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ABSTRACT

Salmonella enterica subsp. enterica serotype Enteritidis is a major cause of human salmonellosis worldwide; however, little is
known about the genetic relationships between S. Enteritidis clinical strains and S. Enteritidis strains from other sources in
Chile. We compared the whole genomes of 30 S. Enteritidis strains isolated from gulls, domestic chicken eggs, and humans in
Chile, to investigate their phylogenetic relationships and to establish their relatedness to international strains. Core genome
multilocus sequence typing (cgMLST) analysis showed that only 246/4,065 shared loci differed among these Chilean strains, sep-
arating them into two clusters (I and II), with cluster II being further divided into five subclusters. One subcluster (subcluster 2)
contained strains from all surveyed sources that differed at 1 to 18 loci (of 4,065 loci) with 1 to 18 single-nucleotide polymor-
phisms (SNPs), suggesting interspecies transmission of S. Enteritidis in Chile. Moreover, clusters were formed by strains that
were distant geographically, which could imply that gulls might be spreading the pathogen throughout the country. Our cg-
MLST analysis, using other S. Enteritidis genomes available in the National Center for Biotechnology Information (NCBI) data-
base, showed that S. Enteritidis strains from Chile and the United States belonged to different lineages, which suggests that S.
Enteritidis regional markers might exist and could be used for trace-back investigations.

IMPORTANCE

This study highlights the importance of gulls in the spread of Salmonella Enteritidis in Chile. We revealed a close genetic rela-
tionship between some human and gull S. Enteritidis strains (with as few as 2 of 4,065 genes being different), and we also found
that gull strains were present in clusters formed by strains isolated from other sources or distant locations. Together with previ-
ously published evidence, this suggests that gulls might be spreading this pathogen between different regions in Chile and that
some of those strains have been transmitted to humans. Moreover, we discovered that Chilean S. Enteritidis strains clustered
separately from most of S. Enteritidis strains isolated throughout the world (in the GenBank database) and thus it might be pos-
sible to distinguish the geographical origins of strains based on specific genomic features. This could be useful for trace-back
investigations of foodborne illnesses throughout the world.

Salmonella enterica subsp. enterica serotype Enteritidis is one of
the most prevalent S. enterica serotypes in Chile and through-

out the world (1, 2). This pathogen is considered an emerging
foodborne zoonosis, and evidence shows a clear epidemiological
association between commercial poultry products (mainly under-
cooked eggs and meat) and human disease (1, 3–5). In Chile, S.
Enteritidis emerged as a pathogen of public health importance in
1994, and both the poultry industry and public health services
maintain active surveillance for this pathogen (1). Recently, stud-
ies have suggested that S. Enteritidis in Chile could potentially be
transmitted among wild birds, domesticated poultry, and hu-
mans; this could partially explain the recent increased prevalence
of human salmonellosis in Chile (6, 7). However, that assessment
was derived by combining the discriminative powers of pulsed-
field gel electrophoresis (PFGE), virulence types, and phenotypic
characteristics (7), which might be ineffective for S. Enteritidis
because it has very low genetic diversity (3, 8). Although PFGE is
the gold standard for foodborne outbreak investigations, it lacks
sufficient resolution to determine whether two S. Enteritidis iso-
lates are phylogenetically related (8). In the present study, we
wanted to investigate, through genomic analyses, whether S. En-

teritidis strains isolated from different sources in Chile are phylo-
genetically related and whether strains isolated from gulls indeed
pose a risk to the health of humans or domesticated animals.

Investigating these questions also will allow us to explore grow-
ing evidence that some S. enterica serotypes possess biogeograph-
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ical structures. For example, the whole-genome sequences of S.
enterica serotype Newport strains isolated in Asia cluster sepa-
rately from those of S. Newport isolates from other parts of the
world (9). More recently, a combination of whole-genome se-
quencing (WGS) and geographical metadata allowed tracing of S.
enterica Bareilly strains from a foodborne outbreak in the United
States back to sites in India (10). Some S. Enteritidis lineages can
be linked to geographical locations such as Africa or California,
suggesting that migratory fauna could have a role in spreading
some S. Enteritidis lineages to other parts of the world (3). Allard
et al. demonstrated that WGS had the ability to distinguish S.
Enteritidis strains from two farms producing contaminated eggs
(8), and two other recent U.S. outbreaks were identified in New
York and Minnesota (11, 12); therefore, it is reasonable to expect
that WGS of S. Enteritidis will be useful for distinguishing isolates
across a wider geographical area. While evidence indicates that
some lineages and clades of S. Enteritidis could be linked closely to
geographical locations, whether S. Enteritidis strains isolated in
Chile can be reliably differentiated from S. Enteritidis strains iso-
lated from other parts of the globe has not been established.

To address these questions, we sequenced the genomes of 30 S.
Enteritidis strains isolated from different hosts in Chile and con-
ducted WGS analysis by core genome multilocus sequence typing
(cgMLST) and maximum likelihood (ML) analysis of the single-
nucleotide polymorphisms (SNPs) identified in the core genome

loci. cgMLST analysis has previously been used for tracking and
surveillance of Mycobacterium tuberculosis (13), methicillin-resis-
tant Staphylococcus aureus (MRSA) (14), Listeria monocytogenes
(15), Neisseria (16), and Vibrio parahaemolyticus (17). Our aims
were to identify phylogenetic relationships among S. Enteritidis
strains isolated from different hosts and to compare their genomic
sequences with those of strains from other geographical regions.

