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Abstract 
Salmonella, a significant threat to public safety, inflicts substantial economic losses on the 

poultry industry. The unique “parental feeding” breeding model of pigeon farms, against 

the “all-in & all-out” biosecurity strategy, makes them susceptible to Salmonella infections 

and subsequent outbreaks of pigeon paratyphoid. This study initially studied three pigeon 

paratyphoid outbreak incidents in Henan, China, in which 53 strains of pigeon-origin 

Salmonella Typhimurium (STM) were identified. Whole-genome sequencing (WGS) and 

antimicrobial-resistant profile analysis revealed that the three outbreaks were caused by 

distinct STM clones (ST128-DT2, ST19-DT99). Global phylogenetic analysis suggested 

that the United States is a possible origin, indicating a risk of intercontinental transmission 

via pigeon eggs. Further bacterial virulence and invasion assays, including in vitro and 

in vivo assays, revealed that pigeon-host-adaptive STM, compared to broad-host-range 

STM, carried fewer resistance genes, exhibited higher invasion indices and pseudogene 

levels, displayed a non-rdar (red dry and rough) phenotype, and had strong biofilm forma-

tion capability. Additionally, they showed reduced virulence and invasiveness in mice but a 

pigeon-adaptive feature in cogent models. The collective results support the host adapta-

tion for pigeons among DT2 and DT99 phage-type isolates.

Author summary
Salmonella is one of the four leading causes of diarrheal disease globally. The severity of 
the disease is contingent upon host factors and the specific serovars. Salmonella is a per-
vasive pathogen in domesticated and wild animals, particularly prevalent in poultry and 
mammals. It can disseminate throughout the food chain, from animal feed and  
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primary production to the consumer level. The severe devastation of paratyphoid out-
breaks in broiler pigeon farming and the widespread use of WGS technology have facil-
itated more reliable investigation into the evolution of host adaption of STM to pigeons 
and the traceability of global spread. The findings of our study indicate that all pathogen-
ic isolates of three pigeon paratyphoid outbreaks in Henan, China, were likely transmit-
ted from the United States. Both ST128-DT2 and ST19-DT99 isolates were historically 
considered pigeon-adaptive origin, while few studies investigated them from both 
mammalian and bird models. Here, we have employed a combination of comparative 
genomic approaches, as well as in vivo and in vitro assays, to investigate the pathobiology 
of two pigeon-adaptive types. Our collective findings demonstrate both types exhibiting 
host-adaptive towards pigeons. Importantly, we also find an ST128-DT2 lineage isolate 
showing a higher pigeon-tropism than the ST19-DT99 isolate. Nevertheless, our data 
offers valuable insights that could advance pigeon-adaptive Salmonella from genomic 
epidemiology to new biological traits, therefore guiding the policy for preventing paraty-
phoid fever outbreaks among pigeons.

Introduction
Salmonella, a genus of rod-shaped, Gram-negative bacteria, is a prominent causative agent of 
foodborne illnesses worldwide[1]. These pathogens are responsible for a significant burden of 
gastroenteritis, typhoid fever, and paratyphoid fever, leading to considerable morbidity and 
mortality, especially in developing countries[2–4]. The Centers for Disease Control and Pre-
vention (CDC) estimate that Salmonella infections cause approximately 1.35 million illnesses, 
26,500 hospitalizations, and 420 deaths annually in the United States alone[5]. The pathogenic-
ity of Salmonella is attributed to its ability to invade and replicate within host cells, evading the 
immune response through a sophisticated array of virulence factors. These include the Type III 
secretion system, which injects effector proteins into host cells to manipulate cellular processes, 
and the production of endotoxins that induce inflammation and tissue damage[6]. Furthermore, 
the emergence of multidrug-resistant Salmonella strains poses a substantial challenge to public 
health, complicating treatment options and exacerbating the spread of infections[7–9].

China is the country with the leading global poultry production due to its considerably 
large consumer market all over the world[10]. Squab, a young domestic pigeon under four 
weeks, has attracted increasingly consumers who pay attention to a healthy diet due to its 
balanced and rich nutritional value and good palatability. Nutritional research on squabs has 
been enriching gradually as well[11,12]. The wide range of activities and the large wild popu-
lation make pigeons an important vector for the spread of epidemics and a potential interme-
diate host for a variety of zoonotic diseases[13,14]. Pigeon paratyphoid is a bacterial disease 
mostly in squabs caused by Salmonella, posing a potential threat to broiler pigeon farming 
and public health[15]. Literature studies have shown that paratyphoid fever is widespread in 
pigeon flocks in several countries, including Egypt[16], UK[17], Brazil[18], Italy[19], Nor-
way[20], Belgium[21], Germany[22], Japan[23], Poland[24] and China[25].

In addition, as a significant threat to the domesticated poultry industry, Salmonella is 
a pathogen with significant zoonotic potential, which circulates among food animals and 
humans via the foodborne chain. Certain Salmonella serovar or their variant could lead to a 
host-adaptative stage, even restricting it to a particular host group[26]. A growing number 
of these pantropic Salmonella strains have exhibited specific host adaptations over time[27]. 
For example, Salmonella Typhimurium (STM) has shown host adaptation in various avian 
species, including phage types DT2 and DT99, which have adapted to pigeons[28–30]. The 
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essence of host specificity changes lies in the immune evasion mechanisms of Salmonella, 
with pseudogenes representing the non-functional remnants of gene families that have been 
formed during the course of pathoadaptation, and single nucleotide polymorphisms (SNPs) 
being considered as causes for these host adaptations[31–33]. Emerging infectious diseases 
caused by host adaptation and the increasing number of invasive non-typhoidal Salmonella 
(iNTS) cases allude to the urgency of monitoring the evolution of Salmonella transmis-
sion[34,35]. Recent advancements in molecular biology and genomics, such as Whole genome 
sequencing (WGS) and transcriptomic analyses, have elucidated the complex regulatory 
networks that govern virulence gene expression and adaptive responses to environmental 
stresses[36–39]. In this research, we reported several outbreaks of pigeon paratyphoid in 
China, and conducted pathogen isolation and identification, genomic epidemiological investi-
gations, and multiple phenotypic analyses of the outbreak events.

Results

Genomic epidemiology investigation of local pigeon Salmonellosis 
outbreaks
In 2021, three outbreaks of pigeon paratyphoid occurred in Henan Province, China: two 
in Luoyang City and one in Wugang City, under the jurisdiction of Pingdingshan City (Fig 
1A). The affected squabs in all three outbreaks exhibited the “black belly” associated with 
pigeon-origin S. Typhimurium (poSTM) infection. Liver samples were collected for further 
bacterial determination. Four isolates were obtained from Case-1, 16 from Case-2, and 33 
from Case-3. The biochemical tests confirmed them as belonging to the Salmonella genus (S1 
Table). All Case-1 isolates and a proportion of Case-3 isolates (60.61%, 51.53%) were only 
resistant to streptomycin (STR) and sulfisoxazole (SIZ), but Case-2 isolates presented a more 
severe resistance profile, with 56.25% of strains exhibiting multi-drug resistance (MDR), 
showing resistance to aminoglycosides, tetracyclines, and sulfonamides (Fig 1B). PCR iden-
tification targeting the invA gene revealed that all 53 isolates carried this invasion-associated 
gene, as indicated by the amplification of the corresponding bands. Based on the results of 
various bacterial identification methods, it was concluded that the three outbreaks of pigeon 
paratyphoid in this study were caused by Salmonella infections.

We found that all isolates from each outbreak shared the exact identical sequence type (ST): 
ST128 in Case-1 and Case-3, and ST19 in Case-2. The serovar of all isolates from the three 
pigeon paratyphoid outbreaks was Typhimurium. The ST128 isolates from Case-1 and Case-3 
carried the same plasmids, IncFIB(S) and IncFII(S) (Fig 1C). The ST19 isolates from Case-2 
carried a more diverse array of plasmids. In addition to the plasmids found in ST128 isolates, the 
ST19 isolates also carried the IncX1 plasmid, which is widely reported to carry the Tn2 trans-
poson harboring the blaTEM-1B antibiotic resistance gene (ARG), the IncQ1 plasmid, which often 
carries the tet(X4) ARG, and the Col156 and ColRNAI plasmids, both of which play significant 
roles in the horizontal transfer of ARGs. The number of plasmid types was positively correlated 
with the amount of ARGs carried, indicating that ST19 isolates carried more ARGs than ST128 
isolates (Fig 1D). The isolates from the three outbreaks were relatively consistent in their levels 
of virulence genes (VGs) (Fig 1E). However, isolates from Case-3 uniformly lacked the shdA 
gene, which is associated with intestinal adhesion and extracellular matrix binding[40]. The 
absence of this gene might lead to reduced virulence or adherence capabilities.

Global population diversity of pigeon-origin Salmonella
The genetic distance among isolates was calculated by comparing the number of Differential 
Core SNPs (CoreSNPs). Referring to studies of Salmonella genetic evolution, two isolates with 
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Fig 1.  Pathogenetic analysis of three pigeon paratyphoid outbreaks in Henan Province.  A. Temporal-spatial information at the time of outbreak and pathogen 
isolation and identification. In Case-1 and Case-2, the livers were enlarged with blunt edges, showing grey-white necrotic spots and numerous scattered grey-white 
lesions. In Case-3, the liver was congested and enlarged, with reddish-brown petechial hemorrhages on the surface and a fragile texture. A multi-step approach was 
adopted for the identification of pathogens, encompassing the sequential application of selective bacterial cultures, microscopic examination, and polymerase chain 
reaction (PCR). B. Results of antimicrobial susceptibility testing. Selected antimicrobials and adjudicated values refer to the CLSI M100 ED34 standard. Antimicrobial 
classes with 100% negative isolate test results will not be displayed. Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 25923, were used as control strains. 
C. Predicted results of plasmid carriage based on the Plasmidfinder database. ST19 isolates are considered potentially susceptible to aminoglycosides, sulfonamides, 
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fewer than 100 Differential CoreSNPs can be considered the same strain[41,42]. The results 
showed that the pathogenic bacteria in Case-1 and Case-3 were the same, and Case-2 was also 
caused by a single strain (Fig 2A). After constructing a phylogenetic tree of the whole genomes 
of the 53 poSTM isolates, the research team selected the two isolates closest to the root for 
third-generation sequencing and subsequent experiments (Fig 2B). These were SAL4365, with 
genotype ST128, and SAL4386, with genotype ST19.

Previous research has shown that ST128 evolved from ST19[43]. Collecting all ST128 
whole genomes and ST19 third-generation sequencing complete genomes from public 
databases, we constructed a divergence time evolutionary tree highly relevant to the outbreak 
isolates in this study. The regression of root-to-tip distances indicates the presence of a tem-
poral structure within the dataset (β=3.22e-05, tMRCA>100), but the observed poor linearity 
between the different genealogical sequences suggests that they may be suitable for a loose 
molecular clock (Fig 2C). Bayesian typing tests showed that these three genetic branches are 
relatively independent. Therefore, this study named them L1, L2, and L3, with L3 being the 
branch to which the isolates from Case-1 and Case-3 in the three pigeon paratyphoid out-
breaks in Henan belong.

Combining the evolutionary timeline and geographic information, the research team simu-
lated the possible pathogen transmission routes for the three outbreaks (Fig 2D). The patho-
gens in Case-1 and Case-3 were initially introduced to China from meat pigeons imported 
from Washington State, USA. Within Henan Province, the bacteria spread via contaminated 
pigeon eggs, leading to successive outbreaks of pigeon paratyphoid caused by ST128 poSTM 
in Luoyang City and Wugang City. The pathogen in Case-2 was first introduced to Japan from 
Oklahoma, USA, before 2000, and then entered China after 2000, with meat pigeons again 
being the transmission host.

Genomic signature for Pigeon-adaptive Salmonella
Previous research indicates that STM phage types DT2 and DT99 exhibit host adaption 
for pigeons[44]. Consequently, we extensively collected genomes related to DT2 and DT99 
strains, and compared them with available genomes of pan-host STM phage types DT193 
and DT104 (Fig 3A). A multiple information system phylogenetic tree revealed that all three 
lineages of ST128 exclusively correspond to the DT2 phage type, indicating a specific relation-
ship between ST128 and DT2. The isolates from Case-1 and Case-3 belong to the DT2 evolu-
tionary branch. Additionally, the poSTM isolated in Case-2 falls within the DT99 evolutionary 
branch, suggesting that the poSTM isolates obtained in this study all exhibit pigeon host spec-
ificity. Compared to the pan-host STM DT104 and DT193, the intercontinental transmission 
of the two pigeon-adaptive phage types, DT2 and DT99, is more complex, frequently occur-
ring in Europe, North America, and Asia. However, their host range is narrower, primarily 
isolated from pigeons and humans, and they are commonly found in the ecological niches of 
wild animals, humans, and poultry.

