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Although previous studies using phenotypic or/and genomic approaches
monitoring have revealed the spatiotemporal distribution of antimicrobial
resistance (AMR) in Salmonella in local areas, their geographical patterns and
driving factors remain largely unknown at a global scale. Here, we performed an
analysis of publicly available data of 208,233 Salmonella genomes in 148
countries/regions between 1900 and 2023 and explored driving indicators of
AMR. Overall, we found that the geographic distribution of AMR varied
depending on the location, source, and serovar. The proportion of AMR levels
increased across six continents, especially in serovars Agona, Dublin, |
1,4,[5],12:i:-, Muenchen, Senftenberg, Mbandaka mainly from chickens, food,
wild animals, and the environment, while decreased in Schwarzengrund and
Saintpaul mainly from cattle, pigs, and turkeys. We also found that S. Typhi-
murium exhibiting macro, red, dry, and rough was detected as early as 1992 in
the USA, earlier than in China. Moreover, we identified that antibiotic con-
sumption, agriculture, climate, urban, health, and socioeconomic factors con-
tribute to the development of AMR in Salmonella. We present a globally high-
resolution genetic atlas of Salmonella and also identify some factors driving the
rise of AMR, which can provide valuable information for understanding the
transmission dynamics and evolutionary trajectories of Salmonella.

Salmonella enterica (S. enterica) is one of the leading causes of according to the estimates of the Global Burden of Disease (GBD)
foodborne disease around the world. In 2019, non-typhoidal Salmo-  Study'. The emergence and spread of antimicrobial-resistant S. enter-
nella (NTS), Salmonella Typhi (S. Typhi), and Salmonella Paratyphi ica have increased the GBD posed by S. enterica, especially to critically
caused 215,000, 182,000, and 23,300 deaths worldwide, respectively, important antimicrobials such as fluoroquinolones and broad-
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spectrum (-lactam antimicrobial agents (including third- and fourth-
generation cephalosporins, 3GCs and 4GCs), which are the first choice
for combating the severe Salmonella infection”’. Fluoroquinolone-
resistant S. Typhi and NTS, carbapenem-resistant and 3GCs-resistant
Enterobacterales were categorized as high-priority and critical-priority
pathogens, respectively, in the 2024 World Health Organization Bac-
terial Priority Pathogens List (WHO BPPL)*®. The antimicrobial-
resistant S. enterica poses a serious threat to global public health
and biosecurity, which needs the development of new antimicrobial
agents.

Previous studies have revealed the spatiotemporal distribution of
antimicrobial resistance (AMR) in Salmonella in local regions/coun-
tries using phenotypic or/and genomic approaches, such as the Eur-
opean Union countries (https://www.efsa.europa.eu/en/topics/topic/
antimicrobial-resistance)®’, the United States of America (USA)
(https://www.fda.gov/animal-veterinary/antimicrobial-resistance/
national-antimicrobial-resistance-monitoring-system)®?, Canada
(https://www.canada.ca/en/public-health/services/surveillance/
canadian-integrated-program-antimicrobial-resistance-surveillance-
cipars.html)'°, Australia", China>", Chile", and African countries®.
Although effective phenotypic AMR monitoring remains crucial and
phenotypic resistance detection can guide antibiotic treatment
options in clinical and veterinary settings, genomic technologies
provide a powerful tool for the timely understanding of the mobili-
zation, persistence, diversity, and abundance of AMR genes (ARGs)
and chromosomal gene mutations within and between microbial
populations, as well as in strain typing, phylogenetic analysis, and the
investigation of outbreaks'®”. Data on point prevalence surveys were
also used to document AMR trends and maps in AMR bacteria from
animals in low- and middle-income countries in recent reports® %,
Despite recent significant advances that have been made in AMR
surveillance studies in the One Health strategy>>7?*?, the biogeo-
graphical patterns of ARGs in antimicrobial-resistant Salmonella
remain largely unknown at a global scale.

AMR presents a continually evolving threat. With the emergence
and spread of multidrug-resistant and extensively drug-resistant gram-
negative pathogens worldwide, fosfomycin has been moved up to the
highest priority critically important antimicrobials on the 2024 WHO
list of medically important antimicrobials, because of evidence of the
emergence and dissemination of plasmid-mediated fosfomycin resis-
tance genes (FRGs) in food-producing animals, and limited therapies
for treating carbapenem-resistant Enterobacteriaceae infections™**,
The emergence and global dissemination of fosfomycin-resistant Sal-
monella poses a serious threat to public health”?°, Monte et al. iden-
tified 4.75% (26,165) of 550,780 Salmonella genomes carried FRGs and
were distributed in 73 distinct serovars®. The recent discovery of
Salmonella Typhimurium (S. Typhimurium) with a distinct rough col-
ony morphology in China (showed macro, red, dry, and rough, MRDR)
with severe multidrug resistance (MDR) pattern and localized clonal
expansion?, raising public health concerns. However, genomic data
from China and other countries did not include those of animal origin,
such as chicken, pig, cattle, etc. Furthermore, the spatiotemporal
patterns in the prevalence of fosfomycin-resistant MRDR S. Typhi-
murium (MRDRST) at a global scale have not yet been fully revealed.

Driven by rising demand, global animal protein is experiencing
rapid growth, leading to the increase in global usage of anti-
microbials in the animal husbandry sector by nearly 70%, while the
majority of global antimicrobial consumption was used in the pro-
duction of animal products®®*°. However, massive use or exposure of
antimicrobials in health care, agriculture, and the environment
facilitated the rapid emergence of multidrug-resistant bacteria®*>**,
In addition to the bidirectional significant associations of anti-
microbial consumption and AMR between humans and animals,
several socioeconomic factors, environmental indicators, health-

related indicators, and cattle density had positive associations with
AMR on a global scale specifically in WHO critical priority (carbape-
nem-resistant Acinetobacter baumanii, 3GCs-resistant Escherichia
coli, 3GCs-resistant Klebsiella pneumoniae, carbapenem-resistant
Pseudomonas aeruginosa) and high priority (oxacillin-resistant Sta-
phylococcus aureus, vancomycin-resistant Enterococcus faecium)
pathogens, while better infrastructure and better governance indi-
cators were associated with lower AMR®**, The growing population
and climate change (temperature) were positive to the increase of
the AMR rate of Klebsiella pneumoniae, Staphylococcus aureus, and
Escherichia coli were observed in 28 European countries® and the
USA*. Metagenomic analysis revealed that the abundance of ARGs
in sewage was not significantly associated with antimicrobial
consumption®*, while it was positively associated with the pre-
valence of clinical phenotypic resistance, pondus hydrogenii (pH) of
the sample, and season®. In addition, our previous study showed that
the gross domestic product (GDP) value, the gross output of meat,
population, temperature, and precipitation had positive associations
with AMR in China® However, the associations between socio-
economic, climate, environmental, financial sector, infrastructure,
health, poverty, trade, and anthropogenic indicators and country-
level AMR in global Salmonella have not been assessed on a
global scale.

In this study, we used genomic and evolutionary approaches with
a curated data set and a global collection of 208,233 Salmonella gen-
omes (from 1900 to 2023) to explore the dynamics and evolution of
AMR patterns over time in different ecological niches (continent,
country, and source), serovars, sequence types (STs) and identify
potential drivers contributing to the spread and persistence of
antimicrobial-resistant Salmonella. We sought to analyze the associa-
tions between different socioeconomic, climate, environmental,
health, urban development, and anthropogenic indicators and
country-level AMR in Salmonella. In addition, we explored the dis-
tribution characteristics of MRDRST and FRGs in China and other
countries by analyzing 35,767 publicly available S. Typhimurium gen-
omes with year, source, and location of collection information.

