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Salmonella enterica subsp. enterica Welikade: 
guideline for phylogenetic analysis of serovars 
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Abstract 

Background: Salmonella spp. is a major foodborne pathogen with a wide variety of serovars associated with human 
cases and food sources. Nevertheless, in Europe a panel of ten serovars is responsible for up to 80% of confirmed 
human cases. Clustering studies by single nucleotide polymorphism (SNP) core‑genome phylogenetic analysis of 
outbreaks due to these major serovars are simplified by the availability of many complete genomes in the free access 
databases. This is not the case for outbreaks due to less common serovars, such as Welikade, for which no reference 
genomes are available. In this study, we propose a method to solve this problem. We propose to perform a core 
genome MLST (cgMLST) analysis based on hierarchical clustering using the free‑access EnteroBase to select the 
most suitable genome to use as a reference for SNP phylogenetic analysis. In this study, we applied this protocol to 
a retrospective analysis of a Salmonella enterica serovar Welikade (S. Welikade) foodborne outbreak that occurred in 
France in 2016. Finally, we compared the cgMLST and SNP analyses. SNP phylogenetic reconstruction was carried out 
considering the effect of recombination events identified by the ClonalFrameML tool. The accessory genome was also 
explored by phage content and virulome analyses.

Results: Our findings revealed high clustering concordance using cgMLST and SNP analyses. Nevertheless, SNP 
analysis allowed for better assessment of the genetic distance among strains. The results revealed epidemic clones 
of S. Welikade circulating within the poultry and dairy sectors in France, responsible for sporadic and non‑sporadic 
human cases between 2012 and 2019.

Conclusions: This study increases knowledge on this poorly described serovar and enriches public genome data‑
bases with 42 genomes from human and non‑human S. Welikade strains, including the isolate collected in 1956 in 
Sri Lanka, which gave the name to this serovar. This is the first genomic analysis of an outbreak due to S. Welikade 
described to date.
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Background
Salmonella spp. is a foodborne bacterium responsi-
ble for several hundred million human cases each year 
worldwide. In Europe, between 2015 and 2019, an aver-
age of 92,119 confirmed human cases were reported 
annually by the European Centre for Disease Prevention 
and Control (ECDC). Importantly, 10 major serovars 
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(Salmonella enterica serovars Agona, Enteritidis, Infan-
tis, Kentucky, Derby, Newport, Stanley, Typhimurium, 
1,4,[5],12:i:- and Virchow) were responsible for 80% of 
these human infections [1–5]. In France, these 10 sero-
vars were responsible for around 90% of human salmo-
nellosis, with Salmonella enterica serovars Enteritidis, 
Typhimurium and 1,4,[5],12:i:- alone accounting for 71% 
of infections [6–9]. Among the remaining 10% of human 
salmonellosis cases not related to these 10 major serovars 
in France, serovars such as S. enterica serovar Welikade 
(hereafter referred to as S. Welikade) can be responsible 
for sporadic cases or outbreaks. S. Welikade has been 
poorly described worldwide, with a few publications cit-
ing strains isolated in Sri Lanka [10], Australia [11] or 
Sweden [12]. It is also not included in the annual reports 
of the European Food Safety Authority (EFSA) [1–5], and 
is underrepresented in open-access genome databases, 
such as NCBI [13] and EnteroBase [14] (i.e. 11 genomes 
available as of December 2020).

In France, during summer 2016, an S. Welikade out-
break was detected by the French Public Health Agency 
(Santé publique France; SPF) and the French National 
Reference Center for Escherichia coli, Shigella and Salmo-
nella (NRC). The NRC recorded eight human cases likely 
associated with this outbreak. For the period between 
2012 and 2019, the NRC database contains 5 other spo-
radic S. Welikade isolates from human cases. The epi-
demiological investigation carried out by the Regional 
Office of SPF in the Occitanie region, where five of these 
cases occurred, identified the consumption of goat’s 
cheese made with raw milk as the source of the outbreak. 
During summer 2016, the non-human Salmonella Net-
work (SN) [15], coordinated by the French Laboratory 
of Food Safety, received one S. Welikade strain from 
goat’s cheese. SN data for the period between 2012 and 
2019 showed that the prevalence of S. Welikade among 
non-human SN strains was 0.04%, with only 110 isolates 
mainly collected in the Auvergne-Rhône-Alpes region 
(neighboring Occitanie to the north) from the poultry 
sector, especially from laying hens and broilers (Gallus 
gallus) [16]. To better document the population struc-
ture and transmission chains of S. Welikade in France, 
we undertook a genomic epidemiology analysis of all the 
human strains isolated since 2012 and a spatiotemporal 
representative panel of non-human strains isolated dur-
ing the same period.

