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Abstract

Outbreaks caused by Salmonella Enteritidis are commonly linked to eggs and poultry meat internationally, but this serovar 
had never been detected in Aotearoa New Zealand (NZ) poultry prior to 2021. Locally designated genomic cluster Salmonella 
Enteritidis_2019_C_01, was implicated in a 2019 outbreak associated with a restaurant in Auckland. Four Enteritidis_2019_C_01 
sub-clusters have since been identified, two retrospectively, in the Auckland region. Authorities initiated a formal outbreak 
investigation after genomically indistinguishable S. Enteritidis was isolated from the NZ poultry production environment. This 
study analysed 231 S. Enteritidis genomes obtained from the outbreak using Bayesian phylodynamic tools to gain insight into 
the outbreak’s dynamics and origin. We used Bayesian integrated coalescent epoch plots to estimate the change of the Ente-
ritidis ST11 population size over time and marginal structured coalescent approximation to estimate transmission between 
poultry producers. We investigated human and poultry isolates to elucidate the time and location of the most recent common 
ancestor of the outbreak and transmission pathways. The median most recent common ancestor was estimated to be Febru-
ary 2019. We found evidence of amplification and spread of strain Enteritidis_2019_C_01 within the poultry industry, as well as 
transmission events throughout the production chain. The intervention by the public health and food safety authorities coin-
cided with a drop in the effective population size of the S. Enteritidis ST11 as well as notified human cases. This information is 
crucial for understanding and preventing the transmission of S. Enteritidis in NZ poultry to ensure poultry meat and eggs are 
safe for consumption.

Impact Statement

This study provides insight into the transmission dynamics and structure of the first-ever Salmonella Enteritidis outbreak within 
the New Zealand poultry industry and human population. Disease models in combination with genomic and epidemiological 
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Data Summary
The authors confirm all supporting data, code and protocols have been provided within the article, appropriate repositories or 
in supplementary data files. All relevant metadata are available in the supplementary material. Genome sequences have been 
deposited in the National Center for Biotechnology Information Sequence Read Archive public database under BioProject 
PRJNA720150.

Introduction
Salmonellosis is a significant cause of gastrointestinal disease in humans in Aotearoa New Zealand (NZ) and worldwide, the 
majority of which is caused by Salmonella enterica subs. enterica [1]. Chicken eggs and poultry meat are important sources 
of salmonellosis internationally [2, 3], although epidemiological evidence suggested that eggs have not been an important 
pathway for human salmonellosis in NZ [4]. S. enterica subs. enterica serovar Enteritidis (S. Enteritidis) is the predominant 
serovar causing egg and poultry meat outbreaks in Europe and North America [2, 5]. S. Enteritidis is a poultry-adapted 
serovar that has a higher potential than other serovars for transovarian transmission, involving transmission from the chicken 
reproductive tract into egg contents before full egg formation [2, 3]. Furthermore, transovarian potential has been considered 
more likely for certain S. Enteritidis phage types, such as phage type 8 (PT8) [6, 7]. Between 2015 and 2018, the largest known 
salmonellosis outbreak in Europe was reported, involving 1,209 cases in 18 countries, caused by S. Enteritidis contaminated 
eggs [8, 9]. The European Food Safety Authority reported another outbreak of S. Enteritidis sequence type (ST) 11 involving 
193 cases in 8 European Union countries, including the UK, between May 2018 and December 2020, where poultry meat 
products were implicated [5]. Furthermore, Agriculture Victoria reported S. Enteritidis in Australian poultry in May 2018 
when it was detected in several New South Wales and two Victoria egg layer farms, which until then had been considered 
free of S. Enteritidis [10, 11].

Historically, sporadic cases of salmonellosis caused by S. Enteritidis ST11 occurring in NZ were associated with overseas travel 
rather than domestically acquired infection. The first human clinical case of salmonellosis caused by locally designated strain S. 
Enteritidis_2019_C_01 (henceforth SE-19C01) was reported in May 2019. A cluster of SE-19C01 involving 17 confirmed and 
21 additional probable cases occurred in an Auckland restaurant in October 2019 [12]. The source was later considered likely to 
have been a raw egg dessert. Strain SE-19C01, identified as ST11 and PT8, has since been implicated in four major sub-clusters, 
the majority occurring in the Auckland region [12, 13]. In February 2021, the same strain was isolated by the poultry industry 
from a raw broiler chicken carcass sampled at the end of primary processing by a large-scale poultry meat processor during 
routine National Microbiology Database testing [6, 14]. Broiler is an industry term used for young chickens raised for the sole 
purpose of meat consumption. Until this time, there had been no detection of S. Enteritidis reported in NZ poultry [12]. The 
resulting poultry investigation led by the NZ Ministry for Primary Industries (MPI) resulted in the isolation of SE-19C01 in 
environmental samples from various sources, including broiler and layer poultry flock production environments, as well as a 
hatchery that supplied the infected layer and broiler farms. SE-19C01 was also detected from subsequent environmental samples 
(in 2020 and 2021) from the layer farm that supplied eggs to the Auckland restaurant involved in the 2019 outbreak. A formal 
response jointly led by MPI and the NZ Ministry of Health (MoH) was initiated in April 2021 [6]. The working assumption 
was that a hatchery, a major supplier of day-old chicks for the broiler and egg industries in NZ, was the source of infection in 
downstream operations [12]. Initial detections in the traceback investigation were from a broiler producer and a rearer company 
supplied by the hatchery on the same day [12].

An emergency control scheme to temporarily regulate the poultry production supply chain and manage risk to public health 
was implemented in October 2021 [12]. Long-term regulation was introduced in October 2022 that required poultry producers 
to operate under a Risk Management Programme no later than 1 November 2023 [15]. More importantly, it required testing 
of all poultry production environments for S. Enteritidis. In conjunction with the formal response, MPI and National and 
Regional Public Health Service teams generated a series of media releases emphasizing good food safety practices when 
consuming eggs [16, 17].

data provide the poultry industry, regulators and public health investigators with new insight into transmission pathways for 
zoonotic diseases in the industry and should in the future allow for prompt interventions in the event of related human food-
borne disease outbreaks. This study further demonstrates the utility of approximate structured coalescent modelling in a struc-
tured localized bacterial disease outbreak but also shows that care should be taken when analysing and interpreting the data 
and model output due to model assumptions that are seldom true in real-life outbreaks. Furthermore, this study provides new, 
publicly available S. Enteritidis genomic data and evaluates whether interventions introduced by food safety and public health 
authorities were impactful. It guides future consideration to avoid the spread of bacterial pathogens within a primary industry.
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Phylodynamic modelling provides unique insights into the epidemiological dynamics of infectious diseases [18]. Measurably 
evolving genomes from pathogens can be used to reconstruct a dated phylogeny including parameters of epidemiological interest 
[19]. Phylodynamic methods are effective in inferring transmission events [20], population size dynamics [21] and pathogen 
population structure [22]. These methods have previously been used to study the transmission of Salmonella [9, 23, 24]. Many 
phylodynamic methods are based on coalescent models, which relate the shape of the phylogenetic tree to the size of the population 
from which samples are drawn, allowing population size dynamics to be inferred using sampled genomes [25].

We use core SNP analysis in combination with two recent phylodynamic methods, BICEPS [26] and MASCOT [27], to better 
understand the evolutionary trajectory of a S. Enteritidis strain SE-19C01 that was at the source of a major outbreak in NZ. 
The BICEPS model allows for inference of the change in effective population size over time, to better understand the scope 
of the outbreak as well as the impact of interventions introduced by regulatory agencies. The MASCOT model considers a 
structured population where each individual is in one of a finite number of demes with migration between demes. It allows 
concurrent estimation of the phylogeny along with deme population sizes and ancestral locations of lineages. Our analyses 
included both human and poultry environmental isolates to estimate the time of the most recent common ancestor (MRCA) 
and transmission pathways within the poultry production environment. This type of information and analysis is crucial for 
ongoing monitoring of emerging pathogens in poultry, for deciding whether current transmission of S. Enteritidis in the 
poultry production chain is continuing, and to enable timely responses in the event of other human food-borne disease 
outbreaks.