Invasion index analysis indicates that pigeon host-adaptive STM is more likely to invade 
the bloodstream, making it more prone to cause extraintestinal infections (Fig 3B). Among 
these, DT2 exhibits the highest invasion index, followed by DT99. The poSTM isolates 
from Case-1 and Case-3, which belong to the L3 lineage, show the highest invasion index 

and tetracyclines. D. Predicted results of Antimicrobial Resistant Genes (ARGs) carriage based on the Resfinder database. E. Predicted results of Virulence Genes 
(VGs) carriage based on the VFDB database. Minimum DNA identity and minimum DNA coverage for genetic testing are both set to 80% for more comprehensive 
results. Unmatched genes will not be displayed. The base layer of the map is derived from the Standard Map Services (The review number is GS (2021) 5445; Links to 
images and terms of use are under the following domains: http://bzdt.ch.mnr.gov.cn/).

https://doi.org/10.1371/journal.ppat.1012992.g001

http://bzdt.ch.mnr.gov.cn/
https://doi.org/10.1371/journal.ppat.1012992.g001
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Fig 2.  Genetic relationships and temporal-spatial tracing of outbreak isolates. A. Heat map of CoreSNPs differences. The 
number of differential coreSNPs increases with deeper color. The evolutionary trees on the left and below are consistent, 
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and the most significant genetic distance from the root node in the phylogenetic tree (Fig 
3C). Pseudogene analysis reveals that pigeon host-adaptive STM has the highest number of 
pseudogenes, with DT2 averaging 84.14 pseudogenes and DT99 averaging 82.08 (Fig 3D). 
This significant difference in the number of pseudogenes is attributed to the presence of 
a larger number of fragmented and too-short pseudogenes in pigeon host-adaptive STM, 
whereas differences in the number of too-long pseudogenes have a minimal impact on the 
overall pseudogene levels (S1A-C Fig).

It has been demonstrated by preceding epidemiological investigations that the majority 
of plasmids are disseminated via horizontal transfer between species[45,46]. Consequently, 
bacteria with a more extensive host spectrum are frequently associated with a greater number 
of plasmids and resistance genes. The number of ARGs carried by pigeon host-adaptive STM 
is significantly lower than that of pan-host STM (Fig 3F). DT2 carries an average of 1.08 types 
of ARGs, and DT99 carries an average of 1.17 types. The gene aac(6’)-Iaa appears in 99.5% of 
pigeon host-adaptive STM, but it is also widely present in pan-host STM. The lower detection 
level of ARGs in DT2 may be related to its fewer plasmid types, averaging 2.03 plasmids per 
isolate (Fig 3E). However, DT99 has a higher level of plasmid carriage, comparable to that of 
DT193. There is no significant difference in the levels of VGs among the four phage types, 
with the lowest VGs level in DT2 being only 1.91% less than the highest in DT104 (Fig 3G).

In addition to the above findings, the research team used third-generation sequencing data 
to analyze genes potentially associated with host adaptation changes, particularly those encod-
ing structural proteins involved in virulence. The fimH gene of the ST128 poSTM isolates 
from Case-1 and Case-3 showed an unreported point mutation at the 48th base in the adhesin 
domain coding region (S1D Fig). This mutation results in a proline-to-serine substitution at a 
crucial mannose-binding site, which is highly likely to affect Salmonella’s affinity for poly-
saccharide structures on host cell surfaces. Further analysis of this mutation across all ST128 
and pan-host ST19 STM sequences from public databases revealed that this point mutation is 
absent in pan-host ST19 but is present in more than 1% (specifically, 5.1%) of ST128 isolates 
(S1E-F Fig). This discovery of a new SNP is significant and warrants further research.

Salmonella Typhimurium transition to host-adaptive tropism
To elucidate the variations in pigeon-adaptive Salmonella, we first carried out extensive 
phenotyping experiments. The in vitro experiments included survival and growth character-
istics, motility, and biofilm formation analysis. The growth curves of the two poSTM strains 
were intermediate between those of pan-host and host-adaptive Salmonella, with a higher 
bacterial concentration during the stationary phase than the reference strains (S2A Fig). The 
growth curve of SAL4365 differed significantly from that of the reference strain, entering the 
logarithmic growth phase approximately 2 hours earlier and exhibiting faster growth at a 

and the colors are all relevant to the case. B. Phylogenetic relationships of the three outbreak isolates. The rooted tree was 
constructed from IQ-TREE v1.6.12 and visualized by iTOL v6. The reference is STM SL1344 and the outgroup is Salmo-
nella Enteritidis ATCC13076, the outer circle indicates the sequence type. C. Time evolution tree of STM ST128 and ST19. 
The temporal evolutionary tree was constructed with Beast v2.7.6 and visualized with FigTree v1.4.4. The reference for the 
original phylogenetic tree is STM SL1344 and the outgroup is Escherichia coli K-12. Genetic branching of non-transparent 
backgrounds for pigeon host-adaptive STM phenotypes. The time ranges within the 95% HPD are indicated in parentheses. 
D. Simulation of the transmission pathways of Salmonella causing pigeon paratyphoid fever in Henan. A localized world 
map containing China, Japan, and the United States is shown at the top, and a map of Henan is shown at the bottom. Areas 
not associated with the spread of this outbreak pathogen are shown in gray. Transmission pathways and times were hypoth-
esized based on meta-information from neighboring strains in a temporal evolutionary tree. The base layer of the map is 
derived from the Standard Map Services (The review number is GS (2021) 5445; Links to images and terms of use are under 
the following domains: http://bzdt.ch.mnr.gov.cn/).

https://doi.org/10.1371/journal.ppat.1012992.g002

http://bzdt.ch.mnr.gov.cn/
https://doi.org/10.1371/journal.ppat.1012992.g002
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Fig 3.  Comparative genomic analysis of STM with different host tropisms. A. Phylogenetic tree analysis dataset of 
four different phage types of STM, with DT2 in blue background, DT99 in red background, DT193 in yellow background, 
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high temperature of 42°C (S2B Fig). Motility tests indicated that aerobic conditions generally 
favored the swarming motility of STM. SAL4365 displayed poor motility, whereas SAL4386 
showed the strongest motility, slightly surpassing that of the reference strain SL1344, with an 
average motility diameter of 8.83 mm under aerobic conditions (S2C Fig).

Both poSTM strains exhibited colony morphologies on Congo red TA plates that were 
intermediate between those of invasive Salmonella and non-invasive rdar-positive pheno-
types (Fig 4A). The colonies of SAL4365 had a flesh-colored outer ring, while the colonies 
of SAL4386 were white, smooth, and moist, closely resembling those of invasive Salmonella. 
Compared to the reference strain SL1344, which almost did not produce biofilms, both 
poSTM strains demonstrated significantly stronger biofilm formation capabilities (S2D Fig). 
Consistent with the reference strain, the biofilm formation ability of poSTM strains was 
enhanced under aerobic conditions. Notably, while SAL4386 had strong biofilm formation at 
37°C, its ability was weaker than that of SAL4365 at 42°C under aerobic conditions (S2E Fig). 
Despite the increased temperature, the biofilm formation abilities of both poSTM strains did 
not significantly decline.

The in vivo experiments included investigations of pathogenicity and invasiveness using 
mouse models and virulence testing using chicken embryo models. In the murine enteritis 
model, mice began to die starting from the fourth day in the SL1344 and SAL4365 groups (Fig 
4B). In the SL1344 group, mouse deaths continued in the following days, reaching a mortality 
rate of 50% by the sixth day. In contrast, the SAL4365 group saw no further deaths after the 
sixth day, with a final mortality rate of 6.25%. No deaths were observed in the SAL4386 group. 
Following STM infection, the SL1344 group experienced the fastest weight loss, followed by 
the SAL4365 group (Fig 4C). The SAL4386 group was the only one where the mice’s average 
weight began to recover on the day 6 post-infection. The Mock group’s mice did not experi-
ence continuous weight loss. Six days post-infection, the SL1344 group showed the highest 
average weight loss at 24.03%, significantly greater than that of the SAL4365 group (18.08%) 
and the SAL4386 group (7.53%) (Fig 4D). In the 16-day-old chicken embryo model, after 
allantoic cavity injection of STM, all chicken embryos, except those in the 10 CFU dose 
SAL4386 group, died within one day (S2F Fig). The remaining embryos in the SAL4386 group 
died on the second day. There were no significant differences between the groups, indicating 
that STM has a high virulence in chicken embryos.

The pathological examination of mice infected with the enteritis model revealed that the 
SL1344 group exhibited the most severe organ lesions overall, followed by the SAL4365 group, 
with the SAL4386 group showing the least severe lesions (S3 Fig). Notably, unlike the SL1344 
group in which the colon failed to perform its desiccation function properly, the colons of 
mice in the SAL4365 and SAL4386 groups contained well-formed, unexpelled fecal pellets, 
indicating a relatively intact colonic function. In the SL1344 group, the liver showed the most 
significant pathological changes and severe damage, including lobular inflammation and 
fatty degeneration, with a few hepatocytes displaying small cytoplasmic vacuoles within the 
field of view (S4 Fig). In the two poSTM groups, although the liver structure was abnormal, 
the hepatic cords were orderly, and the sinusoids were uniformly sized, with only a slight 

and DT104 in green background. A total of 1000 Salmonella WGS were included in the phylogenetic tree mapping. The 
reference is STM SL1344 and the outgroup is Salmonella Enteritidis ATCC13076. B. Differences in invasion indices, which 
predict the invasive capability of the strains, among different phage types. DT2 and DT99 are pigeon host-adaptive STM 
phage types. C. Differences in invasion indices among three lineages of STM ST128. Henan outbreak pathogen isolates 
are located in the L3 branch. D. Predicted results of pseudogene carriage based on the Pseudofinder v1.1.0. E. Predicted 
results of plasmid carriage based on the Plasmidfinder database. F. Predicted results of ARGs carriage based on the Res-
finder database. G. Predicted results of VGs carriage based on the VFDB database.

https://doi.org/10.1371/journal.ppat.1012992.g003

https://doi.org/10.1371/journal.ppat.1012992.g003
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infiltration of inflammatory cells. Corresponding with the gross appearance of splenomegaly, 
the SL1344 group also exhibited the most severe tissue damage in the spleen, with disor-
ganized splenic nodules and indistinct red and white pulp boundaries. The tissue showed 
extensive neutrophil infiltration and a substantial deposition of hemosiderin. The spleen in 
the SAL4365 group also showed significant damage, with a small number of necrotic cells 
displaying nuclear fragmentation and pyknosis with deep staining. In contrast, the SAL4386 
group had only minor splenic damage, characterized by neutrophil infiltration and a few 
multinucleated macrophages.

Comparative analysis of intestinal lesions across the three experimental groups revealed 
similar pathological features, primarily characterized by abnormal tissue structures, reduced 
crypt numbers, localized crypt loss, and minimal inflammatory cell infiltration. Among these, 
the villus height to crypt depth (VH/CD) ratio indicated the lowest value in the SL1344 group 

Fig 4.  Alterations in pathogenicity and invasiveness of poSTM. A. Correspondence of rdar phenotype and inva-
siveness. The rdar phenotype tapers from left to right. Strains within the green horizontal line often cause gastro-
enteritis, while strains within the yellow, orange, and red horizontal lines often cause invasive symptoms. B. Survival 
curves, C. weight change curve, and D. weight loss rate of enteritis model mice. E. Weight change and F. organ 
bacterial load of typhoid model mice. SAL4365 represents ST128 (DT2) STM and SAL4386 represents ST19 (DT99) 
STM in b-f. The route of administration was by gavage in both cases.

https://doi.org/10.1371/journal.ppat.1012992.g004

https://doi.org/10.1371/journal.ppat.1012992.g004
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(1.22), suggesting the poorest intestinal mucosal integrity and digestive capacity, followed by 
the SAL4386 group (1.78) and the SAL4365 group (1.57) (S5A Fig). The SL1344 group had a 
significantly thicker cecal mucosa than the two poSTM groups (S5B Fig). Although the ileal 
lesions were most severe in the SL1344 group, both poSTM groups also displayed abnormal 
ileal structures, with epithelial cell ulceration and shedding in certain mucosal regions expos-
ing the lamina propria. In contrast to the cecum, the SL1344 group exhibited relatively more 
severe colonic damage, with localized mucosal epithelial cell shedding and exposed lamina 
propria, resulting in a markedly lower compensatory mucosal thickening (173.07 μm) com-
pared to the SAL4365 group (266.70 μm) and the SAL4386 group (379.15 μm) (S5C Fig).

