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. Salmonella Enteritidis became the main serovar isolated from gastroenteritis cases in Brazil after

. the 90's. In this study we used whole genome sequence analysis to determine the phylogenetic

. relationships among a collection of strains isolated in Brazil to identify possible genomic differences
between the strains isolated in the pre and post-epidemic period. Also, we compared our data from
strains isolated in Brazil to strains available in the public domain from other South American countries.
Illumina technology was used to sequence the genome of 256 Salmonella Enteritidis strains isolated
over a 48 year-period in Brazil, comprising the pre- and post-epidemic period. Phylogenetic analyses

. revealed distinct lineages for strains isolated before and after 1994. Moreover, the phage region SE20

. that may be related to the emergence of Salmonella Enteritidis worldwide was present only in strains

. of the post-epidemic cluster. In conclusion, our results showed that the genomic profile of Salmonella
Enteritidis strains isolated in Brazil shifted after 1994, replaced by a global epidemic group of strains. It
may be hypothesized that the presence of the prophage SE20 might have conferred to these strains a
better ability to colonize chicken and consequently to infect and cause disease in humans, which might
better explain the increase in the number of S. Enteritidis cases in Brazil and other South American
countries. However, to verify this hypothesis further studies are needed.

Salmonella Enteritidis (S. Enteritidis) is a serovar that colonizes, among other livestock and wild animals, the
reproductive tract of chickens, usually asymptomatically, contaminating and surviving in internal egg com-
. pounds'~?. This interaction with feed-related animals, allowed S. Enteritidis to cause a sustained epidemic of
infections worldwide through the consumption of raw or undercooked poultry and eggs after the 80’s, becoming
one of the top serovars isolated from human salmonellosis'*.
: The isolation of S. Enteritidis increased from 16% in 1987 to 27% in 1994 in the United States and from 9%
© to 64% in England>®. In South America, more than 150 outbreaks of S. Enteritidis were described in Argentina
© between 1986 and 1993’. In Chile, the increase was from 13.67 strains annually until 1993 to 478 in 1994%. In
. Uruguay, S. Enteritidis was sporadically isolated until 1994; however, after 1995 it accounted for more than 50%
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of the strains received in the Salmonella reference center in that country and more than 85% of the strains isolated
from humans®'°.

In pre-1990’s Brazil, less than 1% of the samples isolated, obtained from human and non-human sources
were S. Enteritidis'""'>. However, after 1991 the isolation of this serovar increased and in 1994 it became the
most isolated one either from human or non-human sources, found in 65% of the total Salmonella isolates'>>-15,
Moreover, a phage type shift was observed after 1993 and the prevalent phage type isolated, PT-8, was subse-
quently replaced by PT-4'6. Currently, although the reports in Brazil do not provide the number of Salmonella
serovars isolated, this genus was the most isolated agent from foodborne outbreaks between 2007 and 2016,
accounting for 7.5% of the total. Moreover, eggs and egg-based products were among the major vehicles of food-
borne outbreaks in Brazil at that time'”.

The reasons for the onset of this epidemic of S. Enteritidis are unknown and several factors have been
proposed, such as the existence of a rodent reservoir that spread Salmonella into farms, the eradication of S.
Gallinarum by vaccination that enabled S. Enteritidis to spread epidemically among chicken flocks and, also a
possible pathogen evolution which recently acquired genetic changes that may have facilitated the spread of S.
Enteritidis among poultry flocks>!#-2!. However, these facts are not sufficient to explain the recent association of
this serovar with eggs, because the S. Enteritidis epidemic is composed of different strains defined by the presence
of different phage types”!8. Moreover, it is not clear why specific phage types are more prevalent in different parts
of the world*. In Brazil, it is postulated that an epidemic clone of S. Enteritidis had been introduced into the coun-
try through the commercial exchange of poultry between the United States and European countries'?. In those
countries, the rapid dissemination of this serovar has been related to a probable emergence of a more virulent
clone that acquired the ability to colonize and persist in chickens and eggs'®.