MATERIALS AND METHODS
Bacterial strains. S. Enteritidis strains (n � 30) isolated from gulls (n �
10; fecal samples), chicken eggs (n � 9; donated by María Esther Saldías,
Servicio Agrícola y Ganadero, Chile), and humans (n � 11; donated by Alda
Fernández, Instituto de Salud Publica, Chile) were collected between 2009
and 2012 from locations around Chile (Table 1) and were stored in Micro-
bank cryogenic vials at �80°C in the Laboratory of Infectious Diseases, Vet-
erinary Medicine School, University of Chile. Strains were confirmed as Sal-
monella spp. with a Vitek 2 system (bioMérieux, Durham, NC).

DNA extraction. Strains were grown overnight at 37°C in tryptic soy
broth (TSB), and then DNA was extracted from individual samples using
a DNeasy blood and tissue kit (Qiagen, Valencia, CA). DNA concentra-
tions were measured with a Qubit fluorometer (Life Technologies, Carls-
bad, CA) and standardized to 0.2 ng/�l, and samples were stored at
�20°C prior to library preparation.

Library preparation and sequencing. Libraries were prepared with a
Nextera XT DNA sample preparation kit (Illumina, San Diego, CA), ac-
cording to the manufacturer’s instructions. Genomes were sequenced us-

TABLE 1 Salmonella enterica serotype Enteritidis strains isolated from different sources in Chile

Strain CFSANa no.
Year of
isolation

Region of
isolationb Sample type Source (if known) Alias

GenBank
accession no.

SAL4628 CFSAN024726 2009 Valparaíso Food Egg (chicken) SEN2 LIIZ00000000
SAL4629 CFSAN024727 2009 Valparaíso Food Egg (chicken) SEN5 LILV00000000
SAL4630 CFSAN024728 2009 Valparaíso Food Egg (chicken) SEN7 LILU00000000
SAL4631 CFSAN024729 2010 Antofagasta Clinical Human SEN21 LILT00000000
SAL4632 CFSAN024730 2010 RM Clinical Human SEN22 LILS00000000
SAL4633 CFSAN024731 2011 Arica Food Egg (chicken) SEN31 LILR00000000
SAL4634 CFSAN024732 2012 Arica Food Egg (chicken) SEN47 LILQ00000000
SAL4635 CFSAN024733 2012 Atacama Clinical Human SEN49 LILP00000000
SAL4636 CFSAN024734 2012 Valparaíso Clinical Human SEN53 LILO00000000
SAL4637 CFSAN024735 2012 RM Clinical Human SEN63 LILN00000000
SAL4638 CFSAN024736 2012 Valparaíso Clinical Human SEN71 LIMD00000000
SAL4639 CFSAN024737 2012 Coquimbo Clinical Human SEN72 LIMC00000000
SAL4640 CFSAN024738 2012 Magallanes Clinical Human SEN73 LIMB00000000
SAL4641 CFSAN024739 2012 Valparaíso Clinical Human SEN77 LIMA00000000
SAL4642 CFSAN024740 2012 RM Clinical Human SEN78 LILZ00000000
SAL4643 CFSAN024741 2012 RM Clinical Human SEN79 LILY00000000
SAL4644 CFSAN024742 2012 Valdivia Food Egg (chicken) SEN82 LILX00000000
SAL4645 CFSAN024743 2012 RM Food Egg (chicken) SEN87 LILW00000000
SAL4646 CFSAN024744 2012 RM Food Egg (chicken) SEN88 LIOP00000000
SAL4647 CFSAN024745 2012 RM Food Egg (chicken) SEN89 LIOQ00000000
SAL4648 CFSAN024746 2011 Arica Fecal Franklin gull SEN95 LIOR00000000
SAL4649 CFSAN024747 2012 Coquimbo Fecal Kelp gull SEN97 LIOS00000000
SAL4650 CFSAN024748 2012 Coquimbo Fecal Kelp gull SEN98 LIOZ00000000
SAL4651 CFSAN024749 2012 Coquimbo Fecal Kelp gull SEN99 LIOY00000000
SAL4652 CFSAN024750 2012 Coquimbo Fecal Kelp gull SEN101 LIPA00000000
SAL4653 CFSAN024751 2012 Coquimbo Fecal Kelp gull SEN107 LIOX00000000
SAL4654 CFSAN024752 2012 Valparaíso Fecal Kelp gull SEN110 LIOW00000000
SAL4655 CFSAN024753 2012 Valparaíso Fecal Kelp gull SEN111 LIOV00000000
SAL4656 CFSAN024754 2012 Valparaíso Fecal Kelp gull SEN112 LIOU00000000
SAL4657 CFSAN024755 2012 Valparaíso Fecal Kelp gull SEN127 LIOT00000000
a CFSAN, Center for Food Safety and Applied Nutrition.
b RM, Region Metropolitana de Santiago (capital area).
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ing Illumina MiSeq sequencing technology, with 500 (2 � 250) cycles and
a pair-end library with coverage depth of 60- to 190-fold, at the FDA
Center for Food Safety and Applied Nutrition genomics laboratory.

