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Abstract This study aimed to assess the b-lactamase- and

efflux pump-mediated antibiotic resistance in Salmonella

Typhimurium (WT-ST), ciprofloxacin-induced antibiotic-

resistant S. Typhimurium (CI-ST), and clinically-acquired

antibiotic-resistant S. Typhimurium (CA-ST). The b-lac-
tamase activities were significantly increased up to

63 lmol/min/mL in CA-ST and 24 lmol/min/mL in CI-ST

when compared to WT-ST (13 lmol/min/mL). The highest

efflux pump activity was observed in CI-ST and CA-ST,

showing more than 45%. The antibiotic susceptibilities of

WT-ST, CI-ST, and CA-ST were increased in the presence

of b-lactamase and efflux pump inhibitors. CA-ST showed

the highest activity in AcrD, MdtABC, EmrAB, MdtK, and

MacAB efflux pumps. The repressed ompF were respon-

sible for the decreased susceptibility of CA-ST to ampi-

cillin (MIC[ 512 lg/mL). This study would provide

useful information for better understating of the develop-

ment of multidrug resistance in association with b-lacta-
mase and efflux pump activities and designing new

antibiotic chemotherapy in combination with inhibitors.

Keywords b-Lactamase � Efflux pump � Multidrug

resistance � Salmonella � Porin � Virulence

Introduction

In recent year, the increasing emergence of multidrug

resistant (MDR) bacteria has become a serious public

health problem due to the leading cause of morbidity and

mortality [1]. The misuse and overuse of antibiotics has

accelerated the spread of MDR bacteria, resulting in

treatment failure of these infectious diseases [2]. Sal-

monella strains can cause acute gastrointestinal and diar-

rheal disease, which are highly resistant to different classes

of antibiotics such as b-lactam, chloramphenicol, amino-

glycoside, fluoroquinolone, and tetracycline [3]. The zoo-

notic and nosocomial outbreaks of MDR Salmonella strains

occurred through contaminated foods and among hospi-

talized humans [4]. The mechanisms of antibiotic resis-

tance evolved in bacteria mainly include enzymatic

degradation, target-site modification, permeability alter-

ation, and metabolic bypass [5]. The MDR Salmonella

strains are induced by several mechanisms, the important

one of which is the production of b-lactamases and the

other is efflux pump activity [5].

The production of b-lactamases plays a major role in

bacterial resistance by hydrolyzing b-lactam antibiotics [6].

The b-lactamases are classified into four classes based on

the amino acid sequence; class A (TEM, SHV, adn CTX-

M), class B (IMP, VIM, and SPM), class C (AmpC, MIR,

ACT, FOX, and MOX), and class D (OXA) [7]. The pro-

duction of extended-spectrum b-lactamases (ESBL) is also

involved in the induction of MDR bacteria [8]. The efflux

pumps, including nodulation-division (RND) family, the

major facilitator superfamily (MFS), the ATP-binding

cassette (ABC) superfamily, the small multidrug resistance

(SMR) family, and the multidrug and toxic compound

extrusion (MATE) family, are responsible for substrate

recognition and transportation in Gram-negative bacteria
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[9]. The MDR in Salmonella strains are mainly attributed

to the AcrABDF, MdsABC, and MdtABC efflux pumps

beloning to the RND family [9]. Since more than one

mechanism is involved in the emergence of MDR Sal-

monella strains, understanding the interplay of antibiotic

resistance mechanisms is essential to optimize therapeutic

approaches against MDR bacterial infections. However,

there still remains unclear about the relationship among the

mechanisms of MDR bacterial resistance. Therefore, this

study was designed to understand the antibiotic resistance

mechanisms underlying b-lactamase production and efflux

pump activity in S. enterica serovar Typhimurium in

comparison with ciprofloxacin-induced antibiotic-resistant

and clinically-acquired antibiotic-resistant S. Typhimurium

strains.

