EMERGENCE OF FLUOROQUINOLONE RESISTANCE IN SALMONELLA ENTERICA SEROTYPE CHOLERAESUIS

THE EMERGENCE IN TAIWAN OF FLUOROQUINOLONE RESISTANCE
IN SALMONELLA ENTERICA SEROTYPE CHOLERAESUIS

CHENG-HSUN CHiu, M.D., PH.D., Tsu-LaAN Wu, M.S., LiNn-Hul Su, M.S., CHISHIH CHu, PH.D., Ju-HsIN CHIA, M.S.,
AN-JING Kuo, M.S., MAW-SHENG CHIEN, PH.D., AND Tzou-YIEN LiN, M.D.

ABSTRACT

Background Salmonella enterica serotype choler-
aesuis is a cause of serious systemic infections. Be-
cause fluoroquinolones are the drug of choice for the
treatment of severe salmonella infections, the emer-
gence and dissemination of fluoroquinolone-resistant
S. enterica serotype choleraesuis have clinical conse-
quences.

Methods |n Taiwan, a hospital-based surveillance
system has been in place since 1987 to monitor the
incidence of S. enterica serotype choleraesuis infec-
tions and the antimicrobial susceptibility of the iso-
lates. We investigated the rapid emergence of fluor-
oquinolone resistance in this serotype in 2000 and
2001. Pigs in Taiwan were evaluated as a potential
source of the resistant salmonella.

Results A total of 501 clinical isolates of S. enteri-
ca serotype choleraesuis were recovered in our hos-
pital from 1987 through 2000. The proportion of total
salmonella isolates made up by S. enterica serotype
choleraesuis decreased from an average of 8.4 per-
cent before 1995 to 2.7 percent in 1996 through 1998.
During 1999 and 2000, this proportion increased sig-
nificantly, to an average of 5.0 percent. Ciprofloxacin
resistance in S. enterica serotype choleraesuis has
been observed since 2000. In the third quarter of 2001,
60 percent of isolates were resistant to ciprofloxacin.
Molecular typing indicated that the primary source
of S. enterica serotype choleraesuis isolates was herds
of swine. All the resistant isolates from humans and
swine had mutations that led to the substitution of
phenylalanine for serine at position 83 and aspar-
agine for aspartic acid at position 87 in the gene for
DNA gyrase A.

Conclusions This investigation in Taiwan indicates
that fluoroquinolone-resistant S. enterica serotype
choleraesuis can spread from swine to humans. The
use of fluoroquinolones in food animals should be
prohibited. (N Engl J Med 2002;346:413-9.)

Copyright © 2002 Massachusetts Medical Society.

ALMONELLOSIS is an important public
health problem throughout the world.!-3 Al-
though most salmonella infections are self-
limiting, serious sequelae, including systemic
infection and death, can occur.'* Among more than
2000 salmonella serotypes, Salmonelin entevica ser-
otype choleraesuis has a high predilection for causing
systemic infection in humans.* S. enterica serotype
choleraesuis usually causes bacteremia and metastat-

ic focal infections that require parenteral antimicrobi-
al therapy.* Appropriate drugs include ampicillin, tri-
methoprim—sulfamethoxazole, and chloramphenicol;
however, resistance to these agents is increasing in
many areas of the world.33 Fluoroquinolones and the
third-generation cephalosporins are recommended
for use in areas where there are resistant organisms.%”

The first recognized outbreak of fluoroquinolone-
resistant salmonella infection in the United States oc-
curred in 199738 Increasing resistance to fluoroquino-
lones has been detected in many other countries,®!2
and it has also emerged in the multidrug-resistant
clone of S. enterica serotype typhimurium definitive
type 104 (DT104).12.13 Most of the resistant salmo-
nella strains belong to serotypes typhimurium, Hadar,
Schwarzengrund, and enteritidis,3'3 which usually
cause gastroenteritis and sometimes cause extraintes-
tinal infections.*!* The development of fluoroquino-
lone resistance among serotypes that often cause sys-
temic infections would have serious implications for
public health, as well as implications for the care of
individual patients. We report the emergence in Tai-
wan of fluoroquinolone resistance in . enterica ser-
otype choleraesuis. Molecular epidemiologic investi-
gation indicated that swine served as a reservoir for
the resistant bacteria.

