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Abstract: In this paper, we describe the first complete genome sequence of Providencia vermicola
species, a clinical multidrug-resistant strain harboring the New Delhi Metallo-β-lactamase-1 (NDM-1)
gene, isolated at the Kinshasa University Teaching Hospital, in Democratic Republic of the Congo.
Whole genome sequencing of an imipenem-resistant clinical Gram-negative P. vermicola P8538 isolate
was performed using MiSeq and Gridion, and then complete genome analysis, plasmid search, resis-
tome analysis, and comparative genomics were performed. Genome assembly resulted in a circular
chromosome sequence of 4,280,811-bp and 40.80% GC and a circular plasmid (pPV8538_NDM-1)
of 151,684-bp and 51.93%GC, which was identified in an Escherichia coli P8540 strain isolated in the
same hospital. Interestingly, comparative genomic analysis revealed multiple sequences acquisi-
tion within the P. vermicola P8538 chromosome, including three complete prophages, a siderophore
biosynthesis NRPS cluster, a Type VI secretion system (T6SS), a urease gene cluster, and a complete
Type-I-F CRISPR-Cas3 system. B-lactamase genes, including blaCMY-6 and blaNDM-1, were found on
the recombinant plasmid pPV8538_NDM-1, in addition to other antibiotic resistance genes such as
rmtC, aac6’-Ib3, aacA4, catA1, sul1, aac6’-Ib-cr, tetA, and tetB. Genome comparison with Providencia
species revealed 82.95% of average nucleotide identity (ANI), with P. stuartii species exhibiting
90.79% of proteome similarity. We report the first complete genome of P. vermicola species and for
the first time the presence of the blaNDM-1 gene in this species. This work highlights the need to
improve surveillance and clinical practices in DR Congo in order to reduce or prevent the spread of
such resistance.

Keywords: blaNDM-1; Providencia vermicola; antibacterial resistance genes; NRPS/PKS cluster; com-
parative genomics; MDR recombinant plasmid

1. Introduction

Providencia species are Gram-negative bacteria belonging to the order of Enterobac-
terales, family of Morganellaceae, and genus Providencia. Their specific power to deaminate
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specific amino acids by oxidation into their corresponding keto and ammonia acids is a par-
ticularity that differentiates them from other members of the Enterobacteriaceae family [1,2].
Unlike other bacteria in this family, Providencia species are rarely involved in nosocomial
infections [3]. Two species of Providencia, including P. stuartii and P. rettgeri, which are natu-
rally resistant to many antibiotics including colistin and tigecycline, are the most common
causes of more than 80% of human clinical infections, mainly urinary tract infections. The
other species of this group are P. alcalifaciens, P. burhodogranariea, P. heimbachae, P. rettgeri,
P. rustigianii, P. sneebia, P. stuartii, P. thailandensis, P. huaxiensis, and P. vermicola [4–6].

P. vermicola was first isolated from a nematode Steinernema thermophilum collected
in soils in India in 2006. Its name means (ver.mi′co.la. L. n. worm; L. suff. -cola of L. n.
incola inhabitant; N.L. n. vermicola inhabitant of worms) [7] and is very rarely found as
an etiological agent in humans, with only one described case of diarrhea in a 37-year-old
patient in India [8]. Providencia species are reported to be found mainly in environments
such as water and are mostly involved in infections of birds, fish, and certain insects such
as fruit flies [3,9]. Prior to this study, there was no available genome of P. vermicola in
the NCBI database. Here, we describe the first complete genome sequence of a clinical
multi drug resistant (MDR) P. vermicola isolate from a healthcare facility in Kinshasa, in the
Democratic Republic of the Congo, and perform the comparative genomic analysis with
the most closely-related species.

2. Materials and Methods
2.1. Bacterial Isolation

Two Gram-negative strains, namely P. vermicola P8538 and Escherichia coli P8540, were
isolated in 2017 from blood and urine, respectively, at the KUTH (Kinshasa university
teaching hospital) in DR Congo. The KUTH is a government-funded academic tertiary
referral hospital in Kinshasa, the capital city of DR Congo. It is the national referral hospital
in a country of approximately ninety million people. It has 1000 total beds, of which seven
beds are in the intensive care unit (ICU). All isolates were identified first using biochemical
tests such as urea, indole, oxidase, citrate, and triple sugar iron (TSI), and were confirmed
by Microflex LT MALDI-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany)
after being sent to the IHU-Méditerranée infection, Marseille.