The results of the murine typhoid model experiment demonstrated that, in the presence 
of normal gut microbiota, only the SAL4386 group exhibited a significant weight loss by the 
third day, whereas the SAL4365 group showed a trend of weight gain (Fig 4E). Except for  
the cecum, the bacterial load in other organs of the SL1344 group was higher compared to the 
poSTM experimental groups (Fig 4F). Interestingly, although the bacterial load in the ileum, 
colon, and cecum was higher in the SAL4365 group than in the SAL4386 group, this pattern 
was reversed in the liver and spleen, which are critical immune organs.

Pigeon outbreak isolates show higher virulence and pathogen burden in 
cogent models
To fulfil Koch’s postulates for the pigeon outbreak isolates, we recruited the Salmonella-free 
day-old pigeons to examine the virulence of the bacterial isolates in a higher dose (1 x 10^9 
CFU), with SL1344 as a control. We found that both DT2 (SAL4365), a DT2-L3 isolate in this 
study, and DT99 (SAL4365) isolates had a fast-killing rate, and they showed a statistically 
significant to the control strain SL1344 (p<0.05) (Fig 5A). To further investigate the pathogen 
burden in the examined tissues, we used a low dose (5 x 10^7) to ensure a higher tolerance 
in young pigeons during the 7-day infection assay. To measure the pathogen loads in the 
caecum (Fig 5B), liver (Fig 5C) and spleen (Fig 5D). Both DT2 and DT99 isolates had statis-
tically low pathogen load in the caecum compared to the control strains on day 3 and day 7 
post-infection. For systemic tissues, only the isolate shows a higher bacterial load in the liver 
when compared with SL1344. Of note, the DT2 isolate had a higher bacterial load than the 
DT99 isolate, indicating a more pigeon-adaptive feature in DT2-L3 isolate. In support of this 
pigeon-adaptive trend, in general, the bacterial load is higher in DT2-L3 isolate than the DT99 
isolate, and the DT99 isolate is higher than the SL1344, which is considered a host-inclusive 
strain with a general host-tropism as a control in this study. We concluded that both isolates 
from DT2-L3 and DT99 exhibited a pigeon-adaptive pathway in the cogent models.

Discussion
Pigeon paratyphoid is a common bacterial infectious disease in pigeon lofts, characterized 
by symptoms such as diarrhea, arthritis, and neurological symptoms, which can lead to high 
mortality rates in squabs, posing a severe threat[47]. Not only do infected pigeons require pro-
longed treatment, but even after recovery, they remain carriers, continuing to shed and spread 
the pathogen. Pigeon paratyphoid often occurs concurrently with pigeon plague, colibacillo-
sis, and trichomoniasis, resulting in more severe economic losses. Apart from the widespread 
transmission of the pathogen and its high virulence in pigeons, the unique breeding mode 
is also a crucial factor contributing to the high incidence of pigeon paratyphoid[48]. Squabs 
must be incubated and nurtured by paired adult pigeons during the developmental stage when 
they cannot feed or drink independently. This breeding practice leads to frequent contact 
among susceptible birds, making an “all-in-all-out” system impossible, providing favorable 
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conditions for spreading Salmonella within the loft, and increasing the difficulty of disinfec-
tion and disease control[49–51].

This study conducted on-site sampling, pathogen isolation and identification, and 
whole-genome sequencing (WGS) analysis of three pigeon paratyphoid outbreaks in Henan 
Province. The causative agents were identified as STM of the genotype ST128 in Case-1 and 
Case-3, and STM of the genotype ST19 in Case-2. These two genotypes belong to distinct 
evolutionary branches (DT2 and DT99) that exhibit host adaption for pigeons[52]. Antimi-
crobial susceptibility testing revealed that ST128 poSTM was resistant to fewer drugs, while 
ST19 poSTM exhibited multidrug resistance (MDR). Although the Case-2 isolates had a 
more complex resistance profile, the Case-1 and Case-3 isolates showed higher resistance to 
sulfisoxazole. In the aftermath of the outbreaks, pigeon lofts should avoid using antibiotics 
such as tetracyclines and take measures to prevent the further spread of MDR isolates. The 
analysis of associated ARGs and plasmid carriage was consistent with the observed resistance 
phenotypes. The research team hypothesized that the limited host range of ST128 might have 

Fig 5.  Pathoadaptation of poSTM in pigeon models. A. The survival curve for three examined Salmonella isolates. To 
examine the virulence potential, 1x109 CFU pathogens were orally inoculated into the day-old pigeons. Each group (n=10) 
was challenged with an individual pathogen. Salmonella Typhimurium (STM) lab strain SL1344 is the control, SAL4365 
represents ST128 phage type 2 or DT2, and SAL4386 ST19 phage type 99 or DT99. To investigate the pathogen load in the 
tissues, a lower challenged dose 5x107 CFU was used for the day-old pigeon. Bacterial burden in the Caecum B., Liver C. 
and Spleen D. of the pigeons were shown. Among the three challenged groups (n=10), five pigeons were examined on day 3 
post-infection (black square), and the remaining five pigeons were studied on day 7 post-infection (black up triangle). The 
y axis denotes log10 CFU of bacterial pathogen/gram. Each dot represents triplicate results for one pigeon. The statistics 
were conducted by an unpaired t-test, with the p-value indicated accordingly.

https://doi.org/10.1371/journal.ppat.1012992.g005

https://doi.org/10.1371/journal.ppat.1012992.g005
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reduced opportunities for acquiring mobile genetic elements from other bacteria[45]. While 
the spatiotemporal evolutionary analysis explained the origins of the poSTM transmission in 
Henan, the analysis could be improved by incorporating more genome sequences due to the 
limited number of relevant strains available in public databases.

We employed comparative genomic and phenotypic approaches to investigate the differ-
ences between pigeon outbreak STM isolates from this study and ubiquitous STM strains, 
aiming to provide insights into the mechanisms of bacterial host adaptation[53]. Pigeon-
adaptive STM exhibited significantly higher levels of pseudogenes, potentially reducing 
immunogenicity and facilitating adaptation to the pigeon host environment[54]. Addition-
ally, higher invasion indices, enhanced biofilm formation, and the rdar-negative phenotype 
suggest that poSTM may have undergone changes to enhance its invasiveness, consistent with 
the evasion of host innate immunity during adaptation[55]. Although the bacterial burden 
experiment using the murine typhoid model did not support the hypothesis of increased 
invasiveness, it strongly demonstrated that STM’s adaptation to pigeons coincided with a 
reduced ability to invade other animal hosts. This host-adaptive preference was more pro-
nounced in the infection experiments with host-restricted Salmonella serovars. Consequently, 
mice and chicken embryos are not ideal experimental models for studying the host adapta-
tion mechanisms of pigeon-adaptive STM, and pigeons without specific pathogens should be 
used instead. Furthermore, at high temperatures (42°C), poSTM (especially ST128) exhibited 
higher growth rates and lower biofilm formation reduction, better adapting to the higher body 
temperature of birds and promoting persistent infections. Additionally, the cogent models 
demonstrated both ST-128 DT2 L3 and ST19-DT99 isolates exhibited a high killing and 
pathogen burden in the systemic tissues.

While this study did not explore the mechanisms underlying STM’s adaptation to pigeons, 
the genomic epidemiological investigation and phenotypic assays provide a theoretical basis 
for the treatment and prevention of local pigeon paratyphoid outbreaks[56]. Breeding enter-
prises should enhance management practices, regularly disinfect the environment and, hatch 
eggs, and prevent the entry of wild birds such as sparrows and doves into pigeon lofts[57]. 
Additionally, during pigeon paratyphoid outbreaks, prompt isolation of infected pigeons, 
disinfection of the loft, and alternating or combined antibiotic treatments should be imple-
mented to avoid the emergence of resistant strains.

Materials and methods

Ethics Statement
All the pigeons in field investigations and infection assays were approved and conducted at 
the College of Veterinary Medicine, Henan University of Animal Husbandry and Economy. 
The murine and chicken embryo assays were approved by the Zhejiang University ethical 
review process.

Case Information
In 2021, there were three outbreaks of pigeon paratyphoid in Henan Province. The back-
ground is as follows: Case-1: The first outbreak occurred in early May at Farm A, located in 
the suburbs of Luoyang City. This farm primarily sells hatching eggs, resulting in a relatively 
low breeding density, with most pigeons in cages. The outbreak led to the death of only 14 
squabs, each approximately 3 days old. Pigeons at this breeding farm are generally kept for 
conservation purposes and are not treated with antibiotics for prevention. Instead, a tra-
ditional Chinese medicine premix containing Astragalus polysaccharide is used for health 
maintenance.
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Case-2: The second outbreak occurred in mid-October at Farm B in Yiyang County, 
Luoyang City, resulting in the death of over 200 squabs aged approximately 2 to 3 days. This 
farm specializes in meat pigeons and houses about 100,000 pairs for meat and squab purposes. 
Due to poor pen conditions and the presence of many wild birds, such as sparrows, the risk 
of disease transmission is high. Therefore, the farm management supplements routine health 
maintenance with Astragalus polysaccharide by administering an antibiotic premix every 
four days for infectious disease prevention, primarily using enrofloxacin, ciprofloxacin, and 
neomycin.

Case-3: The third outbreak began on November 5th at Company C in Wugang City and 
lasted nearly 15 days. The outbreak resulted in the death of 97 squabs, each approximately 7 
days old, in four breeding houses and led to a high embryonic mortality rate of 11% in that 
batch of hatching eggs. Company C is a large enterprise, housing 300,000 pairs of core breed-
ing pigeons across 13 meat pigeon breeds, and operates two major breeding bases. Despite 
the high level of automation in their management, this outbreak might have been caused by 
asymptomatic carrier status in newly paired adult pigeons nursing their first batch of squabs. 
After the outbreak, Company C promptly added enrofloxacin to the drinking water for pre-
ventive treatment, reducing the daily squab mortality to six after four days of medication.

Isolation and identification of Salmonella Typhimurium
Pathological dissection was performed on deceased pigeons, and liver tissue was collected for 
Salmonella isolation[58]. The liver tissue was homogenized in PBS buffer using a tissue oscil-
lator. A sterile inoculation loop was used to streak the liver homogenate onto XLD agar plates, 
which were incubated overnight at 37°C. After repeated streaking for purification, suspicious 
colonies were inoculated into LB broth and cultured at 37°C with shaking at 180 rpm for 8 
to 12 hours. Subsequently, 500 μL of the LB culture was mixed with 500 μL of 40% glycerol 
in cryovials, labeled with strain information, and stored at -80°C. Following national stan-
dards for Salmonella detection, such as “PCR Detection Method for Salmonella in Chicken 
Intestines (GB/T 40049-2021)” and “Salmonella Detection Method in Experimental Animals 
(GB/T 14926.1-2001)”, frozen bacterial stocks were streaked onto XLD agar plates using an 
inoculation loop and incubated overnight at 37°C. The following identification tests were con-
ducted sequentially: Gram staining microscopy, biochemical identification, and PCR identifi-
cation using primers designed for the invasion-related gene invA.

Antimicrobial susceptibility testing
This study references the guidelines from the Clinical and Laboratory Standards Institute 
(CLSI) for antimicrobial susceptibility testing of Salmonella as outlined in M100 ED34 
[59–61]. The susceptibility of the test strains to antimicrobial agents was determined using the 
disk diffusion method (M02 ED14) on Mueller-Hinton Agar (MHA) plates. Standard strains, 
Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 25923 were used as control 
strains. Since the isolates from the same outbreak event are clonal, repeated tests on single 
isolates were not conducted for the susceptibility tests. The experimental procedure follows: 
Similar pure culture colonies were picked from LB agar plates and inoculated into Mueller-
Hinton Broth (MHB), then shaken at 37°C for 6 to 8 hours. The culture was diluted with 
sterile MHB to a turbidity of 0.5 McFarland units (approximately 1 × 10^8 CFU/mL). A sterile 
cotton swab was dipped into the bacterial suspension, and excess liquid was removed by 
pressing against the tube wall. The swab was then streaked evenly across the entire surface of 
an MHA plate, ensuring a uniform lawn of bacteria, and left to stand at room temperature for 
3 to 5 minutes in a sterile environment. Antimicrobial disks were placed onto the agar surface 
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using a disk dispenser or sterile tweezers, pressing lightly with the tip of the tweezers to ensure 
complete contact. Each disk was spaced at least 24 mm apart, with the center of each disk at 
least 15 mm from the edge of the plate. A maximum of six disks were placed on each 90 mm 
diameter plate. The types of antimicrobial agents used on the disks are listed (S2 Table).