In light of these facts, we used whole genome sequencing (WGS) analyses to assess the phylogenetic relation-
ships among a collection of S. Enteritidis strains isolated over a 48 years-period in Brazil, comprising the pre- and
post-epidemic period. Previous studies conducted around the world have shown WGS analyses as a powerful
tool for evolutionary, phylogenetic and outbreak detection studies of S. Enteritidis, a genetically homogenous
serovar’*=?’. Our aim was to identify possible genomic differences between the strains isolated in the pre- and
post-epidemic period in Brazil that might help to explain how S. Enteritidis became the top serovar isolated from
gastroenteritis cases in Brazil after the mid 90’s. Also, we compared the strains from Brazil to the strains from
other South American countries available online.

Results

Whole Genome SNP Analysis. The strains isolated in Brazil were divided into two main clusters (Fig. 1).
Cluster A consists of 234 strains isolated from humans, food, chickens and farm environments between 1968 and
2016 (Fig. 1). Most of the strains in this cluster, 228 (97%), were isolated between 1994 and 2016 and the remain-
ing six strains (3%) were isolated in 1968, 1969, 1989, 1990 and 1993 (Fig. 2). Moreover, this cluster contained the
strain SE_PT4_str436 and the reference P125109, both PT-4 (Fig. 1).

Cluster B consists of 22 strains isolated from humans, food and chickens between 1980 and 2014 (Fig. 1). The
majority of these strains, 18 (82%), were isolated between 1980 and 1993 and only four strains (18%) were isolated
in 2014 (Fig. 2). Also, this cluster contained the PT-8 strain SE_PT8_str8a (Fig. 1). The strain SE_STAL isolated
in 1986 was presented as a single wgSNP-type named as cluster C.

The existence of these clusters was confirmed by statistical analysis using the method Structure
(Supplementary Data 1).

When the strains studied were compared to strains from other South American countries, we found the same
two main clusters (Supplementary Fig. S1). Cluster A grouped 288 strains isolated in Brazil (n =237) between
1968 and 2016, in Argentina (n=17) between 1988 and 2014, in Chile (n =30) between 2009 and 2012, in Peru
in 2012 (n=2), in Ecuador (n=1) in 2004 and in Colombia (n=1) in 2010. Most of the strains in this cluster, 279
(97%), were isolated between 1994 and 2016 and the other nine strains (3%) were isolated in 1968, 1969, 1981,
1988, 1989, 1990. Also, the SE_PT4_str436 strain was found in this cluster (Supplementary Fig. S1). Cluster B
grouped 26 strains isolated in Brazil (n =22) between 2006 and 2014, in Argentina (n=2) in 1972 and 2006, in
Peru (n=1) in 2008 and also the PT8 strain (n=1). Most of these strains, 19 (73%), were isolated between 1972
and 1993 and only six strains (23%) were isolated in 2006, 2008 and 2014. Again, the strain SE_STAL isolated in
1986, was presented as a single wgSNP-type in the cluster C (Supplementary Fig. S1).

Accessory genomes analysis. The ©SE20 phage region was absent in all the strains of the pre-epidemic
clusters B and C except for the strain SES5, isolated in 1992. In contrast, this region was found in all the strains of
the post-epidemic cluster A (Supplementary Table S1).

The Fels-2 (A19) and S. Typhi CT18 (A22-24) regions were present in all the strains of the pre-epidemic
clusters B and C. These regions were absent in all the strains of the post-epidemic cluster A, except for SE1551,
isolated in 2014 and SE3800, isolated in 2016 (Supplementary Table S1).

The p88 region was found only in the strains SE4 and SE5 of the pre-epidemic cluster B and isolated in 1986
and 1992, respectively.

The Gifsyl region was absent in all but the strain SE1551 of the post-epidemic cluster A and SE_STAL of the
pre-epidemic cluster C. The regions ROD21 and SE12 were found in all the strains studied.

Discussion

In this study, we analyzed S. Enteritidis strains isolated in Brazil over a 48 year-period, including the pre- and
post-epidemic period. Our findings using WGS improved the characterization of this important poultry-related
pathogen circulating in this country, the second largest poultry producer and poultry exporter worldwide®.
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Figure 1. Maximum-likelihood tree based on the SNP-analysis of 256 Salmonella Enteritidis strains isolated in Brazil.

