Epidemic patterns of antimicrobial resistance of Salmonella
enterica serovar Gallinarum biovar Pullorum isolates in China
during the past half-century

Fan Sun,™' Xiu Li,*' Yan Wang,*' Fan Wang, ™' Haojie Ge,*! Zhiming Pan, ™" Yaohui Xu,’
Yanhong Wang, ™' Xin'an Jiao,*' and Xiang Chen™''

*Jiangsu Key Laboratory of Zoonosis/Jiangsu Co-Innovation Center for Prevention and Control of Important Animal
Infectious Diseases and Zoonoses, Yangzhou University, Yangzhou, China; T Key Laboratory of Prevention and
Control of Biological Hazard Factors (Animal Origin) for Agrifood Safety and Quality, Ministry of Agriculture and
Rural Affairs, Yangzhou University, Yangzhou, China; and $College of Veterinary Medicine, Henan University of
Animal Husbandry and Economy, Henan, China

ABSTRACT Pullorum is a chicken-specific systemic
disease caused by Salmonella enterica serovar Gallinarum
biovar Pullorum (S. Pullorum). This study was carried
out to provide basic data for understanding the trends of
S. Pullorum. A total of 652 S. Pullorum isolates collected
in China during 1962-2019 were examined. Overall, 525
(80.5%) isolates were resistant to at least one antibiotic;
280 (42.9%) isolates resisted 3 or more classes of antibi-
otics and showed an increasing trend until 2015 and then
decreased significantly. The most common multidrug-
resistant pattern was ampicillin—tetracycline—nalidixic
acid (13.6%). After 2008, 6 classes of antibiotic-resistant
strains began to appear, and they have been prevalent

ever since. In 2014, a strain resistant to 7 antibiotics
(ampicillin—cefazolin—streptomycin—tetracycline-sulpho-
namides—nalidixic acid—nitrofurantoin) was isolated. The
highest antimicrobial resistance was observed for nali-
dixic acid (71.9%), and the lowest was found for
cefotaxime, meropenem, amikacin, gentamicin, fosfomy-
cin, and polymyxin (0%). Our findings monitored the
prevalence of the resistance of S. Pullorum during the
past half-century in China. Continued surveillance of
antimicrobial resistance and the rational use of
antimicrobials is necessary and important to control
the rapid increase in antimicrobial resistance in
S. Pullorum.
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INTRODUCTION

Salmonella is an important pathogenic bacterium
capable of infecting humans and animals. Salmonella
enterica serovar Gallinarum biovar Pullorum (.S. Pullo-
rum), a strictly chicken-adapted pullorum agent, is one
of the more than 2,610 documented Salmonella lineages
(Issenhuth-Jeanjean et al., 2014). Pullorum is a bacte-
rial disease that results in high mortality in young
chicks. Owing to its vertical and horizontal transmission,
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it is a threat to the modern poultry industry, causing
great economic loss (Shivaprasad, 2000).

Although pullorum disease is well controlled in many
developed countries, it remains common in many parts
of the world. Antimicrobial therapy is being used as an
important measure to control poultry disease in China,
although the use of antimicrobials in controlling pullo-
rum disease is not recommended. However, abuse of
antimicrobial agents in industrial food animal produc-
tion is regarded as one of the important reasons for the
emergence of antimicrobial resistance in Salmonella.
Moreover, the increasing appearance of multidrug-
resistant (MDR) S. Pullorum has been increasingly
observed in China (Nhung et al., 2017). This resistance
can be transmitted to humans through animal food-
stuffs, which poses a serious threat to public health.
This study examined the tendency and the pattern of
S. Pullorum to become resistant to antimicrobials with
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time. It also explored whether resistance trends have
changed under national policies to reduce and ban the
use of antibiotics.

MATERIALS AND METHODS

Bacterial Isolates

A total of 652 S. Pullorum isolates collected over 58
consecutive years, from 1962 to 2019, were included in
the study. The isolates were cultured from chickens
with clinical signs of pullorum disease. All bacterial
strains were isolated from the liver, except for 8 strains
that were isolated from feces, of chickens in 10 different
provinces in China: Jiangsu, Shandong, Xinjiang,
Shanxi, Anhui, Shanghai, Beijing, Henan, Zhejiang,
and Jilin (Supplementary Table 1). The study used the
culture method of Gong et al. (2013) and Zhou et al.
(2018). Once identified, the isolates were stored at
—70°C in tryptic soy broth containing 30% glycerol.

