
Citation: Vázquez, X.; Fernández, J.;

Heinisch, J.J.; Rodicio, R.; Rodicio,

M.R. Insights into the Evolution of

IncR Plasmids Found in the Southern

European Clone of the Monophasic

Variant of Salmonella enterica Serovar

Typhimurium. Antibiotics 2024, 13,

314. https://doi.org/10.3390/

antibiotics13040314

Academic Editors: Marta Oliva and

Carla Calia

Received: 4 March 2024

Revised: 22 March 2024

Accepted: 25 March 2024

Published: 29 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antibiotics

Article

Insights into the Evolution of IncR Plasmids Found in the
Southern European Clone of the Monophasic Variant of
Salmonella enterica Serovar Typhimurium
Xenia Vázquez 1,2,†, Javier Fernández 1,2,3,4,5, Jürgen J. Heinisch 6 , Rosaura Rodicio 2,7,‡

and M. Rosario Rodicio 1,2,*,‡

1 Departamento de Biología Funcional, Área de Microbiología, Universidad de Oviedo (UO),
33006 Oviedo, Spain; xenia.vazquez@ipla.csic.es (X.V.); fernandezdjavier@uniovi.es (J.F.)

2 Grupo de Microbiología Traslacional, Instituto de Investigación Sanitaria del Principado de Asturias (ISPA),
33011 Oviedo, Spain; mrosaura@uniovi.es

3 Servicio de Microbiología, Hospital Universitario Central de Asturias (HUCA), 33011 Oviedo, Spain
4 Centro de Investigación Biomédica en Red-Enfermedades Respiratorias, 30627 Madrid, Spain
5 Research & Innovation, Artificial Intelligence and Statistical Department, Pragmatech AI Solutions,

33001 Oviedo, Spain
6 Department of Genetics, Faculty of Biology and Chemistry, University of Osnabrück, Barbarastrasse 11,

D-49076 Osnabrück, Germany; jheinisc@uni-osnabrueck.de
7 Departamento de Bioquímica y Biología Molecular, Universidad de Oviedo (UO), 33006 Oviedo, Spain
* Correspondence: rrodicio@uniovi.es
† Current address: Instituto de Productos Lácteos de Asturias, Consejo Superior de Investigaciones Científicas

(IPLA-CSIC), 33300 Villaviciosa, Spain.
‡ These authors contributed equally to this work.

Abstract: Salmonella enterica subspecies enterica serovar 4,[5],12:i:- is a monophasic variant of S. Ty-
phimurium which has emerged as a world-wide distributed pathogen in the last decades. Several
clones have been identified within this variant, the European clone, the Spanish clone, the Southern
European clone and the U.S./American clone. The present study focused on isolates of the South-
ern European clone that were obtained from clinical samples at Spanish hospitals. The selected
isolates were multidrug resistant, with most resistance genes residing on IncR plasmids that also
carried virulence genes. These plasmids had a mosaic structure, comprising a highly reduced IncR
backbone, which has acquired a large amount of exogenous DNA mostly derived from pSLT and
IncI1-I(alfa) plasmids. Although composed of approximately the same elements, the investigated
plasmids displayed a high diversity, consistent with active evolution driven by a wealth of mobile
genetic elements. They comprise multiple intact or truncated insertion sequences, transposons,
pseudo-compound transposons and integrons. Particularly relevant was the role of IS26 (with six
to nine copies per plasmid) in generating insertions, deletions and inversions, with many of the
rearrangements uncovered by tracking the patterns of eight bp target site duplications. Most of the
resistance genes detected in the analyzed isolates have been previously associated with the Southern
European clone. However, erm(B), lnu(G) and blaTEM-1B are novel, with the last two carried by a
second resistance plasmid found in one of the IncR-positive isolates. Thus, evolution of resistance in
the Southern European clone is not only mediated by diversification of the IncR plasmids, but also
through acquisition of additional plasmids. All isolates investigated in the present study have the
large deletion affecting the fljBA region previously found to justify the monophasic phenotype in the
Southern European and U.S./American clones. An SNP-based phylogenetic analysis revealed the
close relationship amongst our isolates, and support that those sharing the large fljBA deletion could
be more heterogeneous than previously anticipated.

Keywords: monophasic variant of Typhimurium; Southern European clone; ST19; multidrug resistance;
IncR; resistance-virulence plasmid; plasmid evolution; phylogenetic analysis
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1. Introduction

Non-typhoid serovars of Salmonella enterica are one of the major causes of bacterial
food-borne gastrointestinal infections worldwide [1,2]. More than 2600 serovars have been
identified in this complex species [3], but three of them, S. Enteritidis, S. Typhimurium and
S. 4,[5],12:i:-, are by far the most commonly involved in clinical human infections in many
parts of the world, including Europe [1].

In S. enterica, two flagellar phases can be alternatively expressed. Phase variation
relies on the switch of transcription between the fliC and fljBA genes, which encode the
phase 1 flagellin (fliC), the phase 2 flagellin (fljB), and a transcriptional repressor of fliC
(fljA). The switch between fliC and fljB expression is mediated by site specific inversion
of a DNA segment, named segment H, catalyzed by a DNA invertase encoded by the hin
gene. Depending on the orientation of this segment, which is flanked by the hixL and
hixR recombination sites and contains the promoter of the fljBA genes, either fliC or fljBA
are expressed [4]. Although considered as an independent serovar for epidemiological
surveillance, several lines of evidence support that S. 4,[5],12:i:- is a monophasic variant
of S. Typhimurium which lacks the second phase flagellar antigens, represented by 1,2
in the antigenic formula of biphasic S. Typhimurium (4,[5],12:i:1,2). This is supported by
subtyping results, including phage typing, PFGE (Pulsed-Field Gel Electrophoresis) and
MLST (MultiLocus Sequence Typing), and by phylogenetic analysis [5–10].

