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A B S T R A C T

Salmonella enterica subsp. houtenae (IV) is a non-enteric subspecies of the genus Salmonella and has recently been
implicated in extraintestinal diseases in humans. In Mexico, its reported that rivers are a reservoir of Salmonella
houtenae, however, detailed information about the virulence and infective capacity of this bacterium are limited.
Here, we present the high-quality genome draft of Salmonella houtenae str. CFSAN039533 isolated from a river in
Culiacan, Mexico. In addition, its virulence, antimicrobial resistance profile and the use of carbon sources for its
primary metabolism are analyzed. The genome sequence of CFSAN03953 strain comprises 4.74-Mb which
contains 4266 protein coding genes and 77 tRNA genes. The strain belongs to the Marine serotype (48: g, z51: -),
and showed several virulence genes related to the SPI-1, SPI-2, SPI-3, SPI-5 and fimbriae genes. The strain
exhibited a susceptible phenotype, which contrasted with the resistance genes of aminoglycosides family
identified into the genome. Carbon source degradation evaluation along with the genomic analysis, indicated
that the strain can use a relatively broad spectrum of compounds related to the central metabolic pathways. This
study provides information on the genetics and physiology of Salmonella houtenae that confirms its ability to
survive and adapt to the environment. In addition, its pathogenic potential and infective capacity towards warm-
blooded hosts are demonstrated.

1. Background

The genus Salmonella belongs to the bacterial family
Enterobacteriaceae which comprises gram-negative, mobile, non-sporu-
lated and facultative anaerobes bacilli (Pui et al., 2011). Based on the
16S rRNA sequence and biochemical analysis, Salmonella is divided into
two species with 2579 serotypes: 2557 and 22 serotypes for S. enterica
and S. bongori, respectively (Lamas et al., 2018). Similarly, S. enterica is
further divided into six subspecies denoted by Roman numerals: S.
enterica enterica (I), S. enterica salamae (II), S. enterica arizonae (IIIa), S.
enterica diarizonae (IIIb), S. enterica houtenae (IV) and S. enterica indica
(VI) (Su and Chiu, 2007).

Salmonella causes an annual estimate of salmonellosis cases
of> 179 million, including diarrhea and invasive enteric diseases; In
addition, it causes about 300 thousand deaths worldwide, which is why
it is considered a major public health problem (Kirk et al., 2015). Most

Salmonella diseases are linked to a wide variety of serotypes of S. en-
terica subsp. I, being its main route of dissemination contaminated food
and water (Chen et al., 2013). However, the participation of Salmonella
subsp. II-VI in cases of atypical diseases in humans, has recently been
described (Editorial team collective et al., 2008; Abbott et al., 2012).

Likewise, the emergence of multiple antimicrobial resistant
Salmonella strains used clinically for prophylaxis is frequently reported,
therefore current prevention and treatment strategies have become a
priority (Chen et al., 2013). In Mexico, serotypes of non-typhoid Sal-
monella have been isolated from rivers, which exhibited phenotypes and
genotypes of antimicrobial resistance against b-lactams, tetracyclines,
sulfonamides, trimethoprim, quinolones, aminoglycosides, cephalos-
porins, among other drugs (Castañeda-Ruelas and Jiménez-Edeza,
2018; Burgueño-Roman et al., 2019). The antimicrobial resistance is a
common phenomenon of Salmonella conferred by the presence and
exchange of plasmids and mobile genes. The presence of genomics
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islands (SGI1) has been related to multidrug resistance profile among
Salmonella strains (Gerlach and Hensel, 2007). The indiscriminate use
of antibiotics in human activities also favors this property among bac-
teria (Castañeda-Ruelas and Jiménez-Edeza, 2018).

