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KEYWORDS Abstract This study investigated antimicrobial resistance in Salmonella enterica serovar
Salmonella enterica Choleraesuis (S. Choleraesuis) isolates from diseased pigs in Taiwan (2015—2020). Among 272
serovar isolates, florfenicol (96.7%), enrofloxacin (96.3%), doxycycline (91.2%), gentamicin (84.6%),
Choleraesuis; and tiamulin (80.5%) exhibited high resistance. 99.3% of the isolates were resistant to at least
Pigs; one antibiotic, and 97.8% of the isolates were multidrug resistant. This study illustrated that S.
Multidrug-resistant; Choleraesuis isolates exhibited high resistance to antimicrobials currently used in the Taiwa-

MIC; nese swine industry.
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Introduction

Salmonella enterica serovar Choleraesuis (S. Choleraesuis)
is a highly invasive zoonotic pathogen that causes severe
septicemic disease in humans and pigs.’> Human infections
caused by S. Choleraesuis were the second most common
Salmonella serotypes in Taiwan in 30 years ago.® S. Chol-
eraesuis is the most frequently isolated serotype from
clinically ill pigs in the Animal Disease Diagnostic Center
(ADDC), National Pingtung University of Science and Tech-
nology (NPUST), Taiwan. S. Choleraesuis infection causes
septicemia, enterocolitis, pneumonia, occasionally menin-
gitis, and encephalitis in pigs. Most S. Choleraesuis out-
breaks occur in weaned pigs and are infrequent in adults
and suckling pigs.* S. Choleraesuis incursion usually causes
unexpected economic loss in the nursery stage of pigs in
Taiwan.® This serovar not only causes economic losses in
the pig industry but has also been known to pose a threat to
human health in Taiwan for a long time.""*°

Treatment of S. Choleraesuis minimizes the severity of
clinical manifestations and prevents the spread of infection
and pathogens in pig herds. Several studies have reported
increasing antimicrobial resistance (AMR) rates in S. Chol-
eraesuis isolates from both humans and pigs.>”®% ' In
recent years, 15 S. Choleraesuis isolates were resistant to
8—11 antimicrobial agents."" Therefore, continuing to sur-
vey and investigate the AMR for S. Choleraesuis is necessary
for the swine industry and human public health. The
objective of the present study was to investigate the AMR of
S. Choleraesuis isolates from diseased pigs in Taiwan by
using the minimum inhibitory concentration (MIC) test. The
results show AMR profiles of S. Choleraesuis isolates in
Taiwan and provide useful information to treat salmonel-
losis in veterinary and human medicine.

Materials and methods
Bacterial isolates

From 2015 to 2020, a total of 272 isolates of S. Choleraesuis
were isolated from diseased pigs. Bacterial isolation was
performed at ADDC, NPUST, Taiwan. PCR assays targeting
the CSR2 region were selected to conduct simplex PCR
amplification of the S. Choleraesuis identified.'” Before
further testing, all strains were kept at —80 °C in trypticase
soy broth with 15% glycerol added.

Antimicrobial susceptibility testing and data
analysis

The AMR of the S. Choleraesuis isolates was determined by
MIC using the broth microdilution technique by the
recommendation of the Clinical and Laboratory Standards
Institute (CLSI 2022)."* Eight different antimicrobial agents
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were tested: ceftiofur (EFT), enrofloxacin (ENR), doxycy-
cline (DOX), florfenicol (FFC), tiamulin (TIA), gentamicin
(GEN), kanamycin (KAN), and colistin (CL). Antimicrobial
concentrations in twofold dilutions were evaluated, and
the dilution ranges used for these antimicrobials were
0.5-256 pg/mL, except for colistin, which was
0.125—64 ug/mL. The results were interpreted using CLSI
veterinary breakpoints (VETO1) (CLSI, 2022), when avail-
able. Escherichia coli ATCC 25922 and Enterococcus fae-
calis ATCC 29212 were used as the quality control strains.
The isolates that were resistant to at least one agent in
three or more classes of antimicrobials were defined as
multidrug-resistant (MDR). The isolates were categorized as
either susceptible (including isolates with moderate sus-
ceptibility that were regarded as susceptible) or resistant.

Results

The results of the susceptibility of 272 S. Choleraesuis iso-
lates to 8 antimicrobials (7 classes) are shown in Table 1.
Based on the MIC breakpoint for each antimicrobial, the
isolates displayed high ratios of antimicrobial resistance to
all antimicrobials examined. In all the isolates tested,
florfenicol (96.7%) showed the highest resistance fre-
quency, followed by enrofloxacin (96.3%), doxycycline
(90.8%), gentamicin (84.6%), and tiamulin (80.5%). In
contrast, a low resistance rate was observed for kanamycin
(25.4%), ceftiofur (26.8%), and colistin (31.3%). The present
results showed that most (97.8%) of the isolates were
multidrug resistant.