Results

Construction of a global Salmonella genome dataset

To our knowledge, the current work is a global-level analysis of genetic
atlas and AMR patterns in Salmonella to date, with 471,617 publicly
available genomes worldwide. After screening by using STSTR, Seq-
Sero2, and MLST, as well as clear metadata information, a total of
208,233 high-quality genomes were used in the following analysis
(Fig. 1A and Supplementary Data 1). From this data set, 99.12% were
belonging to subspecies | (enterica) (Fig. 1B). These genomes were
collected from six continents, and 51.80% of them were isolated from
North America, followed by Europe (31.46%), and Asia (7.25%) (Fig. 1C).
These genomes were collected from different time periods and were
chronologically divided into 1900-1950 (n=51), 1951-1960 (n=59),

1961-1970 (n=74), 1971-1980 (n=106), 1981-1990 (n=506),
1991-2000 (n=1739), 2001-2010 (n=19,579), 2011-2020
(n=158,449), and 2021-2023 (n=27,670) (Fig. 1D and Supplementary
Fig. S1A).

Overall, the majority of genomes were from human (43.77%),
chicken (15.30%), environment (8.16%), pig (7.55%), cattle (7.28%), food
(4.22%), turkey (3.71%), wild animal (1.83%), and aquatic animal (1.25%)
(Fig. 1E). These genomes were classified into 40 serogroups, and ser-
ogroup B was the most dominant, accounting for 30.77% (Fig. 1F).
These genomes were classified into 708 serovars and 3006 STs
(Fig. 1G, H and Supplementary Figs. SIC-S3). These genomes were
collected from 148 countries/regions, with the top five being the USA,
the United Kingdom, Canada, China, and Australia (Fig. 1I and Sup-
plementary Fig. S4).
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Fig. 1| Study design and overview of the global high-quality Salmonella gen-
ome catalog. A Flowchart of the global atlas of AMR in Salmonella analysis pipe-
line. A total of 471,617 publicly available Salmonella genomes were downloaded (as
of June 17, 2023), after screening by both bioinformatic software (including STSTR,
SeqSero2, and MLST) and clear metadata, a total of 208,233 genomes were
obtained. A total of 708 serovars and 3006 sequence types (STs) were detected.
B Distribution of S. enterica genomes in six subspecies. C Distribution of S. enterica
genomes in six continents. D Distribution of S. enterica genomes in different

Continent Time period

0000000000 mm 1.96% Afica = 0.02% 1900-1950
8888838888 = riw hur = s 1t
0000000000 = 31.48% Furone = 005% 1971-1980
- (,888888 B o185 oan Americe = 024% 19811990

) C i . 0.84% 1991-2000
0000000000 ™ 320% Souh Ameica = 9.40% 20012010
0000000000 = 76.09% 2011-2020
0000000000 . 13.29% 2021-2023
0000000000
0000000000

Serovar (top 20) ST (top 20)

mm 16.01% ST11

mEm 16.95% Enteritidis 10.88% ST19

[ 12.06% Typhimurium =

1 7.47% Infantis =1 7.32% ST32
mm 6.15% Kentucky 1 4.82% ST152
B 5.12% | 1,4,(5]12:- . 4.69% ST34
] 3.35% Newport mm 2.49% ST15
. 277% Typhi 0 2.44% ST64
1 2.50% Heidelberg 1 2.02% ST1
mm 2.29% Anatum == 1.79% ST13
= 2.11% Montevideo = 1.47% ST10
. 1.80% Agona = 133% ST%
= 1.52% Dublin 1 1.29% ST413
B 1.44% Muenchen 1 1.24% ST138
mm 1.39% Derby = 1.14% ST118
=1 1.38% Schwarzengrund = 1.10% ST40
EE 1.24% Saintpaul - 1.07% ST22
3 1.18% Mbandaka B 097% STI4
B 1.14% Senflenberg 1 0.97% STI198
= 1.13% Braenderup B 0.92% ST26
B 1.00% Thompson 556 ST
= 26.03% Others e

RUSSIA

/LL/\ /)
< .

NEW ZEALAND, y

Created with mapchartnet

periods. E Overview of S. enterica genomes from different sources. F Overview of S.
enterica genomes from different serogroups. G Top 20 serovars among the global
Salmonella genome catalog. H Top 20 STs among the global Salmonella genome
catalog. I A global map showing the geographic distribution of the 208,233 Sal-
monella genomes from 148 countries or regions across six continents. The map was
generated using the MapChart (https://www.mapchart.net). Source data are pro-
vided as a Source Data file.

Differences in AMR levels across geographic locations, sources,
and serovars

For each drug, we estimated the prevalence of resistance (R%) for all
antimicrobial classes based on whole-genome sequencing (WGS)
prediction. We identified large variations in the AMR rates of anti-
microbial classes. The prevalence of tetracyclines resistance and

fluoroquinolones non-susceptible were high (R% >25%) across all
tested Salmonella genomes at the global scale. In comparison, the
prevalence of resistance has remained at low levels in polymyxins,
macrolides, rifamycin, lincosamide, and disinfectants (R% <2.5%).
Globally, resistance levels represented considerable geographic
variations (Table 1).
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1.59% 16.74% 28.03% 0.31%

Typhimurium

(n

25,109)

Comparative analysis of AMR rates in Salmonella across different countries, continents, sources, and serovars. Note: 1, Geographic distribution of AMR levels across six continents. 2, Differences in AMR rates among eleven major countries. 3, Differences in AMR

rates among different sources. 4, Differences in AMR rates among the top twenty serovars.

Regional hotspots (R% > 60%) of fluoroquinolone non-susceptible
were predicted in India, China, the USA, Brazil, Nigeria, Chile, and
South Africa (Table 1 and Supplementary Data 2-7). A low fluor-
oquinolone non-susceptible rate was predicted in the Oceania con-
tinent (28.17%). The prevalence of fosfomycin resistance was higher in
South America (16.26%), Asia (10.47%), and North America (9.09%)
than in other continents (R% < 5%). Regional hotspots (R%>10%) of
fosfomycin resistance were predicted in Brazil, China, Canada, Chile,
and Germany (Table 1 and Supplementary Data 2-7). The prevalences
of beta-lactam and amphenicol resistance were higher in Asia, South
America, and Africa than in other continents. High beta-lactam
(57.30%) and amphenicol (40.49%) resistance rates were observed in
China, Asia. MDR rates vary across continents, the highest MDR rate
was found in Asia (50.96%), followed by North America, South Amer-
ica, and Africa, both of them above the global average (34.05%)
(Table 1).

The prevalences of resistance rates for individual antimicrobial
classes differed among different sources (Table 1 and Supplementary
Data 2-7). As for amphenicol resistance, higher prevalences of
resistance rates were observed in cattle (19.63%), pigs (13.65%), and
chickens (11.23%), when compared with turkey (4.40%) and food
(2.84%). The rates of resistance to beta-lactam were the highest in
turkey (28.53%), followed by pig (26.04%), cattle (22.57%), and human
(19.15%), both of which were above the global average (18.27%). The
prevalence of fosfomycin resistance rates was higher in pigs
(15.60%), turkeys (15.53%), chickens (10.54%), and food (11.66%) than
that in humans (4.54%) and the global average (7.67%). Host hotspots
(R% >40%) of MDR were predicted in turkeys, chickens, and pigs
(Table 1). High fluoroquinolone non-susceptible rates were observed
in both animals, food, and the environment. The prevalence of
resistance to polymyxin was above 0.65% (global average) in turkeys
(5.87%), wild animals (1.29%), and pigs (1.21%). The prevalence of
resistance to macrolide was above 1.11% (global average) in pigs
(2.22%), aquatic animals (1.76%), chickens (1.35%), and wild animals
(1.13%). These results may be influenced by the prevalence of
Salmonella serovars in different hosts/sources. Therefore, it is par-
ticularly important to investigate the prevalence of resistance by
serovars.