The etiology of salmonellosis is reported as a complex pathogenesis
that involves multiple virulence genes grouped within the Salmonella
chromosome, and is called SPI “pathogenic islands of Salmonella”
(Gerlach and Hensel, 2007). Plasmid, phage and fimbriae genes have
also been identified as virulence factors for the pathogenesis of sal-
monellosis (Sabbagh et al., 2010; Hansmeier et al., 2017). The position
and composition of the SPIs are associated with a possible acquisition
by horizontal transfer. In addition, a pathogenic Salmonella clone could
share and preserve virulence genes throughout the vertical transfer
(Salama and Falkow, 1999). Currently, there are 21 SPIs, which differ
in characteristics but encode the determinants responsible for the es-
tablishment of specific host interactions (Sabbagh et al., 2010); SPI-1
and SPI-2 have been easily studied and determined as the main SPI for
host infection. The concentration of virulence genes within the SPI
contributes to the particular virulence phenotype between subspecies,
serotypes and strains (Gerlach and Hensel, 2007). Currently, these SPIs
are being described mainly in strains belonged to S. enterica (I).

Salmonella houtenae inhabits the intestinal tract of reptiles and es-
tablishes an endophytic relationship with the natural environment (Zhu
et al., 2013). Today, 73 serotypes of Salmonella houtenae have been
described (Lamas et al., 2018), and some of them have been implicated
as a source of serious and life-threatening diseases, such as sepsis, en-
docarditis and urinary tract infections that primarily affect vulnerable
people (Editorial team collective et al., 2008; Abbott et al., 2012; Chen
et al., 2013). However, the pathogenic potential of Salmonella houtenae
has been underestimated due to the limited genetic information pub-
lished to describe the route of infection, the adaptation process and the
virulence factors that this bacterium can harbor. As far as we know,
there is only one published report of a genome of Salmonella houtenae
(Zhu et al., 2013).

Mexico is considered an endemic Salmonella country with a high
incidence of salmonellosis cases every year (Dirección General de
Epidmeiología (DGE), 2018). And, water resources have been identified
as an important source of multiple non-typhoid Salmonella serotypes,
and Salmonella houtenae is not an exception (Jiménez et al., 2014).
Traditionally, it is denoted that Salmonella does not use water as its
primary habitat; therefore, its persistence is related to the continuous
fecal contamination of the environment (Pui et al., 2011). However,
river water in regions with tropical climates is characterized by optimal
conditions for the survival and persistence of Salmonella (Jiménez et al.,
2014). Medrano-Félix et al. (2017) found that the physicochemical
characteristics and carbohydrate sources of river water allowed the
adaptation of non-typhoid Salmonella serotypes.

Unfortunately, it is documented that rivers in Culiacan Mexico are
often used as a water source for agricultural and recreational activities,
and the safety of this source has been questioned due to reports of non-
typhoid Salmonella outbreaks transmitted by food that are linked to
irrigation water of crops (Behravesh et al., 2008; Centers for Disease
Control and Prevention (CDC), 2012; Centers for Disease Control and
Prevention (CDC), 2013; Centers for Disease Control and Prevention
(CDC), 2015). Therefore, it is necessary to broaden the knowledge of
the influence of the aquatic habitat on the transmission and patho-
genesis of Salmonella, especially in subspecies or poorly reported sub-
species, one of them being Salmonella houtenae.

2. Methods

2.1. Growth bacterial conditions

Salmonella houtenae str. CFSAN039533 was isolated from river at
northwestern region of Mexico in 2009 (Jiménez et al., 2014). The
strain was obtained from the collection of the National Food Safety

Laboratory Research (LANNIA). One colony of CFSAN039533 strain
cultured on Hektoen enteric agar (Oxoid, USA) was inoculated in
tryptic soy broth (Oxoid, USA) for 24 h yielding a final density of
1× 108 CFU/mL (OD=0.1). The bacteria culture was employed for
genotypic and phenotypic analysis.

2.2. Physiological profile

The physiological profile was determined using Biolog-Ecoplates®
(Biolog Inc., USA) according to the manual guide provided by Biolog
Inc. The Biolog-Ecoplates® consist of 96-wells that contain 31 different
substrates (per triplicate) including carbohydrates, amino acids, poly-
mers, amines/amides, carboxylic acids and acetic acids. An aliquot of
150-μL of standardized inoculum was poured into the Biolog-Ecoplates®
and incubated at 37 °C for 72 h. The utilization of a particular substrate
was indicated by the transformation of the indicator dye (tetrazolium
salt) to purple. The data was measured with a spectrophotometer
(λ=590 nm) each 15min, and analyzed with the Microlog Data
Collection software 1.2 (Biolog Inc., USA).