Antimicrobial Susceptibility Testing

We tested 652 isolates for their sensitivity to 18 anti-
microbial agents via the agar dilution method as per the
Clinical and Laboratory Standards Institute recommen-
dations VET01-S2 (CLSI, 2013) and M100-S25 (CLSI,
2015). The following antimicrobials were tested: ampi-
cillin (AMP), cefazolin (CFZ), cefotaxime (CTX), mero-
penem (MEM), aztreonam (ATM), amikacin (AMK),
gentamicin (GEN), streptomycin (STR), tetracycline
(TET), sulphonamides (SXT), nalidixic acid (NAL), cip-
rofloxacin (CIP), chloramphenicol (CHL), florfenicol
(FFC), nitrofurantoin (NIT), olaquindox (OLA), poly-
myxin (CL), and fosfomycin (FOS). Results were ob-
tained after incubating samples at 37°C for 16 to 20 h.
The Escherichia coli reference strain ATCC 25922 was
used for quality control.

Data Analysis

The results were interpreted as per the European
Committee on Antimicrobial Susceptibility Testing
and Clinical and Laboratory Standards Institute break-
points (EUCAST, 2016) (Supplementary Table 2).
Multidrug resistance was defined as resistance to at least
3 different classes of antimicrobials (MDR >3). Magni-
tude of annual change was estimated by using a slope
parameter, Q, and the Sen nonparametric method. Cal-
culations were performed by using the Excel (Microsoft,
Redmond, WA) . Trend and Sen slope estimates were
tested by template Mann—-Kendall. A t-test was used
to test the difference between means using GraphPad
Prism 8 software (GraphPad, La Jolla, CA). A P-value
<0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Overall, 80.5% (525) of the Salmonella isolates were
resistant to at least one antimicrobial, and none were

resistant to all 18 antimicrobials. The isolates exhibited
the highest frequencies of resistance to NAL (71.9%), fol-
lowed by TET (38.5%), AMP (27.9%), and SXT
(32.1%). Relatively lower rates were observed for CFZ
(8.4%), STR (4.3%), ATM (0.2%), CIP (0.3%), CHL
(0.6%), OLA (0.6%), FFC (0.5%), and NIT (0.3%).
None were resistant to CTX, MEM, AMK, GEN, FOS,
and CL (Table 1). In China, AMP, TET, and SXT
have been commonly used to control pullorum disease
for a long time. Moreover, the irrational use of antibi-
otics may explain the high and increasing resistance
rates in the period from 1962 to 2014 (Ministry of
Agriculture and Rural Affairs of the People’s Republic
of China [MAPRC], 2013; Yang et al., 2013; Lai et al.,
2014). By contrast, the Ministry of Agriculture and
Rural Affairs of the People’s Republic of China
(2015a.b) policies for comprehensive administration of
veterinary drugs from 2015 to 2019 might explain the
decline in the resistance to AMP, CFZ, STR, TET,
SXT, and NAL since 2015 (Figure 1). That was limited
to use antimicrobials such as CFZ and so on. In addition,
it is forbidden to change the dosage and the exaggeration
of indications in the instructions, to use of antibiotics
beyond the market circulation period, and to add anti-
biotic drugs illegally (Ministry of Agriculture and
Rural Affairs of the People’s Republic of China
[MAPRC], 2002b).

Resistance to AMP was observed in 27.9% of the
isolates. In addition, the resistance of S. Pullorum
strains to AMP increased between the periods 1962—
1999 and 2000-2019 (P < 0.001). Previously, a high
level of AMP resistance by the Salmonella Gallinarum
isolate was reported in Korea from 1995 to 2001 (Lee
et al., 2003) and from 2002 to 2007 (Kang et al.,
2010) and in China from 1962 to 2010 (Gong et al.,
2013). Different to that found for AMP, a low level
of resistance to CFZ was observed throughout the
period studied (8.4%), which could be because of the
limited use of these classes of antimicrobial agents in
veterinary health sectors of China and concurs with
previous studies conducted in other countries (Wang
et al., 2017; Youn et al., 2017). All isolates were sus-
ceptible to CTX, similar to published studies
(Taddele et al., 2012; Penha et al., 2016) but contrary
to another report from Chinese researchers (Gong
et al., 2013). This discrepancy could be explained by
the high cost of the third-generation cephalosporins
(e.g., CTX) or the successful efficacy of the first-
generation cephalosporins (e.g., CFZ), which are rarely
used in chickens.

The isolates displayed a low level of resistance to the
aminoglycosides. All isolates were susceptible to AMK
and GEN. Resistance to AMK was not frequent, which
is consistent with that reported elsewhere (Lee et al.,
2003; Parveen et al., 2007). The strains showed low resis-
tance to STR (4.3%). Similar results have been reported
in Korea (Kang et al., 2010) but differ from those previ-
ously reported in China (Pan et al., 2009). All of the iso-
lates were susceptible to STR after 2015 (P < 0.01).
Nhung et al. (2017) also found that the resistance to
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From 1962 to 2019, the strains were highly resistant to
NAL, with MIC5o and MICyq values of 256 and >512 pg/
mL, respectively (Table 1). However, the isolates showed
low levels of resistance to CIP (0.3%), and the resistance
existed only during 2000-2014. It may be that these
drugs were forbidden used. Similar effects have been re-
ported by other researchers (Taddele et al., 2012; Dey
et al., 2016). In line with other studies (Padungtod and
Kaneene, 2006; Cheong et al., 2007), we found that
Salmonella, found predominantly in chickens, emerged
as particularly resistant to the quinolone NAL after
2000 (P < 0.05).

