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A B S T R A C T

The occurrence of extended-spectrum β-lactamase (ESBL)/AmpC β-lactamase-producing Salmo-
nella conferring resistance to third-generation cephalosporin has emerged as a global public
health concern. In this study, we aimed to investigate the prevalence and molecular character-
ization of third-generation cephalosporin-resistant Salmonella enterica serovar Infantis. In total,
409 S. Infatis isolates were collected from the feces and carcasses of healthy and diseased food
animals, including chickens (n = 348), pigs (n = 48), cattle (n = 8), and ducks (n = 5) between
2010 and 2022 nationwide in South Korea. Among them, 61.9 % (253/409) of S. Infantis strains
displayed resistance to ceftiofur, with the most resistant isolates obtained from chickens (98.4 %,
249/253). Moreover, S. Infantis isolates showed high resistance (47.7–67.2 %) to streptomycin,
ampicillin, nalidixic acid, sulfisoxazole, chloramphenicol, tetracycline, and trimethoprim/sulfa-
methoxazole. Additionally, the multidrug resistance (MDR) was significantly greater in the
ceftiofur-resistant isolates compared to the ceftiofur-susceptible isolates (p < 0.05). All the
ceftiofur-resistant S. Infantis strains produced CTX-M/CMY-2 β-lactamase enzymes, with blaCTX-M-

65 comprising the most (98.4 %, 249/253), followed by blaCTX-M-15 (1.2 %, 3/253), and blaCMY-2
(0.4 %, 1/253). The ceftiofur-resistant S. Infantis belonged to 37 different pulsotypes, with X1A1
(26.1 %, 66/253), X1A2 (20.9 %, 53/253), and X5A3 (9.1 %) being the most prevalent, repre-
senting a total of 56.1 % (142/253). Furthermore, the S. Infantis sequence type (ST)32 was the
most common, accounting for 91.9 % (34/37) of the three distinct STs (ST32, ST16, and ST11)
detected across farms located in various provinces nationwide. Most of the blaCMX-M-65 genes
(77.5 %, 193/249), all of the blaCTX-M-15 genes (100 %, 3/3), and the blaCMY-2 gene (100 %, 1/1)
were transferred to the recipient E. coli RG488 by conjugation. In addition, the majority of the
transconjugants (98.9 %, 191/193) containing blaCTX-M-65 genes belong to the IncFIB replicon
type, playing an important role in the quick and widespread dissemination of S. Infantis. Thus,
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ceftiofur-resistant S. Infantis carrying the β-lactamase genes in chickens has the potential to be
transmitted to humans.

1. Introduction

The appearance of multidrug-resistant Salmonella poses severe human health hazards worldwide [1,2]. Especially third-generation
cephalosporin is effectively used for treating invasive salmonellosis in humans and animals [3]. Nevertheless, there has been frequent
evidence of cephalosporin-resistant Salmonella in both humans and food animals in many countries, including Korea [4], the UK [5],
and the USA [6]. The primary cause of resistance to third-generation cephalosporin is the synthesis of extend-spectrum β-lactamase
(ESBL) and/or AmpC β-lactamase by bacteria, rendering the cephalosporin ineffective [5]. Hence, ESBL and/or AmpC-carrying Sal-
monella are major concerns for public health worldwide since they limit treatment options in humans [7–9].

Salmonella enterica serovar Infantis (S. Infantis) is a prevalent serotype of Salmonella, often detected in food animals [10]. Among
the other food animals, poultry is the primary reservoir for S. Infantis [11]. Moreover, S. Infantis has been repeatedly identified in
humans globally [10]. Of the many other species, S. Infantis in poultry recurrently exhibits resistance to non-beta lactam antibiotics,
including streptomycin, nalidixic acid, tetracycline, and trimethoprim/sulfamethoxazole [12–14]. In addition, the third-generation
cephalosporin-resistant S. Infantis has emerged in humans and chickens in many countries [1,15,16]. Moreover, ESBL-harboring S.
Infantis revealed a link to the pESI (plasmid for emerging S. Infantis) plasmid, conferring resistance to third-generation cephalosporin
antimicrobial and contributing to their rapid global dissemination [9,17]. In Korea, the prevalence of extended-spectrum cepha-
losporin-resistant S. Infantis in food animals, especially chickens, has been described in some previous investigations [18–20].

In our antimicrobial resistance monitoring program, it was found that the occurrence of S. Infantis has suddenly increased in
chickens and their products in recent times. To assess the potential risk to humans, it is crucial to understand the phenotypic and
molecular characteristics of this serotype in the poultry industry. Thus, the objective of this study was to ascertain the prevalence
nationwide and molecular characteristics of ESBL-carrying S. Infantis recovered from food animals in South Korea between 2010 and
2022.

2. Materials and methods

2.1. Salmonella isolation

The isolation, identification, and serotyping of Salmonella were accomplished following the previously delineated method [21]. S.
Infantis strains were obtained from 16 laboratories/centers that took part in the Korean Veterinary Antimicrobial Resistance Moni-
toring System (KVARS) from 2010 to 2022. The isolation of Salmonella species was pre-enrichment in buffered peptone water (Becton
Dickinson, CA, USA) and modified semisolid Rappaport Vassiliadis medium (MSRV; Becton Dickinson, CA, USA). The diffused areas at
MSRV were cultured on CHROMagar (Merck, Darmstadt, Germany). Identification of the colonies was performed using matrix-assisted
laser desorption ionization-time-of-flight mass spectrometry (Biomerieux, Marcy L’Etoile, France). The Salmonella serogroup was
examined by PCR, as described by Ranieri et al. [22]. The confirmation of S. Infantis was accomplished using species-specific PCR [23]
and agglutination using the White-Kaufmann-Le Minor method [24].