Materials and methods

Bacterial strains and culture conditions

Strain of S. Typhimurium ATCC 19585 and CCARM

8009 were purchased from American Type Culture Col-

lection (ATCC, Manassas, VA, USA) and Culture Col-

lection of Antibiotic Resistant Microbes (CCARM, Seoul,

Korea), respectively. Strain of ciprofloxacin-induced

S. Typhimurium ATCC 19585 was obtained by a serial

passage method [10], serially cultured in trypticase soy

broth (TSB; Difco, Becton, Dickinson and Co., Sparks,

MD, USA) with increasing concentrations of cipro-

floxacin (0–2 lg/mL). All strains were cultured in TSB at

37 �C for 20 h and collected by a centrifugation at

30009g for 20 min at 4 �C. S. Typhimurium ATCC

19585, ciprofloxacin-induced antibiotic-resistant

S. Typhimurium ATCC 19585, and clinically-acquired

antibiotic-resistant S. Typhimurium CCARM 8009 were

assigned to WT-ST, CI-ST, and CA-ST, respectively.

b-Lactamase activity assay

The b-lactamase activity was evaluated by using a nitro-

cefin hydrolyzing assay with minor modifications [11].

WT-ST, CI-ST, and CA-ST cells cultured with and without

1/2 MIC ceftriaxone were centrifugated at 30009g for

20 min at 4 �C. The cell-free supernatants were mixed with

10 lL of 1.5 mM nitrocefin and incubated at 37 �C for

30 min. The absorbance was recorded every 5 min at

515 nm using a microplate reader (BioTek Instruments,

Inc., Norwood, MA, USA). According to the protocol of b-
lactamase activity assay kit (ancam, Seoul, Korea), the

standard curve was generated and then the b-lactamase

activity was expressed as lmol/min/mL.

Efflux pump activity assay

The efflux pump activity of WT-ST, CI-ST, and CA-ST

was determined by using a ethidium bromide (EtBr)

accumulation method. All strains (0.5 McFarland standard

each) were incubated in phosphate-buffered saline (PBS;

pH 7.2) containing EtBr (2 lg/mL) for 1 h at 25 �C. The
EtBr-loaded cells were suspended with 0.4% glucose in

PBS. The fluorescence was monitored for 1 h using a RF-

5301PC spectrofluoro photometer (Shimadzu, Kyoto,

Japan) at emission and excitation wavelengths of 580 and

500 nm, respectively. The efflux of EtBr was expressed as

relative residual fluorescence intensities.

Antimicrobial susceptibility assay

The antibiotic susceptibilities of WT-ST, CI-ST, and CA-

ST were determined according to a broth dilution assay

[12]. Antibiotic stock solutions were prepared to obtain a

final concentration of 2048 lg/mL. The stock solutions

(100 lL each) were serially (1:1) diluted in 96-well

microtiter plates and inoculated with WT-ST, CI-ST, and

CA-ST cells (105 cfu/mL in 100 mL) with and without b-
lactamase inhibitors [BLI-489 (BL), clavulanate (CA),

sulbactam (SB) or tazobactam (TB)], purchased from

Sigma Chemicals (St. Louis, MO, USA), at 4 lg/mL that

cell viability was not affected or efflux pump inhibitors

[carbonyl cyanide-m-chlorophenyl hydrazone (CCCP,

0.5 lg/mL) or phenylalanine-arginine-b-naphthylamide

(PAbN, 8 lg/mL)]. The prepared microtiter plates were

incubated for 18 h at 37 �C. After incubation, the MICs

were determined at the lowest antibiotic concentration at

which no visible growths were observed.

Quantitative RT-PCR assay

RNAs were extracted from WT-ST, CI-ST, and CA-ST

according to the protocol of RNeasy Protect Bacteria Mini

kit (Qiagen, Hilden, Germany). In brief, the cells (0.5 mL)

were mixed with 1 mL of RNAprotect Bacteria Reagent

and centrifuged at 50009g for 10 min. The collected cells

were lysed with a buffer containing lysozyme and then

mixed with ethanol to extract RNA using an RNeasy mini

column. The mixtures were rinsed with a Wipe buffer to

remove the genomic DNA. The extracted RNA was mixed

with a master mixture of reverse transcriptase, RT buffer,

and RT primer mix and then incubated at 42 �C for 15 min

followed by 95 �C for 3 min. The synthesized cDNA was

used as a template for quantitative RT-PCR assay. The

reaction mixture (20 lL) containing 10 lL of 2 9 Quan-

tiTect SYBR Green PCR Master, 2 lL of each primer, and

2 lL of cDNA, and 4 lL of RNase-free water was

amplified using an iCycler iQTM system (Bio-Rad
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Laboratories, Hemel Hempstead, UK). The custom-syn-

thesized oligonucleotides using IDT (Integrated DNA

Technologies Inc., Coralville, IA, USA) as primers of

S. Typhimurium are listed in Table 2. The PCR mixture

was denatured at 95 �C for 30 s, followed by 45 cycles of

95 �C for 5 s, 55 �C for 20 s, and 72 �C for 15 s using an

iCycler iQTM system (Bio-Rad Laboratories, Hemel

Hempstead, UK). The relative gene expression levels were

estimated using the comparative method [13]. The CT

values of target genes in CI-ST, and CA-ST were compared

to the CT values obtained from the WT-ST.

