,F). The YhgF-A414V
substitution was observed in two and four isolates belonging to WHO-P2 and WHO-P3
lineages, respectively (Figure 2D,F). This YhgF substitution was always accompanied by
the GyrA-S91F substitution (MIC baseline-0.004 mg/L, mutants–0.125 mg/L, 0.5 mg/L,
4 mg/L and 32 mg/L).

The PotA-G280D substitution was found in the last two clones belonging to the WHO-
P3 lineage and was accompanied by a number of known RAMs such as S91F and D95N in
GyrA as well ParC-R537L and ParE- P456S substitutions (MIC—32 mg/L; Figure 2F).

3.5. Other Mutations

A number of other mutations at single time points were identified and are as follows:
(i) a duplication (dup) in transcriptional regulatory protein, ZraR-D5fs (12_13dupCG) that
was detected in sample WHOP2 (MIC-4 mg/L) after 16 days of experiment; (ii) a deletion
in pilin glycosyltransferase, PglA-R253fs (756delG) was identified after a day of exposure in
WHO-F1 (MIC–0.004 mg/L); and (iii) a deletion in ribosomal protein L11 methyltransferase,
PrmA-E93del (276–277 del GC) in WHOF1 at day 12 (MIC–0.125 mg/L). The relevance of
these mutations to the genesis of ciprofloxacin resistance requires further experimentation.

3.6. Genetic Characterization of Relevant Genes (potA, rne, uvrA and yhgf) in the Genomes of
WHO-F and WHO-P

The baselines genomes of WHO-F and WHO-P were aligned, and the following amino
acid changes were observed in the relevant genes considered in this manuscript. (i) PotA:
Amino acid at positions 34 and 75 in WHO-P were N (Asn) and D (Asp), whereas, in
WHO-F, they were D (Asp) and N (Asn), respectively. (ii) RnE: In WHO-P amino acids at
positions 399 and 437 were A (Ala) and (R) Arg (R), whereas, in WHO-F, they were V (Val)
and S (Ser) (iIi) UvrA: In WHO-P the amino acids at positions 163, 619, 931, and 935 were
(G) Gly, D (Asp), (E) Glu and (V) Val, whereas in WHO-F they were A (Ala), (G) Gly, Q (Gln)
and (I) Ile, respectively (iv) YhgF: Amino acids at positions 96 and 116 in WHO-P were A
(Ala) and R (Arg), and in WHO-F they were T (Thr) and H (His), respectively (Table S1).

3.7. gyrB, parC, porB and yhgF Mutations in the GLOBAL Collection

The GyrB-P739H substitution was not observed in the 17,871 N. gonorrhoeae isolates.
This substitution was, however, identified in two commensal Neisseria spp.—N. brasiliensis
(PATRIC ID-2666100.4) and Neisseria sp. (PubMLST ID-94179). The ParC-R537S/L sub-
stitutions were not observed in any of the Neisseria spp. (n = 19,007). ParC-R53C and
ParC-R537H substitutions were observed in three (GM MIC—0.75 mg/L) N. gonorrhoeae
isolates. The PorB-E127K substitution in loop 3 was not present in any of the Neisseria spp.
However, the PorB-E127D substitution was identified in three N. gonorrhoeae (MIC– not
available) and 102 commensal Neisseria spp. (MIC- not available) Furthermore, PorB-E127G
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(n = 1, MIC–32 mg/L) substitution was found in one N. gonorrhoeae isolate (Pathogenwatch
ID—ECDC-FR13-066).

4. Discussion

The impacts of different genetic backgrounds in N. gonorrhoeae on the evolution of
FQ resistance are poorly understood. In this study, we evaluated the pathway to the FQ
resistance of two gonococcal WHO reference strains with the same ciprofloxacin MIC
(0.004 mg/L). Our global phylogenetic analysis revealed that none of the 653 isolates from
ST7359 from which WHO-F emerged had acquired the FQ RAMs. In contrast, 21 out of
560 isolates from the WHO-P lineage associated ST1580 had acquired FQ RAMS.

Our experimental findings are compatible with strain- and pathway-specific differ-
ences in the emergence of ciprofloxacin resistance.

4.1. Pathway Specific Differences

Two clones of WHO-P followed the GyrA S91F pathway and one clone of WHO-F
followed the similar GyrA S91Y pathway. These three clones attained higher ciprofloxacin
MICs than three other clones from WHO-P and -F that acquired D95N- and not S91F-
substitutions.

Furthermore, two of the three clones that followed the S91F/Y pathway went on to
acquire known RAMs in ParC—D86N in WHO-P2 and E91K in WHO-F2—compared to
none of the three clones that did not acquire S91F/Y substitutions. These findings are
compatible with previous studies that have found that the development of FQ resistance in
N. gonorrhoeae commences with the GyrA S91F substitution and that subsequent increases
in MIC are related to D95N substitutions in GyrA and various mutations in ParC [3,27]. We
found two other substitutions in ParC that were outside the QRDR but may be associated
with increased MICs—R537L in WHO-P3 and R537S in WHO-F3. These substitutions were
not found in our global dataset, and the relevance of these substitutions thus requires
further investigation.

4.2. Strain-Specific Differences

Whilst one clone of WHO-F followed the S91Y GyrA pathway, this substitution was
found far less commonly than the S91F substitution in an analysis of 17, 871 isolates of
N. gonorrhoeae from around the world (n = 27 versus n = 17,871, respectively). This, plus
the finding noted above that the GyrA S91F substitution has not been detected in the
WHO-F-like sequence types, suggests that the probability of the S91F substitution emerging
in WHO-F may be lower than in other strains such as WHO-P. In addition, we found strain-
specific differences in the mutations outside the topoisomerase genes. In WHO-F, mutations
were detected in gyrB, uvrA, and rne, whereas in WHO-P, mutations were detected in yhgF,
porB, and potA (Figure 3).
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4.3. gyrB, uvrA and rne Mutations Detected in WHO-F

In WHO-F1 and -F3, the D95N substitution in GyrA was accompanied by a P739H
substitution in GyrB and a M329 frameshift deletion in UvrA. This substitution in GyrB is
outside the QRDR and not observed in the 17,871 isolates, and it may therefore reflect a
transient mutation, appearing only temporarily and being lost at later stage due to fitness
costs or other factors.

The nucleotide excision repair (NER) gene, uvrA, is part of the SOS regulon in
many bacteria that catalyzes the recognition and processing of DNA damage [28–31].
Ciprofloxacin has been shown to increase the transcription of uvrA via the SOS path-
way which could play a role in facilitating the subsequent acquisition of antimicrobial
resistance [29]. Further experimentation is necessary to better characterize the role of the
frameshift mutation in uvrA in the genesis of ciprofloxacin resistance in N. gonorrhoeae.
Notably, in the baseline isolates the amino acids at positions 163, 619, 931 and 935 varied
between WHO-F (A163, G619, Q931 and I935) and WHO-P (G163, D619, E31 and V935).

By way of contrast, the pathway to ciprofloxacin resistance in WHO-F2 included a
frameshift mutation in rne (Rne-D661fs), ribonuclease E, resulting in a premature stop
codon (Figure 2C). In E. coli RNase deletion or inactivation precludes the normal initiation
of the SOS response [32].

4.4. yhgF, porB and potA Mutations Detected in WHO-P

The A414V substitution in YhgF was detected at the first time point when ciprofloxacin
MICs increased in both WHO-P2 and -P3 and persisted until the end of both experiments.
YhgF has been shown to play a role in E. coli’s ability to survive ionizing radiation [33].
A genetic interaction screen also established that YhgF has interactions with a number of
proteins involved in translation and ribosome biogenesis, such as S1 [34]. For example,
∆yhgF mutants exhibit increased levels of stop codon readthrough [34]. In our experiments,
there was 100% concordance between the detection of this A414V substitution in YhgF
and the S91F substitution in GyrA. This contrasts with the complete absence of the A414V
substitution in YhgF in the global collection of N. gonorrhoeae, a high proportion of whom
have the S91F substitution in GyrA. One way to explain the apparent temporary emergence
of the A414V substitution is that it acts as a stepping stone to FQ resistance. Gomez et al.
have produced compelling experimental evidence that mutations in ribosomal proteins
act as stepping stones to FQ resistance in Mycobacterium smegmatis [35]. They found that
ciprofloxacin exposure first selected for mutations in ribosomal proteins, which facilitated
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the subsequent acquisition of resistance-associated mutations in gyrA. The ribosomal
mutations conferred a fitness cost and thus were lost at some point after acquiring the gyrA
mutations. Further experiments are required in N. gonorrhoeae to test this hypothesis.

The PorB-E127K substitution was observed at the last time point of WHO-P1 and the
last two time points of WHO-P3. In both cases, it emerged at the same timepoint as the
D95N substitution in GyrA. Once again, it was not found in any of the global collections.
The porB gene encodes an outer membrane porin that has two mutually exclusive alleles—
PorB1a in WHO-F and PorB1b in WHO-P [36]. Isolates with PorB1a tend to be more
susceptible to penicillin and tetracycline [37]. Loop 3 of PorB1b folds into the barrel of the
porin, constricting the pore. Amino acid substitutions in this loop, such as G120K and
A121D, result in reduced susceptibility to cephalosporins, penicillin and tetracyclines [37].
Although speculative, it is possible that the E127K substitution, which is also in loop 3,
has a similar effect for FQ. The fact that this substitution was not detected in the global
collections would once again be compatible with this substitution having a fitness cost.

Polyamines are involved in several cellular processes such as energy metabolism,
oxidative stress tolerance, biofilm formation, and iron transport [38–40]. PotA is a cyto-
plasmic protein with an ATP-binding motif that couples ATP hydrolysis to translocation
of polyamines, part of the potABCD operon, encoding the spermidine-preferential uptake
system PotABCD [41]. Mutation in potA (PotA-Q208L) alters the ATPase activity of the
transporter, generating a 4-fold increase in gentamicin in E. coli [42]. In our experiments,
we found that substitution in PotA-G280D was detected at two-time points when WHO-P3
had acquired HLR (MIC-32 mg/L).

There are a number of limitations to this study. We tested the pathways to FQ resistance
in a limited number of sequence types. We did not conduct knockout/complementation
studies to assess the biological effect of the various mutations detected. Neither were fitness
costs or cross-resistance to other antimicrobials assessed. These limitations notwithstand-
ing, we found strain and pathway-specific variations in the genesis of FQ resistance in
N. gonorrhoeae. WHO-F type strains may be less prone to develop ciprofloxacin resistance.
This finding suggests that the proposed reintroduction of ciprofloxacin for the treatment of
gonorrhea may result in less FQ resistance in regions where WHO-F type strains are more
prevalent [12]. Hence, surveillance of N. gonorrhoeae genotypes may play an ancillary role
in the safe reintroduction of FQ for the treatment of gonorrhea.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics11040499/s1, Table S1: Difference of aminoacids between
WHO-F and WHO-P strains in relevant genes.
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Abstract: The combination of ceftazidime/avibactam (CZA) is a novel β-lactam/β-lactamase in-
hibitor with activity against Klebsiella pneumoniae carbapenemase (KPC)-producing Enterobacterales.
Emerging cases caused by CZA-resistant strains that produce variants of KPC genes have already been
reported worldwide. However, to the best of our knowledge, no CZA-resistant strains were reported
in Portugal. In September 2019, a K. pneumoniae CZA-resistant strain was collected from ascitic fluid at
a surgery ward of a tertiary University Hospital Center in Lisboa, Portugal. The strain was resistant to
ceftazidime/avibactam, as well as to ceftazidime, cefoxitin, gentamicin, amoxicillin/clavulanic acid,
and ertapenem, being susceptible to imipenem and tigecycline. A hypermucoviscosity phenotype
was confirmed by string test. Whole-genome sequencing (WGS) analysis revealed the presence of an
ST13 KPC70-producing K. pneumoniae, a KPC-3 variant, differing in two amino-acid substitutions
(D179Y and T263A). The D179Y mutation in the KPC Ω-loop region is the most common amino-acid
substitution in KPC-2 and KPC-3, further leading to CZA resistance. The second mutation causes
a KPC-70 variant in which threonine replaces alanine (T263A). The CZA-resistant strain showed
the capsular locus KL3 and antigen locus O1v2. Other important virulence factors were identified:
fimbrial adhesins type 1 and type 3, as well as the cluster of iron uptake systems aerobactin, enter-
obactin, salmochelin, and yersiniabactin included in integrative conjugative element 10 (ICEKp10)
with the genotoxin colibactin cluster. Herein, we report the molecular characterization of the first
hypervirulent CZA-resistant ST13 KPC-70-producing K. pneumoniae strain in Portugal. The emergence
of CZA-resistant strains might pose a serious threat to public health and suggests an urgent need for
enhanced clinical awareness and epidemiologic surveillance.

Keywords: KPC-70; Klebsiella pneumoniae; ceftazidime/avibactam resistance; KPC-3; ST13; KPC-
variant; hypermucoviscosity; hypervirulence; Portugal

1. Introduction

Klebsiella pneumoniae belongs to the order Enterobacterales and is one of the most
common nosocomial pathogens worldwide, representing a serious threat to clinical and
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public health [1]. Carbapenemase-producing Enterobacterales, such as K. pneumoniae pro-
ducing carbapenemase (KPC-Kp), are resistant to almost all β-lactam inhibitors, including
carbapenem, leading to scarce therapeutic options [1]. In Portugal, an increasing trend of
carbapenem resistance has been reported by the European Center for Disease Prevention
and Control (ECDC) [2] with an overlapping of multidrug resistance and virulence deter-
minants in KPC-3 K. pneumoniae clinical strains that impose an additional challenge in the
treatment of infections caused by this pathogen [3]. Furthermore, despite the improvements
in recent years, Portugal has been identified as one of the countries in Europe with the
highest rate of hospital infections [4] and with an increasing resistance tendency to the
latest therapeutic lines available [5].

A recently developed drug, ceftazidime/avibactam (CZA), combines a third-generation
cephalosporin (ceftazidime) and a non-β-lactam β-lactamase inhibitor (avibactam) that
inactivates most Amber class A (including KPC), class C, and class D β-lactamases, but
it is not effective against class B (metallo-β-lactamase-producing strains) [6]. CZA is ap-
proved for use in Europe since 2016 for the treatment of complicated intra-abdominal
infections (cIAI), complicated urinary tract infections (cUTI) including pyelonephritis,
hospital-acquired pneumonia (HAP) including ventilator-associated pneumonia (VAP),
and infections due to aerobic Gram-negative organisms in patients with limited treatment
options [7].

A high rate of clinical success and survival with ceftazidime/avibactam treatment
regimen has been demonstrated in patients with infections caused by K. pneumoniae
carbapenemase-producing Enterobacterales [8–10], and it has become an important first-line
option [11]. However, despite the limited use of CZA worldwide, emerging ceftazidime/
avibactam-resistant strains that produce variants of KPC genes have already been re-
ported [12–17] and may represent a serious cause of concern [18], despite not being reported
to date in Portugal. Thus, this article aims to describe the genomic molecular characteri-
zation of a CZA-resistant K. pneumoniae strain that was identified at a Tertiary University
Hospital Center in Lisboa, leading, to the best of our knowledge, to the first description of
a CZA-resistant strain in Portugal.

2. Results

The clinical strain was recovered from a 65 year old patient admitted at a Tertiary Uni-
versity Hospital Center in Lisboa, Portugal, in September 2019. The ceftazidime/avibactam-
resistant K. pneumoniae was obtained from the biological product ascitic fluid and from
a surgery hospital ward. After its identification, the antimicrobial susceptibility profil-
ing analysis indicated that the strain was resistant to ceftazidime/avibactam, without an
inhibition zone, as well as to ceftazidime, cefoxitin, gentamicin, amoxicillin/clavulanic
acid, and ertapenem, being susceptible to imipenem and tigecycline and susceptible with
increased exposure to ciprofloxacin, cefotaxime, aztreonam, and doripenem (Table 1). The
hypermucoviscosity phenotype was confirmed by the string test.

MLST analyses of internal fragments of seven housekeeping genes revealed that the
K. pneumoniae clinical strain belonged to sequence type 13 (ST13). In accordance with
Table 2, and regarding the resistance determinants, we initially identified a carbapenemase-
coding gene (blaKPC) by PCR screening. After WGS and using the BLAST and the Clustal
Omega programs, we confirmed that the blaKPC-70 gene was a variant of the blaKPC-3
gene with two single-amino-acid variants: D179Y and T263A. Beyond the carbapenemase,
three genes coding for narrow-spectrumβ-lactamases were found: blaTEM-1, blaSHV-1, and
blaOXA-9. The aac(6′)-Ib′, aadA, aph(3”)-Ib, and aph(6)-Id genes producing aminoglycoside-
modifying enzymes were also detected. Trimethoprim–sulfamethoxazole resistance was
encoded by dfrA14 and sul2 genes, respectively. The fosA gene, which codes for fosfomycin
resistance, was also identified. One mutation in the chromosomal gyrA locus was identified
at the gyrA-87N gene, while a homology of only 70% was found in the OmpK35 porin
gene. Using the criterion of >95% nucleotide identity for large plasmids and >80% for
Col-like plasmids, as well as >96% coverage with the reference replicon sequences, we
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found two plasmid replicon types IncFIA (pBK30683) and IncFII (pBK30683) and ColRNAI.
These plasmids can contribute to the evolution of the clone by hosting the blaKPC variants,
as well as to rearrangement (gain or loss of additional resistance determinants) and fusion
with coresident plasmids [19]. The genetic context of blaKPC-70 was found totally in the same
contig as part of the Tn4401d isoform, characterized by a 68 bp deletion between istB and
blaKPC genes when compared with the Tn4401b isoform, which is a Tn3-based transposon
involved in blaKPC gene dissemination [20]. Moreover, regarding the virulence genes in
K. pneumoniae, the antigen O encoded on rfb locus type O1v2 and the polysaccharide capsule
are encoded in K-loci (KL3), while the rcsA and rcsB genes responsible for regulation of
capsule synthesis were also found, but not the rmpA gene regulator of mucoid phenotype
A. Others important virulence factors identified were fimbria adhesins type 1 (fimA–fimK
genes) and type 3 (mrkA–mrkJ genes), as well as the iron uptake systems kfu, enterobactin
cluster (entA–fes), aerobactin (iutA), salmochelin (iroN and iroE), and yersiniabactin cluster
(fyuA–ybtX), which was included in integrative conjugative element 10 (ICEKp10) with
the genotoxin colibactin cluster (12 out of 18 genes). The hypermucoviscosity phenotype
was confirmed.

Table 1. Antimicrobial susceptibility profile from the ceftazidime/avibactam-resistant K. pneumoniae strain.

Antibiotic Tested AST Dose (µg)

AST a

MIC
(mg/L)Inhibition

Zone (mm)
Interpretation

Penicillins:
Amoxicillin/clavulanic acid 20/10 12 R -

Cephalosporins:
Cefoxitin 30 16 R -

Cefotaxime 5 18 R -
Ceftazidime 10 6 R -

Ceftazidime/avibactam 10/4 6 R >256

Carbapenems:
Imipenem 10 28 S -
Ertapenem 10 18 R -
Doripenem 10 23 I -
Meropenem 10 21 I -

Monobactams:
Aztreonam 30 23 I -

Fluoroquinolones:
Ciprofloxacin 5 24 I -

Aminoglycosides:
Gentamicin 10 10 R -

Tetracycline:
Tigecycline 15 22 S -

a Following European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines. MIC = minimum
inhibitory concentration; AST = antimicrobial susceptibility testing; S = susceptible standard dosing regimen; I =
susceptible, increased exposure; R = resistant.
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3. Discussion

Ceftazidime/avibactam is a recent therapeutic option for treating serious infections
caused by carbapenem-resistant K. pneumoniae (CRK) [9]. However, increased reports of
CZA resistance in CRK are worrisome [16,17,21]. In Portugal, no reports of CZA resistance
were found to date. In this study, we report a K. pneumoniae KPC-70 CZAR strain that
produces a blaKPC-70 gene, a blaKPC-3 variant with two single-amino-acid variants (D179Y
and T263A).

The first mutation in the KPC Ω-loop region (D179Y) is the most common amino-acid
substitution of KPC in KPC-2 [21] and KPC-3 [22,23]. It has been previously shown that
mutations occurring at the 164–179 site result in flexibility of the Ω-loop region, which
decreases the binding of avibactam and ceftazidime hydrolysis activity, leading to CZA
resistance [24]. The KPC-70 variant, recently described in Italy [12], presents a D179Y
mutation in the KPC Ω-loop region and a second mutation in which threonine replaces
alanine (T263A).

Multilocus sequence typing (MLST) revealed that the K. pneumoniae clinical strain
belonged to sequence type 13 (ST13). A previous study detected seven KPC-3-producers
strains belonging to ST13 in Portugal [25] despite the genomic population structure being
apparently dominated by ST147 [25,26]. In the remainder of the European continent,
most ST13 K. pneumoniae strains were identified as OXA-48-like producers [27–29]. In
contrast, KPC-producing clones were recently reported among South American public
hospitals [30–32]. Nevertheless, none of these studies found CZA-resistant strains. In fact,
although there has been an evident increase in CZA-resistant K. pneumoniae reports in the
last few years [12,15,18,21] none of them exhibited an ST13 allelic profile, which highlights
the importance of genomic surveillance of this ST13 clone.

Concerning virulence factors that have been characterized for K. pneumoniae, there are
different types according to infection source, as well as K. pneumoniae ST strain. However,
there are four major classes of virulence factors: capsule, including the production of
hypermucoviscosity, lipopolysaccharide (LPS), siderophores, and fimbriae [33]. The iron ac-
quisition systems are essential in K. pneumoniae infections, generally to control host defenses
by inducing the dissemination through chelation of host cellular iron and regulating the
production of multiple bacterial virulence factors [34]. Four principal siderophore systems
were found in our strain. Firstly, enterobactin (ent) is common to all K. pneumoniae and
conserved in the chromosome as core gene. Secondly, yersiniabactin is the most common
virulence factor associated with human K. pneumoniae infections and enhances bacterial
survival in the host [33,34]. Usually, this siderophore is included in an integrative and con-
jugative element (ICE) ICEKp10, which in our study was harboring yersiniabactin (ybt17)
and colibactin (clb3), which have a genotoxin effect on host cells by crosslinking DNA and
disrupting host immune response [35]. Most ICEs are extremely prevalent in hypervirulent
K. pneumoniae lineages. In particular, ICEKp10 is the most common type found in ST23 and
ST258 [36]. The remaining siderophore gene clusters found encode for the biosynthesis
of aerobactin and salmochelin. They are associated with invasive disease and are com-
mon amongst hypervirulent K. pneumoniae clones that cause severe community-associated
infections such as liver abscesses and pneumonia. These siderophores were considered
as the primary virulence determinant among iron acquisition systems in hypervirulent
K. pneumoniae species [37], representing key genes for high virulence scores [38]. The other
iron uptake system, kfu, is associated with invasive infections, capsule formation, and
hypermucoviscosity [33]. Our CZA-resistant strain also presented a hypermucoviscosity
(HMV) phenotype and genes coding for biofilm production, which are two key factors for
colonization and persistence in the host. Notably, infection with biofilm-producing KPC-Kp
strains was an independent predictor of mortality [39]. Worryingly, our strain revealed the
presence of the type 3 fimbriae mrkA–mrkJ cluster, including the type 3 fimbriae-related
coding genes (mrkA and mrkD) and regulation gene (mrkH). The biofilm formation capacity
of strains that carried the mrkH cassette was previously reported as significantly higher
than other strains considering that the expression of mrkA in K. pneumoniae carrying the
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mrkH gene was significantly upregulated [40]. Indeed, the assessment of biofilm production
may provide a key element in supporting the clinical management of high-risk patients
with KPC-Kp infection [39] and a relevant emerging problem [39–41].

Additionally, the CZA-resistant strain reported herein produced a capsular type K3
(considered the usual cause of rhinoscleroma) [42], not previously associated with hvKp,
since it is not amongst the most common capsule loci associated with hvKp—K1, K2, K5,
and K57 [36]. Nevertheless, the string test confirmed the hypermucoviscosity phenotype
of our strain; the PCR and WGS analyses were negative for magA gene (considered to be
restricted to K1 strains) [36], as well as for rmpA and rmpA2. However, given that our
strain was isolated from an ascitic fluid, the number of virulence factors found (including
relevant siderophores as aerobactin and yersiniabactin), associated with resistance to last-
line antibiotic ceftazidime/avibactam, it can be characterized as an hvKp strain. However,
this is still a controversial concept. In the literature, hypermucoviscous and hypervirulent
are often used synonymously, but studies found that the string test performed could
be a predictor of hypervirulent strains, and that most hypermucoviscosity phenotypes
likely contribute to the majority of hvKp strains [36]. The emergence of hvKp strains is
a great cause for concern, as they successfully escape immune system mechanisms due
to their high number of virulence factors. Because genes that encode for virulence or
antibiotic resistance are often on mobile genetic elements such as plasmids, transposons,
and ICE, it is not surprising that we are observing a convergence of virulence and antibiotic
resistance. Despite this fact, the interplay between antimicrobial resistance and virulence
still remains poorly understood worldwide, particularly in the convergence of hvKp and
CZA-resistant strains.

Interestingly, it has been described that, during CZA administration, the MIC of
meropenem (MEM) can decrease and some KPC-producing K. pneumoniae strains can result
in CZA-resistant and MEM-susceptible strains [43,44]. Indeed, our CZA-resistant strain is
MEM-susceptible considering the EUCAST category. However, this information should
be interpreted with caution by the clinicians. Previous studies confirmed the difficulty of
treating infections caused by KPC-Kp, which, under CZA-treatment, can rapidly evolve
from CZA-susceptible to CZA-resistant via the emergence of KPC-3 variants. These KPC-3
variant-producing strains can be treated with MEM, but the colonization persistence of
MEM-resistant KPC-3 producers can lead to treatment failure [19] with high mortality
rates [18]. In fact, the role of carbapenems in treating such infections remains uncertain,
because meropenem resistance is readily selected during passage experiments [43].