Whole genome SNP analysis showed that most of the strains isolated between the years 1980 and 1993, cluster
together and are divergent from the strains isolated after 1994 to 2016, strongly suggesting that either a new line-
age of S. Enteritidis was introduced in Brazil and became prevalent after 1994 or an indigenous epidemic lineage
spread and prevailed among poultry flocks in the country. The strains isolated before 1994 in this study reflect
the isolation of the Enteritidis serovar at that time period and was found to be less than 1% of the total Salmonella
strains isolated in Brazil®!. Because of this, the low number of strains isolated in the pre-epidemic period is pos-
sibly a limitation of the present study. Once these strains were isolated in the Southern regions of Brazil, a higher
number of strains from different regions would better reflect the diversity of S. Enteritidis circulating in the
country at that time period.
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Figure 2. Distribution of the 256 Salmonella Enteritidis strains studied into the clusters according to the period
of isolation.

Although we do not know the phage type of the strains studied, the fact that the genomic type shifted cor-
roborates with studies showing that after 1993, the prevalent strains from phage type 8 were surpassed by strains
from phage type 4 that became the predominant phage type isolated in Brazil''¢*!32, This fact does not mean
that all the pre and post-epidemic strains in this study are necessarily from phage type 8 and 4, respectively, once
strains from different phage types can share similar genetic types®. However, the results clearly indicate that a
new genetic type was inserted into the country after 1994 and became the prevalent one in the country until the
present. The clustering of some strains isolated in 2014 with pre-epidemic strains suggest that this lineage was not
completely excluded from the environment and is still being isolated in Brazil but in a small number. Similarly,
the presence of six strains isolated in 1968, 1969, 1989, 1990 and 1993 in the same cluster of the post-epidemic
strains indicates that this lineage was present in the environment in the pre-epidemic period; however it was not
the predominant one at that time (Fig. 1).

The fact that in most parts of the world the S. Enteritidis epidemic began in the mid-1980’s while in Brazil, it
started in the mid-1990’, can be explained by the broiler production in Brazil that was developed mostly after the
80’s. One hypothesis is that poultry matrices imported from the United States and Europe introduced this lineage
in Brazil'2. Considering that in the United States the predominant phage types are PT-8 and PT-13 and in Europe,
the PT-4, it was proposed by some authors that the first S. Enteritidis PT-8 strains might have been introduced
into Brazil through the exchange of poultry matrices with the United States quickly followed by the European
PT-4 strains'>®.

In a previous study** comparing 188 S. Enteritidis strains from Brazil with 100 strains from North America
using Multiple-locus Variable-number tandem repeat analysis (MLVA), the majority of the strains from the
United States clustered with two strains from Brazil isolated in 1986 and 1992 (SE5 and SE4), the only two
pre-epidemic strains in that study. This cluster was separated from the Brazilian strains isolated after 1994, which
showed that the US strains were more similar to the Brazilian pre-epidemic strains than the post-epidemic ones®.
This fact reinforces the idea that the pre-epidemic strains were introduced in Brazil through the exchange of
poultry matrices with the USA.

Our analysis including strains from other South American countries, showed most of the strains isolated from
Chile, Ecuador, Colombia and Peru between 2004 and 2012 and subsequently clustering with the post-epidemic
strains from Brazil, suggesting that the same epidemic lineage is circulating in various South American countries.
The exception was one strain from Peru isolated in 2008 that clustered with the Brazilian pre-epidemic strains.
However, the few number of samples from Ecuador, Colombia and Peru available online makes it difficult to infer
the predominant genomic type circulating in those countries. Also, the strains from Chile showed to be clonal
with 28 of 30 strains clustering together in a sub-cluster with the Brazilian post-epidemic strains (Supplementary
Fig. S1).

Two strains from Argentina, isolated in 1972 and 2006, clustered with the Brazilian pre-epidemic strains and
the other 17 strains isolated between 1988 and 2014 clustered with the Brazilian post-epidemic strains, showing
that both lineages have been isolated in that country in recent years. However, more samples would be necessary
for a more accurate analysis (Supplementary Fig. S1).