Since the 1990s, this monophasic serovar has been increasingly detected, currently
representing a public health hazard worldwide [7–9,11–15]. However, it soon became
clear that S. 4,[5],12:i:- is a heterogeneous serovar, comprising multiple clonal lines which
emerged at different geographical locations through independent deletion events affecting
the hin-fljBA chromosomal region of diverse S. Typhimurium ancestors [16]. The predomi-
nant clone, known as the European clone, displays multidrug resistance (MDR) encoded
by chromosomal genes, and belongs to sequence type (ST) 34. First reported in Europe, this
clone has spread all over the world, with its proportion increasing constantly since around
2005 [5,7,15,17]. Other S. 4,[5],12:i:- clones, including the originally reported Spanish clone,
the Southern European clone and the U.S./American clone, belong to ST19. Isolates of
the U.S./American clone are mostly susceptible to antibiotics [16,18], while those pertain-
ing to both the Spanish and the Southern European clones are MDR, and their resistance
properties are conferred by plasmids of the IncC (formerly known as IncA/C [19]) and
the IncR incompatibility groups, respectively [20–26]. Interestingly, both types of plas-
mids also contain virulence genes derived from pSLT, the virulence plasmid specific for S.
Typhimurium [21–23,26].

The term “Southern European clone” was coined to accommodate monophasic isolates
obtained from human clinical samples, food of animal origin and the environment in
Portugal which shared the same chromosomal deletion removing the fljBA genes, as the U.S.
isolates. However, they were resistant to chloramphenicol, streptomycin, sulfamethoxazole,
tetracycline and trimethoprim due to the acquisition of IncR plasmids [25]. Similar isolates
were also collected in Italy and Spain from human and swine samples, and their IncR
plasmids carried pSLT-virulence genes together with the resistance genes [21,23].

Given the high incidence and global distribution of the European ST34 clone, it has
been extensively studied. On the other hand, information on the monophasic ST19 clones
is comparatively scarce, particularly for the Southern European clone (reviewed in [8]).
For instance, the sequence of only a single IncR plasmid (pST1023) carried by an Italian
isolate belonging to the latter clone has been reported so far [21]. Taking this into account,
we performed detailed conventional and genomic analyses of six isolates pertaining to the
latter clone, which were obtained from human clinical samples in Spain between 2012 and
2018. Special attention was paid to the diversity and evolution of the IncR plasmids which
confer resistance and virulence properties to the Southern European monophasic clone.
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2. Results
2.1. Origin and Typing of the Isolates Belonging to the Southern European Clone

The six isolates of the Southern European clone selected for the present study derived
from the collection of S. 4,[5],12:i:- clinical isolates recorded at the LSP (Laboratorio de Salud
Pública, Asturias, Spain) in the years 2012–2018. They were obtained from human feces (5)
or blood (1) at three different hospitals in our region (Table 1). According to information
provided by the CNM, four and two isolates presented the antigenic formula 4,5,12:i:-
and 4,12:i:-, respectively, and in silico serotyping supported the monophasic phenotype.
Regarding phage type, and also according to CNM information, the isolates were DT
(Definitive Type) 18 (2), DT104 (1), DT120 (1) or RDNC (Reacted but Did Not Conform; 2).
As expected for the Southern European clone, the sequence type was ST19 as determined
by MLST performed in silico.

Table 1. Origin, general features and resistance properties of clinical isolates belonging to the Southern
European clone of the monophasic variant of Salmonella enterica serovar Typhimurium.

Isolate a
Patient:

Sex b/Age (Sample) c

Hospital d

Antigenic
Formula

Phage
Type e R-Profile AMR-Phenotype/Genotype f R-Plasmid (Inc; Size in bp) g

Other Plasmids (Size in bp)

LSP 64/15 F/56 (Fc)
HFJ 4,5,12:i:- RDNC R1

CHL-STR-SUL-TET-TMP/
cmlA1, [aadA1, aadA2, strA-∆1,

strB], sul3, tet(B), dfrA12
qacH

pLSP 64/15 (IncR; 126,138)

LSP 197/14 F/1 (Fc)
HUC 4,5,12:i:- DT18 R1

CHL-STR-SUL-TET-TMP/
cmlA1, [aadA1, aadA2, strA-∆2,

strB], sul3, tet(B), dfrA12
qacH

pLSP 197/14 (IncR; 119,881)

LSP 52/13 M/81 (Fc)
HFJ 4,5,12:i:- DT18 R1

CHL, STR, SUL, TET, TMP/
cmlA1, [aadA1, aadA2, strA-∆2,

strB], sul3, tet(B), dfrA12
qacH

pLSP52/13 (IncR; 113,363)

LSP 40/13 F/33 (Fc)
HUCA

4,12:i:- DT120 R2

AMP, CHL, STR, SUL, TMP/
cmlA1, [aadA1, aadA2, strA-∆2,

strB], sul3, dfrA12
qacH, silPGABFCRSE

pLSP 40/13-1 (IncR; 121,068)

blaTEM-1B, lnu(G) pLSP 40/13-2 (ni; 33,942)

- ni (4593); oriColE (3830);
ni (3374)

LSP 40/12 F/53 (Fc)
HUC

4,12:i:- DT104 R3

CHL, STR, SUL, TET, TMP/
cmlA1, [aadA1, aadA2, strA-∆2,

strB], sul3, tet(B), dfrA12
qacH, silPGABFCRSE

pLSP 40/12 (IncR; 124,546)

- ni (4593); ni (4,066); ni (3374)

LSP 6/12 M/89 (B)
HUCA 4,5,12:i:- RDNC R4

CHL, STR, SUL, TET, TMP/
cmlA1, [aadA1, aadA2, aadA22,

strA-∆2, strB], sul3, tet(B), dfrA12,
erm(B)
qacH

pLSP 6/12 (IncR; 138,093)

a, LSP, Laboratorio de Salud Pública, Asturias, Spain. b, M, male; F, female. c, Fc, feces; B, blood. d, HUCA,
Hospital Universitario Central de Asturias; HUC, Hospital Universitario de Cabueñes; HFJ, Hospital Fundación
Jove. e, RDNC, Reacted but Did Not Conform; DT, Definitive Type. f, AMR, AntiMicrobial drug Resistance; AMP,
ampicillin; CHL, chloramphenicol; STR, streptomycin; SUL, sulfonamides; TET, tetracycline; TMP, trimethoprim.;
strA-∆1, deleted gene consisting of 354 out of 804 nt; strA-∆2, deleted gene consisting of 354 out of 804 nt. g, Inc,
Incompatibility group; Resistance plasmids are highlighted in bold; ni, not identified.