2.2. Antimicrobial susceptibility

The antimicrobial sensitivity of the isolates towards the antimicrobials was measured by broth microdilution method using the
commercially available Sensititer® panel KRVNF (TREK Diagnostic Systems, WS, UK). The E. coli ATCC25922 strain was used as a
reference standard. The obtained results were deduced according to the guidelines described by the Clinical and Laboratory Standard
Institute (CLSI) [25] and the National Antimicrobial Resistance Monitoring System (NARMS) [26]. Multidrug resistance (MDR) was
characterized by the ability of the isolate to resist at least one agent in three or more categories of antimicrobials [27].

2.3. Detection of β-lactamase (bla)

The double-disc synergy assessment was conducted to identify the ESBL/AmpC producers among the ceftiofur-resistant isolates
utilizing cefotaxime-cefotaxime/clavulanic acid and ceftazidime-ceftazidime/clavulanic acid discs, following the CLSI guidelines [25].
The polymerase chain reaction (PCR) was performed to detect the ceftiofur-resistant S. Infantis isolates carrying ESBL/AmpC genes
(blaCTX-M, blaCMY-2, blaTEM, and blaSHV), following the previously outlined technique [28]. The primer list and PCR conditions are
summarized in Supplementary material (Table S1).

2.4. Conjugation assay and replicon typing

The conjugation assay was conducted by the filter-mating technique, using rifampin-resistant E. coli RG488 as the recipient strain,
following the process described by Ali et al. [29]. Briefly, the donor and recipient strains were subjected to mating at a ratio of 1:4,
followed by capturing the bacteria on a membrane filter. The retained bacteria on the filters were incubated, resuspended, and placed
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Table 1
Prevalence of ceftiofur-resistant Salmonella enterica serovar Infantis isolated from food-producing animals between 2010 and 2022 in South Korea.

Year Prevalence of ceftiofur-resistant S. Infantis % (No. of resistant isolates/No. of tested isolates)

Cattle (n = 8) Pigs (n = 48) Chickens (n = 348) Ducks (n = 5) Total

Feces Carcasses Diseased
cattle

Subtotal Feces Carcasses Diseased
pigs

Subtotal Feces Carcasses Diseased
chickens

Subtotal Feces Carcasses Diseased
ducks

Subtotal

2010 0 (0/
1)

– – 0 (0/1) 0 (0/
2)

– – 0 (0/2) – – – 0 (0/0) – – – 0 (0/0) 0 (0/3)

2011 – – – 0 (0/0) – – – 0 (0/0) 0 (0/7) 0 (0/2) – 0 (0/9) – – – 0 (0/0) 0 (0/9)
2012 – 0 (0/4) – 0 (0/4) – – – 0 (0/0) 0 (0/5) 0 (0/1) – 0 (0/6) – – – 0 (0/0) 0 (0/

10)
2013 – – – 0 (0/0) 0 (0/

6)
0 (0/7) – 0 (0/

13)
0 (0/1) 0 (0/1) – 0 (0/2) – – – 0 (0/0) 0 (0/

15)
2014 – – – 0 (0/0) – – – 0 (0/0) – 33.2 (2/6) 0 (0/1) 28.6 (2/

7)
– – – 0 (0/0) 28.6

(2/7)
2015 – – – 0 (0/0) 0 (0/

2)
0 (0/2) – 0 (0/4) – 0 (0/1) – 0 (0/1) – – – 0 (0/0) 0 (0/5)

2016 – – – 0 (0/0) – 0 (0/3) – 0 (0/3) – 0 (0/1) 0 (0/1) 0 (0/2) – – – 0 (0/0) 0 (0/5)
2017 – – – 0 (0/0) 0 (0/

1)
– – 0 (0/1) 0 (0/2) 16.7 (1/6) – 12.5 (1/

8)
– – – 0 (0/0) 11.1

(1/9)
2018 – – – 0 (0/0) 0 (0/

1)
– – 0 (0/1) 0 (0/

11)
0 (0/5) – 0 (0/16) – 0 (0/1) 0 (0/2) 0 (0/3) 0 (0/

20)
2019 – – – 0 (0/0) 0 (0/

2)
– 0 (0/1) 0 (0/3) – 0 (0/3) 0 (0/4) 0 (0/7) – – – 0 (0/0) 0 (0/

10)
2020 – – – 0 (0/0) 0 (0/

5)
0 (0/6) – 0 (0/

11)
71.4
(5/7)

62.5 (5/8) 0 (0/1) 62.5
(10/16)

– – – 0 (0/0) 37.0
(10/
27)

2021 – – 100 (2/2) 100 (2/
2)

0 (0/
1)

0 (0/3) – 0 (0/4) 78.6
(22/
28)

75.6 (34/
45)

50.0 (2/4) 75.3
(58/77)

– 100 (1/
1)

– 100 (1/
1)

72.6
(61/
84)

2022 – 0 (0/1) – 0 (0/1) – 0 (0/5) 0 (0/1) 0 (0/6) 90.6
(87/
96)

89.3 (67/
75)

92.3 (24/
26)

90.4
(178/
197)

100
(1/1)

– – 100 (1/
1)

87.3
(179/
205)

Total 0 (0/
1)

0 (0/5) 100 (2/2) 25.0 (2/
8)

0 (0/
20)

0 (0/26) 0 (0/2) 0 (0/
48)

72.6
(114/
157)

70.8
(109/
154)

70.3 (26/
37)

71.6
(249/
348)

100
(1/1)

100 (1/
2)

100 (1/2) 40 (2/5) 61.9
(253/
409)
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onto MacConkey agar plates enriched with rifampin (50 μg/mL) and ceftiofur (25 μg/mL). The selected transconjugants were assessed
for the presence of β-lactamase genes and antimicrobial susceptibility patterns. The multiplex PCR was carried out using specific
primers and optimal PCR conditions (Table S1) to determine the replicon type from the extracted and purified plasmid DNA, according
to the previously described method [28].