Ceftazidime/avibactam has definitely become an important first-line option due the
limited therapeutic options available for KPC-Kp infections, which was recently recog-
nized by Infectious Diseases Society of America (IDSA) guidelines that indicate CZA,
meropenem/vaborbactam, and imipenem/cilastatin/relebactam as the preferred agents
for KPC-Kp infections outside of the urinary tract [11]. Previous existing options, such as
polymyxins, aminoglycosides, tigecycline, and carbapenems, were of limited use due to
inferior efficacy, resistance rates, suboptimal doses, and high toxicity [45]. Therefore, it is
imperative to encourage CZA use from an antimicrobial stewardship perspective in order to
retain the activity against KPC-Kp strains. However, the data currently available highlight
that an optimal therapeutic regimen for CZA or for patients infected by CZA-resistant
strains remains lacking [18]. In Italy, a case of a 68 year old man with recurrent bacteremia
caused by a KPC-Kp strain resistant to ceftazidime/avibactam and cefiderocol was re-
ported. A KPC-3 variant enzyme (D179Y; KPC-31) was identified, which confers resistance
to ceftazidime/avibactam and restores meropenem susceptibility. The patient that was
successfully treated with meropenem/vaborbactam [46], which previously demonstrated
potential to be an effective option as salvage therapy for ceftazidime/avibactam-resistant
KPC-producing K. pneumoniae infections [47].
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4. Materials and Methods
4.1. Bacterial Strain

The strain was recovered using standard clinical operating procedures. The iden-
tification was performed by microbiology laboratories using conventional methods or
automated systems such as Vitek2® (BioMérieux, Marcy, l’Étoile, France) or MicroScan
(Snap-on, Kenosha, WI, USA). The strain was frozen in brain heart infusion (BHI) broth
(VWR Prolabo, Lisboa, Portugal) with 15% glycerol at −80 ◦C. For analysis, the strain
was grown using BHI broth (18 h, 37 ◦C) and later seeded in Mueller–Hinton agar (VWR
Prolabo, Lisboa, Portugal).

4.2. Antimicrobial Susceptibility Testing and Hypermucoviscosity Phenotype

Antimicrobial susceptibility testing was performed using the standardized Kirby–
Bauer disc diffusion technique, in accordance with the European Committee on An-
timicrobial Susceptibility Testing (EUCAST). The detailed methodology is available at
http://www.eucast.org/ast_of_bacteria/disk_diffusion_methodology/ (accessed on 17
December 2021). Detailed instructions for Mueller–Hinton agar medium (VWR Prolabo®,
Lisboa, Portugal), including preparation and storage, are also available in the same EUCAST
guidelines document. Quality control was carried out in accordance with EUCAST (version
11.0, 2021). Susceptibility was tested by a panel of antibiotics: amoxicillin/clavulanic acid
(20/10 µg), cefoxitin (30 µg), cefotaxime (5 µg), ceftazidime (10 µg), imipenem (10 µg),
gentamicin (10 µg), ciprofloxacin (5 µg), tigecycline (15 µg), aztreonam (30 µg), ertapenem
(10 µg), doripenem (10 µg), meropenem (10 µg), and ceftazidime/avibactam (10/4 µg)
(Biorad, Portugal). The strains were categorized as susceptible to standard dosing regimen
(S), susceptible to increased exposure (I), and resistant (R) by applying the breakpoints in
the phenotypic test results. A complementary Etest® (BioMérieux, Marcy l’ Étoile, France)
for ceftazidime/avibactam was also performed. The inhibition zones and MIC values
were interpreted according to the EUCAST breakpoints (version 11.0, 2021) (available at
https://eucast.org/clinical_breakpoints/ (accessed on 17 December 2021)).

The hypermucoviscosity phenotype is a known virulent factor which was determined
using a simple method, the string test. A positive string test is defined as the formation of
viscous strings of >5 mm in length when a loop is used to stretch the colony on an agar plate.
Multidrug-resistant (MDR) bacteria were defined as those that acquired nonsusceptibility
to at least one agent in three or more antimicrobial categories, in accordance with the
United States Center for Disease Control and Prevention (CDC) and the European Center
for Disease Prevention and Control (ECDC) consensual definition [48].

4.3. Resistance and Virulence Determinants

PCR-based screening was performed to identify carbapenemase genes with primers de-
signed for blaOXA-48 (F: 5′–GGCTGTGTTTTTGGTGGCATC–3′; R: 5′–GCAGCCCTAAACC-
ATCCGATG–3′), blaKPC [49], blaVIM [50], blaNDM [51], and blaGES [52]. The virulence factors
were also assessed by PCR with specific primers for the fimbrial adhesins type 1 (fimH) [53],
hemolysin (khe), iron uptake system (kfu) [54], siderophore (enterobactin, entB), and the
hypermucoviscosity phenotype (magA) [55].

4.4. Molecular Methods

Polymerase chain reaction (PCR) was performed using the NZYTaq II 2× Green
Master Mix (NZYTech, Lisboa, Portugal) following the manufacturer’s instructions. The
PCR products were resolved in 1% agarose gel in 10× concentrated Tris–borate–EDTA
(TBE buffer) (NZYTech, Lisboa, Portugal). Positive and negative controls were included
in all PCR assays. The positive controls were used with strains containing the respective
genes and previously sequenced. The purification of PCR amplification products was
performed using the ExoCleanUp FAST (VWR Prolabo®, Lisboa, Portugal) kit, and they
were sequenced at STABVida Portugal. Searches for nucleotide sequences were performed
with the BLAST program, which is available at the National Center for Biotechnology
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Information website (http://www.ncbi.nim.nih.gov/ accessed on 17 December 2021).
Multiple-sequence alignments were performed with the Clustal Omega program, which is
available at https://cge.cbs.dtu.dk/services (accessed on 17 December 2021).

4.5. Multilocus Sequence Typing (MLST)

MLST was performed by analyses of internal fragments of seven housekeeping genes
(gapA, infB, mdh, pgi, phoE, rpoB, and tonB), as previously described [56]; the sequencing
was performed at STABVida Portugal and submitted to the MLST database for allele
attribution. The K. pneumoniae database is available at the Pasteur MLST website (http:
//www.pasteur.fr/mlst/ (accessed on 17 December 2021)).

4.6. Whole-Genome Sequencing

The genomic DNA of the clinical strain was extracted from cultures grown overnight,
in Mueller–Hinton agar, using the NZY Tissue gDNA Isolation kit (NZYTech, Lisboa,
Portugal), as per the manufacturer’s recommendations. The sequencing was performed
at STABVida Portugal. Sequencing libraries were prepared using the KAPA HyperPrep
Library Preparation Kit (Roche, Switzerland) following the manufacturer’s recommended
protocol and sequenced using an Illumina HiSeq Novaseq 6000 platform with paired-end
reads (2 × 151 bp). The raw data quality control was performed using FASTQC v0.11.9,
and the trimming and de novo assembly were performed using CLC Genomics Workbench
12.0.3 (QIAGEN, Aarhus, Denmark). All assemblies were carried out with automatic word
size, a similarity fraction of 0.95, a length fraction of 0.95, and a minimum contig size
of 500 bp.

4.7. Drug Resistance-Associated Genes, Virulence Genes, Capsular Types, and Plasmid Replicons

Antimicrobial resistance (AMR) K and O antigen loci were identified using Kleborate
(https://github.com/katholt/Kleborate (accessed on 17 December 2021)), a K. pneumo-
niae-specific genomic typing tool, and virulence factors using the virulence factor database
VFDB (http://www.mgc.ac.cn/VFs/ accessed on 17 December 2021). Plasmid analyses
were identified using the PlasmidFinder database with the following cutoff values: mini-
mum of 60% coverage and 95% identity (https://cge.cbs.dtu.dk/services/PlasmidFinder/
(accessed on 17 December 2021)).

4.8. Accession Number

The sequence was submitted in the NCBI database under the GenBank accession
number MZ893465.

5. Conclusions

Herein, we reported a hypervirulent multidrug-resistant ST13 K. pneumoniae strain
producing KPC-70, a KPC-3 variant conferring resistance to ceftazidime/avibactam com-
bination. To the best of our knowledge, this is the first report of a CZA-resistant strain
in Portugal and the second KPC-70 variant description worldwide. The application of
genomic characterization and molecular surveillance promotes the understanding of K.
pneumoniae population structure, AMR, pathogenicity, and transmission in clinical envi-
ronments and should be widely encouraged. Further studies are needed to elucidate the
molecular features involved in CZA resistance development and spread.
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Abstract: Resistance to the last-line antibiotics against invasive Gram-negative bacterial infection is a
rising concern in public health. Multidrug resistant (MDR) Acinetobacter baumannii Aci46 can resist
colistin and carbapenems with a minimum inhibitory concentration of 512 µg/mL as determined by
microdilution method and shows no zone of inhibition by disk diffusion method. These phenotypic
characteristics prompted us to further investigate the genotypic characteristics of Aci46. Next
generation sequencing was applied in this study to obtain whole genome data. We determined
that Aci46 belongs to Pasture ST2 and is phylogenetically clustered with international clone (IC)
II as the predominant strain in Thailand. Interestingly, Aci46 is identical to Oxford ST1962 that
previously has never been isolated in Thailand. Two plasmids were identified (pAci46a and pAci46b),
neither of which harbors any antibiotic resistance genes but pAci46a carries a conjugational system
(type 4 secretion system or T4SS). Comparative genomics with other polymyxin and carbapenem-
resistant A. baumannii strains (AC30 and R14) identified shared features such as CzcCBA, encoding
a cobalt/zinc/cadmium efflux RND transporter, as well as a drug transporter with a possible role
in colistin and/or carbapenem resistance in A. baumannii. Single nucleotide polymorphism (SNP)
analyses against MDR ACICU strain showed three novel mutations i.e., Glu229Asp, Pro200Leu,
and Ala138Thr, in the polymyxin resistance component, PmrB. Overall, this study focused on Aci46
whole genome data analysis, its correlation with antibiotic resistance phenotypes, and the presence
of potential virulence associated factors.

Keywords: Acinetobacter baumannii; colistin; carbapenems; multidrug resistant; WGS

1. Introduction

Acinetobacter baumannii is an opportunistic pathogenic bacterium that causes nosoco-
mial infections in immunocompromised patients, especially patients treated in the intensive
care unit (ICU) [1,2]. A. baumannii infections usually occur following: trauma, surgery,
catheterization, or endotracheal intubation [3]. Moreover, this bacterium is well known for
its multidrug resistant (MDR) characteristics, defined as resistance to at least one agent in
three or more antibiotic categories [4], and as a nosocomial ESKAPE pathogen, a group
including: Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, A. baumannii,
Pseudomonas aeruginosa, and Enterobacter species [5]. A. baumannii can resist almost all
available antibiotics and it is possible for a strain to be pan drug resistant (PDR), which is
defined as resistant to all agents in all antibiotic categories including last-resort antibiotics
(carbapenems and polymyxins) [4].

Carbapenem-resistant A. baumannii or CRAB is considered by WHO (World Health
Organization) as one of the leading threats to global human healthcare [6]. During the
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COVID-19 pandemic, CRAB infections have increased among COVID-19 patients who are
subjected to long-term stays in the ICU [7,8]. The incidence of A. baumannii infection in
Thailand is widely distributed in all regions of the country [9]. Clinical isolates of A. bau-
mannii accounted for 15–16% of hospital-acquired bacteremia and CRAB comprises 70–88%
of total A. baumannii clinical isolates [10]. Presence of the carbapenemase encoding genes,
blaOXA-23 or blaOXA-51, in combination with insertion sequence elements is frequently
found in CRAB [11].

Unfortunately, colistin-resistant A. baumannii strains that are either MDR or PDR have
been reported worldwide [12,13]. Polymyxins, including polymyxin B and colistin, are
alternative last-line drugs used against CRAB [14]. Cationic polymyxin molecules target
the polyanionic portions of the outer membrane of the bacterial envelope, specifically
lipid A in lipopolysaccharide (LPS) [15]. Polymyxins bind lipid A and disrupt the outer
membrane, causing cytoplasm leakage [16]. In Thailand, colistin-resistant A. baumannii
isolates are found in 35–44% of pneumonia patients [17,18]. Among the colistin-resistant
A. baumannii strains, four known mechanisms have been identified: (i) modification of lipid
A, (ii) loss of LPS, (iii) disruption of outer membrane asymmetry, and (iv) efflux pumps [19].
Modification of lipid A involves increased addition of phosphoethanolamine (PEtN) to lipid
A resulting from a mutation in the PmrAB two-component system. Increased expression
of pmrC, which encodes lipid A phosphoethanolamine transferase, enhances addition of
PEtN to either the 4′-phosphate or 1′-phosphate of lipid A [20]. Inactivation or complete
loss of LPS occurs as a result of mutations in LPS biosynthesis genes such as: lpxA, lpxC,
and lpxD [21]. Mutations in vacJ, encoding an outer membrane lipoprotein, and pldA,
encoding an outer membrane phospholipase, result in accumulation of phospholipid,
disrupting LPS organization, membrane asymmetry, and colistin binding [22]. Efflux
pumps have also been shown to play important roles in the osmotic stress response
and colistin resistance, specifically the AdeRS two-component system, which regulates
expression of the AdeABC [23] and EmrAB efflux pumps [24].

Our previous report characterized MDR A. baumannii Aci46 that was isolated from a
pus sample from a Thai patient at Ramathibodi hospital [25]. This strain was reported as
a CRAB, i.e., resistant to imipenem. In the current study, we further explored the Aci46
resistance profile against other antibiotics including the alternative last-line drug, colistin.
Since the genotypic characteristics of the MDR Aci46 were still unknown, genome studies
were applied to identify antibiotic resistance genes, sequence type, and international
clonal (IC) group of Aci46. In addition, the Aci46 genome was compared with other MDR
A. baumannii and drug sensitive A. baumannii to characterize the unique gene features of
the MDR (or CRAB) Aci46.

2. Results and Discussion
2.1. Antibiotic Resistance Phenotypes of Aci46

A previous report has shown that Aci46 is susceptible to amikacin and resistant to
cefoperazone-sulbactam, ceftazidime, ciprofloxacin, and imipenem [25]. To expand the an-
tibiotic profile of Aci46, twenty drugs from eight classes (i.e., aminoglycosides, beta-lactams
(and beta-lactam combined), carbapenems, quinolones, folate pathway blocks, phenicol,
tetracycline, and colistin) were used in disk diffusion and microdilution assays. We found
that Aci46 was resistant to all twenty drugs (Table 1, Figure S1 and Supplement Table S1)
with a minimum inhibitory concentration (MIC) for colistin of 512 µg/mL (Figure 1). We
have demonstrated that Aci46 is an XDR (extensively drug resistant) strain according to
the definition described by Magiorakos et al. (non-susceptible to at least one agent in all
but two antimicrobial categories specified for Acinetobacter spp.) [4].
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Table 1. Antibiotic susceptibility profiling of A. baumannii Aci46 by disk diffusion method.

Class of Antibiotic Drug ID Dose Zone of Inhibition (mm) * Interpretation

Aminoglycosides
Gentamicin CN10 10 µg 0 R
Kanamycin K30 30 µg 0 R

Streptomycin S10 10 µg 0 R

Beta-lactams

Ampicillin AMP10 10 µg 0 R
Cephalothin KF30 30 µg 0 R

Cefoxitin FOX30 30 µg 0 R
Cefotaxime CTX30 30 µg 0 R
Ceftazidime CAZ30 30 µg 0 R
Ceftriaxone CRO30 30 µg 0 R

Beta-lactam combined Amoxycillin/clavulanic
acid AMC30 30 µg 0 R

Carbapenems Imipenem IPM10 10 µg 7–8 R
Meropenem MEM10 10 µg 0 R

Quinolones
Ciprofloxacin CIP5 5 µg 0 R
Nalidixic acid NA30 30 µg 0 R
Norfloxacin NOR10 10 µg 0 R

Folate pathway blocks Trimethoprim W5 5 µg 0 R
Trimethoprim-

sulfamethoxazole SXT25 25 µg 0 R

Phenical Chloramphenicol C30 30 µg 10–11 R

Tetracycline Tetracycline TE30 30 µg 0 R

* The ranges of inhibition zones were calculated from three individual replicates and “0” means no inhibition zone.
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2.2. Whole Genome Sequencing Data

To further investigate the genetic makeup of XDR Aci46, the chromosome and plas-
mids of Aci46 were subjected to next-generation sequencing. The summarized genome
data is shown in Table 2. The Aci46 genome size is 3,887,827 bp with a GC content of
38.87%. The number of predicted protein coding sequences, rRNA genes, and tRNA genes
were 3754, 3, and 63, respectively. We also identified two plasmids from the whole genome
data, namely pAci46a and pAci46b. The size of pAci46a was 70,873 bp with a GC content of
33.39% while pAci46b was 8808 bp with a GC content of 34.31%. The number of predicted
protein coding sequences for pAci46a and pAci46b were 102 and 11, respectively. No rRNA
or tRNA genes were present in either case.

Table 2. Standard data of Aci46 genome features.

Feature Chromosome

Total number of bases (bp) 3,887,827
G + C content (%) 38.87
number of contigs 80

genome coverage (x) 686.7
number of coding sequences 3754

rRNA 3
tRNA 63
N50 135,425
L50 11

Feature pAci46a pAci46b

Total number of bases (bp) 70,873 8808
G + C content (%) 33.39 34.31
number of contigs 1 1

genome coverage (x) 1189.0 7787.5
number of coding sequences 102 11

rRNA 0 0
tRNA 0 0

The microbial taxonomy of Aci46 was confirmed as A. baumannii at 100% identity
based on variation of 54 genes encoding ribosomal protein subunits. Typing of Aci46
was classified by multi-locus sequence typing (MLST) using Oxford and Pasture schemes.
The sequence type (ST) of Aci46 was ST1962 (gltA-1, gyrB-3, gdhB-189, recA-2, cpn60-2,
gpi-140, rpoD-3) based on the Oxford scheme [26], while it belonged to ST2 (cpn60-2, fusA-2,
gltA-2, pyrG-2, recA-2, rplB-2, rpoB-2) based on the Pasture scheme [27]. ST2 based on
Pasture scheme is a predominant ST of CRAB found in Thailand and Southeast Asia [10,28].
However, ST1962 based on the Oxford scheme has never been reported in Thailand. ST1962
has been reported in the USA for only one strain (PubMLST database, to be published).
From our previous report, we knew that Aci46 harbored class 1 integrase [25]. However,
the class 1 integron can be transferred across two A. baumannii IC groups, IC I and IC II [29].
Phylogenetic analysis of the Aci46 genome compared with ten genomes of A. baumannii
from three different IC’s, with the A. baylyi ADP1 genome as an outgroup to root the tree,
revealed that Aci46 is more closely related to A. baumannii MDR-ZJ06 and belongs to IC II
(Figure 2).
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identification of international clonal group (IC). The phylogenetic tree was constructed by RAxML
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follows: AYE (CU459141.1), AB0057 (CP001182.2), AB307-0294 (CP001172), AC30 (ALXD00000000),
ACICU (CP031380.1), MDR-ZJ06 (CP001937.2), R14 (PUDB01000000), ATCC17978 (CP000521.1), SDF
(CU468230.2), and A. baylyi ADP1 (CR543861).

2.3. Antibiotic Resistance Gene, Efflux Pump, and Virulence Gene Predictions

Based on the phenotypic characteristics of the antibiotic resistance profile, a search for
the presence of antibiotic resistance genes and genes encoding efflux pumps associated
with the XDR phenotype in Aci46 was undertaken. ResFinder, CARD, and NDARO
databases were used to predict the antibiotic resistance genes and efflux pumps present
in Aci46. We found that Aci46 harbored sixteen resistance genes against eight classes of
drugs (i.e., aminoglycosides, beta-lactams/carbapenems, beta-lactams/cephalosporins,
colistin, fluoroquinolones, macrolides, tetracycline, and sulfonamide) and twenty-two
genes belonging to five classes of drug transporters (i.e., RND (resistance-nodulation-
division) efflux systems, MFS (major facilitator superfamily) family transporter, ABC
(ATP-binding cassette) transporter, MATE (multidrug and toxic compound extrusion)
family transporter, and SMR (small multidrug resistance)) (Table 3). The genes, blaOXA-23,
blaOXA-66 or blaOXA-51-like, and oprD genes are present in Aci46 and they are known
confer carbapenem-resistance [11]. These data correlate with presence of blaOXA-23 and
blaOXA-51 in other CRAB isolates found in Thailand [30]. Moreover, class 1 and class 2
integrase genes and blaOXA-23 are often found in XDR A. baumannii [31,32].

With regard to colistin resistance, we identified lpxA and lpxC in Aci46, these genes
might play a role in loss of LPS and leading to colistin resistance [21]. In addition, we found
four genes encoding efflux pumps (i.e., adeR, adeS, emrA, and emrB) and two genes with
roles in lipid modification (i.e., pmrA and pmrB). AdeRS is a two-component system that
regulates the expression of the AdeABC efflux pump, which is an RND efflux system [23].
The EmrAB efflux system belongs to the MFS family of transporters [24]. The PmrAB
two-component system regulates PmrC expression. PmrC adds PEtN to lipid A [33]. In
summary, the genotypic characteristics of Aci46 suggest that Aci46 resists colistin by way
of lipid A modification, LPS loss, and AdeABC-mediated efflux.
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Table 3. List of predicted antibiotic resistance and drug transporter genes.

Target
Location

Product
Gene Contig Start Stop Length (bp)

Antibiotics

Aminoglycosides
aph(3”)-Ib Aci46-0022 7765 8568 804 Aminoglycoside 3”-phosphotransferase
aph(6)-Id Aci46-0022 6929 7765 837 Aminoglycoside 6-phosphotransferase

armA Aci46-0031 687 1460 774 hypothetical protein

Beta-lactams/
carbapenems

blaOXA-23 Aci46-0058 1667 2488 882 Class D beta-lactamase OXA-23
blaOXA-66 Aci46-0018 65,582 66,406 825 Class D beta-lactamase OXA-66 or OXA-51-like

OprD family Aci46-0035 24,815 26,131 1317 Outer membrane low permeability porin,
OprD family

Beta-lactams/
cephalosporins blaADC-25 Aci46-0017 86 1237 1152 Class C beta-lactamase ADC-25

Colistin

lpxA Aci46-0001 58,724 59,512 789
Acyl-[acyl-carrier-protein]–UDP-N-

acetylglucosamine
O-acyltransferase

lpxC Aci46-0006 139,160 140,062 903 UDP-3-O-[3-hydroxymyristoyl]
N-acetylglucosamine deacetylase

pmrA Aci46-0016 34,812 35,486 675 Polymyxin resistant component PmrA
pmrB Aci46-0016 35,512 36,846 1335 Polymyxin resistant component PmrB

Fluoroquinolones gyrA Aci46-0003 54,354 57,068 2715 DNA gyrase subunit A
gyrB Aci46-0028 32,254 34,722 2469 DNA gyrase subunit B

Macrolide
mph(E) Aci46-0054 2308 3192 885 Mph(E) family macrolide 2′-phosphotransferase
msr(E) Aci46-0054 3248 4723 1476 ABC-F type ribosomal protection protein Msr(E)

Tetracycline tetA Aci46-0022 2357 3556 1200 Tetracycline resistance protein
tetR Aci46-0022 3638 4261 624 Tetracycline resistance regulatory protein TetR

Sulfonamide sul2 Aci46-0064 97 912 816 Dihydropteroate synthase type-2

Drug transporters

RND efflux
system

adeA Aci46-0019 60,468 61,658 1191 RND efflux system, membrane fusion protein
adeB Aci46-0019 61,655 64,765 3111 RND efflux system, inner membrane transporter
adeF Aci46-0011 61,731 62,951 1221 RND efflux system, membrane fusion protein
adeG Aci46-0011 62,958 66,137 3180 RND efflux system, inner membrane transporter

adeH Aci46-0011 6389 6835 447 Efflux transport system, outer membrane factor
(OMF) lipoprotein

adeI Aci46-0016 53,597 54,847 1251 RND efflux system, membrane fusion protein
adeJ Aci46-0016 50,408 53,584 3177 RND efflux system, inner membrane transporter

adeK Aci46-0016 48,954 50,408 1455 Efflux transport system, outer membrane factor
(OMF) lipoprotein

adeN Aci46-0001 43,293 43,946 654 Transcriptional regulator, AcrR family

adeR Aci46-0019 59,579 60,322 744 Two-component transcriptional response
regulator, LuxR family

adeS Aci46-0019 58,474 59,547 1074 Osmosensitive K+ channel histidine
kinase KdpD

mexT Aci46-0029 34,598 35,587 990 Transcriptional regulator, LysR family
opmH Aci46-0022 48,920 50,266 1347 Outer membrane channel TolC (OpmH)

MFS family
transporter

emrA Aci46-0024 20,758 21,909 1152 Multidrug efflux system EmrAB-OMF,
membrane fusion component EmrA

emrB Aci46-0024 19,228 20,751 1524 Multidrug efflux system EmrAB-OMF,
inner-membrane proton/drug antiporter EmrB

mdfA Aci46-0002 123,994 125,223 1230 Multidrug efflux pump MdfA/Cmr (of MFS
type), broad spectrum

ABC transporter
macA Aci46-0012 77,649 78,989 1341 Macrolide-specific efflux protein MacA

macB Aci46-0012 78,992 80,986 1995 Macrolide export ATP-binding/permease
protein MacB

MATE family
transporter abeM Aci46-0007 67,926 69,272 1347 Multidrug efflux transporter MdtK/NorM

(MATE family)

SMR abeS Aci46-0011 56,864 57,193 330 small multidrug resistance family (SMR) protein

Several virulence factors of A. baumannii have been identified by genome-based analy-
sis [34]. The outer membrane protein, OmpA, which functions as a porin, is a key factor in
virulence where it plays particular roles in cell invasion, development of cytotoxicity, and
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apoptosis [35]. Capsular polysaccharides and LPS are also virulence factors and contribute
to serum resistance, biofilm formation, and escape from the host immune response [36].
A. baumannii uses combined strategies, namely, bacterial fitness and pathogenicity, to cause
disease in humans [35]. PAI (pathogenicity islands), such as prophages and secretion sys-
tems, have also been implicated in virulence and pathogenicity [37,38]. In Aci46, we have
identified pathogenicity islands comprising four prophages, one T4SS (type four secretion
system), one T6SS (type six secretion system), and one ICE (integrative and conjugation
element) (Table 4 and Supplement Table S2). No antibiotic resistance genes were found on
the plasmids and prophages. Genotypic characteristics underlying the antibiotic resistance
profile of Aci46 are found on its chromosome, and not on plasmids or other mobile genetic
elements. T4SS is located in plasmid pAci46a, similar to pAC30c in A. baumannii AC30 and
pAC29b in A. baumannii AC29 [2]. Generally, T4SS plays a role in the transfer antibiotic
resistance genes via horizontal gene transfer [38]. Based on comparative genome analysis,
T4SS loci are found in clinical isolates associated with hospital outbreaks [39]. The function
of T4SS is still unclear in A. baumannii, but it might be implicated in pathogenicity or
host–pathogen interaction [38,40]. Thus, pAci46a might play a role in pathogenesis instead
of drug resistance. Moreover, we found attL (gtaataacaaagcaatcccgcagggttgcgacaaatagcc-
ctctaaatcgctctaattgcccctagattcaatttta) and attR (gtaataacaaagcaatcccgcagggttgcgacaaatagc-
cctctaaatcgctctaattgcccctagattcaatttta) sites on pAci46a (or ICE region). It is possible that
pAci46a could be a conjugative plasmid responsible for plasmid mobilization, similar to
pAC30c and pAC29b [2]. T6SS injects toxic effectors into other bacteria in the same niche;
therefore, it is an important factor for competitive killing and host colonization [34]. The
plasmid, pAci46b, carries eleven genes encoding: one outer membrane receptor protein,
one replication protein, and nine hypothetical proteins. The functions of pAci46b are
still unclear.