2.2. Antimicrobial Susceptibility Testing

Susceptibility to 16 antimicrobial agents (i.e., amikacin, amoxycillin, amoxycillin clavu-
lanate, cefepime, ceftriaxone, cephalothin, colistin sulfate, ciprofloxacin, cotrimoxazole,
doxycycline, ertapenem, fosfomycin, gentamicin, imipenem, nitrofurantoin, tazobactam
piperacillin; i2a, Montpellier, France) was determined using the disk diffusion method
according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST)
guidelines (https://www.eucast.org/clinical_breakpoints/, access on 10 February 2021).
The minimal inhibition concentration (MIC) of imipenem and colistin were respectively
determined by agar dilution in Mueller–Hinton agar (Oxoid, Basingstoke, UK) and by mi-
crodilution method using UMIC Colistin kit (Biocentric, Bandol, France) according to CLSI
recommendations. This MIC for imipenem was determined after 18–24 h of incubation
on Mueller-Hinton plates inoculated with suspensions of isolates at a fixed density (0.5 to
0.6 McFarland standard), using E-test strips (BioMérieux, Marcy l’Etoile, France) according
to the manufacturer’s recommendations.

2.3. Molecular Mechanisms of Antibiotic Resistance and Whole Genome Sequencing

Real-time PCR and standard PCR were performed to screen for the presence of
carbapenem resistance genes including: blaNDM, blaOXA-23, blaVIM, blaOXA-48, and blaKPC.
Genomic DNAs (gDNA) of the two carbapenem resistant isolates were extracted using the
EZ1 Advanced XL Biorobot and the tissue DNA kit (Qiagen, Hilden, Germany) with the
Bacterial card, according to the manufacturer’s instructions and quantified using NanoDrop
2000 (ThermoFischer, Illkirch, France). Whole genome sequencing was performed using the
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MiSeq sequencer (Illumina, San Diego, CA, USA) and the Gridion sequencer (Nanopore,
Oxford, UK), according to the Nanopore Template Preparation.

2.4. Bioinformatic Analysis

The genome assemblies were performed using the A5-pipeline on the Illumina reads
and using Unicycler for the hybrid assembly, which includes both Illumina and nanopore
reads [10,11]. Genome annotation was performed using the prokka (rapid prokaryotic
genome annotation) pipeline [12]. Circular genome representations of P. vermicola chro-
mosome and plasmid and their comparisons by BlastN with the closest sequences were
performed using the CGview Server [13] and locally downloaded EasyFig v2.2 software.
Proteome comparison of P. vermicola with those Providencia species was performed using
the “get_homologues.pl” pipeline [14]. Moreover, the average nucleotide identity (ANI)
between P. vermicola and downloaded genomes was determined using the OrthoANI pro-
gram (AOT software) [15]. All genes deemed to be candidates of antimicrobial resistance
or putative virulence genes were investigated using the ARG-ANNOT database and VFDB
with threshold value amino acid alignment ≥70% of the input query sequence to avoid
any data extrapolation. PHASTER (PHAge Search Tool Enhanced Release) was used to
identify prophage sequences from genomic sequences [16–18].

2.5. Conjugation Experiment

To determine the transferability of carbapenem resistance, a conjugation experiment
was performed using E. coli J53 (azide-resistant) as the recipient strain, as previously
described [19].

3. Results
3.1. Clinical Information and Phenotypic Characterisation of Isolates

The P. vermicola P8538 strain was isolated from the blood culture of a 58-year-old
patient hospitalized in the ICU for sepsis, whereas the E. coli P8540 strain was isolated in
the urine of a 26-year-old patient hospitalized in the same ICU, but not at the same time,
and who was receiving continuous respiratory assistance. As presented in Table 1, the two
isolates were resistant to the majority of the 16 tested antibiotics, with the exception of
cefepime, fosfomycin, and cotrimoxazole for the P. vermicola P8538 isolate, whereas the
E. coli P8540 isolate remained susceptible to colistin (Table 1).

3.2. Genome Features

For P. vermicola P8538, the genome size was estimated to be 4,432,495-bp and composed
of one chromosome 4,280,811-bp in size and 40.80% GC and one plasmid (pPV8538_NDM-1)
151,684-bp in size and 51.93% GC. Genome annotation revealed 4166 predicted genes
composed of 3991 CDS, 11 rRNAs, 74 tRNAs, 89 miscRNAs, and 1 tmRNA gene (Table 2).
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Table 1. Clinical features, Resistance phenotype, and genotype of P. vermicola P8538 and E. coli P8540 harboring the blaNDM-1 gene.