SNP phylogenetic core-genome analysis is a well-
known method that makes it possible to cluster strains 
suspected of being related and to quantify the genomic 
distance between genomes in outbreak investigations and 
in studies of sporadic infections [17–19]. Phylogenetic 
SNP analysis requires a complete reference genome for 
the mapping analysis step and to calculate the pairwise 

distance between genomes. Nevertheless, in the context 
of investigations related to rare serovars, it may be diffi-
cult to identify a reference genome to use for the analysis.

In this study, we propose to solve this problem by ana-
lyzing S. Welikade strains by core-genome multilocus 
sequence type (cgMLST) phylogenetic analysis in the 
free-access EnteroBase [14, 20]. The cgMLST analysis 
allowed us to identify the closest and most suitable com-
plete genome to use for SNP phylogenetic analysis and 
to record other S. Welikade strains isolated all over the 
world. Finally, we carried out a SNP core genome phy-
logenic analysis on 52 S. Welikade genomes, 41 isolated 
in France over 7 years, including all strains isolated from 
human infections. We also undertook accessory genome 
analyses to identify genomic factors characterizing the 
epidemic clones identified. This study enabled high-res-
olution molecular typing of 52 S. Welikade genomes and 
enriched the free-access genome databases.

Results
EnteroBase Hierarchical clustering and cgMLST analyses
Among the 42 human and non-human S. Welikade 
strains analyzed, 14 were from the NRC and 28 from the 
SN. The 14 strains originating from the NRC included 
(i) the historical S. Welikade strain, isolated for the first 
time in Sri Lanka in 1956 [21], (ii) 12 strains correspond-
ing to all the clinical S. Welikade cases that occurred in 
metropolitan France since 2012, and (iii) one strain iso-
lated from goat’s cheese in 2016. Among the panel of 28 
non-human strains, all non-human strains isolated in 
2016, the year of the S. Welikade outbreak, were included 
(n = 8). The other twenty non-human strains were cho-
sen, among the 110 collected between 2012 and 2019, 
with particular attention to the geographic distribution 
and the sector of sample collection (i.e. the proportion of 
S. Welikade in the animal, food and feed sectors within 
the SN collection database was used to make the selec-
tion) (Supplementary Fig. 1).

The dataset of 42 S. Welikade strains from France, 
raw reads, and metadata were uploaded to EnteroBase 
[22] and various markers were studied. Among these 
42 strains, 41 had MLST [23] profile ST3300 and one 
ST6416 (i.e. the 839  K historical strain isolated in Sri 
Lanka). In the EnteroBase Salmonella database [14, 20], 
11 other S. Welikade genomes (based on predicted sero-
type by SISTR [24]) were available from five continents: 
Europe (n = 3), Americas (n = 2), Africa (n = 1), Asia 
(n = 3), and Australia (n = 2).

Of the 11 genomes, two (FDA952758-C1-A and 
FDA952758-C1-C) were from strains isolated from 
blanched peanut kernels in 2016 in China, and both had 
the same ST3300 profile as strains from France. Of the 
remaining nine strains, four had profile ST2831, and 
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the others had profiles ST5123 (n = 2), ST2333 (n = 1), 
ST2900 (n = 1), and ST579 (n = 1). The four ST2831 
genomes were: isolated from spices in 2013 in India 
(n = 1), human strains from the United States (US) iso-
lated in 2015 (n = 2), and a human strain from the United 
Kingdom (UK) isolated in 2019 (n = 1).

Hierarchical clustering (HC) cgMLST analy-
sis performed by EnteroBase showed that all 53 S. 
Welikade strains belonged to the same super-lineage 
(HC2000_468). HierCC clustering is based on the 
genomic distances calculated using the number of shared 
cgMLST alleles, with single-linkage clustering criteria. 
Maximum allelic differences are indicated by the suffix 
of each HC, starting with HC0 for 0 cgMLST allelic dif-
ferences, other than missing data, through to HC2850 for 
2850 allelic differences [22].