2.3. Antimicrobial resistance analysis

The antimicrobial resistance phenotype of the CFSAN039533 strain
was determined using the disk diffusion method via the standard pro-
cedure of the Clinical and Laboratory Standards Institute (CLSI)
(Clinical and Laboratory Standards Institute (CLSI), 2010). The anti-
microbial drugs tested were amikacin, amoxicillin-clavulanic acid,
ampicillin, apramycin, cefoperazone, ceftazidime, chloramphenicol,
colistin sulfate, furazolidone, gentamicin, nalidixic acid, neomycin,
streptomycin, sulfonamides, tetracycline, and trimethoprim-sulfa-
methoxazole. The results were classified as susceptible, intermediate, or
resistant strain according to the interpretation of the zone diameter
standards recommended by CLSI. Escherichia coli ATCC 25922 strain
was used as control for antimicrobial determinations.

2.4. DNA extraction and whole-genome sequencing

Chromosomal DNA was extracted from bacterial culture using
DNeasy Blood & Tissue Kit (Qiagen, USA), following manufacturer's
instructions. The concentration and purity of genomic DNA con-
centration was tested by Qubit 2.0 fluorometer (Life Technologies,
USA) and NanoDrop 2000 UV-VIS spectrophotometer (Thermo
Scientific, USA), respectively. The sequencing libraries were prepared
using 2 ng of DNA employing Nextera XT kit (2× 251 bp) (Illumina,
USA). Whole genomes were sequenced on an Illumina MiSeq platform
(Illumina, USA). The quality metrics of reads was performed by FastQC,
PEAT-V1–2.1.4 (Li et al., 2015) and Trimmomatic version 0.36 (Bolger
et al., 2014) platforms.

2.5. Genome assembly and annotation

De novo assembling analysis was performed with the pipeline A5-
miseq (Coil et al., 2015). Genome annotation was performed via NCBI
Prokaryotic Genome Annotation Pipeline (PGAP) (Tatusova et al.,
2016). The rRNA and tRNA prediction was performed by PGAP. Signal
peptides were identified by Signalp v4.1 (Petersen et al., 2011) and
clustered regularly interspaced short palindromic repeats (CRISPR) by
CRISPRs Finder online (Grissa et al., 2007). Analyses to identify genes
that were assigned to transmembrane domains were performed by
using TMHMM server v.2.0 (Krogh et al., 2001). Also, the protein do-
mains and clusters of orthologous groups (COG) assignation of the
protein sequences and metabolic pathways (KEEG) were performed in
WebMGA (Wu et al., 2011). MLST finder 1.8 (Larsen et al., 2012),
SeqSero software (Zhang et al., 2015) and Srst2 software (Inouye et al.,
2014) were used to identify the sequence type, serotype and anti-
microbial resistance genes in the draft genome of CFSAN039533 strain,
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respectively.

2.6. Phylogenetic analyses

The phylogenetic tree was obtained by the maximum likelihood
method within MEGA7 software (Kumar et al., 2016) using C+G (%)
for the 36 sequences of 16 s RNA gene representatives of all Salmonella
species. The GenBank accession numbers of the strains are presented in
Fig. 1. Phylogenetic distances were calculated with Kimura's 2-para-
meter model and the support value of nodes was estimated by bootstrap
analysis based on 1000 replicates. Escherichia coli ABD45730 strain
served as an out-group.

2.7. Analysis of pangenome

The genomes of S. Typhimurium LT2 and S. Enteritidis 771,427
strains were included to construct the pangenome of S. houtenae str.
CFSAN039533. DNA sequences and protein-coding sequence (CDS)
from all strains identified by annotation via NCBI prokaryotic genome
(version 3.3) were clustered and visualized using the Gview server
(version 3.0) (Petkau et al., 2010). The default parameters included for
the analysis were BLASTn with an expected value cut-off (1× 10−10),
genetic code (bacteria), identity (80%), and alignment length (100 bp).