Strain
Names

Sex Age Sample Status Service Resistance
Phenotype

MIC IPM
(µg/mL)

Antimicrobial Resistance Genes

β-lactams Aminoglycosides
Sulfonamides

and
Trimethoprim

Phenicols
Quinolones

and
Imidazoles

Cyclines

P. vermicola
P8538 M 58 Blood Inpatient ICU

AX, AMC,
TZP, KF,

CRO, ERT,
IPM, AK,
GEN, CIP,

DO

>32
blaCMY-6,
blaNDM-1,

H-NS

rmtC, aac(6′)-Ib3,
aac(6′)-Ib10,

aac(2)-Ia
sul1 catA1

aac(6′)-Ib-cr,
acrB, msbA,
mdtH, crp

tetA, tetB,
tetD

E. coli
P8540 F 26 Urine Inpatient ICU

AX, AMC,
KF, CRO,
FEP, ERT,
IPM, AK,
GEN, CIP,

DO

>32

blaTEM-1B,
blaSHV-12,
blaAmpC1,
blaCMY-42,

evgS, evgA,
blaCTX-M-88,
blaNDM-1,

blaCTX-M-15,
ampH
H-NS

aph(6)-Id,
aph(3′’)-Ib, aadA2,
aadA1, aac(3′)-IId,
aac(6′)-Ib3, rmtC,

aadA16, baeR, baeS,
strB, strA

dfrA27, dfr12
catA2,
aadA2,

mdtm, catII

qnrB6, qnrS1,
aac(6′)-Ib-cr,
qepA, emrR,
emrA, emrB,
mdtE, mdtH,
mdtF, gadW,
gadX, acrB,
acrA, crp,
acrE, acrF,
aadA1-pm,

tet(D),
tet(A), tetR,
tetD, tet34,

mdfA,
emrK,
emrY

AX: Amoxycillin, AMC: Amoxicillin-clavulanate, TZP: Piperacillin tazobactam, KF: Cefazoline, CRO: Ceftriaxone, FEP: Cefepime, ERT: Ertapenem, IPM: Imipenem, AK: Amikacin; GEN: Gentamicin,
CIP: Ciprofloxacin, DO: Doxycycline, SXT: Sulfamethoxazole-trimethoprim, ICU: Intensive care Unit.
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Table 2. Genome features of P. vermicola P8538 and E. coli P8540 isolates harboring blaNDM-1.

Features P. vermicola P8538 E. coli P8540
Genome size 4,432,495-bp 4,809,673-bp
% GC content 41.1% 50.9%
No. of contigs 2 210

N50 184,648-bp 80,966-bp
No. of predicted genes 4166 4951

No. of CDS 3991 4553
No. of predicted tRNAs 74 83
No. of predicted rRNA 11 13

No. of predicted tmRNA 1 1
No. of predicted miscRNAs 89 303

No. of phage sequences 5 2
Sequence Type (ST) - 1421

As shown in Figure 1, genome comparison with 10 published Providencia genomes
revealed multiple mobile genetic elements (MGEs) in the P. vermicola P8538 chromosome.
Indeed, three complete prophage regions were identified from the PHASTER database,
including Phage_Entero_mEp460 “54.42-Kb, 39.96% GC”, Phage_Salmo_Fels_2 “59.9-Kb,
41.21%GC”, and Phage_Escher_HK639 “41.7-Kb, 42.31%GC”, respectively. Additionally, a
complete siderophore biosynthesis NRPS (39.62-Kb, 33.92%GC) composed of 19 genes can
be identified (Figure 1). As presented in Supplementary Figure S1, this siderophore NRPS
was only identified from the NCBI database in three genomes including P. stuartii PRV00010,
Morganella morganii VGH116, and Salmonella enterica 2014AM-3158 with average % homol-
ogy of 96%, 44.37%, and 33.89%, respectively (Supplementary Table S1). The identified
Type-I-F CRISPR-cas3 system (10.9-Kb, 43.63% GC) appeared to be specific to the P. vermi-
cola P8538 isolate since it was not identified in any of the 10 compared genomes (Figure 1).
Interestingly, a complete Type VI secretion system (T6SS) encoding gene was harbored in
the P. vermicola P8538 chromosome and was partially detected in the compared genomes
(Figure 1).

However, in addition to the MGEs identified from the P. vermicola P8538 chromosome,
a complete and recombinant plasmid harboring the New Delhi metallo-β-lactamase-1
(blaNDM-1) gene has been identified from the genome sequences. As presented in Figure 2,
this plasmid was mainly characterized by the presence of multiple plasmid conjugative
transfer genes (14 tra genes), a toxin/antitoxin higAB system, a transposon-containing-
NDM-1, a glutathione detoxification system, and four other antibiotic resistance genes.

3.3. Genome Comparison with Closely Related Species

As shown in Figure 3, the whole-proteome-based phylogenetic tree and pairwise
comparison of P. vermicola P8538 with 10 other Providencia species revealed that our P.
vermicola was more closely related to P. stuartii genomes than those of the two recently
published P. vermicola genomes. It appeared clear that the published P. vermicola G1 was
wrongly identified and should be reidentified as P. rettgeri (Figure 3). Indeed, P. vermicola
P8538 shared between 90.79% and 97.61% of proteome homology with P. stuartii and only
88.6% homology with P. vermicola LLDRA6 (Figure 3).

This result was also confirmed based on the RpoB % aa identity which was 99.11%
with that of P. stuartii, 98.96% P. vermicola LLDR26, and only 98.29% with P. vermicola G1
(Figure 3).