Then, we estimated the prevalences of resistance in different
continents for the twenty dominant serovars. Some serovars had
positive correlations with resistance to critically important anti-
microbials were observed. For example, positive correlations were
observed for fosfomycin resistance in S. Agona, S. Derby, S. Heidel-
berg, S. Indiana, and S. Kentucky (Table 1 and Supplementary
Data 2 and 6), polymyxin resistance in S. Saintpaul, S. I 1,4,[5],12:i:-,
S. Heidelberg, (Table 1 and Supplementary Data 2 and 5), and macro-
lide resistance in S. Kentucky, S. Indiana, S. Newport, S. I 1,4,[5],12:i:-,
and S. Saintpaul (Supplementary Data 2-7). Notably, fluoroquinolone
non-susceptible rates positive correlations in S. Agona, S. Anatum,
S. Braenderup, S. Derby, S. Heidelberg, S. Infantis, S. Kentucky,
S. Mbandaka, S. Montevideo, S. Muenchen, S. Newport, S. Schwarzen-
grund, S. Senftenberg, S. Thompson were observed, while lower
fluoroquinolone non-susceptible rates were identified in S. Typhi-
murium, S. 1 1,4,[5],12:i:-, and S. Enteritidis (Table 1), both of three
serovars were frequently isolated from humans.

Longitudinal AMR trends of S. enterica worldwide

At the global level, AMR patterns showed an increasing trend of diverse
wave shapes (Fig. 2). It was worth noting that an alarming increase in
the proportion of fluoroquinolone non-susceptible Salmonella gen-
omes worldwide, particularly in Asia, Oceania, and South America
(Fig. 2A, B). Results showed high spatial variability in our estimates of
AMR patterns, both between and within continents/countries. Despite
regional differences and regional specificity, the overall trend is
worrying.
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Then, we analyzed AMR trends in nine sources separately. For all  between 1991 and 2023, prevalence increases were observed in fluor-
antimicrobial classes, the prevalence of resistance in Salmonella in oquinolones, tetracyclines, and amphenicol resistance (Fig. 2C). In
food increased after 2000, except for polymyxin and lincosamide cattle, between 1991 and 2023, prevalence increases significantly in
(Fig. 2C). For example, plasmid-mediated fluoroquinolone resistance fluoroquinolone non-susceptible and decreases in amphenicols, beta-
in food-derived Salmonella increased from 0.18% to 12.11%. In chickens,  lactams, trimethoprim, and tetracyclines. In contrast, in pigs, between
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2001 and 2023, the prevalence increased significantly in fluor-
oquinolone non-susceptible, while decreasing in amphenicols, beta-
lactams, sulfonamides, and tetracyclines (Fig. 2C). In turkeys, between
2001 and 2023, prevalence increases were observed in fluor-
oquinolones, amphenicols, trimethoprim, and macrolides resistance,
and decreases in polymyxin and beta-lactams resistance (Fig. 2C). In
aquatic animals, between 2001 and 2020, increased trends were
observed in amphenicols, beta-lactams, fosfomycin, rifamycin, tetra-
cyclines, trimethoprim, fluoroquinolones, and macrolides resistance, a
slight decrease after 2020 (Fig. 2C). This may be due to the lack of
enough genomes. In humans, an increase in the prevalence of resis-
tance after 1991 was observed in fluoroquinolones and macrolides
resistance, while decreases in amphenicols, sulfonamide, beta-lactams,
trimethoprim, and tetracyclines resistance. In the environment,
between 1991 and 2023, significant prevalence increases were
observed in macrolides, trimethoprim, sulfonamides, amphenicols,
and beta-lactam resistance, as well as fluoroquinolone non-
susceptible. In wild animals, between 1991 and 2023, prevalence
increases were observed in fluoroquinolones and polymyxin resistance
(Fig. 2C). The increasing resistance of Salmonella in animals, food, and
the environment, especially for antibiotics that have been listed by
WHO as critically important to human medicine, is very worrying.

In addition, AMR rate increases were also observed for some
dominant serovars, for example, S. I 1,4,[5],12:i:-, S. Infantis, S. Heidel-
berg, S. Typhi, S. Dubin, S. Derby, S. Muenchen, S. Thompson, and S.
Senftenberg (Fig. 2D). An increase in the prevalence of fluor-
oquinolone non-susceptible was observed in S. Typhi, S. Enteritidis, S. |
1,4,[5],12:i:-, and S. Dubin, while stable high resistance rates in other
serovars, such as S. Infantis, S. Kentucky, S. Heidelberg, S. Anatum,
S. Montevideo, S. Muenchen, S. Derby, S. Mbandaka, S. Senftenberg, S.
Thompson, S. Braenderup, S. Schwarzegrund, and S. Newport (Fig. 2D).
In serovars showing trends of increasing prevalence in the top twenty
serovars, only S. Infantis, S. 1 1,4,[5],12:i:-, S. Typhi, and S. Dubin pre-
sented higher MDR rates in the 2020s than in the 2000s (Fig. 2D).

To investigate the longitudinal profiles of ARGs in the S. enterica
genomes, the ARGs were analyzed. A total of 363 types of acquired
ARGs and 35 chromosomal gene mutations were detected in all of the
S. enterica genomes. We found that ARGs in S. enterica showed a sig-
nificant upward trend over time at the global scale (Supplementary
Fig. S5A), especially in Asia and North America (Supplementary
Fig. S5B). Globally, the acquired ARGs increased from 1.16 per genome
in 1900-1950 to 2.87 per genome after 2020. From the genomic ana-
lysis, the number of ARGs per genome increased sharply with
increasing years observed in chickens, food, wild animals, and the
environment (Supplementary Fig. S5C). The results were similar to
the AMR trends in the corresponding sources. Between 1991 and 2023,
the average number of ARGs carried by genomes decreased in
humans, cattle, turkeys, and pigs (Supplementary Fig. S5C).

Similar to AMR rates increases in some dominant serovars, we
found that the numbers of ARGs carried by genomes increased in
S. Agona, S. Anatum, S. Derby, S. Dubin, S. Heidelberg, S. 11,4,[5],12:i:-,
S. Infantis, S. Kentucky, S. Mbandaka, S. Muenchen, S. Senftenberg, and
S. Typhi in recent 30 years (Fig. 3A). From 2001 to 2023, the average
number of ARGs carried by genomes decreased in S. Montevideo,
S. Saintpaul, and S. Schwarzegrund (Fig. 3A).

Temporal dynamics of ARGs
Then, we analyzed the dynamic trends of individual ARGs and chro-
mosomal gene mutations mediating AMR carried by Salmonella gen-
omes at the global scale. The prevalence of ARGs conferring resistance
to critically important antimicrobials increased from 1981 to 2023, for
example, b[aCTx.M.(,S and b[aTEM.z()ﬁ, and blaTEM.214,fosA3, anB]9, gyrA
p.D87Y, and parC p.T57S (Fig. 3B and Supplementary Data 8).

The number of ARGs per genome was the highest in Asia, followed
by Africa and South America (Supplementary Fig. S6A). In Asia, the

prevalence of ARGs increased in blacrx-m.ss, blaiap2, blaoxaio,
mph(A), and gnrS1, decreased in catAl and blacars>» (Supplementary
Data 9). Chromosomal gene mutations, gyrA p.D87N, gyrA p.S83Y, and
parC p.S80I, were also showing an increased trend in Asia. In Africa, the
prevalence of ARGs increased observed in fosA7, qnrB19, and
decreased in blagxa1 and blatems (Supplementary Data 10). More-
over, the prevalence of gene mutations increased were observed in
gyrA p.D87N, gyrA p.D87Y, gyrA p.S83F, gyrA p.S83Y, parC p.S80I, and
parC p.T57S. In Europe, the prevalence of ARGs increased observed in
blaCMy.z, blaTEM.IOG, blaTEM.135, fOSA4, mph(A), and anBI9, while
decreased in mcr-1.1 (Supplementary Data 11). However, it was worth
noting that, unlike in Asia and Africa, gyrA p.D87N, and parC p.S80I
showed a declining trend in Europe. In North America, the prevalence
of ARGs increased were observed in blacrx-m-es, aph(4)-la, aac(3)-1V,
fosA3, and gnrB19, decreased in tet(G) and cmiAl (Supplementary
Data 12). In South America, the prevalence of ARGs increased were
observed in blactx.m.¢s, mph(A), and gnrB19, and decreased in catAl,
blaoxa>, and aac(6)-Ib-cr (Supplementary Data 13). We found an
increased trend in parC p.T57S and a decrease in gyrA p.D87N. In
Oceania, the prevalence of ARGs increased were observed in gnrSI,
fosA7, sul3, cmlAl, blacrx-m-ss, mph(A), blacrxmo, and mcr3.1,
decreased in blargwm.s, blactx-wma, catAl, sull, and sul2 (Supplementary
Data 14). In addition, we also observed that gene mutations, parC
p.T57S, and gyrA p.D87N, gyrA p.D87Y increased while acrB p.R717Q
decreased in Oceania.