2.5. Pulsed-field gel electrophoresis and multi-locus sequence typing

The genetic diversity of ESBL/AmpC-harboring isolates was assessed using pulsed-filed gel electrophoresis (PFGE) of the genomic
DNA digested with primary enzyme XbaI and secondary enzyme AvrII (TaKaRa Bio, Inc., Shiga, Japan) [30]. The PFGE band profiles
were analyzed using Bionumerics software (version 5.1), and the degree of similarity was assessed using the unweighted pair-group
technique with an algorithm-based arithmetic average and Dice similarity index. The clonal relationship of S. Infantis was determined
using multilocus sequence typing (MLST), following the earlier illustrated method [31]. The housekeeping genes aroC, dnaN, hemD,
hisD, purE, sucA, and thrA were amplified and sequenced in this scheme. In addition, the allelic profile and sequence types (STs) for S.
Infantis were identified using the web-based MLST database available at https://pubmlst.org/database/.

2.6. Statistical analysis

Statistical analysis was conducted using Rex Software (version 3.03, RexSoft Inc., Seoul, Korea). The chi-square test was performed
to compare the proportion of resistance between ceftiofur-susceptible and ceftiofur-resistant S. Infantis. The p-values <0.05 were taken
into consideration as statistically significant.

3. Results

3.1. Prevalence of ceftiofur-resistant S. Infantis

We have identified 409 S. Infantis isolates from feces and carcass samples of food animals between 2010 and 2022 (Table 1). It was
observed that different quantities of isolates were obtained each year. In the first ten years (2010–2019), comparatively fewer numbers
of isolates (<5 %) per year were obtained, comprising 22.7 % (93/409). However, the prevalence of S. Infantis dramatically increased
after 2020, reaching one-fifth in 2021, and half of the total number of isolates was collected in 2022. In terms of animal species levels,
the majority of the isolates were obtained from chickens (85.1 %, 348/409) and pigs (11.7 %, 48/409), and a few numbers were
collected from cattle (1.9 %, 8/409) and ducks (1.2 %, 5/409). Of the 409 S. Infantis isolates, 253 (61.9 %) exhibited resistance to
ceftiofur, with the majority of the resistance isolates (98.4 %, 249/253) obtained from chickens. Two isolates of each cattle (25 %, 2/8)
and duck (40 %, 2/5) demonstrated resistance to ceftiofur. Overall, the ceftifur resistance proportion varied over the years, starting
with resistance in 2014 but gradually increasing from 2020, and reaching its maximum in 2022.

Table 2
Salmonella enterica serovar Infantis obtained from food-producing animals in different slaughterhouses between 2010 and 2022 in South Korea.

Slaughter
-house

Province
/City

2014 2017 2020 2021 2022 Total

No. of
farms

No. of
isolates

No. of
farms

No. of
isolates

No. of
farms

No. of
isolates

No. of
farms

No. of
isolates

No. of
farms

No. of
isolates

No. of
farms

No. of
isolates

A Gyeonggi 0 0 0 0 2 2 5 11 3 28 10 41
B Chungnam 0 0 0 0 4 4 7 9 22 26 30 39
C Incheon 0 0 0 0 0 0 0 0 24 28 24 28
D Chungbuk 2 2 0 0 2 2 1 1 6 9 10 14
E Daegu 0 0 0 0 0 0 2 14 2 9 3 23
F Gyeonggi 0 0 0 0 0 0 1 4 2 18 3 22
G Gyeongbuk 0 0 0 0 0 0 3 7 7 9 10 16
H Gangwon 0 0 0 0 0 0 0 0 6 12 6 12
I Jeonbuk 0 0 1 1 0 0 0 0 3 6 4 7
J Chungnam 0 0 0 0 0 0 2 2 0 0 2 2
K Jeonnam 0 0 0 0 0 0 0 0 3 5 3 5
L Jeonbuk 0 0 0 0 0 0 2 6 0 0 2 6
M Gyeongnam 0 0 0 0 0 0 2 2 1 1 3 3
N Gyeonggi 0 0 0 0 0 0 1 1 4 4 5 5
O Chungbuk 0 0 0 0 2 2 0 0 0 0 2 2
P Jeonnam 0 0 0 0 0 0 0 0 2 2 2 2
Q Gyeongnam 0 0 0 0 0 0 1 1 0 0 1 1
R Chungbuk 0 0 0 0 0 0 0 0 1 1 1 1
S Gyeonggi 0 0 0 0 0 0 1 1 0 0 1 1
T Jeonbuk 0 0 0 0 0 0 1 1 0 0 1 1
Unknown 0 0 0 0 0 0 1 1 15 21 16 22
Total 2 2 1 1 10 10 29 61 101 179 137 253
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https://pubmlst.org/database/


Heliyon 10 (2024) e37124

5

3.2. Distribution of ceftiofur-resistant S. Infantis isolates

The ceftiofur-resistant S. Infantis was widely distributed throughout South Korea. These strains were isolated from 137 poultry
farms at 20 slaughterhouses located in 10 different provinces nationwide (Table 2). In note, 60.5 % (153/253) of isolates were
recovered from five slaughterhouses (A–C, E, and F). Before 2020, ceftiofur-resistant S. Infantis was recovered in only two slaugh-
terhouses located in two provinces. However, the number of isolates dramatically increased in 2021 and 2022 in slaughterhouses in all
provinces.