2.2. Patterns of Antibiotic Resistance and Identification of the Responsible Genes

Overall, resistances to ampicillin (encoded by blaTEM-1B), chloramphenicol (cmlA1),
streptomycin (aadA1, aadA2, aadA22, ∆strA and strB), sulfonamides (sul3), tetracycline
[tet(B)] and trimethoprim (dfrA12) were detected in the analyzed isolates. By combining
the resistance phenotypes and genotypes, four resistance profiles, termed R1 to R4, were
identified. The most frequent profile was R1, shared by three isolates, while each of
the other profiles was associated with a single isolate. ResFinder correctly identified all



Antibiotics 2024, 13, 314 4 of 17

resistance genes previously detected by PCR amplification. Moreover, bioinformatics
analyses detected the presence of the erm(B) gene, associated with the MLS (macrolide-
lincosamide-streptogramin B) phenotype, and the lnu(G) gene, for lincosamide resistance,
each in a single isolate. However, all isolates were susceptible to azithromycin while
lincosamides susceptibility was not tested (see Section 4). Moreover, the silESRCFBAGP
cluster for silver resistance was found in two isolates, the merR and merT genes in four
isolates, and the qacH gene for resistance quaternary ammonium compounds in all of them
(Table 1). The MIC of AgNO3 of the two isolates positive for the sil genes (LSP 40/12 and
LSP 40/13) was 62 µM, twice the value obtained for the isolates of the Southern European
clone lacking the sil cluster, and that for S. Typhimurium LT2, included as negative control
(31 µM). The MIC of the positive control, LSP 389/97, belonging to the monophasic Spanish
clone was considerably higher (125 µM) [26].

2.3. Plasmid Analysis

The presence of plasmids was experimentally investigated by PBRT and comple-
mented with in silico analysis of the sequenced genomes. According to their assignment
to the Southern European clone, a large IncR plasmid was detected in each isolate, and a
second resistance plasmid, of unidentified incompatibility group, was found in a single
isolate (LSP 40/13). In addition, small cryptic plasmids (of less than ca. 4.6 kb) belonging
to the ColE group or with an unknown replicon were observed in two out of the six isolates
(Table 1).

2.3.1. Comparative Analysis of the IncR Plasmids and Phylogenetic Relationships

Figure 1 shows a comparison of the IncR plasmids reconstructed in the present study,
whose sizes ranged between ca. 119 and 138 kb. Based on the length of the IncR backbone,
two groups could be established, in which it accounted for only approximately 5 or 11 kb,
respectively. Both contain the repB gene responsible for initiation of replication, a set of
iterons controlling repB expression and therefore copy number, and a resD-like gene coding
for a resolvase, probably involved in multimer resolution. In four out of the six plasmids,
the IncR backbone also contained the parA and parB genes for accurate plasmid partition,
the umuC and umuD genes involved in DNA repair and the retA gene, encoding a group
IIB intron reverse transcriptase. The remaining DNA could be mostly traced to pSLT, the
virulence plasmid specific for S. Typhimurium (IncFIIS + IncFIB), and to IncI1-I(alpha)
plasmids. Small segments derived from IncP, IncN and IncFIB plasmids were also found
in some but not all plasmids. Within the exogenous DNA, multiple resistance genes were
associated with a wealth of intact or truncated mobile genetic elements, including integrons,
insertion sequences, transposons and pseudo-compound transposons (PCTs), i.e., structures
bounded by directly-oriented copies of IS26 [27]. Particularly relevant is the presence of six,
seven and nine copies of this insertion sequence (which belongs to the IS6 family) in two,
three and one of the IncR plasmids, respectively (Figure 1).

pLSP 40/12 and pLSP 40/13-1 are the two plasmids with the shortest IncR backbone.
Downstream of this highly reduced backbone, both contained the sil region, responsible
for enhanced silver resistance (Section 2.2). This region, which also encompasses insertion
sequence ISKpn74 (IS5 family), is flanked by two copies of IS26 in the same orientation.
Further downstream, and preceded by another copy of IS26, appears the pSLT DNA that
in pLSP 40/12 consists of a large continuous segment of ca. 59.4 kb that spans from
∆traH to ccdA. Within this segment, the genes psiAB (inhibition of plasmid SOS), samAB
(homologous to umuDC [28]), parBApSLT for plasmid partition, ccdBA encoding a toxin-
antitoxin system, and a large but incomplete set of genes involved in conjugation are found.
The spv (Salmonella plasmid virulence) locus and the virulence gene mig5 (macrophage-
inducible gene [29]) are also placed within this segment (see Section 4). In pLSP 40/13-1,
the pSLT DNA is subdivided into two blocks, separated by an additional copy of IS26. The
first block (42.7 kb) spans between ∆PSLT045 (following the annotation used in NC_003277;
5′-end) and ∆traH and is inverted with respect to the equivalent region found in pLSP 40/12
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and flanked by oppositely-oriented copies of IS26. In agreement with the IS26-mediated
inversion of the segment, the location and orientation of the TSDs (target site duplications)
are altered, appearing in opposite orientation at the conventional 3′-end of the two IS (iTSD:
CGATATAC/TSD: GTATATCG, originally present in PSLT045). The second block (16.6 kb)
extends between ∆PSLT045 (3′-end) and ccdA. Except for PSLT045, which is intact in pSLP
40/12 and disrupted in pLSP 40/13-1, all other pSLT genes coincide in the two plasmids.
Finally, a defective Tn10 transposon carrying tet(B) for tetracycline resistance is located
between the sil region and the pSLT DNA in pLSP 40/12 but not in pLSP 40/13-1, which
belongs to the only isolate susceptible to tetracycline (Table 1). Like the sil region of the
two plasmids, the tet(B) region of pLSP 40/12 is flanked by equally-oriented copies of IS26,
giving rise to PCTs.
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Figure 1. Comparison of the reconstructed IncR plasmids found in Spanish isolates of the Southern
European monophasic clone. Coding regions are represented by arrows indicating the direction
of transcription and colored according to their origin or function: dark blue, IncR backbone; pale
blue, pSLT DNA; purple, IncI1-I(alfa) DNA; green, DNA traced to plasmids of other incompatibility
groups; red, resistance genes; yellow, IS26; brown, genes from other transposable elements, including
insertion sequences and transposons; pink, intI1 gene encoding the integrase of class 1 integrons;
white, orfs of unknown origin. Large but incomplete sets of genes involved in conjugation are carried
by the pSLT and IncI1-I(alfa) segments, although they are not specified in the Figure. The alignments
were created with EasyFig 2.2.5 blastn. The gray shading between regions reflects nucleotide sequence
identities according to the scale shown at the right lower corner of the figure.