Genomic data analysis. Whole-genome sequence contigs for each
strain were de novo assembled using CLC Genomics Workbench v7.5.1
(Qiagen, Germantown, MD). The CLC de novo assembly algorithm uses
de Bruijn graphs to represent overlapping reads. The imported reads were
trimmed by quality (quality scores of �30), and Nextera adapters were
removed. To analyze the relationships among our S. Enteritidis Chilean
strains, we performed in silico multilocus sequence typing (MLST) and
cgMLST using Ridom Seqsphere� v2.3 (Ridom GmbH, Germany). The
cgMLST analysis using Ridom Seqsphere first defined a cgMLST scheme
using the cgMLST target definer tool with default settings within the soft-
ware. The genome of S. Enteritidis strain P125109 (GenBank accession
no. NC_011294) was used as the reference genome (4,160 genes) (18).
Then the genome of S. Enteritidis strain EC20121175 (GenBank accession
no. CP007269.2) was used for comparison with the reference genome to
establish a list of core and accessory genome genes. Genes that were re-
peated in more than one copy in either of the two genomes were removed
from the analysis as failed genes. After this, a task template containing
both core and accessory genes was created for future testing. Each indi-
vidual locus (core or accessory gene) was designated allele number 1. Then
assemblies for each individual S. Enteritidis genome were queried against
the task template; if the locus was found and was different from the refer-
ence genome or any other queried genome, then a new number was as-
signed to that locus. cgMLST performed a gene-by-gene analysis and
identified SNPs within different alleles to establish genetic distance calcu-
lations. We then inferred the evolutionary history of the isolates with the
ML method, based on the Kimura 2-parameter model (19). All positions
with missing data were eliminated. Analyses were conducted in MEGA v6
(20). The statistical support of the nodes in the ML tree was assessed by
bootstrap resampling with 1,000 replicates.

Genomes for comparison. We used the cgMLST approach de-
scribed above to compare the phylogeny of Chilean S. Enteritidis iso-
lates with that of S. Enteritidis isolates from other geographical areas
that were archived in GenBank (http://www.ncbi.nlm.nih.gov
/genome/genomes/152?genome_assembly_id�group154368). Some
S. Enteritidis genomes were excluded because of low quality, and 274
genomes were used for the final analysis (see Table S1 in the supple-
mental material).

Targeted polymorphism analysis. During the cgMLST analysis, we
used Ridom Seqsphere� to identify all genes with allelic differences
among our strains. Then polymorphisms were characterized for every
allele by searching for the specific sequence in the reference genome and
verifying the allelic change in each codon. Finally, we used the Virulence
Factors of Pathogenic Bacteria database (http://www.mgc.ac.cn/cgi-bin
/VFs/genus.cgi?Genus�Salmonella) of the Institute of Pathogen Biology,
Chinese Academy of Medical Sciences and Peking Union Medical College
(Beijing, China), to identify the predicted pathogenicity genes associated
with those polymorphisms.

Antimicrobial resistance analysis. We determined phenotypically
the antimicrobial MICs of our strains using the Sensititre automated mi-
crobial susceptibility testing system (Trek Diagnostic Systems, Westlake,
OH), and data were interpreted according to Clinical and Laboratory
Standards Institute MIC standards (21). Escherichia coli ATCC 25922,
Enterococcus faecalis ATCC 29212, Staphylococcus aureus ATCC 29213,
and Pseudomonas aeruginosa ATCC 27853 were used as controls for anti-
microbial MIC determinations. We tested the following antimicrobials:
azithromycin, amoxicillin-clavulanic acid, ampicillin, cefoxitin, ceftiofur,
ceftriaxone, chloramphenicol, ciprofloxacin, gentamicin, nalidixic acid,
streptomycin, sulfisoxazole, tetracycline, and trimethoprim-sulfame-
thoxazole. Additionally, we used ResFinder (Center for Genomic Epide-
miology, Technical University of Denmark, Lyngby, Denmark) to detect
the presence or absence of acquired antimicrobial resistance genes in the

draft genomes (22). We set a 60% identity threshold and a 60% minimum
length to search for target genes.

Accession number(s). All genomes were submitted to GenBank; ac-
cession numbers are presented in Table 1.

RESULTS
MLST and cgMLST analyses of Chilean S. Enteritidis strains.
Our in silico MLST analysis of the 30 Chilean S. Enteritidis strains
revealed that 28 strains (93%) belonged to sequence type 11 (ST
11) (see Table S1 in the supplemental material), the most com-
mon S. Enteritidis ST in the Salmonella MLST database (http:
//mlst.warwick.ac.uk/mlst/dbs/Senterica). For two strains (strains
SAL4632 and SAL4650), we discovered a novel ST (ST3000) that
differed from ST11 by 1 SNP in the hemD locus, at position 278
(T¡G, compared to hemD3). This transversion in the second
codon position results in a nonsynonymous change from L to R, in
comparison with the ST11 variant.