Methods
Dataset
Salmonellosis is a notifiable disease in NZ [28]. Laboratories are required to culture all human clinical samples where culture-
independent diagnostic testing was used to detect Salmonella. All isolates should be referred to the Enteric Reference Laboratory 
(ERL) at the Institute of Environmental Science and Research (ESR) for phenotypic and genotypic characterization [29]. The 
White-Kauffmann-Le Minor scheme was used to subtype Salmonella isolates received by ERL by serovar [30]. The serovar 
designation was affirmed for all Salmonella isolates submitted for sequencing using SISTR [31]. Human isolates included 
in this study were those submitted to ERL between May 2019 and May 2022, which were identified as S. Enteritidis ST11 
by multilocus sequence typing (MLST) [32, 33] and assigned the cluster ID SE-19C01 using SnapperDB [34] against the S. 
Enteritidis reference genome AM933172 [35]. Additionally, all isolates from poultry sources submitted to ERL as part of the 
outbreak response (June 2020 to November 2021) were included in this study. Lastly, poultry isolates of S. Enteritidis submitted 
to ERL according to the MPI Emergency Control Scheme [36] were stratified based on collection site and collection date, and 
38 samples were randomly selected. Poultry producers were anonymized by allocating a letter (A to H) for each producer. 
Producer A is a hatchery; producers B, C, E and H are egg producers (chickens referred to as layers); and producers D, F and 
G are broiler producers (broilers). The total dataset included 126 human isolates, 98 poultry isolates (97 with a known source) 
and seven other isolates arising from samples linked to S. Enteritidis-positive poultry operations (two hedgehogs, two cats, a 
cow, a dog and a goat) (Table S2). The hedgehogs were trapped in the vicinity of poultry hatchery A, and environmental samples 
were collected as part of monitoring.

Whole-genome sequencing
The ESR Sequencing Facility performed DNA extraction, library preparation and whole-genome sequencing. DNA extractions 
were performed using a Chemagic 360 platform (Perkin Elmer) and DNA library preparation using the Nextera XT DNA 
Preparation (Illumina) Kit. The sequencing was performed on the NextSeq 550 Illumina platform, with the use of the NextSeq 
500/550 Mid Output Kit v2.5, producing on average 4.3 million reads (2×150 paired end) per isolate.

Genome assembly and annotation
Genome sequence trimming, de novo assembly and quality assessments were performed using the Nullarbor v2.0.20191013 
pipeline [37]. The Nullarbor pipeline implements Trimmomatic v0.39 [38] to remove adaptors, low-quality bases and reads, as 
well as SPAdes v3.13.1 [39, 40] for assembly. Taxonomic classifications were confirmed using Centrifuge v1.0.4 [41] and Kraken 
v1.1.1 [42]. Assembled genomes were annotated using Prokka v1.14.5 [43].

Genotypic bacterial characterization
Bacterial characterizations were performed on draft genome assemblies using the BakCharak v3.0.4 [44] pipeline. This pipeline 
implements ABRicate v1.0.1 [45] to detect antimicrobial resistance genes using National Center for Biotechnology Information 
AMRFinderPlus v 3.11.11 [46] and detect plasmid compatibility groups using PlasmidFinder [46]. This pipeline implements sistr 
cmd v1.1.1 [31], mlst v2.23.0 [33] and PubMLST schemes [47] for 7-gene MLST typing and Platon v1.6 [48] for plasmid prediction.
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Multidimensional scaling
A total of 1,476 S. Enteritidis ST11 assembled genomes were downloaded from PubMLST [47]. Only isolates with metadata that 
included the country of origin were included (n=59 countries). The core genome multilocus sequence typing (cgMLST) profiles 
of these isolates and NZ isolates were determined using CHEWBBACA [49], and a distance matrix representing the pairwise 
dissimilarity in allele profiles was generated (in which zero represented identical allele profiles and one represented no shared 
alleles). These were analysed using metric multidimensional scaling (mMDS) using the mds command in the R package smacof 
with no dissimilarity transformation (i.e. type=‘ratio’) [50].

SNP identification
The Nullarbor pipeline implements the Burrows–Wheeler Alignment tool (BWA MEM v0.7.17-r1188) [51] for alignment, 
SAMtools v1.9 [52] to compare sequence data against the S. Enteritidis reference genome AM933172 [35] and Snippy v4.4.3 
[53] to identify core SNPs. Following alignment, recombinant regions were detected and removed using Gubbins v.3.2.1 [54], 
the reference sequence was removed and SNPs were extracted using SNP-sites v.2.4.1 [55]. A pairwise SNP distance matrix was 
generated for the resulting sequence alignment using snp-dists v.0.6.3 [56]. A maximum likelihood (ML) phylogeny was inferred 
for 163 core SNPs, using IQ-TREE [57] and ModelFinder [58] to identify the best nucleotide substitution model. A K3P+ASC 
substitution model was used with 1,000 bootstraps. The midpoint rooted ML tree was visualized using Interactive Tree of Life 
(iTOL) v6.5.8 [59]. Hierarchical clustering was performed using RhierBAPs v1.0.1 [60].

Phylogenetic reconstruction
To test for a temporal signal, a linear regression of root-to-tip genetic distance (ML) against sampling times for each tip was 
generated using TempEST v1.5.3 [61] and BactDating [62] in triplicate, with a different seed used in each iteration. In order to 
formally test for a temporal signal, two runs of Bayesian ancestral dating models were compared, with and without the sampling 
dates set equal, using the ‘bactdate’ and ‘modelcompare’ functions in BactDating [62]. Both models were additive relaxed clock 
models fitted using the ‘bactdate’ command. Model 1 was fitted to the dataset with tip dates equal to the sampling dates. Model 
2 was fitted to the dataset with all sampling dates forced to be equal (date=2020). The two models were then compared using 
the deviance information criterion (DIC) method [63]. Recombinant regions were detected and removed using Gubbins v.3.2.1 
[54]. The reference sequence was manually deleted, and SNPs were extracted using SNP-sites v.2.4.1. All isolates were treated as 
one bacterial population.

A dated phylogenetic tree and evolutionary rates were inferred based on 163 SNPs and the count of invariant sites using BEAST2 
v2.7.4 [64]. Analysis of runs with HKY, GTR and bModelTest substitution models showed no significant differences between 
estimated parameters of interest (data not shown). HKY [65] was selected as it is the simplest and least computationally demanding 
model. To determine the most suitable clock and population model combination, eight BEAST runs consisting of combinations 
of two clock models – namely a strict clock and an optimized relaxed clock – and four population models, namely constant 
population, exponential growth, Bayesian skyline and BICEPS runs, were prepared. Nested sampling v1.2.1 [66] was used to 
determine the best clock and population model combination. The strict clock in combination with either the Bayesian skyline 
model or the BICEPS model was indistinguishable from each other and had a marginal likelihood greater than other model 
combinations tested. The BICEPS model was chosen as it is computationally less demanding. The clock rate prior was based on a 
previously published estimate [67] using a Log Normal distribution, with a mean of 2.5×10−7 and a sd of 0.5. The prior for effective 
population size was a gamma (0.5,1) distribution. The BICEPS model was fitted using a Markov chain Monte Carlo (MCMC) 
run for 40 million iterations sampled every 4,000 iterations.

Transmissions between poultry producers were inferred using the marginal structured coalescent approximation model MASCOT 
v.3.0.7 [27] using the same clock rate prior, a Log Normal population size prior (NeConstant), and an exponential prior (mean=1) 
on migration rates. Only poultry isolates for which the source was known were included (n=89). In addition, ten randomly selected 
human clinical isolates were included. Isolates from separate poultry producers were treated as sub-populations (demes) in a 
structured bacterial population. All isolates from humans were considered as part of a single sub-population within the same 
structured population. An MCMC sampler was run for 30 million iterations and sampled every 3,000 iterations. Convergence 
and model parameters were visualized using Tracer v1.7.2 [68]. Both models were run in triplicate with different random seeds, 
and we ensured all effective sample sizes were above 200. In addition, we performed a permutation test with three random 
independent chains permutated between subpopulations.

The BICEPS and MASCOT trees were summarized using TreeAnnotator v2.7.4 [69], based on median values. For the BICEPS 
model, a maximum clade credibility (MCC) tree was generated. However, due to parameter complexity, a conditional clade 
distribution (CCD) tree [70] was generated for the MASCOT model. The summary trees were visualized using FigTree v1.4.4 
[71].
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Results
Analysis of genomes
Whole-genome sequencing analysis was performed on 231 isolates. An average of 4.3 million reads was obtained with an average 
G+C content of 51.9 mol% and a read depth above 47 (average=132). Assembled genomes produced an average of 30 contigs (all 
below 103), a genome size of 4.7 Mb and an N50 above 60,000 bp. These fulfil suggested quality control requirements for further 
analysis [72]. MLST analysis confirmed all sequenced isolates to be S. Enteritidis ST11.

Genotypic characterization
The antimicrobial genes coding for the Salmonella specific resistance–nodulation–division efflux pump MsdAB were detected. 
It has been reported that MdsABC conferred resistance to novobiocin, nitrofurans and several toxic chemicals [73–78]. Genes 
coding for the transporter periplasmic adaptor subunit MdsA and the transporter permease subunit MdsB were detected in 
all samples. However, genes coding for MdsC or TolC, the outer membrane component required for the MdsAB efflux pump 
to function [74], were not detected. The gold/copper-translocating P-type ATPase GolT and the Au(I) sensory transcriptional 
regulator GolS have been detected for all isolates tested, suggesting a decreased susceptibility to gold and copper. For one isolate, 
an additional gene coding for tellurium resistance-associated protein TerZ was detected. The replicons for plasmid incompatibility 
groups IncFIB(S)_1 and IncFII(S)_1 were detected for 226 isolates tested. For three of these isolates, the additional replicon for 
colicin family plasmids ColpVC_1 was detected, as well as IncFII(29)_1 and pUTI89 for one other and pSL483_1 for another. 
For one isolate, additional replicons for Col(BS512)_1, Col(MG828)_1, Col156_1, ColpVC_1 and ColRNAI_1 were detected. 
With the data available, we cannot conclude if replicons identified on separate contigs belong to the same plasmid [46]. For five 
isolates, no plasmids were predicted.