Table 4. Predicted pathogenicity islands in WGS of A. baumannii Aci46.

Pathogenicity Island Contig Start Stop Length (bp) GC Content (%) Number of CDS

Prophage-1 Aci46-0033 9107 23,948 14,842 40.09 14
Prophage-2 Aci46-0033 27,330 37,053 9724 40.71 11
Prophage-3 Aci46-0036 785 30,936 30,152 38.52 46
Prophage-4 Aci46-0041 806 17,770 16,965 40.29 29

Type 4 secretion system, T4SS pAci46a 20,944 48,690 27,747 34.60 32
Type 6 secretion system, T6SS Aci46-0010 8673 27,581 19,412 36.92 15
Integrative and conjugation

element, ICE pAci46a 1 70,873 70,873 33.39 94

2.4. Comparative Pangenomic Analysis against Other A. baumannii Strains

In order to further explore the novel gene(s) that might be involved in the colistin
and carbapenem-resistant phenotypes in Aci46, pangenome analysis was performed
(Figure 3). Pangenome (all genes from all genomes) and core genes (present in all genomes)
(Supplement Table S7) comprise 4605 and 2754 genes, respectively. We found that the
number of strain-specific genes for Aci46, ACICU, ATCC17978, AC30, and R14 are 45, 193,
382, 91, and 145, respectively (Supplement Table S3). MDR (Aci46, ACICU, AC30, and
R14) (Supplement Table S4), polymyxin and carbapenem resistance (renamed PCRAB)
(Aci46, AC30, and R14), and colistin and carbapenem resistance (renamed CCRAB) (Aci46
and R14) groups contained 504, 34, and 8 accessory genes (i.e., genes present in specific
genomes), respectively. We hypothesized that the accessory genes in PCRAB and/or
CCRAB might be involved in resistance to polymyxins (polymyxin B and colistin). The
thirty-four PCRAB specific genes encode: amidase, carbapenemase BlaOXA-23, Czc-
CBA cobalt/zinc/cadmium efflux RND transporter, twenty-three hypothetical proteins,
lysophospholipid, nickel-cobalt-cadmium resistance protein, oxidoreductase, transcrip-
tional regulator, and DNA-methyltransferase subunit M (Supplement Table S5). The eight
CCRAB specific genes encode: one primosomal protein I and seven hypothetical pro-
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teins (Supplement Table S6). One of the PCRAB specific genes, blaOXA-23, is frequently
reported in CRAB [41,42]. Interestingly, three genes (czcA, czcB, and czcC) encode Czc-
CBA cobalt/zinc/cadmium efflux RND transporters in PCRAB specific genes. CzcCBA
cobalt/zinc/cadmium efflux RND transporters have functions in exporting cations (Co2+,
Zn2+, and Cd2+) from the cytoplasm and confer heavy metal resistance [43,44], and are
reported to be associated with the XDR phenotype in A. baumannii [45]. This efflux system
might function in colistin resistance in PCRAB, including Aci46, by exporting colistin
and polymyxin (cationic molecules). In the case of CCRAB specific genes, their functions
are unknown.

Antibiotics 2021, 10,  9 of 17 
 

Zn2+, and Cd2+) from the cytoplasm and confer heavy metal resistance [43,44], and are re-
ported to be associated with the XDR phenotype in A. baumannii [45]. This efflux system 
might function in colistin resistance in PCRAB, including Aci46, by exporting colistin and 
polymyxin (cationic molecules). In the case of CCRAB specific genes, their functions are 
unknown. 

 
Figure 3. Venn diagram of comparative pangenome analysis among A. baumannii strains. The yel-
low, blue, green, white, and orange represent Aci46, ACICU, ATCC17978, AC30, and R14, respec-
tively, with the number of total genes and the character of drug resistance in each genome (shown 
in green). The overlapped areas show genes encoding shared protein families among strains. The 
number of genes in core genes (Aci46, ACICU, ATCC17978, AC30, and R14), MDR (Aci46, ACICU, 
AC30, and R14), PCRAB (Aci46, AC30, and R14), and CCRAB (Aci46 and R14) the specific groups 
are labeled in white, yellow, red, and blue, respectively. CRAB: carbapenem-resistant A. baumannii, 
CCRAB: colistin and carbapenem-resistant A. baumannii, PCRAB: polymyxins and carbapenem-re-
sistant A. baumannii. 

2.5. Pairwise SNP Analysis 
Although we identified genes that were specific to PCRAB that encoded CzcCBA 

efflux pumps, known MDR genes were among the core genes (Supplement Table S7). 
Thus, in order to identify resistance-associated mutations in MDR and CCRAB strains, 
non-synonymous SNPs between Aci46 and ATCC17978 and between Aci46 and ACICU 
were identified. SNPs within known MDR genes from the core genes are listed in Table 5. 
Twenty genes show SNPs in Aci46 vs. ATCC17978 i.e., seven antibiotic resistance genes 
(blaADC-25, blaOXA-66, lpxA, lpxC, pmrB, gyrA, and gyrB) and thirteen drug transporter 
genes (adeA, adeB, adeF, adeG, adeH, adeJ, adeR, adeS, opmH, emrB, mdfA, macB, and abeS). 
The deduced amino acid sequences of these genes among the MDR strains were similar. 
For example, the deduced amino acid sequences of blaOXA-66 or blaOXA-51-like genes in 
Aci46, ACICU, AC30, and R14 showed conserved amino acids at Val36, Lys107, and 
Asn225 while ATCC17978 contained Glu36, Gln107, and Asp225 (Figure 4). In 2015, the 
Trp22Met mutation of blaOXA-51 was linked with carbapenem resistance function in A. 
baumannii [46]. This result suggested that amino acid sequences of antibiotic resistant and 
drug transporter proteins in MDR strains could be different from drug sensitive strains 
and might be linked to drug resistance level. For colistin resistance, we found three genes 

Figure 3. Venn diagram of comparative pangenome analysis among A. baumannii strains. The yellow,
blue, green, white, and orange represent Aci46, ACICU, ATCC17978, AC30, and R14, respectively,
with the number of total genes and the character of drug resistance in each genome (shown in green).
The overlapped areas show genes encoding shared protein families among strains. The number of
genes in core genes (Aci46, ACICU, ATCC17978, AC30, and R14), MDR (Aci46, ACICU, AC30, and
R14), PCRAB (Aci46, AC30, and R14), and CCRAB (Aci46 and R14) the specific groups are labeled in
white, yellow, red, and blue, respectively. CRAB: carbapenem-resistant A. baumannii, CCRAB: colistin
and carbapenem-resistant A. baumannii, PCRAB: polymyxins and carbapenem-resistant A. baumannii.

2.5. Pairwise SNP Analysis

Although we identified genes that were specific to PCRAB that encoded CzcCBA
efflux pumps, known MDR genes were among the core genes (Supplement Table S7).
Thus, in order to identify resistance-associated mutations in MDR and CCRAB strains,
non-synonymous SNPs between Aci46 and ATCC17978 and between Aci46 and ACICU
were identified. SNPs within known MDR genes from the core genes are listed in Table 5.
Twenty genes show SNPs in Aci46 vs. ATCC17978 i.e., seven antibiotic resistance genes
(blaADC-25, blaOXA-66, lpxA, lpxC, pmrB, gyrA, and gyrB) and thirteen drug transporter
genes (adeA, adeB, adeF, adeG, adeH, adeJ, adeR, adeS, opmH, emrB, mdfA, macB, and abeS).
The deduced amino acid sequences of these genes among the MDR strains were similar.
For example, the deduced amino acid sequences of blaOXA-66 or blaOXA-51-like genes
in Aci46, ACICU, AC30, and R14 showed conserved amino acids at Val36, Lys107, and
Asn225 while ATCC17978 contained Glu36, Gln107, and Asp225 (Figure 4). In 2015, the
Trp22Met mutation of blaOXA-51 was linked with carbapenem resistance function in
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A. baumannii [46]. This result suggested that amino acid sequences of antibiotic resistant
and drug transporter proteins in MDR strains could be different from drug sensitive
strains and might be linked to drug resistance level. For colistin resistance, we found
three genes (blaADC-25, pmrB, and gyrB) that were mutated in Aci46 vs. ACICU. Of these
only pmrB is related to colistin resistance. From comparisons of Aci46 vs. ACICU and
Aci46 vs. ATCC17978, mutations in PmrB were detected in three positions: Ala138Thr,
Pro200Leu, and Glu229Asp (Table 5). Known PmrB mutations that confer colistin resistance
are Leu9-Gly12 deletion, Ala22Val, Ile232Thr, and Gln270Pro [47,48]. Hence, Ala138Thr,
Pro200Leu, and Glu229Asp mutations in Aci46 PmrB might be novel mutations involved
in colistin resistance.
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  1135G > A Asp379Asn 

Beta-lactams/ 
carbapenems 

blaOXA-66 

107A > T Glu36Val   
315CGGGC > 

TGGTA 
AspGlyGln105AspGly

Lys 
  

673G > A Asp225Asn   

Colistin 

lpxA 391T > C Tyr131His   

lpxC 
358T > C Cys120Arg   
859A > G Asn287Asp   

pmrB 
412G > A Ala138Thr 412G > A Ala138Thr 
599C > T Pro200Leu 599C > T Glu229Asp 

Figure 4. Comparisons of deduced amino acid sequences of blaOXA-66 from five strains of A. baumannii by multiple
sequence alignment.

Table 5. List of non-synonymous SNPs in antibiotic resistance genes and efflux pumps from core gene group.

Target Gene
Aci46 vs. ATCC17978 Aci46 vs. ACICU

Nucleotide Change Amino Acid Change Nucleotide Change Amino Acid Change

Antibiotic Resistance Genes

Beta-lactams/
cephalosporins blaADC-25

356TG > AA Val119Glu 238C > A Arg80Ser
448C > A Gln150Lys 448C > A Gln150Lys
499C > T Pro167Ser 487C > A Gln163Lys
739G > A Gly247Ser 499C > T Pro167Ser

843AGGGTT >
GGGTCG GlnGlyPhe281GlnGlyArg 547A > G Arg183Gly

1022A > C Asn341Thr 739G > A Gly247Ser
843AGGGTT >

GGGTCG GlnGlyPhe281GlnGlyArg

932G > A Ser311Asn
1020CAA > TAC ThrAsn340ThrThr

1135G > A Asp379Asn

Beta-lactams/
carbapenems blaOXA-66

107A > T Glu36Val
315CGGGC >

TGGTA AspGlyGln105AspGlyLys

673G > A Asp225Asn

Colistin

lpxA 391T > C Tyr131His

lpxC 358T > C Cys120Arg
859A > G Asn287Asp

pmrB

412G > A Ala138Thr 412G > A Ala138Thr
599C > T Pro200Leu 599C > T Glu229Asp
687A > C Glu229Asp 687A > C Pro200Leu
1331C > T Ala444Val
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Table 5. Cont.

Target Gene
Aci46 vs. ATCC17978 Aci46 vs. ACICU

Nucleotide Change Amino Acid Change Nucleotide Change Amino Acid Change

Fluoroquinolones
gyrA 173C > T Ser58Leu

gyrB 2059A > G Ile687Val 1738T > C Tyr580His

Drug Transporters

RND efflux
system

adeA 70A > G Lys24Glu

adeB

917G > T Gly306Val
1279AAT > TCG Asn427Ser

1654G > A Ala552Thr
1928C > A Ala643Asp
1936A > T Thr646Ser
2191C > T Leu731Phe

adeF 1163A > G Asn388Ser

adeG 1540G > T Val514Leu

adeH
214A > G Thr72Ala
683T > G Val228Gly

adeJ 2482A > G Lys828Glu

adeR
358G > A Val120Ile
407C > T Ala136Val

adeS

515T > C Leu172Pro
557G > T Gly186Val
802A > C Asn268His
908A > T Tyr303Phe

1042G > A Val348Ile

opmH 386A > G Lys129Arg
512A > G Asn171Ser

MFS family
transporter

emrB 715A > G Ile239Val

mdfA 1157C > T Ala386Val

ABC transporter macB 1462G > A Val488Ile

SMR abeS

121A > G Ile41Val
165G > C Met55Ile
250G > T Val84Leu

268CTTA > TTGG LeuThr90LeuAla
292ATC > GTG Ile98Val

3. Materials and Methods
3.1. Bacterial Strains

A. baumannii Aci46 was isolated from a male Thai patient treated at Ramathibodi
hospital, Thailand [25]. This strain was isolated from a pus sample, identified by routine
biochemical test, and confirmed by blaOXA51-like gene detection [25,49]. Aci46 was
cultured on MHA (Mueller Hinton Agar, BD Difco, Eysins, Switzerland) and incubated at
37 ◦C for overnight.

3.2. Antibiotic Susceptibility Testing by Disk Diffusion and Microdilution

Antibiotic susceptibility was determined by disk diffusion method for 19 drugs (gen-
tamicin, kanamycin, streptomycin, cephalothin, cefoxitin, cefotaxime, ceftazidime, ceftri-
axone, ampicillin-clavulanic acid, imipenem, meropenem, ciprofloxacin, nalidixic acid,
norfloxacin, trimethoprim, trimethoprim-sulfamethoxazole, ampicillin, chloramphenicol,
and tetracycline) (Oxoid, Thermo Fisher Scientific, Waltham, MA, USA) and microdilution
method for colistin. Aci46 was streaked on MHA and incubated overnight. Colonies were
picked and resuspended in normal saline solution at 1 × 108 cfu/mL (OD600 = 0.08–0.12 or
0.5 McFarland). The cell suspension was spread on MHA using a cotton swab. Antibiotic
disks were placed on the agar surface. After incubation at 37 ◦C for 20–24 h., the zones of
inhibition were measured and the results were interpreted following the CLSI (Clinical
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and Laboratory Standard Institute) guideline [50]. For the microdilution method, cell
suspensions of Aci46 were diluted in CAMHB (Cation-Adjusted Mueller Hinton Broth, BD
Difco, Eysins, Switzerland) to 1 × 106 cfu/mL. Two-fold serial dilutions of colistin were
prepared (1–1024 µg/mL) and mixed with 5 × 105 cfu/mL of Aci46 in 200 µL total volume.
After incubation at 37 ◦C for 20–24 h., the minimum inhibitory concentration was observed
and cell viability was measured by MTT-based staining [51]. Ten µL of 5 mg/mL MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (Invitrogen, Life Technologies,
Carlsbad, CA, USA) in phosphate buffer saline was added in 100 µL of cell culture and
incubated at 37 ◦C, 200 rpm, 1 h in the dark. One hundred µL of 10% SDS (sodium dodecyl
sulfate, Merck, Darmstadt, Germany) and 50% DMSO (dimethyl sulfoxide, Sigma-Aldrich,
St. Louis, MO, USA) was added and continually incubated at 37 ◦C, 200 rpm, 2 h in the
dark. The absorbance of formazan dissolution was detected at 570 nm using a microplate
reader (Azure Ao Absorbance Microplate Reader, Azure Biosystems, Dublin, CA, USA).
Relative optical density at 570 nm was calculated by dividing OD570 of drug-containing
wells with the OD570 of drug-free wells [52]. The cut-off for no detection was the relative
OD570 of 0.1. Viable cells under MTT staining can also be observed by the naked eye i.e.,
color change from yellow to purple. Colistin resistance was determined by CLSI guideline
(MIC ≥ 4 µg/mL; resistant) [50]. Escherichia coli ATCC25922 was selected to be a control
strain for disk diffusion and microdilution methods.

3.3. Genomic DNA Extraction and Whole Genome Sequencing

Whole genomic DNA of Aci46 was extracted using a modified Marmur procedure [53].
Briefly, Aci46 cells were harvested from 3 mL of cell culture in CAMHB and resuspended in
EDTA-saline (0.01 M EDTA and 0.15 M NaCl, pH 8.0). Thirty µL of 110 mg/mL lysozyme
and 10 µL of 20 mg/mL RNase A were added and incubated at 37 ◦C for 2 h. After
incubation, 80 µL of 20% SDS and 10 µL of 5 mg/mL proteinase K were added and
incubated again at 65 ◦C, 30 min. Then, 5 M NaCl was added at 0.5 volume followed by
phenol-chloroform extraction. The upper liquid phase was transferred to a new 1.5 mL
microcentrifuge tube. A 0.25 volume of 5 M NaCl and a 0.1 volume of 3 M sodium acetate
were added and mixed well. Ice-cold absolute ethanol was added at 2 volumes and inverted
gently. The DNA pellet was hooked and transferred into a new 1.5 mL microcentrifuge tube,
air dried, and resuspended in DNase-RNase-free water. Quality and quantity of DNA were
measured by UV spectrophotometer (OD260/OD280 and OD260/OD230 ratio) (DeNovix
DS-11 FX+ spectrophotometer, DeNovix, Wilmington, DE, USA), Qubit dsDNA BR assay
kit (Invitrogen, Life Technologies, Carlsbad, CA, USA), and 1% agarose gel electrophoresis
(Bio-rad, Hercules, CA, USA). One hundred ng of extracted DNA was used for library
preparation using TruSeq Nano DNA Kit (Illumina, San Diego, CA, USA) followed by
pair-end sequencing on Illumina HiSeq platform (Illumina, San Diego, CA, USA).

3.4. Genome Assembly, Annotation, and Pathogenicity Island Prediction

Raw sequence data of Aci46 were trimmed by Trim Galore version 0.6.3 [54] and
the quality was checked using FastQC version 0.11.8 [55]. Trimmed reads were assem-
bled using SPAdes version 3.12.0 [56], corrected assembly error by Pilon version 1.23 [57],
and calculated genome coverage by SAMTools version 1.3 [58] in PATRIC (Pathosystems
Resource Integration Center) version 3.6.9 [59]. The quality of de novo assembled con-
tigs was assessed by QUAST version 5.0.2 [60] and visualized using Bandage version
0.8.1 [61]. Coding sequences and functional genes were annotated using RASTtk (Rapid
Annotation using Subsystem Technology toolkit) [62]. Antibiotic resistance genes were
predicted using ResFinder version 4.1 [63], CARD (Comprehensive Antibiotic Resistance
Database) [64], and NDARO (National Database of Antibiotic Resistant Organisms) [65]
databases. Pathogenicity islands (type 4 secretion system and type 6 secretion system) and
prophages were predicted using VRprofile version 2.0 [66] and PHASTER (PHAge Search
Tool Enhanced Release) [67], respectively. In plasmid analysis, trimmed reads were used
for searching and assembling plasmid sequences using plasmidSPAdes version 3.12.0 [68]
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in PATRIC version 3.6.9 server [59]. Quality control, annotation, and pathogenicity island
predictions of plasmids were assessed using the same tools as with genomic analysis.

3.5. MLST and Phylogenetic Analysis

Identification of A. baumannii Aci46 was confirmed by rMLST (ribosomal multilo-
cus sequence typing) [69] in PubMLST server [70]. The ST (sequence typing) of Aci46
was identified by MLST (multilocus sequence typing) according to the Pasture scheme
(based on seven housekeeping genes cpn60, gdhB, gltA, gpi, gyrB, recA, and rpoD) [27]
and Oxford scheme (based on seven housekeeping genes cpn60, fusA, gltA, pyrG, recA,
rplB, and rpoB) [26] in PubMLST server [70]. The IC (international clonal) group of Aci46
was determined by phylogenetic relationship analysis using RAxML version 8.2.11 [71]
based on 100 single-copy genes selected by PATRIC PGFams program [72] in PATRIC
version 3.6.9 server [59]. The phylogenetic tree was visualized by FigTree [73]. Genomes of
A. baumannii from IC I, IC II, IC III groups were used to identify the IC of Aci46. IC I group
included A. baumannii strain AYE (CU459141.1) [74], AB0057 (CP001182.2) [75], and AB307-
0294 (CP001172) [75]. IC II group included A. baumannii strain AC30 (ALXD00000000) [2],
ACICU (CP031380.1) [76], MDR-ZJ06 (CP001937.2) [77], and R14 (PUDB01000000) [78]. IC
III included A. baumannii strain ATCC17978 (CP000521.1) [79] and SDF (CU468230.2) [74].
The outgroup strain was A. baylyi ADP1 (CR543861) [80].

3.6. Comparative Pangenome and Pairwise SNP Analysis

Genomic data from five strains comprised of colistin and carbapenem-resistant Aci46,
polymyxin B and carbapenem-resistant AC30 (ALXD00000000) [2], colistin and carbapenem-
resistant R14 (PUDB01000000) [78], wild-type or drug sensitive ATCC17978 (CP000521.1) [79],
and colistin-sensitive and carbapenem-resistant ACICU (CP031380.1) [76] were compared
using the Protein Family Sorter with PATRIC genus-specific families (PLfams) strategy in
PATRIC server [59]. In pairwise SNP analysis, genome data of Aci46 was aligned with the
ATCC17978 genome (CP000521.1) and ACICU (CP031380.1) using BWA-mem aligner [81]
and SNP calling by FreeBayes [82]. The deduced amino acid sequences of blaOXA-66 from
five genomes were compared by Clustal Omega in EMBL-EBI [83].

4. Conclusions

In summary, this study reported the genome data of colistin and carbapenem-resistant
A. baumannii Aci46, which was isolated from a patient in a Thai hospital. The MLST
genotype of Aci46 is Pasture ST2 which is a predominant ST found in Thailand and Oxford
ST1962 which has never been reported in Thailand. The predicted antibiotic resistance
genes (for example, blaOXA-23, blaOXA-66, and blaADC-25) are on the chromosome, not
plasmids. Based on pangenome analysis, we found that the CzcCBA cobalt/zinc/cadmium
efflux RND transporter might be involved in conferring resistance to colistin and/or
carbapenem. From SNP analysis, we identified three points of non-synonymous mutations
in pmrB (412G > A, 599C > T, and 687A > C) that change amino acid sequences. These
amino acid changes, specifically Glu229Asp, Pro200Leu, and Ala138Thr may confer colistin
resistance in MDR A. baumannii strains.

Supplementary Materials: Supplementary data are available online at https://www.mdpi.com/
article/10.3390/antibiotics10091054/s1, Supplement Figure S1: The relative optical density at 570 nm
for determination of minimum inhibitory concentration (MIC) by microdilution assay using MTT
staining, Supplement Table S1: Guideline for interpretation of disk diffusion results, Supplement
Table S2: Details of pathogenicity islands, Supplement Table S3: List of strain-specific genes, Sup-
plement Table S4: List of multidrug resistant-specific genes (Aci46-ACICU-AC30-R14), Supplement
Table S5: List of polymyxins and carbapenem-resistant-specific genes (Aci46-AC30-R14), Supplement
Table S6: List of colistin and carbapenem-resistant-specific genes (Aci46-R14), Supplement Table S7:
List of core genes (present in all genomes).
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Abstract: The phenoxazine dye resazurin exhibits bactericidal activity against the Gram-negative
pathogens Francisella tularensis and Neisseria gonorrhoeae. One resazurin derivative, resorufin pentyl
ether, significantly reduces vaginal colonization by Neisseria gonorrhoeae in a mouse model of infec-
tion. The narrow spectrum of bacteria susceptible to resazurin and its derivatives suggests these
compounds have a novel mode of action. To identify potential targets of resazurin and mechanisms
of resistance, we isolated mutants of F. tularensis subsp. holarctica live vaccine strain (LVS) exhibit-
ing reduced susceptibility to resazurin and performed whole genome sequencing. The genes pilD
(FTL_0959) and dipA (FTL_1306) were mutated in half of the 46 resazurin-resistant (RZR) strains se-
quenced. Complementation of select RZR LVS isolates with wild-type dipA or pilD partially restored
sensitivity to resazurin. To further characterize the role of dipA and pilD in resazurin susceptibility, a
dipA deletion mutant, ∆dipA, and pilD disruption mutant, FTL_0959d, were generated. Both mutants
were less sensitive to killing by resazurin compared to wild-type LVS with phenotypes similar to the
spontaneous resazurin-resistant mutants. This study identified a novel role for two genes dipA and
pilD in F. tularensis susceptibility to resazurin.