In addition to this evidence, as shown on Figure 4, the OrthoANI analysis revealed
82.95% and 82.89% average nucleotide identity of P8538 genome with P. stuartii AR_0026
and P. stuartii MRSN2154 genomes, respectively. Interestingly, P. vermicola P8538 exhibited
only 81% of ANI with published P. vermicola LLDR26 and 77.24% of ANI with P. vermicola
G1. These results clearly suggested a wrong identification of the latter. Indeed, P. vermicola
G1 showed 99.24% of ANI with P. rettgeri 151.
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3.4. Resistome

Regarding the antibiotic susceptibility phenotype of the P. vermicola P8538 isolate
(Table 1), the resistome analysis confirmed the observed β-lactam resistance phenotype by
the presence of the blaCMY-6, and blaNDM-1 genes from the plasmid pPV8538_NDM-1. More-
over, other antibiotic resistance genes were found, including rmtC and aacA4 conferring
resistance to aminoglycosides, catA1 for phenicol resistance, sul1 and aac6’-Ib-cr for resis-
tance to sulfonamides and quinolones, respectively (Table 1). Interestingly, the Tn3-NDM-1
transposon (21,774-bp, 59.40% GC) on the plasmid was the vehicle of four resistance genes,
namely blaNDM-1, rmtC, Sul1, and aacA4 (Figure 2). A total of 20 virulence associated genes
from the P. vermicola P8538 were identified and are presented in Supplementary Table S2.

3.5. Genomic Analysis of the E. coli P8540 Isolate

Interestingly, during this study, our investigation of the potential spread of blaNDM-1 in
this hospital revealed a positive E. coli P8540 strain isolated from the urine of a 26-year-old
hospitalized patient. This strain was subjected to whole genome sequencing and resulted
in a genome assembled into 210 contigs with a size of 4,809,673-bp and 50.9% GC content.
The details of the genome features are presented in Table 2. MLTS analysis reveals a type
ST1412 clone and plasmid finder analysis detected five plasmid replicons which were
classified as col (MG828), IncA/A2, IncFIA/(HI1), IncI, and IncR.

Interestingly, the same pPV8538_NDM-1 plasmid identified in the P. vermicola P8538
isolate was detected and identified from this E. coli P8540 isolate (pEC8540), suggest-
ing a conjugation transfer event of this plasmid between these two Enterobacteriaceae
species (Figure 2). Unfortunately, our in vitro experiment to transfer by conjugation the
pPV8538_NDM-1 plasmid into the E. coli J53 (azide-resistant) strain was unsuccessful after
three repeated assays.

Resistome analysis of E. coli P8540 confirmed the presence of the blaNDM-1, blaTEM-1B,
blaSHV-12, and blaCTX-M-88 genes, conferring the observed β-lactam resistance of this isolate.
Moreover, the presence of multiple genes conferring resistance to aminoglycosides (n = 12),
phenicols (n = 4), sulfamide/trimethoprim (n = 2), macrolides (n = 1), quinolones (n = 18),
and tetracyclines (n = 8) were identified (Table 2).

4. Discussion

In this paper we report the first complete genome sequences of the P. vermicola species.
The genome analysis and comparative genomics of this clinical MDR P. vermicola P8538
isolate revealed significant genomic variations compared to other Providencia species.
This may indicate the ability of this bacterium to colonize several hostile environments,
given the presence of several MGEs in the genome, which is well documented in the
literature [3,20,21]. We identified a conjugative and recombinant plasmid harboring antimi-
crobial resistance genes which was identified in two different pathogenic Enterobacterial
species (E. coli and P. vermicola) from the same hospital, suggestive of a spread of the
MDR plasmid within this healthcare setting. Thus, the existence of a conjugative plasmid
harboring the NDM-1 enzyme in this hospital appeared to be a serious concern for infection
and prevention control measures.