Long-term use of antimicrobial agents causes the
accumulation of drug residues and many other public
health problems (Barrow et al., 2012). Multidrug-
resistant strains were observed in 42.9% of the isolates
recovered in this study. The isolates showed an
increasing trend of MDR strains between 1962 and
2014 (P < 0.001), and then, the trend declined after
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Abbreviations: AMP, ampicillin; ATM, aztreonam; AMK, amikacin; CFZ, cefazolin; CHL, chloramphenicol; CIP, ciprofloxacin; CL, polymyxin; CTX, cefotaxime; FFC, florfenicol; FOS, fosfomycin; GEN,

gentamicin; MEM, meropenem; NAL, nalidixic acid; NIT, nitrofurantoin; OLA, olaquindox; STR, streptomycin; SXT, sulphonamides; TET, tetracycline; Q, magnitude of annual percentage increase or decrease.
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Carbapenems
Monobactams
Aminoglycosides
Tetracyclines
Sulphonamides
Amyl alcohols
Nitrofurans
Quinoxaline
Lipopeptides
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Figure 1. Antimicrobial resistance rate among S. Pullorum isolates collected from chickens in China during 1962-2019. Abbreviations: AMP,
ampicillin; AMK, amikacin; ATM, aztreonam; CFZ, cefazolin; CHL, chloramphenicol; CIP, ciprofloxacin; CL, polymyxin; CTX, cefotaxime; FFC,
florfenicol; FOS, fosfomycin; GEN, gentamicin; MEM, meropenem; NAL;, nalidixic acid; NIT, nitrofurantoin; OLA, olaquindox; STR, streptomycin;

SXT, sulphonamides; TET, tetracycline.

2015 (P < 0.01). This decrease might be because of the
country’s policies on antibiotics introduced in 2015
(Krishnasamy et al., 2015; Tang et al., 2016; Qiao
et al., 2017). Since 2000, meat production has plateaued
in high-income countries but grown by 68, 64, and 40%
in Africa, Asia, and South America, respectively (Van
Boeckel et al., 2019), which is concurrent with a dra-
matic increase in strains with resistance to one or more
classes of antimicrobials. In the period of 1962-1979,
resistance to 5 or more drugs was not observed. However,
during 1980-1999, 1.8% of the isolates were resistant to 5
classes of antimicrobials. In the span of 2000-2009, 1.5%
of the isolates were resistant to 5 or more antimicrobials.
The number of isolates exhibiting resistance to 4 or more
antimicrobials increased from 7.0% during 20002009 to

2019, 4.1% of the isolates were resistant to 6 antimicro-
bials. In 2014, there was a strain resistant to 7 classes
of antimicrobials (Figure 2). Although the trend of
drug resistance presents an obvious downward trend, it
is projected that antimicrobial consumption will rise
by 67% by 2030 and nearly double in Brazil, Russia, In-
dia, China, and South Africa. This rise is likely to be
driven by the growth in consumer demand for livestock
products in middle-income countries. We should call
for initiatives to preserve antibiotic -effectiveness
(Thomas et al., 2015; Founou et al., 2016).

The resistance patterns of S. Pullorum isolates were
further analyzed. There were 62 unique resistance pat-
terns among the strains resistant to 3 or more antimicro-
bials of the total 652 S. Pullorum isolates. The most

37.8% in 2010-2014. It is noteworthy that from 2000 to  common MDR patterns were AMP-TET-NAL
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Figure 2. Multidrug resistance of S. Pullorum isolates collected from chickens in China between 1962 and 2019. Numbers “0” to “7” and the
corresponding shadings indicate that isolates are resistant to 1, 2, 3, 4, 5, 6, and 7 antimicrobial agents, respectively.
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Table 2. Multidrug-resistant patterns of 652 S.Pullorum isolates collected from chickens in China from 1962 to 2019.