Keywords: Francisella tularensis; resazurin; DipA; PilD; tularemia; antimicrobial; antibiotic; resistance

1. Introduction

The Centers for Disease Control and Prevention (CDC) estimates that there are nearly
three million new cases of antibiotic resistant bacterial infections annually, resulting in
35,000 deaths and billions of dollars in health care costs in the United States [1]. The
rise in antibiotic resistance has been attributed to over-prescription and improper use of
commonplace antibiotics [2]. Despite the clinical threat posed by increasing antibiotic
resistance, the development of new antibiotics has significantly slowed due to decreased
profitability [3]. While there are over 40 antimicrobial agents in clinical trials, most belong
to existing classes of antibiotics such as beta lactams and beta-lactamase inhibitors, tetracy-
clines, and aminoglycosides [4]. Each of these classes of antibiotics targets similar bacterial
processes including cell wall synthesis and protein synthesis. The development of bacterial
resistance against these new drugs in the future is likely since there is already selective
pressure from current antibiotics. Therefore, new antibiotic targets should be explored to
minimize the emergence of resistance and provide effective alternatives.

Phenoxazine-based compounds have been shown to have antimicrobial activity [5,6].
Actinomycin D, the most well-known phenoxazine-containing antibiotic, suppresses the
growth of various Gram-positive and Gram-negative bacteria as well as Mycobacterium tu-
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berculosis [7]. Other actinomycins, neo-actinomycins A and B, exhibit moderate antibacte-
rial activity against methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-
resistant Enterococcus (VRE) strains [8]. We previously showed the phenoxazine dye
resazurin inhibits growth of the Gram-negative human pathogens Neisseria gonorrhoeae
and Francisella tularensis [9,10]. Resorufin pentyl ether, an analog of resazurin, significantly
reduces vaginal colonization by N. gonorrhoeae in a mouse model of infection [10]. How-
ever, the mechanism by which resazurin kills F. tularensis and N. gonorrhoeae has not been
defined. Based on its structural similarity to other phenoxazine compounds, resazurin
may function as a DNA intercalating agent [5]. Unlike other phenoxazine compounds,
resazurin is non-toxic to eukaryotic cells, and its bactericidal activity is limited to only two
Gram-negative bacterial species suggesting a novel mechanism of action [5,6,9].

In this study, we sought to identify F. tularensis genetic determinants involved in
susceptibility to resazurin in hopes of elucidating the mode of action of this compound.

2. Results
2.1. Isolation of Resazurin-Resistant F. tularensis LVS Mutants

A common strategy bacteria employ to develop antimicrobial resistance is by mutating
gene(s) associated with the mechanism of action of the antibiotic. Therefore, to identify
potential targets of resazurin, we selected for mutants of F. tularensis LVS that were capable
of growing in the presence of 22 µg/mL of resazurin. This concentration of resazurin
is twenty-fold higher than the previously determined MIC of resazurin for F. tularensis
LVS [9]. The genomes of forty-six spontaneous resazurin-resistant (RZR) mutants were
sequenced and compared to wild-type LVS to identify genetic variants. Nonsynonymous
mutations were identified in ten different protein-coding F. tularensis LVS genes with
approximately 50% of the isolates possessing mutations in FTL_1306 (dipA) and FTL_0959
(pilD) (Table 1). The same pilD variant was observed in twenty-two of the RZR LVS isolates
involving a single base pair substitution leading to a premature stop codon at position
187 of the protein sequence (Table 2). Fifteen different coding mutations were characterized
in dipA that included single base pair substitutions, insertions, and deletions with many
resulting in nonsense mutations (Table 2). Of note, one RZR LVS isolate, RZR46, contained
a deletion of a single thymine residue at Position 2 in dipA resulting in loss of the start
codon (Table 2). Western blot analysis confirmed this mutation abolished expression of
DipA protein in RZR46 (data not shown). These data suggest the genes dipA and pilD play
a role in F. tularensis LVS susceptibility to resazurin.

Table 1. Protein-coding genes containing nonsynonymous mutations in 46 resazurin-resistant
F. tularensis isolates sequenced.

F. tularensis Gene Name Number of Resazurin-Resistant Isolates
Containing Gene Mutation

FTL_1306 (dipA) 24
FTL_0959 (pilD) 22

FTL_1666 5
FTL_0073 4
FTL_0358 2
FTL_0610 2
FTL_0132 1
FTL_0315 1
FTL_1634 1
FTL_1654 1
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Table 2. Description of dipA and pilD mutations found in sequenced resazurin-resistant (Rzr)
F. tularensis LVS isolates.

Mutation Type Nucleotide Change Protein Change

DipA
Frameshift and start lost 1_19delATGAAAGCTAAATTTATAA Start lost
Frameshift and start lost 2delT Start lost

Stop gained 169G > T Glu57 *
Stop gained 211G > T Glu71 *
Stop gained 268G > T Glu89 *
Stop gained 310G > T Glu104 *

Frameshift and stop gained 342_346delGGTAG Lys114Xfs6 *
Frameshift and stop gained 349_350delCA Gln117Lysfs6 *
Frameshift and stop gained 350_353delAAAA Lys119Valfs2 *
Frameshift and stop gained 387_396delTTTGGGCTAT Asn129Lysfs8 *

Stop gained 578 C > A Ser193 *
Stop gained 655C > T Gln219 *
Stop gained 676G > T Glu226 *
Stop gained 723T > A Tyr240 *

Frameshift and stop gained 751_752insA Tyr251 *
PilD

Stop gained 532G > T Gly178X
* indicates stop codon.

2.2. Characterizing the Role of pilD and dipA in F. tularensis Susceptibility to Resazurin

Almost all of the RZR LVS strains isolated possessed nonsynonymous mutations in
multiple genes with some exceptions. The sole nonsynonymous mutation in RZR47 is
in pilD while RZR46 contains a single nucleotide deletion resulting in loss in expression
of the DipA protein (Table 2; data not shown). These findings suggest that loss of either
pilD or dipA function may confer resazurin resistance with limited contributions/effects
from other genes. To confirm the mutations in dipA and/or pilD were contributing to the
reduced susceptibility of RZR strains to resazurin, we individually cloned wild-type copies
of dipA and pilD into the Francisella vector pABST which contains the robust groE promotor
of F. tularensis [11] and then introduced these new plasmids, pDipA and pPilD, into RZR46
and RZR47, respectively. Then, we tested the sensitivity of these strains to resazurin. We
hypothesized that restoring expression of DipA and/or PilD in these RZR strains would
alter their resistance phenotype. RZR46 and RZR47 containing pABST alone served as
controls. The resazurin MICs for RZR46/pABST and RZR47/pABST were two-fold higher
than the MIC for wild-type LVS (Table 3). Introduction of the pABST vector into the RZR
strains did not alter their susceptibility to resazurin (data not shown). Complementation of
RZR46 with dipA restored resazurin sensitivity back to wild-type with both RZR46/pDipA
and LVS having MICs of 5.5 µg/mL (Table 3). In contrast, RZR47 containing the pilD
expression construct has the same resazurin MIC as the vector control (Table 3). These data
confirm a role for dipA, but not pilD, in F. tularensis LVS susceptibility to resazurin.

Table 3. Resazurin MIC for dipA and pilD complemented F. tularensis resazurin-resistant strains.

Strain MIC (µg/mL) 1

LVS 5.5
Rzr 46/pABST 11
Rzr 47/pABST 11
Rzr 46/pDipA 5.5
Rzr 47/pPilD 11

1 MICs are mode values from at least six independent determinations.

To individually investigate the role of dipA and pilD in resazurin susceptibility in a
wild-type background, we generated a pilD disruption mutant (FTL_0959d) and a dipA
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deletion mutant (∆dipA) in F. tularensis LVS. The MICs of both FTL_0959d and ∆dipA were
two-fold higher than that of wild-type LVS and comparable to the MICs determined for
the spontaneous resazurin-resistant mutants RZR46 and RZR47 (Tables 3 and 4). We next
sought to evaluate the bactericidal activity of resazurin against FTL_0959d and ∆dipA
over time. Treatment with resazurin resulted in a significant reduction in viable bacteria
after 24 h compared to untreated controls for all strains tested (Figure 1). However,
significantly more FTL_0959d and ∆dipA bacteria were recovered 24 h post resazurin
treatment compared to wild-type LVS (Figure 1). These data suggest that neither DipA nor
PilD are targets of resazurin, but might be involved in the uptake and metabolism of this
compound by F. tularensis LVS.

Table 4. MIC of resazurin for dipA and pilD F. tularensis LVS mutants.

Strain MIC (µg/mL) 1

LVS 5.5
∆dipA 11

FTL_0959d 11
1 MICs are mode values from at least three independent determinations.
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Figure 1. Reduced killing of FTL_0959d and ∆dipA by resazurin compared to wild-type LVS. Bacteria
were cultivated in tryptic soy broth supplemented with 0.1% cysteine HCl (TSBc) in the presence or
absence of resazurin (Rz, 1.375 µg/mL) for 24 h. Cultures were then diluted and plated to determine
the number of viable F. tularensis LVS bacteria 24 h post inoculation. Data shown are mean ± SEM
from three individual experiments. The limit of detection was 100 CFU per ml. Statistically significant
differences in growth post-inoculation were determined by two-way ANOVA followed by Tukey’s
multiple comparisons test (***, p < 0.001 comparing +Rz to −Rz for each strain; $$$, p < 0.001
comparing FTL_0959d and ∆dipA to LVS 24 h. post Rz treatment).

3. Discussion

The clinical threat posed by antibiotic resistant bacterial infections highlights the need
to identify and apply novel antimicrobial therapies [2]. Resazurin exhibits antibacterial
activity against F. tularensis and N. gonorrhoeae, but its mode of action has not been de-
fined [9,10]. Here, we screened for resazurin-resistant mutants of F. tularensis LVS to identify
genetic determinants of resazurin susceptibility. Whole genome sequencing of RZR isolates
identified nonsynonymous mutations in ten different protein-coding genes. None of the
genes identified in this screen were previously described to play a role in F. tularensis
resistance to other clinically relevant antibiotics such as aminoglycosides, tetracyclines and
fluoroquinolones [12,13]. Therefore, these data suggest resazurin has a unique mechanism
of action.

In particular, two genes, dipA and pilD, were mutated in the majority of the RZR LVS
clones isolated and sequenced. Complementation of RZR46 with dipA restored sensitivity
to resazurin comparable to wild-type LVS while expression of pilD in RZR47 did not.
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However, both a laboratory generated pilD disruption mutant and dipA deletion mutant
had higher MICs compared to wild-type LVS similar to the spontaneous RZR mutants.
The failure to restore resazurin sensitivity in RZR47 upon complementation with wild-
type pilD may be due to a dominant negative effect of the original pilD mutation or
another intergenic/undetected variant in RZR47 may be contributing to the resazurin
resistance. Regardless, less killing of FTL_0959d and ∆dipA was observed over 24 h
following resazurin treatment compared to wild-type LVS confirming a role for both dipA
and pilD in resazurin susceptibility.

DipA is a 353 amino acid protein predicted to form a surface complex with other
outer membrane proteins to facilitate translocation of virulence factors that interact with
host cells [14]. Most of the dipA mutations characterized in this study occurred within the
Sel1-like repeat domains (amino acids 95–170 and 192–263) which are known to be required
for the biological function of DipA [14]. These structural domains provide a scaffold
for protein–protein interactions [15]. DipA has been shown to associate with FopA, a
F. tularensis outer membrane protein with noted homology to the OmpA porin [14]. OmpA
has been shown to play a role in antibiotic resistance in other Gram-negative pathogens
including Escherichia coli and Acinetobacter baumannii [16,17]. Given the correlation between
DipA mutations and resazurin resistance in this study, it is possible that DipA plays a role
in the stability or function of FopA allowing for uptake of resazurin. Without functional
DipA, less resazurin may be taken up by F. tularensis LVS resulting in increased resistance
to resazurin. Interestingly, none of the resazurin resistant strains isolated and sequenced
in this study contained mutations in the LVS gene encoding FopA. The role of DipA and
FopA in uptake of resazurin by F. tularensis is currently being investigated.

The PilD protein was also shown to contribute to F. tularensis susceptibility to resazurin.
PilD is an inner membrane peptidase responsible for processing major and minor (pseudo)
pilins involved in the formation of Type IV pili and assembly of a Type II protein secretion
system [18,19]. In P. aeruginosa, PilD has also been shown to play a role in the export of
select enzymes including alkaline phosphatase, phospholipase C, elastase, and exotoxin
A [20]. Although the exact function of PilD in F. tularensis has not been fully investigated
and defined, it is possible PilD may play a role in the processing and/or export of a protein
that is a target of resazurin. Mutation of pilD would thus affect processing or export of the
antibiotic target rendering F. tularensis less susceptible to resazurin. The exact role PilD
plays in F. tularensis susceptibility to resazurin is under further investigation.

As F. tularensis is not the only bacterium susceptible to resazurin, we wondered
whether pilD (FTL_0959) and dipA (FTL_1306) homologs were present in N. gonorrhoeae and
played similar roles as described here. A BLAST search [21] against the National Center
for Biotechnology Information database of non-redundant protein sequences identified an
A24 family peptidase (WP_003689814.1) and a SEL1-like repeat protein (MBS5742101.1) in
Neisseria that were only 43% and 26% identical to F. tularensis PilD and DipA, respectively.
The low homology between these proteins suggests that PilD and DipA have unique roles
in F. tularensis susceptibility to resazurin. It also remains unknown whether DipA and PilD
function in the same pathway to mediate F. tularensis killing by resazurin. The proposed
function of DipA in transport and PilD in pilin processing suggests that they function
separately from one another, but the relationship between DipA and PilD in mediating
susceptibility to resazurin is currently being explored. Overall, mutations in pilD and dipA
failed to confer complete resistance to resazurin. The growth of both FTL_0959d and ∆dipA
was still inhibited by resazurin and the MICs for these mutants were only two-fold higher
than wild-type LVS. An alternative method to identify potential antibiotic targets from
the one used in this study is high-throughput transposon sequencing (Tn-Seq) [22–24]. In
this approach, a library of LVS transposon mutants would be generated and screened for
resazurin resistance [25]. Then, next-generation sequencing of the transposon insertion
would be performed and the insertion sites would be mapped to the LVS genome. Further
understanding of resazurin’s mode of action and resistance mechanisms will help guide the
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development of resazurin derivatives with more potent activity as well as new therapeutic
strategies to combat Francisella infections.

4. Materials and Methods
4.1. Bacterial Strains and Growth Conditions

Bacterial strains used in this study are listed in Table 5. For cultivation of F. tularensis
LVS strains, frozen stock cultures were plated on chocolate II agar and incubated at 37 ◦C
with 5% CO2 for 2–4 days. These bacteria were then used to inoculate TSBc (trypticase soy
broth (BD Biosciences) containing 0.1% L-cysteine hydrochloride monohydrate (Fisher)).
Escherichia coli 5-α (New England Biolabs) bacteria cultivated on LB agar were used to
inoculate LB broth. All broth cultures were incubated at 37 ◦C with agitation. When
required, kanamycin (35 µg/mL for E. coli; 10 µg/mL for F. tularensis) and hygromycin
(250 µg/mL) were supplemented into the media.

Table 5. Description of strains, plasmids, and primers used in this study.

Plasmid, Primer,
or Strain Description or Sequence Source or

Reference

F. tularensis strains
LVS F. tularensis subsp. holarctica live vaccine strain Karen Elkins

RZR46 Spontaneous resazurin-resistant LVS mutant containing deletion of single thymine residue at
position 2 in dipA This study

RZR47 Spontaneous resazurin-resistant LVS mutant containing 532G > T substitution in pilD This study
∆dipA LVS dipA deletion mutant This study

FTL_0959d LVS pilD disruption mutant This study
E. coli strains

DH5α fhuA2 ∆(argF-lacZ)U169 phoA glnV44 Φ80 ∆(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17 NEB 1

Plasmids
pABST pFNLTP8 with F. tularensis LVS groE promoter [11]
pDipA pABST containing dipA under control of groE promoter This study
pPilD pABST containing dipA under control of groE promoter This study
pJH1 pMQ225 with the I-SceI restriction site [26]

pGUTS pGRP with I-SceI under the control of FGRp [26]
pJH1∆dipA pJH1 with the left and right 500-bp flanking regions of dipA cloned into the PstI-SphI site of pJH1 This study
pJH1-0959d pJH1 with the central 470 base pair region of FTL_0959 This study

Primers

1F_dipA 5′-CATGCTGCAGGTAGTGTTTGGATCTTTTGTATTAGCAG -3′ IDT 2

This study
2R_dipA 5′-ATAATAAGTCGACGGTACCACCGGTAATTATAAATTTAGCTTTCATCTATTTCTCCTG-3′ IDT

This study
3F_dipA 5′-ACCGGTGGTACCGTCGACTTATTATTACTACCAAAGAGCAGCAAAG-3′ IDT

This study
4R_dipA 5′-CATGGCATGCCATCACCACATTTAGAACTATTGGC-3′ IDT

This study
F_0959d 5′-CATGGGATCCGGGATTGATAAGCAACAATCTCCAC-3′ IDT

This study
R_0959d 5′-CATTGCATGCCCAAAGCCTTCTTTACCTGTAAGG-3′ IDT

This study
dipA_F 5′-CATGGAATTC GTGACGCTTGATGTTTTTGTATTGCAGG-3′ IDT

This study
dipA_R 5′-CATGGCTAGCGCGCTATTTAGAAGTCACCGCATTTTG-3′ IDT

This study
pilD_F 5′-ATCGGAATTCATGTTGTTATATATCGAGTGCCAAATAAAC-3′ IDT

This study
pilD_R 5′-ATCACATATGTTATACATAGATATTATCTTTAGTCAGTAG ATAAAAAAATGTTG-3′ IDT

This study
pJH1_conf 5′-CTGATTTAATCTGTATCAGGCTGAAAATC-3′ IDT

This study
1 NEB—New England Biotechnologies. 2 IDT—Integrated DNA Technologies.

4.2. Selection of Resazurin-Resistant (RZR) LVS Mutants and Whole Genome Sequencing

Mutants resistant to resazurin were obtained by plating suspensions containing ap-
proximately 5 × 108 CFU of F. tularensis LVS bacteria on chocolate II agar supplemented
with 11 µg/mL resazurin sodium salt (Acros Organics, dissolved in water) [9]. This concen-
tration of resazurin is ten-fold higher than the previously determined minimal inhibitory
concentration (MIC) of resazurin [9]. Colonies that formed on plates containing 11 µg/mL
resazurin were then replica-plated onto 22 µg/mL resazurin. Forty-six resazurin-resistant
(RZR) LVS clones that grew in the presence of 22 µg/mL resazurin were selected for further

152



Antibiotics 2021, 10, 992

analysis. Genomic DNA was isolated using the Bacterial Genomic DNA Isolation Kit
(Norgen Biotek Corp., Thorold, ON, Canada) per the manufacturer’s instructions. Sequenc-
ing libraries were prepared using Nextera XT DNA Library Preparation Kits (Illumina,
San Diego, CA, USA) and individual libraries were indexed with barcodes using Nextera
XT v2 Index Kits (Illumina, San Diego, CA, USA) in the Marshall University (MU) Ge-
nomics Core Facility. Library quality and size distribution was assessed on an Agilent
Bioanalyzer equipped with High Sensitivity DNA Chips. Libraries were quantitated by
Qubit fluorimetry. High throughput sequencing (2× 100 bp paired-end) was performed on
an Illumina HiSeq1500 in Rapid Run mode in the Genomics Core. This approach allowed
for approximately 150× coverage of each individual bacterial genome.

Sequencing reads were trimmed to remove Illumina adapters and low quality base
calls using Trimmomatic version 0.36 [27]. Trimmed reads were aligned to the Francisella
tularensis reference genome (NCBI accession number AM23362.1) using BWA version
0.7.12 [28] and sorted and indexed using picard tools version 2.9.4. Variant calling was
performed following the GATK version 3.8.0 pipeline [29]. Briefly, duplicates were marked
with the MarkDuplicates tool and per-sample variants identified using HaplotypeCaller.
Variants were then called across the entire sample set using the GenotypeGVCFs tool
with the sample-ploidy option set to one. Variant calls with quality score below 20 were
filtered out using the VariantFiltration tool. Variants were exported to tab-delimited format
using VariantsToTable. After the conclusion of these GATK pipeline steps, variants were
annotated to determine their effects on the protein sequence using snpEff version 4.3q [30].

4.3. Construction of dipA and pilD Complemented Strains and Mutants

Primers and plasmids used in this study are listed in Table 5. To complement RZR
LVS mutants with either wild-type dipA or pilD, F. tularensis LVS chromosomal DNA
extracted from stationary-phase broth cultures using the Bacterial Genomic DNA Isolation
Kit (Norgen Biotek Corp.) served as a template for amplification of dipA (FTL_1306) and
pilD (FTL_0959). Primer pairs dipA_F/dipA_R and pilD_F/pilD_R were used to PCR-
amplify dipA and pilD, respectively. The dipA amplicon was cloned into the EcoRI-NheI
site of pABST [24] to generate the plasmid, pDipA. The pilD amplicon was cloned into
the EcoRI-NdeI site of pABST to create the plasmid, pPilD. Both pDipA and pPilD were
introduced into select F. tularensis LVS resazurin-resistant mutant strains by electroporation
and selection on chocolate II agar supplemented with 10µg/mL kanamycin.

The pilD disruption mutant (FTL_0959d) was generated using an unstable, integrating
suicide vector, pJH1, as previously reported [31,32]. An internal 470 base pair region of
FTL_0959 (pilD) was amplified by PCR using the primers F_0959d and R_0959d. This
amplicon was digested with BamHI and SphI and then cloned into pJH1 that had been
digested with these same enzymes, which produced pJH1-0959d. This disruption construct
was mobilized into F. tularensis LVS by triparental mating [31]. Hygromycin-resistant
colonies were screened by PCR using the primers pJH1-conf and 1F_pilD which are specific
for the vector-portion of pJH1-FTL_0959 and pilD respectively, to confirm disruption of the
pilD gene.

A F. tularensis LVS dipA (FTL_1306) deletion mutant was generated using pJH1 and
the I-SceI endonuclease as described previously [26]. To begin, the dipA deletion construct
pJH1-∆dipA was generated using splicing by overlap-extension PCR. Regions (~500 bp)
upstream and downstream of the dipA sequence targeted for deletion were amplified by
PCR using the primer pairs 1F_dipA with 2R_dipA and 3F_dipA with 4R_dipA, respec-
tively. The resulting amplicons contained regions of overlap and served as template DNA
for a second PCR reaction using primers 1F_dipA and 4R_dipA. The resulting 1176 bp
fragment was digested with PstI and SphI and then ligated into pJH1, which had been
digested with the same enzymes, to produce pJH1-∆dipA. This vector was then transferred
into F. tularensis LVS by tri-parental mating [31]. Merodiploid strains were recovered and
transformed with pGUTS by electroporation to allow for expression of I-SceI which causes
a double-stranded break forcing recombination and allelic replacement [26]. Colonies resis-
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tant to kanamycin were screened by PCR for deletion of dipA using primers 1F_dipA and
4R_dipA. To cure pGUTS, the F. tularensis ∆dipA strains were repeatedly sub-cultured in
TSBc, diluted, and plated to a density of 100 to 300 colony forming units CFU per chocolate
II agar plate. Plates were incubated for at least 3 days at 37 ◦C, 5% CO2 and colonies
that formed were replica plated onto chocolate II agar supplemented with and without
10 µg/mL kanamycin to select against colonies harboring pGUTS. Those colonies sensitive
to kanamycin were isolated and again tested for sensitivity to this antibiotic. The resulting
LVS strain was named ∆dipA. Western blot analysis using an anti-DipA antibody [14]
confirmed loss in expression of the DipA protein in LVS ∆dipA (data not shown).

4.4. Agar Dilution Susceptibility Testing

Minimum inhibitory concentrations (MICs) were determined by the agar dilution
method using chocolate II agar according to CLSI guidelines [33]. Briefly, F. tularensis LVS
bacteria were cultivated overnight in TSBc, diluted to an OD600 of 0.3 (approximately
5 × 108 CFU/mL), and then diluted to 1× 106 CFU/mL. Ten microliters of this suspension
(1 × 104 CFU) were plated onto chocolate II agar containing a series of two-fold dilutions
of resazurin. Following incubation (37 ◦C with 5% CO2 for 48–72 h), the MIC reported for
each F. tularensis strain was the lowest concentration of resazurin that completely inhibited
the growth of bacteria on the agar plate. No strain differed by more than one dilution in
3–5 tests.

4.5. Time Kill Assays

F. tularensis LVS overnight broth cultures were used to inoculate TSBc containing
1.375 µg/mL resazurin. Immediately following inoculation and 24 h later, cultures were
serially diluted and plated onto chocolate II agar. Plates were incubated at 37 ◦C, 5% CO2
and individual colonies were enumerated. The limit of detection was 100 CFU/mL.

4.6. Statistical Analyses

Data were analyzed for significant differences using GraphPad Prism software (Graph-
Pad Software Inc., La Jolla, CA, USA). The statistical tests are indicated in the figure legend.
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Abstract: The emergence of multi-drug resistant (MDR) strains and even pan drug resistant (PDR)
strains is alarming. In this study, we studied the resistance pattern of E. coli pathogens recovered
from patients with different infections in different hospitals in Minia, Egypt and the co-existence
of different resistance determinants. E. coli was the most prevalent among patients suffering from
urinary tract infections (62%), while they were the least isolated from eye infections (10%). High
prevalence of MDR isolates was found (73%) associated with high ESBLs and MBLs production
(89.4% and 64.8%, respectively). blaTEM (80%) and blaNDM (43%) were the most frequent ESBL and
MBL, respectively. None of the isolates harbored blaKPC and blaOXA-48 carbapenemase like genes.
Also, the fluoroquinolone modifying enzyme gene aac-(6′)-Ib-cr was detected in 25.2% of the isolates.
More than one gene was found in 81% of the isolates. Azithromycin was one of the most effective
antibiotics against MDR E. coli pathogens. The high MAR index of the isolates and the high prevalence
of resistance genes, indicates an important public health concern and high-risk communities where
antibiotics are abused.