The remaining DNA is very similar in pLSP 40/12 and pLSP 40/13-1, but occurs
in opposite orientations. It consists of two segments that could be tracked to plasmids
of the IncI1-I(alpha) group, and two resistance regions. One of the latter contains the
∆strA and strB genes bounded by ISEcl5 (IS3 family) and IS26, while the other consists
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of a sul3-class 1 integron with the intI1/dfrA12-orfF-aadA2-cmlA1-aadA1-qacH-IS440-sul3
configuration, assigned to type I [30]. The first IncI1 I(alfa) segment (ca. 7.4 kb) comprises
genes involved in plasmid stability (pndAC coding for a toxin-antitoxin system) and another
defective set of genes for conjugational transfer. This segment is more closely related to
DNA present in several IncI1-I(alfa) plasmids from S. enterica (accession numbers CP053578,
KX058576 and CP016520) and from multiple strains of E. coli. However, they differ by
the presence of IS1 inserted within the IncI1-I(alfa) DNA of our plasmids but not in the
homologous regions of other plasmids. The second IncI1-I(alfa) segment, of ca. 10.5 kb, is
located downstream or upstream of the sul3-type I integron in pLSP 40/12 and LSP 40/13-1,
respectively. It includes two korC-like regulatory genes and is identical to a region found
in pB39-I, an E. coli plasmid of the IncI1-I(alpha) group, which also carries the sul3-type 1
integron (accession number OQ420470). Upstream of the integron, an additional region (of
ca. 3.8 kb; bounded by directly oriented IS26) is found in pLSP 40/13-1 but not in pLSP
40/12. This region is nearly identical to a region from plasmids of the IncP incompatibility
group found in different Enterobacterales (i.e., CP035316). Both in pLSP 40/12 and pLSP
40/13-1, the sul3-type I integron is flanked by oppositely-oriented IS26, associated with
iTSD (GTCGCCGG) and TSD (CCGGCGAC; belonging to the tnpR gene coding for the
resolvase of Tn21). In pLSP 40/13-1, the segment also encompasses the IncP DNA.

All other IncR plasmids analyzed in the present study (pLSP 6/12, pLSP 52/13,
pLSP 197/14 and pLSP 64/15; Figure 1) belong to the second group. They contain the
larger IncR backbone and lack the sil genes, consistent with the silver susceptibility of the
isolates in which they were detected (Section 2.2). Instead, following the boundary of the
IncR backbone, there is a complex region which comprises a truncated repA gene of the
IncN incompatibility group, a small segment derived from IncFIB plasmids, and multiple
insertion sequences belonging to two different families: IS1X3 and IS1X2 (IS1 family)
and IS903B (IS5 family). Downstream of this region, they contain two pSLT segments,
with the first inverted with respect to the homologous region in pSLT and flanked by
oppositely-oriented copies of IS26, as previously shown for pLSP 40/13-1. However, the
two segments do not exactly coincide with each other and in plasmids of the second group
they are separated by the tet(B)-containing element which has the merRT genes at the 3′-end.
Moreover, all plasmids of the second group carry an extra copy of IS26 inserted within
the first pSLT segment, in the intergenic region between ∆PSLT044 (annotated as rglA in
the pSLT sequence but coinciding with the tnpA gene of an insertion sequence of the IS481
family) and mig5. In pLSP 52/13 and pLSP 197/14 (which are nearly identical to each
other), IS26 is delineated by eight bp TSDs (GTGAAAAC). pLSP 6/12 and pLSP 64/15 have
the small segment inverted and flanked by oppositely oriented copies of IS26, associated
with iTSD (GTTTTCAC) and TSD (GTGAAAAC).

The remaining DNA of these plasmids includes the strB-∆strA genes and two segments
derived from IncI1-I(alpha) plasmids separated by the sul3-type I-integron, as previously
observed for pLSP 40/12 and pLSP 40/13-1. However, the first IncI1-I(alfa) segment is
much bigger (32.5 kb vs. 7.4 kb), including a larger set of conjugative genes together
with genes involved in plasmid stability (pndAC), SOS response inhibition (psiAB) and
translesion error-prone repair (impCA-∆impB), among others. Interestingly, in one of
the plasmids (pLSP 6/12), an additional region of ca. 11.7 kb was inserted within the
second IncI1-I(alfa) segment. The additional DNA comprises the genes encoding the EcoRII
restriction–modification system, the intI1/aadA22 genes of a second class 1 integron, and the
erm(B) gene, first reported in the Southern European clone. The entire region is delineated
by equally-oriented copies of IS26 flanked by eight bp TSDs (TGCTGGAC), which belong
to an IncI1-I(alpha) gene of unknown function. Another copy of IS26 appears between
the defective class 1 integron and the erm(B) gene. Nearly identical DNA sequences are
carried by pR17.4111_p113k, a plasmid of S. Enteritidis (CP063290), also belonging to the
IncI1-I(alfa) group.
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2.3.2. The Second Resistance Plasmid of LSP 40/13