Using cgMLST and reference genome S. Enteritidis strain
P125109 (GenBank accession no. NC_011294) (18), we identified
a total of 4,160 genes. Our Chilean S. Enteritidis strains shared
4,065 of those genes (core genes) (see Table S2 in the supplemental
material). Only 246 core genes (6.1%), displaying a total of 281
SNPs, were polymorphic. The ML analysis divided the strains into
two clusters (Fig. 1A; also see Tables S3 and S4 in the supplemental
material), differing at 55 to 95 loci with 55 to 97 SNPs. Cluster I
contained the reference strain P125109 (a clinical strain associated
with a poultry outbreak in the United Kingdom) and only two
Chilean S. Enteritidis strains, i.e., SAL4632 (human) and SAL4650
(kelp gull, Larus dominicanus). They differed among themselves at
12 to 58 loci with 12 to 59 SNPs. These two strains presented
MLST profiles different from those of all the other Chilean S.
Enteritidis strains we studied (Fig. 1A and Table 1), but the two
samples were originally isolated 400 km apart. Cluster II included
93% of the Chilean strains (28/30 strains) and was divided into
five subclusters (Fig. 1A), differing at 0 to 65 loci with 0 to 65 SNPs.
Subclusters 1 and 4 were composed of single human strains
(SAL4638 and SAL4641, respectively). Subcluster 2 included 11
strains from all three hosts, differing at 1 to 18 loci with 1 to 18
SNPs. Subcluster 3 was formed by 11 strains isolated from humans
and gulls, differing at 0 to 16 loci with 0 to 16 SNPs. Subcluster 5
contained strains isolated from humans and chicken eggs, differ-
ing at 8 to 36 loci with 44 to 57 SNPs (Fig. 1A). Subclusters 2, 3, and
5 contained at least one strain isolated as much as 2,500 km from
the other strains in the cluster (Fig. 1B).

A minimum spanning tree grouped the strains into five cluster
types (CTs) (groups of strains differing at �5 alleles). The largest CT
(CT1) consisted of nine strains differing at 1 to 4 loci. Four of those
isolates (SAL4651, SAL4652, SAL4653, and SAL4656), which had
been isolated from kelp gulls sampled in coastal cities located 400 km
apart (Valparaíso and Coquimbo), had identical cgMLST profiles
(Fig. 2 and Table 1). Two CTs were composed of either human or egg
strains (CT3 and CT4, respectively), and the other two CTs contained
a variety of strains from gulls and eggs (CT2) or gulls and humans
(CT5). Nine strains did not fit into any CT.

cgMLST of Chilean S. Enteritidis strains and other S. Enter-
itidis strains in GenBank. Our cgMLST analysis, using 274 S.
Enteritidis genomes available from GenBank (see Table S1 in the
supplemental material) and 30 S. Enteritidis strains from Chile,
identified 1,181 genes that were shared by all S. Enteritidis ge-
nomes (n � 304) (see Table S5 in the supplemental material). The
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SNPs identified are presented in Table S6 in the supplemental
material. An ML phylogenetic tree constructed using SNPs from
the 1,181 loci from all 304 S. Enteritidis genomes divided the S.
Enteritidis strains into two main lineages (Fig. 3). Lineage I in-
cluded S. Enteritidis strains from the United States, Canada, and
China, but the S. Enteritidis strains from Chile were located in
lineage II. Almost all Chilean strains (28/30 strains) were grouped
together, except for 2 that were still in the same lineage, clustering
nearby. Lineage II also included strain P125109 (GenBank acces-
sion no. NC_011294), the S. Enteritidis type strain used as the
genome reference for our cgMLST analysis. Of the 51 strains in
lineage II, 2 strains were from China (strains CHS4 and CHS44), 2
were from the United Kingdom (strains LA5 and P125109), 1 was
from the United States (strain 17927), 1 was from Mexico (strain
18569), 10 were from Canada, and 30 were from Chile; 5 were of
unknown origin (Fig. 3; also see Table S4 in the supplemental
material).

Targeted polymorphism analysis. Among the Chilean strains
studied, we detected 281 polymorphisms among 246 core genes,
represented by 7 nonsense (2.5%), 78 silent (27.8%), and 178
missense (63.3%) mutations. All of the nonsense mutations were
found in human clinical strains, and 5 of them, involving struc-

tural and metabolic coding sequences, were found in the same 2
strains, i.e., SAL4632 and SAL4650 (Table 2). Importantly, we
identified mutations in 12 predicted virulence genes for S. Enter-
itidis (Table 3).

In vitro and in silico assessments of antimicrobial resistance.
Our in vitro analyses determined that 8 gull, 2 chicken egg, and 3
human clinical isolates exhibited antimicrobial resistance (Table
4). The most common phenotype was simultaneous resistance to
streptomycin and tetracycline (11/13 isolates); all strains display-
ing this phenotype were in subcluster 2. One poultry egg strain,
SAL4630, showed multidrug resistance to nalidixic acid, cipro-
floxacin, tetracycline, and trimethoprim-sulfamethoxazole. We
did not find any Chilean strains resistant to the other nine antimi-
crobials (Table 4).