Whole genome sequencing and assembly
This study utilized both second-generation and third-generation sequencing technologies to 
obtain the whole genome data of STM outbreak isolates[62–64]. The specific process involved 
genome extraction, whole genome sequencing (WGS), and processing and assembly of 
sequencing data. The bacterial genomic DNA was extracted using a bacterial genomic DNA 
extraction kit purchased from Nanjing Novozymes Biotechnology Co., Ltd. The concen-
tration and purity of the collected DNA products were measured with a Nanodrop micro-
spectrophotometer from Thermo Fisher Scientific, and the DNA was stored at -20°C to  
prevent degradation. DNA samples from 53 isolates that met quality requirements were 
subjected to WGS using the Illumina NovaSeq 6000 platform. The raw sequencing data 
underwent md5 checksum verification and quality check using FastQC v0.12.1[65]. The 
Centrifuge integrated into the Snakemake v8.10.4 pipeline was used to analyze microbiologi-
cal contamination in the quality-checked *.fastq files with a pass threshold of 0.8[66,67]. Data 
that failed quality control or showed severe contamination were discarded, and new genomic 
DNA was extracted and sequenced. Adapter sequences and low-quality reads were removed 
using Trimmomatic v0.39. The high-quality *.fasta files were then assembled de novo using 
SPAdes v3.15.5, which was nested in the Galaxy server[68,69]. Assembled WGS scaffolds 
were disposed to the NCBI BioProject database under accession number PRJNA854762 after 
removing the sequence less than 200 bp in length.

The complete bacterial genome sequence of strains SAL4365 and SAL4386 was obtained 
Nanopore Technology (Beijing Novogene Co. Ltd.) [70]. Additionally, this approach enabled 
the acquisition of plasmid genome information. Similar to the second-generation sequencing 
data processing, the PacBio Sequel platform was used for third-generation sequencing. The 
process involved constructing a 10 kb single-molecule real-time sequencing library, sequenc-
ing, and filtering out low-quality reads (less than 500 bp). The third-generation sequencing 
data were assembled into contigs and validated using SMRT Link v5.0.1.

Typing prediction and comparative genomics analysis
The assembled whole genome sequences were used for various bioinformatics analyses. 
First, KmerFinder v3.2 was used to validate the species classification of the isolates[71]. 
The sequence type and serotype of Salmonella were identified using MLST v2.22.0 and 
SeqSero2 v1.2.1, respectively[72,73]. Additionally, the isolates obtained in this study, along 
with publicly available STM whole genome sequences, were analyzed using ABRicate v1.0.1, 
which integrates multiple bioinformatics tools. These included ResFinder v4.5.0 for predict-
ing antimicrobial resistance genes (ARGs), PlasmidFinder v2.1 for predicting plasmids, and 
the VFDB database for VGs[74–76]. Moreover, the research team applied a well-established 
random forest model to the whole genome sequences to predict the invasive capability of the 
strains by calculating the invasion index[77]. To explore the correlation between host adapt-
ability of poSTM and the accumulation of pseudogenes, Prokka v1.14.6 was used for gene 
annotation[78]. The MakeBlastDB v0.1.0 tool was then used to create a database from non-
redundant protein sequences downloaded from UniProtKB[79]. Finally, Pseudofinder v1.1.0 
was employed to compare and quantify the number of pseudogenes reported to be associated 
with host adaptation or generalism in STM[80].
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Phylogenetic analysis
This study first conducted phylogenetic analysis on the whole genome sequences of 53 STM 
isolates obtained from the experiment using second-generation sequencing. The clonal strains 
closest to the root node of the phylogenetic tree were selected for third-generation sequencing. 
These sequences were then compared with all whole genome sequences of the same genotype 
from public databases (EnteroBase and GenBank) to construct a comprehensive phyloge-
netic tree[81]. Additionally, a temporal and spatial evolutionary tree was built using complete 
sequences of STM ST19 from public databases to trace the international transmission routes 
of the Henan avian paratyphoid outbreak pathogen. The whole genome sequences listed in S3 
Table met the following quality criteria and inclusion standards: file size between 4 and 6 MB, 
fewer than 500 contigs, N50 value of 30,000 or higher, and GC content between 50% and 56%. 
Using the whole genome sequence of the Salmonella reference strain SL1344 as the reference 
genome, Snippy v4.6.0 was utilized to detect core genome single nucleotide polymorphism 
sites (CoreSNPs)[82]. For Bayesian typing of global whole genome data of ST128 STM, the 
R package FastBAPS was employed[83]. Pan-genome analysis was performed using Roary 
v3.13.0 on the *.gff files annotated by Prokka v1.14.6[84]. The SNP alignment generated by 
Snippy was used to construct a phylogenetic tree with the IQ-TREE v1.6.12 software, apply-
ing the Generalized Time-reversible (GTR) model based on the maximum likelihood (ML) 
method[85]. The resulting *.treefile was then visualized using iTOL v6[86]. The SNP distance 
matrix transformed from SNP alignment is used to plot the SNP genetic distances heatmap.

The temporal evolutionary analysis builds on the standard phylogenetic analysis and 
involves the following steps: Treetime is used to assess the time signal in the *.treefile gener-
ated by IQ-TREE and the unbiased *.aln alignment file reconstructed by Gubbins v3.4.4, along 
with temporal information[87,88]. Genomes with abnormal signals are removed. Beast v2.7.6 
is used to construct a temporal evolutionary tree based on the NEX format prior tree, predict-
ing divergence times[89]. BEAST analyses were conducted on concatenated cgSNP alignments 
employing GTR+Γ substitution model, Bayesian skyline models, and relaxed lognormal 
molecular clocks[90]. The chain length was set to 100 million, with sampling occurring every 
10,000 iterations. Tracer v1.7.2 is employed to check for convergence in the divergence time 
predictions in the *.log files, ensuring that the Effective Sample Size (ESS) parameters for each 
tree exceed 200 before merging[91]. TreeAnnotator software is used to merge the tree sets 
after discarding the initial 20%, resulting in the final temporal evolutionary tree[92]. FigTree 
v1.4.4 is used to visually edit and present the merged *.tree file.

Growth characteristics assay
The test strains were resuscitated by streaking onto plates, and single colonies were picked 
using a sterile inoculation loop into 1 mL of LB broth. These cultures were incubated over-
night at 37°C with shaking at 180 rpm. The following day, fresh cultures were inoculated 
into sterile LB broth at a 1:100 ratio and incubated at 37°C with shaking at 180 rpm. Optical 
density at 620 nm (OD620) was measured every hour for 12 hours. The growth curves were 
plotted and fitted using the Logistic growth model to compare the growth dynamics of differ-
ent strains. To investigate the potential impact of temperature on bacterial growth, consider-
ing that pigeons have a higher body temperature than mammals, an additional experimental 
group was set up at 42°C with all other conditions being the same. The differences in growth 
curves between 37°C and 42°C were compared. The normality test was performed using 
the Kolmogorov-Smirnov test and a two-way ANOVA was carried out. The generalist STM 
control strain (SL1344) and the host-adaptive Salmonella Gallinarum strain (R51) used as 
controls were maintained in our laboratory.
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Mobility testing
The primary “organ” for Salmonella motility is the flagellum, which, along with chemotaxis, 
facilitates bacterial penetration into the intestinal mucus layer, constituting an essential com-
ponent of invasiveness. This study tested the swarming motility of the strains under aerobic 
and anaerobic conditions using three laboratory-preserved STM reference strains: SL1344, 
ATCC 14028s, and D23580. Inoculate the test strains into antibiotic-free LB broth and 
incubate at 37°C with shaking at 180 rpm until the OD620 reaches 0.06-0.08. Add 3 μL of the 
bacterial culture onto the surface of LB semi-solid agar plates and allow the droplets to air dry 
in a sterile environment. Perform six replicates for each test strain and incubate the plates in 
a 37°C incubator for 6 hours. Measure the widest diameter of bacterial spread using a vernier 
calliper and record the results.

Rdar phenotype testing
The rdar (red, dry, and rough) phenotype is considered a relatively conserved biofilm mor-
phology of non-typhoidal Salmonella (NTS), formed through interactions among fimbriae, 
cellulose, and other polysaccharides[93]. This study aimed to investigate the invasive capabili-
ties of the test strains using the rdar phenotype assay. Reference strains included ATCC 13076, 
ATCC 14028, BNCC 186366, BNCC 186362, BNCC 108177, SL1344, D23580, and typhi001, 
all purchased and preserved by the laboratory. Prepare Tryptone agar (TA) by adding 
40-60 mg of Congo red indicator per liter of TA before autoclaving to achieve high-pressure 
sterilization. Streak the test strains on TA plates and pick single colonies for inoculation into 
5 mL of LB broth for overnight culture. Enrich the overnight culture until the OD620 reaches 
1.0, indicating a dense bacterial suspension. Spot 10 μL of the enriched culture onto the Congo 
red TA plates and incubate them at 25°C overnight. The following day, observe the colony 
morphology and characteristics. Optionally, inoculate 1 × 10^9 CFU of the test strains into 
100 mL of 1% Tryptone broth (pH 7.4) and incubate them at 28°C with shaking at 200 rpm for 
24-48 hours. Monitor the growth in the liquid medium during this period.

Biofilm formation testing
To quantitatively assess biofilm formation using crystal violet staining, bacterial biofilms can 
bind with crystal violet dye, and this binding can be quantified by the absorbance values mea-
sured using a spectrophotometer. The specific experimental steps are as follows: Revive the 
test strains by streaking them onto agar plates. Inoculate single colonies with a sterile inocu-
lation loop into 1 mL of TSB and incubate at 37°C with shaking at 180 rpm for 12-16 hours. 
Dilute the fresh bacterial culture from overnight incubation in TSB to achieve an OD620 of 
approximately 0.08. Further dilute this culture 10-fold in TSB, vortex thoroughly, and inocu-
late 200 μL into each well of a 96-well plate. Set up the 96-well plate under anaerobic and aero-
bic conditions, with each bacterial strain having 6 parallel wells in each environment. Negative 
control wells contain sterile TSB, and positive control wells contain Escherichia coli ATCC 
25922. Surround each well with 200-300 μL of ddH2O to prevent contamination and edge 
effects. Incubate the plate in a 37°C constant temperature chamber and allow static incubation 
for 48 hours. After 48 hours, remove the liquid from each well, wash gently three times with 
ddH2O to remove loosely bound bacteria, and air-dry the plate in a 60°C oven for 30 minutes. 
Stain each well with 200 μL of 0.4% crystal violet at room temperature for 25 minutes. Remove 
excess stain by rinsing each well with ddH2O until no further color washes out, and air-dry 
to remove residual liquid. Treat each well with 200 μL of 75% ethanol (ethanol and acetone in 
a 3:1 ratio) at room temperature with gentle shaking for 20 minutes to solubilize and decol-
orize the dye within the wells. Measure the absorbance values at 550 nm wavelength using a 
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spectrophotometer to quantify the amount of crystal violet dye bound, reflecting the biofilm 
formation capability of the bacterial strains.

Chicken embryo infection assay
Due to the restricted availability of SPF pigeons, previous validation trials on pigeon host 
adaptation have predominantly employed SPF chicken embryos or chicks as animal mod-
els[32]. The reference strain is SL1344. SPF chicken embryos were purchased from Ningbo 
Purebred Agricultural Technology Co., Ltd. Three to four days before use, fumigation dis-
infection with formaldehyde was conducted at a rate of 5 g potassium permanganate, 10 mL 
formaldehyde, and 10 mL distilled water per cubic meter. Residual disinfectants were removed 
0.5 days in advance with proper ventilation. SPF chicken embryos were maintained in a con-
stant temperature incubator at 37.5°C and 50% to 60% humidity until 16 days of age. Embryo 
viability was confirmed using a candling device before inoculation, with non-viable embryos 
discarded. From days 14 to 15 of incubation, bacterial strains were revived by streaking and 
incubated overnight at 37°C and 180 rpm. On day 16 of incubation, bacterial suspensions were 
washed with PBS (pH 7.2), diluted to an OD620 of approximately 0.1 (corresponding to a bac-
terial concentration of approximately 1 × 10^8 CFU/mL), further diluted to 10^2, 10^3, and 
10^4 CFU/mL, and then injected into the amniotic sac at 100 μL per embryo, with 16 embryos 
per group. Daily candling was performed to record mortality rates.