According to SISTR serotype prediction [24], we found 
among the 53 HC2000_468 genomes, 52 assigned to S. 
Welikade and 1 to a monophasic variant of S. Welikade 
(16:l,v:-), as well as 400 to S. Gaminara. The 53 S. 
Welikade genomes and the first 10 S. Gaminara genomes, 
that had the lowest number of contigs, were selected 
for EnteroBase cgMLST analysis. The cgMLST tree 
was visualized by a minimum spanning tree produced 
using the EnteroBase GrapeTree [25] tool (Supplemen-
tary Table  1 and Supplementary Fig.  2). Among the ten 
S. Gaminara genomes, two were complete: SA20063285 
[NCBI_NZ_CP030288.1] and CFSAN070644 [NCBI_ 
NZ_CP024165.1]. The panel of 53 S. Welikade strains 
harbored 2,414 and 3,904 alleles of difference with 
SA20063285 and CFSAN070644, respectively (Supple-
mentary Fig. 2). Since the quality of these two Gaminara 
complete genomes are similar (> 50X coverage, high 
N50 and Salmonella correct genome size comprised 
between 4.5 and 5.5 Mb)) we decided to select the refer-
ence genome regarding to the cgMLST distances value. 
Finally, the complete S. Gaminara genome SA20063285 
was chosen as the reference genome for the variant call-
ing phylogenetic SNP core-genome analysis because it is 
the closest to Welikade genomes (Supplementary Table 1, 
Supplementary Fig. 2 and Supplementary Fig. 3).

EnteroBase cgMLST analysis was carried out on the 53 
S. Welikade genomes alone. The spanning tree obtained 
revealed two different groups: group A, characterized 
by HC 900_38730 (ST3300 and ST2333) and including 
genomes from France, China and Nigeria; and group 
B, characterized by HC 900_13235 (ST579, ST2831, 
ST2900, ST5123 and ST6416) and including genomes 
from the UK, the US, India, Australia, and Sri Lanka 
(Supplementary Fig.  4). The HC5 analysis revealed two 
clades within group A (Fig.  1). The 25 strains isolated 
from the poultry sector in France (22 from G. gallus and 
3 from feed) in Auvergne-Rhône-Alpes between 2015 

and 2019 grouped together in a clade (α clade) with four 
human strains from France. The eight human strains 
related to the goat’s cheese outbreak in France in the 
summer of 2016 grouped with two strains isolated from 
goat’s cheese in the Occitanie region, one human strain 
isolated in France in 2012, two strains from China from 
blanched peanut kernels isolated in 2016, and one strain 
from Nigeria from a non-specified source (β clade).

SNP calling analyses
EnteroBase
The EnteroBase SNP analysis performed on the 53 
S. Welikade genomes, using S. Gaminara genome 
SA20063285 as a reference, revealed 42,521 variant 
sites. The two groups (groups A and B) identified within 
the SNP-based dendrogram (Fig.  2) were in accordance 
with the results observed by cgMLST analysis. Group A 
included genomes from strains isolated in France, China 
and Nigeria. Group B included genomes from strains iso-
lated in the UK, the US, India, Australia and Sri Lanka. 
Two clades (α and β) were grouped within group A, as 
previously described (Fig. 2).

iVARCall2
SNP phylogenetic core-genome analysis was also car-
ried out on the 52 S. Welikade genomes with the iVAR-
Call2 pipeline, using S. Gaminara genome SA20063285 
as a reference. The breadth coverage of the 52 Welikade 
genomes on the S. Gaminara SA20063285 genome used 
as a reference was 92.10%. As a comparison, a breadth 
coverage of 88.94% was calculated on the Typhimurium 
LT2 genome reference (Fig. 3).

The panel of 52 genomes consisted of the 42 genomes 
from France and 10 genomes available through the 
EnteroBase Salmonella database [14, 20]. Of the eleven 
S. Welikade genomes downloaded from EnteroBase, we 
excluded the FDA952758-C1-A genome because of its 
low sequence quality (genome fraction: 77%; assembly 
size: 3.7 Gb) (Supplementary Table 1).

To consider the effect of recombination on phyloge-
netic reconstruction, the ClonalFrameML tool was used 
to identify recombination events over the 52 S. Welikade 
genomes. ClonalFrameML analysis made it possible to 
identify 488 recombination events on all branches of the 
clonal genealogy (Supplementary Fig.  5). The length of 
recombined fragments ranged from 10 bp to 127,301 bp, 
and the mean length of imports was estimated to be 
δ = 2,444.23  bp. The average distance of the imports 
was ν = 0.00734. The ratio of rates of recombination and 
mutation was R/θ = 0.33, whereas the ratio of effects of 
recombination and mutation was r/m = 5.90. This indi-
cated that recombination happened three times less often 
than mutation, although recombination overall caused 
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six times more polymorphism than mutation. At the 
basal node that harbors group A, a hotspot of 202 recom-
bination events was identified, with lengths ranging from 
260 to 50,961 bp (dark blue horizontal line in Supplemen-
tary Fig.  5). A second hotspot of recombination events 
was identified at the basal node harboring group B, 
revealing 170 recombination events, with lengths rang-
ing from 102 to 46,203  bp (dark blue horizontal line in 
Supplementary Fig.  5). Interestingly, one recombination 
event was identified in the α clade of group A. The length 
of this recombined fragment was 147 bp. No recombina-
tion events were observed in the β clade.