Differences in ARGs among different geographic locations,
sources, and serovars
We observed region-specific associations with the prevalence of ARGs
carried by Salmonella (Fig. 3C). For example, blayy; was detected in
Europe, blay.» in Oceania, blagpc.; in Asia and South America, ¢fr in
Asia and Europe, and sul/4 in Asia (Supplementary Data 15). We then
investigated the characteristics of ARGs in different hosts. Although
most acquired ARGs are shared among different hosts, some ARGs are
host-specific (Fig. 3D). For example, tet(X6) in pigs, sul4 in chickens,
pigs, and humans, rmtC in humans, ¢fr in aquatic animals and pigs,
blanpym-o in chickens, and blayy-» in humans (Supplementary Data 16).
The number of acquired ARGs per genome was the highest in chickens,
followed by pigs and turkeys (Supplementary Fig. S6B). The emer-
gence and spread of blanpm-s, blaviva, ¢fr, tet(X4), tet(X6), and sul4 in
Salmonella of human and pig origin are of particular concern.
Positive correlations with ARG resistance to critically important
antimicrobials were also observed with some serovars (Fig. 3E and
Supplementary Data 17). For example, fosA7 was mainly detected in S.
Agona, S. Heidelberg, and S. Derby, fosA3 in S. Infantis, mcr-1.1 in S. |
1,4,[5],12:i:- and S. Typhimurium, blactx-m-es in S. Infantis, blatem-206 in
S. Dublin. The tet(X4) was mainly detected in S. Kentucky and S.
Typhimurium. The blayy; was mainly identified in S. Infantis and S.
Typhimurium. The tet(C) and tet(G) were mainly identified in S. Anatum
and S. Typhimurium, respectively.

Differences in plasmid replicons across sampling periods, ser-
ovars, locations, and sources

Plasmid replicon analysis also indicated an increasing trend in the
number of replicons over time in some serovars, for example, S. Ken-
tucky, S. Thompson, S. Mbandaka, S. Montevideo, S. Muenchen,
S. Sainpaul, S. Heidelberg, and S. Dublin, while a downward trend was
observed in S. Typhimurium, S. Typhi, S. Schwarzengrund, S. Derby,
and S. Senftenberg (Fig. 4A). For different geographical and host
sources, different dynamic trends were observed (Supplementary
Fig. S7). The number of plasmid replicons per genome over time was
observed only in Oceania, food, and aquatic animals. The prevalences
of several ARG-associated replicons, such as IncFIB, IncFll, and
IncHI2A, were significantly higher in the 2020s than before 2000
(Fig. 4B). Significant differences were observed among genomes from
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different geographic regions and sources (Fig. 4C, D). The IncFIl was
dominant in predominant in chickens, while IncY was dominant in pigs.
Although most plasmid replicons are shared among different regions,
sources, and serovars, some are significantly positively associated with
certain hosts or serovars (Fig. 4E). For example, IncQl was mainly
identified in S. I 1,4,[5],12:i:-, S. Typhi, and S. Muenchen, IncX1 in
S. Dublin, S. Kentucky, and S. Heidelberg, IncFIB(S) in S. Enteritidis,

S. Typhimurium, and S. 1 1,4,[5],12:i:-, and IncFIB(pN55391) in S. Infan-
tis (Fig. 4E).

Emergence of FRGs in the novel variant of S. Typhimurium

To address the lack of data on human and animal origin (including
chicken, pig, cattle, etc.) from China and other regions in the pre-
vious study”, therefore, we analyzed 35,767 publicly available
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Fig. 3 | Temporal dynamics and differences in ARGs among different geo-
graphic locations, sources, and serovars. A The distribution of numbers of ARGs
per genome among the twenty predominant serovars. Kruskal-Wallis tests were
used to compare differences among different groups. The “*” on the right repre-
sents P values. *: P< 0.05; **: P<0.01; **: P<0.001. ***: P< 0.0001. No significant
differences were not shown. Data are presented as mean values with SEM. Agona:
n=13,347,2912, 461. Anatum: n = 385, 3314, 1052. Braenderup: n =5, 114, 1858, 366.
Derby: n=7,13, 260, 2136, 477. Dublin: n =35, 98, 374, 2238, 407. Enteritidis: n=6,
18,16, 19, 77, 317, 1911, 30,577, 2349. Heidelberg: n=5, 35, 17, 925, 4059, 155. 1

1,4,5,12:i-- n=21, 591, 9576, 468. Infantis: n =22, 634, 9885, 5011. Kentucky: n=4,
761, 8409, 3623. Mbandaka: n =568, 1525, 358. Montevideo: 14, 509, 3045, 831.
Muenchen: n =202, 2292, 466. Newport: n =27, 738, 5220, 987. Saintpaul: n=481,
1867, 221. Schwarzengrund: n =176, 2049, 636. Senftenberg: n =4, 454, 1590, 324.
Thompson: n=10,138,1668, 258. Typhi: n = 63, 364,1229,3897, 206. Typhimurium:
n=10, 4, 8, 8, 91, 498, 3165, 18,757, 2569. B Temporal trends in the prevalence of
ARGs. C Differences in ARGs among different geographic regions. D Differences in
ARGs among different isolation sources. E Differences in ARGs among different
serovars.

S. Typhimurium genomes from 1938 to 2023. We were surprised to
find that the point mutation (-44G > T) in the promoter of the csgD
gene was present (100% nucleotide identity) in 616 (1.72%) of 35,767
S. Typhimurium genomes, which is much lower than that in the
previous reported (29.57%)”. These MRDRST strains were isolated
from humans, pigs, chickens, ducks, cattle, wildlife, aquatic animals,
and other sources between 1992 and 2022 (Supplementary
Fig. S8 and S9). Notably, the earliest strain was isolated from Equus
caballus in the USA in October 1992, followed by frozen squid in India
onJuly 26, 2001, and frozen eel fish in Vietnam on Jun 4, 2007. These
results suggest that MRDRST strains might have been in the USA and
India for a long time, and already spread internationally and to China,
where represented hotspots of resistance worldwide.

Of these genomes, 1.15% and 3.07% were identified in S. Typhi-
murium and monophasic S. Typhimurium (S. I 1,4,[5],12:i:-), respec-
tively. Notably, the majority of MRDRST clones were found in Asia
(19.76% [584] of 2955), followed by Europe (0.15% [20] 0f 13,258), South
America (0.10% [1] of 966), Oceania (0.06% [3] of 4901), and North
America (0.06% [8] of 13,206). These MRDRST genomes are dis-
tributed across 12 countries, most of them in China (93.99% [579] of
616) (Fig. SA).

Then, we focused on 4524 Chinese S. Typhimurium strains to
better uncover the distribution characteristics of MRDRST and FRGs in
China. A total of 1233 MRDRST genomes were identified, mainly dis-
tributed in humans (n=706), pigs (n=295), chickens (n=120), and
ducks (n =32) (Supplementary Fig. S10). The emergence of MRDRST in
China was in 2006, later than that in the United States (1992) and India
(2001). Subsequently, local adaptive clones of MRDRST appeared and
rapidly expanded (Fig. 5B). In brief, the prevalence of MRDR in dif-
ferent sources was different in different regions of China, the pre-
valence of MRDR was higher in Southern and Eastern than in Northern
China (Supplementary Fig. S11).

We identified the presence of FRGs in 76 MRDRST genomes,
including seventy-five fosA3 and one fosA7. Among these FRGs positive
strains, sixty-six, two, and seventy genomes coexisted with mcr-1,
mph(A), and blacrx-m genes (Fig. 5B, C), which were resistant to poly-
myxin, azithromycin, and 3GCs, respectively. Moreover, six MRDRST
genomes were found to carry blaypy genes. All these antibiotics have
been listed as critical antibiotics for the treatment of salmonellosis
(especially invasive diseases) by the WHO.