METHODS

Hospital-Based Surveillance and Identification of Isolates

Since 1987, infections caused by salmonella in Taiwan have
been monitored by review of the records of the isolation of sal-
monella in the Clinical Microbiology Laboratory, Department of
Clinical Pathology, Chang Gung Memorial Hospital and Chang
Gung Children’s Hospital. The data, including dates and sites of
isolation and information on antimicrobial susceptibility, have been
incorporated into computerized data bases and shared in a timely
fashion with physicians. We analyzed data on salmonella isolates
and investigated resistance to fluoroquinolones in S. enterica ser-
otype choleraesuis isolates from 2000 and 2001. All the isolates
described in this report came from different patients or, rarely,
from unrelated episodes in the same patient. Any additional iso-
lates from the same patient during a single episode were exclud-
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ed. The Chang Gung Memorial Hospital is a 3500-bed, univer-
sity-affiliated medical center, and the Chang Gung Children’s
Hospital is a 450-bed hospital for children. Both are located in
northern Taiwan, but the patients came from throughout Taiwan,
including the scattered islands.

All isolates were cultured and identified according to standard
methods,!® with no major changes over time in the policy for the
identification of salmonella. All isolates were serotyped by the
slide agglutination test with the use of O antiserum to detect O an-
tigen and by the tube agglutination test with the use of H anti-
serum to detect H antigen (Difco). The identification of . enterica
serotype choleraesuis followed the Kauffman—White scheme.

The antimicrobial susceptibility of all clinical isolates of salmo-
nella was investigated by the standard disk-diffusion method for
nonblood isolates and by the microbroth-dilution method for blood
isolates.!%!” The antimicrobial agents examined included ampicillin,
chloramphenicol, trimethoprim—sulfamethoxazole, cefixime, cefta-
zidime, ceftizoxime, ceftriaxone, cefepime, and ciprofloxacin. Cip-
rofloxacin was first used at the hospitals in October 1996. Suscep-
tible and resistant isolates were defined according to the criteria
suggested by the National Committee for Clinical Laboratory
Standards.1617

Microbiologic Examination

Forty-eight clinical isolates of S. enterica serotype choleraesuis
collected between January 2000 and June 2001 were subjected to
molecular microbiologic examination. In addition, 17 clinical iso-
lates collected in 199718 and another 26 recovered from pigs with
scours (dysentery) in 2000 and 2001 were tested. The minimal
inhibitory concentration (MIC) of various antibiotics was deter-
mined in these isolates by the E test (AB Biodisk) in accordance
with guidelines of the National Committee for Clinical Laboratory
Standards.’” The plasmid profiles of the isolates were determined
by the method of Kado and Liu.!? A pair of oligonucleotide pri-
mers synthesized according to the published DNA sequence of sprC,
a conserved gene located on the salmonella virulence plasmid, was
used to detect the plasmid in the isolates.2%:2! These isolates were
also genotyped by infrequent-restriction-site—polymerase-chain-
reaction (IRS-PCR) analysis. This method followed the procedures
described previously,?? except that 15 ul of adapter-ligated DNA
templates was used in the final amplification. Each isolate was an-
alyzed at least twice to ensure the reproducibility of the result.
The criteria proposed by Tenover et al.2? were used to analyze the
DNA fingerprints generated by IRS-PCR.