Some specific MGEs have been identified in this particular P. vermicola P8538 iso-
late, including a glutathione detoxification system from the plasmid pPV8538_NDM-
1 which was detected by BlastN from the NCBI database in very few bacterial plas-
mids from Salmonella enterica, Proteus mirabilis, Serratia marcescens, Enterobacter hormaechei,
Klebsiella quasipneumoniae, and michiganensis. As reported in the literature, this system is
involved in the glutathione-dependent process of formaldehyde detoxification [22,23].
Moreover, we identified from the P8538 chromosome a NRPS cluster for siderophore
biosynthesis which has only been identified in three other enterobacterial genomes, namely
P. stuartii PRV00010, M. morganii VGH116, and S. enterica 2014AM-3158, and was absent
in the two genomes of P. vermicola recently deposited in the NCBI database. As reported,
siderophore systems are low molecular weight molecules which are widespread in the
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bacterial and fungal world, with more than 200 biosynthetic and diverse types. They play
the role of capturing, solubilizing and delivering essential Fe(III) ions in the cytoplasm [24]
and are involved in the growth and development of microorganisms but also in bacterial
virulence, as described in E. coli in urinary tract infections [25]. They are also involved in
bacterial dissemination by induction of inflammation in the lungs [26,27]. The T6SS acts
as a virulence factor in the majority of proteobacteria with the ability to attack eukaryotic
and prokaryotic target cells through a complex process, secreting toxic effectors through
a contact mechanism into neighboring bacteria or eukaryotic cells, causing cell lysis or
growth arrest [28,29]. This complex process involves the transport of proteins through
a contractile bacteriophage-like tail structure [30,31]. Six secretion systems have thus far
been identified and are referred to as Type I to Type VI (T1SS to T6SS). T6SS was first
discovered in Vibrio cholerae and Pseudomonas aeruginosa in 2006, and several studies have
subsequently demonstrated its presence in many Gram-negative bacteria, including many
human and animal pathogenic strains [32]. Indeed, studies have shown that certain T6SS
subunits have structural homologies with other subunits of the bacteriophage T4, including
the main tail protein and its injection syringe. It has therefore been established that T6SS
is phylogenetically and structurally very close to the bacteriophage T4 [32]. Thus, we
believe that the integration of several exogenous sequences, including bacteriophages
and T6SS, may play a role in the adaptation and survival of P. vermicola which evolves in
endosymbiosis in Steinernema thermophilum, a nematode in which P. vermicola develops [33].

5. Conclusions

This study highlights the emerging threat of blaNDM-1 dissemination in Kinshasa.
To the best of our knowledge, this study describes, for the first time in the Democratic
Republic of the Congo, the blaNDM-1 gene, in a bacterial genus of Enterobacteriaceae and
in a rare species (P. vermicola), about which very little is known in Africa in general and
nothing is known on the genomic level for this species. The fact that P. vermicola has
been widely described as a nematode endosymbiont, nematodes which infect and kill fish
and insects, some of which are used as food in certain environments such as Kinshasa,
gives rise to speculation about the role that the habit of humans eating insects might play
in the transmission of this bacteria. In addition, S. thermophilum, a nematode in which
P. vermicola develops, is not recognized as a human pathogen. It cannot be excluded that
this microorganism could be found in other parasites, in this case causing bacteria–parasite
co-infections in humans. The identification of these NDM-1-producing isolates, which
are also resistant to several other antibiotics and shared through the same plasmid with
another isolate (P8540) in the same healthcare facility, confirms the existence of mobile
genetic element exchanges among the circulating isolates within the University Hospital of
Kinshasa. Therefore, it is urgent to improve surveillance and clinical practices to reduce or
prevent the spread of resistance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9081751/s1, Figure S1: BlastP comparison of the P. vermicola P8538 Siderophore
biosynthesis NRPS cluster with that from P. stuartii, M. morganii, and Salmonella enterica. Protein
annotation and the BlastP results are presented in Supplementary Table S1: BlastP comparison of the
Siderophore biosynthesis NRPS cluster of P. vermicola P8538 with that of P. stuartii, M. morganii, and
Salmonella enterica. Supplementary Table S2: Virulence factor genes identified in P. vermicola P8538
isolate. Whole genome sequences accession: The whole genome sequence of the clinical P. vermicola
P8538 isolate was deposited at GenBank under the numbers CP048796 and CP048797.

Author Contributions: Conceptualization, J.-M.R., J.-P.L., O.L.-M. and D.L.-M.; methodology, D.L.-M.,
L.Z.N., J.-M.R., J.-P.L., S.M.D. and A.P.; software, M.B.K., S.K., L.R., S.M.D.; validation, J.-M.R., J.-P.L.,
O.L.-M., M.-F.P. and S.M.D.; data curation, D.L.-M., M.B.K.; writing-original draft preparation,
D.L.-M.; supervision, J.-P.L., S.M.D., O.L.-M. and J.-M.R.; funding acquisition, J.-M.R. and J.-P.L. All
authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/microorganisms9081751/s1
https://www.mdpi.com/article/10.3390/microorganisms9081751/s1


Microorganisms 2021, 9, 1751 10 of 11

Funding: The French government supported this work under the “Investissements d’avenir” pro-
gramme (reference: Mediterranee Infection 10-IAHU-03).

Institutional Review Board Statement: This study was conducted in accordance with existing
ethical guidelines and was approved by the Institutional Review Board of the Catholic University of
Bukavu (UCB/CIES/NC/08/2019). The study was conducted in accordance with the principles of
the Declaration of Helsinki. Anonymous and codified clinical patient data were used with strains
collected and stored; informed consent was no longer required.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are very grateful to the IHU Méditerranée-Infection, Marseille, France for
financial support, and TradOnline for English correction of the manuscript.