Association between AMR and several driving indicators

To explore the relationships between the level of agriculture & rural
development, socioeconomic, climate change, environment, health,
and the AMR of S. enterica genomes, data on the indicators of each
country or region in each year (from 1990 to 2023) were collected. The
correlations between the 115 indicators and the number of ARGs in the
top twelve countries across six continents, with the number of gen-
omes collected, were analyzed. Using data published between 2000
and 2018, we found a significant association between human anti-
microbial consumption and the number of ARGs in China, India, and
Brazil (Supplementary Data 18). Similarly, the usage of animal anti-
microbial and AMR levels in food animals was positively associated in
Germany and the United Kingdom (Supplementary Data 18).

Consumption of total antibiotics was significantly associated with
increased AMR in the USA and Brazil.

In agriculture & rural development, agriculture, forestry, and
fishing value added, livestock production index, cereal yield, cereal
production, crop production index, and food production index were
significantly associated with an increase in AMR in both China and
Brazil (Supplementary Data 18). The rural population was significantly
associated with an increase in AMR in the United Kingdom, while
negatively associated with an increase in AMR in China, Germany, and
Brazil. Agricultural methane emissions (thousand metric tons of CO,
equivalent) were significantly associated with an increase in AMR in the
USA, Fiji, Brazil, and South Africa.

In climate change, CO, emissions, total greenhouse gas emissions,
and population were significantly associated with an increase in AMR
in China, Brazil, and the USA (Supplementary Data 18). In the envir-
onment, aquaculture production was significantly associated with an
increase in AMR in China, Germany, the USA, and Brazil, and capture
fisheries production was significantly associated with an increase in
AMR in Fiji. Methane emissions, methane emissions in the energy
sector, and CO, emissions were significantly associated with an
increase in AMR in China, Brazil, and the USA (Supplementary Data 18).

In economy & growth, manufacturing, value added, gross national
expenditure, Households, and NPISHs Final consumption expenditure,
R&D expenditure, Services, value added, Industry (including con-
struction), value added, GDP, GDP per capita, GNI, GNI per capita,
households and NPISHs final consumption expenditure, current health
expenditure per capita, imports of goods and services, goods exports,
service exports were significantly associated with an increase in AMR in
both China and Brazil, while negatively associated with an increase
in AMR in both Fiji and the United Kingdom (Supplementary Data 18).
In trade, travel services were significantly associated with an increase
in AMR in Nigeria, China, the United Kingdom, the USA, and Australia,
food imports were significantly associated with an increase in AMR in
China and Germany, goods imports were significantly associated with
an increase in AMR in China and Brazil (Supplementary Data 18). In the
financial sector, the consumer price index was significantly associated
with an increase in AMR in both China and Germany (Supplementary
Data 18).

In health, domestic private health expenditure per capita and
current health expenditure per capita were significantly associated
with an increase in AMR in China, Germany, and Brazil (Supplementary
Data 18). In aid effectiveness, the incidence of tuberculosis was sig-
nificantly associated with an increase in AMR in the USA, while nega-
tively associated with an increase in AMR in China and Brazil
(Supplementary Data 18).

In urban development, both pump prices for diesel fuel and pump
prices for gasoline were significantly associated with an increase in
AMR in China and Germany, while negatively associated with an
increase in AMR in South America and the USA (Supplementary
Data 18). In energy & mining, nitrous oxide emissions in the energy
sector were significantly associated with an increase in AMR in both
China and Brazil (Supplementary Data 18). In infrastructure, both air
transport and railway ability were significantly associated with an
increase in AMR were observed (Supplementary Data 18).
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plasmid replicons classified into 120 types were identified in the global Salmonella
catalog. A total of 40 dominant plasmid replicons are shown. Kruskal-Wallis tests
were used to compare differences among different groups. The “*” on the right
represents P-values. *: P< 0.05; **: P<0.01; **: P<0.001. ***: P<0.0001. No sig-
nificant differences were not shown. Data are presented as mean values with SEM.
Braenderup: n =114, 1858, 366. Derby: n=260, 2136, 477.11,4,5,12:i-- n=21, 591,
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2569. B Differences in plasmid replicons across different periods. C Differences in
plasmid replicons across different geographic regions. D Differences in plasmid
replicons across different isolation sources. E Differences in plasmid replicons
across different serovars.
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important antibiotics (including amphenicol, polymyxin, azithromycin, fluor-
oquinolone, carbapenem, and 3GCs).

In the private sector, agricultural raw materials imports were
significantly associated with an increase in AMR in South Africa and the
United Kingdom (Supplementary Data 18). In international tourism,
the number of arrivals was significantly associated with an increase in
AMR in Germany, Canada, and Brazil. Merchandise imports from high-
income economies were significantly associated with an increase in
AMR in Canada, Fiji, and the United Kingdom. Merchandise imports
from low- and middle-income economies in Europe & Central Asia,
merchandise imports from low- and middle-income economies in Sub-
Saharan Africa, and the import volume index, were significantly asso-
ciated with an increase in AMR in China, Germany, and Brazil. Fuel
imports were significantly associated with an increase in AMR in China,

Germany, and Australia. Merchandise imports were significantly
associated with an increase in AMR in China, Germany, and Brazil,
while negatively associated with an increase in AMR in South America,
Fiji, and the United Kingdom (Supplementary Data 18).

Discussion

Despite concerted global and regional efforts, myriad gaps remain in
our understanding of the geographic heterogeneity and temporal
trends of drug-resistant Salmonella at the global scale. In this study,
we provide the first global AMR surveillance report for Salmonella
from 148 countries/regions encompassing 208,233 genomes from
different food-producing animals, food, humans, wild animals, and
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the environment, mainly from after the 1950s, the time when anti-
microbial agents were rarely used in veterinary and human medi-
cines. Our results highlight vital spatial disparities in AMR in
Salmonella and provide estimates for countries/regions lacking
genomic surveillance data.

The previous study provided a preliminary ARG profile of Sal-
monella using 47,452 genomes classified into 11 sources and 22 ser-
ovars from 116 countries/regions between 1900 and 2020 and did not
explore the spatiotemporal characteristics of the AMR and their driv-
ing factors”. In our analysis, a total of 208,233 genomes classified into
708 serovars were used for bioinformatic analysis, which is much lar-
ger than in the previous study”. As genome sequencing becomes
cheaper, more genomic data will be uploaded to public databases in
the future and could help shed light on the global atlas and dri-
vers of AMR.

The predicted atlas of AMR was based on WGS, which has been
used for addressing the public health concern and routine surveillance
of AMR in Salmonella and outbreak investigation'>>?>*C_In this
analysis, China, India, Brazil, Nigeria, Slovenia, Spain, Ecuador, Mexico,
and the USA were identified as hotspots of AMR, which were similar to
previous global estimates on AMR in food animals®®?2. However, pre-
vious studies predicted AMR trends for two and four pathogens,
respectively, and not disaggregated for individual serovars. Our ana-
lysis was conducted for globally available Salmonella genomes with
year, source, and location of collection information, and ensured
comparability for monitoring AMR trends by focusing on six con-
tinents, major countries, nine sources, and twenty dominant serovars.
Our choice of notable community pathogen was also in line with other
global/regional surveillance actions, such as the European Union sur-
veillance that uses different Salmonella serovars as the proxy*.

In this work, we showed that the geographic pattern of AMR
varied depending on the host/source considered. For example, Asia
and Europe were resistance hotspots of beta-lactam resistance in pigs,
and Asia was resistance hotspots of beta-lactam resistance in cattle. A
higher prevalence of fosfomycin resistance was observed in chickens
from South America (33.45%), Asia (23.61%), and Africa (14.71%), pigs
from Asia (24.68%), North America (15.15%), and Europe (13.94%), food
from Europe (21.13%), the environment (43.53%) from Oceania, and
turkeys (15.58%) from North America. Our findings also indicated that
the geographic pattern of AMR varied depending on the classes of
antimicrobials considered. For example, Asia, North America, and
South America were identified as resistance hotspots for fluor-
oquinolone. For the eleven countries on six continents, China was
identified as a resistance hotspot for all antimicrobials except fosfo-
mycin and fluoroquinolone. In addition, Oceania had relatively lower
AMR prevalence in, for example, amphenicol, beta-lactam, fosfomycin,
and tetracycline compared to other continents.