Keywords: MDR E. coli; ESBLs; MBLs; MAR index

1. Introduction

Escherichia coli, belongs to the family Enterobacteriaceae, is the most common human
gastrointestinal commensal as well as important etiological agent of many hospital and
community-acquired infections. Pathogenic strains are capable of causing a wide variety
of diseases including diarrhea, dysentery, overwhelming sepsis, and the hemolytic-uremic
syndrome and neonatal meningitis. E. coli can be sorted into intestinal or extraintestinal
according to the site of infection [1].

Antibiotics have been the most successful form of chemotherapy developed in the
20th century, saving human lives every day [2]. The evolution of pathogens resistant
to antibiotics limits their clinical use, making such infections difficult to control. The
antimicrobial resistance (AMR) can be of chromosomal or mobile genetic elements origin [3].
The most common resistance mechanism is the production of the β-lactamase hydrolytic
enzymes, which specifically have an inactivated β-lactam ring so that they cannot inhibit
the bacterial transpeptidases [4].

β-lactamases are classified into four classes. Serine classes (A, C and D) have serine
residue at the hydrolysis active sites. Metallo- β-lactamases (MBLs) (class B) in which the
hydrolytic action is promoted by one or two zinc ions at the active site [5]. Class A enzymes
include blaTEM which is the first identified plasmid-encoded β-lactamase; blaSHV which has
similar activity to blaTEM; blaCTX-M (cefotaximase) and blaKPC which confers carbapenem

157



Antibiotics 2021, 10, 835

resistance [6]. Class A Extended-spectrum β-lactamase (ESBL) producing strains (blaTEM,
blaSHV and blaCTX-M types) are of the most clinically significant pathogens which can
resist all β-lactam drugs including monobactams [5,6]. The most clinically significant
class B enzymes are blaVIM, blaIMP and blaNDM. MBLs are a group of carbapenemases that
resist most β-lactam drugs except the monobactams. Monobactams (e.g., aztreonam) are
intrinsically stable to MBLs, but their susceptibility to other serine β-lactamases which
are often co-expressed with the MBL limit their usage against MBL expressing strains [7].
Another group that able to hydrolyze carbapenems in addition to other β-lactams are class
D β-lactamases (e.g., blaOXA-48 like enzymes) [8].

Another example for enzymatic inactivation of antibiotics is the enzymatic modifi-
cation at different -OH or -NH2 groups of aminoglycosides. As a result of the induced
steric and/or electrostatic interactions, the modified antibiotic is unable to bind to the
target RNA. They can be nucleotidyltransferases (ANTs), phosphotransferases (APHs), or
acetyltransferases (AACs) [4]. In addition, the enzyme variant aac(6′)-Ib-cr has two amino
acid changes that allow the enzyme to inactivate quinolones as well [9,10].

Being plasmid-encoded, hydrolyzing enzymes are likely to be transmissible and
widespread. As a single plasmid may encode more than one enzyme, a strain may express
many different enzymes, as each one deactivates a different antibiotic [5]. As a result, MDR,
or even PDR strains, arising and returning to the pre-antibiotic era has become a nightmare
for medical professionals.

The present study aimed to report the resistance pattern of E. coli pathogens, detect
the co-existence of different resistance determinants and their correlations to the resistance
of E. coli pathogens of different infection origins, which would help in identifying local
effective therapeutic options and infection control.

2. Results
2.1. Prevalence of E. coli Among Samples

In the present study, 200 (47%) E. coli pathogens were isolated from 425 patients
suffering from different infections attending three hospitals in EL-Minia, Egypt. The highest
prevalence was among urinary tract infections (62%) while it was lowest among eye
infections (10%) (Table 1). Among the three hospitals, E. coli isolates were most prevalent in
Minia University Hospital samples (51.37%), followed by Minia General Hospital (40.8%)
(Table 2).

Table 1. Prevalence of E. coli among different clinical samples.

Infection No. of Samples No. of E. coli Isolates E. coli (%) *

Wound infections
(burns, diabetic foot,
surgery wound, cuts)

150 66 44%

Urinary tract infection 100 62 62%

Gastro-enteritis 50 24 48%

Blood 75 39 52%

Chest infection 20 4 20%

Ear infection 20 4 20%

Eye 10 1 10%

Total 425 200 47%
* Percent of E. coli were correlated to the number of samples of each infection.
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Table 2. Distribution of E. coli among samples collected from different hospitals.

Hospitals No. of Samples E. coli

No. % *

Minia University Hospitals 290 149 51.37

Minia Chest Hospital 20 4 20

Minia General Hospital 115 47 40.8

Total 425 200
* Percent of E. coli were correlated to the number of collected samples from each hospital.

2.2. Antibiotic Resistance of the E. coli Pathogens

The antibiotic susceptibility was tested in 27 antibiotics that cover most of the available
antibiotics in the Egyptian market. Table S1 (Supplementary Data) indicates the different
used antibiotics and their different targets. The test revealed that 73% of E. coli were MDR.
The pathogens were approximately totally resistant to Amoxycillin/clavulanic (97.5%),
cephalothin (97%) and cefadroxil (93%). Also, high resistance levels were observed for
Ceftazidime (78%) and Aztreonam (65.5%). Imipenem was the most effective antibiotic
(20%), followed by Azithromycin (26%) (Figure 1). Our supplementary spread sheet
indicates the resistance patterns of the isolates. One hundred MDR isolates were subjected
for further investigation.
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Figure 1. Antibiotic resistance of the total E. coli isolates.

2.3. Serotyping of the Intestinal E. coli

Out of the selected 100 isolates, 20 were isolated from stool. Since E. coli normally
inhabit the intestine, stool isolates were serotyped to confirm its pathogenicity. Out of
20 intestinal E. coli isolates 15 (75%) isolates were diarrheagenic E. coli (DEC). Three isolates
(20%) were identified as Enterohaemorrhagic E. coli (EHEC) O157:H7. Different O serotypes
were observed as O115, O158, O55, O126, O125 and O86a. The identified pathotypes are
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listed in Table S3 (Supplementary Data). Untyped five isolates were excluded from the
further testing so that 95 isolates were further tested phenotypically and genotypically.

2.4. Multiple Antibiotic Resistance Index MDR E. coli Pathogens

The multiple antibiotic resistance index (MARI) ratio between the number of antibiotics
that an isolate is resistant to and the total number of antibiotics the organism is exposed to,
have been calculated for 95 MDR E. coli. It was found that 98.9% of isolates have showed
MAR index higher than 0.2, indicating high risk communities where antibiotics are abused.
However, there was a statistically significant difference in MARI mean among E. coli isolates
of different sources (p value < 0.05). Eye and blood isolates showed highest MARI mean of
0.82 and 0.74, respectively. On the other hand, stool samples had the lowest MARIs (Figure 2).
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Figure 2. MAR index mean values (x), p value calculated by One-way ANOVA test.

2.5. Phenotypic Characteristics

ESBL production phenotypically tested by combined disk test (CDT). It was found
that 89.4% (85/95) of the tested strains were ESBL producers. Carbapenemase production
was tested by Modified Hodge test (MHT), then carbapenemase producers were tested
for MBL using combined-disk synergy test. MBL producers accounted for 50.50% of the
isolates (64.8% of carbapenemase producers). Positive significant association was found
between ESBL and MBL phenotypes (p = 0.001) as all MBL producers were ESBL producers.
Statistically significant difference in distribution of ESBL and MBL producers between
different infection groups was observed (p < 0.001). Regardless of the eye infection, MBL
producers were mostly frequent in UTIs (71%) while no intestinal E. coli was reported as
MBL producers (Table 3).

Table 3. Distribution of ESBLs and MBLs producing isolates among clinical specimens.

Type of Infection β-Lactam Resistant
Isolates

ESBLs MBL

No. % * No. % *

Wound infections 25 25 100% 12 48%

Urinary tract infection 28 28 100% 20 71.4%

Gastro-enteritis 15 5 33.3% 0 0%

Blood 20 20 100% 12 46.67%

Respiratory infection 4 4 100% 2 50%

Ear infection 2 2 100% 1 50%

Eye 1 1 100% 1 100%

Total 95 85 89.4% ** 48 50.5% **
* percent was correlated to the total number of samples of each infection type; ** percent was correlated to total
number of samples. Significant if p ≤ 0.05.
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2.6. Antimicrobial Resistance of ESBLs and MBLs Producers

Resistance patterns of ESBL-producers revealed that ESBL producers were highly
resistant to β-lactam antibiotics such as amoxycillin/clavulanic (99%), cefadroxil (95%),
ceftazidime (85%) and meropenem (69%). MBL producers showed higher resistance
rates to same antibiotics (100%, 97.9%, 93.75% and 93.75%, respectively). Azithromycin
and chloramphenicol were the most effective drugs against ESBLs and MBLs producers.
Table S4 (Supplementary Data) indicates the antibiogram of ESBLs and MBLs producers.

2.7. Prevalence of Resistance Genotypes Among the Tested Isolates

There was a statistically significant difference in the distribution of the different
genotypes between different infections. The most prevalent gene was the blaTEM (80%)
followed by blaSHV, blaCTX-M and blaNDM (54.7%, 42% and 44.2%, respectively). All isolates
were negative for blaKPC or blaoxa-48 genes. Also, the aac-(6′)-Ib-cr gene was observed in
26.3% of the tested pathogens (Table 4).

Table 4. Distribution of detected MBLs and ESBLs genotypes.

Type of
Infection

β-Lactam Resistant
Isolates

N

blaNDM blaTEM blaCTX-M blaSHV blaIMP aac-(6′)-Ib-cr

N (%) * N (%) * N (%) * N (%) * N (%) * N (%) *

Wound
infections 25 14

(56%)
23

(92%)
14

(56%)
15

(60%)
12

(48%)
9

(36%)

UTI 28 17
(60.7%)

27
(96.4%)

11
(39.2%)

12
(42.8%)

16
(57%)

6
(21%)

Gastro-
enteritis 15 1

(7.6%)
7

(46.6%)
0

(0%)
0

(0%)
0

(0%)
0

(0%)

Blood 20 7
(35%)

20
(100%)

13
(65%)

20
(100%)

7
(35%)

10
(50%)

Chest infection 4 1
(25%)

3
(75%)

0
(0%)

4
(100%)

0
(0%)

0
(0%)

Ear infection 2 1
(50%)

2
(100%)

1
(50%)

0
(0%)

0
(0%)

0
(0%)

Eye 1 1
(100%)

1
(100%)

1
(100%)

1
(100%)

0
(0%)

0
(0%)

Total 95 42
(44.2%)

76
(80%)

40
(42%)

52
(54.7%)

35
(36.8%)

25
(26.3%)

p value ** 0.11 <0.001 0.011 <0.001 0.011 0.042

* percent was correlated to the total number of β-lactam resistant isolates in each type of infection. ** Significant p value at p ≤ 0.05.

2.8. Genotypic-Phenotypic Agreement of the Tested Genes

Out of 48 MBL phenotypic positive samples, 38 (79%) isolates were confirmed genotypi-
cally as MBL producers. It was found that 15.78% of isolates were phenotypically positive and
harbored both blaNDM and blaIMP (Figure 3). Furthermore, there was a significant decrease in
MAR index when isolates were both blaNDM and blaIMP negative (p value < 0.001). The blaNDM
producers had higher MAR index than those which were only blaIMP producers. However,
isolates harbored both blaNDM and blaIMP was observed resisting higher number of antibi-
otics (Figure 4). Moreover, positive correlations between MBLs phenotype, genotypes and
carbapenem resistance were observed. Statistically significant correlations between detected
MBL genotypes and meropenem resistance were observed. The MBLs phenotypes were more
significantly associated with blaNDM than blaIMP (Table 5).
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Table 5. Relation between MBLs phenotype, detected genotype and carbapenem resistance across
the E. coli isolates.

MBLs
Phenotype blaNDM blaIMP

Imipenem
Resistance

Meropenem
Resistance

MBLs phenotype 1 0.372 ** 0.232 * 0.237 * 0.465 **

blaNDM 1 0.155 0.054 0.212 *

blaIMP 1 0.122 0.275 **

Imipenem resistance 1 0.292 **

Meropenem
resistance 1

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). p values
calculated by Fisher’s exact test.
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ESBLs phenotypes showed strong positive correlation with the presence of blaTEM.
However, all correlations were significant at the 0.01 level. Among the detected ESBL
genes, presence of blaTEM and blaCTX-M types had the upper hand on the isolates’ resistance
followed by aac(6′)Ib-cr gene (Table 6).

Table 6. Correlation matrix (r2) between phenotypes, genotypes and antibiotic resistance across the E. coli isolates.

ESBLs
Production

MBLs
Production blaNDM blaIMP blaTEM blaCTX-M blaSHV

aac(6′)1b-
cr

MAR index 0.611 ** 0.342 ** 0.330 ** 0.289 ** 0.366 ** 0.365 ** 0.251 * 0.360 **

ESBLs
phenotype 1 0.347 ** 0.305 ** 0.262 * 0.696 ** 0.293 ** 0.377 ** 0.205 *

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). p values calculated by Fisher’s
exact test.

The current study identified that aac(6′)Ib-cr gene was mainly related to aminogly-
coside antibiotics than fluoroquinolones. It was found that 47.2% of amikacin resistant
isolates and 32.4% of ciprofloxacin resistant isolates harbored aac(6′)-Ib-cr gene. The pres-
ence of aac(6′)-Ib-cr gene was least correlated to ofloxacin resistance. Significant moderate
positive correlation was observed between aac(6′)-Ib-cr and the resistance to amikacin and
tobramycin, p values < 0.001 and 0.003, respectively (Table 7).

Table 7. Correlation between aac(6′)Ib-cr, aminoglycoside and fluoroquinolone resistance.

Antibiotics Number of
Resistant Isolates

Number of
aac(6′)Ib-cr Positive

Isolates (%) *

Person
Correlation (r2) p Value

Streptomycin 61 19 (31) 0.135 0.193
Tobramycin 43 17 (39.5) 0.301 0.003 **
Gentamycin 43 13 (30.2) 0.044 0.670

Amikacin 36 17 (47.2) 0.374 <0.01 ***
Ofloxacin 39 9 (23) 0.018 0.866

Norfloxacin 42 14 (33.3) 0.1450 0.162
Ciprofloxacin 37 12 (32.4) 0.152 0.142

* percent correlated to no. of resistant isolates of each antibiotic. p values were calculated by Fisher’s exact test.
** p value is significant at 0.05 level (2-tailed), *** p value is significant at 0.01 level (2-tailed).

2.9. Association of Different Resistance Genotypes

Most isolates harbored more than one resistance gene (81%). The resistance frequency
has significantly increased with the increased number of the co-existed genes (p < 0.01).
The most frequent association was of the five genes blaNDM, blaIMP, blaTEM, blaCTX-M and
blaSHV (8.4%) (Table 8).

The correlation matrix of the detected genes indicated overall positive correlations.
The strongest and most significant correlation was observed between blaCTX-M and blaSHV
(r = 0.519). Moreover, aac(6′)Ib-cr gene was significantly associated with blaCTX-M (Table 9).

Studying the association of blaNDM gene with class A ESBL genes (blaTEM, blaCTX-M
and blaSHV) among the blaNDM positive isolates indicated that the association of the blaNDM
with the three ESBLs (blaTEM + blaSHV + blaCTX-M) genes was the highest, accounting for
40.47% of the isolates harboring blaNDM (Figure 5).

Furthermore, the spectrum of antibiotics to which the isolates were resistance is
significantly increased (p value < 0.01) with the number of positive genes. The isolate
harbored five genes showed the highest mean of antibiotic resistance (21 antibiotics),
as indicted in Figure 6. As indicated in Table S5 (Supplementary Data) the resistance of
β-lactam drugs is significantly associated with presence of higher number of genes. Also,
significant moderate correlation of number of positive genes with ciprofloxacin, norfloxacin
and aminoglycoside were observed.
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Table 8. Co-existence of different genotypes.

Number of Isolates (%)

One gene 9 (9.5)

blaTEM
blaSHV

8 (8.5)
1 (1)

Two genes 20 (21.1)

blaTEM, aac(6′)Ib-cr
blaIMP, blaTEM
blaTEM, blaSHV
blaNDM, blaTEM

blaTEM, blaCTX-M

1 (1)
5 (5.2)
5 (5.2)
7 (7.3)
2 (2.1)

Three genes 21 (22.1)

blaIMP, blaTEM, blaSHV
blaIMP, blaTEM, blaCTX-M

blaNDM, blaTEM, aac(6′)Ib-cr
blaTEM, blaCTX-M, blaSHV
blaTEM, blaSHV, aac(6′)Ib-cr
blaNDM, blaCTX-M, blaSHV

blaNDM, blaIMP, blaTEM
blaNDM, blaTEM, blaSHV

4 (4.2)
1 (1)

2 (2.1)
5 (5.2)
1 (1)
1 (1)

2 (2.1)
5 (5.2)

Four genes 21(22.1)

blaTEM, blaCTX-M, blaSHV, aac(6′)Ib-cr
blaNDM, blaIMP, blaTEM, aac(6′)Ib-cr
blaNDM, blaTEM, blaCTX-M, blaSHV
blaIMP, blaTEM, blaCTX-M, blaSHV
blaIMP, blaTEM, blaSHV, aac(6′)Ib-cr
blaNDM, blaIMP, blaTEM, blaCTX-M
blaNDM, blaTEM, blaSHV, aac(6′)Ib-cr

blaNDM, blaCTX-M, blaSHV, aac(6′)Ib-cr
blaNDM, blaTEM, blaCTX-M, aac(6′)Ib-cr

5 (5.2)
3 (3.1)
3 (3.1)
3 (3.1)
1 (1)
1 (1)
1 (1)
1 (1)

3 (3.1)

Five genes 12 (12.6)

blaNDM, blaIMP„ blaTEM, blaCTX-M, blaSHV
blaNDM, blaIMP, blaTEM, blaCTX-M, aac(6′)Ib-cr
blaIMP, blaTEM, blaCTX-M, blaSHV, aac(6′)Ib-cr

8 (8.5)
2 (2.1)
2 (2.1)

Six genes 3 (3.2)

Total 95
Percentages were correlated to the total number of isolates.

Table 9. Correlation matrix (r2) between the different genotypes.

blaNDM blaIMP blaTEM blaCTX-M blaSHV aac(6′)1b-cr

blaNDM 1 0.155 0.211 * 0.185 0.086 0.190

blaIMP 1 0.290 ** 0.233 * 0.081 0.089

blaTEM 1 0.196 0.227 * 0.155

blaCTX-M 1 0.519 ** 0.265 **

blaSHV 1 0.159

aac(6′)Ib-cr 1
* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). p values
were calculated by Fisher’s exact test.
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Figure 6. Compatibility of number of detected genes and number of antibiotics to which isolates
were resistant among 95 isolates.

3. Discussion

The last two decades have witnessed a conspicuous increase in the number of infec-
tions caused by multi-drug resistant strains of E. coli, and this has impacted the outcomes
of different infections [11].

The present study demonstrated that the prevalence of E. coli pathogens isolated from
patients suffering from different infections in El-Minya hospitals accounted for 47%. This
result was in accordance with results reported by Amer et al. (45%) [12] and Fam et al.
(56%) [13].
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Among extraintestinal infections, E. coli was the most common among urine isolates
(62%) followed by blood infections (52%). Likewise, in Saudi Arabia Alanazi et al. [14] re-
ported that E. coli was isolated from 60.24% of the urine samples and in Greece
Koupetori et al. [15] reported high incidence of E. coli accounting for 48% of blood isolates.
In contrary, many studies showed lower E. coli incidence [16,17]. On the other hand, E. coli
was least isolated from eye infections (10%). This was higher than results reported in USA
by Miller et al. (5.9%) [18].

Moreover, intestinal E. coli was serotyped to ensure its pathogenicity. Diarrheagenic
E. coli (DEC) serotypes accounted for 54.1% which was considered very high in comparison
to results obtained by Zhou et al. (7.9%) [19]. E. coli O157:H7 accounted for 12.5% of total
DEC serotypes. Comparably, in the same region of study Abd El Gany et al. [20] reported
incidence rate of 15.72%. The variations between the different studies may be ascribed to
many socioeconomical, demographical and geographical factors. It was obviously noted
that E. coli were relatively high in the present study compared to other studies indicates
poor hygienic attitudes that correlated to the mentioned factors.

Antimicrobial resistance (AMR) emphasizes an overwhelming health and economic
burden in both developed and developing countries. As Resistance narrows the therapeutic
options leading to increased morbidity and mortality [21]. Our results showed high preva-
lence of MDR E. coli (73%) which were higher than results obtained by Siwakoti et al. [22]
and Abdelaziz et al. [23] (28% and 60%, respectively).

Although carbapenem resistance is considered low, it is higher than previous studies
done at the same government [9,20,24]. This may be attributed to the availability and the
usage of the drugs when the studies were held. Concerning our results, the drugs were
more available and highly used but in previous studies there was a shortage in many
antibiotics inside the hospitals. Moreover, the resistance to meropenem was higher than
imipenem which may be attributed to that meropenem is cheaper than imipenem, so it is
commonly used while some other studies reported complete meropenem sensitivity [9,23].

The continuous spread of ESBLs and carbapenemase mediated resistance has dramati-
cally increased in both hospital and community infections. It was found that 89.4% of the
tested isolates were ESBL producers. Abd El-Baky et al. [24] in earlier study in our area
reported that 46.8% of isolates were phenotypically ESBL producers. It seems very alerting
as the prevalence is almost doubled in short period.

The incidence of the carbapenemase and MBLs producers accounted for 77.8% and
64.8%, respectively. These rates were very high when compared to results obtained by
Ibrahim, et al. [25] who reported that carbapenemase and MBLs incidences were 37.6%
and 46.3% respectively. A previous study in our area showed that 52.3% of P. aeruginosa
were MBL producers [26]. The differences in prevalence may be due to strains and time
variations but overall indicate high incidence of MBLs among bacteria in our area.

There was a significant difference in the distribution of detected genes among the
different sample sources p values < 0.05 which was in agreement with many studies [27,28].

The most prevalent genotype was blaTEM (80%) followed by blaSHV (54.7%), blaNDM
(44.2%) and blaCTX-M (42%). Similarly, blaTEM was predominant in results reported by
Mohamed et al. [28] and Maamoun et al. [29]. On the other hand, a study on Escherichia coli
causing sepsis among Egyptian children reported that blaSHV was the most common ESBL
(61.22%), followed by blaTEM (38.78%) and blaCTX-M (20.41%) [30]. Furthermore, the higher
incidence of blaTEM gene reported by the current study or other studies in our region
suggests that blaTEM gene may be endemic. In contrast to our study, several studies in Asia
reported that blaCTX-M was the most frequent indicating that blaCTX-M is a predominant
genotype in Asia [31–33]. Also, reports from Qatar stated that blaCTX-M type genes evolved
through mutations in blaTEM and blaSHV genes and it is a recent endemic [34].

Similar to our study, studies in UK have reported 44% of isolates as blaNDM producers,
most of them were from urine samples [35]. The number of blaNDM producers is increasing
in Egypt which is reflected by many studies conducted in this area [30,36,37]. Lower blaIMP
incidence reported in previous studies in Egypt compared to this study (36.8%) suggesting
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an increasing rate of MBLs producers [36,37]. However, the current reported high preva-
lence of MBLs may be attributed to the ability of E. coli to acquire novel resistance genes
through horizontal transfer or the increased use of carbapenems in the clinical treatment.

blaOxa-48 like and blaKPC were not detected in any isolate. Quite higher prevalence of
blaOxa-48 like and blaKPC (38.46% and 23%, respectively) was reported in Bangladesh [38].
In accordance with the current study, blaKPC wasn’t detected in several previous studies in
Egypt or detected in very low rate [37,38]. In addition, blaKPC wasn’t detected in countries
such as Saudi Arabia [39] or those of the Arabian Peninsula [40]. These data confirmed
that blaKPC genes does not predominate in this geographical region, where it is frequently
detected in the United States [41] and endemic in Israel [42]. The aac(6′)-Ib-cr gene prevailed
in 26.3% of the isolates which were mostly isolated from wounds. This rate is lower than
rates previously reported by Al-Agamy et al. [43] and Mohamed et al. [28]. The differences
across studies may be attributed to differences in geographical locations, age groups, or
clinical criteria.

Most of the isolates (81%) harbored more than one resistance determinant. Co-
harboring of multiple ESBL genes was detected previously in Egypt [28,44] and some
other countries; Burkina Faso [45], Qatar [33] and Iran [46].The co-existence of blaNDM,
blaIMP, blaTEM, blaCTX-M and bla-SHV was the most frequent, accounting for 8.5% of the
isolates. There was a significant association between blaCTX-M and blaSHV, which agree with
other studies [28,30,46]. There was a significant positive correlation between blaNDM and
blaIMP. This was comparable to Zaki et al. [30] and Kamel et al. [47] where single E. coli
isolate had more than one type of metallo β-lactamase. The association between aac(6′)-Ib-cr
and blaCTX-M genes was statistically significant, agreeing with previous studies [48–50].
None of the isolates harbored aac(6′)Ib-cr alone. Moreover, there was significant association
of aac(6′)-Ib-cr gene with ESBL phenotypes. This may be due to the common presence of
ESBL genes and PMQR genes on the same plasmid in Enterobacteriaceae [51]. Moreover, the
aac(6′)-Ib-cr gene showed significant positive correlation with amikacin and tobramycin re-
sistance in ESBL producers. Similarly, Mohamed et al. [28] reported significant association
of ESBL genes with aac(6′)-Ib-cr gene that resulted in increased ciprofloxacin, gentamicin
and amikacin resistance in ESBL producers.

The resistance rates were significantly increased in ESBL producers than non-producers
that reported by several studies [28,52–54]. In agreement with our results, many studies
reported higher resistance rate of MBL producers in comparison to MBLs non-producers.
In accordance with the current work, previous studies have reported significant high
resistance rates in MBL producers [55,56]. It was reported that blaTEM and blaSHV are
important factors in increased resistance of ESBL E. coli producers to third-generation
cephalosporin [57].

Finally, variations in rate and predominance of resistance genes between different
countries and even among the same country institutions may be due to difference in
locally prescribed antibiotics and if the infection control guidelines are followed or not
in different health institutes. In Egypt, the high rate of ESBLs and MBLs is a reflection of
the inappropriate use of antimicrobials due to the over counter availability of antibiotics
without prescription and patients incompliance or the wide use of antibiotics in veterinary
care and farms [58,59].