Multidimensional scaling
NZ isolates of SE-19C01 were compared with Enteritidis ST11 international genomes using cgMLST and mMDS and showed 
that SE-19C01 clustered independently from all other genomes in the dataset (Fig. S1, available in the online Supplementary 
Material). The most similar other NZ genome was a traveller from Turkey. This isolate was most similar to other isolates from 
Turkey and the UK.

Maximum likelihood
The maximum pairwise core SNP distance between all isolates was 18 based on the SNP distance matrix generated. Hierarchical 
clustering (RhierBAPs) revealed three distinct clades, as well as two sub-clades within clade 1 (Fig. 1). Clade 1 consisted of 
isolates sampled from human sources and from egg producer B only, but no isolates sampled from hatchery A or any broiler 
producer (Fig. 1). Human isolates included those associated with the Auckland restaurant cluster as well as various other human 
clinical clusters around the Auckland region. Clade 2 included human isolates, hatchery A, egg producers E, C and H, and broiler 
producers D, F and G (Fig. 1). Clade 2 also included isolates sampled from domestic animals associated with infected poultry 
operations (two cats, a cow, a dog and a goat). Clade 3 comprised isolates sampled from human cases, hatchery A and broiler 
producers F and G and isolates obtained from two hedgehogs trapped near hatchery A, but no isolates sampled from any egg 
producer (Fig. 1). There was zero core SNP difference between the isolates from the hedgehog and isolates from hatchery A, and 
broiler producers F and G.

Unstructured coalescent
A linear regression of root-to-tip genetic distance against sampling dates for each tip using the R-squared method produced a 
correlation coefficient of 0.82 with an R-squared value of 0.67, indicating a correlation between genetic divergence and sampling 
time (Fig. S2) suitable for BEAST analysis. The temporal signal was supported by the Bayesian inference model BactDating; the 
R-square value for the root-to-tip regression was 0.7 (P<0.0001), and the DIC values for model comparison showed that the 
model using the sampling dates (model 1) was consistently preferred over the model with the dates set equal (model 2). Model 1 
had a DIC of 762.57, and model 2 had a DIC of 842.46. As the DIC was markedly lower for model 1, it was concluded that model 
1 was ‘definitely better’ than model 2.

For Bayesian analysis using BICEPS, three independent chains with different random seeds converged on similar posterior 
distributions. BICEPS inferred a mean substitution rate of 5.7×10−7 substitutions per site per year with a 95% highest posterior 
density (95% HPD) interval of 4.4×10−7 to 7.0×10−7. The median root height was estimated at 3.46 years (95% HPD, 3.18–4.06). 
Since the most recent isolate was sampled on 10 May 2022, that equates to the median MRCA estimated to be February 2019 
(95% HPD, June 2018–May 2019) (Fig. 2a). Except for one isolate sampled in 2020, all poultry isolates were sampled from 2021 
onwards. BICEPS analysis shows an exponential increase in the effective population size starting mid-2019 at the beginning of 
the outbreak, followed by a significant decrease in mid-2021 (Fig. 2b). Notified human clinical cases of S. Enteritidis increased 
in March 2021, followed by a steep decline starting in April 2021 (Fig. 2c).



6

Strydom et al., Microbial Genomics 2025;11:001525

Fig. 1. The midpoint rooted ML tree constructed using 163 core SNPs amongst isolates of S. Enteriditis ST11 SE-19C01 collected during an outbreak 
investigation and the subsequent emergency order and control scheme implemented by the NZ Ministry for Primary Industries. Colour bars represent 
(1) the public health region where human cases were notified, (2) the sample source, (3) the poultry source, (4) the anonymized poultry producer, (5) 
clades inferred using RhierBAPs – level 1 and (6) RhierBAPs – level 2. Red numbered partitions show clades inferred by RhierBAPs.
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Approximate structured coalescent
For Bayesian analysis using MASCOT, three independent chains with different random seeds converged on similar posterior 
distributions. In addition, permutated runs produced clearly distinguishable results (Fig. S3), showing that phylodynamic analysis 
was not overly biassed by raw case counts from each source. The MASCOT model produced median posterior values of the 
effective population sizes (NeConstant) for poultry producers A, B, C, D, E, F, G, H and humans were 0.19, 2.58, 0.14, 1.58, 0.62, 
0.17, 0.34, 0.53 and 1.50 (Fig. S4), respectively. The mean substitution rate was estimated to be 5.0×10−7 substitutions per site 
per year (95% HPD, 3.6–6.7×10−7). The median root height was estimated at 3.53 years (95% HPD, 2.69–4.65). Since the most 
recent isolate was sampled on 18 March 2022, that equates to the median MRCA estimated to be September 2018 (95% HPD, 
July 2017–July 2019).

Fig. 2. (a) Maximum clade credibility tree generated using BICEPS. The total number of isolates included 126 clinical human isolates, 98 poultry isolates 
and 7 other isolates associated with the poultry environment (including 2 each from hedgehogs and cats and 1 each from a cow, dog and goat). The tree 
is overlaid with colours denoting the three clades determined using RhierBAPs. (b) Historical changes in the effective population size of S. Enteritidis 
SE-19C01. The dark blue line is the median of the estimated effective population size. The blue shaded areas are the upper and lower bounds of the 
95% HPD interval. The x-axis is the time in years in decimal dates and the y-axis is on a log scale. (c) Notified human cases of salmonellosis caused 
by S. Enteritidis during 2021. (d) Pie graphs showing the proportion of isolates from each source within clades of the maximum clade credibility tree 
(a) using the overlayed colours for the corresponding RhierBAPs clade.
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The maximum posterior probability for a transmission event denotes the location of an ancestral lineage for a clade with the 
highest probability out of all locations (poultry producers A–H). The model suggests that the most probable ancestral root for the 
isolates included in this study to be hatchery A with the maximum posterior probability of 0.37, followed by broiler producer F 
with a posterior probability of 0.19 (Fig. 3b). Transmission from hatchery A to egg producer B was inferred to have occurred on 
several occasions in early 2019, with maximum probability ranging from 0.29 to 0.37 (Fig. 3a, clade 1). When eight additional 
isolates from clinical human cases associated with the Auckland restaurant cluster were included in the analysis, hatchery A was 
inferred as the ancestral lineage with maximum probability (Fig. S5).

The estimates for the ancestral location for clade 2 have low posterior probability, with hatchery A having the maximum posterior 
probability of 0.28, followed by broiler producer F with a probability of 0.21 (Fig. 3a, clade 2). This clade consists of isolates from 
hatchery A; egg producers C, E and H; and broiler producers D, F and G (Fig. 3a, clade 2). The ancestral location for clade 3 is 
estimated to be with hatchery A with high certainty (maximum posterior probability of 0.99) followed by broiler producer F with 
a posterior probability of 0.01 (Fig. 3a, clade 3). This clade consists of isolates from hatchery A and broiler producers F and G.

MASCOT estimates backwards-in-time migration rates (denoted b_migration) where the backward rate from x to y can be 
interpreted as y being the donor deme and x being the receiving deme. The median inferred b_migration rates show that A is 
the dominant donor deme, with only deme B not having deme A as the leading, or close to the leading donor (Fig. 4, Fig. S6).

Euclidean distances
Some isolates sampled from producers A, F and G were indistinguishable from each other (0 SNP difference). These include 
hedgehog isolates sampled in the vicinity of producer A that were indistinguishable from isolates sampled at producer A (Fig. 1, 
clade 3). Producer F and producer G have operations at multiple sites, while all operations for producer A were within a 1 km 
radius. To evaluate if the spread of SE-19C01 could be facilitated by hedgehogs or rodents such as rats, Euclidean distances were 
calculated between poultry sites (Table S1). Distances ranged between 1 and 413 km.

Discussion
Inferred phylogenies suggest a recent single introduction
To better understand the transmission pathways of a S. Enteritidis strain SE-19C01, the cause of a major outbreak in NZ, we used 
core SNP analysis in combination with BICEPS and MASCOT Bayesian analysis. The isolates included in this study from an 
outbreak of S. Enteritidis ST11 were all within 18 SNPs of each other. On its own, this genetic similarity suggests that all isolates 

Fig. 3. (a) A conditional clade distribution tree using MASCOT, of S. Enteritidis SE-19C01 isolates obtained from implicated poultry producers and 
ten clinical human isolates. Branches are coloured according to their most probable ancestral state of sister branches. Nodes are labelled with the 
maximum posterior probability of the ancestral state. (b) Deme sets and the corresponding posterior probability sets for the root and three clades of 
interest.
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come from a single recent introduction into the poultry environment that has propagated locally in the poultry chain over time. 
We have shown using a cluster analysis that this SE-19C01 strain was distinct from all international S. Enteritidis ST11 genomes 
tested. The monophyletic nature further supports a single introduction.