Between 1991 and 2023, the prevalence increased significantly in
fluoroquinolone non-susceptible was observed across six continents,
especially in chickens, pigs, cattle, food, wild animals, and humans,
whichis in line with those from surveillance in the GLASS and has been
listed as an urgent threat*’. Globally, 73% of antimicrobials sold are
used in food animals for animal protein production®’. The rapid global
expansion of intensive animal production has made a great contribu-
tion to the scale-up in demand for animal protein, in the same way that
antimicrobials help maintain health and productivity (https://www.fao.
org/faostat/en/#home). Notably, significant associations between the
increase of ARGs and veterinary antimicrobials consumption were
observed®. Excessive use of fluoroquinolones (for example, nor-
floxacin, ofloxacin, lomefloxacin, and pefloxacin) in animals may have
caused much higher resistance rates of these in animals®. Similar to the
previous report*, chromosomal mutations in gyrA, gyrB, parC, or parE
were frequently identified in fluoroquinolone resistance isolates. In
this work, we found that fluoroquinolone non-susceptible rates were
much higher in turkeys, pigs, aquatic animals, chickens, cattle, food,

environment, and wild animals than in humans. Previous studies also
reported that centralized industrialization for chickens and pigs and
global trade for poultry and pork products contribute to the global
spread of antimicrobial-resistant Salmonella®®*.

Similar to the fluoroquinolone resistance profile, excessive use of
cephalosporins (for example, ceftriaxone) and fosfomycin in animals
may result in novel resistance genes and beta-lactam-resistant and
fosfomycin-resistant Enterobacterales from non-human sources (food
animals) to the human-associated environment®*. The previous study
reported higher fosfomycin resistance rates in humans than in non-
human origins in China®, here we identified higher fosfomycin resis-
tance rates in chickens, pigs, turkeys, and food than in humans at the
global level. The absurd increase in fluoroquinolones, beta-lactam, and
fosfomycin resistance may be mainly caused by the excessive use of
antimicrobials in veterinary medicine and then spread to food, the
environment, and humans***,

In addition to antibiotics, bacteria exposure to non-antibiotic
drugs (for example, metals and antibacterial biocides) and plant pro-
tection products (such as herbicides) can induce or select for bacteria
survival adaptations that result in decreased susceptibility to one or
more antibiotics***’. Stricter use of antibiotics in human and veterinary
medicine is starting to be a global trend. In order to deal with
increasing AMR, many countries/regions and organizations have made
efforts and actions. For example, since 2006, antibiotic growth pro-
moters have been banned in animals by the European Union (Regula-
tion (EC) No. 1831/2003), and recently, the Ministry of Agriculture and
Rural Affairs of the People’s Republic of China has launched a regula-
tion (No. 194) to prohibit growth-promoting drugs as feed additives
after 1 July 2020. To address AMR threats to humans, animals, plants
and environment, a One Health Joint Plan of Action was launched by
the Quadripartite - the WHO, the World Organization for Animal
Health (WOAH, founded as OIE), the Food and Agriculture Organiza-
tion of the United Nations (FAO), and the United Nations Environment
Program (UNEP) in 2022.

Our data suggest that for cattle, pigs, and turkey, the decreases in
Salmonella resistance were concomitant with a decline in the numbers
of ARGs per genome, especially in S. Schwarzengrund and S. Saintpaul,
which has also been observed in the USA*®. However, our data suggest
that for chickens, food, wild animals, and the environment, the
increases in Salmonella resistance were concomitant with rises in the
numbers of ARGs per genome, especially in S. Agona, S. Dublin, S. |
1,4,[5],12:i:-, S. Muenchen, S. Senftenberg, S. Mbandaka. For these
acquired ARGs, we observed serovar-specific (top 20 serovars) and
significant correlation with regions or hosts, for example, fosA7 was
frequently identified in S. Derby, S. Heidelberg, and S. Agona, fosA3 was
frequently identified in S. Infantis, which has been observed in the
previous study”. Notably, our data suggest that there is a clear spil-
lover effect of fosA family genes from these four serovars spreading to
more serovars, especially MDR strains, which was similar to previous
reports?>%,

In this work, we found, for example, the fosA7-positive Salmonella
genomes were mainly ST13 (S. Agona), STI15 (S. Heidelberg), ST40 (S.
Derby), S. Heidelberg ST15 and S. Derby ST40 were mainly isolated
from chickens, and pigs, respectively, while fosA7-producing S. Agona
ST13 was isolated from multiple sources, for example, human, pig,
chicken, and turkey, etc (Supplementary Data 19). The majority of
fosA3-positive genomes were ST34 (S. 1 1,4,[5],12:i:-), ST32 (S. Infantis),
and ST198 (S. Kentucky), which were mainly isolated from humans,
chickens, and chickens, respectively. The mobile colistin resistance
gene mcr-1.1 was frequently identified in ST34 (S. 1 1,4,[5],12:i:- and S.
Typhimurium) in Asia, which usually exhibited an MDR
phenotype'>?*°, MCR-1-producing Salmonella ST34 links animal foods
(for example, pork) to children’s community infections**~". The third-
generation cephalosporin resistance gene blacrx-m-es-producing
S. Infantis ST32 mainly originated from chickens and turkeys in North
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America and South America. Chromosomal gene mutation parC p.S80I
mediating fluoroquinolone resistance was mainly identified in ST198
(8. Kentucky), ST1 (S. Typhi), and ST13 (S. Agona) originated from
humans.

In agreement with previous studies®**>*, we found that the
available antimicrobial usage data in humans and animals explain only
a small fraction of the variation in the global AMR levels in Salmonella.
Due to economic factors, significant differences in the usage and
growth rate of consumption of antibiotics between high-income and
low-income regions were observed”, and the use and overuse of
antibiotics are high in South and Southeast Asia***. In our previous
study, we found that higher temperature, precipitation, GDP, gross
output of meat, and population can indirectly promote the AMR levels
in Salmonella in China”, and had not been extrapolated to a global
scale. Moreover, human development index, temperature, the ratio of
private to public health expenditure, nutrition, environment, and
several socioeconomic factors in the World Bank were positively cor-
related with the AMR levels in some pathogens, for example, Escher-
ichia coli, Acinetobacter baumanii, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Staphylococcus aureus, Shigella flexneri®* .
Here, using data on twelve representative countries across six con-
tinents, for the first time, we found that the World Bank’s agriculture &
rural development, climate change, the environment, economy &
growth, trade, the financial sector, private sector, urban development,
energy & mining, and infrastructure indicator variables explained a
large amount of variation in animal and human AMR levels in Salmo-
nella. We found that higher AMR levels in aquatic animals were positive
with warmer temperatures, which is the relationship that has also been
observed in aquaculture and clinical bacteria worldwide****. Mer-
chandise imports from low- and middle-income economies in Latin
America & the Caribbean were high-risk points for AMR levels in China
and the USA. Merchandise imports from low- and middle-income
economies in South Asia were high-risk points for AMR levels in Ger-
many and Brazil. Merchandise imports from low- and middle-income
economies in Europe, Central Asia, and Sub-Saharan Africa were high-
risk points for AMR levels in both China and Germany. Importantly, the
amount of variation explained by these indicators varied between the
different countries/regions.