Our in silico analyses used ResFinder (https://cge.cbs.dtu.dk
/services/ResFinder) to detect acquired antimicrobial resistance
genes located either in plasmids or in the chromosome, usually as
part of integrons. These results agreed with those obtained from
the phenotypic analysis; no antimicrobial resistance genes were
found in strains that had not shown antimicrobial resistance pat-
terns in vitro. Gene qnrB19 (plasmid) was identified in two strains
(SAL4629 and SAL4630) that were resistant to nalidixic acid, strA,

FIG 1 Whole-genome phylogenetic analysis of Salmonella Enteritidis isolated in Chile from different sources, based on cgMLST results. (A) Maximum
likelihood tree using the Kimura 2-parameter model (19). The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. All
positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted with MEGA v6 (20). Different alleles were found at 246 core
genome loci (see Table S3 in the supplemental material). SNPs can be found in Table S4 in the supplemental material. Red, human clinical isolates; green, gull
isolates; blue, food (egg) isolates. (B) Map of Chile and locations where S. Enteritidis strains were isolated. Colors in the pie charts represent strains isolated in each
area, and sizes are proportional to the number of strains isolated in the area. Red, human clinical isolates; green, gull isolates; blue, food (egg) isolates. The map
was created with Ridom SeqSphere� v3.1, as part of the software’s geocoding feature.
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strB, and tetA (plasmid) were identified in strains that were resis-
tant to streptomycin and tetracycline (n � 10) (Table 5), and sulI
(plasmid) and dfrA25 (integron) were found in a strain (SAL4630)
that displayed resistance to sulfisoxazole and trimethoprim-sulfa-
methoxazole (Table 5).

DISCUSSION

Chilean S. Enteritidis strains isolated from different sources
exhibit very similar genetic profiles, independent of their
sources and hosts. In fact, identifying Chilean strains from each
host (gulls, eggs, and humans) in the same subcluster in our
maximum likelihood phylogenetic tree suggests that some
strains are already circulating among different hosts and food
vehicles in Chile. These findings fit with prior evidence of sim-
ilar molecular profiles among S. Enteritidis strains collected
from humans and chickens (22) and from humans and other
animals (23). Our analyses also identified a close relationship

between S. Enteritidis strains isolated from humans and gulls,
indicating that birds might represent an epidemiologically rel-
evant reservoir of zoonotic S. Enteritidis in Chile (Fig. 1A).
Similarly, Bell et al. recently reported close relationships
among S. Newport strains isolated from geese, freshwater, and
clinical patients in the United States (24), underlining the im-
portance of wild birds in zoonotic salmonellosis throughout
the world.

Our comparisons between the Chilean S. Enteritidis ge-
nomes and S. Enteritidis sequences from around the world that
were available in GenBank demonstrated that all Chilean S.
Enteritidis strains clustered in lineage II, well separated from
the 2010 U.S. egg outbreak strains and from most of the S.
Enteritidis sequences available in GenBank. Although S. Enter-
itidis lineage II also contains S. Enteritidis strains from Canada
and China and the S. Enteritidis reference strain P125109 (18)

FIG 2 Cluster types found among Salmonella Enteritidis strains isolated from different sources in Chile (2009 to 2012). The minimum spanning tree was based
on the same number of loci as in Fig. 1. Numbers by lines, number of loci differing between strains or complexes. Solid lines, strains differing at 1 or 2 loci; dashed
lines, strains differing at �3 loci. Red, human clinical isolates; green, gull isolates; blue, food (egg) isolates; gray, S. Enteritidis strain P125109 (reference genome).
Complexes were defined as groups of strains that differed at �5 loci. The lines are not drawn to scale.
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from the United Kingdom (Fig. 3), we have shown that Chilean
S. Enteritidis genomes are more similar among themselves than
similar to other S. Enteritidis strains isolated elsewhere in the
world, indicating some geographically restricted subpopula-
tions of S. Enteritidis.

Salmonella Enteritidis is a highly clonal serotype within Salmo-
nellae (8). In our study, we found that 3,819/4,065 genes (94.0%)
were identical across S. Enteritidis Chilean strains, with a low per-
centage of polymorphisms in core genes, i.e., 246/4,065 genes
(6.1%), confirming a low level of diversity. Among 281 SNPs, 12

FIG 3 Whole-genome phylogenetic analysis of Salmonella Enteritidis sequences available in GenBank (n � 274) and Chilean S. Enteritidis isolates (n � 30),
based on cgMLST results. The neighbor-joining tree was based on a cgMLST analysis that identified 1,171 loci present in every S. Enteritidis isolate in GenBank
(see Table S5 in the supplemental material). The SNPs can be found in Table S6 in the supplemental material. Triangles, strain clusters. The tree was exported in
the Newick format and modified using FigTree v1.4.2. Most of the clusters were collapsed into groups for easy visualization (for the whole tree, see Fig. S1 in the
supplemental material). Chilean S. Enteritidis strains are represented in red in lineage 2. Lineage 1 contained mostly U.S. and Canadian S. Enteritidis strains.
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were detected in predicted pathogenicity genes, including a non-
sense mutation in the steB gene (a fimbrial adherence determi-
nant) from a clinical strain (Tables 2 and 3). Pseudogenization of
these sequences suggests that complementary functions are en-
coded in the genome to support adaptation to different host en-
vironments. Experimental evidence suggested a minor role for
mgtA in the in vivo virulence of Salmonella (25), possibly explain-
ing its apparent loss of function through negative selection. How-
ever, this process might also result from progressive changes in
lifestyle, e.g., from free-living to facultative intracellular organism,
a process in which some gene products can yield deleterious func-
tions (26, 27). Whatever the cause, pseudogenization increases
bacterial adaptation to the environment, although the specific ef-
fects of these mutations in Chilean S. Enteritidis strains still need
to be determined. The majority of the nonsense mutations were
found in human clinical strains, with most (5/7 mutations) being
observed in strains SAL4632 (human) and SAL4650 (gull) (26,
27). Our phylogenetic study revealed that these two S. Enteritidis
strains appeared more closely related to each other and to refer-
ence strain P125109 (United Kingdom) (18) than to any other
Chilean S. Enteritidis strains in our study (Fig. 1A), suggesting
that strain SAL4650 may be a zoonotic pathogen. Further labora-
tory studies are necessary to fully characterize this strain.