Although most of the resistance properties displayed by the isolates of the Southern
European clone were conferred by IncR plasmids, two resistance genes, blaTEM-1B and
lun(G), were carried by pLSP 40/13-2, a second plasmid detected in LSP 40/13 (Figure 2).
pLSP 40/13-2 comprises 33.9 kb and belongs to a yet unknown incompatibility group.
Within this plasmid, the lnu(G) gene is inserted into the transposase gene of ISPst2, an
insertion sequence of the ISL3 family first reported in Pseudomonas stutzeri strain OX1 [31].
The insertion sequence is flanked by eight bp TSDs (GATTTATC), which belong to the inter-
genic region between two genes encoding hypothetical proteins and located downstream
and upstream of parB and mobC of pLSP 40/13-2, respectively. This plasmid also contains
the blaTEM-1B gene as part of transposon Tn2. Neither lnu(G) nor blaTEM-1B were previously
found in the Southern European monophasic clone.
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Figure 2. Comparison of an lnu(G)-containing plasmid carried by a Spanish isolate of the Southern
European monophasic clone with a related plasmid found in Escherichia coli strain ETEC1716 (ac-
cession number CP122883). Coding regions are represented by arrows indicating the direction of
transcription and colored according to their origin or function: red, resistance genes; yellow, IS26:
brown, genes from other transposable elements, including insertion sequences and transposons;
pink, intI1 gene; green, all other plasmid genes. Apart from virB8 and virB4 (truncated in pLSP
40/13-2), other genes involved in conjugationare carried by both plasmids, but they are not specified.
The alignments were created with EasyFig 2.2.5 blastn. The gray shading between regions reflects
nucleotide sequence identities according to the scale shown at the right lower corner of the figure.

According to blastn comparisons, plasmids related to pLSP 40/13-2, sharing more
than 97% identity with a 68–92% coverage, were only found in several Enterobacterales,
including two strains of S. enterica, one of serovar S. Enteritidis and another of unidentified
serovar, as well as in several isolates belonging to Escherichia coli, Klebsiella pneumoniae,
Citrobacter, Serratia and Erwinia amylovora. Only two of these plasmids, one from the E.
coli enterotoxigenic strain ETEC1712 (accession number CP122883) and the other from C.
braakii (CP126334), carried lnu(G). A comparison of pLSP40/13-2 with the E. coli plasmid is
shown in Figure 2. They only differ by the presence of an IS26 inserted within the vir region
of pLSP 40/13-2, and of an additional element carrying a defective ∆int/aadA integron
and the pemK-pemI antitoxin-toxin genes in the E. coli plasmid. This element is flanked
by oppositely-oriented copies of IS26 and has integrated into the Tn2 transposon which
harbours blaTEM-1B.

2.4. Genetic Basis of the Monophasic Phenotype and Phylogenetic Analysis

The genetic basis of the monophasic phenotype was established by comparison of the
hin-fljBA chromosomal region of S. Typhimurium LT2 with the corresponding regions of
the isolates under study (Figure 3). Coinciding with information previously reported for
the Southern European and also for the U.S/American clone [20,25], our isolates had a
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large deletion of ca. 70.5 kb, which starts downstream of STM2692 and ends within the hixL
inverted repeat of segment H, retaining the hin gene that encodes the invertase responsible
for phase variation in the biphasic isolates (Figure 3).
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Figure 3. Comparison of the DNA regions located between STM2692 and iroB in the chromosomes
of Salmonella enterica serovar Typhimurium LT2 (genes are named according to accession number
AE006468.1) and the isolates of the Southern European clone analyzed in the present study. The
alignments were created with EasyFig 2.2.5 blastn. The gray shading between regions reflects
nucleotide sequence identities according to the scale shown at the right lower corner of the figure.
Genes are represented as arrows pointing in the direction of transcription. Color code: grey, genes
present in S. Typhimurium LT2 and the isolates of the Southern European clone; white, genes present
only in S. Typhimurium LT2; pink, genes present in isolates of the Southern European clone but not in
the equivalent chromosomal region of S. Typhimurium LT2. Please note that the hin gene responsible
for phase variation is oppositely oriented in 4 and 2 isolates of the Southern European clone.

The deletion removes the fljA and fljB genes, thereby accounting for the monophasic
phenotype, together with the prophage Fels-2 genome, and the STM2741 to STM2769
region. In all cases, the missing DNA was replaced by a ca. 5.3 kb bp insert, which contains
prophage genes, genes involved in DNA repair (umuC and another one encoding an SOS
response-associated peptidase) or non-annotated orfs. It is noticeable that the two isolates
of the first group (LSP 40/12 and LSP 40/13) and four isolates of the second group (LSP
6/12, LSP 52/13, LSP 197/14 and LSP 64/15) carried segment H in opposite orientations.

Finally, to investigate the relationships between the isolates under study, an SNP-based
phylogenetic tree was constructed, also including the genomes of the Italian ST1023 isolate
and of 25 other isolates containing the large fljBA deletion responsible for the monophasic
phenotype in the Southern European and the U.S./American clones. All isolates selected in
this way were ST19, except one which was ST7910 (a single locus variant of ST19 having
the sucA_1113 allele instead of sucA_9). According to the available information, most of
them were collected in American countries (U.S, Canada and Trinidad and Tobago), but
some originated in Asia (South Corea and China). They derived from different sources,
mainly human clinical samples, and to a lesser extent from food-producing animals, food
and the environment (Table S2).

Isolates in the phylogenetic tree differed by a maximum of 779 nt (Figure 4; Table S3).
Those analyzed in the present study were separated by 0 (LSP 52/13 vs. LSP 197/14)
to 69 (LSP 40/13 vs. LSP 64/15) SNPs, forming a tight clonal group, supported by a
100% bootstrap value, which also included the Italian ST1023 isolate. The latter differed
from the Spanish isolates by 39 to 53 SNP. The phylogenetic distances with the remaining
isolates were considerably higher, ranging between 510 and 776 SNP. Those isolates were
distributed into several other clusters or appeared as independent branches. One of these
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clusters contained the Asian isolates together with others of unknown provenance, while
within the rest, isolates from American countries were grouped.
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matrix used to construct the phylogenetic tree are shown in Table S2 and Table S3, respectively.