The emergence and global spread of critical antibiotic-resistant
MRDRST strains pose an important threat, as they limit treatment
options for this common infection. Our genomic analysis of the global
distribution of MRDRST strains revealed their presence in at least
twelve countries across five continents, except for Africa. The global
distribution of MRDRST underscores the need for international colla-
borations and monitoring to track and prevent the spread of
antimicrobial-resistant Salmonella effectively. The phylogenetic tree
showed that MRDRST forms adaptive and localized transmission
clones in China, which was consistent with the previous report by
Xiang and colleagues”. Our findings provide evidence to guide future
fosfomycin-resistant MRDRST epidemic prevention and treatment in
Asia. A total of 1233 MRDRST genomes were identified from the global
dataset of S. Typhimurium, seventy-six of them were positive for FRGs,
including seventy-five fosA3 and one fosA7 from 2011 to 2019. Of note,
invasive cases and food-borne outbreaks were not analyzed in this
study, which needs further monitoring of prevalence and AMR trends
of MRDRST in invasive and food-borne outbreak cases™. Taken toge-
ther, our data provide more insight into the global trends in the
increasing co-existing prevalence of the FRGs and mcr-1, blacrx-m,
blanpm, or mph(A) in novel variants of S. Typhimurium and suggest that
prevalence varies widely between different regions, animals, and
countries, which needs immediate worldwide attention and to be
investigated, especially through enhanced genomic surveillance.

Our study and our analytical component have several limitations.
First, many countries/regions still lack sufficient data on both Salmo-
nella genomes and antibiotic consumption in animals or humans,

which limits the number of countries/regions included in variable
analyses. Although we used the best available data, there remained
inconsistencies in the number of genomes in different serovars,
sources, collection years, and countries/regions, which is not sys-
tematic surveillance and may represent a potential sampling bias.
Second, even though 471,617 publicly available Salmonella genomes
were downloaded from NCBI and analyzed (as of June 17, 2023),
263,384 genomes were discarded due to a lack of detailed background
information or quality control issues. We discarded genomes without
serovar and ST results using SISTR, SeqSero2, and MLST tools. Without
detailed information on collection time, location, and source, it could
not be used for the spatiotemporal and traceable analysis and out-
break investigation, which needs to be improved in the quality of
uploaded data in the future. Third, the data used in this study were
mainly derived from nine sources, including humans, chickens, pigs,
cattle, turkeys, aquatic animals, food, wild animals, and the environ-
ment. The number of genomes from other sources was too small, and
this needs to be improved in the future. However, to our knowledge, an
up-to-date global Salmonella genome database on AMR surveillance
has not been conducted. Fourth, our data did not capture the phe-
notype of antimicrobial susceptibility testing for Salmonella. Fifth, we
used the regression correlation analysis between the total amount of
antibiotic consumption in humans and animals and the number of
ARGs carried by Salmonella, respectively, while no correlation analysis
was performed for antibiotic consumption in each class. In addition,
antibiotic consumption data are not equivalent to antibiotic exposure,
however, they were representative of the best data available. Sixth, we
did not obtain comprehensive data on antibiotic consumption in both
humans and animals worldwide, antibiotic consumption was obtained
in two previous reports®>*®. Seventh, a total of 708 serovars were
identified, and only twenty predominant serovars were selected for
AMR trends analysis. Eighth, we only analyzed the spatiotemporal
patterns of AMR and mobile genetic elements, and their correlation
with serovars and hosts, but did not analyze the genetic environments
of acquired ARGs. Therefore, long-read sequencing sequences were
needed to determine the precise location of mobile ARGs. Ninth, only
assembly genomes were used for ARG prediction in this analysis, which
has been recommended in AMR in pathogen surveillance systems™*"%,
Tenth, there is latency in the genomic data we use. Therefore, we call
for the establishment of an up-to-date open-source Salmonella gen-
ome database (for example, CLSGDB v2, https://nmdc.cn/clsgdbv2) for
accurately monitoring specific hosts or serovars, and the establish-
ment of a data-sharing consortium. Finally, we also did not explicitly
investigate the indirect effects of driving factors on AMR in Salmonella.
Because this was an association study at the global level, any inter-
pretation should be taken with caution, as the results may be influ-
enced by multiple variations. Future studies should consider
comparing the evolutionary trajectory of AMR in Salmonella due to the
influence of a single variable.

In summary, this study presents a valuable to-date genetic atlas of
antimicrobial-resistant Salmonella in the concept of “One Health”
including humans, animals, food, and the environment across the
world. To our knowledge, our study provides a valuable collection and
systematical study reporting the temporal and spatial dynamics of
AMR in S. enterica, including multiple serovars from diverse sources in
148 countries/regions across six continents. Our work suggests that
the proportion of AMR levels increased across six continents in
chickens, food, wild animals, and the environment (especially in ser-
ovars Agona, Dublin, I 1,4,[5],12:i:-, Muenchen, Senftenberg, Mban-
daka). Our study enhances our understanding of the dynamic trends,
evolution, and transmission of AMR in Salmonella over the past 100
years. We used the best available S. enterica genomic data, analyzed
the correlation between AMR levels and agriculture & rural develop-
ment, climate change, the environment, urban development, infra-
structure, and socioeconomic factors, and antibiotic consumption in
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both humans and animals. Merchandise imports from low- and middle-
income countries were high-risk points for AMR levels in some coun-
tries/regions, for example, China, Brazil, Germany, and the USA. This
was the first study to investigate how several factors influence AMR in
S. enterica at the global level. Our findings suggest that these driving
factors play an underappreciated role in the spread of AMR in Sal-
monella and have critical implications for public health policy.
Therefore, further strengthening and refining of genomic monitoring
for AMR in zoonotic pathogens is vital to maintain global health and
planet health. For future directions, it is vital to build an up-to-date and
globally high-quality Salmonella genome database, which will enhance
surveillance for transmission dynamics, evolutionary trajectories,
outbreak tracing, and early warning of antimicrobial-resistant Salmo-
nella using artificial intelligence, as well as for predicting minimal
inhibit concentrations, novel ARGs, and antimicrobial peptides.

Methods

Study design and data collection

This study aimed to map the global atlas of AMR in Salmonella in
humans, animals (food-producing animals and wildlife), food, and the
environment, as well as to identify the major determinants of AMR
Salmornella. To ensure the comprehensiveness of the analyzed gen-
omes, a total of 471,617 publicly available Salmonella genomes on the
National Center of Biotechnology Information (NCBI, https://www.
ncbi.nlm.nih.gov/) were collected and utilized in this study (down-
loaded on June 17, 2023).

First, we screened and summarized the metadata of publicly
available Salmonella genomes from the NCBI BioSample (https://www.
ncbi.nlm.nih.gov/biosample/, as of June 17, 2023), and genomes with
information on the collection time, isolation source, and sampling
sites are used for next step analysis. A total of 253,872 genomes were
discarded because no background information on the collection time,
isolation source, and sampling sites was simultaneously recorded.

Second, in silico serotyping was carried out by both the Salmo-
nella in silico typing resource (SISTR v1.1.2, https://github.com/phac-
nml/sistr cmd)*® and Salmonella Serotyping by whole genome
sequencing (SeqSero2 v1.3.1, https://github.com/denglab/SeqSero2)°.
Only the prediction result matching between the SeqSero2 and SISTR
is used for downstream analysis.

Third, multilocus sequence typing (MLST v2.0, https://github.
com/tseemann/mist)® was used to assign STs to these genomes based
on seven housekeeping genes for examining bacterial relatedness. A
total of 9512 genomes were discarded because no serotype or
sequence typing information was predicted. Then, we summarized and
re-recorded background information for each isolate, including sam-
pling time, isolation source (host), geographic location (country and
continent), serovar, and ST.

As aresult, we obtained a high-quality Salmonella genome dataset
containing 208,233 genomes divided into 708 serovars and 3006 STs.
Metadata and accession numbers are available in Supplementary
Data 1. The frequency and distribution of strains were analyzed by
period, continent, country (two major from each continent), source
(i.e., host species), STs, and serovar.