Conflicts of Interest: None of the authors report any conflict of interest or financial disclosures.

Ethical Considerations: This study was conducted in accordance with existing ethical guide-
lines and was approved by the Institutional Review Board of the Catholic University of Bukavu
(UCB/CIES/NC/08/2019). The study was conducted in accordance with the principles of the Decla-
ration of Helsinki. Anonymous and codified clinical patient data were used with strains collected
and stored; informed consent was no longer required.

References
1. Abdallah, M.; Balshi, A. First literature review of carbapenem-resistant Providencia. New Microbes New Infect. 2018, 25, 16–23.

[CrossRef] [PubMed]
2. Sharma, D.; Sharma, P.; Soni, P. First case report of Providencia Rettgeri neonatal sepsis. BMC Res. Notes 2017, 10, 536. [CrossRef]
3. Yuan, C.; Wei, Y.; Zhang, S.; Cheng, J.; Cheng, X.; Qian, C.; Wang, Y.; Zhang, Y.; Yin, Z.; Chen, H. Comparative Genomic Analysis

Reveals Genetic Mechanisms of the Variety of Pathogenicity, Antibiotic Resistance, and Environmental Adaptation of Providencia
Genus. Front. Microbiol. 2020, 11, 572642. [CrossRef]

4. Mbelle, N.M.; Sekyere, J.O.; Amoako, D.G.; Maningi, N.; Modipane, L.; Essack, S.; Feldman, C. Genomic analysis of a multidrug-
resistant clinical Providencia rettgeri (PR002) strain with the novel integron ln 1483 and an A/C plasmid replicon. Ann. N. Y.
Acad. Sci. 2020, 1462, 92–103. [CrossRef]

5. Guerfali, M.M.; Djobbi, W.; Charaabi, K.; Hamden, H.; Fadhl, S.; Marzouki, W.; Dhaouedi, F.; Chevrier, C. Evaluation
of Providencia rettgeri pathogenicity against laboratory Mediterranean fruit fly strain (Ceratitis capitata). PLoS ONE 2018,
13, e0196343. [CrossRef]

6. Ksentini, I.; Gharsallah, H.; Sahnoun, M.; Schuster, C.; Amri, S.H.; Gargouri, R.; Triki, M.A.; Ksantini, M.; Leclerque, A.
Providencia entomophila sp. nov., a new bacterial species associated with major olive pests in Tunisia. PLoS ONE 2019, 14, e0223943.
[CrossRef] [PubMed]

7. Somvanshi, V.S.; Lang, E.; Sträubler, B.; Spröer, C.; Schumann, P.; Ganguly, S.; Saxena, A.K.; Stackebrandt, E. Providencia
vermicola sp. nov., isolated from infective juveniles of the entomopathogenic nematode Steinernema thermophilum. Int. J. Syst.
Evol. Microbiol. 2006, 56, 629–633. [CrossRef] [PubMed]

8. Erajpara, N.; Kutar, B.M.R.N.S.; Esinha, R.; Enag, D.; Ekoley, H.; Eramamurthy, T.; Bhardwaj, A.E. Role of integrons, plasmids and
SXT elements in multidrug resistance of Vibrio cholerae and Providencia vermicola obtained from a clinical isolate of diarrhea.
Front. Microbiol. 2015, 6, 57. [CrossRef]

9. Mnif, B.; Ktari, S.; Chaari, A.; Medhioub, F.; Rhimi, F.; Bouaziz, M.; Hammami, A. Nosocomial dissemination of Providencia
stuartii isolates carrying blaOXA-48, blaPER-1, blaCMY-4 and qnrA6 in a Tunisian hospital. J. Antimicrob. Chemother. 2013, 68,
329–332. [CrossRef]

10. Coil, D.; Jospin, G.; Darling, A.E. A5-miseq: An updated pipeline to assemble microbial genomes from Illumina MiSeq data.
Bioinformatics 2015, 31, 587–589. [CrossRef] [PubMed]

11. Tritt, A.; Eisen, J.A.; Facciotti, M.T.; Darling, A.E. An Integrated Pipeline for de Novo Assembly of Microbial Genomes. PLoS ONE
2012, 7, e42304. [CrossRef] [PubMed]

12. Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 2014, 30, 2068–2069. [CrossRef]
13. Stothard, P.; Grant, J.R.; Van Domselaar, G. Visualizing and comparing circular genomes using the CGView family of tools.

Briefings Bioinform. 2018, 20, 1576–1582. [CrossRef]
14. Contreras-Moreira, B.; Vinuesa, P. GET_HOMOLOGUES, a Versatile Software Package for Scalable and Robust Microbial

Pangenome Analysis. Appl. Environ. Microbiol. 2013, 79, 7696–7701. [CrossRef] [PubMed]
15. Lee, I.; Kim, Y.O.; Park, S.-C.; Chun, J. OrthoANI: An improved algorithm and software for calculating average nucleotide identity.