The iVarCall2 SNP core-genome phylogenetic analy-
sis was carried out excluding recombination events. The 
tree obtained showed two groups (Fig.  4). The average 
distance within these two groups was 2,273 SNPs with a 
standard deviation (SD) of 61 SNPs. All strains in group 
A belonged to MLST profile ST3300, except for two 
strains from China and one from Nigeria, belonging to 
MLST profile ST2333.

Group A contained 43 genomes divided into two 
clades, both supported by a bootstrap value of 100%. 
These two clades (α and β) were genetically distant by 

an average of 238 SNPs ± 6 SD. The α clade contained 
30 genomes, among which 26 were closely related with 
an average of 4 SNPs ± 2 SD. These 26 genomes corre-
sponded to strains isolated between 2014 and 2017, with 
one human strain isolated in 2017 and 25 non-human 
strains isolated from the poultry sector: 22 strains iso-
lated from G. gallus and 3 from feed (Fig. 4). The β clade 
contained 13 genomes harboring four different branches. 
One branch harbored 9 closely related strains with an 
average of 6 SNPs ± 4 SD. This cluster included seven 
human strains: five strains collected during the goat’s 
cheese outbreak of 2016 in south-western France (Occit-
anie region), and two other human strains isolated the 
same year from the south-west (Occitanie region) and 
south-east (Provence-Alpes-Côtes-d’Azur), respectively. 
These seven human strains were closely related to two 
strains isolated from goat’s cheese, with an average of 3 
SNPs ± 1 SD and 12 SNPs ± 2 SD, respectively. The two 
strains isolated from goat’s cheese differed by 13 SNPs.

Group B contained the remaining 9 genomes, char-
acterized by 5 different MLST profiles: ST579, ST2831, 
ST2900, ST5123, and ST6416. The average distance 
between these genomes was 235 SNPs ± 57 SD (Fig. 4).

Fig. 1 EnteroBase GrapeTree clustering of cgMLST allelic distances between S. Welikade strains. Clustering was produced using EnteroBase 
GrapeTree with the MSTreeV2 algorithm. Allelic distances are indicated on branches. Different colored nodes indicate the Hierarchical Clustering 
(HC)‑5 profiles
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Comparison between phylogenetic SNP analy-
ses with or without ClonalFrame using S. Gami-
nara SA20063285, S. Gaminara CFSAN070644 and 
LT2 Typhimurium genomes as references showed 
that extensive recombination events occurred within 
Welikade lineage LI/LII and clades α and β (Fig.  5a). 
This analysis also showed that to calculate SNP differ-
ences, the choice of reference genome was no longer 
critical if clustering analysis was carried out without 
recombination events. By contrast, with recombination 
events, the choice of the closest serovar to use for SNP 
phylogenetic analysis is critical. Although Gaminara 
serovar (e.i. the closest serovar to Welikade) provided 
the best clustering results. No critical differences were 
observed between the clustering results with two com-
plete genomes S. Gaminara SA20063285 and S. Gami-
nara CFSAN070644 (Fig. 5b).

Accessory‑genome analysis
The results obtained with PHASTER software, a phage 
search tool, showed 21 intact prophages. All outbreak 
strains belonging to the β cluster (9 strains highlighted 
in purple in Fig.  4) carried Enterobacteria phage AA91-
ss (NCBI NC 022,750) [26]. All strains isolated from the 
poultry sector belonging to the α cluster (22 strains high-
lighted in blue in Fig.  4) carried Escherichia phage 186 
(NCBI NC 001,317) [27], Haemophilus phage HP2 (NCBI 
NC 003,315), and Salmonella phage SEN34 (NCBI NC 
028,699). The Salmonella phage Fels-1 (NCBI NC 010,391) 
was identified within 46 S. Welikade genomes (Fig. 4).

The antibiotic resistance gene analysis, performed 
through the ResFinder database [28], showed that all 
Welikade genomes harbored the aac(6’)-Iaa_1_NC 
gene (coding for aminoglycoside N-acetyltransferase). 
No other antibiotic resistance genes inventoried in 

Fig. 2 EnteroBase dendrogram of non‑repetitive SNPs of the 53 S. Welikade genomes and the S. Gaminara reference genome SA20063285. The 
dendrogram was produced using EnteroBase SNP project tools. Different colored nodes indicate the strains’ geographic localization. The number of 
strains per country is indicated between brackets [n]
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the ResFinder database were detected in our panel of 
genomes.