In silico analysis of AMR markers and plasmid replicons

ResFinder 4.1 (https://bitbucket.org/genomicepidemiology/resfinder/
src/master/) was used to identify acquired AMR genes and (Salmo-
nella-specific) chromosomal gene mutations mediating AMR with the
ResFinder database (https://bitbucket.org/genomicepidemiology/
resfinder_db/src), PointFinder database (https://bitbucket.org/
genomicepidemiology/pointfinder_db/src/master/), and DisinFinder
database  (https://bitbucket.org/genomicepidemiology/disinfinder_
db/src/master/), respectively®>®, The thresholds of AMR genes are
consistent with our previous studies”. Also, the phenotypes of
strains were predicted based on genotypes. PlasmidFinder v2.1

(https://bitbucket.org/genomicepidemiology/plasmidfinder.git/src)®*
was used to identify plasmid replicons with the PlasmidFinder data-
base (https://bitbucket.org/genomicepidemiology/plasmidfinder_db/
src/master/). The results were transformed into a presence-absence
matrix in which “1” represented the presence of an ARG and “0” was the
absence. The frequency and distribution of AMR determinants to
antimicrobial classes were analyzed by period, continent, country,
source (i.e., host species), and serovar. For AMR levels in different
sources, we mainly focused on the following categories: chicken, pigs,
cattle, turkey, aquatic animals, food, wild animals, humans, and the
environment. The numbers of AMR genes for each isolate were com-
piled and compared by analyzing the distribution of their frequencies
among periods for each source and continent. A similar method was
used for phenotypes and mobile genetic elements. In addition, the
reference sequence (a point mutation (-44 G >T) in the csgD gene
promoter, upregulation of the csgDEFG operons) for MRDRST was
obtained from the previous study?”.

Data collection on agriculture, antimicrobial, climate, environ-
ment, and socioeconomic indicators

To examine the association between antimicrobials, agriculture, cli-
mate, environment, socioeconomic, trade indicators, and AMR, a total
of 115 indicators were collected and analyzed. The relevant data of
indicators including Agriculture & Rural Development (n=9; Agri-
culture, forestry, and fishing, value added; Agricultural methane
emissions; Livestock Production Index; Cereal yield; Cereal produc-
tion; Crop Production Index; rural population; Employment in agri-
culture; Food Production Index; Agricultural methane emissions
(thousand metric tons of CO, equivalent)), Economy & Growth (n = 28;
GDP; GDP per capita (current US$); GDP per capita (current LCU); GNI;
GNI per capita growth; GNI per capita; Households and NPISHs Final
consumption expenditure (current LCU); Households and NPISHs
Final consumption expenditure, PPP; Households and NPISHs Final
consumption expenditure per capita growth; Current health expen-
diture per capita, PPP; Imports of goods and services; Gross national
expenditure; R&D expenditure; Services, value added; Industry
(including construction), value added; Food, beverages and tobacco;
Manufacturing, value added; GDP growth rate (annual %); Goods
exports (BoP, current US$); Service exports (BoP, current US$); Ser-
vices, value added (annual % growth); GNI (current LCU); Households
and NPISHs Final consumption expenditure (constant LCU); Transport
services (% of service exports, BoP); Imports of goods and services (%
of GDP); Imports of goods and services (annual % growth); GDP per
capita (constant LCU); per capita GDP growth rate (annual growth
rate)), Aid Effectiveness (n=1; Incidence of tuberculosis), Climate
Change (n=6; CO, emissions; HFC gas emissions; PFC gas emissions;
Community health workers; Total greenhouse gas emissions; Popula-
tion, total), Environment (n =13; Capture fisheries production; Aqua-
culture production; Total fisheries production; PM2.5 air pollution,
mean annual exposure; PM2.5 pollution, population exposed to levels
exceeding WHO Interim Target-1 value (% of total); Methane emissions;
Methane emissions in energy sector; Renewable inland freshwater
resources per capita; People practicing open defecation; People
practicing open defecation, urban; People practicing open defecation,
rural; CO, emissions (kt); CO, emissions from the transport sector),
Energy & Mining (n=1; Nitrous oxide emissions in energy sector),
Financial Sector (n=2; Consumer price index and Wholesale price
index), Health (n=>5; Domestic private health expenditure per capita;
Population growth; People using safely managed drinking water ser-
vices, urban; People using safely managed drinking water services,
rural; People using safely managed drinking water services), Infra-
structure (n=>35; air transport, passenger traffic; Railways; Railway
freight volume; Railway passenger traffic; Air transport, cargo volume),
Poverty (n = 3; Gini index; Proportion of people living below 50 percent
of median income (%); Population living in slums (% of urban
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population)), Private Sector (n = 18; Agricultural raw materials imports;
Fuel imports; Merchandise imports from low- and middle-income
economies in Latin America & the Caribbean; Merchandise imports
from low- and middle-income economies in South Asia; Merchandise
imports from low- and middle-income economies in Europe & Central
Asia; Merchandise imports from low- and middle-income economies in
Sub-Saharan Africa; Merchandise imports from low- and middle-
income economies in Middle East & North Africa; Import volume
index; Merchandise imports from high-income economies; Merchan-
dise imports; International tourism, number of arrivals; International
tourism, number of departures; Fuel exports (% of merchandise
exports); Food exports (% of merchandise exports); Agricultural raw
materials exports (% of merchandise exports); Transport services (% of
commercial service imports); Trade (% of GDP); International tourism,
receipts (% of total exports)), Public Sector (n=1; Human Capital
Index), Trade (n=11; Merchandise trade; Goods imports; Food
imports; Manufactures imports; Travel services, % of service import;
Travel services, % of commercial service imports; International tour-
ism, receipts; Exports of goods and services (annual % growth); Exports
of goods and services (current US$); International tourism, expendi-
tures; Travel services (% of service exports, BoP)), and Urban Devel-
opment (n = 3; Population density; Pump price for diesel fuel; Pump
price for gasoline) were downloaded from the World Bank open
database (https://data.worldbank.org). Indicators were collected for 12
countries, including China, India, Nigeria, South Africa, Germany, the
United Kingdom, Canada, the USA, Australia, Fiji, Brazil, and Chile,
across six continents for which we computed. These countries are
composed of developed and developing countries.

In addition, to analyze the relationships between the number of
ARGs in the Salmonella genomes and the consumption of antibiotics,
we collected available data on human antibiotic consumption in dif-
ferent countries from 2000 to 2018 in a previous study*?, data on the
usage of antibiotics in animals from 2006 to 2020 were collected from
a previous study*®. Regression correlation analysis between Agri-
culture & Rural Development, Economy & Growth, Aid Effectiveness,
Climate Change, Environment, Energy & Mining, Financial Sector,
Health, Poverty, Private Sector, Public Sector, Infrastructure, Trade,
Urban Development indicators, and AMR (the mean of ARGs in each
isolate) was performed to investigate sources that might affect AMR.
The simple linear regression models (Pearson analysis) were used to
measure the association between indicators and AMR genes per gen-
ome over time, adjusting for 12 representative country-level data
available across six continents, ranging from 2000 to 2023. Pairs of
data in each country from year to year are available in Supplementary
Data 20. Source data are provided as a Source Data file.

Phylogenetic and statistical analyses and visualization

The map of the Salmonella genome collection location was visualized
on MapChart (https://www.mapchart.net/). The phylogenetic analysis
for the novel variant of S. Typhimurium was based on the core genome
was conducted by Parsnp v2.0.5 (https://github.com/marbl/parsnp)®,
S. Typhimurium str. LT2 (GenBank: AE006468) was used as the
reference genome. The phylogenetic tree was annotated and visua-
lized using the interactive tree of life (iTOL version 6.9, https://itol.
embl.de/)®. Differences between numbers of ARGs and plasmid
replicons per genome in different decade-specific datasets
(1900-1950, 1951-1960, 1961-1970, 1971-1980, 1981-1990,
1991-2000, 2001-2010, 2011-2020, and 2021-2023) were compared
by the Kruskal-Wallis test using GraphPad Prism v9.0. Heatmaps were
generated using the ImageGP platform (http://www.ehbio.com/
ImageGP/)*’. Regression correlation analysis was performed using
GraphPad Prism version 9.0. Only P< 0.05 was considered statistically
significant, Pearson’s r in 0.4-0.6 was a moderate correlation, and
0.7-0.9 was a high correlation.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The publicly available genomes were downloaded from the NCBI
assembly (https://www.ncbi.nlm.nih.gov/assembly), and accession
numbers are listed in Supplementary Data 1. Indicators were down-
loaded from the World Bank open database (https://data.worldbank.
org). The data on antibiotic consumption were obtained from previous
studies®>*. Source data are provided in this paper.
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