3.3. Antimicrobial resistance of S. Infantis

The antibiotic resistance proportion of the S. Infantis isolates against the tested antimicrobials is displayed in Table 3. The isolates
(>60 %) showed a high proportion of resistance to streptomycin, ampicillin, nalidixic acid, sulfisoxazole, chloramphenicol, and
tetracycline, while 47.7 % of the isolates demonstrated resistance to trimethoprim/sulfamethoxazole. In contrast, a very low

Table 3
Antimicrobial resistance of Salmonella enterica serovar Infantis isolated from food-producing animals between 2010 and 2022 in South Korea.

Antimicrobial agents Range
tested (μg/
mL)

Break-
point
(μg/mL)

Comparison between resistance rates of susceptible and
resistant isolates to ceftiofur

p-value Total S. Infantis tested (n =

409)

Ceftiofur-susceptible
S. Infantis (n = 156)

Ceftiofur-resistant
S. Infantis (n = 253)

MIC50 MIC90 %
Resist.
(n)

MIC50 MIC90 %
Resist.
(n)

MIC50 MIC90 %
Resist.
(n)

Aminoglycosides
Gentamicin 1–64 ≥16 ≤1 ≤1 3.2 (5) 8 8 7.1 (18) 0.2121 8 8 5.6

(23)
Streptomycin 16–128 ≥32 ≤16 ≤16 8.3 (13) 32 64 93.3

(236)
<0.0001 32 64 60.9

(249)
Aminopenicillin

Ampicillin 2–64 ≥32 ≤2 >64 12.2
(19)

>64 >64 100
(253)

ND >64 >64 66.5
(272)

β-lactam/β-lactamase inhibitor
Amoxicillin/

clavulanic acid
2/1–32/
16

≥32/16 ≤2 8 0 (0) ≤2 4 0.4 (1) ND ≤2 4 0.2 (1)

Cephamycin
Cefoxitin 1–32 ≥32 4 8 0.6 (1) 16 16 8.3 (21) 0.0083 8 16 5.4

(22)
Cephalosporin III

Ceftiofur 0.5–8 ≥8 1 1 0 (0) >8 >8 100
(253)

ND >8 >8 61.9
(253)

Ceftizidime 1–16 ≥16 ≤1 ≤1 0.6 (1) 2 4 1.6 (4) 0.3938 2 4 1.2 (5)
Cephalosporin IV

Cefepime 0.25–16 ≥16 ≤0.25 ≤0.25 0 (0) 2 4 1.6 (4) ND 2 4 1.0 (4)
Fluoroquinolone

Ciprofloxacin 0.12–16 ≥1 ≤0.12 0.25 1.9 (3) 0.25 0.5 1.2 (3) 0.6886 0.25 0.5 1.5 (6)
Quinolone

Nalidixic acid 2–128 ≥32 4 >128 14.7
(23)

>128 >128 99.6
(252)

<0.0001 >128 >128 67.2
(275)

Polymyxins
Colistin 2–16 ≥4 ≤2 ≤2 0.6 (1) ≤2 ≤2 0 (0) ND ≤2 ≤2 0.2 (1)

Folate pathway inhibitors
Trimethoprim/

sulfamethoxazole
0.12/
2.38–4/76

≥4/76 ≤0.12 0.5 5.1 (8) >4 >4 73.9
(187)

<0.0001 1 4 47.7
(195)

Sulfisoxazole 16–256 ≥512 32 64 9 (14) >512 >512 96.4
(244)

<0.0001 >512 >512 63.1
(258)

Phenicols
Chloramphenicol 2–64 ≥32 8 >64 13.5

(21)
>64 >64 92.1

(233)
<0.0001 >64 >64 62.1

(254)
Tetracyclines

Tetracycline 2–128 ≥16 ≤2 >128 14.1
(22)

>128 >128 99.6
(252)

<0.0001 >128 >128 67.0
(274)

Cabapenem
Meropenem 0.25–4 ≥4 ≤0.25 ≤0.25 0 (0) ≤0.25 ≤0.25 0 (0) ND ≤0.25 ≤0.25 0 (0)
MDR isolates 12.8

(20)
100
(253)

<0.0001 66.7
(273)

MIC, minimum inhibitory concentration; MIC50 and MIC90 are the concentrations (μg/mL) at which 50 % and 90 % of the isolates were inhibited,
respectively; MDR, multidrug resistance. ND, non-determined.

H.-S. Kang et al.
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proportion (0.2–5.6 %) of the isolates presented resistance to gentamicin, amoxicillin/clavulanic acid, cefepime, and colistin, whereas
all isolates were sensitive to meropenem. In note, it was found that a few isolates showed resistance to ciprofloxacin (MIC ≥1 µg/mL),
but the majority demonstrated intermediate resistance to this antimicrobial (MIC ≥0.5 µg/mL). A total of 253 isolates (61.9 %) dis-
played resistance to ceftiofur; most of these resistant isolates were recovered from chickens (249/253, 98.4 %). In addition, we also
compared the resistance proportion between the ceftiofur-resistant group (n = 253) and the ceftiofur-susceptible group (n = 156). The
proportion of ceftiofur-resistant isolates showed substantially higher resistance to non-beta lactam antibiotics than that of ceftiofur-
susceptible isolates. We observed that streptomycin (8.3 % vs. 93.3 %), nalidixic acid (14.7 % vs. 99.6 %), trimethoprim/sulfa-
methoxazole (5.1 % vs. 73.9 %), sulfisoxazole (9 % vs. 96.4 %), chloramphenicol (13.5 % vs. 92.1 %), and tetracycline (14.1 % vs. 99.6
%) resistance proportions were considerably higher in the ceftiofur-resistant group compared to the ceftiofur-susceptible group (p <

0.0001).