2.8. Virulotyping

Selected protein sequences annotated via RAST server related to
pathogenic and adaptation properties (subsystems of virulence and
defense, secretion systems, iron metabolism, regulation, and stress re-
sponse) were analyzed and clustered using multivariate analysis and
the VennPainter tool (version 1.2.0) (Lin et al., 2016). S. Typhimurium

LT2 and S. Enteritidis 77–1427 strains were used as reference strains.
For defining the type or virulence of CFSAN039533 strain, we per-
formed a virulence gene database constituted with 62 representatives'
genes of SPIs (SPI-1, SPI-2, SPI-3, SPI-4, SPI-5 and SPI-7) and fimbriae
genes of Salmonella within the CLC Genomics Workbench program.
Nucleotide sequences of the pathogenic islands genes and virulence-
relegated genes were obtained from Virulence Factors Database (VFD)
and Protein Data Bank (PDB). The Basic Location Alignment Search
Tool (BLAST) was used for mapping the current identity and coverage
of virulence gene database. A threshold of 99% of similarity was con-
sidered to determine the identity of a gene.

3. Results

3.1. Physiological profile

The physiological profile of S. houtenae str. CFSAN039533 is showed
in Table 1. The CFSAN039533 strain metabolized an average of 45%
out of the 31 carbon sources of the Biolog-Ecoplates® tasted; polymers,
carbohydrates, amino acids and miscellaneous compounds were iden-
tified as mainly chemical groups assimilated by the strain. The amino
and amides groups were not used by the strain during growth condition.

3.2. Antimicrobial resistance profile

S. houtenae str. CFSAN039533 was identified as susceptible to all
antimicrobials drugs of the panel tested.

3.3. Genome properties

The draft genome sequence of S. houtenae str. CFSAN039533 is part

Fig. 1. Phylogenetic tree highlighting the position of Salmonella houtenae str. CFSAN03953 relative to other Salmonella species and subspecies. Phylogenetic tree was
obtained by the Maximum Likelihood method within MEGA7 software using JC+G for the 36 sequences of 16 s RNA gene representatives of all Salmonella species.
GenBank accession numbers are presented in parentheses. The position of the isolate CFSAN330395 is indicated in red. Escherichia coli ABDO45730 served as the
outgroup. The scale bar represents 0.01 substitutions per nucleotide position. Support value of nodes was estimated by bootstrap (1000 replicates using neighbor-
joining). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of GenBank BioProject PRJNA186035 under the accession no.
MEKC00000000. The summary of features for the draft genome is
shown in Table 2. The genome assembly of CFSAN039533 strain con-
sists of 62 DNA contigs amounting to ~4.74Mb with a G+C content of
51.6%. Of the 4553 total genes, 4266 were protein-coding sequences,
106 RNAs related genes (including 77 tRNAs and 17 rRNAs), and 181
pseudogenes were also identified. The genome coverage was 76×. The
genes assigned to COG functional categories are listed in Table 3, re-
vealing that the most abundant COG category was protein related to
transport and metabolism of carbohydrates (373 proteins) and amino
acids (363 proteins). Also, KEGG tool was used to investigate the

metabolic pathways of the CFSAN039533 strain showing genes to
metabolize amino acids, carbohydrates, glycans, lipids, polyketides,
nucleotides, cofactors and vitamins. Additionally, many genes related
to ABC transporters, bacterial secretion and phosphotransferase systems
were identified as its main membrane transport to uptake nutrients,
which its related with its carbon source phenotype (Table 1). MLST
finder 1.8 identified the sequence type of CFSAN039533 strain as ST-
454, while SeqSero software determined its antigenic formula as
48:g,z51 corresponding to Marina serotype. Regarding SRST2 platform,
it was identified that the CFSAN039533 strain displayed resistance
genes belonging to aminoglycosides drugs family (Aac6-Iaa_AGly).