A 313-bp DNA fragment was amplified with the primers P1
(5'TACCGTCATAGTTATCCACGA) and P2 (5GTACTTTAC-
GCCATGAACGT),'213 which correspond to nucleotides 434 to
454 and 142 to 161 of the gene for DNA gyrase A (gyrA), re-
spectively. The amplified fragment contains the quinolone-resist-
ance—determining region of gyrA.!2 PCR products obtained after
amplification were purified with use of the Wizard PCR Preps kit
(Promega) and were sequenced with an automatic sequencer (ABI
373A, Perkin—Elmer, Applied Biosystems). The sequences ob-
tained were analyzed by PCGene software (IntelliGenetics). The
search for homologous sequences was performed in the GenBank
data base with use of FASTA software.

To examine whether the resistance was mediated by a plasmid,
plasmids of the resistant isolates underwent electrophoresis on
agarose gels and were then transferred onto Zeta-Probe mem-
branes (Bio-Rad). To prepare a probe, the purified PCR product
was labeled with [a-32P]2'-deoxycytidine-5'-triphosphate with use
of the Random Primers DNA Labeling System (GIBCO-BRL).
DNA-DNA hybridization was performed as described ecarlier.!

Statistical Analysis

The chi-square test was used to determine the significance of
differences. A difference was considered statistically significant if
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the P value was less than 0.05. All statistical analyses were per-
formed with the use of Epi Info software (version 6.04).

RESULTS
Surveillance of S. enterica Serotype Choleraesuis

A total of 8196 salmonella isolates were analyzed.
The annual number of isolates increased from 232 in
1987 to 700 in 2000 (average, 585; maximum, 910
in 1995). As a proportion of all bacterial isolates test-
ed in this laboratory (26,731 in 1987 and 49,778 in
2000), the proportion of salmonella isolates increased
significantly (P<<0.001), from 0.9 percent in 1987
to 1.4 percent in 2000 (average, 1.5 percent; maxi-
mum, 2.1 percent in 1995). A total of 501 separate
clinical isolates of S. emterica serotype choleraesuis
were recovered in our laboratory from 1987 through
2000. A total of 359 (72 percent) were isolated from
blood. Other sources of isolates included urine,
wound, bone, tissue from a mycotic aneurysm, and
rarely, stool. As shown in Figure 1, the annual num-
ber of isolates increased gradually up to 1995, with
a substantial decline in 1996 through 1998 and an
increase thereafter. The proportion of S. enterica ser-
otype choleraesuis isolates among all salmonella iso-
lates also decreased from an average of 8.4 percent
before 1995 to 2.7 percent in 1996 through 1998
(P<0.001). During 1999 and 2000, this proportion
increased significantly to an average of 5.0 percent
(P<<0.001).

In our hospitals, serogroup B has been the most
prevalent type of salmonella isolate through the years.
The proportion of serogroup B isolates among all
salmonella isolates has remained steady at about 60
to 70 percent (average, 64.6 percent) during these
years. Sixty-six percent of serogroup B isolates be-
longed to serotype typhimurium.1424

Emergence of Fluoroquinolone Resistance in S. enterica
Serotype Choleraesuis

Before 1991, with rates of resistance below 40 per-
cent, most S. enterica serotype choleraesuis isolates
were susceptible to ampicillin, chloramphenicol, and
trimethoprim—sulfamethoxazole. Since then, the rates
of resistance to these antibiotics have increased sub-
stantially (Fig. 2). In 2000, resistance to at least one
of the three antibiotics was found in approximately
90 percent of S. enterica serotype choleraesuis iso-
lates (Fig. 2). Seventy-eight percent of the isolates
were resistant to all three antibiotics in 2000, when
ciprofloxacin resistance began to emerge.

S. enterica serotype choleraesuis isolates have re-
mained susceptible to the newer-generation cepha-
losporins. There were no reports of resistance to cip-
rofloxacin through 1999. However, since March 2000
a dramatic and rapid increase in the incidence of cip-
rofloxacin resistance in S. enterica serotype cholerae-
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Figure 1. Emergence of Fluoroquinolone Resistance among Salmonella enterica Serotype Choleraesuis Isolates in Taiwan.