Although strains from Uruguay were not included in this study, literature data showed an increase of isolation
of S. Enteritidis after 1995'%!?. Moreover, phenotypic analysis and comparative genomic data showed differences
among strains isolated in the pre- and post-epidemic period in Uruguay, corroborating with data of the present
study”?.

The division of the strains studied into two major clusters was also found by Zheng and collaborators that cate-
gorized S. Enteritidis from 14 different phage types divided into two major clonal lineages. Lineage I included the
main phage types isolated in Western Europe like PT1, PT4 and PT21 and lineage II included the most common
phage types isolated in North America such as PT8, PT13a and PT13?2. Although we do not know the phage types
of the strains studied, we included a PT8 strain (SE_PT8_str8a) and a PT4 strain (SE_PT4_str426) for compari-
son purposes and they clustered into the pre- and into the post-epidemic clusters respectively (Fig. 1). Also, the
reference strain P125109 from PT4 clustered with the post epidemic strains of this study (Fig. 1). These findings
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suggest that the strains isolated in the pre-epidemic period in Brazil belonged to lineage II and the post-epidemic
strains belonged to lineage I (Fig. 1).

Furthermore, Feasey et al. found the genomic diversity of S. Enteritidis worldwide clustered into four differ-
ent groups: the global epidemic clade, outlier clade, Central/Eastern Africa clade and West Africa clade®. The
P125109 strain and also several strains from Argentina clustered into the global epidemic clade and into the out-
lier cluster, respectively®. In the present study, the same strains mentioned above clustered into the post-epidemic
cluster (P125109) and into the pre-epidemic cluster (strains from Argentina), respectively, suggesting that the
strains in the pre-epidemic cluster in our study might be part of the outlier cluster and the post-epidemic cluster
of the global epidemic clade mentioned by Feasey et al., (Supplementary Fig. S1).

Another study conducted by Porwollik et al., proposed the S. Enteritidis strains divided into two lineages
based on the presence or absence of the phage regions SE20, Fels2 and S. Typhi CT18, ST27 and ST32. The phage
SE20 region is considered a recent acquisition in the PT4 strain P125109 and might be related to the emergence of
Salmonella Enteritidis worldwide?. Our results showed that SE20 is absent in all but one strain in the pre-epidemic
cluster and present in all the strains of the post-epidemic cluster and might suggest the hypothesis that the
emergence of S. Enteritidis in Brazil may also be related to strains that carry that region. However, to verify this
hypothesis further studies are needed. Moreover, the regions Fels2 and S. Typhi CT18, ST27 and ST35 were
present only in the pre-epidemic strains from Brazil. This result is similar to Porwollik’s study that related these
regions to strains isolated more than 50 years ago and also confirmed by Betancor et al. and Feasey et al.>1>4,

Feasey and colleagues reported the prophages Gifsyl and p88 as related to clades of strains isolated in Africa®.
In the present study, the region Gifsyl was found in two strains, the pre-epidemic SE_STAL isolated in 1986 and
the post-epidemic SE1551 isolated in 2014 (Supplementary Table S1). Moreover, the region p88 was found in
two pre-epidemic strains, the SE4 isolated in 1986 and the SE5 isolated in 1992 (Supplementary Table S1). Also,
the prophages ROD21 and SE12 were found in all the strains studied, which is in agreement with Feasey and
colleagues that reported these regions as prevalent in all the strains of the global epidemic clade and of the outlier
cluster®.

In conclusion, our results showed that the genomic profile of Salmonella Enteritidis strains isolated in Brazil
shifted after 1994, replaced by a global epidemic group of strains. It may be hypothesized that the presence of
the prophage SE20 might have conferred to these strains a better ability to colonize chicken and consequently to
infect and cause disease in humans, which might better explain the increase in the number of S. Enteritidis cases
in Brazil and other South American countries. However, to verify this hypothesis further studies are needed.