Phylodynamic analyses of the data further support this hypothesis and provide additional information about the evolution, 
population dynamics and transmission of the outbreak strain. We fitted two phylodynamic models to study distinct aspects 
of the data. The BICEPS and MASCOT models are both tree priors based on the coalescent which relates the dynamics of the 
outbreak strain to the timings and shape of the phylogenetic tree. BICEPS is a non-parametric model of a population that can 
change in size through time but is otherwise well-mixed. It is like the Bayesian Skyline [79] and Skyride [80] family of models. 
MASCOT approximates the structured coalescent where a population is divided into multiple well-mixed demes with migration 
between demes. Each deme has a constant population size, which can be estimated. The same clock rate prior was used for both 
these models based on previously published data [67]. Each model answered a different question; the BICEPS model addressed 
questions relating to ancestral dates and population dynamics, whereas the MASCOT model addressed questions relating to 
migration between sub-populations.

The phylogenies inferred under the BICEPS and MASCOT models have similar root ages [1]: February 2019 (95% HPD, June 
2018–May 2019) for BICEPS and September 2018 (95% HPD, August 2017–July 2019) for MASCOT. Thus, both point to a time 
of introduction shortly prior to the first human case in May 2019. Given the misspecification in both these models and the greater 
flexibility in the BICEPS model, we suggest BICEPS is the more reliable estimate. We address model misspecification in more 
detail later in this discussion.

The inferred mean substitution rate is 5.7×10−7 substitutions per site per year (95% HPD 4.4–7.0×10−7) under the BICEPS model 
and 5.0×10−7 substitutions per site per year (95% HPD, 3.4–6.5×10−7) under the MASCOT model. The credible intervals largely 
overlap, and, again, the estimate based on the BICEPS model is preferred here. The substitution rate estimates are somewhat higher 
than previously published estimates; for example, Deng et al. inferred a substitution rate of 2.2×10−7 [67]. The disparity between 

Fig. 4. Matrix showing b_migration (x-axis) to (y-axis) obtained using MASCOT. Deme A is a poultry hatchery, demes B, C, E and H are egg producers 
and demes D, F and G are broiler producers.
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estimates can be explained by the commonly observed phenomenon described by Duchêne et al. [81] in which rates for outbreaks 
are higher than those for which samples have been obtained over a longer period. This is because substitution rates measured 
over a brief period contain deleterious mutations not yet removed by either natural selection or substitutional saturation [81].

Population size estimates show rapid growth in the outbreak and rapid decline following formal intervention
A single recent common ancestor followed by divergence and increased population size implies a recent point source introduction of 
SE-19C01 into NZ. The BICEPS model shows an exponential increase in the effective population size between mid-2019 and mid-
2021 that coincided with the increase in clinical human cases with multiple point source outbreaks [12]. This increase was most likely 
attributable to amplification of the strain within the poultry industry, as has been seen in other outbreaks [67, 82]. A sharp decrease 
in SE-19C01 effective population size (from a mean of 10.23 to 1.48) is inferred with a mean date of 20 May 2021, coinciding closely 
with the formal response by MPI and MoH which commenced on 22 April 2021 [6]. The response included depopulating flocks where 
the outbreak strain was detected and public health messaging advising how consumers could protect themselves against S. Enteritidis, 
such as by cooking eggs thoroughly. The timing and size of the inferred drop in effective population size, along with the observed 
drop in human cases from 12 cases in April 2021 to 4 cases in May 2021 [12], provide strong evidence that the formal response had an 
immediate and significant effect in curbing the outbreak.

Hierarchical clustering and phylogenetics support three major clades
Hierarchical clustering supports three clades, with clade 1 containing only isolates from clinical human cases in the Auckland 
region and isolates sampled from egg producer B. Clade 1 has isolates from clinical cases collected between 23 May 2019 and 2 
June 2021. This clade includes isolates from a large point source outbreak in 2019 of 17 cases linked to a raw egg dessert from an 
Auckland restaurant. Egg producer B supplied eggs to the restaurant [12]. Clade 2 includes clinical isolates, with the majority 
(39/42) collected between 23 April 2020 and 6 July 2021, that come from the central North Island and include poultry isolates 
from all sampled egg producers except producer B, all broiler producers and hatchery A. Clade 3 is composed of clinical human 
isolates sampled after the formal intervention, collected between 18 November 2021 and 3 June 2022, from the mid-North Island 
as well as the South Island. It also included poultry isolates sampled at hatchery A and broiler producers F and G.

The composition of the three clades suggests a shift in the human case locations from the upper North Island of NZ to the lower 
North Island and eventually the South Island. The early stage of this outbreak in 2019 and 2020 was mainly egg-related (Fig. 3, clade 
1). Later in the outbreak (late 2020/early 2021), there is evidence of infection at both egg and broiler producers (Fig. 3, clade 2). As 
industry interventions took effect, infection shifted to broiler producers only (Fig. 3, clade 3). The reason for this shift remained 
unclear to us, but it may be insightful to industry and public health agencies with a greater understanding of the underlying 
factors. The under-representation of human clinical cases in clade 2 and clade 3 may potentially be due to chicken meat almost 
always being consumed well-cooked; however, eggs may be consumed raw or partially cooked. The over-representation of the 
hatchery A in clade 3 may be due to the sampling strategy guided by the ‘working solution’ held during the formal response [12].

Hatchery A is a significant source in later stages of the outbreak, with other transmission pathways being 
more cryptic
The topology of the inferred phylogenies and inferred migration rates indicates that hatchery A played a role in the transmis-
sion of the strain throughout the poultry production systems. However, it is not possible to directly infer transmission events 
between producers (including hatchery A) based on the CCD tree alone. The MASCOT model indicates that hatchery A is 
the most probable root location of the outbreak, although with low posterior probability. It further indicates several trans-
missions to egg supplier B during the early part of the outbreak, again with low posterior probability. This period coincides 
with a major cluster in October 2019 involving 17 cases associated with a raw egg dessert served in an Auckland restaurant. 
The more distant internal tree nodes are from sampled isolates, the more uncertainty there is in MASCOT’s inferences of 
their location, hence the low probabilities associated with inferred root location [27]. b_migration values do not support a 
lot of transmission from hatchery A to egg producer B. Therefore, stronger evidence would be required to demonstrate that 
hatchery A was the root.

A transmission event with low probability (0.28) to an uncertain intermediary mid to late 2020 was followed by transmission from 
the intermediate to egg producers C and E and broiler producers D, F and G. The most probable intermediaries were inferred 
to be hatchery A or broiler producer F. For the same period, sporadic transmission was inferred between hatchery A and broiler 
producer D. Transmission from hatchery A to broiler producer D is supported by high b_migration rates between the demes. This 
period coincided with the first detection of S. Enteritidis in the NZ poultry production environment. Furthermore, transmission 
from hatchery A to broiler producer D is supported by the initial traceback investigation that found that broiler producer D and 
a rearer company for various implicated egg layer flocks were supplied by hatchery A on the same day (19 January 2021) [6]. 
Isolates from the rearer company were not available for this study. However, this evidence suggests that diversification could have 
occurred before distribution to the various poultry producers, including egg producers C, E and H.
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While individual transmission events can be hard to determine, the conditional clade distribution tree strongly supports transmis-
sion from hatchery A to broiler producers F and G, post-mid-2021, following the formal response. This pattern of transmission is 
also supported by the b_migration rates between demes. Even though transmission from hatchery A to producers B, D, E, F and 
G is unexpected due to a more diverse population seeded by a less diverse population, depopulation of infected flocks during and 
after the initial investigation (especially hatchery A) would have impacted diversity by introducing various population bottlenecks.

Limitations of using MASCOT
Whilst b_migration rates between demes strongly support transmission from hatchery A to the human population, this demonstrates a 
limitation of MASCOT analyses as hatchery A does not supply consumers directly. MASCOT assumes a fixed number of demes through 
time, with all of them sampled, fixed population sizes within demes and constant migration rates through time. All these assumptions 
are violated to varying extents by the reality of this outbreak. For example, rearer farms that supply layer flocks after raising day-old 
chicks to laying age were not included. A farm being completely depopulated is equivalent to a deme disappearing. Migration rates may 
change through time for several reasons, but most obviously at the time of formal interventions to prevent transmission. Population size 
is far from constant within demes, especially within a single source outbreak. The modelled population size here is a rough proxy for the 
number of infected animals (or humans) within a deme. A recent extension to MASCOT, allowing variable population sizes through 
time, was recently released [83]. However, attempts to get results from the new model with this relatively sparse dataset, consisting of 
highly similar and therefore relatively uninformative sequences, were not successful.