3.4. Phylogenetic tree

S. houtenae str. CFSAN039533 is classified within the order
Enterobacteriales of the class Enterobacteriaceae and genus Salmonella.
Based on the phylogenetic tree constructed with 16S rRNA, the
CFSAN039533 strain is placed in the distinct cluster formed by the
Salmonella houtenae (IV) strains as shown in Fig. 1. The 16S rRNA
phylogenetic tree also revealed that the CFSAN039533 strain was clo-
sely related to Salmonella diarizonae (IIIb) and to Salmonella enterica (I)
strains, but distant from Salmonella bongori.

3.5. Analysis of pangenome

A pangenome of S. houtenae str. CFSAN039533 was constructed
based on its DNA sequence and CDS, and taking as a reference the S.
Typhimurium LT2 and S. Enteritidis 77–1427 strains (Fig. 2). The
strains have an open pangenome with a conserved core genome based
on the DNA sequence (Fig. 2A). Contributions of unique DNA regions of
CFSAN039533 strain were observed. Interestingly, S. houtenae str.
CFSAN039533 differed markedly in the CDSs content regarding to re-
ference strains (Fig. 2B). A total of 5615 CDSs were identified among
the strains, approximately sharing a 62.2% (n=3491) of CDSs of the
represented core genome (Fig. 2C). Particularly, S. houtenae str.
CFSAN039533 had a higher content of unique CDSs (n=846) in the
constructed pangenome when compared to serotypes of Salmonella en-
terica.

Table 1
Metabolic profile of Salmonella houtenae str. CFSAN039533 from river in
Mexico.

Type Carbon sources Utilization Chemical guild
rate

Amino acids L-Arginine − 50%
L-Asparagine +
Ác. Glycil L-Glutamic acid +
L-Phnylalanine −
L-Serine +
L-Threonine −

Carbohydrates D-Cellobiose − 43%
i-Erythritol −
N-Acetyl D-Glucosamine +
β-Methyl-D-Glucoside +
α-D-Lactose −
D-Mannitol +
D-Xylose −

Carboxylic acids γ-Hidroxy butyric acid − 33%
α-Keto butyric acid −
2-Hidroxy benzoic acid −
4-Hidroxy benzoic acid −
D-Galactonic acid −
D-Glucosaminic acid +
γ-Lactone D-Galacturonic
acid

+

Itaconic acid +
D-Malic acid −

Amines/amides Phenylethylamine − 0%
Putrescine −

Polymers Tween 40 + 50%
Tween 80 +
Glycogen −
α-Ciclodextrina −

Miscellaneous α-D,L-Glycerol phosphate + 100%
Glucose-1-phosphate +
Pyruvic acid Methyl ester +

+: Positive result, −: Negative result.

Table 2
Genome statistics Salmonella houtenae str. CFSAN039533 from river in Mexico.

Attribute Value (%)a

Genome size (bp) 4,743,243 100.0
DNA coding (bp) 4,151,358 87.52
DNA G+C (bp) 2,447,638 51.60
DNA scaffolds 0 100.0
Total genes 4553 100.0
Protein coding genes 4266 93.69
RNA genes 107 2.35
Pseudo genes 181 3.97
Genes in internal clusters NA NA
Genes with function prediction 3338 73.31
Genes assigned to COGs 3561 78.21
Genes with Pfam domains 3823 83.97
Genes with signal peptides 1073 25.15
Genes with transmembrane helices 1036 22.75
CRISPR repeats 1 0.02

a The total is based on either the size of the genome in base pairs or on the
total number of protein coding genes in the annotated genome.

Table 3
Number of genes associated with general COG functional categories.