Methods
Bacterial strains. A total of 256 Salmonella Enteritidis strains isolated from humans (n=109), food (n="78),
chickens (n=>52) and farm environments (n = 17) in Brazil between 1968 and 2016 were studied (Supplementary
Table S1). Specifically, 26 strains were isolated between 1968 and 1993 (pre-epidemic period) and 230 strains
were isolated between 1996 and 2016 (post-epidemic period). The lower number of pre-epidemic strains reflects
the isolation of serovar Enteritidis strains in that period that represented less than 1% of the Salmonella strains
isolated in the country'"'2. The post-epidemic strains were selected to represent the year and source of isolation
of these strains.

The strains were provided by the Adolfo Lutz Institute of Ribeirao Preto (IAL-RP), Oswaldo Cruz Foundation
(FIOCRUZ-R]) and by AVIPA (Avicultura Integral e Patologia S/A) from Brazil. The accession numbers of the
strains studied are available in a previous publication®.

Library preparation and sequencing. The libraries and runs were prepared according to Campioni ef al.*®
and samples were sequenced at the FDA Center for Food Safety and Applied Nutrition.

Genomic data analysis. To analyze the phylogenetic relationships among the strains studied, a matrix of
SNPs was constructed using the CFSAN SNP pipeline® and the S. Enteritidis strain P125109 (GenBank acession
n° NC_011294.1) as the reference genome. The GARLI v.2.01 program was used to reconstruct a maximum
likelihood phylogenetic tree with the SNP matrix created. We searched the best tree in 100 repetitions and run
bootstrap analysis for 1,000 replicates (ratematrix = 6rate; ratehetmodel = gamma). Python program SumTrees
was used to generate the ML tree with bootstrap values with threshold 70% (https://pythonhosted.org/DendroPy/
programs/sumtrees.html).

A non-phylogenetic statistical analysis using the method Structure was done in order to confirm the groups
observed in the phylogenetic tree generated by GARLI*’-%.

Genomes for comparison. We used the approaches described above to compare the S. Enteritidis strains
from Brazil of this study with 57 strains from other South American countries available in GenBank from Brazil
(n=3), Argentina (n=19), Chile (n=30), Peru (n=3), Ecuador (n=1) and Colombia (n=1) (Supplementary
Table S2). Also, the strains SE_PT4_str436, from PT-4 and SE_PT8_str8a, from PT-8 were included in the
analysis?.

Accessory genomes analysis. Basic local alignment search tool (BLAST)* was used to look for the phage
regions @SE20 (phage similar to ¢ST64B), Fels-2 regions (A19), the S. Typhi CT18 ST27 and ST35 (A22 to A24),
P88 (closely related to Enterobacter Phage P88), Gifsy-1 prophage (found in S. Bovismorbificans), Gifsy-2 and
SE12 (degenerated in the reference P125109) and ROD21 (pathogenicity island exclusive of S. Enteritidis),
according to the proposed by previous studies®!*?%%,

SCIENTIFICREPORTS| (2018) 8:10478 | DOI:10.1038/s41598-018-28844-6 5


https://pythonhosted.org/DendroPy/programs/sumtrees.html
https://pythonhosted.org/DendroPy/programs/sumtrees.html

www.nature.com/scientificreports/

References

1.

2.

3.

el

10.

11.

12.

13.

14.

15.

16.

17.

24.

25.

26.

27.

28.

29.

30.
31.

32

33.

34,

35.

36.

37.

38.

39.

40.

Gantois, L. et al. Mechanisms of egg contamination by Salmonella Enteritidis. FEMS Microbiol Rev 33, 718-738, https://doi.
org/10.1111/j.1574-6976.2008.00161.x (2009).

Porwollik, S. et al. Differences in gene content between Salmonella enterica serovar Enteritidis isolates and comparison to closely
related serovars Gallinarum and Dublin. J Bacteriol 187, 6545-6555, https://doi.org/10.1128/]JB.187.18.6545-6555.2005 (2005).
CDC. An Atlas of Salmonella in the United States, 1968-2011: Laboratory-based Enteric Disease Surveillance. (Atlanta, Georgia,
2013).

. Humphrey, T. Salmonella, stress responses and food safety. Nat Rev Microbiol 2, 504-509, https://doi.org/10.1038/nrmicro907

(2004).