The virulome analysis, performed through the vfdb 
database [29], showed the presence of 101 genes within 
the genomes of our dataset (Supplementary Table 
S2). The virulence genes found in S. Welikade strains 
are also mostly present in the S. Gaminara reference 
genome SA20063285 [NCBI_NZ_CP030288.1]. Only 
gene differences are highlighted in the heat map of 
Fig. 4. The avrA gene, which is part of the Salmonella 
Pathogenic Island-1 (SPI-1), was only found within 
group A. The ratB and pipB2 genes were only found 
within group B; they are part of the CS54 island and 
SPI-2, respectively (Fig. 4).

The Salmonella pathogenicity island (SPI) analysis car-
ried out on the 52 S. Welikade genomes compared to 
Typhimurium LT2 [NCBI_NZ_ AE006468.2] (i.e. one 
of the most common serovars in Salmonella outbreaks 
worldwide) showed the presence of several genes con-
tained in SPI-1, SPI-2, SPI-3, SPI-4, SPI-5, SPI-6, SPI-12, 
SPI-13, SPI-14, SPI-18, and CS54 (Supplementary Table 
S3). As described above with the vfdb results, within the 
CS54 and SPI-2 pathogenicity islands, the ratB and pipB2 
genes were only found in group B. Similarly, within the 

SPI-1 pathogenicity island, the avrA gene was only found 
in group A.

Discussion
The choice of the reference strain, as closely related as 
possible to strains under investigation, is an essential 
prerequisite before launching an SNP analysis based on 
comparison with a reference strain. It is also important to 
take a critical look at the quality of the reference genome 
used. Coverage is frequently considered as the main 
quality metric typically used in WGS and the value of 
50 × has been chosen for Salmonella in the recommen-
dations of the European Centre for Disease Control and 
Prevention (ECDC) [30]. Good coverage prevents poor 
MLST, cgMLST and, antigenic data and contributes to 
the correct clustering analysis for outbreaks and source 
attribution investigations [17, 30, 31]. Furthermore, avail-
ability of reads, information on genome length, serovar 
prediction and MLST type are also valuable information 
to consider when choosing reference genome [30]. When 
there is no complete genome available corresponding to 
the serovar of the investigated strains, it is essential to 
identify the closest serovar. Although this step is known 
to be crucial, it is rarely described in the literature [32]. 

Fig. 3 Boxplot representing breadth coverage data according to the reference genome used
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The choice of a reference genome close to the strains 
under study increases the fraction of the genome on 
which the search for SNP variants will be carried out, 
thus increasing method sensitivity. Use of the reference 
genome Typhimurium LT2 would lead us to lose 11% of 
core genome information (89% of breadth coverage). The 
choice of S. Gaminara strain SA20063285 as the refer-
ence allowed us to lose only 8% of core genome informa-
tion (92% breadth coverage). The choice of the reference 
genome is a critical step to ensure the sensitivity of the 

analyses performed when analyzing closely related 
genomes [33]. Nevertheless, for the Welikade genomes 
analyses in this study, recombination events heav-
ily affected the clustering analysis and SNP differences 
calculation. Use of the ClonalFrame tool allowed us to 
bypass this problem.

EnteroBase Hierarchical clustering analysis at the 
HC2000 level (super-lineage) allowed us to easily deter-
mine the closest serovar to S. Welikade and thus to find 
the most suitable reference genome for SNP calling 