The inferred effective population sizes all have broad, overlapping distributions. They are similar for producers B, D, E, G, H and 
humans, while hatchery A and producers C and F have a much lower mean and distribution (Fig. S2). These broad estimates 
are strongly affected by the sampling protocols. For this study, clinical human samples were collected between May 2019 and 
June 2022; while a single poultry sample was collected in June 2020, the remainder of the poultry samples were only collected 
from February 2021 onwards. In addition, only poultry facilities that yielded positive samples were included and human isolates 
are limited to those cases that sought medical advice. In addition, poultry flocks that were depopulated due to the intervention 
introduced by MPI had a direct impact on the effective bacterial population size.

When comparing estimated dated phylogenies and rates between MASCOT and BICEPS, we note that BICEPS is also a mis-
specified model here as the population structure is not modelled. However, the flexibility of the BICEPS model, due to the flexibility 
of the non-parametric population size function compared to the rigidity of the MASCOT model, means that divergence dates 
and substitution rates estimated under BICEPS are to be preferred.

Multiple modes of transmission and vectors are known for Salmonella
This study supports the working solution at the time of the formal response of MPI and MoH that a hatchery that supplied 
day-old chicks to the industry was the source of infection in downstream operations directly and indirectly, with strong support 
during the latter part of the outbreak. However, other avenues of transmission cannot be discounted. These include poultry feed, 
birds, rodents, insects, staff, modes of transport and equipment, to name a few. Salmonella contamination of poultry feed is well 
documented [84–86]. S. Typhimurium has been described as causing septicaemia in wild bird populations in NZ, as well as 
posing a significant zoonotic risk [87]. A human outbreak of an S. Typhimurium between 2020 and 2021 in the USA was linked 
to wild songbirds [88]. Olga Obukhovska found that migrating wild birds can carry S. Enteritidis over long distances and are a 
threat to commercial poultry flocks and humans [89]. A persistent common-source multicounty outbreak of S. Enteriditis ST11 
PT8 between 2011 and 2016, associated with feeder mice, occurred in Europe. The implicated feeder mice were produced on 
a rodent farm in Lithuania and marketed across Europe and the UK as feed for pet reptiles [90, 91]. In our study, isolates from 
two hedgehogs trapped in the vicinity of hatchery A were indistinguishable (0 core SNP difference) from isolates taken from 
hatchery A and broiler producers F and G. However, hedgehogs are not a migratory species [92]. Even though the home range for 
hedgehogs varies amongst habitat types [93], a NZ study estimated a mean home range size of 45.3 ha for males and 12.7 ha for 
females [94]. Therefore, the distances between hatchery A and broiler producers F and G (over 23 km) are too great to reasonably 
consider hedgehogs as a vector over such a brief period.

The role of poultry ectoparasites in Salmonella transmission in this outbreak cannot be excluded. Studies have shown that the 
ectoparasite Dermanyssus gallinae (red mite) acts as a vector for S. Gallinarum [95]. Not only has it been shown that D. gallinae 
transmits Salmonella to poultry, but that D. gallinae protects the pathogen from adverse environmental conditions such as 
dehydration, excessive levels of ammonium compounds, lack of nutrients and even contact with antimicrobial substances. Valiente 
et al. have shown that D. gallinae may act as a vector for S. Enteritidis under experimental conditions [96].

Conclusion
The results presented here are consistent with traditional investigative evidence but provide additional detailed insight into trans-
mission dynamics. This study provided evidence that outbreak strain SE-19C01 was introduced into the NZ poultry industry just 
months prior to the first identified human isolate, followed by multiple transmission and amplification events within the poultry 
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industry. The exponential increase in the SE-19C01 population size within the poultry industry coincided with the increase in 
notified clinical human cases, as well as with multiple point source outbreaks. Furthermore, this study showed that interventions 
introduced by the NZ MoH, MPI and the poultry industry coincided with a large drop in the effective bacterial population size, 
suggesting that the control measures introduced were successful.

Funding information
This study was funded by the NZ Ministry of Business, Innovation and Employment (MBIE) programme: Beyond Prediction: Explanatory and Trans-
parent Data Science for Life and Social Sciences (subcontract 3000036330) and was supported by the NZ Food Safety Science and Research Centre.

Acknowledgements
We would like to thank MPI, MoH and PIANZ for providing bacterial cultures and making sequencing data available for analysis. We would like to 
thank Roger Cook for his ongoing advice and support. We acknowledge that the Ministry of Health funds ESR to run national surveillance of human 
salmonellosis, outbreak investigation and typing of clinical samples used in this study. We would also like to acknowledge the Health Intelligence and 
Surveillance Group at ESR for leadership in national outbreak detection and investigation. Thanks also to all Public Health Service teams, especially 
the Auckland Regional Public Health Service, who were also key in the outbreak investigation. We would also like to acknowledge Penny Hancock from 
the Enteric Reference Laboratory at ESR for sub-typing services, members of the ESR sequencing facility team, for the sequencing of isolates and Jing 
Wang for her bioinformatic expertise who designated the strain type. We would like to express our gratitude to both internal and external reviewers 
of this manuscript.

Author contributions
Conceptualization: N.F. and H.S. Formal analysis: H.S. Funding acquisition: N.F. Investigation: H.S., N.F., K.M., S.P., S.J. and P.J.B., J.W. Methodology: H.S., 
N.F., D.W., J.d.L., P.J.B. and E.N. Visualization: H.S. and C.B. Project administration: N.F. and C.B. Resources: N.F. and J.d.L. Supervision: N.F., C.B., J.W., D.W. 
and E.W. Writing – original draft: H.S. and D.W. Writing – review and editing: N.F., C.B., J.W., D.W., E.W., K.M., J.d.L. and P.J.B.

Conflicts of interest
The authors declare that there are no conflicts of interest.

Ethical statement
The proposed study is a continuation of surveillance and public health activities already performed by ESR for notifiable diseases (Health Act 1956). 
All bacterial isolates, as well as epidemiological and genomic data, are held and used by ESR for public health surveillance purposes. Isolates are 
anonymized only using an ESR-generated laboratory number. The Massey Human Ethics Committee considered the ethics application as ‘Low Risk’ 
(notification no. 4000026374). Consequently, it has not been reviewed by one of the University’s Human Ethics Committees. This study involved no 
active human participants.

Consent to publish
The study was presented to and approved by the Ministry for Primary Industries, the Ministry of Health and the Poultry Industry Association of New 
Zealand (PIANZ).

References
	1.	 Kurtz JR, Goggins JA, McLachlan JB. Salmonella infection: Inter-

play between the bacteria and host immune system. Immunol Lett 
2017;190:42–50. 

	2.	 Pinedo LC, Mughini-Gras L, Franz E, Hald T, Pires SM. Sources and 
trends of human salmonellosis in europe, 2015–2019: an analysis 
of outbreak data. Int J Food Microbiol 2022;379:109850. 

	3.	 Gantois I, Ducatelle R, Pasmans F, et al. Mechanisms of egg contami-
nation by Salmonella Enteritidis. FEMS Microbiol Rev 2009;33:718–738. 

	4.	 Kingsbury JM, Thom K, Erskine H, Olsen L, Soboleva T. Prevalence 
and genetic analysis of Salmonella enterica from a cross-sectional 
survey of the New Zealand egg production environment. J Food 
Prot 2019;82:2201–2214. 

	5.	 European Food Safety Authority. Multi-country outbreak of Salmo-
nella Enteritidis sequence type (ST)11 infections linked to poultry 
products in the EU/EEA and the United Kingdom: 25 February 
2021. Joint ECDC-EFSA rapid outbreak assessment, 2021. 2021. 
https://www.ecdc.europa.eu/en/publications-data/salmonella-​
enteritidis-multi-country-poultry-joint-outbreak-risk-assessment 
[accessed 20 March 2024].

	6.	 McKay A, Butler B, Prosser J. Response close-out report: Salmo-
nella enteritidis 2021, Ministry for Primary Industries. 2021. https://
www.mpi.govt.nz/dmsdocument/49207-Salmonella-Enteritidis-​
close-out-report [accessed 10 January 2024].

	7.	 Thiagarajan D, Saeed AM, Asem EK. Mechanism of transovarian 
transmission of Salmonella enteritidis in laying hens. Poult Sci 
1994;73:89–98. 

	8.	 Pijnacker R, Dallman TJ, Tijsma ASL, Hawkins G, Larkin L, et al. An 
international outbreak of Salmonella enterica serotype Enteritidis 
linked to eggs from Poland: a microbiological and epidemiological 
study. Lancet Infect Dis 2019;19:778–786. 

	9.	 Li S, He Y, Mann DA, Deng X. Global spread of Salmonella Ente-
ritidis via centralized sourcing and international trade of poultry 
breeding stocks. Nat Commun 2021;12:5019. 