Fig. 1 shows the AMR of S. Choleraesuis isolates from
2015 to 2020. More than 65% of the S. Choleraesuis isolates
were resistant to florfenicol, doxycycline, gentamicin,
enrofloxacin, and tiamulin during the study period. In the
initial year of the study, colistin had the highest suscepti-
bility (94.4%) among the tested antimicrobials, followed by
ceftiofur (80.0%) and kanamycin (71.5%). However, in 2017,
68.9%, 31.0%, and 44,8% of the S. Choleraesuis isolates
showed resistance to colistin, ceftiofur, and kanamycin,
respectively (Fig. 1). In addition, the highest rates (100%) of
the isolates in 2017 and 2019 were resistant to florfenicol,
while 100% of isolates in 2017 and 2020 were resistant to
enrofloxacin (Fig. 1).

Discussion

S. enterica serovar Choleraesuis is a particularly trouble-
some disease that induces diarrhea, enteritis, pneumonia,
and acute septicemia with high mortality in pigs; it is also an
important zoonotic pathogen. A previous study suggested
that S. Choleraesuis evolves independently in humans and
pigs,’* which implies that continuing AMR investigation of S.
Choleraesuis in pigs is necessary. We found multidrug-
resistant S. Choleraesuis isolated from sick pigs in the
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Table 1  Susceptibility and minimum inhibitory concentration (MIC) of 272 S. Choleraesuis isolates to eight antimicrobial
agents.
AMs No. of isolates with MIC test of (ug/mL)

>256 256 128 64 32 16 8 4 2 1 0.5 0.25 0.125 0.0625 MICso MICo, Resistance (%)
Ceftiofur 0 1 4 16 17 26 9 4 62 130 O 3 2 32 26.8
Enrofloxacin 0 4 49 175 23 1 0 0 10 8 0 2 64 128  96.3
Doxycycline 0 0 11 37 149 50 2 3 17 2 0 1 32 64 90.8
Florfenicol 199 28 0 0 5 16 15 7 2 0 0 0 >256 >256 96.7
Tiamulin 2 0 34 107 76 15 5 0 0 8 0 25 64 128  80.5
Gentamicin 2 2 30 101 65 30 6 0 3 5 0 28 32 128  84.6
Kanamycin 62 3 3 1 1 16 93 58 22 13 O 0 8 >256 25.4
Colistin 1 0 0 15 14 55 71 94 18 O 0 4 2 8 31.3

* For the breakpoints, CLSI resistance breakpoints (M100; CLSI 2015) were basically employed (EFT, a1dd 8 aéccg/mL; ENR, a1dd 2 aéccg/
mL; DO X, a1dd16 aéccg/mL; FFC, a1dd 8 abccg/mL; GEN, a1dd16 abccg/mL; KAN, a1dd64 a6ccg/mL; CL, a1dd 4 abccg/mL; TIA, a1dd 32
a6éccg/mL). MICso and MICyy a843 the lowest drug concentration capable of inhibiting the growth of 50% and 90% of isolates tested,
respectively. In the white area are the dilution ranges tested for each antimicrobial agent. Values outside this white area indicate MIC

values higher/lower than the test range concentration.
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Figure 1. The antimicrobial resistance of S. Choleraesuis

isolates obtained each year from 2015 to 2020 in Taiwan.

present study. Among 8 commonly used antimicrobial agents
for Taiwanese pig herds, 5 were less susceptible: florfenicol,
doxycycline, gentamicin, enrofloxacin, and tiamulin; how-
ever, some, such as colistin, ceftiofur and kanamycin, show
better susceptibility than others.

Ceftiofur and enrofloxacin exhibited the broadest
spectra of activity against porcine enterobacterial isolates,
including S. Choleraesuis." Ceftiofur is a third-generation
cephalosporin that is approved for veterinary employment
in the treatment of a wide range of gram-negative bacterial
infections.” Ceftiofur is only administered intramuscularly
because of its low oral bioavailability, and it is often used
for the treatment of septicemia caused by S. Choleraesuis
in Taiwanese pig herds. However, the results obtained in
this study indicated that the resistance rate of ceftiofur
against S. Choleraesuis was 26.8% (MICsg and MICgyq values of
2 ng/mL and 64 pg/mL, respectively.); this may influence
the therapeutic effect of septicemia caused by S. Choler-
aesuis in the future. Enrofloxacin is a fluoroquinolone
antimicrobial agent that is solely intended for veterinary
use. The present study noted the high AMR of enrofloxacin
against S. Choleraesuis (96.3%), with MIC5o and MICgyq values
of 64 and 128 pug/mL, respectively. Comparison with the MIC
data collected from 2002 to 2004 in Taiwan, the MICqq
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values of enrofloxacin of S. Choleraesuis isolates increased
from 2*'® to 128 ug/mL (present study). Several point
mutations of the quinolone resistance-determining region
of the gyrA gene of quinolone-resistant S. Choleraesuis
isolates have been reported.'” Therefore, a surveillance
system of fluoroquinolone resistance genes for S. Choler-
aesuis isolates in Taiwanese pig herds requires further
investigation.