Code Description Proteins

No. %

J Translation, ribosomal structure and biogenesis 180 4.22
A RNA processing and modification 1 0.02
K Transcription 319 7.48
L Replication, recombination and repair 181 4.24
B Chromatin structure and dynamics 0 0
D Cell cycle control, Cell division, chromosome partitioning 37 0.87
V Defense mechanisms 56 1.31
T Signal transduction mechanisms 198 4.64
M Cell wall/membrane biogenesis 245 5.74
N Cell motility 101 2.37
U Intracellular trafficking and secretion 122 2.86
O Posttranslational modification, protein turnover,

chaperones
146 3.42

C Energy production and conversion 282 6.61
G Carbohydrate transport and metabolism 373 8.74
E Amino acid transport and metabolism 363 8.51
F Nucleotide transport and metabolism 86 2.02
H Coenzyme transport and metabolism 157 3.68
I Lipid transport and metabolism 96 2.25
P Inorganic ion transport and metabolism 210 4.92
Q Secondary metabolites biosynthesis, transport and

catabolism
65 1.52

R General function prediction only 401 9.40
S Function unknown 354 8.30
– Not in COGs 705 16.53
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3.6. Virulotyping

The comparison of S. houtenae str. CFSAN039533 with clinical
Salmonella strains is presented in Fig. 3. It showed that these Salmonella
strains shared a similar content of the most selected proteins annotated
via RAST (Fig. 3A), which playing roles as pathogenicity factors. It was
observed that S. houtenae str. CFSAN039533 shared a genetic homology
of ≈86% and ≈60% with S. Typhimurium LT2 and S. Enteritidis
77–1427, respectively. The three strains of Salmonella shared 234
(86%) of selected proteins (Fig. 3B); 3 genes were classified as specific
for CFSAN039533 strain related to virulence functions (ClfA) and reg-
ulation systems (HigA, Ygfl) (Fig. 3C). The comparison of the virulence
database with CFSAN39533 strain revealed the presence of 41 (66.0%)
virulence genes mainly located in pathogenicity islands (SPIs) and re-
lated with fimbriae genes (Fig. 4). The concentration of virulence genes
located in SPIs of the CFSAN039533 strain plays an essential role for
pathogenic mechanisms (adhesion, invasion, intracellular survival,
toxin production, fimbriae expression, resistance), and define a parti-
cular virulence type of Salmonella houtenae.

4. Discussion

The physiological characterization and De novo sequencing of the

genome of S. houtenae str. CFSAN039533 were conceived in this study,
in order to clarify its abilities to persist at the aquatic environment, and
determine its role as a potential waterborne pathogen. Furthermore,
currently unreported genetic information is provided for S. houtenae
serotype Marina, pointing out key properties for colonizing warm-
blooded host. The complexity and diversity of aquatic ecosystem at the
northwestern of Mexico, which is consequence of agricultural and do-
mestic activities (Jiménez et al., 2014; Arellano-Aguilar et al., 2017),
could be an important influence over the physiology and prevalence of
Salmonella spp.

The physiological fingerprint observed in the CFSAN039533 strain,
by using Biolog-Ecoplates®, showed the versatile metabolic capacity of
this bacteria to use substrates from different chemical groups (Table 1).
This functional microbial behavior, could give Salmonella houtenae the
ability to inhabit as a possible symbiont in the aquatic ecosystem.
Several studies have employed the Biolog-Ecoplates® for describing the
microbial ecology from environmental samples likewise soil, water, sea,
land, and wastewater, providing an identifiable metabolic fingerprint
(Preston-Mafham et al., 2002; Xu and Ge, 2015). In order to make
conclusive asseverations further assays must be conducted with Sal-
monella subspecies strains. This study reports a concordance between
the genomic analysis of the metabolic pathways of S. houtenae str.
CFSAN039533 and the expressed metabolic phenotype (Table 1).