	10.	 Agriculture Victoria. Salmonella Enteritidis. Victoria State Gover-
ment; 2025. https://agriculture.vic.gov.au/biosecurity/animal-​
diseases/poultry-diseases/salmonella-enteritidis [accessed 6 
February 2025].

	11.	 Svahn AJ, Chang SL, Rockett RJ, Cliff OM, Wang Q, et al. Genome-
wide networks reveal emergence of epidemic strains of Salmo-
nella Enteritidis. Int J Infect Dis 2022;117:65–73. 

	12.	 Kingsbury J, Vather N, Thomas K. Risk profile update: Salmonella 
(nontyphoidal) in and on eggs. New Zealand. Ministry for Primary 
Industry, NZ; 2024. https://www.mpi.govt.nz/dmsdocument/​
61102/direct

	13.	 New Zealand. Institute of Environmental Science and Research. 
Monthly notifiable disease surveillance report – March 2021. 
2021. https://www.esr.cri.nz/digital-library/monthly-notifiable-​
disease-surveillance-reports-for-2021/ [accessed 21 August 
2021].

	14.	 New Zealand Ministry for Primary Industries. Animal product 
notice – National microbiological database programme; 2023. 
https://www.mpi.govt.nz/dmsdocument/14110-Animal-Products-​
Notice-National-Microbiological-Database-Programme

	15.	 New Zealand Ministry for Primary Industries. Poultry and egg 
processing introduction - A summary of the legal requirements 
for poultry and egg producers and processors; 2023. https://
www.mpi.govt.nz/food-business/poultry-egg-processing-require-
ments/poultry-and-egg-processing-introduction [accessed 25 
October 2023].

	16.	 New Zealand Ministry for Primary Industries. Food safety actions 
to protect consumers; 2021. https://www.mpi.govt.nz/news/​

https://www.ecdc.europa.eu/en/publications-data/salmonella-enteritidis-multi-country-poultry-joint-outbreak-risk-assessment
https://www.ecdc.europa.eu/en/publications-data/salmonella-enteritidis-multi-country-poultry-joint-outbreak-risk-assessment
https://www.mpi.govt.nz/dmsdocument/49207-Salmonella-Enteritidis-close-out-report
https://www.mpi.govt.nz/dmsdocument/49207-Salmonella-Enteritidis-close-out-report
https://www.mpi.govt.nz/dmsdocument/49207-Salmonella-Enteritidis-close-out-report
https://agriculture.vic.gov.au/biosecurity/animal-diseases/poultry-diseases/salmonella-enteritidis
https://agriculture.vic.gov.au/biosecurity/animal-diseases/poultry-diseases/salmonella-enteritidis
https://www.mpi.govt.nz/dmsdocument/61102/direct
https://www.mpi.govt.nz/dmsdocument/61102/direct
https://www.esr.cri.nz/digital-library/monthly-notifiable-disease-surveillance-reports-for-2021/
https://www.esr.cri.nz/digital-library/monthly-notifiable-disease-surveillance-reports-for-2021/
https://www.mpi.govt.nz/dmsdocument/14110-Animal-Products-Notice-National-Microbiological-Database-Programme
https://www.mpi.govt.nz/dmsdocument/14110-Animal-Products-Notice-National-Microbiological-Database-Programme
https://www.mpi.govt.nz/food-business/poultry-egg-processing-requirements/poultry-and-egg-processing-introduction
https://www.mpi.govt.nz/food-business/poultry-egg-processing-requirements/poultry-and-egg-processing-introduction
https://www.mpi.govt.nz/food-business/poultry-egg-processing-requirements/poultry-and-egg-processing-introduction
https://www.mpi.govt.nz/news/media-releases/food-safety-actions-to-protect-consumers/


13

Strydom et al., Microbial Genomics 2025;11:001525

media-releases/food-safety-actions-to-protect-consumers/ 
[accessed 10 February 2024].

	17.	 New Zealand Ministry for Primary Industries. New Zealand 
Food Safety places precautionary controls on North Island egg 
producer; 2023. https://www.mpi.govt.nz/news/media-releases/​
new-zealand-food-safety-places-precautionary-controls-on-​
north-island-egg-producer-after-detection-of-salmonella-enter-
itidis/

	18.	 Ingle DJ, Howden BP, Duchene S. Development of phylody-
namic methods for bacterial pathogens. Trends Microbiol 
2021;29:788–797. 

	19.	 Drummond AJ, Pybus OG, Rambaut A, Forsberg R, Rodrigo AG. 
Measurably evolving populations. Trends in Ecology & Evolution 
2003;18:481–488. 

	20.	 Didelot X, Fraser C, Gardy J, Colijn C. Genomic Infectious disease 
epidemiology in partially sampled and ongoing outbreaks. Mol Biol 
Evol 2017;34:997–1007. 

	21.	 Ho SYW, Shapiro B. Skyline-plot methods for estimating demo-
graphic history from nucleotide sequences. Mol Ecol Resour 
2011;11:423–434. 

	22.	 Volz EM, Carsten W, Grad YH, Frost SDW, Dennis AM, et al. Identifi-
cation of hidden population structure in time-scaled phylogenies. 
Syst Biol 2020;69:884–896. 

	23.	 Ingle DJ, Ambrose RL, Baines SL, Duchene S, Gonçalves da Silva A, 
et al. Evolutionary dynamics of multidrug resistant Salmonella enterica 
serovar 4,[5],12:i:- in Australia. Nat Commun 2021;12. 

	24.	 Coipan CE, Westrell T, van Hoek A, Alm E, Kotila S, et al. Genomic 
epidemiology of emerging ESBL-producing salmonella kentucky 
blactx-m-14b in europe. Emerg Microbes Infect 2020;9:2124–2135. 

	25.	 Kingman JFC. The coalescent. Stochastic Processes and their Appli-
cations 1982;13:235–248. 

	26.	 Bouckaert RR. An efficient coalescent epoch model for bayesian 
phylogenetic inference. Syst Biol 2022;71:1549–1560. 

	27.	 Müller NF, Rasmussen D, Stadler T. MASCOT: parameter and state 
inference under the marginal structured coalescent approxima-
tion. Bioinformatics 2018;34:3843–3848. 

	28.	 Health New Zealand. Salmonellosis. Communicable disease 
control manual; 2024. https://www.tewhatuora.govt.nz/for-​
health-professionals/clinical-guidance/communicable-disease-​
control-manual/salmonellosis [accessed 6 December 2024].

	29.	 Health New Zealand. Appendix 4: Direct laboratory notifica-
tion of communicable diseases flowcharts. Communicable 
disease control manual; 2024. https://www.tewhatuora.govt.​
nz/for-health-professionals/clinical-guidance/communi-
cable-disease-control-manual/appendix-4-direct-labora-
tory-notification-of-communicable-diseases-flowcharts/#​
salmonellosis-typhoid-and-paratyphoid-fever [accessed 15 March 
2024].

	30.	 Grimont P, Weill F-X. Antigenic formulae of the Salmonella sero-
vars. WHO Collaborating Centre for Reference and Research on 
Salmonella; 2007 [accessed 10 February 2025].

	31.	 Yoshida CE, Kruczkiewicz P, Laing CR, Lingohr EJ, Gannon VPJ, 
et al. The Salmonella in silico typing resource (SISTR): an open web-
accessible tool for rapidly typing and subtyping draft Salmonella 
genome assemblies. PLoS One 2016;11:e0147101. 

	32.	 Jolley KA, Maiden MCJ. BIGSdb: scalable analysis of bacterial 
genome variation at the population level. BMC Bioinformatics 
2010;11:595. 

	33.	 Seemann T. mlst. Github; 2022. https://github.com/tseemann/​
mlst

	34.	 Dallman T, Ashton P, Schafer U, Jironkin A, Painset A, et al. Snap-
perDB: a database solution for routine sequencing analysis of 
bacterial isolates. Bioinformatics 2018;34:3028–3029. 

	35.	 Thomson NR, Clayton DJ, Windhorst D, Vernikos G, Davidson S, et al. 
Comparative genome analysis of Salmonella Enteritidis PT4 and 
Salmonella Gallinarum 287/91 provides insights into evolutionary 
and host adaptation pathways. Genome Res 2008;18:1624–1637. 

	36.	 New Zealand Ministry for Primary Industries. Emergency control 
scheme – managing Salmonella Enteritidis in commercial chicken 
flocks; 2022. https://www.mpi.govt.nz/dmsdocument/47866-ECS-​
Managing-Salmonella-Enteritidis-in-Commercial-Chicken-Flocks

	37.	 Seemann T, Silva A, Bulach D, Schultz M, Kwong J, et al. Nullarbor. 
Github; 2020. https://github.com/tseemann/nullarbor

	38.	 Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for 
Illumina sequence data. Bioinformatics 2014;30:2114–2120. 

	39.	 Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, et  al. 
SPAdes: a new genome assembly algorithm and its applications to 
single-cell sequencing. J Comput Biol 2012;19:455–477. 