Most S. Enteritidis isolates worldwide belong to ST11 (28),
which held true for most of our S. Enteritidis isolates. Only two
strains (SAL4632 and SAL4650) presented a different ST, differing
from the pattern of ST11 by a single, previously undescribed, SNP
in the housekeeping gene hemD (http://mlst.warwick.ac.uk/mlst
/mlst/dbs/Senterica). Strains SAL4632 (human) and SAL4650
(gull) shared not only a mutated hemD gene but also other muta-

tions (Table 2). Consequently, our phylogenetic analysis indicated
that those two strains differed from other Chilean S. Enteritidis
strains enough to form a second sublineage (Fig. 1A); those strains
did not share the host or geographical origin of the other isolates.
Previous studies demonstrated the presence of several sublineages
of S. Enteritidis in Chile (1, 29). Fica et al. described differences in
S. Enteritidis phage types from 1990 to 2000, due to the introduc-
tion of poultry lines from outside the country (1). In 2003, Fer-
nandez et al. analyzed 441 Chilean S. Enteritidis strains isolated
between 1975 and 1993, and they described the presence of two S.
Enteritidis groups, with two subclusters each (29). Later, Rios et al.
classified Chilean S. Enteritidis isolates collected between 2001
and 2003 into four subgroups (30). While they detected 13 S.
Enteritidis subtypes, 88% of the strains clustered together, form-
ing one large subcluster (30). At the moment, no other Chilean S.
Enteritidis genome sequences are available to confirm the pres-
ence of additional sublineages. Although we found two well-de-
fined Chilean S. Enteritidis sublineages in this study, we analyzed
only a limited number of strains; more clusters may emerge if we
sequence a broader range of Chilean S. Enteritidis strains.

In the Chilean population, several animal food commodities,
including eggs, meat, fish, and shellfish (among others), have been
involved in S. Enteritidis outbreaks, suggesting several transmis-
sion chains among bacteria and hosts. Recent studies have shown
potential relationships between wild bird S. Enteritidis isolates
and human S. Enteritidis strains in Chile, which may explain the
increased incidence of salmonellosis in the country (6, 7). Unpub-
lished data from the Institute of Public Health (the Chilean na-
tional reference laboratory for Salmonella) suggest that water run-
offs from poultry and livestock industries could explain the

TABLE 2 Pseudogenes (nonsense mutations) detected in Chilean Salmonella enterica serovar Enteritidis isolates

Gene locationa Gene/protein name Strain(s) involved Description

SEN1363 Invasin SAL4632 (human), SAL4650 (wild bird) Invasin-like protein
SEN2039 pduD SAL4632 (human), SAL4650 (wild bird) Diol dehydratase medium subunit
SEN2609 Hypothetical protein SAL4641 (human) Type I secretion system predicted effector
SEN2795 steB SAL4638 (human) Outer membrane usher protein; fimbrial adherence determinant
SEN2861 kduL SAL4632 (human), SAL4650 (wild bird) 4-Deoxy-L-threo-5-hexosulose-uronate ketol-isomerase
SEN3758 yigM SAL4632 (human), SAL4650 (wild bird) Hypothetical membrane protein
SEN4207 mgtA SAL4632 (human), SAL4650 (wild bird),

P125109 (reference strain)
Magnesium transport

a Gene location, location in S. Enteritidis strain P125109 (reference genome in the cgMLST analysis).

TABLE 3 Predicted virulence genes with SNPs in Chilean Salmonella Enteritidis

Gene location Gene name Descriptiona

SEN0528 fimH FimH protein; fimbrial adherence determinant
SEN0952 pipB SPI2 protein; type III secretion system-translocated effector
SEN1628 SSAp gene Type III secretion protein; type III secretion system needle length regulator
SEN1825 sifA SPI2 protein; type III secretion system-translocated effector; required for formation of lysosomal glycoprotein
SEN2065 sopA SPI1 protein; type III secretion system-translocated effector
SEN2717 hilD SPI1 protein; type III secretion system transcriptional regulator; AraC family
SEN2784 sopD SPI1 hypothetical protein; type III secretion system-translocated effector
SEN2795 steBb Outer membrane usher protein; fimbrial adherence determinant
SEN3463 lpfA Long polar fimbrial protein A; fimbrial adherence determinant
SEN3941 sseK1 SPI2 hypothetical protein; type III secretion system-translocated effector, non-LEE-encoded effector protein NleB
SEN4248 sefB Fimbrial chaperone protein; fimbrial adherence determinant
SEN4347 sthE Fimbrial subunit; fimbrial adherence determinant
a SPI, Salmonella pathogenicity island; LEE, locus of enterocyte effacement.
b Nonsense mutation.
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contamination of bodies of water that ultimately affects coastal
environments, where multidrug-resistant bacteria have been de-
tected in gulls (7). Therefore, Salmonella in water represents an
indirect transmission pathway that allows dissemination to differ-
ent animal hosts (domestic and wild, terrestrial and marine) and
ultimately to derived food commodities, perhaps perpetuating the
transmission cycle. Our data reveal that as few as two or three
genes differ among strains isolated from gulls and humans, con-
firming that those strains can potentially infect humans. Strain
SAL4648 (Rio Luta/gull) is the only gull strain in a cluster formed
by S. Enteritidis strains from the three sources studied. That strain
differs by only four alleles from egg strain SAL4628 (Valparaíso)
(Fig. 2); interestingly, those strains were isolated over 2,000 km
apart (Fig. 1B). It is unclear how those very similar strains came to
be present in chicken eggs and gulls from different regions.