Fig. 4 Phylogenetic tree based on the core‑genome SNPs of S. Welikade strains, constructed with maximum likelihood according to the 
K3Pu + F + I model. Consensus tree was obtained after 3,000 bootstraps. SNP tree branch lengths were corrected taking in account the 
recombination events predicted by the ClonalFrame ML tool. The tree is rooted on the historical strain 839 K. The SNP average carried out on 
branches is noted in blue. Bootstrap values greater than 80% are noted with blue dots on nodes. The strains implicated in the goat’s cheese 
outbreak that occurred in France in 2016 are highlighted in the purple box. The blue box highlights the epidemic Gallus gallus cluster. The 
heatmap shows the presence (in black) or absence (in beige) of the phages. The accession numbers of each phage are: CTC2A [NC_ 030949], 
186 [NC_001317], AA91 [NC_022750], Haemop_HP2 [ NC_003315], KO2 [NC_005857], 118970_sal3 [NC_031940], Fels‑1 [NC_010391], Fels‑2 
[NC_010463], SEN34_[NC_028699], ST64B [NC_004313], Sf6 [NC_005344], X29 [NC_024369], F108 [NC_008193], RE‑2010 _[NC_019488], Gifsy‑1 
_[NC_010392], Gifsy‑2 _[NC_010393], GF‑2 _[NC_026611], I2_2 _[NC_001332], P88 _[NC_026014], PsP3 _[NC_005340], and Mu _[NC_000929]
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Fig. 5 Boxplot representing the average SNP distance calculated as a function of the reference genome used and accounting or not for 
recombination events. a inter‑comparison of SNP distance average between lineages or clades. b intra‑comparison of SNP distance average inside 
clusters. Two conditions were compared: SNP and SNP + CFML. SNP: SNP analysis using the iVARCall2 tool; SNP + CFML: SNP analysis using iVARCall2 
and a ClonalFrameML analysis. Three reference genomes were compared: Gaminara SA200663285, Gaminara CFSAN070644, and Typhimurium LT2
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analysis. Moreover, submitting our genomes on Enter-
oBase enabled us to look at the population structure of 
S. Welikade, and to include 11 additional genomes from 
other countries in our analysis. Finally, the EnteroBase 
cgMLST and SNP analyses were found to be fast, user-
friendly tools for outbreak clustering pre-investigations. 
Nevertheless, for dataset studied, SNP phylogenetic core-
genome analysis carried out with an iVARCall2 workflow 
enabled finer clustering between strains and better calcu-
lation of genomic distances between genomes. SNP core-
genome analysis revealed high genomic diversity among 
the S. Welikade strains analyzed. Two distinct groups 
were identified, genetically distant by an average of 2,273 
SNPs. The S. Gaminara genome SA20063285, used as a 
reference, was genetically distant from the S. Welikade 
genomes in our dataset by an average of 3,195 SNPs.

Therefore, the S. Welikade phylogenetic core-genome 
analysis confirmed that the five strains isolated from 
patients in south-western France in 2016 were closely 
related to the two goat’s cheese strains, and revealed 
that two other human strains not recorded as part of the 
investigation (average of 16 SNPs, 4 SD) were also part 
of this outbreak. Interestingly, these other two human 
strains, 201,605,322 and 201,605,281, were also iso-
lated in July 2016, the first from the Occitanie region 
(i.e. region where the outbreak was declared in summer 
2016) and the second from the Provence-Alpes-Côtes-
d’Azur, a region bordering the Occitanie. Moreover, all 
the strains isolated from the poultry sector (from ani-
mals and from feed) between 2014 and 2016 were geneti-
cally close (average of 4 SNPs, 2 SD). This result suggests 
a link between feed and poultry flocks, underlining the 
link between farm management and incidence of ani-
mal infection. Otherwise, one human case was related to 
them: human strain 201,703,470 isolated from a patient 
in 2017. Our genomic analysis made it possible to relate 
this human sporadic case to the poultry sector, even 
though further analyses would be needed to understand 
the links between this infection and the poultry strains.

The analysis to identify recombination events pointed 
out two major hotspots of recombination at the basal 
node of the two groups identified by the SNP analysis. 
These results suggest likely differentiation within the S. 
Welikade population into two distant genomic groups 
as the result of two major recombination events. Other-
wise, the strains belonging to each cluster were clonal. 
These two genomic groups were also identified by the 
accessory genome analysis. The first genomic group, 
including strains from France, China and Nigeria, was 
characterized by the absence of genes ratB and pipB2. 
The second genomic group, including strains from the 
UK, US, India, Australia, and Sri Lanka, was character-
ized by the absence of the arvA gene. The ratB gene is 

described as part of CS54, a Salmonella genomic island. 
The outer membrane protein encoded by this gene seems 
to be involved in S. Typhimurium adherence and colo-
nization of the cecum [34]. The absence of this gene has 
already been described in epidemic S. Derby ST40 strains 
in France [35]. The pipB2 gene is part of the SPI-2 type III 
secretion system (SPI-2 T3SS) and likely plays a role as 
an effector in host cell vacuole colonization [36]. Finally, 
the arvA gene is part of SPI-1. This gene is described as 
lost in the arizonae subspecies [37]. Higher diversity was 
observed in phage profiles, which allowed us to identify 
two profiles within genomic group A, consistent with 
phylogenetic clustering. One profile including all strains 
from the poultry sector in France was characterized by 
phages X186, HP2, Fels-1, and SEN34; the second profile 
including the strains involved in the goat’s cheese out-
break that occurred in France in 2016 was characterized 
by phage AA91-ss and X118970. Interestingly, AA91-ss 
[38] is a bacteriophage already described in Escherichia 
coli O157:H7, carrying 3 cdt genes coding for a cytolethal 
toxin. It may be assumed that the S. Welikade genomes 
isolated from goat’s cheese have acquired this phage by 
transduction events, and this could lead to a selective 
advantage.