3.4. Antimicrobial resistance patterns

The resistance pattern showed a vast difference between the ceftiofur-susceptible and resistant groups. The occurrence of MDR
phenotypes was significantly greater in the ceftiofur-resistant isolates than in the ceftiofur-susceptible isolates (p < 0.0001). Among
the 156 ceftiofur-susceptible S. infantis isolates, 70.5 % were susceptible to 15 tested antimicrobials, while the ceftiofur-resistant S.
Infantis isolates showed multiple resistances (Table 4 and Table S2). Interestingly, among the 253 ceftiofur-resistant isolates, more
than half (150/253, 59.3 %) exhibited a similar resistance pattern with ampicillin, ceftiofur, chloramphenicol, nalidixic acid, strep-
tomycin, tetracycline, trimethoprim/sulfamethoxazole, and sulfisoxazole.

3.5. Detection of bla genes and transfer of resistance

A total of two blaCTX-M types and one AmpC β-lactamase gene were detected in 253 ceftiofur-resistant S. Infantis isolates. All the
ceftiofur-resistant strains were found to produce blaCTX-M-65 β-lactamases, except four isolates. Three and one isolate carried blaCTX-M-15
and blaCMY-2, respectively. The conjugation experiment showed that most of the blaCMX-M-65 genes (77.5 %, 193/249), all of the blaCTX-

M-15 genes (100 %, 3/3), and the blaCMY-2 gene (100%, 1/1) were transferred to the recipient E. coli RG488 (Table 5). Furthermore, one
more non-β-lactam antimicrobial resistance was transferred with third-generation cephalosporins. Especially tetracycline, chloram-
phenicol, streptomycin, and trimethoprim/sulfamethoxazole resistance were mostly transferred. Transferred plasmids were identified
with IncFIB (98.9 %, 191/193), while the replicon type IncP was detected in one transconjugant among the blaCTX-M-65-carrying
plasmids. Moreover, replicon-type IncFIB was detected in the three transconjugants of blaCTX-M-15-harboring plasmids. The trans-
conjugant of the blaCMY-2-carrying plasmid contains replicon type IncP and IncK in one isolate (Table 5).

3.6. PFGE and MLST of ceftiofur-resistant S. Infantis isolates

In total, 37 diverse pulsotypes were identified in 253 ceftiofur-resistant S. Infantis isolates using XbaI- and AvrII-digested PFGE
(Table 6 and Fig. S1). Of them, three common PFGE types were comprised of 56.1 % (142/253): X1A1 (26.1 %), X1A2 (20.9 %), and
X5A3 (9.1 %). These types were distributed to nine more slaughterhouses. Specific clones were not continuously distributed; instead,
various new types emerged. Although three types (X1A2, X1A4, and X1A11) were persistent during 2020–2022, 18 types emerged in
2022. An X7A12 type was only detected in 2014. A total of 8, 9, and 15 types were detected at A, B, and C slaughterhouses,

Table 4
Antimicrobial resistance patterns of Salmonella enterica serovar Infantis isolated from food-producing animals between 2010 and 2022 in South Korea.

No. of Antimic-
robials

Ceftiofur-susceptible S. Infantis Ceftiofur-resistant S. Infantis

No. of isolate (%
Resistance)

Most common resistance pattern (No. of
isolates)

No. of isolate (%
Resistance)

Most common resistance pattern (No. of
isolates)

0 110 (70.5) – – –
1 19 (12.2) NAL (n = 10) – –
2 5 (3.2) AMP CHL (n = 2) – –
3 10 (6.4) AMP CHL TET (n = 7) – –
4 2 (1.3) NAL STR TET FIS (n = 2) – –
5 3 (1.9) AMP CHL CIP NAL TET (n = 2) 5 (2.0) AMP XNL CHL NAL TET (n = 4)
6 4 (2.6) CHL NAL STR TET SXT FIS (n = 4) 12 (4.7) AMP XNL NAL STR TET FIS (n = 10)
7 1 (0.6) AMP CHL GEN STR TET SXT FIS (n = 1) 48 (19.0) AMP XNL CHL NAL STR TET FIS (n = 35)
8 1 (0.6) AMP CHL CIP NAL STR TET SXT FIS (n =

1)
165 (65.2) AMP XNL CHL NAL STR TET SXT FIS (n

= 150)
9 – – 22 (8.7) AMP XNL CHL GEN NAL STR TET SXT

FIS (n = 14)
10 1 (0.6) AMP FOX CHL GEN NAL STR TET SXT

CAZ FIS (n = 1)
1 (0.4) AMP XNL CHL GEN NAL STR TET SXT

FEP FIS (n = 1)
Total 156 MDR (n = 20, 14.1 %) 253 MDR (n = 253, 100 %)

AMP, ampicillin; CAZ, ceftizidime; CHL, chloramphenicol; CIP, ciprofloxacin; FEP, cefepime; FIS, sulfisoxazole; FOX, cefoxitin; GEN, gentamicin;
NAL, nalidixic acid; STR, streptomycin; SXT, trimethoprim/sulfamethoxazole; TET, tetracycline; XNL, cefoxitin. MDR, multidrug resistance.
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respectively. Overall, various PFGE types were distributed in different slaughterhouses. We selected one isolate of each PFGE type to
determine the sequence type through MLST analysis. A total of three different STs (ST32, ST16, and ST11) were identified among the
37 isolates, with ST32 predominantly detected comprising 91.9 % (34/37). The ST32 was found in blaCTX-M-65-carrying S. Infantis
isolates distributed across numerous farms in various provinces. The remaining ST16 (n = 2) and ST11 (n = 1) were detected in blaCTX-

M-15-producing isolates.