	40.	 Prjibelski A, Antipov D, Meleshko D, Lapidus A, Korobeynikov A. Using 
SPAdes de novo assembler. Curr Protoc Bioinformatics 2020;70:e102. 

	41.	 Kim D, Song L, Breitwieser FP, Salzberg SL. Centrifuge: rapid and 
sensitive classification of metagenomic sequences. Genome Res 
2016;26:1721–1729. 

	42.	 Wood DE, Lu J, Langmead B. Improved metagenomic analysis with 
Kraken 2. Genome Biol 2019;20:257. 

	43.	 Seemann T. Prokka: rapid prokaryotic genome annotation. Bioin-
formatics 2014;30:2068–2069. 

	44.	 Deneke C, Brendebach H, Bakcharak SA. Bakcharak. Gitlab; 2023. 
https://gitlab.com/bfr_bioinformatics/bakcharak

	45.	 Seemann T. ABRicate. Github; 2020. https://github.com/tseemann/
abricate

	46.	 Carattoli A, Zankari E, García-Fernández A, Voldby Larsen M, 
Lund O, et al. In silico detection and typing of plasmids using Plas-
midFinder and plasmid multilocus sequence typing. Antimicrob 
Agents Chemother 2014;58:3895–3903. 

	47.	 Jolley KA, Bray JE, Maiden MCJ. Open-access bacterial population 
genomics: BIGSdb software, the ​PubMLST.​org website and their 
applications. Wellcome Open Res 2018;3:124. 

	48.	 Schwengers O, Barth P, Falgenhauer L, Hain T, Chakraborty T, et al. 
Platon: identification and characterization of bacterial plasmid 
contigs in short-read draft assemblies exploiting protein 
sequence-based replicon distribution scores. Microb Genom 
2020;6:mgen000398. 

	49.	 Silva M, Machado MP, Silva DN, Rossi M, Moran-Gilad J, et  al. 
chewBBACA: a complete suite for gene-by-gene schema creation 
and strain identification. Microb Genom 2018;4. 

	50.	 Mair P, Groenen PJF, Leeuw J. More on multidimensional scaling 
and unfolding in r: smacof version 2. J Stat Softw 2022;102:47. 

	51.	 Li H, Durbin R. Fast and accurate short read alignment with 
Burrows-Wheeler transform. Bioinformatics 2009;25:1754–1760. 

	52.	 Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, et  al. The 
sequence alignment/map format and SAMtools. Bioinformatics 
2009;25:2078–2079. 

	53.	 Seemann T. Snippy. Github; 2019. https://github.com/tseemann/​
snippy

	54.	 Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, et  al. 
Rapid phylogenetic analysis of large samples of recombinant 
bacterial whole genome sequences using Gubbins. Nucleic Acids 
Res 2015;43:e15. 

	55.	 Page AJ, Taylor B, Delaney AJ, Soares J, Seemann T, et al. SNP-
sites: rapid efficient extraction of SNPs from multi-FASTA align-
ments. Microb Genom 2016;2:e000056. 

	56.	 Seemann T, Klötzl F, snp-dists PAJ. 2018. https://github.com/​
tseemann/snp-dists

	57.	 Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a 
fast and effective stochastic algorithm for estimating maximum-
likelihood phylogenies. Mol Biol Evol 2015;32:268–274. 

	58.	 Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, 
Jermiin LS. ModelFinder: fast model selection for accurate phylo-
genetic estimates. Nat Methods 2017;14:587–589. 

	59.	 Letunic I, Bork P. Interactive tree of life (iTOL) v3: an online tool for 
the display and annotation of phylogenetic and other trees. Nucleic 
Acids Res 2016;44:W242–5. 

https://www.mpi.govt.nz/news/media-releases/food-safety-actions-to-protect-consumers/
https://www.mpi.govt.nz/news/media-releases/new-zealand-food-safety-places-precautionary-controls-on-north-island-egg-producer-after-detection-of-salmonella-enteritidis/
https://www.mpi.govt.nz/news/media-releases/new-zealand-food-safety-places-precautionary-controls-on-north-island-egg-producer-after-detection-of-salmonella-enteritidis/
https://www.mpi.govt.nz/news/media-releases/new-zealand-food-safety-places-precautionary-controls-on-north-island-egg-producer-after-detection-of-salmonella-enteritidis/
https://www.mpi.govt.nz/news/media-releases/new-zealand-food-safety-places-precautionary-controls-on-north-island-egg-producer-after-detection-of-salmonella-enteritidis/
https://www.tewhatuora.govt.nz/for-health-professionals/clinical-guidance/communicable-disease-control-manual/salmonellosis
https://www.tewhatuora.govt.nz/for-health-professionals/clinical-guidance/communicable-disease-control-manual/salmonellosis
https://www.tewhatuora.govt.nz/for-health-professionals/clinical-guidance/communicable-disease-control-manual/salmonellosis
https://www.tewhatuora.govt.nz/for-health-professionals/clinical-guidance/communicable-disease-control-manual/appendix-4-direct-laboratory-notification-of-communicable-diseases-flowcharts/#salmonellosis-typhoid-and-paratyphoid-fever
https://www.tewhatuora.govt.nz/for-health-professionals/clinical-guidance/communicable-disease-control-manual/appendix-4-direct-laboratory-notification-of-communicable-diseases-flowcharts/#salmonellosis-typhoid-and-paratyphoid-fever
https://www.tewhatuora.govt.nz/for-health-professionals/clinical-guidance/communicable-disease-control-manual/appendix-4-direct-laboratory-notification-of-communicable-diseases-flowcharts/#salmonellosis-typhoid-and-paratyphoid-fever
https://www.tewhatuora.govt.nz/for-health-professionals/clinical-guidance/communicable-disease-control-manual/appendix-4-direct-laboratory-notification-of-communicable-diseases-flowcharts/#salmonellosis-typhoid-and-paratyphoid-fever
https://www.tewhatuora.govt.nz/for-health-professionals/clinical-guidance/communicable-disease-control-manual/appendix-4-direct-laboratory-notification-of-communicable-diseases-flowcharts/#salmonellosis-typhoid-and-paratyphoid-fever
https://github.com/tseemann/mlst
https://github.com/tseemann/mlst
https://www.mpi.govt.nz/dmsdocument/47866-ECS-Managing-Salmonella-Enteritidis-in-Commercial-Chicken-Flocks
https://www.mpi.govt.nz/dmsdocument/47866-ECS-Managing-Salmonella-Enteritidis-in-Commercial-Chicken-Flocks
https://github.com/tseemann/nullarbor
https://gitlab.com/bfr_bioinformatics/bakcharak
https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
https://github.com/tseemann/snippy
https://github.com/tseemann/snippy
https://github.com/tseemann/snp-dists
https://github.com/tseemann/snp-dists


14

Strydom et al., Microbial Genomics 2025;11:001525

	60.	 Cheng L, Connor TR, Sirén J, Aanensen DM, Corander J. Hierar-
chical and spatially explicit clustering of DNA sequences with 
BAPS software. Mol Biol Evol 2013;30:1224–1228. 

	61.	 Rambaut A, Lam TT, Max Carvalho L, Pybus OG. Exploring the 
temporal structure of heterochronous sequences using TempEst 
(formerly Path-O-Gen). Virus Evol 2016;2:vew007. 

	62.	 Didelot X, Croucher NJ, Bentley SD, Harris SR, Wilson DJ. Bayesian 
inference of ancestral dates on bacterial phylogenetic trees. 
Nucleic Acids Res 2018;46:e134. 

	63.	 Spiegelhalter DJ, Best NG, Carlin BP, Van Der Linde A. Bayesian 
measures of model complexity and fit. J R Stat Soc Series B Stat 
Methodol 2002;64:583–639. 

	64.	 Bouckaert R, Vaughan TG, Barido-Sottani J, Duchêne S,  
Fourment M, et  al. BEAST 2.5: An advanced software plat-
form for Bayesian evolutionary analysis. PLoS Comput Biol 
2019;15:e1006650. 

	65.	 Hasegawa M, Kishino H, Yano T. Dating of the human-ape split-
ting by a molecular clock of mitochondrial DNA. J Mol Evol 
1985;22:160–174. 

	66.	 Russel PM, Brewer BJ, Klaere S, Bouckaert RR. Model selection 
and parameter inference in phylogenetics using nested sampling. 
Syst Biol 2019;68:219–233. 

	67.	 Deng X, Desai PT, den Bakker HC, Mikoleit M, Tolar B, et  al. 
Genomic epidemiology of Salmonella enterica serotype Enteritidis 
based on population structure of prevalent lineages. Emerg Infect 
Dis 2014;20:1481–1489. 

	68.	 Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior 
summarization in Bayesian phylogenetics using Tracer 1.7. Syst 
Biol 2018;67:901–904. 