Results and discussion

Mechanism-mediated antibiotic resistance

phenotypes in WT-ST, CI-ST, and CA-ST

The b-lactamase and efflux pump activities were evaluated

in S. Typhimurium ATCC 19585 (WT-ST), ciprofloxacin-

induced antibiotic-resistant S. Typhimurium ATCC 19585

(CI-ST), and clinically-acquired antibiotic-resistant

S. Typhimurium CCARM 8009 (CA-ST) exposed to 1/2

MIC ceftriaxone and loaded with EtBr, respectively

(Fig. 1). The constitutive b-lactamase activity was

observed in WT-ST, while the inducible b-lactamase

activity was observed in CI-ST and CA-ST. The b-lacta-
mase activities were 11, 13, and 26 lmol/min/mL for WT-

ST, CI-ST, and CA-ST in the absence of ceftriaxone (data

not shown). The highest b-lactamase activity was observed

in CA-ST (63 lmol/min/mL), followed by CI-ST

(24 lmol/min/mL) when exposed to ceftriaxone. The cef-

triaxone exposure can induce the production of b-lacta-
mases in CI-ST and CA-ST strains. Furthermore, the

production of b-lactamases results in the emergence of

MDR by causing selective pressure on bacteria [14]. The

noticeable increase in efflux pump activity was observed in

CI-ST and CA-ST, showing EtBr efflux rates of 46 and

45%, respectively (Fig. 1). The MDR are attributed to the

multidrug efflux pumps in bacteria by decreasing the

intracellular accumulation of antibiotics [15].

The MICs of different classes of antibiotics against WT-

ST, CI-ST, and CA-ST were determined in the absence and

presence of b-lactamase inhibitors [BLI-489 (BL), clavu-

lanate (CA), sulbactam (SB) or tazobactam (TB)] and

efflux pump inhibitors [carbonyl cyanide-m-chlorophenyl

hydrazone (CCCP) or phenylalanine-arginine-b-naphthy-
lamide (PabN)] as shown in Table 1. According to the MIC

breakpoints [12], the antibiotic susceptibilities of WT-ST,

CI-ST, and CA-ST were assigned as antibiotic-sensitive

(S), intermediate (I), and resistant (R). WT-ST was rela-

tively more susceptible to all antibiotics than CI-ST and

CA-ST (Table 1). After serial exposure to ciprofloxacin

(CI-ST), WT-ST exhibited more than 2-fold decrease in

susceptibility to all antibiotic used in this study (Table 1).

The susceptibility of CI-ST to cefoxitin, ceftriaxone,

chloramphenicol, meropenem, ciprofloxacin, and levo-

floxacin was decreased to 4-, 8-, 4-, 8-, 128-, and 32-fold

when compared to WT-ST. CI-ST was resistant to cefoxitin

(8 lg/mL), ciprofloxacin (2 lg/mL), and tobramycin

(8 lg/mL), and CA-ST was highly resistant to ampicillin

([ 512 lg/mL). The results imply that the ciprofloxacin

selective pressure induced MDR CI-ST in association with

efflux pumps [16].

The susceptibilities of WT-ST, CI-ST, and CA-ST var-

ied in the presence of b-lactamase inhibitors (BL, CA, SB,

and TB) and efflux pump inhibitors (CCCP and PAbN)
(Table 1). All b-lactamase inhibitors were ineffective for