4. Discussion

We found that blaCTX-M-65-carrying S. Infantis dramatically increased in the Korean chicken industry during 2020–2022. In this
study, different numbers of S. Infantis isolates were detected in food animals, with the maximum obtained from chickens (85.1 %).
Moreover, the prevalence of S. Infantis also varied in different years, intensely increasing in 2021 and reaching its maximum (51.1 %)
in the final year of the study period in 2022. The prevalence of S. Infantis in chickens varied in the different geographical locations,
with a higher occurrence found in China (53.5 %) [32], Japan (57.6 %) [33], and Turkey (88.7 %) [23]. In contrast, a comparatively
lower incidence was detected in Spain (10.5 %) [34] and Egypt (5.5 %) [35]. This inconsistency could be due to disparities in sample
collection and preservation, testing procedures, or period of study [36].

Cephalosporins, particularly third- and fourth-generation, are among the critically important antimicrobials for humans and an-
imals used for treating infections caused by Enterobacteriaceae, including Salmonella and E. coli. However, Salmonella strains from
livestock have often demonstrated resistance to the third-generation cephalosporin [37]. Previous investigations conducted by our
research group found different resistance levels to third-generation cephalosporin in S. Virchow (63.8 %) [28], S. Albany (3.7 %) [30],
and S. Typhimurium (3.5 %) [29].

In this study, ceftiofur resistance was identified in 61.9 % of the S. Infantis isolates, where the majority of the isolates were obtained
from chickens (98.4 %). Similarly, high resistance to extended-spectrum cephalosporin in S. Infantis isolated from chickens was
identified in the USA (86.2 %) [38], Italy (80.5 %) [13], and Chile (63.2 %) [39]. On the other hand, low levels of
cephalosporin-resistant S. Infantis isolates from chickens were found in Japan (13.3 %) [40] and Brazil (5.9 %) [41]. In Korea, it was
reported that 25 % of the S. Infantis strains from retail chicken meat were detected to be resistant to third-generation cephalosporin
[4]. Recently, Kim et al. reported a very high prevalence (97.5 %) of third-generation cephalosporin-resistant S. Infantis in chickens
from integrated broiler operations in Korea [42]. Moreover, there has been an upsurge in the prevalence of ceftiofur-resistant S.
Infantis in humans in many countries [9,43]. Consequently, the emergence of ceftiofur-resistant S. Infantis poses a critical public
health concern by limiting the availability of antimicrobials for treating severe infections.

The bacteria that can produce β-lactamases exhibit frequent resistance to other multiple antimicrobials. In this study, it was found
that streptomycin, nalidixic acid, trimethoprim/sulfamethoxazole, sulfisoxazole, chloramphenicol, and tetracycline resistance were
substantially higher in the ceftiofur-resistant group compared to the ceftiofur-susceptible group. A previous investigation demon-
strated that β-lactamase-generating S. Typhimurium isolates from food animals possess significant resistance to these antimicrobials
[29]. Moreover, various studies have shown that Salmonella strains isolated from chickens that produce β-lactamase are resistant to
streptomycin, nalidixic acid, trimethoprim/sulfamethoxazole, chloramphenicol, and tetracycline [30,44]. In addition,
ceftiofur-resistant S. Infantis isolates showed MDR (100 %), consistent with a prior study that found all of the ceftiofur-resistant S.
Typhimurium isolated from food animals demonstrated MDR phenotypes [29]. Given the multidrug resistance profile observed

Table 5
Characteristics of blaCTX-M/blaCMY-2-carrying Salmonella enterica serovar Infantis isolated from food-producing animals between 2010 and 2022 in
South Korea.

Resistance Genes (No. of
isolates)

No. of isolates Transferability % (No. of
isolates)

Transferred resistance Replicon type

Cattle (n
= 2)

Chickens (n =

249)
Ducks (n
= 2)

blaCTX-M-65 (n = 249) 2 245 2 77.5 % (193) CHL (n = 1) IncFIB (n = 1)
CHL STR (n = 2) IncFIB (n = 2)
TET CHL (n = 5) IncFIB (n = 5)
TET STR (n = 10) IncFIB (n = 9), IncP

(n = 1)
TET CHL STR (n = 26) IncFIB (n = 26)
TET CHL SXT (n = 7) IncFIB (n = 7)
TET STR SXT (n = 4) IncFIB (n = 4)
TET CHL STR GEN (n = 2) IncFIB (n = 2)
TET CHL STR SXT (n =

121)
IncFIB (n = 120), ND
(n = 1)

TET CHL STR SXT GEN (n
= 15)

IncFIB (n = 15)

blaCTX-M-15 (n = 3) – 3 – 100 % (3) TET GEN (n = 1), TET STR
(n = 2)

IncFIB (n = 1), IncFIB
(n = 2)

blaCMY-2 (n = 1) – 1 – 100 % (1) – IncP, IncK (n = 1)

CHL, chloramphenicol; GEN, gentamicin; STR, streptomycin; SXT, trimethoprim/sulfamethoxazole; TET, tetracycline; ND, not determined.
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alongside the detection of blaCTX-M-65, it was anticipated that the MDR might be prompted by the presence of pESI and/or pESI-like
plasmids previously described in S. infantis [45]. Furthermore, the most frequent MDR patterns of ceftiofur-resistant isolates were
chloramphenicol, nalidixic acid, streptomycin, tetracycline, trimethoprim/sulfamethoxazole, and sulfisoxazole, which could restrict
the treatment of S. Infantis infections.