Pathogenicity testing of murine enteritis model
The reference strain used was SL1344. 129S2/SvPasCrl mice were purchased from Bei-
jing Vital River Laboratory Animal Technology Co., Ltd. One week before infection, 7- to 
11-week-old 129S2/SvPasCrl mice were housed in disinfected cages to acclimatize and 
avoid stress (S5D Fig). Mice were grouped and toe-tagged, with 16 mice per group housed 
in two cages. A 200 mg/mL solution of streptomycin sulfate in PBS (pH 7.2) was prepared, 
filter-sterilized, and administered via gavage at a dose of 100 μL per mouse using an alcohol-
disinfected gavage needle 24 hours before the challenge. Before inoculation, the bacterial 
strains were revived by streaking on LB agar, followed by overnight culture. After centrif-
ugation, the culture medium was removed, and the bacteria were resuspended in PBS. The 
suspension was adjusted to an OD620 of approximately 0.1 (corresponding to a bacterial 
concentration of approximately 1 × 10^8 CFU/mL) and used for inoculation. Three to four 
hours before inoculation, mice were removed from their cages and orally gavaged with 200 μL 
of the bacterial suspension per mouse. The control group received an equal volume of sterile 
PBS buffer. After gavage, mice were observed for 15 minutes to prevent accidental death due 
to operational errors before being returned to their cages. Body weight and mortality moni-
toring continued daily from the onset of antibiotic treatment until the 6th-day post-infection. 
The weight of deceased mice was included in subsequent calculations of average weight. On 
the 6th day post-infection, three mice from each group were selected for necropsy. Besides 
examining organ tissues for pathological changes, paraffin sections of the liver, spleen, ileum, 
cecum, and colon were prepared and stained with hematoxylin and eosin (H&E) for histo-
pathological evaluation. In the ileum sections, measurements of villus length and crypt depth 
were taken from five intact villi. Mucosal layer thickness in the cecum or colon sections was 
also measured at five locations and subjected to statistical analysis.

Invasion testing of murine typhoid model
This experiment utilized a murine typhoid model to investigate the invasive ability of the 
test strain (S5E Fig). Unlike the enteritis model, no pre-treatment with antibiotics was 
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administered to the mice. The preparation before inoculation, reference strain, and experi-
mental mice were consistent with the enteritis pathogenicity test, with each group consisting 
of 11 mice. Bacteria were orally gavaged at a dose of 100 μL per mouse (approximately 1 × 
10^7 CFU per mouse), while the control group received an equal volume of sterile PBS buffer. 
The body weight and health status of the mice were monitored continuously until the 4th 
day post-infection. On day 4 post-infection, mice were euthanized by cervical dislocation 
under sterile conditions, followed by aseptic dissection. The liver, spleen, gallbladder, ileum, 
cecum, and colon tissues were immersed in PBS buffer. Portions of the tissues were weighed, 
homogenized in a 0.2% TritonX-100 solution with grinding beads, and subsequently diluted. 
Ten microliters of the dilutions were plated on SS agar plates and incubated at 37°C for 8 to 12 
hours. Colonies were then counted and analyzed graphically.

Pigeon infection assays
For infections, cryopreserved Salmonella pigeon isolates (SAL4365, an ST128-DT2 L3 isolate; 
SAL4386, an ST19-DT99 isolate) and control strain SL1344 were defrosted rapidly in a warm 
water bath and diluted to 10^9 and 5 x 10^7 CFU in phosphate-buffered saline (PBS). To 
examine the virulent potentials, we used a higher dose (10^9 CFU) to orally inoculate the 
day-old pigeons for three groups (n=10 for each group). We only examine the death outcome 
during the 7-day infection course. To further examine the pathogen burden, the day-old bird 
was used to orally gavage with a lower dose (5 x 10^7 CFU); at 3- and 7-day post-challenge, 
five birds from each three groups, the caecum, liver and spleen samples were collected to 
examine the bacterial load. One-day-old pigeons (Columba livia domestica) of mixed sex were 
obtained from a commercial hatchery. Sixty birds were randomly divided into six groups for 
the above two experimental infections. Before experimental procedure, all birds were con-
firmed as Salmonella-free by cloacal swabs and fecal samplings, which were streaked onto 
selective XLT4 (Luqiao Biotech., Beijing, China) and grown for 24 h at 37 ̊C.

Statistical analysis
GraphPad Prism 9.5.1 was utilized for statistical analysis and visualization of data unrelated 
to genomic sequences. Results in bar graphs are presented as mean ± standard deviation 
(mean ± SD), while in line graphs, results are shown as mean ± standard error of the mean 
(mean ± SEM). Statistical analyses were conducted using t-tests, one-way analysis of variance 
(ANOVA), and Two-way ANOVA. Significant differences between groups were indicated 
using symbols: “✱” for p < 0.05, indicating significance; “✱✱” for p < 0.01, “✱✱✱” for  
p < 0.001, or “✱✱✱✱” for p < 0.0001, indicating highly significant differences. “ns” denotes no 
significant difference.
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S1 Fig.  Analysis of pseudogenes and mutations in pilus genes. A. Predicted results of frag-
mented pseudogenes carriage. B. Predicted results of too-short pseudogenes carriage. C. Pre-
dicted results of too-long pseudogenes carriage. D. Schematic diagram of fimH mutation bases 
and the amino acid spatial locations where point mutations affect translation. E. Mutation rate 
in the STM ST19 population. F. Mutation rate in the STM ST128 population.
(PDF)

S2 Fig.  In vitro phenotypic testing and chicken embryo infection results. A. Growth curve 
at 37°C under aerobic conditions. B. OD620 ratio changes in aerobic cultures at different 
temperatures. C. Motility diameter under different oxygen conditions. D. Biofilm formation 
capability at 37°C. E. Biofilm formation capability at 42°C. F. Chicken embryo survival curve.
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S3 Fig.  Pathological anatomy of enteritis model mice. The red dashed lines connect the 
junction of the ileum and cecum in each group. In the SL1344 group, the liver presented with 
multiple pale lesions, a friable texture, and rounded edges. While hepatomegaly was also 
observed in the two poSTM experimental groups, the liver’s appearance in terms of color was 
similar to that of the Mock group, indicating minimal changes. The gallbladder and spleen 
in the SAL4365 and SAL4386 groups showed pathological enlargement, with sizes interme-
diate between those of the SL1344 and Mock groups. The colon of the SL1344 group mice 
was notably shorter than that of the poSTM experimental groups and exhibited numerous 
varicella-like nodules, with both the SL1344 and SAL4365 groups presenting with petechial 
hemorrhages.
(PDF)

S4 Fig.  Histopathological imaging of enteritis model mice tissue stained with HE (200×). 
The organs from the Mock group exhibited normal structures under the microscope, with 
clear cellular arrangements and no signs of edema or inflammatory cell infiltration. In liver 
sections, red arrows indicate vacuoles within hepatocytes, yellow arrows indicate inflam-
matory cell infiltration, and black arrows indicate hepatocyte necrosis; in spleen sections, 
yellow arrows indicate neutrophil infiltration, green arrows indicate iron deposition, blue 
arrows indicate an increased number of multinucleated macrophages, and red arrows indicate 
splenic cell necrosis. In intestinal sections, blue arrows indicate localized crypt structure loss, 
yellow arrows indicate inflammatory cell infiltration, black arrows indicate cell necrosis, and 
red arrows indicate localized mucosal epithelial cell ulceration and exposure of the lamina 
propria.
(PDF)

S5 Fig.  Intestinal lesions of enteritis model mice and animal experimental design. A. Ratio 
of villus height to crypt depth in the ileum. B. The mucosal layer thickness of the cecum. 
C. The mucosal layer thickness of the colon. D. Schedule of pathogenicity trials in enteritis 
model mice. E. Schedule of invasion trials in typhoid model mice.
(PDF)

S1 Table.  Biochemical Identification Result. 
(XLSX)

S2 Table.  Antimicrobial Susceptibility Testing Result. 
(XLSX)

S3 Table.  Salmonella Typhimurium Whole Genome from Public Database. 
(XLSX)

Author contributions
Conceptualization: Min Yue.
Data curation: Zining Wang, Zenghai Jiang, Haiyang Zhou, Chenghu Huang, Linlin Huang, 

Yingying Huang.
Formal analysis: Zining Wang, Zenghai Jiang, Haiyang Zhou, Chenghu Huang, Linlin Huang, 

Yingying Huang.
Funding acquisition: Min Yue.
Investigation: Zining Wang, Zenghai Jiang, Qianzhe Chao, Chenghao Jia.

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012992.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012992.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012992.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012992.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012992.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012992.s008


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012992  March 17, 2025 21 / 26

PLOS Pathogens pigeon-adaptive Salmonella

Methodology: Zining Wang, Zenghai Jiang.
Project administration: Min Yue.
Resources: Zining Wang, Zenghai Jiang.
Supervision: Zining Wang, Zenghai Jiang, Yan Li, Min Yue.
Validation: Zining Wang, Zenghai Jiang, Qianzhe Chao, Chenghao Jia, Haiyang Zhou, 

Chenghu Huang, Linlin Huang, Yingying Huang, Min Yue.
Visualization: Zining Wang, Zenghai Jiang, Haiyang Zhou, Chenghu Huang, Linlin Huang, 

Yingying Huang.
Writing – original draft: Zining Wang, Zenghai Jiang.
Writing – review & editing: Qianzhe Chao, Chenghao Jia, Yan Li, Min Yue.

References
	 1.	 Wang X, Biswas S, Paudyal N, Pan H, Li X, Fang W, et al. Antibiotic resistance in salmonella 

typhimurium isolates recovered from the food chain through national antimicrobial resistance 
monitoring system between 1996 and 2016. Front Microbiol. 2019;10:985. https://doi.org/10.3389/
fmicb.2019.00985 PMID: 31134024

	 2.	 Hu B, Hou P, Teng L, Miao S, Zhao L, Ji S, et al. Genomic investigation reveals a community 
typhoid outbreak caused by contaminated drinking water in China, 2016. Front Med (Lausanne). 
2022;9:753085. https://doi.org/10.3389/fmed.2022.753085 PMID: 35308507

	 3.	 GBD 2017 Non-Typhoidal Salmonella Invasive Disease Collaborators. The global burden of non-
typhoidal salmonella invasive disease: a systematic analysis for the Global Burden of Disease Study 
2017. Lancet Infect Dis. 2019;19(12):1312–24. https://doi.org/10.1016/S1473-3099(19)30418-9 PMID: 
31562022

	 4.	 GBD 2019 Antimicrobial Resistance Collaborators. Global mortality associated with 33 bacterial 
pathogens in 2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet. 
2022;400(10369):2221–48. https://doi.org/10.1016/S0140-6736(22)02185-7 PMID: 36423648

	 5.	 Scallan E, Hoekstra RM, Angulo FJ, Tauxe RV, Widdowson M-A, Roy SL, et al. Foodborne illness 
acquired in the United States--major pathogens. Emerg Infect Dis. 2011;17(1):7–15. https://doi.
org/10.3201/eid1701.p11101 PMID: 21192848

	 6.	 Behnsen J, Perez-Lopez A, Nuccio S-P, Raffatellu M. Exploiting host immunity: the Salmonella para-
digm. Trends Immunol. 2015;36(2):112–20. https://doi.org/10.1016/j.it.2014.12.003 PMID: 25582038

	 7.	 Jia C, Cao Q, Wang Z, van den Dool A, Yue M. Climate change affects the spread of typhoid 
pathogens. Microb Biotechnol. 2024;17(2):e14417. https://doi.org/10.1111/1751-7915.14417 PMID: 
38380960

	 8.	 Wang Z, Zhou H, Liu Y, Huang C, Chen J, Siddique A, et al. Nationwide trends and features of human 
salmonellosis outbreaks in China. Emerg Microbes Infect. 2024;13(1):2372364. https://doi.org/10.108
0/22221751.2024.2372364 PMID: 38923510

	 9.	 Wang Z, Huang C, Liu Y, Chen J, Yin R, Jia C, et al. Salmonellosis outbreak archive in China: data 
collection and assembly. Sci Data. 2024;11(1):244. https://doi.org/10.1038/s41597-024-03085-7 PMID: 
38413596

	10.	 Gilbert M, Nicolas G, Cinardi G, Van Boeckel TP, Vanwambeke SO, Wint GRW, et al. Global distri-
bution data for cattle, buffaloes, horses, sheep, goats, pigs, chickens and ducks in 2010. Sci Data. 
2018;5:180227. https://doi.org/10.1038/sdata.2018.227 PMID: 30375994

	11.	 Ye M, Xu M, Chen C, He Y, Ding M, Ding X, et al. Expression analyses of candidate genes related to 
meat quality traits in squabs from two breeds of meat-type pigeon. J Anim Physiol Anim Nutr (Berl). 
2018;102(3):727–35. https://doi.org/10.1111/jpn.12869 PMID: 29341282

	12.	 Ye M, Zhou B, Wei S, Ding M, Lu X, Shi X, et al. Transcriptomic analysis identifies candidate genes 
related to intramuscular fat deposition and fatty acid composition in the breast muscle of Squabs 
(Columba). G3 (Bethesda). 2016;6(7):2081–90. https://doi.org/10.1534/g3.116.029793 PMID: 
27175015