chloramphenicol, showing no changes in susceptibility of

WT-ST, CI-ST, and CA-ST, while those were effective for

tobramycin in WT-ST. BL and SB were most effective for

ampicillin and ceftriaxone in WT-ST, whereas CA was not

effective for ampicillin and ceftriaxone, respectively, in CI-

ST and CA-ST. The hydrolysis of ampicillin was not

inhibited by CA (Table 1). Thus, the resistance of CI-ST to

ampicillin may not be attributed to the production of TEM-

1 and AmpC b-lactamases because these b-lactamases are

resistant to CA [14]. TB was not effective for cefoxitin,

ceftriaxone, chloramphenicol, meropenem, tetracycline,

and tobramycin in CA-ST but effective for b-lactams in

WT-ST and CI-ST. This indicates that WT-ST and CI-ST

can produce SHV and CTX-M type b-lactamases, which

are inactivated by TB [17].
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Fig. 1 Hydrolyzing activity of b-lactamases (open square) and efflux

pump activity (filled square) produced by S. Typhimurium ATCC

19585 (WT-ST), ciprofloxacin-induced antibiotic-resistant

S. Typhimurium ATCC 19585 (CI-ST), and clinically-acquired

antibiotic-resistant S. Typhimurium CCARM 8009 (CA-ST). The

different letters (a–c, A, B) on the bars indicate significant differences

within b-lactamase production (open square) and efflux rate (filled

square) at p\ 0.05, respectively
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The susceptibilities of WT-ST to b-lactams (ampicillin,

cefoxitin, and ceftriaxone) were not changed in the pres-

ence of efflux pump inhibitors (Table 1). CCCP and PAbN
were effective for ciprofloxacin, levofloxacin, and mer-

openem in all WT-ST, CI-ST, and CA-ST strains. CCCP

was effective for tetracycline and tobramycin in CI-ST and

CA-ST, while PAbN was not effective. The fluoro-

quinolone susceptibilities of WT-ST, CI-ST, and CA-ST

were increased in the presence of b-lactamase inhibitors

and efflux pump inhibitors. The hydrolysis of b-lactams

was inhibited in WT-ST by b-lactamase inhibitors (BL,

CA, SB, and TB), while that was not completely inhibited

in CI-ST and CA-ST. The efflux pump systems in WT-ST,

CI-ST, and CA-ST were not effectively inhibited by efflux

pump inhibitors (CCCP and PAbN). The efflux-mediated

MDR is induced through the proton motive force-driven

and substrate competitive extrusions, which can be dis-

rupted by CCCP and PAbN, respectively [18, 19].

The substrate profiles varied with Salmonella efflux

pumps. The overlapped substrate profiles were observed in

this study. As the results of Table 2, WT-ST exhibited the

highest activity in AcrAB, AcrEF, and MdfA efflux pumps,

CI-ST was active in AcrAB, AcrEF, EmrAB, MdfA, and

MdtK, and CA-ST has AcrD, MdtABC, EmrAB, and MdtK

efflux pumps. The efflux pump inhibitors used in this study

did not completely inactivate the different families of

efflux pumps. This explains the reason why the suscepti-

bilities of all strains to antibiotics were not increased in the

presence of CCCP and PAbN [20]. Furthermore, the

intrinsic resistance of WT-ST, CI-ST, and CA-ST to

Table 1 Minimum inhibitory concentrations (MICs) of

S. Typhimurium ATCC 19585 (WT-ST), ciprofloxacin-induced

antibiotic-resistant S. Typhimurium ATCC 19585 (CI-ST), and

clinically-acquired antibiotic-resistant S. Typhimurium CCARM

8009 (CA-ST) in absence and presence of b-lactamase inhibitors

[BLI-489 (BL), clavulanate (CA), sulbactam (SB) or tazobactam

(TB)] and efflux pump inhibitors [carbonyl cyanide-m-chlorophenyl

hydrazine (CCCP) and phenylalanine-arginine-b-naphthylamide

(PabN)]

Strain Antibiotic Control b-Lactamase inhibitor Efflux pump inhibitor

BL CA SB TB CCCP PAbN

WT-ST Ampicillin 4(S) 1(S) 2(S) 1(S) 2(S) 4(S) 4(S)

Cefoxitin 2(S) 1(S) 1(S) 0.5(S) 1(S) 2(S) 2(S)

Ceftriaxone 0.063(S) 0.016(S) 0.031(S) 0.016(S) 0.016(S) 0.063(S) 0.063(S)

Chloramphenicol 2(S) 2(S) 2(S) 2(S) 2(S) 0.5(S) 0.5(S)

Ciprofloxacin 0.016(S) 0.008(S) 0.008(S) 0.008(S) 0.008(S) 0.008(S) 0.008(S)