3. Materials and Methods
3.1. Isolate Selection

All 603 S. 4,[5],12:i:- isolates recovered from human clinical samples between 2012 and
2018 in a Northern Spanish region (Asturias) were experimentally tested for antimicrobial
susceptibility, resistance genes and plasmid content (to be published elsewhere). Six
isolates that proved to be positive for the IncR replicon and had an R-pattern (phenotype
and genotype) consistent with the Southern European clone were selected for the present

https://cge.food.dtu.dk/services/CSIPhylogeny/
https://cge.food.dtu.dk/services/CSIPhylogeny/
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study. The serotype and phage type were experimentally determined at the CNM (Centro
Nacional de Microbiología, Madrid, Spain).

The presence of IncR plasmids was demonstrated by PBRT (PCR-Based Replicon
Typing [32]). Antimicrobial susceptibility was determined by disk diffusion assays using
Mueller–Hinton agar and commercially available discs (Oxoid, Madrid, Spain). The tested
compounds (with the amount per disk in µg given in parentheses) were ampicillin (10),
amoxicillin-clavulanic acid (30), cefepime (30), cefotaxime (30), cefoxitin (30), erthapenem
(10), chloramphenicol (30), amikacin (30), gentamicin (10), kanamycin (30), streptomycin
(10), tobramycin (10), azithromycin (15), nalidixic acid (30), ciprofloxacin (5), sulfonamides
(300), tetracycline (30), trimethoprim (5), fosfomycin (300) and nitrofurantoin (300). Results
were interpreted according to EUCAST (The European Committee on Antimicrobial Sus-
ceptibility Testing; https://eucast.org/clinical_breakpoints/; last accessed on 12 December
2023) or to CLSI (Clinical and Laboratory Standards Institute) guidelines [33]). Genes re-
sponsible for resistance to ampicillin [blaTEM-1B, blaOXA-1, blaPSE-1], chloramphenicol [cmlA1,
catA1, floR], aminoglycosides [aac(3)-IV, aadA1-like, aadA2, strA, strB], sulfonamides [sul1,
sul2, sul3], tetracycline [tet(B), tet(A)] and trimethoprim (dfrA1-like, dfrA12) were detected
by simplex or multiplex PCR-amplifications [34]. The MIC (Minimum Inhibitory Concen-
tration) of silver was determined by microdilution tests using AgNO3 at concentrations
ranging between 0 and 125 µM. S. Typhimurium LT2 and S. 4,5,12:i:- LSP 389/97, previously
shown to be either susceptible or resistant to silver [26], were used as negative and positive
controls, respectively.

3.2. Whole Genome Sequencing, Assembly, Annotation and Bioinformatics Analysis

The whole genome sequence of the six IncR-positive isolates was generated with
short-read Illumina technology. Genomic DNA was purified from overnight cultures
grown in Luria–Bertani broth, using the GenEluteTM Bacterial Genomic DNA Kit (Sigma-
Aldrich; Merck Life Science, Madrid, Spain). Sequencing was performed in a HiSeq 2500
at the CIBIR (Centro de Investigación Biomédica de La Rioja, Logroño, Spain) or in a
NovaSeq 6000 S2 PE150 XP at Eurofins Genomics (Ebersberg, Germany). In both cases,
paired-end reads of 90 or 150 nucleotides were obtained from ca. 500 bp fragment libraries.
The obtained raw reads were assembled into contigs with the VelvetOptimiser.pl script
implemented in the online version of PLACNETw, which also assigns the created contigs
to either the chromosome or to plasmids, based on BLAST searches and coverage (https:
//castillo.dicom.unican.es/upload/; last accessed on 28 April 2021 [35]). The genomes
were deposited in GenBank under the accession numbers provided below (see also Table
S1, which contains additional information about the assembled genomes), and annotated
by the NCBI Prokaryotic Genome Annotation Pipeline (PGAP; https://www.ncbi.nlm.nih.
gov/genome/annotation_prok/; last accessed on 18 April 2022 [36]).

Bioinformatics analyses were performed with PLACNETw, in combination with sev-
eral tools available at the Center for Genomic Epidemiology (CGE) of the Technical Univer-
sity of Denmark (DTU), including SeqSero 1.2, MLST 2.0, ResFinder 4.5.0, PlasmidFinder
2.1 and pMLST 2.0 (https://cge.cbs.dtu.dk/services/; last accessed on 22 March 2024). In-
sertion sequences were accurately assigned using ISfinder (https://isfinder.biotoul.fr/; last
accessed on 14 February 2024). Reconstruction of the resistance plasmids was accomplished
by closing the gaps between overlapping contigs of plasmids origin, identified by PLAC-
NETw, using PCR reactions with specific primers pairs (available upon request), followed
by Sanger sequencing of the obtained amplicons (performed at Eurofins Genomics), when
required. Analysis of fljBA regions was achieved with the aid of blastn, CLONE Manager
(CloneSuit9), and also with a customized data base comprising all open reading frames
(ORF) located between STM2692 and iroB in the chromosome of biphasic S. Typhimurium
LT2 (accession number AE006468.1 [37]). Graphic representations were obtained with
EasyFig 2.2.5 (https://mjsull.github.io/Easyfig/; last accessed on 12 February 2024).

https://eucast.org/clinical_breakpoints/
https://castillo.dicom.unican.es/upload/
https://castillo.dicom.unican.es/upload/
https://www.ncbi.nlm.nih.gov/genome/annotation_prok/
https://www.ncbi.nlm.nih.gov/genome/annotation_prok/
https://cge.cbs.dtu.dk/services/
https://isfinder.biotoul.fr/
https://mjsull.github.io/Easyfig/
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3.3. Phylogenetic Analysis

An SNP (Single Nucleotide Polymorphism)-based phylogenetic tree was built for the
genomes of the six isolates sequenced in the present study, the Italian ST1023 isolate whose
IncR plasmid was sequenced [21], and 25 other monophasic isolates potentially belonging
to the Southern European or the U.S./American clone. The latter were selected by blastn
searches of the insert associated with a large deletion responsible for the monophasic
phenotype in the two clones, and the flanking DNA. The origin, country and date of
detection of the isolates, as well as the accession numbers of the genomes, which were
retrieved from GenBank-NCBI (https://www.ncbi.nlm.nih.gov/genbank/; last accessed
on 16 February 2024), are compiled in Table S2. To construct the tree, the CSI phylogeny
tool (version 1.4) available at the CGE website [38] was used. The pipeline was run with
default parameters, using LSP 6/12 as the reference for SNP calling. The pairwise SNP
distance matrix used to generate the tree is shown in Table S3. Bootstrap support for the
consensus tree was based on 1000 replicates [39].