In previous studies, Salmonella spp. displayed geographical
structures in the world (9, 10). We detected two clusters and five
subclusters formed by Chilean S. Enteritidis strains isolated from
different hosts. Each multistrain subcluster displayed some geo-
graphical restriction, that is, strains clustered together were iso-
lated from nearby areas (Fig. 1A and B). In each one of those
groups, however, there was at least one strain isolated as much as
1,500 km from the others in the subcluster. As mentioned previ-
ously, cluster I was formed by two strains separated by over 400
km (Valparaíso and Coquimbo). Subcluster 2 (cluster II) was
composed of strains from the metropolitan region and Arica
(1,663 km apart). Subcluster 3 strains were isolated in the Val-
paraíso/Coquimbo area and Magallanes (2,585 km apart), and
subcluster 5 was formed by strains isolated from the north of the
country (Arica, Antofagasta, and Atacama) and Valdivia (2,392
km apart). Globally, we also observed that Chilean S. Enteritidis

strains clustered together with some Canadian S. Enteritidis
strains (Fig. 3). A probable explanation for this phenomenon is
that migratory birds might be vehicles for S. Enteritidis strains
along the Chilean coast and probably along continents. Data from
other studies documenting the phylogenetic relatedness of influ-
enza viruses detected in Chilean seabirds (including kelp gulls)
and North American wild birds (31) suggest that the migratory
patterns of the animals could contribute to disease transmission
along those routes, which might partially explain the clustering of
Chilean strains and some Canadian strains in this work (Fig. 3), as
well as the composition of the clusters and subclusters across the
country (Fig. 1A and B). Therefore, we think that there is the
potential for interspecies transmission of S. Enteritidis on a na-
tional and international scale. Additional research is needed to
identify the direction and routes of potential contamination, and
systematic sampling of hosts would be useful for explaining the
detection of phylogenetically related bacterial strains over such
long distances. An alternative explanation for the isolation of
closely related strains from distant locations in Chile could be
related to the vertically integrated poultry industry adopted in the
country (only a few companies provide poultry products to the
entire country, from a few centralized sources), which could
spread the same S. Enteritidis strains (if present in poultry) over
long distances. However, this could not explain the isolation of
genetically similar Salmonella Enteritidis strains from gulls.

An important part of properly characterizing the risk that any
of these strains might pose to human health is identifying antimi-
crobial resistance patterns. We did not detect discrepancies be-
tween predicted S. Enteritidis antimicrobial resistance deter-
mined by in silico analysis of S. Enteritidis genomes and the results
of phenotypic testing, confirming the utility of in silico methods.
Nearly one-half of the strains (13/30 strains) we analyzed dis-
played acquired antimicrobial resistance; of those strains, 77%
were resistant to both streptomycin and tetracycline. Interest-
ingly, most resistant strains (8/13 strains) had been isolated from
gulls, with almost all showing the same antimicrobial pattern (7/8
strains). Three human strains showed the same antimicrobial re-

TABLE 5 In silico antimicrobial resistance profiles of Salmonella
Enteritidis strains isolated in Chile

Strain Source
Region of
isolation Resistance gene(s) detecteda

SAL4629 Poultry Valparaíso qnrB19
SAL4630 Poultry Valparaíso qnrB19, sul1, tet(A), dfrA25
SAL4636 Human Valparaíso strA, strB, tet(A)
SAL4639 Human Coquimbo strB, strA, tet(A)
SAL4640 Human Magallanes strB, strA, tet(A)
SAL4649 Kelp gull Coquimbo strB, strA, tet(A)
SAL4651 Kelp gull Coquimbo strB, strA, tet(A)
SAL4652 Kelp gull Coquimbo strB, strA, tet(A)
SAL4653 Kelp gull Coquimbo strB, strA, tet(A)
SAL4654 Kelp gull Valparaíso strB, strA, tet(A)
SAL4655 Kelp gull Valparaíso strB, strA, tet(A)
SAL4656 Kelp gull Valparaíso strB, strA
SAL4657 Kelp gull Valparaíso strB, strA, tet(A)
a qnrB19, transferable quinolone resistance determinant; sul1, sulfonamide-resistant
dihydropteroate synthase that cannot be inhibited by sulfonamide; tet(A), major
facilitator superfamily transporter, tetracycline efflux pump; dfrA25, group A drug-
insensitive dihydrofolate reductase that cannot be inhibited by trimethoprim; strA,
streptomycin resistance; strB, streptomycin resistance.