Panel A shows the total annual numbers of salmonella isolates from Chang Gung Memorial Hospital and Chang Gung
Children’s Hospital from 1987 through 2000 (bars) and the percentage of these isolates that were S. enterica serotype
choleraesuis (curve). Panel B shows the total quarterly numbers of S. enterica serotype choleraesuis isolates from these
hospitals from the fourth quarter of 1996 through the third quarter of 2001 (bars) and the percentage of these isolates
that were resistant to ciprofloxacin (curve). Ciprofloxacin was not available in these hospitals before October 1996.

suis has been observed (Fig. 1). In the third quarter
of 2001, the rate of resistance was 60 percent (Fig. 1).

Microbiologic Examination

According to the criteria of Tenover et al.,2? four
types (1 to 4) were identified among the S. enterica
serotype choleraesuis isolates on IRS-PCR analysis.

N Engl ] Med, Vol. 346, No. 6 - February 7, 2002 -

The four major types were further differentiated into
12 subtypes, with a difference in at least one band
used to define a subtype (Fig. 3). Seventy-one of the
91 isolates analyzed (78 percent) were of subtype la,
indicating that there was an endemic strain of S. en-
terica serotype choleraesuis circulating in Taiwan
(Table 1). The isolates recovered from different spe-
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Figure 2. Percentage of Clinical Isolates of Salmonella enterica Serotype Choleraesuis from Chang
Gung Memorial Hospital and Chang Gung Children’s Hospital That Were Resistant to Ampicillin,
Chloramphenicol, and Trimethoprim—-Sulfamethoxazole from 1991 through 2000.

cies (humans and swine) and in different years (1997
and 2000 to 2001) did not differ significantly in the
distribution of their IRS-PCR patterns (Table 1).
There was also no significant difference in the distri-
bution of the patterns between ciprofloxacin-suscep-
tible and ciprofloxacin-resistant isolates (Table 1).

Of the 48 isolates obtained from humans in 2000
and 2001, 22 (46 percent) contained a 50-kb plas-
mid plus another plasmid of 75, 90, or 125 kb; 13
(27 percent) had only the 50-kb plasmid; and 13 (27
percent) had only one of the larger plasmids of 75,
90, or 125 kb. Among the 26 isolates from swine, 16
(62 percent) contained a 50-kb plasmid plus another
plasmid of 75, 90, or 125 kb; 4 (15 percent) had
only the 50-kb plasmid; and 6 (23 percent) had only
one of the larger plasmids. The plasmid patterns of
S. enterica serotype choleraesuis isolates, irrespective
of the source and antimicrobial-susceptibility profile,
were similar. PCR analysis showed that only three
isolates from humans and one isolate from swine
were negative for sprC, indicating that almost all iso-
lates examined possessed a virulence plasmid.

DNA sequencing of the PCR-amplified gyrA re-
gion of 65 isolates from humans and 26 from swine
identified a base substitution at codons 83 and 87
(according to Escherichin coli numbering!?) in all cip-
rofloxacin-resistant isolates (Table 1). The substitu-
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tions, TCC - TTC at codon 83 and GAC - AAC at
codon 87, caused amino acid changes of serine to
phenylalanine and aspartic acid to asparagine, respec-
tively. All resistant isolates from humans contained
the two substitutions, as did resistant isolates from
swine. Some ciprofloxacin-susceptible isolates pos-
sessed different nucleotide substitutions at the two
positions, leading to different amino acid changes (Ta-
ble 1). Most susceptible strains, including those iso-
lated from humans in 1997, had a single amino acid
change — either Ser83Phe or Asp87Asn (Table 1).
Thus, the two mutations are equally important in
permitting S. enterica serotype choleraesuis to attain
resistance to ciprofloxacin. The amplified PCR prod-
uct of gyrA did not hybridize to any plasmid of the
35 resistant isolates examined in DNA-DNA hy-
bridization.