. Olsen, S. J. et al. The changing epidemiology of salmonella: trends in serotypes isolated from humans in the United States,

1987-1997. J Infect Dis 183, 753-761, https://doi.org/10.1086/318832 (2001).

. Roberts, J. A. & Sockett, P. N. The socio-economic impact of human Salmonella enteritidis infection. Int ] Food Microbiol 21,

117-129 (1994).

. Caffer, M. I. & Eiguer, T. Salmonella enteritidis in Argentina. Int ] Food Microbiol 21, 15-19 (1994).
. Fica, A. et al. [Salmonella enteritidis, an emergent pathogen in Chile]. Rev Med Chil 125, 544-551 (1997).
. Yim, L. et al. Differential phenotypic diversity among epidemic-spanning Salmonella enterica serovar enteritidis isolates from

humans or animals. Appl Environ Microbiol 76, 6812-6820, https://doi.org/10.1128/ AEM.00497-10 (2010).

Betancor, L. et al. Prevalence of Salmonella enterica in poultry and eggs in Uruguay during an epidemic due to Salmonella enterica
serovar Enteritidis. J Clin Microbiol 48, 2413-2423, https://doi.org/10.1128/JCM.02137-09 (2010).

Taunay, A. E. et al. The role of public health laboratory in the problem of salmonellosis in Sao Paulo, Brazil. Rev Inst Med Trop Sao
Paulo 38, 119-127 (1996).

Silva, E. N. & Duarte, A. Salmonella Enteritidis in Poultry:Retrospective in Brazil. Brazilian Journal of Poultry Science 4, 85-100
(2002).

Bau, A., Carvalhal, J. & Aleixo, J. Prevaléncia de Salmonella em produtos de frangos e ovos de galinha em Pelotas, RS, Brasil. Ciéncia
Rural, Santa Maria 31, 303-307 (2001).

dos Santos, L. R. et al. Phage types of Salmonella enteritidis isolated from clinical and food samples, and from broiler carcasses in
southern Brazil. Rev Inst Med Trop Sao Paulo 45, 1-4 (2003).

Fernandes, S. A., Ghilardi, A. C., Tavechio, A. T., Machado, A. M. & Pignatari, A. C. Phenotypic and molecular characterization of
Salmonella Enteritidis strains isolated in Sao Paulo, Brazil. Rev Inst Med Trop Sao Paulo 45, 59-63 (2003).

Irino, K., Fernandes, S. A., Tavechio, A. T., Neves, B. C. & Dias, A. M. Progression of Salmonella enteritidis phage type 4 strains in
Sao Paulo State, Brazil. Rev Inst Med Trop Sao Paulo 38, 193-196 (1996).

Surtos de doencas transmitidas por alimentos no Brasil, http://portalarquivos.saude.gov.br/images/pdf/2016/dezembro/09/
Apresentacao-Surtos-DTA-2016.pdf (2016).

. Rabsch, W, Tschipe, H. & Baumler, A. J. Non-typhoidal salmonellosis: emerging problems. Microbes Infect 3, 237-247 (2001).
. Betancor, L. et al. Genomic and phenotypic variation in epidemic-spanning Salmonella enterica serovar Enteritidis isolates. BMC

Microbiol 9, 237, https://doi.org/10.1186/1471-2180-9-237 (2009).

. Riemann, H., Kass, P. & Cliver, D. Salmonella enteritidis epidemic. Science 287, 1754-1755; author reply 1755-1756 (2000).
. Baumler, A. J., Hargis, B. M. & Tsolis, R. M. Tracing the origins of Salmonella outbreaks. Science 287, 50-52 (2000).
. Allard, M. W. et al. On the evolutionary history, population genetics and diversity among isolates of Salmonella Enteritidis PFGE

pattern JEGX01.0004. PLoS One 8, 55254, https://doi.org/10.1371/journal.pone.0055254 (2013).

. den Bakker, H. C. et al. Rapid whole-genome sequencing for surveillance of Salmonella enterica serovar enteritidis. Emerg Infect Dis

20, 1306-1314, https://doi.org/10.3201/eid2008.131399 (2014).