Fig. 2. Circular plots of pangenomes of Salmonella houtenae str. CFSAN039533. The genome sequences were subjected to pangenome analysis using the GView server
based in A) sequences and B) CDSs. The innermost slot shows the constructed pangenome and the outer slots indicate the specific strain genomes. The white space
indicates a region missing in the specified genome. C) Venn diagram illustrating the number of unique CDSs in each strain, core genome (in the middle) and accessory
CDSs.
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In relation to the antimicrobial susceptibility of Salmonella, several
studies reported the increase of antimicrobial resistance in non-typhoid
Salmonella strains (Liang et al., 2015), but, available information about
Salmonella houtenae is scared. Previously, Franco et al. (2011) showed a
wild-type susceptible phenotype of Salmonella houtenae towards the
major classes of antimicrobials used in human therapy. Nowadays, it
has been observed that Salmonella houtenae strains have acquired re-
sistance against to ampicillin, tetracycline (Singh et al., 2013), and
streptomycin (Barazorda et al., 2015). In this study, the CFSAN039533
strain isolated from river water, displayed a susceptible phenotype to
different antimicrobial families such as β-lactams, aminoglycosides,
tetracyclines, cephalosporin, trimethoprim, and quinolones. But, in si-
lico analysis of its antimicrobial resistance, showed putative genes as-
sociated with aminoglycoside resistance, which it could be under-ex-
pressed. However, aminoglycosides family is not recommended to
salmonellosis therapy due to limited biocide activity. The bacterial re-
sistance of aminoglycosides drugs family is due to aminoglycoside 6’-N-
acetyltransferase (Aac6-Iaa_AGly) enzymes mainly encoded into chro-
mosomal structure, which phenotype has been correlated with the
weakly expressed or unexpressed Aac6 family genes (Magnet et al.,
1999). Even though, a susceptible strain was observed, the interchange
of antimicrobial resistance genes should not be surprised, considering
that the rivers at the northwestern of Mexico have being identified as a
harboring source of multidrug resistance non-typhoid Salmonella ser-
otypes (Castañeda-Ruelas and Jiménez-Edeza, 2018).

For the 16S rRNA phylogenetic tree, CFSAN039533 strain and re-
ference strains of Salmonella houtenae were tightly clustered. Zhu et al.
(2013) showed the phylogenetic relation of Salmonella houtenae
(RKS3027 str.) with Salmonella species placed it between S. enterica (I)
and S. bongri. A key factor of divergence of Salmonella species (bongori
and eneterica) is the acquisition of pathogenic island-2 (SPI-2) that
contributes its ability to colonize a host cell type. It was defined that
Salmonella houtenae diverged from subspecies Salmonella enterica, Sal-
monella indica and Salmonella salamae by the content of virulence and
metabolic factors (Pui et al., 2011; Zhu et al., 2013). A total of 73
serotypes of Salmonella houtenae have been described (Pui et al., 2011);
CFSAN039533 strain was typed as Marina serotype, which it is con-
sidered an opportunistic pathogen related with cold-blood animal
transmission via (Editorial team collective et al., 2008; Pui et al., 2011;
Abbott et al., 2012).

The DNA sequencing methods together with bioinformatics tools
have allowed to describe the biology of several microorganisms. A great
number of genomes sequences of Salmonella enterica subsp. enterica
have been published at genomics databases (NCBI, RAST, IMG), but
there is scared data concerning of Salmonella houtenae. To best our
knowledge, it was reported a total of 41 assembly genomes at National
Center of Biotechnology Information, and only one research publication
(Zhu et al., 2013) was done for this non-enterica subspecies of Salmo-
nella. The pangenome performed in this study showed the genetic re-
lationship grade within the selected strains with respect to DNA

Fig. 3. The virulence core genome of Salmonella houtenae str. CFSAN039533. A) The total protein belonging to the RAST subsystems related to pathogenicity and
adaptation of Salmonella. B) Cluster analysis of the selected protein; black, dark-gray and gray represented the core, unique and accessories genes, respectively. The
tree on the upper side of the figure shows a hierarchical complete-linkage clustering of the profiles based on the Euclidean distance.
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sequencing, where the main differences could be associated by different
host-adapted pathogenic lifestyles. This assumption also can be related
with the discrepancy in the CDS content between the strains (Fig. 2).
The comparison between the two most recognized human Salmonella
pathogens and an “environmental” Salmonella serovar, allows us to
hypothesize about the distinctive genes of each strain can be associated
with the virulence in cold-blooded host (CFSAN039533 strain) and/or
warm-blooded host (S. Typhimurium LT2 and S. Enteritidis 77–1427
strains). Likewise, CFSAN039533 strain shared an important number of
CDS with reference strains, which could support its ability to colonizes
warm-blooded host as observed with the virulotyping analysis done
(Fig. 3 and Fig. 4).