	13.	 Kaczorek-Łukowska E, Sowińska P, Franaszek A, Dziewulska D, Małaczewska J, Stenzel T. 
Can domestic pigeon be a potential carrier of zoonotic Salmonella?. Transbound Emerg Dis. 
2021;68(4):2321–33. https://doi.org/10.1111/tbed.13891 PMID: 33091215

https://doi.org/10.3389/fmicb.2019.00985
https://doi.org/10.3389/fmicb.2019.00985
http://www.ncbi.nlm.nih.gov/pubmed/31134024
https://doi.org/10.3389/fmed.2022.753085
http://www.ncbi.nlm.nih.gov/pubmed/35308507
https://doi.org/10.1016/S1473-3099(19)30418-9
http://www.ncbi.nlm.nih.gov/pubmed/31562022
https://doi.org/10.1016/S0140-6736(22)02185-7
http://www.ncbi.nlm.nih.gov/pubmed/36423648
https://doi.org/10.3201/eid1701.p11101
https://doi.org/10.3201/eid1701.p11101
http://www.ncbi.nlm.nih.gov/pubmed/21192848
https://doi.org/10.1016/j.it.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25582038
https://doi.org/10.1111/1751-7915.14417
http://www.ncbi.nlm.nih.gov/pubmed/38380960
https://doi.org/10.1080/22221751.2024.2372364
https://doi.org/10.1080/22221751.2024.2372364
http://www.ncbi.nlm.nih.gov/pubmed/38923510
https://doi.org/10.1038/s41597-024-03085-7
http://www.ncbi.nlm.nih.gov/pubmed/38413596
https://doi.org/10.1038/sdata.2018.227
http://www.ncbi.nlm.nih.gov/pubmed/30375994
https://doi.org/10.1111/jpn.12869
http://www.ncbi.nlm.nih.gov/pubmed/29341282
https://doi.org/10.1534/g3.116.029793
http://www.ncbi.nlm.nih.gov/pubmed/27175015
https://doi.org/10.1111/tbed.13891
http://www.ncbi.nlm.nih.gov/pubmed/33091215


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012992  March 17, 2025 22 / 26

PLOS Pathogens pigeon-adaptive Salmonella

	14.	 Ed-Dra A, Giarratana F, White AP, Yue M. Editorial: Zoonotic bacteria: genomic evolution, antimicro-
bial resistance, pathogenicity, and prevention strategies. Front Vet Sci. 2024;11:1390732. https://doi.
org/10.3389/fvets.2024.1390732 PMID: 38523715

	15.	 Yue M, Bai L, Song H, Fang W. Impacts of microbial food safety in China and beyond. Foodborne 
Pathog Dis. 2021;18(8):508–9. https://doi.org/10.1089/fpd.2021.29015.int PMID: 34403267

	16.	 Osman KM, Mehrez M, Erfan AM, Nayerah A. Salmonella enterica isolated from pigeon (Columba 
livia) in Egypt. Foodborne Pathog Dis. 2013;10(5):481–3. https://doi.org/10.1089/fpd.2012.1347 PMID: 
23531124

	17.	 Pennycott TW, Park A, Mather HA. Isolation of different serovars of Salmonella enterica from wild 
birds in Great Britain between 1995 and 2003. Vet Rec. 2006;158(24):817–20. https://doi.org/10.1136/
vr.158.24.817 PMID: 16782854

	18.	 de Sousa E, Berchieri AJ, Pinto AA, Machado RZ, de Carrasco AOT, Marciano JA, et al. Prevalence 
of Salmonella spp. antibodies to Toxoplasma gondii, and Newcastle disease virus in feral pigeons 
(Columba livia) in the city of Jaboticabal, Brazil. J Zoo Wildl Med. 2010;41(4):603–7. https://doi.
org/10.1638/2008-0166.1 PMID: 21370639

	19.	 Gargiulo A, Russo TP, Schettini R, Mallardo K, Calabria M, Menna LF, et al. Occurrence of 
enteropathogenic bacteria in urban pigeons (Columba livia) in Italy. Vector Borne Zoonotic Dis. 
2014;14(4):251–5. https://doi.org/10.1089/vbz.2011.0943 PMID: 24661012

	20.	 Refsum T, Heir E, Kapperud G, Vardund T, Holstad G. Molecular epidemiology of Salmonella enterica 
serovar typhimurium isolates determined by pulsed-field gel electrophoresis: comparison of iso-
lates from avian wildlife, domestic animals, and the environment in Norway. Appl Environ Microbiol. 
2002;68(11):5600–6. https://doi.org/10.1128/AEM.68.11.5600-5606.2002 PMID: 12406755

	21.	 Rouffaer LO, Lens L, Haesendonck R, Teyssier A, Hudin NS, Strubbe D, et al. House sparrows do not 
constitute a significant salmonella typhimurium reservoir across urban gradients in Flanders, Belgium. 
PLoS One. 2016;11(5):e0155366. https://doi.org/10.1371/journal.pone.0155366 PMID: 27168186

	22.	 Stenkat J, Krautwald-Junghanns M-E, Schmidt V. Causes of morbidity and mortality in free-living 
birds in an urban environment in Germany. Ecohealth. 2013;10(4):352–65. https://doi.org/10.1007/
s10393-013-0868-9 PMID: 24136384

	23.	 Ishiguro N, Sato G. Biotyping of Salmonella typhimurium strains isolated from animals and birds in 
northern Japan. Am J Vet Res. 1981;42(5):896–7. https://doi.org/10.2460/ajvr.1981.42.05.896 PMID: 
7020501

	24.	 Stenzel T, Bancerz-Kisiel A, Tykałowski B, Smiałek M, Pestka D, Koncicki A. Antimicrobial resistance 
in bacteria isolated from pigeons in Poland. Pol J Vet Sci. 2014;17(1):169–71. https://doi.org/10.2478/
pjvs-2014-0023 PMID: 24724486

	25.	 Gong J, Zhang J, Xu M, Zhu C, Yu Y, Liu X, et al. Prevalence and fimbrial genotype distribution of 
poultry Salmonella isolates in China (2006 to 2012). Appl Environ Microbiol. 2014;80(2):687–93. 
https://doi.org/10.1128/AEM.03223-13 PMID: 24242234

	26.	 Foley SL, Johnson TJ, Ricke SC, Nayak R, Danzeisen J. Salmonella pathogenicity and host adap-
tation in chicken-associated serovars. Microbiol Mol Biol Rev. 2013;77(4):582–607. https://doi.
org/10.1128/MMBR.00015-13 PMID: 24296573

	27.	 Kingsley RA, Bäumler AJ. Host adaptation and the emergence of infectious disease: the Salmonella 
paradigm. Mol Microbiol. 2000;36(5):1006–14. https://doi.org/10.1046/j.1365-2958.2000.01907.x PMID: 
10844686

	28.	 Rabsch W, Andrews HL, Kingsley RA, Prager R, Tschäpe H, Adams LG, et al. Salmonella enterica 
serotype Typhimurium and its host-adapted variants. Infect Immun. 2002;70(5):2249–55. https://doi.
org/10.1128/IAI.70.5.2249-2255.2002 PMID: 11953356

	29.	 Cohen E, Azriel S, Auster O, Gal A, Zitronblat C, Mikhlin S, et al. Pathoadaptation of the passerine-
associated Salmonella enterica serovar Typhimurium lineage to the avian host. PLoS Pathog. 
2021;17(3):e1009451. https://doi.org/10.1371/journal.ppat.1009451 PMID: 33739988

	30.	 Fu Y, M’ikanatha NM, Dudley EG. Whole-genome subtyping reveals population structure and host 
adaptation of salmonella typhimurium from wild birds. J Clin Microbiol. 2023;61(6):e0184722. https://
doi.org/10.1128/jcm.01847-22 PMID: 37249426

	31.	 Yue M, Han X, De Masi L, Zhu C, Ma X, Zhang J, et al. Allelic variation contributes to bacterial host 
specificity. Nat Commun. 2015;6:8754. https://doi.org/10.1038/ncomms9754 PMID: 26515720

	32.	 Kingsley RA, Kay S, Connor T, Barquist L, Sait L, Holt KE, et al. Genome and transcriptome adap-
tation accompanying emergence of the definitive type 2 host-restricted Salmonella enterica serovar 
Typhimurium pathovar. mBio. 2013;4(5):e00565–13. https://doi.org/10.1128/mBio.00565-13 PMID: 
23982073

https://doi.org/10.3389/fvets.2024.1390732
https://doi.org/10.3389/fvets.2024.1390732
http://www.ncbi.nlm.nih.gov/pubmed/38523715
https://doi.org/10.1089/fpd.2021.29015.int
http://www.ncbi.nlm.nih.gov/pubmed/34403267
https://doi.org/10.1089/fpd.2012.1347
http://www.ncbi.nlm.nih.gov/pubmed/23531124
https://doi.org/10.1136/vr.158.24.817
https://doi.org/10.1136/vr.158.24.817
http://www.ncbi.nlm.nih.gov/pubmed/16782854
https://doi.org/10.1638/2008-0166.1
https://doi.org/10.1638/2008-0166.1
http://www.ncbi.nlm.nih.gov/pubmed/21370639
https://doi.org/10.1089/vbz.2011.0943
http://www.ncbi.nlm.nih.gov/pubmed/24661012
https://doi.org/10.1128/AEM.68.11.5600-5606.2002
http://www.ncbi.nlm.nih.gov/pubmed/12406755
https://doi.org/10.1371/journal.pone.0155366
http://www.ncbi.nlm.nih.gov/pubmed/27168186
https://doi.org/10.1007/s10393-013-0868-9
https://doi.org/10.1007/s10393-013-0868-9
http://www.ncbi.nlm.nih.gov/pubmed/24136384
https://doi.org/10.2460/ajvr.1981.42.05.896
http://www.ncbi.nlm.nih.gov/pubmed/7020501
https://doi.org/10.2478/pjvs-2014-0023
https://doi.org/10.2478/pjvs-2014-0023
http://www.ncbi.nlm.nih.gov/pubmed/24724486
https://doi.org/10.1128/AEM.03223-13
http://www.ncbi.nlm.nih.gov/pubmed/24242234
https://doi.org/10.1128/MMBR.00015-13
https://doi.org/10.1128/MMBR.00015-13
http://www.ncbi.nlm.nih.gov/pubmed/24296573
https://doi.org/10.1046/j.1365-2958.2000.01907.x
http://www.ncbi.nlm.nih.gov/pubmed/10844686
https://doi.org/10.1128/IAI.70.5.2249-2255.2002
https://doi.org/10.1128/IAI.70.5.2249-2255.2002
http://www.ncbi.nlm.nih.gov/pubmed/11953356
https://doi.org/10.1371/journal.ppat.1009451
http://www.ncbi.nlm.nih.gov/pubmed/33739988
https://doi.org/10.1128/jcm.01847-22
https://doi.org/10.1128/jcm.01847-22
http://www.ncbi.nlm.nih.gov/pubmed/37249426
https://doi.org/10.1038/ncomms9754
http://www.ncbi.nlm.nih.gov/pubmed/26515720
https://doi.org/10.1128/mBio.00565-13
http://www.ncbi.nlm.nih.gov/pubmed/2398207


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012992  March 17, 2025 23 / 26

PLOS Pathogens pigeon-adaptive Salmonella

	33.	 Feng Y, Wang Z, Chien K-Y, Chen H-L, Liang Y-H, Hua X, et al. “Pseudo-pseudogenes” in bacterial 
genomes: Proteogenomics reveals a wide but low protein expression of pseudogenes in Salmo-
nella enterica. Nucleic Acids Res. 2022;50(9):5158–70. https://doi.org/10.1093/nar/gkac302 PMID: 
35489061

	34.	 Feasey NA, Dougan G, Kingsley RA, Heyderman RS, Gordon MA. Invasive non-typhoidal salmonella 
disease: an emerging and neglected tropical disease in Africa. Lancet. 2012;379(9835):2489–99. 
https://doi.org/10.1016/S0140-6736(11)61752-2 PMID: 22587967

	35.	 Ke Y, Teng L, Zhu Z, Lu W, Liu W, Zhou H, et al. Genomic investigation and nationwide tracking of 
pediatric invasive nontyphoidal Salmonella in China. mLife. 2024;3(1):156–60. https://doi.org/10.1002/
mlf2.12117 PMID: 38827503

	36.	 Sun H, Yao W, Siddique A, He F, Yue M. Genomic characterization of dengue virus serotype 
2 during dengue outbreak and endemics in Hangzhou, Zhejiang (2017-2019). Front Microbiol. 
2023;14:1245416. https://doi.org/10.3389/fmicb.2023.1245416 PMID: 37692383