DISCUSSION

Infection with S. enterica serotype choleraesuis
has become common in Taiwan.!42* §. enterica ser-
otype choleraesuis is the most frequently isolated ser-
otype of 8. enterica after typhimurium and Schwarz-
engrund.'*2¢ The number of S. enterica serotype
choleraesuis infections decreased significantly from
1996 through 1998. In Taiwan in 1996, an epidemic
of foot-and-mouth disease in swine resulted in the
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Figure 3. Patterns of Clinical Isolates of Salmonella enterica Serotype Choleraesuis on Infrequent-Restriction-Site—Polymerase-

Chain-Reaction Analysis.

Four types (1 to 4) were identified among the S. enterica serotype choleraesuis isolates. The four major types were further differ-
entiated into 12 subtypes. M represents the 20-bp DNA ladder. Band sizes are shown at the left.

slaughter of many pigs across the island. Because hu-
mans acquire salmonella infections by eating infect-
ed animals, the decrease in S. enterica serotype chol-
eraesuis infections in humans may have been the
result of the extensive reduction in the pig popula-
tion, which served as the reservoir of this serotype.

The proportion of clinical isolates of S. enterica ser-
otype choleraesuis that were fluoroquinolone-resistant
increased rapidly and dramatically from none through
1999 to 60 percent in the third quarter of 2001. All
of the isolates from humans and swine that we ex-
amined had similar IRS-PCR and plasmid patterns,
suggesting that human §. enterica serotype cholerae-
suis infections were acquired from pigs. It appears
that there was an endemic strain of S. enterica sero-
type choleraesuis circulating in humans and pigs. The
sequencing results support this hypothesis, since all
resistant isolates, irrespective of source, had the same
amino acid changes in gyrA. We previously demon-
strated that S. enterica serotype choleraesuis isolates
were resistant to ampicillin and sulfonamides as a re-

N Engl J Med, Vol. 346, No. 6 - February 7, 2002 -

sult of the acquisition of a large R (resistance) plas-
mid, the recombination of the R plasmid with the
virulence plasmid, or both.18 It appears, however, that
the gene for resistance to fluoroquinolones in S. en-
terica serotype choleraesuis is located on the chro-
mosome rather than on the plasmid. Our data sug-
gest that the two mutations in gyrA gave rise to the
resistance and that the rapid emergence of the highly
resistant population was due mainly to the clonal
spread of an endemic resistant strain.

The two most common mutations associated with
fluoroquinolone resistance in S. enterica serotype ty-
phimurium DT104 are at codons 83 and 87 and in-
volve amino acid changes Ser83Phe and Asp87Asn,
respectively.!3 The same mutations were responsible
for fluoroquinolone resistance in S. enterica serotype
choleraesuis. We could not completely exclude the
possibility that mutations in gy»B, parC, or parE
might also contribute to the resistance phenotype;
however, this is unlikely, since mutations in gy»B and
parC are not normally associated with resistance to
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TABLE 1. CHARACTERISTICS OF SALMONELLA ENTERICA SEROTYPE CHOLERAESUIS ISOLATES FROM HUMANS AND SWINE IN TAIWAN.*

SoURCE, YEAR OF
IsoLATION, AND
SUSCEPTIBILITY TO

No. oF
ISOLATES

CIPROFLOXACIN (% OF TOTAL) Mic
Phe
and
RANGE MIC,, Asn
pg/ml
Humans (1997)
Susceptible 17 (100)  0.006 to 0.25 0.125 0
Swine (2000-2001)
Resistant 12 (406) 8 to 16 16 12
Susceptible 14 (54) 0.094 to 0.25 0.25 0
Humans (2000-2001)
Resistant 23 (48) 8to>32 16 23
Susceptible 25 (52) 0.012 to 0.5 0.19 0