The genome annotation of the CFSAN039533 strain helps to identify
the factors that allow it to colonize a host or the environment, and
infers its implication in human health as a pathogen. The
CFSAN039533 strain displayed putative metabolic genes related with
survival strategies at a non-host source (Table 3 and Fig. 3), such as
water. Also, a closely relatedness (60–86%) of these genetic properties
was observed between CFSAN039533 strain and the clinical reference
strains (Fig. 3). The relationship between the genomic content with its
pathogenic potential in vitro, has been evidenced in non-typhoid Sal-
monella strains from aquatic origin (Burgueño-Roman et al., 2019). In
this sense, water is identified as reservoir and/or potential transmission
vehicle of pathogenic Salmonella strains, such Salmonella houtenae.

One of the main goals of this study was the contribution to the
knowledge of the pathogenesis of Salmonella houtenae since its epidemic
interest has become relevant. Nowadays, Salmonella houtenae have been
reported as an opportunistic pathogen, but its genetic information and
interpretation, is still scare. The CFSAN039533 strain displayed viru-
lence genes belonging to SPI-1, SPI-2, SPI-3 and SPI-5, which allow an
efficient pathogenic life cycle into wide range of hosts (Fig. 3 and
Fig. 4). Rychlik et al. (2009) have described the SPI 1–5 as main SPIs
into Salmonella genome. Many studies have highlighted that SPI-1, SPI-
2 and SPI-4 are conserved genetic islands, while SPI-3 and SPI-5

displayed a variable genetic information (Gerlach and Hensel, 2007;
Sabbagh et al., 2010), which could favor the ability to colonize the host.

The fimbriae genes displayed in CFSAN039533 strain ensure the
first step of Salmonella pathogenesis because are involved in the cell
host adhesion process, and further colonization and dissemination
(Hansmeier et al., 2017). Interestingly, this strain presents 10 of the
approximately 20 adhesion genes (fimbriae and non-fimbriae genes)
described for Salmonella (Wagner and Hensel, 2011; Hansmeier et al.,
2017). Further, this strain presents the tcfA gene, which is a fimbriae
operon previously reported as specific for S. Typhi and absent in S.
Typhimuirum (Bishop et al., 2008). The detection of the SPI-1 and SPI-2
into the genome of CFSAN039533 strain, could suggest the capacity of
this strain to use the secretion system III and to encode genes that
guarantee the adherence, invasion and intracellular replication into
phagocytic and non-phagocytic cells. Also, the genes of SPI-3 and SPI-5
have been associated with survival into macrophages and en-
teropathogenesis, respectively (Gerlach and Hensel, 2007; Rychlik
et al., 2009; Sabbagh et al., 2010). The arsenal of molecular factors
described in this draft-genome define S. houtenae str. CFSAN039533 as
a potential pathogen, and requires the exploration of genomic bases
into diverse strains of this subspecies.

5. Conclusions

High-draft genome sequence described here is the first published
document providing an insight into genomic basis and metabolic
characteristics of S. houtenae serotype Marina (strain CFSAN039533).
The CFSAN039533 strain shows the ability to colonize warm-blooded
host and display antimicrobial resistance defenses. This genome se-
quence has been deposited in GenBank, contributing to garner in-
formation of Salmonella houtenae genome, and stimulate further epi-
demiologic investigations into this Salmonella subspecies. This
information analyzes in detail the Salmonella houtenae chromosome and
its implication in public health problems.

Fig. 4. Virulotyping of Salmonella houtenaestr. CFSAN03953 isolated from river water in Northwestern Mexico. The bioinformatics analysis of virulence genes was
denoted with values of 1 (present) and− 1 (absent). The virulence gene database was constructed including SPIs (I, II, III, IV, V and VII), and fimbriae and quorum
sensing genes.
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