This is the first genomic study on S. Welikade. It 
allowed us to acquire new knowledge about this sero-
var, both in terms of epidemiology and genomics. The 
genomic position of S. Welikade within the Salmonella 
genomes available in EnteroBase was described. We 
were able to characterize the human and non-human S. 
Welikade strains in France. We were also able to relate 
the human infections that occurred during an outbreak 
in 2016 and sporadic cases that occurred over seven years 
to food sources.

The results obtained from accessory genome analy-
sis confirmed that this approach is useful to distinguish 
genomes, particularly in the case of studies involving 
strains of unexpected origin, either strains of poorly 
described serovars with little pathogenicity for humans, 
or strains isolated from unusual hosts.

Genomes that are made available on public databases 
such as EnteroBase14 may therefore prove useful for 
future studies on this poorly referenced serovar.

Conclusions
A comparison between genomes identified in France and 
those registered in EnteroBase was used to select the 
appropriate reference genome for a highly discriminative 
SNP phylogenetic analysis. The genomic analysis scheme 
proposed that calculating distances between the S. Gami-
nara and S. Welikade serovars may prove useful for fur-
ther investigations. This is particularly the case for other 
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serovars that are poorly referenced, and/or for which 
there is no complete genome available in the databases.

Our findings make it possible to propose a scheme to 
carry out highly discriminant SNP phylogenetic analy-
ses for serovars, such as S. Welikade, for which no refer-
ence genome is available. The approach described here 
requires further study to build a sound foundation for 
genomic assessment of rare serovars. The ultimate aim 
is to better identify the sources of infections caused by 
these rare serovars, contributing to public health, and 
promoting a more preventive approach in frameworks of 
integrative surveillance.

Methods
Selection of isolates for retrospective epidemiological 
investigations
Forty Salmonella enterica subsp. enterica Welikade 
strains were selected for the retrospective genomic analy-
sis of the outbreak. The data concerning these strains 
are presented in Supplementary Table  1. Among these 
genomes, 27 strains were selected from the ANSES Sal-
monella Network (SN) collection, comprising 23 strains 
isolated from animals (of which 22 strains from Gal-
lus gallus) 1 strain isolated from food (strain isolated in 
south-eastern France in 2016 from goat’s cheese), and 3 
strains isolated from feed for poultry.

Finally, 13 strains were selected from the French 
National Reference Center (NRC) for Escherichia coli, 
Shigella and Salmonella at the Institut Pasteur in Paris. 
One strain was isolated from goat’s cheese and 12 strains 
were isolated from humans: 5 strains from patients iden-
tified as part of the 2016 outbreak, 6 strains isolated 
between 2012 and 2016 in different regions of France, 
and the historical strain isolated in 1956 from a patient 
in Sri Lanka, which gave this serovar the name Welikade.

These 40 strains were identified as serovar Welikade by 
glass slide agglutination, according to the White–Kauff-
mann–Le Minor scheme [38].

Genomic DNA preparation and sequencing
The 27 genomes from the ANSES collection and the 
13 from Institut Pasteur were sequenced as previously 
described by Radomski et  al. [39] and Ung et  al. [40], 
respectively. The 40 strains were sequenced with Illumina 
technology.

Genome quality control
The quality control, normalization, and assembly were 
performed with an in-house workflow called ARtWORK 
[41]. As previously described by Vila Nova et  al., 2019 
[42], the ARtWORK workflow is based on coverage con-
trol (i.e., > 100X) with Bbmap [43], read normalization 
(i.e., 100X) with Bbnorm [44], quality control of reads 

with FastQC [45], and read trimming (i.e., > 20 quality 
control) with Trimmomatic [46]. The quality rules fol-
lowed were: (1) length of read must be higher than or 
equal to 50 base pairs (bp), otherwise excluded; (2) phred 
score per base must be higher than or equal to 30x; and 
(3) adapters must be filtered away based on an internal 
database with Illumina adapters. De novo assembly was 
performed through SPAdes [47]. Medusa and Gapcloser 
[48] were used to optimize and finish the assembly, as 
previously described by Palma et al., 2020 [49].