In our investigation, two different types of blaCTX-M genes belonging to the ESBL class were detected in the ceftiofur-resistant S.
Infantis isolates. Among them, the majority was blaCTX-M-65, comprising 98.4 % (249/253), while three isolates (1.2 %, 3/253) carried
blaCTX-M-15. The high occurrence of blaCTX-M-65-carrying S. Infantis in food animals, especially in chickens, has been found globally,
including in Korea [19,42], the USA [15], South America [16,46], and Europe [2,47]. Moreover, blaCTX-M-65-producing Salmonella has
often been detected in human clinical isolates [2,48]. Recently, an increase in the prevalence of blaCTX-M-65-carrying S. Infantis isolated
from humans found in the UK [45], the USA [49], and China [50], contributing to the resistance of third-generation cephalosporin
antimicrobials. Furthermore, the blaCTX-M-65 gene in S. Infantis can be acquired by pESI-like plasmids triggers the resistance to
extended-spectrum β-lactam antibiotics [45]. In addition, blaCTX-M-15 is one of the most commonly detected ESBL types in Salmonella
isolates from humans and food animals worldwide [44,51,52]. In this study, AmpC β-lactamase CMY-2 was detected in one
ceftiofur-resistant isolate recovered from chickens. blaCMY-2 is one of the widely spread AmpC types that can provide persistent

Table 6
Distribution of pulsotype of Salmonella enterica serovar Infantis isolated from food-producing animals between 2010 and 2022 in South Korea.

Pulsotype Year Slaughterhouse (No. of isolate)

X1A1 (n = 66) 2021 (n = 28) E (n = 8), B (n = 7), L (n = 5), A (n = 2), F (n = 1), G (n = 1), M (n = 1), Q (n = 1), S (n = 1), T (n = 1)
2022 (n = 38) B (n = 5), C (n = 5), H (n = 5), A (n = 4), D (n = 3), E (n = 2), I (n = 2), K (n = 2), P (n = 1), Unknown (n = 9)

X1A2 (n = 53) 2020 (n = 5) A (n = 2), O (n = 2), D (n = 1)
2021 (n = 17) A (n = 6), G (n = 6), F (n = 3), L (n = 1), N (n = 1)
2022 (n = 31) C (n = 7), E (n = 7), B (n = 5), A (n = 3), G (n = 3), D (n = 1), F (n = 1), R (n = 1), Unknown (n = 3)

X5A3 (n = 23) 2022 (n = 23) A (n = 16), B (n = 3), F (n = 1), P (n = 1), Unknown (n = 2)
X1A4 (n = 15) 2020 (n = 4) B (n = 4)

2021 (n = 2) E (n = 2)
2022 (n = 9) H (n = 3), F (n = 2), A (n = 1), C (n = 1),

X2A4 (n = 13) 2022 (n = 13) F (n = 8), C (n = 4), H (n = 1)
X1A3 (n = 11) 2021 (n = 3) E (n = 3)

2022 (n = 8) C (n = 5), B (n = 2), A (n = 1)
X2A2 (n = 11) 2022 (n = 11) G (n = 4), F (n = 3), B (n = 2), H (n = 1), Unknown (n = 1)
X5A7 (n = 7) 2021 (n = 1) J (n = 1)

2022 (n = 6) C (n = 3), D (n = 1), N (n = 1), Unknown (n = 1)
X5A1 (n = 6) 2021 (n = 1) 2022 (n = 5)

2022 (n = 5) N (n = 2), B (n = 1), D (n = 1), K (n = 1)
X1A7 (n = 6) 2021 (n = 1) J (n = 1)

2022 (n = 5) D (n = 2), A (n = 1), A (n = 1), N (n = 1)
X2A10 (n = 5) 2022 (n = 5) B (n = 2), I (n = 2), Unknown (n = 1)
X1A11 (n = 4) 2020 (n = 1) D (n = 1)

2021 (n = 1) M (n = 1)
2022 (n = 2) B (n = 1), M (n = 1)

X2A1 (n = 4) 2021 (n = 1) A (n = 1)
2022 (n = 3) A (n = 2), Unknown (n = 1)

X1A10 (n = 2) 2021 (n = 2) A (n = 2)
X2A5 (n = 2) 2022 (n = 2) F (n = 2)
X5A2 (n = 2) 2022 (n = 2) B (n = 2)
X7A12 (n = 2) 2014 (n = 2) D (n = 2)
X11A1 (n = 2) 2022 (n = 2) K (n = 2)
X1A5 (n = 1) 2022 (n = 1) D (n = 1)
X1A6 (n = 1) 2021 (n = 1) B (n = 1)
X1A8 (n = 1) 2022 (n = 1) B (n = 1)
X1A9 (n = 1) 2022 (n = 1) G (n = 1)
X2A3 (n = 1) 2022 (n = 1) H (n = 1)
X2A8 (n = 1) 2022 (n = 1) C (n = 1)
X3A1 (n = 1) 2022 (n = 1) I (n = 1)
X3A11 (n = 1) 2022 (n = 1) C (n = 1)
X4A2 (n = 1) 2022 (n = 1) Unknown (n = 1)
X4A10 (n = 1) 2022 (n = 1) G (n = 1)
X5A4 (n = 1) 2022 (n = 1) F (n = 1)
X5A6 (n = 1) 2021 (n = 1) B (n = 1)
X5A9 (n = 1) 2022 (n = 1) B (n = 1)
X6A1 (n = 1) 2022 (n = 1) I (n = 1)
X8A8 (n = 1) 2021 (n = 1) D (n = 1)
X9A7 (n = 1) 2022 (n = 1) H (n = 1)
X10A13 (n = 1) 2021 (n = 1) Unknown (n = 1)
X12A14 (n = 1) 2022 (n = 1) C (n = 1)
ND (n = 1) 2017 (n = 1) I (n = 1)

*ND, Not determined.
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resistance to various β-lactams, including third-generation cephalosporin [30,53]. Salmonella strains producing blaCMY-2 were iden-
tified in humans and food animals, including chickens, across various geographical locations [28,54,55]. Moreover, it was shown that
ESBL/AmpC-harboring Salmonella can be transferred from chickens to humans through direct contact or the food chain, making
treatment more complicated [56].