	37.	 Wang Z, Liao S, Huang G, Feng M, Yin R, Teng L, et al. Infant food production environments: A poten-
tial reservoir for vancomycin-resistant enterococci non-nosocomial infections. Int J Food Microbiol. 
2023;389:110105. https://doi.org/10.1016/j.ijfoodmicro.2023.110105 PMID: 36731202

	38.	 Zhou X, Kang X, Chen J, Song Y, Jia C, Teng L, et al. Genome degradation promotes Salmo-
nella pathoadaptation by remodeling fimbriae-mediated proinflammatory response. Natl Sci Rev. 
2023;10(10):nwad228. https://doi.org/10.1093/nsr/nwad228 PMID: 37965675

	39.	 Liu Y, Jiang J, Ed-Dra A, Li X, Peng X, Xia L, et al. Prevalence and genomic investigation of Salmo-
nella isolates recovered from animal food-chain in Xinjiang, China. Food Res Int. 2021;142:110198. 
https://doi.org/10.1016/j.foodres.2021.110198 PMID: 33773671

	40.	 Urrutia IM, Fuentes JA, Valenzuela LM, Ortega AP, Hidalgo AA, Mora GC. Salmonella Typhi shdA: 
pseudogene or allelic variant?. Infect Genet Evol. 2014;26:146–52. https://doi.org/10.1016/j.mee-
gid.2014.05.013 PMID: 24859062

	41.	 Didelot X, Maiden MCJ. Impact of recombination on bacterial evolution. Trends Microbiol. 
2010;18(7):315–22. https://doi.org/10.1016/j.tim.2010.04.002 PMID: 20452218

	42.	 Croucher NJ, Didelot X. The application of genomics to tracing bacterial pathogen transmission. Curr 
Opin Microbiol. 2015;23:62–7. https://doi.org/10.1016/j.mib.2014.11.004 PMID: 25461574

	43.	 Kingsley RA, Msefula CL, Thomson NR, Kariuki S, Holt KE, Gordon MA, et al. Epidemic multiple drug 
resistant Salmonella Typhimurium causing invasive disease in sub-Saharan Africa have a distinct 
genotype. Genome Res. 2009;19(12):2279–87. https://doi.org/10.1101/gr.091017.109 PMID: 19901036

	44.	 Helm RA, Porwollik S, Stanley AE, Maloy S, McClelland M, Rabsch W, et al. Pigeon-associated 
strains of Salmonella enterica serovar Typhimurium phage type DT2 have genomic rearrangements 
at rRNA operons. Infect Immun. 2004;72(12):7338–41. https://doi.org/10.1128/IAI.72.12.7338-
7341.2004 PMID: 15557664

	45.	 Jia C, Wang Z, Huang C, Teng L, Zhou H, An H, et al. Mobilome-driven partitions of the resistome 
in Salmonella. mSystems. 2023;8(6):e0088323. https://doi.org/10.1128/msystems.00883-23 PMID: 
37855620

	46.	 An H, Kang X, Huang C, Jia C, Chen J, Huang Y, et al. Genomic and virulent characterization of a 
duck-associated Salmonella serovar Potsdam from China. Poult Sci. 2025;104(1):104646. https://doi.
org/10.1016/j.psj.2024.104646 PMID: 39693960

	47.	 Pasmans F, Baert K, Martel A, Bousquet-Melou A, Lanckriet R, De Boever S, et al. Induction of the 
carrier state in pigeons infected with Salmonella enterica subspecies enterica serovar typhimurium 
PT99 by treatment with florfenicol: a matter of pharmacokinetics. Antimicrob Agents Chemother. 
2008;52(3):954–61. https://doi.org/10.1128/AAC.00575-07 PMID: 18180355

	48.	 Harlin R, Wade L. Bacterial and parasitic diseases of Columbiformes. Vet Clin North Am Exot Anim 
Pract. 2009;12(3):453–73, Table of Contents. https://doi.org/10.1016/j.cvex.2009.07.001 PMID: 
19732704

	49.	 Christensen H, Bachmeier J, Bisgaard M. New strategies to prevent and control avian pathogenic 
Escherichia coli (APEC). Avian Pathol. 2021;50(5):370–81. https://doi.org/10.1080/03079457.2020.184
5300 PMID: 33146543

	50.	 Zhai R, Fu B, Shi X, Sun C, Liu Z, Wang S, et al. Contaminated in-house environment contributes to 
the persistence and transmission of NDM-producing bacteria in a Chinese poultry farm. Environ Int. 
2020;139:105715. https://doi.org/10.1016/j.envint.2020.105715 PMID: 32315891

	51.	 Kang X, An H, Wang B, Huang L, Huang C, Huang Y, et al. Integrated OMICs approach reveals 
energy metabolism pathway is vital for Salmonella Pullorum survival within the egg white. mSphere. 
2024;9(7):e0036224. https://doi.org/10.1128/msphere.00362-24 PMID: 38860771

https://doi.org/10.1093/nar/gkac302
http://www.ncbi.nlm.nih.gov/pubmed/35489061
https://doi.org/10.1016/S0140-6736(11)61752-2
http://www.ncbi.nlm.nih.gov/pubmed/22587967
https://doi.org/10.1002/mlf2.12117
https://doi.org/10.1002/mlf2.12117
http://www.ncbi.nlm.nih.gov/pubmed/38827503
https://doi.org/10.3389/fmicb.2023.1245416
http://www.ncbi.nlm.nih.gov/pubmed/37692383
https://doi.org/10.1016/j.ijfoodmicro.2023.110105
http://www.ncbi.nlm.nih.gov/pubmed/36731202
https://doi.org/10.1093/nsr/nwad228
http://www.ncbi.nlm.nih.gov/pubmed/37965675
https://doi.org/10.1016/j.foodres.2021.110198
http://www.ncbi.nlm.nih.gov/pubmed/33773671
https://doi.org/10.1016/j.meegid.2014.05.013
https://doi.org/10.1016/j.meegid.2014.05.013
http://www.ncbi.nlm.nih.gov/pubmed/24859062
https://doi.org/10.1016/j.tim.2010.04.002
http://www.ncbi.nlm.nih.gov/pubmed/20452218
https://doi.org/10.1016/j.mib.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25461574
https://doi.org/10.1101/gr.091017.109
http://www.ncbi.nlm.nih.gov/pubmed/19901036
https://doi.org/10.1128/IAI.72.12.7338-7341.2004
https://doi.org/10.1128/IAI.72.12.7338-7341.2004
http://www.ncbi.nlm.nih.gov/pubmed/15557664
https://doi.org/10.1128/msystems.00883-23
http://www.ncbi.nlm.nih.gov/pubmed/37855620
https://doi.org/10.1016/j.psj.2024.104646
https://doi.org/10.1016/j.psj.2024.104646
http://www.ncbi.nlm.nih.gov/pubmed/39693960
https://doi.org/10.1128/AAC.00575-07
http://www.ncbi.nlm.nih.gov/pubmed/18180355
https://doi.org/10.1016/j.cvex.2009.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19732704
https://doi.org/10.1080/03079457.2020.1845300
https://doi.org/10.1080/03079457.2020.1845300
http://www.ncbi.nlm.nih.gov/pubmed/33146543
https://doi.org/10.1016/j.envint.2020.105715
http://www.ncbi.nlm.nih.gov/pubmed/32315891
https://doi.org/10.1128/msphere.00362-24
http://www.ncbi.nlm.nih.gov/pubmed/38860771


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012992  March 17, 2025 24 / 26

PLOS Pathogens pigeon-adaptive Salmonella

	52.	 Pang S, Octavia S, Feng L, Liu B, Reeves PR, Lan R, et al. Genomic diversity and adaptation of 
Salmonella enterica serovar Typhimurium from analysis of six genomes of different phage types. BMC 
Genomics. 2013;14:718. https://doi.org/10.1186/1471-2164-14-718 PMID: 24138507

	53.	 Goodhead I, Blow F, Brownridge P, Hughes M, Kenny J, Krishna R, et al. Large-scale and significant 
expression from pseudogenes in Sodalis glossinidius - a facultative bacterial endosymbiont. Microb 
Genom. 2020;6(1):e000285. https://doi.org/10.1099/mgen.0.000285 PMID: 31922467

	54.	 Langridge GC, Fookes M, Connor TR, Feltwell T, Feasey N, Parsons BN, et al. Patterns of genome 
evolution that have accompanied host adaptation in Salmonella. Proc Natl Acad Sci U S A. 
2015;112(3):863–8. https://doi.org/10.1073/pnas.1416707112 PMID: 25535353

	55.	 Fierer J. Invasive Non-typhoidal Salmonella (iNTS) infections. Clin Infect Dis. 2022;75(4):732–8. 
https://doi.org/10.1093/cid/ciac035 PMID: 35041743

	56.	 Kang X, Jin C, Gu P, Wang S, Gao Z, Dai C, et al. A dynamic platform for global pullorum disease and 
fowl typhoid. Animal Diseases. 2024;4(1):. https://doi.org/10.1186/s44149-024-00145-8

	57.	 Wang H, Kang X, Yu L, Wang H, Müller A, Kehrenberg C, et al. Developing a novel TaqMan qPCR 
assay for optimizing Salmonella Pullorum detection in chickens. Vet Q. 2025;45(1):1–13. https://doi.
org/10.1080/01652176.2025.2454473 PMID: 39882692

	58.	 Chen J, Zhang J, Zhan L, Chen H, Zhang Z, Huang C, et al. Prevalence and antimicrobial-resistant 
characterization of Bacillus cereus isolated from ready-to-eat rice products in Eastern China. Front 
Microbiol. 2022;13:964823. https://doi.org/10.3389/fmicb.2022.964823 PMID: 35928146

	59.	 Elbediwi M, Pan H, Biswas S, Li Y, Yue M. Emerging colistin resistance in Salmonella enterica serovar 
Newport isolates from human infections. Emerg Microbes Infect. 2020;9(1):535–8. https://doi.org/10.1
080/22221751.2020.1733439 PMID: 32122270

	60.	 Xu Y, Zhou X, Jiang Z, Qi Y, Ed-Dra A, Yue M. Antimicrobial resistance profiles and genetic typing of 
salmonella serovars from chicken embryos in China. Antibiotics (Basel). 2021;10(10):1156. https://doi.
org/10.3390/antibiotics10101156 PMID: 34680737

	61.	 Teng L, Liao S, Zhou X, Jia C, Feng M, Pan H, et al. Prevalence and genomic investigation of 
multidrug-resistant salmonella isolates from companion animals in Hangzhou, China. Antibiotics 
(Basel). 2022;11(5):625. https://doi.org/10.3390/antibiotics11050625 PMID: 35625269

	62.	 Gerner-Smidt P, Besser J, Concepción-Acevedo J, Folster JP, Huffman J, Joseph LA, et al. Whole 
genome sequencing: bridging one-health surveillance of foodborne diseases. Front Public Health. 
2019;7:172. https://doi.org/10.3389/fpubh.2019.00172 PMID: 31316960

	63.	 Elbediwi M, Tang Y, Shi D, Ramadan H, Xu Y, Xu S, et al. Genomic investigation of antimicrobial-
resistant salmonella enterica isolates from dead chick embryos in China. Front Microbiol. 
2021;12:684400. https://doi.org/10.3389/fmicb.2021.684400 PMID: 34497590

	64.	 Jiang Z, Paudyal N, Xu Y, Deng T, Li F, Pan H, et al. Antibiotic resistance profiles of salmonella recov-
ered from finishing pigs and slaughter facilities in Henan, China. Front Microbiol. 2019;10:1513. https://
doi.org/10.3389/fmicb.2019.01513 PMID: 31333618

	65.	 Wingett SW, Andrews S. FastQ Screen: A tool for multi-genome mapping and quality control. 
F1000Res. 2018;7:1338. https://doi.org/10.12688/f1000research.15931.2 PMID: 30254741

	66.	 Kim D, Song L, Breitwieser FP, Salzberg SL. Centrifuge: rapid and sensitive classification of metag-
enomic sequences. Genome Res. 2016;26(12):1721–9. https://doi.org/10.1101/gr.210641.116 PMID: 
27852649

	67.	 Köster J, Rahmann S. Snakemake-a scalable bioinformatics workflow engine. Bioinformatics. 
2018;34(20):3600. https://doi.org/10.1093/bioinformatics/bty350 PMID: 29788404

	68.	 Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinfor-
matics. 2014;30(15):2114–20. https://doi.org/10.1093/bioinformatics/btu170 PMID: 24695404