Toro, M. et al. Whole-Genome Sequencing Analysis of Salmonella enterica Serovar Enteritidis Isolates in Chile Provides Insights
into Possible Transmission between Gulls, Poultry, and Humans. Appl Environ Microbiol 82, 6223-6232, https://doi.org/10.1128/
AEM.01760-16 (2016).

Zheng, J. et al. Genetic diversity and evolution of Salmonella enterica serovar Enteritidis strains with different phage types. J Clin
Microbiol 52, 1490-1500, https://doi.org/10.1128/JCM.00051-14 (2014).

Dallman, T. et al. Phylogenetic structure of European Salmonella Enteritidis outbreak correlates with national and international egg
distribution network. Microb Genom 2, €000070, https://doi.org/10.1099/mgen.0.000070 (2016).

Inns, T. et al. Prospective use of whole genome sequencing (WGS) detected a multi-country outbreak of Salmonella Enteritidis.
Epidemiol Infect 145, 289-298, https://doi.org/10.1017/S0950268816001941 (2017).

Taylor, A. J. et al. Characterization of Foodborne Outbreaks of Salmonella enterica Serovar Enteritidis with Whole-Genome
Sequencing Single Nucleotide Polymorphism-Based Analysis for Surveillance and Outbreak Detection. J Clin Microbiol 53,
3334-3340, https://doi.org/10.1128/JCM.01280-15 (2015).

Wuyts, V. et al. Whole Genome Sequence Analysis of Salmonella Enteritidis PT4 Outbreaks from a National Reference Laboratory’s
Viewpoint. PLoS Curr 7, https://doi.org/10.1371/currents.outbreaks.aa5372d90826e6cb0136ft66bb7a62fc (2015).

Protein, B. A. 0. A. Annual Report 2016. (Brazil, 2016).

Tavechio, A. T,, Fernandes, S. A., Neves, B. C., Dias, A. M. & Irino, K. Changing patterns of Salmonella serovars: increase of
Salmonella enteritidis in Sao Paulo, Brazil. Rev Inst Med Trop Sao Paulo 38, 315-322 (1996).

Fernandes, S. A. et al. Salmonella serovars isolated from humans in Sao Paulo State, Brazil, 1996-2003. Rev Inst Med Trop Sao Paulo
48, 179-184 (2006).

Campioni, E, Davis, M., Medeiros, M. I. C., Falcao, J. P. & Shah, D. H. MLVA typing reveals higher genetic homogeneity among S.
Enteritidis strains isolated from food, humans and chickens in Brazil in comparison to the North American Strains. International
Journal of Food Microbiology 162, 174-181, https://doi.org/10.1016/j.ijfoodmicro.2013.01.008 (2013).

Feasey, N. A. et al. Distinct Salmonella Enteritidis lineages associated with enterocolitis in high-income settings and invasive disease
in low-income settings. Nat Genet 48, 1211-1217, https://doi.org/10.1038/ng.3644 (2016).

Campioni, E et al. Draft Genome Sequences of 256 Salmonella enterica subsp. enterica Serovar Enteritidis Strains Isolated from
Humans, Food, Chickens, and Farm Environments in Brazil. Genome Announc 5, https://doi.org/10.1128/genomeA.00399-17
(2017).

Davis, S. et al. CFSAN SNP Pipeline: an automated method for constructing SNP matrices from next-generation sequence data.
Peer] Computer Science 1, €20, https://doi.org/10.7717/peerj-cs.20 (2015).

Falush, D., Stephens, M. & Pritchard, J. K. Inference of population structure using multilocus genotype data: linked loci and
correlated allele frequencies. Genetics 164, 1567-1587 (2003).

Falush, D., Stephens, M. & Pritchard, J. K. Inference of population structure using multilocus genotype data: dominant markers and
null alleles. Mol Ecol Notes 7, 574-578, https://doi.org/10.1111/j.1471-8286.2007.01758.x (2007).

Pritchard, J. K., Stephens, M. & Donnelly, P. Inference of population structure using multilocus genotype data. Genetics 155, 945-959
(2000).