In this study, of the 253 S. Infantis isolates producing CTX-M and/or CMY-2 β-lactamase, 193 (76.3 %) isolates producing blaCTX-M-

65, three isolates producing blaCTX-M-15, and one isolate producing blaCMY-2 transmitted their β-lactamase genes to the recipient E. coli
RG488 through conjugation. In a previous investigation, it was found that 40 % of the blaCTX-M-65-producing S. Infantis isolates ob-
tained from chickens were able to be transferred to recipient bacteria by conjugation [16]. Moreover, blaCTX-M-15-carrying S. Enteritidis
[52] and blaCMY-2-producing S. Virchow [28] isolated from food animals were also proven to be transferred to the recipient by
conjugation in our previous investigations. Genes related to disease development can be transmitted with antimicrobial resistance,
allowing ESBL/AmpC genes and pathogenic clusters to move into the plasmids of host bacteria, creating more virulent and
multidrug-resistant strains, which can result in challenges for treatment in both humans and animals [7].

The majority of transconjugants carrying the blaCTX-M-65 genes belonged to IncFIB in our investigation. A previous study found the
presence of the IncFIB plasmid type in S. Infantis strains isolated from humans and poultry [9]. The IncFIB conjugative plasmids have
significant roles in the quick and widespread dissemination of blaCMX-M-65-carrying Salmonella [15]. Furthermore, most of the con-
jugative IncFIB plasmid transconjugants showed non-beta lactam antimicrobial resistance. The high prevalence of one resistant pattern
in this study might be due to the presence of an IncFIB-type plasmid. In addition, this result suggested that blaCMX-M-65 can be acquired
by not only the third-generation cephalosporin but also non-beta lactam antibiotics such as tetracycline, phenicols, streptomycin, and
trimethoprim/sulfamethoxazole. Moreover, we identified the coexistence of IncP and IncK plasmids in one blaCMY-2-carrying trans-
conjugant. The presence of IncP and IncK plasmids is also associated with the transmission of the blaCMY-2 gene in Enterobacteriaceae
obtained from humans and chickens [17,57].

Our findings suggested that resistance to tetracycline, chloramphenicol, streptomycin, and trimethoprim/sulfamethoxazole was
most commonly transferred along with the blaCTX-M-65 gene, consistent with a previous investigation that demonstrated S. Infantis
strains transferring this antimicrobial resistance with the β-lactamase genes [15]. Moreover, the transfer of tetracycline, chloram-
phenicol, and streptomycin resistance together with β-lactamase genes was detected in S. Typhimurium in our previous study in Korea
[29]. In addition, it was revealed that horizontal transmission of the blaCTX-M-65 gene with tetA (the gene for tetracycline), floR (the
gene for chloramphenicol), and aac(3)-IVa (the gene for streptomycin) in S. Infantis was associated with increased resistance to these
antimicrobials [49]. However, the antimicrobial resistance, including ciprofloxacin and nalidixic acid, did not transfer to the recipient.
It was shown in the previous study that quinolone resistance transfer may not occur due to gyrA mutation in the multidrug-resistant S.
Infantis [9]. Thus, the results suggest that the high resistance proportion of these antimicrobials may be predominately linked to
blaCTX-M-65-harboring plasmids in ceftiofur-resistant S. Infantis isolates.

Due to the limited discriminatory power of PFGE for typing Salmonella, we digested the DNA using two restriction enzymes to
determine the prevalence of specific clones. The PFGE analysis revealed the presence of 37 distinct pulsotypes, including some new
types, among the 253 ceftiofur-resistant S. Infantis, with the main clusters identified as three pulsotypes with more than 50 %. The
pulsotypes were distributed in different slaughterhouses located in various provinces nationwide, potentially as a result of the
widespread distribution of these clones, suggesting their dissemination among the poultry, concurring with the previous study [30]. In
addition, numerous previous investigations have demonstrated the widespread dissemination of multidrug-resistant S. Infantis clones
in humans and food animals globally [10]. Moreover, various new clones emerged in our investigation that could potentially be
disseminated to humans and other animals.

Based on the MLST analysis, three distinct STs (ST32, ST16, and ST11) were identified in this investigation. Of them, ST32 was the
predominantly detected genotype distributed across numerous farms. Previous research demonstrated the occurrence of multidrug-
resistant S. Infantis ST32 strains in both humans and poultry [58]. In addition, this clone has been proven to be linked with the
cases of salmonellosis in humans transmitted from chickens [46]. Moreover, the additional two S. Infantis STs (ST16 and ST11) were
found in only blaCTX-M-15-carrying and AmpC-producing isolates. However, they also exhibit the potential to infect humans, posing a
significant health hazard, as previous research has shown that Salmonella strains carrying antimicrobial resistance have been identified
with similar STs [59,60].

5. Conclusion

The prevalence of ceftiofur-resistant S. Infantis obtained from food-producing animals, particularly chickens nationwide in South
Korea, has been dramatically increasing since 2020, reaching alarmingly high levels. In addition, most of the isolates exhibited multi-
drug resistance. Although blaCTX-M-65-harboring S. Infantis showed various pulsotypes, predominant types were observed in poultry
farms. Moreover, ceftiofur-resistant S. Infantis carried conjugative plasmids, which showed resistance to various antimicrobials. Thus,
clonal and horizontal transmission might play a role in the high prevalence of ceftiofur resistance in the poultry industry. Therefore, it
is necessary to implement effective measures, such as decreasing and restricting the use of antimicrobials and hygiene management in
farms and slaughterhouses in the poultry sector. Furthermore, additional research is still necessary to detect pESI or pESI-like plasmids
in S. Infanstis and gyrA mutation for quinolone resistance to accurately establish their relationship with multidrug resistance.
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