Year No. of resistant drugs Multidrug-resistant pattern No. of isolates Resistant rates (%)
1960-1979 (n = 63) 3 STR-TET-NAL 1 1.6
4 STR-TET-NAL-OLA 1 1.6
1980-1999 (n = 57) 3 AMP-STR-TET 4 7.0
AMP-TET-OLA 1 1.8
TET-CHL-FFC 1 1.8
4 AMP-STR-TET-NIT 2 3.5
5 AMP-STR-NAL-CHL-FFC 1 1.8
2000-2009 (n = 200) 3 TET-SXT-NAL 1 0.5
SXT-NAL-OLA 1 0.5
TET-SXT-OLA 1 0.5
AMP-CFZ-SXT 2 1.0
AMP-TET-SXT 4 2.0
4 TET-SXT-NAL-OLA 1 0.5
5 AMP-TET-SXT-NAL-OLA 2 1.0
6 AMP-STR-TET-SXT-CHL-NIT 1 0.5
2010-2014 (n = 243) 3 TET-SXT-NAL 29 11.9
AMP-CFZ-NAL 1 0.4
AMP-CFZ-TET 1 0.4
AMP-TET-NAL 18 7.4
AMP-SXT-NAL 16 6.6
AMP-NAL-OLA 1 0.4
TET-NAL-OLA 2 0.8
STR-SXT-NAL 4 1.6
SXT-NAL-OLA 1 0.4
STR-TET-NAL 2 0.8
AMP-CFZ-NAL 1 0.4
AMP-NAL-OLA 1 0.4
4 AMP-CFZ-TET-NAL 18 7.4
AMP-TET-SXT-NAL 8 3.3
AMP-TET-NAL-OLA 2 0.8
AMP-SXT-NAL-OLA 5 2.1
AMP-TET-SXT-NAL 9 3.7
AMP-CFZ-SXT-OLA 1 0.4
AMP-CFZ-SXT-NAL 2 0.8
STR-TET-SXT-NAL 5 2.1
TET-SXT-NAL-OLA 3 1.6
ATM-TET-SXT-NAL 1 0.4
5 AMP-CFZ-TET-SXT-NAL 3 1.2
AMP-CFZ-TET-NAL-OLA 1 0.4
AMP-TET--SXT-NAL-NIT 1 0.4
STR-TET-SXT-NAL-OLA 2 0.8
AMP-STR-TET-SXT-NAL 1 0.4
AMP-CFZ-SXT-NAL-OLA 1 0.4
AMP-CFZ-TET-SXT-NAL 1 0.4
6 AMP-CFZ-TET-SXT-NAL-OLA 2 0.8
AMP-STR-TET-SXT-NAL-NIT 1 0.4
AMP-STR-SXT-NAL-NIT-OLA 1 0.4
7 AMP-CFZ-STR-TET-SXT-NAL-NIT 1 0.4
2015-2019 (n = 89) 3 TET-SXT-NAL 6 9.1
AMP-CFZ-NAL 1 1.1
AMP-TET-NAL 9 13.6
AMP-CFZ-NAL 2 2.2
SXT-NAL-OLA 1 1.5
4 AMP-CFZ-SXT-NAL 1 1.5
AMP-ATM-NAL-OLA 1 1.5
AMP-SXT-NAL-OLA 1 1.5
AMP-CFZ-TET-NAL 2 2.2
CFZ-TET-SXT-OLA 1 1.5
TET-SXT-NAL-OLA 3 3.4
5 AMP-CFZ-SXT-NAL-OLA 1 1.5
AMP-CFZ-TET-SXT-NAL 2 2.2
6 AMP-CFZ-TET-SXT-NAL-OLA 1 1.5
Total 62

Abbreviations: AMP, ampicillin; ATM, aztreonam; CFZ, cefazolin; CHL, chloramphenicol; FFC, florfenicol; NAL, nalidixic acid; NIT,
nitrofurantoin; OLA, olaquindox; STR, streptomycin; SXT, sulphonamides; TET, tetracycline.

(13.6%) and TET-SXT-NAL (11.9%). Moreover, one
isolate exhibited resistance to 7 antimicrobials in 2014
(0.4%), displaying the pattern AMP-CFZ-STR-TET-
SXT-NAL-NIT (Table 2). This report is the first to
show so many MDR patterns for this veterinary path-
ogen. However, quite different MDR patterns have

been previously reported for 227 S. Gallinarum strains
isolated in Korea in 1997 and 2001 (Lee et al., 2003).
This article is also the first to study the changes in
resistance of S. Pullorum through time under national
policy conditions. The Salmonella isolates showed an
overall increasing trend of antimicrobial resistance and
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MDR patterns between 1962 and 2014, which declined
after 2015. Most of the S. Pullorum strains were resistant
to NAL, mainly after 2000. High levels of resistance were
found for AMP, TET, and SXT. As per these results, we
suggest strengthening the monitoring programs for
pathogenic bacteria and their drug resistance in veteri-
nary clinical practice and the food production chain.
The results also suggest that the promotion of national
policies is another important measure to reduce the
emergence of drug-resistant strains. Moreover, interven-
tions, such as vaccines and probiotics, can be considered
to reduce salmonellosis.
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