TABLE 4 Phenotypic antimicrobial susceptibility testing results for
Salmonella strains from Chile

Strain Source

Testing resulta No. of drug
resistances
per strainNAL STR CIP TET COT

SAL4629 Poultry R S R S S 2
SAL4630 Poultry R S R R R 4
SAL4636 Human S R S R S 2
SAL4639 Human S R S R S 2
SAL4640 Human S R S R S 2
SAL4649 Kelp gull S R S R S 2
SAL4651 Kelp gull S R S R S 2
SAL4652 Kelp gull S R S R S 2
SAL4653 Kelp gull S R S R S 2
SAL4654 Kelp gull S S S R S 1
SAL4655 Kelp gull S R S R S 2
SAL4656 Kelp gull S R S R S 2
SAL4657 Kelp gull S R S R S 2
a Breakpoints were adopted from Clinical and Laboratory Standards Institute guidelines
(21). All 30 S. Enteritidis strains were susceptible to amoxicillin-clavulanic acid,
ampicillin, azithromycin, cefoxitin, ceftiofur, ceftriaxone, chloramphenicol,
sulfisoxazole, and gentamicin. Only resistant strains are presented. S, sensitive; R,
resistant; NAL, nalidixic acid (resistance at �32 mg/liter); STR, streptomycin
(resistance at �64 mg/liter) (no CLSI interpretive criteria for this bacterium-
antimicrobial combination are currently available); CIP, ciprofloxacin (resistance at �1
mg/liter); TET, tetracycline (resistance at �16 mg/liter); COT, trimethoprim-
sulfamethoxazole (resistance at �4/76 mg/liter). The numbers of resistant strains were
as follows: nalidixic acid, 2/30 strains; streptomycin, 10/30 strains; ciprofloxacin, 2/30
strains; tetracycline, 12/30 strains; trimethoprim-sulfamethoxazole, 1/30 strains.
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sistance profile. Since the antimicrobial resistance genes identified
in Chilean S. Enteritidis strains had been identified previously in
plasmids (32, 33), we think that such plasmids might have been
transmitted across strains inhabiting different hosts. Remarkably,
most of the strains displaying antimicrobial resistance clustered
together in cluster II, subcluster 3, and exhibited the same in silico
and in vitro antimicrobial resistance gene profiles.

Taken together, the close relationship between human and gull
strains, the anthropogenic impact on the environment, and the
transmission of antibiotic resistance plasmids across bacteria sug-
gest that there may be a high risk of interspecies transmission of
multidrug-resistant S. Enteritidis in Chile. The annual report of
the Latin American Surveillance Network of Antimicrobial Resis-
tance indicated that S. Enteritidis is the second Salmonella sero-
type in Chile with higher levels of antimicrobial resistance (34).
Clinical and environmental strains of S. Enteritidis from Chile
were resistant to nalidixic acid, ciprofloxacin, co-trimoxazole, and
nitrofurantoin, while resistance to ampicillin, amoxicillin, and
chloramphenicol was found only in clinical strains and resistance
to tetracycline was reported only for strains from poultry or wild-
life (34). Because that report did not mention whether isolates
were tested for resistance to streptomycin, it is unclear whether
resistance to both streptomycin and tetracycline is common
among S. Enteritidis strains isolated in Chile or Latin America.

Analyzing the genomic contents of strains using cgMLST fo-
cuses attention on the genes shared across all of our strains (16, 17,
35) and provides resolution comparable to that of SNP-based
WGS typing. We found that cgMLST provided a robust analysis,
rapidly revealing phylogenetic relatedness among isolates in a for-
mat that permitted easy data exchange and storage (17, 35). Two
other notable benefits of cgMLST are that it requires less compu-
tational power than whole-genome SNP analysis and it can be
performed by users with limited bioinformatics backgrounds;
these features make this type of analysis more accessible to the
worldwide scientific community.

Our initial hypothesis was that it should be possible to differ-
entiate Chilean S. Enteritidis strains from strains originating from
different geographical areas by means of WGS analysis. Our re-
sults confirmed that Chilean S. Enteritidis strains clustered apart
from most other S. Enteritidis sequences available in GenBank but
still close to certain strains isolated from other parts of the world
(Fig. 3). The results showed that, despite the confounding effects
of worldwide poultry transport, there are two main lineages of S.
Enteritidis in the world, although a clear defined biogeographical
structure for S. Enteritidis could not be established. In the case of
Chilean S. Enteritidis strains, distribution was subject to some
geographical restriction. We think that it will eventually be possi-
ble to identify unique genetic markers in S. Enteritidis that are
linked to location, such as certain “hot spot” mutation areas re-
cently revealed in the genome of S. Bareilly (10). Identifying such
markers will help us design new methods for trace-back investiga-
tions of foodborne and zoonotic outbreaks.

In conclusion, our data indicated that S. Enteritidis strains iso-
lated in Chile from different hosts were diverse, although phylo-
genetically related; in some cases, there seemed to be a close rela-
tionship between gull and human clinical strains, indicating the
potential for interspecies transmission and indicating that gulls
could be an important reservoir for human disease in Chile.
Moreover, the presence of two different types or sublineages of S.
Enteritidis in Chile was revealed, with the majority of strains be-

longing to ST11. Since Chilean strains clustered together in our
global S. Enteritidis genome comparison, there might be the po-
tential to discover regional markers within their genomes. This
study also highlighted the use of whole-genome sequencing for
traceability of S. Enteritidis strains in Chile and the rest of the
world.
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