Int. J. Syst. Evol. Microbiol. 2016, 66, 1100–1103. [CrossRef]

http://doi.org/10.1016/j.nmni.2018.05.009
http://www.ncbi.nlm.nih.gov/pubmed/29983987
http://doi.org/10.1186/s13104-017-2866-4
http://doi.org/10.3389/fmicb.2020.572642
http://doi.org/10.1111/nyas.14237
http://doi.org/10.1371/journal.pone.0196343
http://doi.org/10.1371/journal.pone.0223943
http://www.ncbi.nlm.nih.gov/pubmed/31639141
http://doi.org/10.1099/ijs.0.63973-0
http://www.ncbi.nlm.nih.gov/pubmed/16514040
http://doi.org/10.3389/fmicb.2015.00057
http://doi.org/10.1093/jac/dks386
http://doi.org/10.1093/bioinformatics/btu661
http://www.ncbi.nlm.nih.gov/pubmed/25338718
http://doi.org/10.1371/journal.pone.0042304
http://www.ncbi.nlm.nih.gov/pubmed/23028432
http://doi.org/10.1093/bioinformatics/btu153
http://doi.org/10.1093/bib/bbx081
http://doi.org/10.1128/AEM.02411-13
http://www.ncbi.nlm.nih.gov/pubmed/24096415
http://doi.org/10.1099/ijsem.0.000760


Microorganisms 2021, 9, 1751 11 of 11

16. Gupta, S.; Padmanabhan, B.R.; Diene, S.M.; Lopez-Rojas, R.; Kempf, M.; Landraud, L.; Rolain, J.-M. ARG-ANNOT, a New
Bioinformatic Tool to Discover Antibiotic Resistance Genes in Bacterial Genomes. Antimicrob. Agents Chemother. 2014, 58,
212–220. [CrossRef]

17. Liu, B.; Zheng, D.; Jin, Q.; Chen, L.; Yang, J. VFDB 2019: A comparative pathogenomic platform with an interactive web interface.
Nucleic Acids Res. 2019, 47, D687–D692. [CrossRef]

18. Arndt, D.; Grant, J.R.; Marcu, A.; Sajed, T.; Pon, A.; Liang, Y.; Wishart, D.S. PHASTER: A better, faster version of the PHAST
phage search tool. Nucleic Acids Res. 2016, 44, W16–W21. [CrossRef]

19. Ramoul, A.; Loucif, L.; Bakour, S.; Amiri, S.; Dekhil, M.; Rolain, J.-M. Co-occurrence of bla NDM-1 with bla OXA-23 or bla
OXA-58 in clinical multidrug-resistant Acinetobacter baumannii isolates in Algeria. J. Glob. Antimicrob. Resist. 2016, 6, 136–141.
[CrossRef] [PubMed]

20. Olaitan, A.; Diene, S.M.; Kempf, M.; Berrazeg, M.; Bakour, S.; Gupta, S.; Thongmalayvong, B.; Akkhavong, K.; Somphavong, S.;
Paboriboune, P.; et al. Worldwide emergence of colistin resistance in Klebsiella pneumoniae from healthy humans and patients in
Lao PDR, Thailand, Israel, Nigeria and France owing to inactivation of the PhoP/PhoQ regulator mgrB: An epidemiological and
molecular study. Int. J. Antimicrob. Agents 2014, 44, 500–507. [CrossRef]

21. Diene, S.M.; Merhej, V.; Henry, M.; El Filali, A.; Roux, V.; Robert, C.; Azza, S.; Gavory, F.; Barbe, V.; La Scola, B.; et al. The Rhizome
of the Multidrug-Resistant Enterobacter aerogenes Genome Reveals How New “Killer Bugs” Are Created because of a Sympatric
Lifestyle. Mol. Biol. Evol. 2013, 30, 369–383. [CrossRef] [PubMed]

22. Gonzalez, C.F.; Proudfoot, M.; Brown, G.; Korniyenko, Y.; Mori, H.; Savchenko, A.V.; Yakunin, A. Molecular Basis of Formaldehyde
Detoxification. J. Biol. Chem. 2006, 281, 14514–14522. [CrossRef]

23. Harms, N.; Ras, J.; Reijnders, W.N.; van Spanning, R.; Stouthamer, A.H. S-formylglutathione hydrolase of Paracoccus denitrificans
is homologous to human esterase D: A universal pathway for formaldehyde detoxification? J. Bacteriol. 1996, 178, 6296–6299.
[CrossRef] [PubMed]

24. Bruns, H.; Crüsemann, M.; Letzel, A.-C.; Alanjary, M.; McInerney, J.O.; Jensen, P.; Schulz, S.; Moore, B.S.; Ziemert, N. Function-
related replacement of bacterial siderophore pathways. ISME J. 2018, 12, 320–329. [CrossRef]