Since 2002, chloramphenicol usage in food-producing
animals has been prohibited in Taiwan. However, a new
drug from the same family, florfenicol, was approved to
replace chloramphenicol for therapeutic use in farm ani-
mals. Our results demonstrated alarmingly high resistance
rates (96.7%) of florfenicol, rendering it ineffective against
S. Choleraesuis over the last two decades in Taiwan.'®'®
Gentamicin and kanamycin are aminoglycosides, and both
drugs are widely used in gram-negative bacterial infections,
especially enterobacterial infections. Compared with the
antimicrobial susceptibility testing results of kanamycin,
the sensitivity of S. Choleraesuis isolates ranged from
23.08%'8 in the previous study to 74.6% in the present study.
The sensitivity of kanamycin against S. Choleraesuis is
increased in this study, which may imply that certain
traditional antimicrobial agents are still active against S.
Choleraesuis currently, although it was reported as having
low sensitivity to S. Choleraesuis twenty years ago. Tia-
mulin and colistin are two antimicrobial agents commonly
used in pig herds to control enterobacterial infection. Tia-
mulin is a therapeutic agent used to control respiratory and
gastrointestinal pathogens. However, tiamulin had an 80.5%
of resistance rate against local S. Choleraesuis isolates
(Table 1). Comparing the MIC data, the MICsq value (64 ng/
mL) of tiamulin was higher than that in a previous study
(MICsg value of 8 ug/mL), whereas colistin (2 pg/mL) was
much lower than that in a previous study (MICsq value of
8 ng/mL)." The extensive use of tiamulin in veterinary
medicine may exert selective pressure on S. Choleraesuis,
favoring the survival and propagation of resistant variants
over susceptible ones. Furthermore, variations in bacterial
genetics, including mutations and horizontal gene transfer
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that confer resistance, could also contribute to the
observed high resistance rate. The combined use of tia-
mulin and colistin has been reported to enhance the
effectiveness of each antibiotic alone'’; therefore, this
may be an alternative strategy for the control and/or
treatment of S. Choleraesuis in the future.

Multidrug resistance patterns in S. Choleraesuis isolates
have been observed in previous studies in Taiwan,"®?°
Japan,?' and Spain.?? In the present study, over 90% of
the S. Choleraesuis isolates were multidrug-resistant, and
the most prevalent were enrofloxacin, doxycycline, florfe-
nicol, tiamulin and gentamycin. Therefore, the problem of
AMR of S. Choleraesuis is a serious issue in the swine in-
dustry in Taiwan. Since AMR S. Choleraesuis is a global
issue, antimicrobial agent treatment alone will not be
sufficient. The fluctuation of resistance rates may be
influenced by factors such as shifts in antimicrobial usage,
the emergence of new resistance mechanisms, and envi-
ronmental conditions.??> However, the current study
focused on describing the antimicrobial patterns in S.
Choleraesuis, which might restrict further exploration.
Therefore, monitoring and clarifying these issues are highly
recommended in the future for effective antimicrobial
stewardship and combating antimicrobial resistance. Be-
sides, supplemental approaches such as probiotics could
offer promise. For example, bacillus-based direct-fed mi-
crobes can modulate cells of the innate immune system and
improve goblet cell function in the porcine gut mucosa.?
The notion of tonic bacillus-based direct-fed microbes
stimulated by gut-derived microbial products can poise
innate immunity to fight infections in the respiratory
tract.”® Therefore, the usage of probiotics may be an
alternative strategy for the control and/or treatment of S.
Choleraesuis.

In conclusion, the current study updated the status of
antimicrobial resistance ofS. Choleraesuis isolates from pig
farms in Taiwan. Local S. Choleraesuis isolates exhibited
high resistance to antimicrobials currently used in the
Taiwanese swine industry. These results are essential for
guiding the prudent use of antibiotics in veterinary medi-
cine; in addition, they will assist in designing and measuring
effective control strategies.
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