4. Material and Methods
4.1. Bacterial Isolates

Two hundred E. coli isolates were isolated from 425 patients attending different hospi-
tals in El-Minia with different infections. All clinical samples were obtained as part of the
routine hospital laboratory procedures. Samples were processed and cultured on trypticase
soy agar (Lab M, Hewwood, UK) at 37 ◦C for overnight. E. coli colonies gave pink color
on MacConkey agar and green metallic sheen on Eosin methylene blue (EMB) (lab M,
Hewwood, UK). Colonies were further identified by regular microbiological biochemical
tests [60].
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4.2. Antimicrobial-Susceptibility Testing

The antimicrobial susceptibility of the isolates was tested by the Kirby-Bauer Disk
Diffusion method [61]. The used antibiotics discs were ready cartilages purchased from
Oxoid; Basingstoke, UK. The following antibiotic discs were used Cefpodoxime (10 µg),
Streptomycin (10 µg), Aztreonam (30 µg), Ceftriaxone (30 µg), Gentamycin (10 µg), Amoxy-
cillin/clavulanic (20/10 µg), Piperacillin/Tazobactam (100/10 µg), Ceftazidime (30 µg),
Imipenem (10 µg), Meropenem (10 µg), Cefoperazone (75 µg), Doxycycline (30 µg),
Ciprofloxacin (5 µg), Amikacin (30 µg), Nalidixic acid (30 µg), Cefotaxime (30 µg), Ce-
fepime (30 µg), Ampicillin/sulbactam (10/10 µg), Norfloxacin (10 µg), Tobramycin (10 µg),
Sulfamethoxazole/trimethoprim (23.75/1.25 µg), Chloramphenicol (30 µg). Isolates classi-
fied as sensitive, intermediate and resistant according to inhibition zones interpretation
standards of Clinical Laboratory standards Institute (CLSI) 2018 (Table S2) [62].

4.3. Serotyping of Intestinal E. coli

Escherichia coli recovered from gastroenteritis infections were sent to the Animal Health
Research Institute, Giza, Egypt to be serotyped. The isolates serotyped through detection
of isolates agglutination with O and H antisera using the slide agglutination method
according to the manufacturer instructions (Pro-Lab Diagnostics, Round Rock, TX, USA).

4.4. Phenotypic Detection of ESBLs and MBLs Production

Detection of ESBL in E. coli isolates was carried out by combined disc test (CDT).
Isolates defined positive when the difference between the inhibition zones of cefotaxime
and cefotaxime/clavulanic or ceftazidime and ceftazidime/clavulanic disks is ≥5 mm [62].
Carbapenemases were detected in carbapenem resistant isolates by Modified Hodge test
(MHT). MHT positive isolates w ere further tested for MBL production using EDTA-
combined disk synergy test. An increase in zone diameter of at least 7 mm around the
imipenem–EDTA or meropenem–EDTA disks were recorded positive result [63].

4.5. Amplification of Resistance Genes

The DNA templet was extracted by available commercial kit QIAprep® Spin Miniprep
Kit (QIAGEN, Germany) by following the manufacturer instruction. Resistance genes were
detected using conventional PCR technique. Amplification was done using 25 µL PCR
reaction mixture consisting of 12.5 µL master mix (BIOMATIk, Kitchener, Canada) 1 µL of
each forward and reverse primers (BIOMATIk, Canada), 2 µL DNA template and 8.5 µL
nuclease-free water. PCR cycling conditions are indicated in Table S5 (Supplementary Data).

4.6. Statistical Analysis

Data were analyzed using IBM SPSS version 20.0. First, normal distribution of data
was tested by normality tests as Kolmogorov–Smirnov and Shapiro–Wilk p-values in
addition to histograms. Descriptive analysis was done to analyze prevalence of E. coli
isolates among different infections and hospitals, percentage of resistance and prevalence
of ESBL and MBL producers and prevalence of the different genes. To compare differences
in distribution between different groups chi-square (X2) test was done but when more
than 20% of cells were less than 5, Fisher’s exact test was done to be more accurate. One-
way ANOVA tests was done to compare mean values between different groups as MAR
index mean values in different sample sources. Non parametric tests were used for non-
parametric data as Kruskal–Wallis. To study associations between phenotypes, genotypes
and resistance, correlations were established using Pearson’s correlation coefficient (r2) in
bivariate. p-values are significant if they are ≤0.05.

5. Conclusions

High resistance reported in our study indicates poor awareness of the microbiological
laboratory test importance, high empirical antimicrobial prescription and high patient
incompliance. Moreover, the massive co-existence of the detected genes strongly supports
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the presence of one or more circulating plasmids that harbors different resistance genes.
Finally, the study highlighted the importance of continuous surveillance of the resistance
trends and the direct need to strictly apply the infection control policies, implementing a
national antimicrobial stewardship plan.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10070835/s1, Table S1: The different tested antibiotics and their different biological
processes targets, Table S2: The different thresholds of inhibition zones according to CLSI (2018),
Table S3: Different serotypes of the intestinal E. coli, Table S4: Resistance pattern of ESBLs and MBLs
producers, Table S5: Correlation coefficient of the number of detected genes in isolates with the
resistance of the antibiotics, Table S6: Primers used in the current study. References [63–70] are cited
in Supplementary File.
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Abstract: Most of the infections caused by multi-drug resistant (MDR) P. aeruginosa strains are ex-
tremely difficult to be treated with conventional antibiotics. Biofilm formation and efflux pumps are
recognized as the major antibiotic resistance mechanisms in MDR P. aeruginosa. Biofilm formation
by P. aeruginosa depends mainly on the cell-to-cell communication quorum-sensing (QS) systems.
Titanium dioxide nanoparticles (TDN) have been used as antimicrobial agents against several microor-
ganisms but have not been reported as an anti-QS agent. This study aims to evaluate the impact of
titanium dioxide nanoparticles (TDN) on QS and efflux pump genes expression in MDR P. aeruginosa
isolates. The antimicrobial susceptibility of 25 P. aeruginosa isolates were performed by Kirby–Bauer
disc diffusion. Titanium dioxide nanoparticles (TDN) were prepared by the sol gel method and
characterized by different techniques (DLS, HR-TEM, XRD, and FTIR). The expression of efflux
pumps in the MDR isolates was detected by the determination of MICs of different antibiotics in the
presence and absence of carbonyl cyanide m-chlorophenylhydrazone (CCCP). Biofilm formation and
the antibiofilm activity of TDN were determined using the tissue culture plate method. The effects of
TDN on the expression of QS genes and efflux pump genes were tested using real-time polymerase
chain reaction (RT-PCR). The average size of the TDNs was 64.77 nm. It was found that TDN showed
a significant reduction in biofilm formation (96%) and represented superior antibacterial activity
against P. aeruginosa strains in comparison to titanium dioxide powder. In addition, the use of TDN
alone or in combination with antibiotics resulted in significant downregulation of the efflux pump
genes (MexY, MexB, MexA) and QS-regulated genes (lasR, lasI, rhll, rhlR, pqsA, pqsR) in comparison to
the untreated isolate. TDN can increase the therapeutic efficacy of traditional antibiotics by affecting
efflux pump expression and quorum-sensing genes controlling biofilm production.

Keywords: MDR P. aeruginosa; titanium dioxide nanoparticles; biofilm; efflux pumps; quorum-
sensing system; real-time polymerase chain reaction

1. Introduction

According to the World Health Organization (WHO), P. aeruginosa is one of the most
virulent and resistant bacteria for which new antimicrobials are urgently needed [1]. P.
aeruginosa is characterized by bacterial resistance syndrome, as nearly all recognized
antimicrobial resistance pathways can be found in this strain [2].

One of the important mechanisms of antibiotic resistance in P. aeruginosa is the exclu-
sion of antibiotics through multidrug resistance (MDR) efflux systems, especially those
that belong to the resistance-nodulation-division (RND) family. MexAB-OprM, MexXY
and MexCD-OprJ are considered the main cause of intrinsic and acquired multidrug
resistance [3].
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Biofilm formation by P. aeruginosa is another mechanism of antibiotic resistance, since
biofilm cells are much more resistant to antibiotics than planktonic cells [4]. The quorum-
sensing system (QS) regulates the formation of biofilms and the expression of many extracellular
virulence factors in many bacterial pathogens such as P. aeruginosa [5]. P. aeruginosa has four
types of QS schemes, including rhl, las, PQS, and integrated QS (IQS). The rhl, las and PQS
systems have been widely tested, while the IQS system was recently detected in P. aeruginosa [6].

Although numerous antimicrobial drugs are available commercially, they often lack
efficacy against multidrug resistant (MDR) microorganisms, which is a great challenge
to the health care teams [7]. Nowadays, the substitution of conventional antimicrobials
with modern technology to overcome antimicrobial resistance is under trials. Nanotechnol-
ogy showed promising results in many studies dealing with antibiotic resistance. Many
nanostructures involving metallic particles have been created to counteract microbial
pathogens [8]. Among them, titanium dioxide nanoparticles have attracted the attention of
researchers due to their oxidative and hydrolytic properties [9].

Nanoparticles can exert their antibacterial activity via different mechanisms such as
the following: interactions with DNA and/or the bacterial cell wall; inhibition of biofilm
development; or the formation of reactive oxygen species (ROS). Nanoparticles, according
to previous studies, have different modes of action than antibiotics, which may enhance
their effect on MDR bacteria. [10]. This study aims to evaluate the impact of titanium
dioxide nanoparticles (TDN) on the activity of the tested antimicrobials, QS and efflux
pump genes expression in MDR P. aeruginosa isolates.

2. Results
2.1. Antimicrobial Resistance Pattern of P. aeruginosa Isolates

Twenty-five P. aeruginosa isolates were recovered from different clinical specimens,
including three ear discharge specimens, thirteen urine, and nine wound exudate samples.
Their resistance patterns were detected by the disc diffusion method against six different
antimicrobial agents that are commonly used to treat P. aeruginosa infections.

The antimicrobial susceptibility of P. aeruginosa strains was detected by using the Kirby–
Bauer disk diffusion method according to criteria provided by the Clinical & Laboratory
Standards Institute (CLSI 2018). The P. aeruginosa strains were multidrug resistant (MDR)
as they were resistant to three or more of the tested antibiotics (Table 1).

2.2. Synthesis of Titanium Dioxide Nanoparticles and Characterization

Titanium dioxide nanoparticles were prepared by the sol gel method. Dynamic light
scattering was used to detect the size distribution of the formed nanoparticles on a scale
that ranges from submicron to one nanometer. The average size of the formed TDN was
64.77 ± 0.14 nm (Figure 1A). The HR-TEM of TDN showed that most of the prepared TDN
was spheres with asymmetrical edges and slight aggregations (Figure 1B).

X-ray diffraction (XRD) spectrum was performed to detect the phase and crystallinity
of the formed TDN (Figure 1C). The XRD patterns showed that TDN was amorphous
and had brookite polymorphs that were previously stated by the International Centre for
Diffraction Data (ICDD card No. 015-0875).

The chemical composition of the synthesized TDN was analyzed by Fourier transform
infrared spectrometry (FTIR). The FTIR spectra of TDN showed a small broad band at
1624 cm−1, which is characteristic to the O–Ti–O bond, a broad band at 3385 cm−1, which
is related to O–H stretching, and two small bands observed below 1000 cm−1 representing
Ti–O–Ti vibrations (Figure 1D).
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Table 1. Antibiotic resistance patterns of the tested P. aeruginosa strains.

No. Type * CF IM AK CP LV CT

1 W R S R R R R
2 W R R R R R R
3 W R R R R R R
4 U R R R R R R
5 ER R R R R R R
6 U R R R R I R
7 U R R R R R R
8 U R R R R I R
9 U R R R R I R

10 U R S R S I R
11 U R R R R I R
12 W R I R R R R
13 W R R R R R R
14 W R R R R R R
15 U R S R S I R
16 U R I R I I R
17 U R R R R R R
18 W R S R S R R
19 W R R I R S R
20 U R S I R S R
21 ER R R R R R R
22 W R R R R R R
23 U R R R S S R
24 U R R R S S R
25 ER R R I S S R

* Type of clinical specimen; U: urine specimen; W: wound exudate; ER: ear discharge. CP: ciprofloxacin;
CF: cefepime; CT: ceftriaxone; AK: amikacin; IM: imipenem; LV: levofloxacin. R: resistance; I: intermediate;
S: sensitive.

Figure 1. Characterization of titanium dioxide nanoparticles. (A) Dynamic light scattering (DLS). (B) High-resolution
transmission electron microscopy. (C) X-ray differentiation. (D) Fourier transform infrared spectrometry.
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2.3. Susceptibility of P. aeruginosa Isolates to TDN, TDP

The susceptibility of 25 MDR P. aeruginosa isolates to titanium dioxide powder (TDP)
in bulk form and in nanoform was determined at different concentrations (1 µg/mL–
1024 µg/mL) using the agar dilution method.

The P. aeruginosa strains showed high resistance to the titanium dioxide powder (TDP),
as 11 isolates (44%) had MICs ≥ 1024 µg/mL and only 2 strains showed
MICs ≤ 1 µg/mL. On the other hand, the titanium dioxide nanoparticles (TDN) showed
excellent antimicrobial activity in comparison to TDP. As the MICs of TDN were ranged
from 8 to 64 µg/mL, and three strains (12%) were sensitive to it (MIC less than 1 µg/mL)
(Table 2).

Table 2. Distribution of minimum inhibitory concentrations of TDN, TDP against MDR P. aeruginosa
isolates (25 isolates).

Number of Isolates with MICs (µg/mL)

<1 1 2 4 8 16 32 64 128 256 512 ≥1024

TDN 3 0 0 0 1 6 1 14 0 0 0 0

TDP 2 0 0 0 0 0 2 1 6 2 1 11
TDN: titanium dioxide nanoparticles; TDP: titanium dioxide powder (bulk form).

2.4. Study of Efflux Pump System

To detect the expression of the efflux pump in MDR P. aeruginosa isolates, the effect of
CCCP on the MICs of the tested antibiotics were determined. Table 3 showed that CCCP
caused 4-fold decreases in the MICs of antibiotics in some isolates, which indicates the
expression of efflux pumps in the highlighted isolates.

Table 3. Effect of addition of CCCP on antibiotic resistance pattern against 25 MDR Pseudomonas
aeruginosa isolates.

No.
Et Br CP M CT AK

MIC1 MIC2 MIC1 MIC2 MIC1 MIC2 MIC1 MIC2 MIC1 MIC2

1 >1024 256 8 8 S ND * 32 32 512 16
2 >1024 2 32 8 64 <1 1024 16 512 16
3 512 16 32 <1 512 <1 512 <1 128 <1
4 >1024 512 32 32 512 <1 >1024 16 >1024 16
5 >1024 512 32 2 512 <1 >1024 16 128 1
6 >1024 512 8 8 8 4 64 64 512 8
7 >1024 256 4 <1 16 8 128 128 512 16
8 1024 256 4 <1 16 <1 256 <1 64 <1
9 >1024 512 32 <1 512 <1 256 2 64 <1

10 512 128 S ND * S ND * 256 <1 16 <1
11 >1024 512 8 8 16 <1 128 16 512 16
12 1024 512 16 <1 16 8 64 64 128 16
13 >1024 256 32 <1 16 8 >1024 8 1024 32
14 >1024 256 4 <1 16 <1 256 <1 128 <1
15 1024 256 S ND * S ND * 256 128 16 <1
16 1024 512 8 <1 8 <1 32 <1 512 <1
17 >1024 64 8 <1 8 <1 256 4 512 <1
18 512 256 S ND * S ND * 16 <1 512 <1
19 >1024 256 4 <1 64 <1 32 2 32 8
20 >1024 512 4 <1 S ND * 32 <1 16 <1
21 1024 512 4 <1 32 2 32 8 64 <1
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Table 3. Cont.

No.
Et Br CP M CT AK

MIC1 MIC2 MIC1 MIC2 MIC1 MIC2 MIC1 MIC2 MIC1 MIC2

22 >1024 512 4 <1 8 <1 32 <1 512 <1
23 >1024 512 S ND * 16 <1 64 16 64 <1
24 >1024 256 S ND * 32 <1 64 16 64 8
25 256 8 S ND * 32 <1 256 8 16 <1

Et Br: ethidium bromide, CP: ciprofloxacin; CT: ceftriaxone; AK: amikacin; M: meropenem, MIC1: antibiotic
alone, MIC2: antibiotic + CCCP, ND *: not determined, S: sensitive.

2.5. Effect of TDN on the Antimicrobial Susceptibility of the Tested P. aeruginosa

The addition of TDN resulted a in 2-fold MIC decrease or more in most of the tested
isolates. As some of the antibiotics that showed no change in their MICs in the presence of
CCCP showed more than a 2-fold decrease in their MICs in the presence of TDN, which
suggested that TDN may have anti-efflux activity in addition to its other antimicrobial
mechanisms (Table 4).

Table 4. Effect of the addition of TDN on MICs of the tested antibiotics.

No.
CP M CT AK

MIC1 MIC2 MIC1 MIC2 MIC1 MIC2 MIC1 MIC2

1 8 0.5 S S 32 1 512 1
2 32 0.5 64 16 1024 512 512 64
3 32 1 512 256 512 1 128 1
4 32 8 512 256 >1024 512 >1024 1024
5 32 16 512 128 >1024 256 128 128
6 8 0.5 8 4 64 1 512 1
7 4 4 16 8 128 16 512 4
8 4 0.5 16 16 256 16 64 4
9 32 2 512 256 256 32 64 4
10 S (<1) S (<1) S S 256 32 16 1
11 8 0.5 16 16 128 16 512 1
12 16 0.5 16 16 64 1 128 1
13 32 0.5 16 16 >1024 256 1024 4
14 4 0.5 16 16 256 16 128 4
15 S S s s 256 8 16 1
16 8 0.5 8 8 32 1 512 1
17 8 0.5 8 8 256 8 512 1
18 S (<1) S (<1) S (<1) S (<1) 16 1 512 4
19 4 S 64 16 32 1 32 4
20 4 S S S 32 1 16 1
21 4 0.5 32 16 32 16 64 1
22 4 0.5 8 4 32 16 512 1
23 S (<1) S (<1) 16 16 64 16 64 1
24 S (<1) S (<1) 32 8 64 16 64 4
25 S (<1) S (<1) 32 16 256 16 16 4

CP: ciprofloxacin; CT: ceftriaxone; AK: amikacin; M: meropenem, MIC1: antibiotic alone MIC2: antibiotic +
TDN, S: sensitive.

2.6. Characterization of Biofilm Formation Using Tissue Culture Plate Method (TCP) or Microtitre
Plate Test

Out of 25 isolates, 11 (44%) isolates were high biofilm producers, 7 (28%) isolates
showed moderate biofilm formation, and 7 (28%) were non or weak biofilm producers
(Table 5) according to the decrease in the optical density measured in the presence of TDN
in comparison to O.D in the absence of TDN.
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Table 5. Degree of biofilm formation in absence and presence of TDN among 25 MDR
P. aeruginosa isolates.

Target
Degree of Biofilm Formation

High Moderate Non/Weak Biofilm

No. % No. % No. % *

In absence of TDN 11 44 7 28 7 28

In presence of TDN 1 4 - - 24 96
* Percentages were correlated to MDR P. aeruginosa isolates (25).

We tested the effect of the formed TDN at a sub-inhibitory concentration (4 µg/mL)
on the biofilm formation of 25 MDR P. aeruginosa isolates. It was found that TDN showed a
high significant inhibitory effect (96%) on biofilm formation.

2.7. Real Time PCR

The isolates (no.2) that showed complete resistance to all tested antibiotics, presented an
active efflux pump and strong biofilm producer were selected for testing the effect of TDN
on the relative expression of QS genes (lasI, lasR, rhlI, rhlR, pqsA and pqsR) and efflux pump
genes (MexY, MexB, MexA and oprM) by using real-time polymerase chain reaction (RT-PCR).

A comparison of the expression ratios of the treated and the untreated isolates was
performed for each gene, as shown in Table 6. The results showed overexpression of the efflux
pump genes (MexY, MexB, MexA) in the untreated P. aeruginosa isolate, which agreed with the
phenotypic results, confirming the importance of an efflux pump as one of the main resistance
mechanisms in MDR P. aeruginosa. Furthermore, the expression ratios of the QS-regulated
genes (lasI, lasR, rhlI, rhlR, pqsA and pqsR) were also high in the untreated sample.

Table 6. Relative quantitation of gene expression of treated and control P. aeruginosa isolate.

Sample Ct ∆Ct ∆∆Ct Fold Difference of
Gene Expression

Target rpoD

- - -(Housekeeping Gene)
Ps * 37.203

Ps1 ** 34.0287

Target lasI
−4.1318 17.607Ps * 27.9 −9.253

Ps1 ** 20.637 -13.3911

Target lasR
−3.5783 11.9447Ps * 27.721 −9.4821

Ps1 ** 20.9683 −13.0604

Target MexA
−5.599 48.47Ps * 30.7584 −6.4446

Ps1 ** 21.984 −12.0438

Target MexY
−7.458 175.86Ps * 34.5908 −2.6122

Ps1 ** 25.9582 −10.0705

Target Mex B
−6.0032 64.1428Ps * 29.905 −7.2525

Ps1 ** 20.773 −13.2557

Target OprM
3.937 0.0653Ps * 34.9282 −2.2749

Ps1 ** 35.6917 1.663

Target pqsA
−1.499 2.8279Ps * 26.669 −10.5335

Ps1 ** 21.99 −12.033
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Table 6. Cont.

Sample Ct ∆Ct ∆∆Ct Fold Difference of
Gene Expression

Target pqsR
−3.9985 15.98Ps * 27.9577 −9.2453

Ps1 ** 20.7849 −13.243

Target rhlR
−3.2054 9.2242Ps * 27.3754 −9.8277

Ps1 ** 20.9956 −13.0331

Target rhll
−2.0059 4.0165Ps * 27.1394 −10.0637

Ps1 ** 21.959 −12.0696
PS *: Treated isolate with TDN, PS1 **: control isolate, Ct: cycle threshold, ∆Ct: target gene Ct of sample—
housekeeping gene Ct of the same sample. ∆∆Ct: ∆Ct of treated strain−∆Ct of control.

The addition of TDN resulted in significant downregulation of the efflux pump genes
(MexY, MexB, MexA) and the QS-regulated genes (lasR, lasI, rhll, rhlR, pqsA, pqsR) in
comparison to the untreated isolate. On other hand, a slight increase in the expression of
oprM gene was shown.

3. Discussion

With the emergence of antibiotic-resistant bacteria like P. aeruginosa, the use of conven-
tional antibiotics has contributed to the failure of treatments. Therefore, there is an urgent
need for the introduction of new antimicrobial agents or the use of non-antimicrobial agents
to increase the therapeutic activity of the current antibiotics [11].

The present study evaluated the antibacterial activity of TDN against MDR P. aerugi-
nosa isolates. Multidrug resistant isolates represent one of the most important challenges
in Egypt due to many factors including the misuse of antibiotics and biocides [12], which
leads to the accumulation of antibiotic resistance and cross-resistance among antibiotics
and the appearance of multidrug resistant (MDR), XRD, PDR P. aeruginosa [13].

The wide spread of MDR strains in Egypt in comparison to other countries warns us
that strict antibiotic prescribing policies need to be implemented [14].

In the present study, twenty-five P. aeruginosa isolates recovered from different clinical
specimens were considered as multidrug resistant isolates, as these strains were non-
susceptible (resistant or intermediate) to one antimicrobial agent in three or more different
antimicrobial classes [15].

The activity of TiO2 nanoparticles is of interest to researchers due to the unique
characterization of TiO2 nanomaterial involving crystal size, shape, surface stability and
structure [16]. Titanium dioxide nanoparticles (TDN) were prepared and characterized by
DLS, HR-TEM, XRD, and FTIR. The average size of the titanium dioxide nanoparticles was
64.77 nm. The antimicrobial activities were due to the large surface area and their ability
to penetrate the cell wall [17]. The prepared TDN was spheres with asymmetrical edges
and slight aggregations. Nanoparticles have a strong tendency to agglomerate due to their
large surface area. Typically, the agglomeration occurs due to the Van der Waals attraction
forces among the nanoparticles [18]. The size and size distribution have an effect on the
nanoparticle’s properties and the possible applications. Similarly, the crystal structure of
the NPs and the chemical composition of nanoparticles are extensively studied [19].

X-ray diffraction peaks indicate the small size and the amorphous structure (less
crystalline) of the formed TDN. As the size of nanoparticles are inversely proportional
to the peak width, increases in the peak width (broad peak) indicate a small size of the
formed nanoparticles and the presence of material in nonorange [20], and that supported
the data of DLS. FTIR spectroscopy is used to identify the functional groups that exist on
nanoparticles. The spectrum represents a fingerprint of the nanoparticles [21].

FTIR confirms the formation of TDN. The characteristic peaks for nano TiO2 were
observed around 1624 cm−1, which is characteristic of the O–Ti–O bond, a broad band at
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3385 cm−1, which is related to O–H stretching revealing the presence of water [22]; the
two small bands for TiO2 nanoparticles observed below 1000 cm−1 were due to Ti–O–Ti
vibrations [17]. The absence of any band at 2900 cm−1 indicates complete removing of
absolute ethanol from the samples [23].

The MICs of titanium dioxide in bulk and nanoform were detected against P. aeruginosa
strains. It was clear that the titanium dioxide nanoparticles had superior antibacterial
activity than the bulk form, which may be due to the small size of the nanoparticles and
their large surface area [24]. In addition, the antibacterial activity of TiO2 may be enhanced
by exposure to UV light or reaction with water, leading to the generation of radical oxygen
species (ROS), which have a potent oxidizing power that attacks microbial cells through
various processes, such as lipid peroxidation of the cell membrane, inhibition of enzymes,
damage of DNA, alteration of proteins, inhibition of enzymes, finally leading to cell
death [25]. Many studies reported the antibacterial and antifungal activities of TDN [26].
However, Abdel-Fatah et al. [27] found that TiO2 nanoparticles had no bactericidal activity
against both Gram-negative and Gram-positive bacteria isolated in a study performed in
Egypt. Also, [28] they noted that titanium dioxide NPs showed very low antibacterial
activity against different bacterial species, including P. aeruginosa.