25. Garcia, E.C.; Brumbaugh, A.R.; Mobley, H.L.T. Redundancy and Specificity of Escherichia coli Iron Acquisition Systems during
Urinary Tract Infection. Infect. Immun. 2011, 79, 1225–1235. [CrossRef] [PubMed]

26. Weakland, D.R.; Smith, S.N.; Bell, B.; Tripathi, A.; Mobley, H.L.T. The Serratia marcescens Siderophore Serratiochelin Is Necessary
for Full Virulence during Bloodstream Infection. Infect. Immun. 2020, 88. [CrossRef] [PubMed]

27. Holden, V.; Breen, P.; Houle, S.; Dozois, C.M.; Bachman, M.A. Klebsiella pneumoniae Siderophores Induce Inflammation, Bacterial
Dissemination, and HIF-1α Stabilization during Pneumonia. mBio 2016, 7, e01397-16. [CrossRef]

28. Basler, M.; Mekalanos, J.J. Type 6 Secretion Dynamics Within and Between Bacterial Cells. Science 2012, 337, 815. [CrossRef]
29. Records, A.R. The Type VI Secretion System: A Multipurpose Delivery System with a Phage-Like Machinery. Mol. Plant Microbe

Interact. 2011, 24, 751–757. [CrossRef]
30. Leiman, P.; Basler, M.; Ramagopal, U.A.; Bonanno, J.B.; Sauder, J.M.; Pukatzki, S.; Burley, S.; Almo, S.C.; Mekalanos, J.J. Type VI

secretion apparatus and phage tail-associated protein complexes share a common evolutionary origin. Proc. Natl. Acad. Sci. USA
2009, 106, 4154–4159. [CrossRef] [PubMed]

31. Yu, K.-W.; Xue, P.; Fu, Y.; Yang, L. T6SS Mediated Stress Responses for Bacterial Environmental Survival and Host Adaptation.
Int. J. Mol. Sci. 2021, 22, 478. [CrossRef] [PubMed]

32. Pukatzki, S.; Ma, A.; Sturtevant, D.; Krastins, B.; Sarracino, D.; Nelson, W.; Heidelberg, J.; Mekalanos, J.J. Identification of a
conserved bacterial protein secretion system in Vibrio cholerae using the Dictyostelium host model system. Proc. Natl. Acad. Sci.
USA 2006, 103, 1528–1533. [CrossRef] [PubMed]

33. Zuo, W.; Nie, L.; Baskaran, R.; Kumar, A.; Liu, Z. Characterization and improved properties of Glutamine synthetase from
Providencia vermicola by site-directed mutagenesis. Sci. Rep. 2018, 8, 15640. [CrossRef] [PubMed]

http://doi.org/10.1128/AAC.01310-13
http://doi.org/10.1093/nar/gky1080
http://doi.org/10.1093/nar/gkw387
http://doi.org/10.1016/j.jgar.2016.05.003
http://www.ncbi.nlm.nih.gov/pubmed/27530856
http://doi.org/10.1016/j.ijantimicag.2014.07.020
http://doi.org/10.1093/molbev/mss236
http://www.ncbi.nlm.nih.gov/pubmed/23071100
http://doi.org/10.1074/jbc.M600996200
http://doi.org/10.1128/jb.178.21.6296-6299.1996
http://www.ncbi.nlm.nih.gov/pubmed/8892832
http://doi.org/10.1038/ismej.2017.137
http://doi.org/10.1128/IAI.01222-10
http://www.ncbi.nlm.nih.gov/pubmed/21220482
http://doi.org/10.1128/IAI.00117-20
http://www.ncbi.nlm.nih.gov/pubmed/32393508
http://doi.org/10.1128/mBio.01397-16
http://doi.org/10.1126/science.1222901
http://doi.org/10.1094/MPMI-11-10-0262
http://doi.org/10.1073/pnas.0813360106
http://www.ncbi.nlm.nih.gov/pubmed/19251641
http://doi.org/10.3390/ijms22020478
http://www.ncbi.nlm.nih.gov/pubmed/33418898
http://doi.org/10.1073/pnas.0510322103
http://www.ncbi.nlm.nih.gov/pubmed/16432199
http://doi.org/10.1038/s41598-018-34022-5
http://www.ncbi.nlm.nih.gov/pubmed/30353099

	Introduction 
	Materials and Methods 
	Bacterial Isolation 
	Antimicrobial Susceptibility Testing 
	Molecular Mechanisms of Antibiotic Resistance and Whole Genome Sequencing 
	Bioinformatic Analysis 
	Conjugation Experiment 

	Results 
	Clinical Information and Phenotypic Characterisation of Isolates 
	Genome Features 
	Genome Comparison with Closely Related Species 
	Resistome 
	Genomic Analysis of the E. coli P8540 Isolate 

	Discussion 
	Conclusions 
	References