Determination of the closest serovar
The 40 S. Welikade strains selected for the retrospective 
genomic analysis of the outbreak were uploaded into 
EnteroBase [22] with the corresponding metadata. The 
short reads were assembled by EnteroBase. Multilocus 
sequence typing (MLST), serovar prediction, and hierar-
chical clustering were performed automatically.

The EnteroBase Salmonella database [14, 20] was inter-
rogated by searching the HC2000 profile of S. Welikade 
strains, following instructions described by Zhou et  al. 
in 2020 [22]. GrapeTree clustering was used with the 
MSTreeV2 algorithm [25].

Genome analysis for outbreak investigation
Multilocus sequence typing (MLST)
The seven housekeeping gene sequences (aroC, dnaN, 
hemD, hisD, purE, sucA, and thrA) for each strain were 
detected using EnteroBase [22] MLST tools, which ena-
bled us to determine the sequence type (ST) directly 
from the fastq files.

SNP calling analysis
A dendrogram of non-repetitive SNP calling was pro-
duced within EnteroBase with the SNP project tool 
against the S. Gaminara genome SA20063285 [NCBI_
NZ_CP030288.1] reference genome, with a cut-off set at 
a minimum sites present of 95%.

A core genome SNP analysis was conducted using 
the iVARCall2 workflow [50, 51]. Reads were mapped 
to both the S. Gaminara SA20063285 reference genome 
[NCBI_NZ_CP030288.1] and S. Typhimurium LT2 ref-
erence genome [NCBI_AE006468.2]. A pseudogenome 
obtained on the SA20063285 reference was generated 
using the HaplotypeCaller algorithm (GATK). SNPs were 
predicted, and the distance matrix between each pair of 
genomes was calculated.

Phylogenetic inference
The phylogenetic tree generated on the core genome 
dataset was computed using the IQ-TREE tool [52]. The 
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tree was constructed based on the pseudogenome under 
the maximum likelihood criterion (ML). The model of 
nucleotide evolution was automatically selected by the 
ModelFinder [53] option according to the Bayesian Infor-
mation Criterion (BIC). ModelFinder selected the three 
substitution-type models with unequal base frequency 
and invariable sites (K3Pu + F + I). The branch supports 
for the tree were estimated with 3,000 bootstrap repli-
cates using the UFBoot [54] option (Ultrafast Boostrap 
Approximation).

Estimation of recombination
Recombination events were detected and the branch 
lengths were corrected taking into account the phyloge-
netic reconstruction obtained with the ClonalFrameML 
tool, as described by Diderot et al. in 2015 [55]. We used 
as input files the ML tree generated using the IQ-TREE 
tool and the pseudogenome file obtained using the iVAR-
Call2 workflow. The R/theta rate, ratio of frequency of 
recombination and mutation, was directly obtained in 
the ClonalFrameML output. The r/m rate, ratio of effects 
of recombination and mutation, was calculated using the 
formula r/m = R/theta*delta*nu.

In order to produce a SNP distance matrix excluding 
variants linked to recombination events (> 400  bp), the 
script ‘Clonal_VCFilter’ [51] was applied.

The phylogenetic inference was corrected, accounting 
for the detected recombinations. Trees were visualized 
and annotated using R package ggtree [56, 57].

Phage identification
The presence of phage sequences in the assembly of S. 
Welikade strains was investigated using the PHASTER 
online application [58]. Only prophages identified 
as “intact” were considered. The identity of all intact 
prophage sequences detected by PHASTER was con-
firmed by BLAST [59]. A heatmap of the presence/
absence of phages in the genomes studied was produced 
using R [56], with the ggtree package [57].

Identification of Salmonella pathogenicity island (SPI), 
virulence factor, and acquired resistance genes
The SPI analysis was carried out as described by Sével-
lec et al., 2018, with a cut-off set at a minimum cover-
age of 80% and minimum 90% identity. The presence/
absence of genes mediating antibiotic resistance and 
virulence factors was investigated on the assembly 
using the GENIAL workflow [60]. This workflow made 
it possible to perform a blast via the ABRICATE appli-
cation [61] against the ResFinder database [28] avail-
able at the Center for Genomic Epidemiology (CGE) 
(Denmark) and virulence factor database (vfdb) [29] 

available from the Institute of Pathogen Biology (Bei-
jing, China). The ABRICATE outputs show only the 
genes found on at least one genome of the analyzed 
panel. The threshold for reporting a match between a 
gene in the databases and the input Salmonella genome 
was set at a minimum coverage of 80% and minimum 
90% identity.
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