	69.	 Drummond AJ, Rambaut A. BEAST: Bayesian evolutionary analysis 
by sampling trees. BMC Evol Biol 2007;7:1–8. 

	70.	 Berling L, Klawitter J, Bouckaert R, Xie D, Gavryushkin A, et  al. 
Accurate Bayesian phylogenetic point estimation using a tree 
distribution parameterized by clade probabilities. PLoS Comput 
Biol 2025;21:e1012789. 

	71.	 Rambaut A. Figtree; 2018. http://tree.bio.ed.ac.uk/software/​
figtree/

	72.	 European Food Safety Authority (EFSA). EFSA statement on the 
requirements for whole genome sequence analysis of microorgan-
isms intentionally used in the food chain. EFSA 2021;19:e06506. 

	73.	 Song S, Hwang S, Lee S, Ha NC, Lee K. Interaction mediated 
by the putative tip regions of MdsA and MdsC in the forma-
tion of a Salmonella-specific tripartite efflux pump. PLoS One 
2014;9:e100881. 

	74.	 Nishino K, Latifi T, Groisman EA. Virulence and drug resistance 
roles of multidrug efflux systems of Salmonella enterica serovar 
Typhimurium. Mol Microbiol 2006;59:126–141. 

	75.	 Pontel LB, Audero MEP, Espariz M, Checa SK, Soncini FC. GolS 
controls the response to gold by the hierarchical induction of 
Salmonella-specific genes that include a CBA efflux-coding operon. 
Mol Microbiol 2007;66:814–825. 

	76.	 Conroy O, Kim EH, McEvoy MM, Rensing C. Differing ability to trans-
port nonmetal substrates by two RND-type metal exporters. FEMS 
Microbiol Lett 2010;308:115–122. 

	77.	 Horiyama T, Yamaguchi A, Nishino K. TolC dependency of multi-
drug efflux systems in Salmonella enterica serovar Typhimurium. J 
Antimicrob Chemother 2010;65:1372–1376. 

	78.	 Pavlova AS, Bocharova YuA, Kuleshov KV, Podkolzin AT, 
Chebotar IV. Molecular determinants of antibiotic resistance in 
Salmonella enterica antibiotic resistance. J Microbiol Epidemiol Immu-
nobiol 2022;98:721–730. 

	79.	 Drummond AJ, Rambaut A, Shapiro B, Pybus OG. Bayesian 
coalescent inference of past population dynamics from molecular 
sequences. Mol Biol Evol 2005;22:1185–1192. 

	80.	 Minin VN, Bloomquist EW, Suchard MA. Smooth skyride through a 
rough skyline: bayesian coalescent-based inference of population 
dynamics. Mol Biol Evol 2008;25:1459–1471. 

	81.	 Duchêne S, Holt KE, Weill F-X, Le Hello S, Hawkey J, et al. Genome-
scale rates of evolutionary change in bacteria. Microb Genom 
2016;2. 

	82.	 Luo L, Payne M, Kaur S, Hu D, Cheney L, et al. Elucidation of global 
and national genomic epidemiology of Salmonella enterica serovar 
Enteritidis through multilevel genome typing. Microb Genom 
2021;7. 

	83.	 Müller NF, Bouckaert RR, Wu C-H, Bedford TF. MASCOT-Skyline 
integrates population and migration dynamics to enhance phylo-
geographic reconstructions. PLoS Comput Biol 2025;21:e1013421. 

	84.	 Mühlenberg W. Salmonella enteritidis kontaminiertes hühner-
futter in einem kleinen legebetrieb als ausgangspunkt einer 
infektkette zum menschen—schwierigkeiten bei der aufdeckung 
des infektionsweges [Chicken feed contaminated with Salmonella 
Enteritidis in a small egg-producing farm as source of a chain of 
infection in man—problems in tracing the mode of transmission]. 
Gesundheitswesen 1992;54:127–134. https://pubmed.ncbi.nlm.nih.​
gov/1571623

	85.	 Crump JA, Griffin PM, Angulo FJ. Bacterial contamination of animal 
feed and its relationship to human foodborne illness. Clin Infect Dis 
2002;35:859–865. 

	86.	 Shariat NW, Larsen BR, Schaeffer C, Richardson KE. Animal 
feed contains diverse populations of Salmonella. J Appl Microbiol 
2022;132:4476–4485. 

	87.	 Alley MR, Connolly JH, Fenwick SG, Mackereth GF, Leyland MJ, 
et al. An epidemic of salmonellosis caused by Salmonella Typhimu-
rium DT160 in wild birds and humans in New Zealand.. N Z Vet J 
2002;50:170–176. 

	88.	 Patel K, Stapleton GS, Trevejo RT, Tellier WT, Higa J, et al. Human 
salmonellosis outbreak linked to Salmonella Typhimurium 
epidemic in wild songbirds, United States, 2020–2021. Emerg Infect 
Dis 2023;29:2298–2306. 

	89.	 Obukhovska O. The natural reservoirs of Salmonella Enteritidis in 
populations of wild birds. Online J Public Health Inform 2013;5:e171. 

	90.	 European Centre for Disease Prevention and Control. Multi-
country outbreak of Salmonella Enteritidis PT8 infection, MLVA 
type 2-10-8-5-2, associated with handling of feeder mice - 1 
December 2016 Rapid Risk Assessment; 2016. https://www.ecdc.
europa.eu/sites/​default/files/media/en/publications/Publica-
tions/RRA-Salmonella-Enteritidis-feeder-mice-2016.pdf

	91.	 Kanagarajah S, Waldram A, Dolan G, Jenkins C, Ashton PM, et al. 
Whole genome sequencing reveals an outbreak of Salmonella Ente-
ritidis associated with reptile feeder mice in the United Kingdom, 
2012-2015. Food Microbiol 2018;71:32–38. 

	92.	 Foster NJ, Richard F, Maloney RF, Recio MR, Seddon PJ, et  al. 
European hedgehogs rear young and enter hibernation in new 
zealand’s alpine zones. N Z J Ecol 2021;45:3448. 

	93.	 Nottingham CM, Glen AS, Stanley MC. Proactive development of 
invasive species damage functions prior to species reintroduction. 
Glob Ecol Conserv 2019;17:e00534. 

	94.	 Rodriguez Recio M, Mathieu R, Latham MC, Latham ADM, 
Seddon PJ. Quantifying fine-scale resource selection by introduced 
European hedgehogs (Erinaceus europaeus) in ecologically sensi-
tive areas. Biol Invasions 2013;15:1807–1818. 

	95.	 Cocciolo G, Circella E, Pugliese N, Lupini C, Mescolini G, et  al. 
Evidence of vector borne transmission of Salmonella enterica 
enterica serovar Gallinarum and fowl typhoid disease mediated by 
the poultry red mite, Dermanyssus gallinae (De Geer, 1778). Para-
sites Vectors 2020;13:513. 

	96.	 Valiente Moro C, Chauve C, Zenner L. Experimental infection 
of Salmonella Enteritidis by the poultry red mite, Dermanyssus 
gallinae. Vet Parasitol 2007;[1]:329–336. 

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
https://pubmed.ncbi.nlm.nih.gov/1571623
https://pubmed.ncbi.nlm.nih.gov/1571623
https://www.ecdc.europa.eu/sites/default/files/media/en/publications/Publications/RRA-Salmonella-Enteritidis-feeder-mice-2016.pdf
https://www.ecdc.europa.eu/sites/default/files/media/en/publications/Publications/RRA-Salmonella-Enteritidis-feeder-mice-2016.pdf
https://www.ecdc.europa.eu/sites/default/files/media/en/publications/Publications/RRA-Salmonella-Enteritidis-feeder-mice-2016.pdf

	Temporal reconstruction of a﻿﻿ ﻿Salmonella﻿ Enteritidis ST11 outbreak in ﻿﻿﻿New﻿﻿﻿ Zealand﻿﻿
	Abstract
	Data Summary
	Introduction
	Methods
	Dataset
	Whole-genome sequencing
	Genome assembly and annotation
	Genotypic bacterial ﻿﻿characterization﻿﻿
	Multidimensional scaling
	SNP identification
	Phylogenetic reconstruction

	Results
	Analysis of genomes
	Genotypic ﻿﻿characterization﻿﻿
	Multidimensional scaling
	Maximum likelihood
	Unstructured coalescent
	Approximate structured coalescent
	Euclidean distances

	Discussion
	Inferred phylogenies suggest a recent single introduction
	Population size estimates show rapid growth in the outbreak and rapid decline following formal intervention﻿﻿﻿﻿﻿﻿﻿﻿
	Hierarchical clustering and phylogenetics support three major clades﻿﻿﻿﻿﻿﻿﻿﻿
	Hatchery A is a significant source in later stages of the outbreak﻿﻿,﻿﻿ with other transmission pathways being more cryptic﻿﻿﻿﻿
	Limitations of using MASCOT
	Multiple modes of transmission and vectors are known for ﻿Salmonella﻿﻿﻿﻿﻿﻿﻿﻿﻿

	Conclusion
	References