Phe
and
Asp

2
0
2

0
0

AmiNO Acips AT Copons 83 AND 87

OF gyrAt IRS-PCR TyPES

Ser  Ser  Ser  Ser

and and and and

Asn  Aspf Gly His la 1b lc 1d le 1f 1g 2a 2b 2¢ 3 4

number of isolates

6 4 2 3 150 0 0 01 0 0 0001

0 0 0 0 110 0 0 0 0 0 0 00 01
7 0 5 0 130 0 0 06 0 000001
0 0 0 0 152 01 0 01 3 0100
15 2 8 0 173 1 0 1 0 1 1010

*MIC denotes minimal inhibitory concentration, MIC,, the lowest antibiotic concentration that inhibited the growth of 90 percent of the organisms,

and IRS-PCR infrequent-restriction-site polymerase chain reaction.

1The amino acid changes at codons 83 and 87 were found on comparison with the sequence of the gene for DNA gyrase A (gyrA) from Escherichia coli.

$The amino acids at codons 83 and 87 were the same as those of gyrA from E. coli.

fluoroquinolones in salmonella,?52¢ and strains with
a single gyrA mutation were present among human
isolates as early as 1997. This fact implies that if the
antecedent strains with a single mutation had been
detected earlier, by either phenotypic or molecular
methods, the emergence of full resistance might have
been predicted. Since resistant isolates probably spread
from animals to humans, regular surveillance of sal-
monella isolates from animals could be helpful.?”
There is increasing concern in the public health
community about the possibility that antibiotics fed to
animals that are then consumed by humans may con-
tribute to resistance in human pathogens.!,3.10,13,27-30
Certain antibiotics are critical to human medicine
because they are effective against pathogens that are
resistant to other antibiotics. Fluoroquinolones are
among these critical antibiotics, so the emergence of
fluoroquinolone-resistant S. enterica serotype chol-
eraesuis is potentially a serious problem. A recent
survey by the National Health Research Institute of
Taiwan found that five antibiotics important to hu-
man medicine, including a fluoroquinolone (enro-
floxacin), have been widely added to animal feed for
years.?! Half of the feed-mill operators surveyed said
they added enrofloxacin to pig feed as a growth pro-
moter.3! The nontherapeutic use of enrofloxacin in
domestic pigs, therefore, can reasonably be expected
to select for resistance to fluoroquinolones, includ-
ing ciprofloxacin, in S. enterica serotype choleraesuis.
In 2000, the U.S. Food and Drug Administration
announced plans for withdrawing two fluoroquino-

418 - N Engl ] Med, Vol. 346, No. 6 - February 7, 2002 -

lones, sarafloxacin and enrofloxacin, from use to treat
respiratory and diarrheal diseases in poultry. However,
many experts within the agricultural and pharmaceu-
tical industries opposed the proposed ban, arguing
that improper use of such drugs in hospital settings
represented the chief source of resistance. To explore
this question, we reviewed the medical records of the
patients infected by ciprofloxacin-resistant S. enterica
serotype choleraesuis. None of these patients had re-
ceived quinolone therapy before the onset of the in-
fection (data not shown). Fluoroquinolone use in
animals, rather than in humans, appears to account
for most of the problem of resistance.

The emergence of fluoroquinolone resistance would
change the policy for the treatment of S. enterica
serotype choleraesuis infections. Because the major-
ity of S. emterica serotype choleraesuis isolates are
also resistant to ampicillin, chloramphenicol, and tri-
methoprim—sulfamethoxazole, the third-generation
cephalosporins are now the only antibiotics with re-
liable activity against this serotype in Taiwan. In view
of the severe adverse consequences for human health
of the use of fluoroquinolones in food animals, we
suggest that such use should be prohibited.

Supported by grants (CMRP1197, to Dr. Chiu, and CMRP798-111, to
Ms. Wu) from Chang Gung Memorial Hospital and Chang Gung Chil-
dren’s Hospital.
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