Altschul, S. E, Gish, W,, Miller, W, Myers, E. W. & Lipman, D. J. Basic local alignment search tool. ] Mol Biol 215, 403-410, https://
doi.org/10.1016/50022-2836(05)80360-2 (1990).

SCIENTIFICREPORTS| (2018) 8:10478 | DOI:10.1038/s41598-018-28844-6 6


http://dx.doi.org/10.1111/j.1574-6976.2008.00161.x
http://dx.doi.org/10.1111/j.1574-6976.2008.00161.x
http://dx.doi.org/10.1128/JB.187.18.6545-6555.2005
http://dx.doi.org/10.1038/nrmicro907
http://dx.doi.org/10.1086/318832
http://dx.doi.org/10.1128/AEM.00497-10
http://dx.doi.org/10.1128/JCM.02137-09
http://portalarquivos.saude.gov.br/images/pdf/2016/dezembro/09/Apresentacao-Surtos-DTA-2016.pdf
http://portalarquivos.saude.gov.br/images/pdf/2016/dezembro/09/Apresentacao-Surtos-DTA-2016.pdf
http://dx.doi.org/10.1186/1471-2180-9-237
http://dx.doi.org/10.1371/journal.pone.0055254
http://dx.doi.org/10.3201/eid2008.131399
http://dx.doi.org/10.1128/AEM.01760-16
http://dx.doi.org/10.1128/AEM.01760-16
http://dx.doi.org/10.1128/JCM.00051-14
http://dx.doi.org/10.1099/mgen.0.000070
http://dx.doi.org/10.1017/S0950268816001941
http://dx.doi.org/10.1128/JCM.01280-15
http://dx.doi.org/10.1371/currents.outbreaks.aa5372d90826e6cb0136ff66bb7a62fc
http://dx.doi.org/10.1016/j.ijfoodmicro.2013.01.008
http://dx.doi.org/10.1038/ng.3644
http://dx.doi.org/10.1128/genomeA.00399-17
http://dx.doi.org/10.7717/peerj-cs.20
http://dx.doi.org/10.1111/j.1471-8286.2007.01758.x
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1016/S0022-2836(05)80360-2

www.nature.com/scientificreports/

Acknowledgements

The study was supported by the FDA/CFSAN research under the supervision of Dr. Marc W. Allard and by Sao
Paulo Research Foundation - FAPESP (Proc. 2014/13029-0) and CNPq (473043/2013-0) under Dr. Juliana P.
Falcao supervision. During the course of this work, Dr. Fabio Campioni was supported by a fellowship from Sao
Paulo Research Foundation - FAPESP (Proc. 2013/25191-3 and 2016/05817-3).

Author Contributions

Campioni, Fibio — Wrote the manuscript and did the analysis. Cao, Guojie - Bioinformatics analysis. Kastanis,
George - Sequencing of the samples. Janies, Daniel A. - Transmission graphs. Bergamini, Alzira Maria Morato
- Strain isolation and provider. Rodrigues, Ddlia dos Prazeres - Strain isolation and provider. Stones, Robert -
Non-phylogenetic statistical analysis. Brown, Eric - co-supervisor at FDA. Allard, Marc William - co-supervisor
at FDA. Falcao, Juliana Pfrimer - Supervisor at University of Sao Paulo.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-28844-6.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:10478 | DOI:10.1038/s41598-018-28844-6 7


http://dx.doi.org/10.1038/s41598-018-28844-6
http://creativecommons.org/licenses/by/4.0/

	Changing of the Genomic Pattern of Salmonella Enteritidis Strains Isolated in Brazil Over a 48 year-period revealed by Whol ...
	Results

	Whole Genome SNP Analysis. 
	Accessory genomes analysis. 

	Discussion

	Methods

	Bacterial strains. 
	Library preparation and sequencing. 
	Genomic data analysis. 
	Genomes for comparison. 
	Accessory genomes analysis. 

	Acknowledgements

	Figure 1 Maximum-likelihood tree based on the SNP-analysis of 256 Salmonella Enteritidis strains isolated in Brazil.
	Figure 2 Distribution of the 256 Salmonella Enteritidis strains studied into the clusters according to the period of isolation.