4. Discussion

In S. enterica, two types of “hybrid” plasmids have evolved through acquisition of
either resistance genes by serovar-specific virulence plasmids (VR plasmids) or of virulence
genes by resistance plasmids belonging to different incompatibility groups (RV plasmids).
Both types of such plasmids have been reported in the emergent monophasic 4,[5],12:i:-
variant of S. Typhimurium [40]. For instance, RV plasmids belonging to the incompatibility
groups IncC and IncR were specifically associated with the Spanish and Southern European
ST19 clones, respectively [21–24]. Monophasic isolates positive for RV plasmids of the IncR
group were first recovered from human and swine samples in Spain and Italy, and the
presence of a Tn10-like-tet(B) transposon, the sul3-type I integron, and the spvC virulence
gene of pSLT in these plasmids has already been shown [23]. Soon after, IncR plasmids
were reported in monophasic isolates from human and pork samples in Portugal, and the
term Southern European clone was then coined [25].

In the present study, six isolates of the Southern European clone were sequenced
with short-read Illumina technology, and their IncR plasmids were reconstructed. The
backbone of these plasmids was highly degenerated, only accounting for ca. 5 and 11 kb, in
those of group 1 and group 2, respectively. However, it has incorporated large portions of
exogenous DNA, mostly derived from pSLT and the IncI1-I(alpha) incompatibility group,
but also from the IncN, IncFIB and IncP groups, although to a lesser extent and only present
in some plasmids. Accordingly, the newly sequenced plasmids have a mosaic structure,
comprising DNA from several sources as previously reported for pST1023 [21].

The IncR plasmids predominantly contributed to the MDR phenotype of the analyzed
isolates. All resistance genes found in these plasmids were associated with intact or
truncated genetic elements involved in DNA mobility, including insertion sequences,
transposons, PCTs and integrons. Worth noting is the very high number of insertion
sequences, belonging to different families, including IS1, IS5, IS6, IS200/IS605 and IS481,
with several of them, especially IS26, appearing in more than one copy.

Regarding integrons, transposons and PCTs, (i) the sul3-class 1 integron with the type
I configuration (intI1/dfrA12-orfF-aadA2-cmlA1-aadA1-qacH-IS440-sul3 [30]) was present in
all plasmids. However, in two plasmids (pLSP 52/13 and pLSP 197/14, which are closely
related), the intI1 gene was truncated by the insertion of IS26. Those with the intact intI1
gene were associated with a remnant Tn21, including the tnpR and tnpA genes, coding
for the resolvase and transposase, respectively; (ii) the tet(B) gene was found as part of a
defective Tn10 in all but one plasmid that belonged to the tetracycline susceptible isolate
LSP 40/13-1. In pLSP 40/12, this element is flanked by directly-oriented copies of IS26,
forming a PCT, while in the remaining plasmids they are oppositely-oriented and also
encompassed the merRT genes of a truncated mer locus; (iii) the sil genes were likewise
embedded within a PCT in two of the plasmids (pLSP 40/12 and pLSP 40/13-1); (iv) the
strB-∆strA genes, detected in all IncR plasmids analyzed herein, were flanked by ISEc15

https://www.ncbi.nlm.nih.gov/genbank/
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and IS26, the latter probably being responsible for the two different deletions affecting strA,
which have left 117 and 184 out of the 267 nt of the intact gene in one and five plasmids,
respectively. Finally, (v) one of the plasmids (pLSP 6/12) has acquired an additional DNA
segment which contains a second class 1 integron, consisting only of intI1/aadA22, and the
erm(B) gene.

Apart from diversification of the IncR plasmids, evolution of the Southern European
clone can also occur through acquisition of additional plasmids. This was the case with LSP
40/13, in which a second resistance plasmid (pLSP 40/13-2) was found. This plasmid, of
unknown incompatibility group, contains the blaTEM-1B gene carried by the Tn2 transposon
and the lnu(G) gene. The latter gene was first identified in Enterococcus faecalis, embedded
in transposon Tn6260 [41], and then in many other Gram-positive and Gram-negative
bacteria, carried by the chromosome or plasmids, and associated with different genetic
elements. In Enterobacterales, ISPst2 is the main contributor to the spread of this gene [42].
In the present study, ISPst2, which has lnu(G) integrated within the tnp gene, was acquired
by pLSP 40/13-2 through replicative transposition, as demonstrated by the presence of
the TSDs.

Three out of the six isolates investigated in the present study displayed the resistance
pattern previously associated with the Southern European clone [20,21,23,25]. The remain-
ing three showed variations due to acquisition of the sil genes conferring silver resistance
and/or of the erm(B) and lnu(G) genes associated with resistance to antibiotics that pre-
vent protein synthesis by binding to the 23S rRNA in the 50S ribosomal subunit [43,44].
These antibiotics, including macrolides and lincosamides, are widely used to fight infec-
tions caused by Gram-positive bacterial pathogens, and also by specific Gram-negative
pathogens. However, classic macrolides, like erythromycin, are not considered for the
treatment of infections produced by Enterobacterales, including S. enterica, due the intrinsic
resistance associated with poor permeability of the outer membrane [43,45]. In contrast,
azithromycin, a semisynthetic derivative of erythromycin, enters more readily and displays
excellent potential against Enterobacterales. It thus became an antibiotic of choice to treat
infections with MDR non-typhoid serovars of S. enterica in vulnerable patients as well as
uncomplicated cases of enteric fever [43]. Although resistance of S. enterica to azithromycin
remains low (for instance, 0.8% in Europe in 2020 [46]), several mechanisms preventing its
action have already been reported. These include methylation of 23S rRNA by the products
of erm(B) and erm42, modification of the antibiotic by the macrolide 2′-phosphotransferase
encoded by mph(A), and enhanced expression of efflux pumps [47–52]. However, in the
present study, the existence of erm(B) in one isolate of the Southern European monophasic
clone did not correlate with azithromycin resistance. Similarly, several genes conferring
resistance to lincosamides, including erm(B) and lun(G), have been reported in S. enter-
ica [50,53]. However, as in the case of classic macrolides, this bacterium is intrinsically
resistant to lincosamides, such as lincomycin and clindamycin [45], so resistance to these
antibiotics was not tested for the lnu(G)-positive isolate detected herein.