These variations among different studies may depend on the nanoparticles’ size,
concentration, particle shape, zeta potential and the tested pathogen [29]. Moreover, many
environmental factors, including aeration, pH, and temperature, play a role and influence
the bactericidal activity [30].

In this study, the MDR P. aeruginosa isolates showed a 4-fold reduction in the MICs of
the tested antibiotics (ceftriaxone, ciprofloxacin, amikacin and meropenem) in the presence
of CCCP. These results suggested that efflux pumps are the main mechanism of resistance
in the tested isolates. Many studies from Egypt reported that the efflux pump was the
main cause of the decrease in ciprofloxacin and meropenem resistance, as the MICs of
ciprofloxacin and meropenem significantly reduced after the addition of CCCP [15,31].

Also, Abbas et al. [12] found that all the MDR isolates showed efflux pump activity
as reported by using the ethidium bromide cartwheel method and confirmed with the
presence of Mex AB-R genes by PCR.

Another study from Iran reported similar results, in which 65%, 71.5%, 60.5% and 66%
of P. aeruginosa strains showed a significant decrease in the MICs of imipenem, cefepime,
ciprofloxacin, and gentamicin, respectively, in the presence of CCCP. The inhibition of
efflux pumps by CCCP in some isolates increased their sensitivity to different antibiotic
classes and increased the accumulation of antibiotics that agree with our results [2]. Adabi
et al. [32] noted that ciprofloxacin-resistant strains are mediated mainly by an efflux pump.

Titanium dioxide powder combined with antibiotics showed a significant decrease in
the MICs of the tested strains by 2-fold or greater, which suggested its activity as an efflux
inhibitor according to the method reported by Lamers et al. [33]. In addition, many studies
have shown that combining TDN and antibiotics potentiates the antimicrobial action of
different classes of antibiotics [34,35]. The combination of TDN with antibiotics increases
the concentration of antibiotics at the bacterium–antibiotic interaction site, and the binding
of bacteria to antibiotics [36]. Many studies reported that metal nanoparticles can affect
proton motif force (PMF), which is essential for efflux pumps [37,38].

Chatterjee et al. [38] reported that copper nanoparticles increase the antimicrobial
activity of the tested antibiotics due to the inhibition of the efflux pump of resistant S.
aureus and P. aeruginosa because of copper nanoparticles on PMF.

Another significant factor leading to P. aeruginosa pathogenesis in clinical settings is
biofilm formation [39]. Regarding biofilm results in the present study, 44%, 28%, and 28%
of P. aeruginosa isolates were strong, moderate and weak biofilm producers, respectively.

Numerous previous studies reported various rates of biofilm formation by P. aeruginosa
isolates. Elmaraghy et al. [40] from Egypt and Kamali et al. [41] from Iran, reported lower
results than ours. While Abbas et al. [42] from Egypt reported higher results than ours.
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Numerous experiments have shown the remarkable ability of metal nanoparticles
to decompose thick biofilm barriers by different modes of action. The penetrating ability
of metallic nanoparticles is often a valuable function for the prevention of biofilm infec-
tions [43]. In the current study, the antibiofilm activity of TDN was detected against 25
MDR P. aeruginosa strains. TDN showed a significant reduction in biofilm formation (96%),
as TiO2NPs target sulfhydryl (–SH) groups in the cell membrane, resulting in the creation
of the S–TiO2 bond, and this reaction suppresses the electron transport chain and enzymes
essential for biofilm formation [24].

A recent study using TiO2NPs with polyvinylpyrrolidone polymer (PVP) against
pathogenic bacteria on catheters showed that PVP with titanium dioxide nanoparticle films
had the capability to prevent biofilm formation by S. aureus (83.97%) and E. coli (65.3%) [44].
However, Polo et al. [45] reported that neither the photocatalytic treatment with TiO2
film nor that with TiO2 nanopowder had any effect on P. aeruginosa biofilms at all the
interfaces investigated.

Quorum sensing regulates the expression of different virulence factors and the overall
process of biofilm production by pathogenic bacteria, which attracted our interest to detect
the anti-QS activity of TDN at sub-inhibitory concentrations (4 µg/mL). Our results showed
that TDN not only reduced the biofilm formation of P. aeruginosa strains, but also reduced
the expressions of QS-regulated genes (lasR, lasI, rhll, rhlR, pqsA, pqsR).

Many researchers have recently began using nanotechnology for the development of
nano-antimicrobials of the next generation, involving QS nano-inhibitors [46]. Silver nanopar-
ticles were evaluated for the inhibition of QS-regulated virulence and biofilm formation
in P. aeruginosa. AgNPs were able to decrease LasIR-RhlIR levels, inhibit biofilm forma-
tion, and significantly downregulate the expression of QS-regulated genes (lasI, lasR, rhlI,
rhlR) [47]. Also, [48] found that glutathione-stabilized silver nanoparticles (GSH-Ag NPs)
have antibiofilm activity in P. aeruginosa by reducing the expression the of lasR, lasI genes.

García-Lara et al. [49] found that ZnO nanoparticles decrease pyocyanin, elastase, and
biofilm formation in P. aeruginosa strains; this indicates that ZnO nanoparticles may have QS
inhibitor activity. It can be considered as an option for treatment of P. aeruginosa infections.

Our results also revealed that efflux pump genes (MexY, MexB, MexA) in an untreated
P. aeruginosa sample were significantly overexpressed, especially the MexY gene. Nikaido
and Pagès [50] reported that there is a noticeable relationship between MexXY-OprM
overproduction in P. aeruginosa strains and the usage of different classes of antibiotics in
treatment. It seems that MexXY-OprM has a significant benefit during antibiotic pressure
in the medical setting and may play a vital role in the efflux of numerous antibiotics. Also,
a direct association between the expression of the MexA and MexB genes and antibiotic
resistance was reported by Dashtizadeh et al. [51], which was compatible with our findings.

In the presence of TDN, the efflux pump genes (MexY, MexB, and MexA) were found
to be significantly downregulated. TDN may have efflux pump inhibitor activity by sup-
pressing efflux pump genes. Abdolhosseini et al. [52] from Iran found that the efflux pump
genes (mexA and mexB) in multidrug resistant P. aeruginosa strains were decreased by 6- and
2.75-fold, respectively, when exposed to Ag–TSC nanocomposite and ciprofloxacin. Also,
Dolatabadi et al. [53] noted that both biosynthesized and commercial AgNPs downregulated
the expression of the efflux pump gene OxqAB in resistant Klebsiella pneumoniae strains.

The inhibition of MDR efflux pumps by nanoparticles would be helpful in enhanc-
ing the therapeutic efficacy of traditional antibiotics by affecting quorum-sensing genes
controlling biofilm production and other virulence factors [43].

4. Materials and Methods
4.1. Reagents

Titanium dioxide powder (TiO2, 98%) was obtained from Loba Chemie, Mumbai, India.
Meropenem, ceftriaxone, cefepime powder were obtained from Pharco B international,
Egypt, ciprofloxacin from Amirya, Egypt and Amikacin from Amount, Egypt.
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4.2. Bacterial Strains

In the current study, 25 P. aeruginosa strains were collected from different clinical
specimens (urine, ear discharge, wound exudate) of patients attending Minia university
hospital. P. aeruginosa strains were confirmed by using the traditional microbiological
method and biochemical tests [54].

4.3. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility of P. aeruginosa strains was performed by Kirby–Bauer disc
diffusion method according to Clinical & Laboratory Standards Institute guidelines [55].
The used antibiotics were amikacin (AK, 30 µg), cefepime (FEP, 30 µg), levofloxacin (LEV,
10 µg), ceftriaxone (CRO, 30 µg), imipenem (IPM, 10 µg) and ciprofloxacin (CIP, 5 µg).

4.4. Synthesis of Titanium Dioxide Nanoparticles, Characterization

Titanium dioxide nanoparticles (TDN) were synthesized as described before by Ahmed
et al. [56]. Dynamic light scattering (DLS) method, high-resolution transmission electron
microscopy (HR-TEM), Fourier transform infrared spectroscopy and X-ray diffraction (XRD)
were used for the characterization of titanium dioxide nanoparticles (TDN).

4.5. Preparation of TDN Suspension

Titanium dioxide nanoparticle suspensions were prepared by adding 50 mg of TDN to
5 mL of sterile MQ water followed by shaking using ultrasound for 30 min and autoclaving
at 121 ◦C for 20 min [39].

4.6. Determination of Antibacterial Activity of Titanium Dioxide Powder (TDP) and Titanium
Dioxide Nanoparticles (TDN)

The antibacterial activity of titanium dioxide powder (TDP) and titanium dioxide
nanoparticles (TND) were detected by agar dilution method against 25 P. aeruginosa strains
as previously described by [31].

Briefly, overnight cultures of 25 P. aeruginosa strains in a Mueller Hinton Broth (MHB)
were adjusted to a cell density of 107 CFU/mL. Then, the bacterial culture spots were
applied to the surface of Mueller Hinton Agar containing TDP and TDN with different
concentrations (1 to 1024 µg/mL) using a multi-inoculator. The plates were incubated at
37 ◦C for 18 h and examined for growth. Spots showing no growth were defined as MIC.

4.7. Determination of Efflux Pumps Expression in Resistant Isolates

The MICs of ciprofloxacin, meropenem, amikacin, ceftriaxone were detected for
25 MDR P. aeruginosa isolates by agar dilution method in the presence and absence of efflux
pump inhibitor carbonyl cyanide m-chlorophenylhydrazone (CCCP) (Sigma, San Jose, CA,
USA) at a final concentration of 10 µM. A four-fold reduction in MIC or more of the tested
antibiotics after adding CCCP is an indication for the presence of efflux pumps [31].

4.8. Effect of TDN on the Antimicrobial Susceptibility of the Tested P. aeruginosa

The MICs of ciprofloxacin, meropenem, amikacin, ceftriaxone either alone or in
combination with TDN were detected for 25 MDR P. aeruginosa isolates by agar dilution
method in the presence of titanium dioxide nanoparticles at sub-inhibitory concentrations.
A two-fold or greater change in the MICs of the tested antibiotics in presence of TDN
compared to MICs of antibiotics alone was reported as indicating a significant efflux pump
inhibitor [33].

4.9. Biofilm Formation Assays

Biofilm formation of 25 P. aeruginosa strains was evaluated by the tissue culture plate
assay method (TCP) as previously described by Christensen et al. [57]. About 1 × 107 CFU
ml of the tested isolates were incubated in TCP for 24 h at 37 ◦C. Then, bacterial cultures
were removed gently and washed with phosphate buffered saline. Crystal violet (0.1%)
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was used to stain the adherent cells, followed by washing with PBS. Then, ethyl alcohol
(95%) was applied followed by measuring absorbance at 630 nm and the results were
interpreted according to Table 7. The assay was performed in triplicates for each isolate.

Table 7. Classification of bacterial adherence and biofilm formation by TCP method.

Biofilm Formation Adherence Mean OD Values

Non/Weak Non/Weak <0.120
Moderate Moderate 0.120–0.240

High Strong >0.240

TDN at sub-MIC concentration was added to the tested isolates suspension in TCP
and incubated for 24 h at 37 ◦C. Bacterial cultures were discarded and tissue culture plate
wells were washed gently. The adhered cells were stained by crystal violet (0.1%) for
20 s, followed by washing using PBS. Finally, ethyl alcohol was added, and absorbance
was measured as described before.

4.10. Gene Expression Using Real-Time PCR

The impact of TDN (4 µg/mL) on the relative expression of efflux pump genes (MexY,
MexB, MexA and OprM) and quorum-sensing genes (rhlR, lasI, lasR, rhlI, pqsA and pqsR) in
the chosen isolate (no.2) was evaluated using real-time polymerase chain reaction (RT-PCR).

The tested isolate was grown until the middle of the exponential phase in presence
and absence of TDN. Cultures were pelleted, and mRNA was extracted using RNeasy Mini
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Then, cDNA
was performed using High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher,
New York, NY, USA).

Real-time polymerase chain reaction (RT-PCR) was performed to determine the ex-
pression level of efflux and quorum-sensing genes using Quanti Tect SYBR Green RT-PCR
Kit (Qiagen, Germany) according to the manufacturer’s protocol. Synthesized cDNA,
primers (Table 8) and master mix were mixed and transferred to Applied Biosystems Step
One™ instrument.

Table 8. The sequence of the primers used in this study.

Gene Primer
Direction Primer Sequence Size of Amplified

Product (bp) Reference

rpoD F
R

5-GCGAGAGCCTCAAGGATAC-3
5-CGAACTGCTTGCCGACTT-3 131 (El-Shaer et al., 2016)

MexY F
R

5-CCGCTACAACGGCTATCCCT-3
5-AGCGGGATCGACCAGCTTTC-3 246 (Yoneda et al., 2005)

MexA F
R

5′ACCTACGAGCCGACTACCAGA-
3′

5′GTTGGTCACCAGGGCGCCTTC-
3′

179 (Pourakbari et al., 2016)

MexB F
R

5-GTGTTCGGCTCGCAGTACTC-3
5-AACCGTCGGGATTGACCTTG-3 244 (Pourakbari et al., 2016)

OprM F
R

5-CCATGAGCCGCCAACTGTC-3
5-CCTGGAACGCCGTCTGGAT-3 205 (Pourakbari et al., 2016)

Las I F
R

5-CGCACATCTGGGAACTCA-3
5-CGGCACGACGATCATCATCT-3 176 (El-Shaer et al., 2016)

Las R F
R

5-CTGTGGATGCTCAAGGACTAC-3
5-AACTGGTCTTGCCGATGG-3 133 (El-Shaer et al., 2016)
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Table 8. Cont.

Gene Primer
Direction Primer Sequence Size of Amplified

Product (bp) Reference

rhII F
R

5-GTAGCGGGTTTGCGGATG-3
5-CGGCATCAGGTCTTCATCG-3 101 (El-Shaer et al., 2016)

rhIR F
R

5-GCCAGCGTCTTGTTCGG-3
5-CGGTCTGCCTGAGCCATC-3 160 (El-Shaer et al., 2016)

Pqs A F
R

5-GACCGGCTGTATTCGATTC-3
5-GCTGAACCAGGGAAAGAAC-3 74 (El-Shaer et al., 2016)

pqsR F
R

5-CTGATCTGCCGGTAATTGG-3
5-ATCGACGAGGAACTGAAGA-3 142 (El-Shaer et al., 2016)

The level of gene expression was relatively normalized to the expression of the house-
keeping gene rpoD. The expression of genes in P. aeruginosa isolate cultivated with TDN
was compared to their expression in the control cultures without TDN. Relative quantities
of gene expression were calculated using the 2−∆∆Ct method (Pfaffl, 2001).

5. Conclusions

Titanium dioxide nanoparticles can increase the therapeutic efficacy of traditional
antibiotics by affecting efflux pump expression and quorum-sensing genes controlling
biofilm production.
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Abstract: Acinetobacter baumannii is an important Gram-negative opportunistic pathogen that is
responsible for many nosocomial infections. This etiologic agent has acquired, over the years,
multiple mechanisms of resistance to a wide range of antimicrobials and the ability to survive
in different environments. In this context, our study aims to elucidate the resistome from the
A. baumannii strains based on phylogenetic, phylogenomic, and comparative genomics analyses.
In silico analysis of the complete genomes of A. baumannii strains was carried out to identify genes
involved in the resistance mechanisms and the phylogenetic relationships and grouping of the strains
based on the sequence type. The presence of genomic islands containing most of the resistance gene
repertoire indicated high genomic plasticity, which probably enabled the acquisition of resistance
genes and the formation of a robust resistome. A. baumannii displayed an open pan-genome and
revealed a still constant genetic permutation among their strains. Furthermore, the resistance genes
suggest a specific profile within the species throughout its evolutionary history. Moreover, the current
study performed screening and characterization of the main genes present in the resistome, which can be
used in applied research to develop new therapeutic methods to control this important bacterial pathogen.

Keywords: antimicrobial; drug resistance; pan-genome; multilocus sequence typing; nosocomial in-
fections

1. Introduction

Acinetobacter baumannii is a Gram-negative bacterium, aerobic, non-fermenting, catalase-
positive coccobacillus with cosmopolitan distribution [1,2]. Most of the clinical cases involv-
ing this bacterial species are related to one or more of the following pathological conditions:
severe pneumonia, meningitis, bacteremia, and erysipelas [1,3–5]. Although members of
the genus Acinetobacter are ubiquitous, they are rarely isolated in the environment outside
of hospitals, even during outbreaks [6].

This species has several intrinsic resistance mechanisms, such as (I) the presence of β-
lactamases, which is responsible for the degradation of β-lactam drugs; (II) the presence of
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multiple drug efflux pumps that prevent the increase in the concentration of antimicrobials
in the cytoplasm; (III) changes in the molecular pattern of proteins associated with plasma
membrane; (IV) ribosomal methylation, which hinders the action of antimicrobials related
to the regulation of protein translation processes, such as tigecyclines and quinolones; and
(V) the presence of enzymes capable of degrading multiple antimicrobials [7–9].

The recommended treatment usually prescribed for infections with A. baumannii is
based on β-lactam antibiotics, such as cephalosporins and carbapenems [10]. This class of
antibiotics interferes with peptidoglycan biosynthesis and avoids forming the cell wall [11,12].
Nonetheless, over time, because of its high adaptation skills, strains capable of resisting
the high concentrations of these antimicrobials have been detected [2,8]. Such cases of
resistance can be classified into three categories: (i) Extensively Drug Resistant (XDR) refers
to when it is resistant to more than three classes of antimicrobials; (ii) Multidrug Resistant
(MDR), when it is resistant to almost all the antimicrobials except for two; or (iii) Pandrug
Resistant (PDR), when it is resistant to all known antimicrobials.

Because of all these factors associated with the ability of A. baumannii to survive
to adverse conditions (grow under a wide thermal range and in an environment with low
concentrations of nutrients) and the resistance exhibited by A. baumannii generates numerous
obstacles for the hospital treatment team, making it difficult to treat patients [1,4,6,9,13]. Some
resistance mechanisms of protein origin have been previously evidenced, such as changes
in the DNA-gyrase complex and an increase in the expression of the ampC that confers
carbapenem resistance to A. baumannii [8].

In order to better clarify some of the resistance mechanisms present in the species
genome, this study explores the genes occurring on the resistome of 206 complete genomes
of strains of A. baumannii that are related to the resistance of this species by using multi-
omic methodologies for comparative genomics, phylogenomics, and the pan-resistome of
this species.

2. Results
2.1. Genomic Analysis and Geographic Distribution

Acinetobacter baumannii is a genetically diverse bacterial species and there is a variety
of typing methods to identify genetic differences among the strains that could be associated
with pathogenicity, epidemiological origin, dissemination, and evolutionary patterns [14].
Sequence type and phylogenetic analysis allow for the identification of genotype groups
with a phylogenetic relationship and explore the diversity among the strains [15]. Similarity
nucleotides and MLST analysis with geographical data can reveal a better knowledge
of the epidemiological context and population structure among the strains around the
world [16,17]. With the analysis of genomic similarity based on sequence alignment and
geographic distribution, it is possible to infer bacterial clonality, considering that strains
of bacterial species isolated from the same region tend to have the same genic repertoire.
Even though events of gene drift and vertical gene transfer cannot be ruled out, genetic
characteristics are generally conserved when dealing with isolated bacteria in the same site
or nearby sites.

Numerous epidemiological studies of A. baumannii associate it with the presence of
ST by local origin, as seen in the occurrence of ST 848 (CC 208) (Oxford scheme) carrying
resistance gene to carbapenems in India [18], and likewise the frequent presence of ST15,
ST25, ST79, and ST1 in South America [19,20]. A recent phylogeographical analysis of the
Italian isolates belongs to the only clonal group ST78 (Pasteur scheme) [14].

The 206 A. baumannii complete NCBI genomes sequences were analyzed (see
Supplementary Table S1). The genomes have sizes varying from 3.48 Mb to 4.43 Mb,
with a genomic GC content of 39.05%. Considering that nearby isolated bacterial genomes
tend to maintain the same genetic characteristics, the study of the geographical distribution
of A. baumannii is an essential method for evaluating the conservation of the species in the
global context.
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It is important to note that all strains added to the study showed similarities greater
than 95% based on the ANI results (see Supplementary Figure S1). This result corroborates
the statement that all strains belong to the same species [21,22]. A total of five relevant
clusters with high similarity (&98.5%) belonging mainly to specific STs (1, 2, 10, 79, and
437) were retrieved. This finding corroborates the conservation of genomes belonging to
the same ST. Consequently, strains related to the same ST were expected to be isolated at
locations to justify the high genomic similarity. Nevertheless, the geographic distribution
of the strains according to the ST proved to be misplaced. Considering that different STs
were isolated on distinct continents, possible factors that could justify this misplacing are
microbial ubiquity and globalization (Figure 1). A higher number of deposited genomes
belong to ST 2 (50% of the used dataset) and a more significant number of strains were
isolated from the Asian continent (51.2% of the used dataset). These data do not corroborate
the epidemiological information on the distribution of outbreaks caused by the bacterium
A. baumannii [9,15,18]. Thus, this concludes that there is a more significant number of
sequencing performed on the Asian and North American continents since epidemiological
outbreaks have been reported in several developing countries over time (Argentina, Brazil,
and South Africa). Furthermore, this pathogen has also reported outbreaks of infections
on the European continent; however, the number of isolates from that continent is still
much lower.
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2.2. Phylogeny and Phylogenomics

Phylogenetically, all the A. baumannii strains were grouped in the same clade within
the Acinetobacter genus, confirming the monophyly of this species (see Supplementary
Figure S2). This result also points out that the A. baumannii strains are highly conserved
within the species. It is also observed in different microbial species and is consistent with
reports from the literature on phylogenetic analysis, indicating that the use of housekeep-
ing genes to infer evolutionary history is a good qualifier of phylogenetic distance and
epidemiology [23].
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Three strains (FDAARGOS_494, FDAARGOS_493, and FDAARGOS_560), previ-
ously identified as Acinetobacter sp., were grouped together and inside the A. baumannii
clade, strongly suggesting that they are, in fact, of this same species. This taxonomic
re-classification has already occurred in other cases of bacterial species [24–26]. More
phylogenomic studies, including tetranucleotide analyses, Average Nucleotide Identity
(ANI), and the presence and absence of species-specific genes evaluation, are needed to
confirm this hypothesis and assure taxonomic reclassification based on genomic data and
theoretical background [24,27]. These three strains were not added to the subsequent
analyses. The genomic similarity analysis integrated with a previous phylogenetic analysis
was ideal for determining the exclusive addition of A. baumannii strains to the following in
silico analysis, ensuring that the pan-genomic analyses were not skewed.

The A. baumannii strains were grouped according to their respective STs in the phyloge-
nomic tree, using the core genome sequence (Figure 2). Nonetheless, in the phylogenomic
analyses, the ST 2 strains (represented in green) formed paraphyletic clades, and, thus,
these strains cannot be considered to be in the same group. The strains represented in
gray do not have a defined ST, but they all grouped in the same clade, indicating the high
similarity among them (see Supplementary Figure S1).
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2.3. Genomic Plasticity

During the analysis of genomic plasticity, a significant gap in the A. baumannii strains
could be observed when visually compared. Even strains belonging to the same ST were
not identical, although they were genomic, phylogenomically closer, and shared the same
clade. This result suggests that the strains of this species are not very clonal and tend to
have a high rate of gene permutation since there are many gaps between the genomes
(Figure 3).
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Comparative genomic analyses of the 206 A. baumannii genomes, using the AYE strain
as a reference, showed the presence of 14 genomic islands (Figure 3). Among these 14
genomic islands, 4 were Pathogenicity islands, 2 were Metabolic islands, 1 was a Symbiotic
island, and 7 were Resistance islands. Furthermore, 1 full-sized Resistance island (RI7 or
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AbaR1) was identified within the AYE strain. This genomic region has a length of 96,878
nucleotides and contains the highest amount of resistance genes found in this species.
There are 25 resistance genes within this island divided into efflux pumps and proteins
with enzymatic activity.

The islands RI2 (80,220 bp) and RI7 (96,878 bp) were conserved within the species,
which were more present within strains belonging to ST 1. Outside of this cluster, however,
both islands were not entirely found. A similar result was observed in smaller islands,
such as RI1 (20,317 bp), RI3 (6077 bp), RI4 (12,534 bp), RI5 (14,763 bp), and RI6 (10,374 bp),
indicating that they are unstable regions within the genome.

There is a great number of genomic islands for the A. baumannii species, which reveals
its high genomic plasticity. Although we identified a reduced number of type sequences
and phylogenetically close strains, analyzing the complete genomes showed how all the
strains are different in their gene content. This could be due to the horizontal acquisition of
mobile genetic elements or gene duplication events.

2.4. Analysis of the Pan-Genome for Understanding This Species

There is an intensive effort to know the total repertoire of the A. baumannii species.
Classically, the pan-genome assesses the total gene repertoire of a sample, population,
or species. To this end, it considers subpartitions of the complete set, which are (I) a
core genome consisting of genes shared by all the strains analyzed; (II) an accessory
genome consisting of genes shared by two or more strains analyzed, but not all strains; (III)
singletons (or exclusive genes), characterized to present exclusively in a single strain [28].

As a result, according to the Heaps’ law, the pan-genome of A. baumannii remains
open (α = 0.71), which by each newly added genome, the number of new genes will
increase the genetic repertoire of the species. This result was obtained using the formula
n = a× x1−α, where n is the estimated size of the pan-genome for a given number of
genomes, x is the number of genomes used, and α is a fitting parameter [28]. As a rule, when
0 < α < 1, the pan-genome is considered open. This fact also corroborates the high genomic
plasticity already reported for this species, especially considering that this bacterium has
an exceptional ability to obtain new gene content through transposable elements [14,29].