	69.	 Antipov D, Korobeynikov A, McLean JS, Pevzner PA. hybridSPAdes: an algorithm for hybrid assembly 
of short and long reads. Bioinformatics. 2016;32(7):1009–15. https://doi.org/10.1093/bioinformatics/
btv688 PMID: 26589280

	70.	 Lavezzo E, Barzon L, Toppo S, Palù G. Third generation sequencing technologies applied to diag-
nostic microbiology: benefits and challenges in applications and data analysis. Expert Rev Mol Diagn. 
2016;16(9):1011–23. https://doi.org/10.1080/14737159.2016.1217158 PMID: 27453996

	71.	 Hasman H, Saputra D, Sicheritz-Ponten T, Lund O, Svendsen CA, Frimodt-Møller N, et al. Rapid 
whole-genome sequencing for detection and characterization of microorganisms directly from clinical 
samples. J Clin Microbiol. 2014;52(1):139–46. https://doi.org/10.1128/JCM.02452-13 PMID: 24172157

https://doi.org/10.1186/1471-2164-14-718
http://www.ncbi.nlm.nih.gov/pubmed/24138507
https://doi.org/10.1099/mgen.0.000285
http://www.ncbi.nlm.nih.gov/pubmed/31922467
https://doi.org/10.1073/pnas.1416707112
http://www.ncbi.nlm.nih.gov/pubmed/25535353
https://doi.org/10.1093/cid/ciac035
http://www.ncbi.nlm.nih.gov/pubmed/35041743
https://doi.org/10.1186/s44149-024-00145-8
https://doi.org/10.1080/01652176.2025.2454473
https://doi.org/10.1080/01652176.2025.2454473
http://www.ncbi.nlm.nih.gov/pubmed/39882692
https://doi.org/10.3389/fmicb.2022.964823
http://www.ncbi.nlm.nih.gov/pubmed/35928146
https://doi.org/10.1080/22221751.2020.1733439
https://doi.org/10.1080/22221751.2020.1733439
http://www.ncbi.nlm.nih.gov/pubmed/32122270
https://doi.org/10.3390/antibiotics10101156
https://doi.org/10.3390/antibiotics10101156
http://www.ncbi.nlm.nih.gov/pubmed/34680737
https://doi.org/10.3390/antibiotics11050625
http://www.ncbi.nlm.nih.gov/pubmed/35625269
https://doi.org/10.3389/fpubh.2019.00172
http://www.ncbi.nlm.nih.gov/pubmed/31316960
https://doi.org/10.3389/fmicb.2021.684400
http://www.ncbi.nlm.nih.gov/pubmed/34497590
https://doi.org/10.3389/fmicb.2019.01513
https://doi.org/10.3389/fmicb.2019.01513
http://www.ncbi.nlm.nih.gov/pubmed/31333618
https://doi.org/10.12688/f1000research.15931.2
http://www.ncbi.nlm.nih.gov/pubmed/30254741
https://doi.org/10.1101/gr.210641.116
http://www.ncbi.nlm.nih.gov/pubmed/27852649
https://doi.org/10.1093/bioinformatics/bty350
http://www.ncbi.nlm.nih.gov/pubmed/29788404
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1093/bioinformatics/btv688
https://doi.org/10.1093/bioinformatics/btv688
http://www.ncbi.nlm.nih.gov/pubmed/26589280
https://doi.org/10.1080/14737159.2016.1217158
http://www.ncbi.nlm.nih.gov/pubmed/27453996
https://doi.org/10.1128/JCM.02452-13
http://www.ncbi.nlm.nih.gov/pubmed/24172157


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012992  March 17, 2025 25 / 26

PLOS Pathogens pigeon-adaptive Salmonella

	72.	 Achtman M, Wain J, Weill F-X, Nair S, Zhou Z, Sangal V, et al. Multilocus sequence typing as a 
replacement for serotyping in Salmonella enterica. PLoS Pathog. 2012;8(6):e1002776. https://doi.
org/10.1371/journal.ppat.1002776 PMID: 22737074

	73.	 Zhang S, den Bakker HC, Li S, Chen J, Dinsmore BA, Lane C, et al. SeqSero2: rapid and improved 
salmonella serotype determination using whole-genome sequencing data. Appl Environ Microbiol. 
2019;85(23):e01746-19. https://doi.org/10.1128/AEM.01746-19 PMID: 31540993

	74.	 Carattoli A, Zankari E, García-Fernández A, Voldby Larsen M, Lund O, Villa L, et al. In silico detection 
and typing of plasmids using PlasmidFinder and plasmid multilocus sequence typing. Antimicrob 
Agents Chemother. 2014;58(7):3895–903. https://doi.org/10.1128/AAC.02412-14 PMID: 24777092

	75.	 Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, Lund O, et al. Identification of 
acquired antimicrobial resistance genes. J Antimicrob Chemother. 2012;67(11):2640–4. https://doi.
org/10.1093/jac/dks261 PMID: 22782487

	76.	 Chen L, Zheng D, Liu B, Yang J, Jin Q. VFDB 2016: hierarchical and refined dataset for big data  
analysis--10 years on. Nucleic Acids Res. 2016;44(D1):D694-7. https://doi.org/10.1093/nar/gkv1239 
PMID: 26578559

	77.	 Wheeler NE, Gardner PP, Barquist L. Machine learning identifies signatures of host adaptation in the 
bacterial pathogen Salmonella enterica. PLoS Genet. 2018;14(5):e1007333. https://doi.org/10.1371/
journal.pgen.1007333 PMID: 29738521

	78.	 Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics. 2014;30(14):2068–9. https://
doi.org/10.1093/bioinformatics/btu153 PMID: 24642063

	79.	 Camacho C. Building a BLAST database with your (local) sequences. BLAST® Command Line Appli-
cations User Manual [Internet]. National Center for Biotechnology Information (US); 2024. Available: 
https://www.ncbi.nlm.nih.gov/books/NBK569841/

	80.	 Syberg-Olsen MJ, Garber AI, Keeling PJ, McCutcheon JP, Husnik F. Pseudofinder: detection of 
pseudogenes in prokaryotic genomes. Mol Biol Evol. 2022;39(7):msac153. https://doi.org/10.1093/
molbev/msac153 PMID: 35801562

	81.	 Zhou Z, Alikhan N-F, Mohamed K, Fan Y, Agama Study Group, Achtman M. The EnteroBase user’s 
guide, with case studies on Salmonella transmissions, Yersinia pestis phylogeny, and Escherichia 
core genomic diversity. Genome Res. 2020;30(1):138–52. https://doi.org/10.1101/gr.251678.119 PMID: 
31809257

	82.	 Bush SJ. Generalizable characteristics of false-positive bacterial variant calls. Microb Genom. 
2021;7(8):000615. https://doi.org/10.1099/mgen.0.000615 PMID: 34346861

	83.	 Cheng L, Connor TR, Sirén J, Aanensen DM, Corander J. Hierarchical and spatially explicit clustering 
of DNA sequences with BAPS software. Mol Biol Evol. 2013;30(5):1224–8. https://doi.org/10.1093/
molbev/mst028 PMID: 23408797

	84.	 Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, Holden MTG, et al. Roary: rapid large-scale 
prokaryote pan genome analysis. Bioinformatics. 2015;31(22):3691–3. https://doi.org/10.1093/bioinfor-
matics/btv421 PMID: 26198102

	85.	 Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, von Haeseler A, et al. IQ-TREE 
2: new models and efficient methods for phylogenetic inference in the genomic era. Mol Biol Evol. 
2020;37(5):1530–4. https://doi.org/10.1093/molbev/msaa015 PMID: 32011700

	86.	 Letunic I, Bork P. Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree display and 
annotation. Nucleic Acids Res. 2021;49(W1):W293–6. https://doi.org/10.1093/nar/gkab301 PMID: 
33885785

	87.	 Sagulenko P, Puller V, Neher RA. TreeTime: Maximum-likelihood phylodynamic analysis. Virus Evol. 
2018;4(1):vex042. https://doi.org/10.1093/ve/vex042 PMID: 29340210

	88.	 Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, Bentley SD, et al. Rapid phylogenetic 
analysis of large samples of recombinant bacterial whole genome sequences using Gubbins. Nucleic 
Acids Res. 2015;43(3):e15. https://doi.org/10.1093/nar/gku1196 PMID: 25414349

	89.	 Suchard MA, Lemey P, Baele G, Ayres DL, Drummond AJ, Rambaut A. Bayesian phylogenetic 
and phylodynamic data integration using BEAST 1.10. Virus Evol. 2018;4(1):vey016. https://doi.
org/10.1093/ve/vey016 PMID: 29942656

	90.	 Wong VK, Baker S, Pickard DJ, Parkhill J, Page AJ, Feasey NA, et al. Phylogeographical analysis of 
the dominant multidrug-resistant H58 clade of Salmonella Typhi identifies inter- and intracontinental 
transmission events. Nat Genet. 2015;47(6):632–9. https://doi.org/10.1038/ng.3281 PMID: 25961941

	91.	 Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior summarization in bayesian phy-
logenetics using tracer 1.7. Syst Biol. 2018;67(5):901–4. https://doi.org/10.1093/sysbio/syy032 PMID: 
29718447

https://doi.org/10.1371/journal.ppat.1002776
https://doi.org/10.1371/journal.ppat.1002776
http://www.ncbi.nlm.nih.gov/pubmed/22737074
https://doi.org/10.1128/AEM.01746-19
http://www.ncbi.nlm.nih.gov/pubmed/31540993
https://doi.org/10.1128/AAC.02412-14
http://www.ncbi.nlm.nih.gov/pubmed/24777092
https://doi.org/10.1093/jac/dks261
https://doi.org/10.1093/jac/dks261
http://www.ncbi.nlm.nih.gov/pubmed/22782487
https://doi.org/10.1093/nar/gkv1239
http://www.ncbi.nlm.nih.gov/pubmed/26578559
https://doi.org/10.1371/journal.pgen.1007333
https://doi.org/10.1371/journal.pgen.1007333
http://www.ncbi.nlm.nih.gov/pubmed/29738521
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
http://www.ncbi.nlm.nih.gov/pubmed/24642063
https://www.ncbi.nlm.nih.gov/books/NBK569841/
https://doi.org/10.1093/molbev/msac153
https://doi.org/10.1093/molbev/msac153
http://www.ncbi.nlm.nih.gov/pubmed/35801562
https://doi.org/10.1101/gr.251678.119
http://www.ncbi.nlm.nih.gov/pubmed/31809257
https://doi.org/10.1099/mgen.0.000615
http://www.ncbi.nlm.nih.gov/pubmed/34346861
https://doi.org/10.1093/molbev/mst028
https://doi.org/10.1093/molbev/mst028
http://www.ncbi.nlm.nih.gov/pubmed/23408797
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1093/bioinformatics/btv421
http://www.ncbi.nlm.nih.gov/pubmed/26198102
https://doi.org/10.1093/molbev/msaa015
http://www.ncbi.nlm.nih.gov/pubmed/32011700
https://doi.org/10.1093/nar/gkab301
http://www.ncbi.nlm.nih.gov/pubmed/33885785
https://doi.org/10.1093/ve/vex042
http://www.ncbi.nlm.nih.gov/pubmed/29340210
https://doi.org/10.1093/nar/gku1196
http://www.ncbi.nlm.nih.gov/pubmed/25414349
https://doi.org/10.1093/ve/vey016
https://doi.org/10.1093/ve/vey016
http://www.ncbi.nlm.nih.gov/pubmed/29942656
https://doi.org/10.1038/ng.3281
http://www.ncbi.nlm.nih.gov/pubmed/25961941
https://doi.org/10.1093/sysbio/syy032
http://www.ncbi.nlm.nih.gov/pubmed/29718447


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012992  March 17, 2025 26 / 26

PLOS Pathogens pigeon-adaptive Salmonella

	92.	 Dellicour S, Gill MS, Faria NR, Rambaut A, Pybus OG, Suchard MA, et al. Relax, keep walking - a 
practical guide to continuous phylogeographic inference with BEAST. Mol Biol Evol. 2021;38(8):3486–
93. https://doi.org/10.1093/molbev/msab031 PMID: 33528560

	93.	 Uhlich GA, Cooke PH, Solomon EB. Analyses of the red-dry-rough phenotype of an Escherichia coli 
O157:H7 strain and its role in biofilm formation and resistance to antibacterial agents. Appl Environ 
Microbiol. 2006;72(4):2564–72. https://doi.org/10.1128/AEM.72.4.2564-2572.2006 PMID: 16597958

https://doi.org/10.1093/molbev/msab031
http://www.ncbi.nlm.nih.gov/pubmed/33528560
https://doi.org/10.1128/AEM.72.4.2564-2572.2006
http://www.ncbi.nlm.nih.gov/pubmed/16597958