The erm(B) and lnu(G) genes, both reported in the Southern European monophasic
clone for the first time, are carried by mobile genetic elements located on plasmids. Thus,
although erm(B) did not confer resistance to azithromycin, and the expected role of lnu(G) is
masked by intrinsic resistance of S. enterica to lincosamides, this clone can act as a reservoir
and contribute to the dispersion of these genes to other bacterial pathogens. In this respect,
it is worth noting that IncR plasmids, including those found in the Southern European
clone, are not conjugative. However, as shown in [21], they can be efficiently mobilized by
plasmids of different incompatibility groups. It would be interesting to determine whether
pLSP 40/13-2 is conjugative, and if so if it would be able to mobilize the co-resident
IncR plasmid.

Apart from multiple resistance genes, pSLT-derived virulence genes were also pro-
vided by the IncR plasmids of the Southern European clone. In these plasmids, the pSLT
DNA appeared as a contiguous segment (pLSP 40/12) or disrupted either by IS26 (pLSP
40/13-1) or the tet(B)-containing element (in the remaining plasmids that belong to the
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second group). In all cases, the spv locus, which is the hallmark of serovar-specific virulence
plasmids, remains intact. This locus strongly increases the ability of Salmonella to proliferate
intracellularly during the extraintestinal phase of the disease, and has been associated
with severe, disseminated infections in humans [54,55]. It comprises the spvR gene whose
product is a transcriptional activator required for expression of the spvABCD operon. The
products of the spvB and spvC genes are the main virulence factors provided by the serovar-
specific virulence plasmids [56]. SpvB destabilizes the host cell cytoskeleton by covalently
attaching an ADP-ribosyl group to G-actin monomers, preventing their polymerization.
SpvC has phosphothreonine lyase activity and can inhibit MAP (mitogen-activated protein)
kinase signaling, leading to down-regulation of cytokine release from infected cells. It is of
note that in pST1023, but not in our plasmids, the spcC gene was disrupted by insertion of
the tet(B)-containing element, which separates the pSLT DNA into two segments [21]. An-
other virulence gene of pSLT acquired by the IncR plasmids of the Southern European clone
is mig5, which encodes a carbonic anhydrase that catalyses hydration of CO2 leading to
HCO3− formation and is expressed in S. Typhimurium after ingestion by macrophages [29].

As stated above, multiple copies of IS26 are present in the IncR plasmids of the
Southern European clone, and a single copy was also detected in the second resistance
plasmid of one isolate (LSP 40/13). As suggested in [57], the eight bp TSDs and their
patterns were used in the present study to track the replicative movement of IS26. This
insertion sequence is playing a key role in the evolution and diversification of the IncR
plasmids by (i) integration of individual copies at randomly selected target sites, without
further rearrangements, as a result of intermolecular transposition; and by (ii) provoking
deletions and inversions affecting the exogenous DNA associated with intramolecular
transposition by the cis and trans pathways [57]. IS26 could also have been transposing
using the targeted conservative mechanism, which involves translocatable units (TU;
consisting on one copy of IS26 and the adjacent DNA) and leads to the generation of
PCTs [27]. For instance, the additional segment of pLSP 40/13-1 where the erm(B) gene
is located could have been acquired as a TU, now being bounded by directly-oriented
copies of IS26. Many other PCTs were identified in the analyzed IncR plasmids, like
those enclosing the sil region in pLSP 40/12 and pLSP 40/13-2; the tet(B) element in pLSP
40/12; and the sul3-type I integron of pLSP 52/13, pLSP 197/14 and pLSP 6/12. The sil-
and the tet(B)-PCTs were previously reported in pST1023 [21]. The latter shares the IncR
backbone with plasmids of the second group in the present study and carries the sil genes
like those belonging to the first group, although they did not confer silver resistance [21].
Apart from IS26, many other insertion sequences have apparently been involved in the
evolution of antibiotic resistance in the Southern European clone. A relevant example is
the ISPst2-mediated insertion of the lnu(G) gene into pLSP 40/13-2.

To establish the phylogenetic relationships between the isolates investigated in the
present study, a phylogenetic tree was constructed including the genomes of ST1023 as
well as of other isolates sharing the same large deletion removing fljBA but maintaining
the hin gene. In the SNP-based phylogenetic tree, the Spanish isolates formed a coherent
group together with the Italian isolate, all of them belonging to the Southern European
clone. Other groups of closely related isolates were detected, but the large phylogenetic
distances existing between them suggests that isolates having the fljBA deletion pattern pre-
viously associated with the Southern European and U.S./American clones, could comprise
additional ones. Further phylogenetic studies are required to clarify this point.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics13040314/s1, Table S1: Accession numbers of genomes
of monophasic isolates of Salmonella enterica belonging to the Southern European clone; parameters
related to the quality of the assemblies; Table S2: Origin and accession numbers of the genomes
of isolates of monophasic Salmonella enterica potentially belonging to the Southern European and
U.S./American clones used for phylogenetic analysis in the present study; Table S3: Pairwise distance
matrix calculated from SNP in the genomes of monophasic isolates of Salmonella enterica, potentially
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belonging to the Southern European and the U.S./American clones and derived from different sources
and countries. References [58–65] are cited in the Supplementary Materials.
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