The pan-genome analysis revealed a total of 12,336 genes, of which 1999 genes are
shared for all strains (complete genome sequences of A. baumannii), and 3920 were strain-
specific genes. The accessory genome, except for single genes, is made up of 6417 genes.
Figure 4 represents the development of the A. baumannii pan-genome. It is possible to
observe that even using 206 genomes, the curve did not reach a point of stability or a plateau.
This fact corroborates the alpha value found, as it also indicates an open pan-genome.

The different patterns of the presence of genes of the SDF strain can be observed in
a detailed analysis. This strain is already known to be susceptible to antimicrobials and
is the only representative of sequence type 17. Its accessory gene pattern differs from
all the others and has about 362 unique genes, which contrasts with the pattern of the
super-resistant AYE strain, which contains about 11 unique genes. This fact, combined
with the distant phylogenomic position of the strain, shows how different the susceptible
strain is from the others.

A more accurate analysis of the total pan-genome indicates the number of genes related
to specific bacterial metabolic pathways. Such analysis is based on the KEGG database.
It demonstrates a high number of core genes related to metabolic pathways intrinsic to
microbial existence, such as energy metabolism (8.00%) and molecular translation (5.16%)
(Figure 5). The accessory genes are related to amino acid metabolism (17.64%), carbohydrate
metabolism (13.42%), and xenobiotics biodegradation and metabolism (7.51%). Most of
the genes related to drug resistance are part of the accessory genome (2.24%), compared
to their percentage represented in the core genome (1.89%). Similarly, genes related to
infectious diseases are represented in the core genome (0.94%), accessory genome (2.24%),
and strain-specific genes (2.82%).
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As for genes related to adaptation to the environment, there is a very low gene repertoire
associated with this process in the general pan-genome, with less than 1.0% of the total
repertoire linked to such a pathway in any subdivision of the pan-genome.
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2.5. Pan-Resistome Characterization of Acinetobacter Baumannii

A pan-resistome analysis contains analogous divisions applied to a pan-genomic analysis,
but focused on microbial resistance factors [30]. Considering a similarity criterion greater
than 70% and an E-value < 5 × 10−6, all the studied strains present a pan-resistome of 171
genes, and within that, a core resistome constituted of 9 genes is shown in Table 1 [11].

Table 1. Description of the genes present in the core resistome of the studied strains containing the mechanisms of action
and antibiotics associated with these mechanisms [11].

Gene Definition Mechanism Antibiotic

adeK The outer membrane factor protein in the
adeIJK multidrug efflux complex Antibiotic efflux

Phenicol, rifamycin, penem, diaminopyrimidine,
tetracycline, carbapenem, macrolide,

lincosamide, floroquinolone, cephalosporin

adeJ
An RND efflux protein that acts as the inner

membrane transporter of the AdeIJK
efflux complex

Antibiotic efflux
Diaminopyrimidine, phenicol, tetracycline,

rifamycin, carbapenem, penem, fluoroquinolone,
macrolide, cephalosporin, lincosamide

adeI The membrane fusion protein of the AdeIJK
multidrug efflux complex Antibiotic efflux

Phenicol, rifamycin, penem, diaminopyrimidine,
tetracycline, carbapenem, macrolide,

lincosamide, floroquinolone, cephalosporin

adeF The membrane fusion protein of the
multidrug efflux complex AdeFGH Antibiotic efflux Tetracycline, fluoroquinolone

adeG The inner membrane transporter of the
AdeFGH multidrug efflux complex. Antibiotic efflux Tetracycline, fluoroquinolone

adeL

A regulator of AdeFGH in Acinetobacter
baumannii. AdeL mutations are associated

with AdeFGH overexpression and
multidrug resistance.

Antibiotic efflux Tetracycline, fluoroquinolone

ampC

AmpC type beta-lactamases are commonly
isolated from extended-spectrum

cephalosporin-resistant
Gram-negative bacteria.

Antibiotic
inactivation Cephalosporins

adeN
AdeN is a repressor of AdeIJK, an RND-type

efflux pump in Acinetobacter baumannii. Its
inactivation increases the expression of AdeJ.

Antibiotic efflux

Carbapenem, diaminopyrimidine, rifamycin,
penem, tetracycline antibiotic, phenicol,

lincosamide, fluoroquinolone,
cephalosporin, macrolide

abeM AbeM is a multidrug efflux pump found in
Acinetobacter baumannii. Antibiotic efflux Acridine dye, fluoroquinolone

antibiotic, triclosan

In these analyses, the strains that presented ade-type bombs were expected to have
the complete gene repertoire to be functional. Nevertheless, this pattern was observed
exclusively for the adeIJK efflux pump, as all the genomes presented the genes adeI, adeJ,
and adeK. However, the same pattern was not observed for the other genes of the same
family (see Supplementary Figure S3 and Supplementary Table S2). Similarly, to the genes
capable of constituting the adeFGH pump, the presence only of the adeF and adeG genes
was detected in all the strains. The gene adeH (the outer membrane factor protein in the
adeFGH multidrug efflux complex) was not found in three strains (XDR-BJ83, ORAB01,
and DS002), and, in theory, makes the activity of the pump unfeasible. Our study also
identified an interesting protein present in all strains: the ampC enzyme. This is responsible
for generating resistance to beta-lactams, specifically cephalosporin, and is thought to
cause hydrolysis of the drug [31,32].

Analyzing the accessory portion of the resistome, an interesting distribution profile of
specific genes was retrieved. The OXA-66 gene, responsible for coding a variant of beta-
lactamase with action against penam, carbapenem, and cephalosporin, for example, was
present in 99 strains, which is equivalent to approximately 48% of the dataset. Among these,

196



Antibiotics 2021, 10, 596

93 belonged to the ST 2. This fact makes this gene almost exclusive to strains belonging to
ST 2. Regarding the other ST, only six strains had the OXA-66 gene, and they do not belong
to ST 2, which are BAL062—ST unknown; SAA14—ST 187; XH857—ST 215; XH906—ST
922; 7847—ST unknown; TP1—ST 570.

A similar pattern was observed with the ADC-76 gene, responsible for encoding a
beta-lactamase that caused cephalosporin inactivation and that was present in strains
belonging exclusively to STs 23, 10, 85, 464, 575, and 639. The same was true for the
OXA-68 gene, identified only in strains belonging to STs 23 and 10 but not present in all
the strains. The same went for the OXA-180 gene, which was detected only in strains of ST
267. The gene responsible for encoding OXA-69 was almost exclusive to strains belonging
to STs 1, 20, 81, and 195.

Other different patterns of gene distribution can be seen in Supplementary Table S2.
Nonetheless, there was no significant pattern of visible distribution related to the geo-
graphic location of the isolates, except in some cases. The OXA-67 gene was exclusive
to isolates (strains EC and EH) from the Czech Republic, while the ADC-81 and OXA-92
genes were observed only in the A388strain.

Otherwise, the presence of plasmid content in A. baumannii is already known. Among
the 206 strains selected for the study, 162 were deposited with the plasmid sequence. How-
ever, there was no statistical difference regarding the number of resistance genes in strains
with plasmid versus strains that did not show plasmid (p-value = 0.3081). However, qualita-
tive differences were expected. As an example, 21 genes were found exclusively in plasmids
(see Supplementary Table S3). Among the 21 exclusive plasmid genes was the MCR-4.3
gene, the only one predicted in the entire pan-resistome with action against polymyxins.

As the distribution related to the number of antibiotics was linked to each subpartition
of the pan-resistome, the antibiotic with the highest amount of resistance mechanisms
linked to it was cephalosporin, with about 103 resistance proteins within the formed
pan-resistome (Figure 6). In contrast, antimicrobials (sulfonamide, sulfone, cephamycin,
and pleuromutilin) had low amounts of resistance mechanisms related to the predicted
resistome of A. baumannii.
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In accordance with the distribution of the types of resistance mechanisms found,
131 caused the enzymatic inactivation of the antibiotic (Figure 7). This total is equivalent
to 76.6% of the predicted pan-resistome. Moreover, almost all the core resistome-related
proteins are efflux pumps (8 proteins).
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The genomics islands of resistance identified some genes, such as adeS, adeR, adeA,
adeB, and adeC (within resistance island 2). Moreover, on resistance island 7 (or AbaR1
island), the following antimicrobial resistance-related genes and products were detected:
sul1, qacH, AAC(3)-Ia, APH(3′)-Ia, catI, tet(A), dfrA10, ANT(3”)-IIa, OXA-10, cmlA5, arr-2,
ANT(2”)-Ia, VEB-1, AAC(6′)-Ian, tet(G), floR, dfrA1, APH(6)-Id, and APH(3”)-Ib.

3. Discussion
3.1. Similarity Analysis, Geographic Distribution, and Phylogenomic Reconstruction

Recently, a more significant number of sequences of the A. baumannii genome pro-
vided resources for studying genomic epidemiology. Out of the 206 genomes analyzed,
we identified 47 unique STs, of which STs 1, 2, 18, and 79 were distributed in significant
prevalence throughout North America, Europe, and the East Asian continent, but also a
diverse set of STs was indistinctly spread across the globe. The presence of few STs could
be because most of the genome sequencing projects come from a single outbreak or several
strains representing the same geographic location, and, in some cases, a unique ST was
reported by geographic information.

According to Jeannot et al. (2014), there is a higher prevalence of strains belonging
to ST 2 across the globe, but mainly in the European continent. The previous work also
pointed out the polyclonality of A. baumannii strains within the French nation, considering
the existence of different STs randomly isolated throughout the country [15].

Based on the analysis of sequence similarity of STs among the global distribution of
A. baumannii strains, we reported several genogroups (STs) with genomic similarity less
than a 98% identity in the same geographic region (Figure 1 and Supplementary Figure S1),
which is opposite to the initial hypothesis that isolates from the same region exhibit high
genomic similarity [23]. We also observed that the obtained result revealed a discrepancy
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for strains with the same ST (Figure 1 and Supplementary Figure S1). Strains from different
STs in the same geographic region and the same STs isolated on other continents may
maintain high similarity (>99%). In contrast, diverse genomic strains, with less than a 98%
identity, are shared in nearby locations.

In previous studies, Kazmierczak and et al. (2016) reported a heterogeneous global
distribution between strains of Pseudomonas aeruginosa and Enterobacter spp. based on
genetic variants of lactamases. In our study, geographically close isolates may or may
not have the same variant. Consequently, phylogenetic proximity is not mandatory for
members of the same geographically close species [33].

The phylogenomic tree of 206 genomes displays concordance with the ST distribution,
which is expected since both analyses depend on the vertical evolutionary relationship
among strains. The tree phylogeny and distribution of STs, however, show a relationship
with the geographical origin. This would indicate that the dissemination of A. baumannii
does not present a population structure. Nevertheless, it is not definitive because a higher
and representative number of strains is required to evaluate the population structure.

It is biologically interesting to understand the evolution and speciation of A. baumannii
when compared to the other species of this genus. Using this analysis, it is possible to infer
the origin of specific mechanisms expressed in this species and identify the closest and
the most distant members within the genus to standardize comparative analyses better.
Phylogenetic analysis based on a few housekeeping genes does not represent the complete
evolutionary history or the final diversity between strains or members of the same genus.
Nonetheless, a study based on phylogenomics shows a refined ancestry and variety caused
by changes in the niche or geographic location of bacterial populations [34].

In comparison, a previous study pointed out that, for a limited number of genes,
phylogenetic inference using concatenated genes is better at portraying genetic diversity
and distance between different species than the use of consensus trees derived from
individual genetic analyses [35]. Therefore, through the proposed method, one can evaluate
a significant distancing of A. baumannii strains from the other species belonging to this
genus, which indicates that the use of concatenated rpoB and 16 S rRNA genes is an
excellent option for the inference of phylogenetic distance of strains belonging to specific
genera. A previous study obtained a similar result when performing phylogenetic inference
using the complete genomes of 136 strains of Acinetobacter within the genus [36].

3.2. Genomic Plasticity in Acinetobacter Baumannii

Previous work has reported genomic plasticity among persistent A. baumannii strains
in Italy [14], Argentina [37], and Australia [38]. Historically, it is a species capable of
receiving and donating genes to other microorganisms in the environment, a mechanism
mediated by recombination events [36].

The analysis of A. baumannii genomes revealed the presence of 14 essential elements
of resistance within genomic islands that are acquired through the horizontal transfer of
genomic recombination events [39]. The largest genomic island found (RI7) has a length of
96,878 nucleotides and presents in its content a total of 25 resistance genes, characterized by
an identity of more significant than 70% against the database. This same island is partially
shared by strains of different ST 1 and is more similar within strains belonging to ST 2 than
ST 1. Previously, this island was described as AbaR1 resistance island, and was considered
to be one of the leading genomic elements responsible for the high resistance of the species
members due to its size and quantity of elements. Currently, its mobile elements are known
to originate from bacteria of the genera Pseudomonas, Salmonella, and Escherichia [1]. Based
on several studies, more than 10 islands of resistance have already been identified in the
genomes of A. baumannii [40]. In the study of the AYE strain, seven islands of resistance
were detected.

Similar events of gene displacement and the presence of specific factors related to
pathogenicity within genomic islands are also reported in other species with high intrinsic
resistance to antimicrobials. The presence of mobile elements containing virulence or
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resistance factors allows for better adaptation and proliferation of A. baumannii. These are
usually included in some phylogenetic groups, which have greater global distribution [29].
Therefore, monophyletic clades have stability in gene content, which may explain its low
clonal incidence compared to other clones, which are characterized by high genomic plas-
ticity [14]. In the literature, such mechanisms are revealed of transfer and translocation in
species such as Pseudomonas aeruginosa [41] and Klebsiella pneumoniae [42], microorganisms
that, like A. baumannii, are also considered models for understanding resistomes, virulence,
and pathogenicity. This fact indicates that resistance islands are persistent in the distri-
bution of nosocomial bacteria due to selective pressure, and they are spread and fixed in
bacteria to generate adaptive fitness.

3.3. Functional Characterization through Pan-Genome Analysis

Currently, pan-genome analyses, which allow for the observation of the total ge-
netic repertoire of a species, are incredibly relevant for determining similarity, functional
characterization, and analysis of exclusive characteristics of certain strains of a microbial
species. Such a report aims to assess the number of genes shared by all representatives
of a taxonomic set and the genes shared by more than one, but not all, strains belong-
ing to the group, known as accessory genomes [28]. Presently, pan-genome analyses are
relevant for determining genetic variability, similarity, essential genes, functional charac-
terization, and prediction of exclusive genes by phenotypic groups to characterize species
and strains, in addition to being able to also view the discrepancies between genomes
that are not perceived by conventional analyses [43]. Nowadays, there are reports of
pan-genome analyses of several pathogens, such as Streptococcus agalactiae [44], Legionella
pneumophila [45], Corynebacterium pseudotuberculosis [46], Pasteurella multocida [47], Pseu-
domonas aeruginosa [48], and Treponema pallidum [49].

In the pan-genome analysis of A. baumannii, a core genome containing 1999 genes was
identified. Biologically, using the Kyoto Encyclopedia of Genes and Genomes database,
the core genome contains all the essential genes for the survival of the bacteria in a favorable
environment. Therefore, it includes pathways related to metabolism and cell division,
genetic processes, and energy production [28,49]. Among the genes related to the core
genome, only nine are related to resistance, and these genes represent the core resistome.

On the other hand, the accessory genome has genes related to microbial adaptation
mechanisms, such as antimicrobial resistance factors, symbiosis, adaptation to the environ-
ment, and virulence, which may or may not be acquired via horizontal gene transfer [50,51].
In our study, the accessory genome revealed a total of 10,337 genes that may be related
to adaptation to the host and are more represented in pathways of carbohydrate and
amino acid metabolism, xenobiotic metabolism, and drug resistance. Considering the
pathogenic cycle of the species, xenobiotic biosynthesis and degradation pathways are
essential facilitators of bacterial adaptation, mostly when related to microbial antibiosis
associated with adaptation to the host [52,53], which, in theory, provides a more prolonged
microbial survival. The prevalence of carbohydrate, amino acid, and xenobiotic metabolism
pathways comes in part from the pathogen’s evolutionary history [54,55].

In a previous study, Hassan et al. (2016) considered 30 complete genomes of A. bau-
mannii for the inference of the pan-genome, reaching values of pan- and core genomes
of 7606 and 2445 genes, respectively [56]. Our work suggests a more closed pan-genome
(12,336), due to an increase in the core genome (1999). This comparative result was ex-
pected, considering the increase in genomes in the dataset. This fact does not invalidate
the analysis made previously by the authors but it sheds light on the development of the
species’ pan-genome. In contrast, Mangas et al. (2019) considered 2467 complete and draft
genomes of the species for inference of the pan-genome, reaching values of the core genome
and pan-genome equivalent to 2221 and 19,272 respectively [57]. The result presented
in this work tends to present a more closed value in relation to the core genome, which
was expected since the exclusive use of complete genomes tends to increase the accuracy
of orthologs’ analyses. In contrast, the number of genes found in the pan-genome was
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lower than that presented by the authors. This fact can be justified by the difference in
methodological approaches existing between both works.

3.4. Resistome of Acinetobacter Baumannii

In the pan-resistome analysis, it was possible to ascertain the numerical presence of a
variant of beta-lactamases, such as the OXA genes. Previous studies have already pointed
out that this gene is widespread among the distinct geographic locations of A. baumannii
strains, reporting that the coding gene for OXA-143 is exclusive for Brazilian strains [58].
Moreover, the same study points out that the enzyme OXA-58 is very prevalent across the
globe but has a higher incidence in strains from southeastern Europe [58]. Nevertheless,
using the methodology employed, the OXA-143 gene was not detected, but a similar
pattern was observed for the beta-lactamase SAT-1, which is exclusive to the Brazilian
strain MRSN15313. As for the OXA-58 gene, its presence was inferred for isolated strains in
Italy, India, Greece, Ghana, China, and two Mexican strains, indicating and corroborating
its higher prevalence in the East.

As for the efflux pumps presented, one of the most important and studied is the
adeABC pump, which belongs to the RND family (resistance–nodulation–division) [9]. The
same adeIJK pump family is adequately represented in the core resistome. Previous studies
indicate that efflux pumps are excellent targets for drugs, considering that their inhibition
greatly amplifies the action of antimicrobials that, under normal conditions, would be
eliminated by the cell [7]. Recent studies report that inhibition of the adeB and adeJ portions
leads to a significant reduction in microbial resistance [59]. Both are present inside the cell
and anchor the pump to the membrane. As for proteins with enzymatic action, the one that
stands out the most is ampC beta-lactamase. It has been described with high prevalence in
A. baumannii, which is considered one of the main species responsible for the resistance to
beta-lactams [31].

Interestingly, the preferred treatment for susceptible strains of A. baumannii is based
on carbapenems [60]; however, in evaluating the pan-resistome, many mechanisms of
resistance to this class have been reported, which may suggest that its presence in the
genome does not indicate expression, mainly when relating to the presence of resistance
mechanisms in the genome of the SDF strain. In the case of resistant strains, tigecycline
treatment has been used with varying success [10,60].

Still, in this context, it is known that the number of reports of strains resistant to
polymyxins within the species has grown [61,62]. However, it was possible to predict only
one gene related to the resistance phenotype to that class of antimicrobials based only on
the predicted proteome of the species.

4. Materials and Methods
4.1. Genomes Database, Annotation, and Data Retrieval

All the complete A. baumannii genomes and their plasmids were obtained through the
National Center for Biotechnology Information (NCBI)/GenBank-RefSeq [63]. An in-house
Python3 script was developed to extract chromosome sequences from strains with plasmid
sequences, using as a criterion the extraction of the largest contig present in the fasta file.
Both files, those containing only the chromosome and those containing the chromosome
and plasmid, were annotated using the same parameters in the PROKKA pipeline version
1.13.7 [64], with an additional setting: the prediction of RNAs, using RNAmmer software
version 1.2 [65].

4.2. Multilocus Sequence Typing and Phylogeny

The similarity analysis was performed using all the complete genomes as input to the
software FastANI [21], using default parameters. The sequence type was predicted using
the MLST 2.18.0 software, based on the PubMLST platform [66]. The scheme used was
the abaumannii_2, determined and made available by the Pasteur Institute based on seven
sequenced housekeeping alleles: cpn60 (Chaperonin family protein), fusA (Elongation factor
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G), gltA (Citrate synthase), pyrG (CTP synthase), recA (Protein RecA), rplB (50S ribosomal
protein L2), and rpoB (a beta subunit of RNA polymerase) [67].

A customized Python3 script was used to extract the nucleotide sequences of 16S
rRNA and rpoB genes, ranked by BLAST similarity (>98%) against A. baumannii AYE
reference sequences. Subsequently, the extracted sequences were concatenated into a single
file. The phylogeny was performed using the maximum likelihood method using the
rpoB and 16S rRNA sequences. The alignment was performed using MAFFT software
version 7.31.0 with default parameters [68], and the phylogenetic tree was inferred with
the MEGA7 software [69], using the maximum likelihood method with statistical support
of 10,000 bootstrap iterations to amplify the reliability of the formed clades. The generated
tree figure was optimized using the FigTree 1.4.4 software [70].

4.3. Resistance Genes Profile

The Comprehensive Antibiotic Resistance Database (CARD) [11] was used to compare
the local alignments and the determination of the presence of genes related to microbial
resistance. For this purpose, the predicted proteome product of the automatic annotation
of A. baumannii (206 strains) was used.

A customized Python 3.6 script was used to automate BLAST alignments [71] of
proteomes against the CARD database. Only the results whose identity and coverage were
equal to or greater than 70% and an E-value below 5× 10−6, respectively, were used. It was
also used to generate the binary matrix of presence and absence genes, considering the
previous mining files of the multiple alignments [72]. The final result was to generate
the cluster map. The prediction of plasmid resistome was possible by comparing the
annotation of the complete genomes (chromosome and plasmid) with the annotations of
the chromosome only. The statistical difference related to the number of resistance factors
between the strains that do not have a plasmid and those that do have a plasmid was made
by the Wilcox-on-Mann–Whitney test.

4.4. Genomic Islands Analysis

Genomic Islands Prediction Software (GIPSy) [39] was used to perform the prediction
of the genomic islands. In this analysis, the AYE strain was selected for the reference
genome due to its history of resistance on the European continent and the high presence
of resistance genes. As a subject, the genome of A. baumannii SDF was selected, which is
a strain previously described as susceptible [1,39,73,74]. Subsequently, the BLAST Ring
Image Generator (BRIG) software was used to visualize the genomic islands present in the
genomes [75].

4.5. Pan-Genome and Pan-Resistome Analyses

The significant pan-genomic analyses were performed using the software Orthofinder [76].
It uses MCL (Markov Clustering algorithm) to determine the clusters of orthologous genes
based on multiple alignments using the amino acid fasta as input. For the pan-genomic
analysis, the annotation of both chromosomes and plasmids was considered. For the
functional analysis of each subpartition, multiple comparisons against the Kyoto Ency-
clopedia of Genes and Genomes database (KEGG) [77] were considered. Obtaining the
values related to the development of the pan-genome, as well as the alpha value was done
through an in-house script.

The extracted core genome, resulting from the analysis using Orthofinder, was aligned
with MAFFT [68] for subsequent phylogenomic inference using FastTree software with
maximum likelihood methodology.

5. Conclusions

There is a wide variety of genes in the total repertoire of the species studied. Un-
fortunately, there is no visible clustering for the host and geographic location; however,
the grouping of the strains based on ST reveals a coherent pattern, corresponding to the
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core genome similarity. The repertoire of the resistome was characterized in terms of the
presence and similarity of genes in the total pan-genome. It demonstrated enormous plas-
ticity when evaluating the distribution of factors throughout the groups and the analyzed
phylogeny. The pan-resistome also pointed out the presence of the adeIJK efflux pump and
ampC enzyme in all the strains of this species, as well as the heterogeneous distribution of
resistance factors across the globe. Another interesting fact is the higher amount of resis-
tance factors to cephalosporins, aminoglycosides, and tetracycline in the studied genomes.
Therefore, there is a contraindication to the use of these drugs in A. baumannii. These facts
point mainly to the discrepancy of strains belonging to different STs within the A. baumannii
species and its high capacity to remodel the gene repertoire to adapt to the environment
or host, and, hence, can remain as an important pathogen for years. Therefore, the data
collected are pertinent to better evaluate the high resistance of the species in a hospital
environment and, consequently, can be used for a targeted prescription of antibiotics based
on phenotyping related to a genetic presence profile. From this perspective, it is possible
to use the data obtained in this work to carry out studies for new drug candidates based
on the core genome and to take advantage of the assembled pan-resistome to anticipate
possible escape mechanisms of A. baumannii.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10050596/s1, Figure S1: Cluster map representing the genomic similarity evaluated
among all strains of Acinetobacter baumannii included in the study. The intensity of the color indicates
a greater degree of similarity between the genomes. For each strain, the isolation site and the
predicted sequence type were added respectively. The cladograms were generated using Euclidean
distance. Figure S2: Phylogenetic tree based on the concatenated sequences of the 16S rRNA and
rpoB genes representing the positioning of the Acinetobacter baumannii strains compared to the genus.
Statistical support of 10,000 bootstraps was applied. The colors represent different species within the
genus Acinetobacter. Figure S3: Cluster map representing the presence of resistance genes (X-axis)
in all genomes (Y-axis) were addressed. In the case of existence, the color intensity represents the
sequence similarity to the database used, with a minimum similarity of 70% versus the CARD
database. The cladograms used are based on the Euclidean distance between the data. Table S1:
Genomic data on the deposit made available by the National Center for Biotechnology Information
(NCBI). The information is distributed respectively in Strain, BioSample, BioProject, Assembly, Size,
GC%, and FTP for RefSeq access. Table S2: Matrix representing the pan-resistome of the strains
under study. Numbers >0 represent the presence and similarity to the CARD database of the gene
in the genome of the strain presented in the first column. The strains were grouped according to
the phylogenomic proximity of the core genome. The first column represents the local isolation of
each strain. The second column represents the sequence type predicted. Table S3: Resistance genes
predicted exclusively in plasmids. The relative presence of genes considers only the 162 strains
deposited with plasmid.
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