Levofloxacin 0.016(S) 0.008(S) 0.004(S) 0.008(S) 0.008(S) 0.004(S) 0.008(S)

Meropenem 0.031(S) 0.016(S) 0.031(S) 0.008(S) 0.008(S) 0.016(S) 0.016(S)

Tetracyline 1(S) 1(S) 0.5(S) 0.5(S) 0.5(S) 0.25(S) 0.5(S)

Tobramycin 4(I) 0.5(S) 0.5(S) 0.5(S) 0.5(S) 2(S) 4(I)

CI-ST Ampicillin 8(S) 4(S) 8(S) 2(S) 4(S) 8(S) 8(S)

Cefoxitin 8(R) 4(I) 4(I) 4(I) 4(I) 4(I) 4(I)

Ceftriaxone 0.5(S) 0.125(S) 0.063(S) 0.25(S) 0.125(S) 0.5(S) 0.5(S)

Chloramphenicol 8(I) 8(I) 8(I) 8(I) 8(I) 4(S) 4(S)

Ciprofloxacin 2(R) 0.25(S) 0.5(S) 0.25(S) 0.5(S) 0.5(S) 0.5(S)

Levofloxacin 0.5(S) 0.125(S) 0.25(S) 0.25(S) 0.25(S) 0.125(S) 0.25(S)

Meropenem 0.25(S) 0.125(S) 0.063(S) 0.25(S) 0.125(S) 0.125(S) 0.125(S)

Tetracyline 2(I) 1(S) 2(I) 1(S) 1(S) 1(S) 2(I)

Tobramycin 8(R) 4(I) 8(R) 8(R) 4(I) 4(I) 8(R)

CA-ST Ampicillin [ 512(R) 128(R) 128(R) 64(R) 128(R) [ 512(R) [ 512(R)

Cefoxitin 8(R) 2(S) 4(I) 4(I) 8(R) 4(I) 4(I)

Ceftriaxone 0.125(S) 0.063(S) 0.125(S) 0.125(S) 0.125(S) 0.125(S) 0.125(S)

Chloramphenicol 2(S) 2(S) 2(S) 2(S) 2(S) 2(S) 2(S)

Ciprofloxacin 0.031(S) 0.008(S) 0.008(S) 0.016(S) 0.008(S) 0.016(S) 0.016(S)

Levofloxacin 0.063(S) 0.008(S) 0.031(S) 0.016(S) 0.016(S) 0.016(S) 0.016(S)

Meropenem 0.031(S) 0.016(S) 0.031(S) 0.016(S) 0.031(S) 0.016(S) 0.016(S)

Tetracyline 2(I) 1(S) 2(I) 1(S) 2(I) 1(S) 2(I)

Tobramycin 4(I) 2(S) 2(S) 2(S) 4(I) 2(S) 4(I)

S, I, and R indicate the antibiotic-sensitive, intermediate, and resistant strains, respectively
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Table 2 Primer sequences used in this study and relative gene expression in ciprofloxacin-induced antibiotic-resistant S. Typhimurium ATCC

19585 (CI-ST) and clinically-acquired antibiotic-resistant S. Typhimurium CCARM 8009 (CA-ST)

Type Gene Annotation Primer Fold change

CI-ST CA-ST

RND

(AcrAB)

acrA Periplasmic adaptor protein F: AAAACGGCAAAGCGAAGGT

R: GTACCGGACTGCGGGAATT

2.39 2.19

acrB Multidrug transporter F: TGAAAAAAATGGAACCGTTCTTC

R: CGAACGGCGTGGTGTCA

1.97* 1.19

marA Transcriptional activator F: CGCAACACTGACGCTATTAC

R: TTCAGCGGCAGCATATAC

1.44* 0.45

ramA Transcriptional activator F: CCAGAAGGTGTATGATATTTGTCTCAAG

R: GGTTGAACGTGCGGGTAAA

2.25 1.14

soxS Transcriptional activator F: CATATCGACCAACCGCTA

R: CGGAATACACGCGAGAAG

0.92 2.23

tolC Outer membrane channel F: GCCCGTGCGCAATATGAT

R: CCGCGTTATCCAGGTTGTTG

3.39 2.83

RND

(AcrD)

acrD Aminoglycoside F: CCTTTGTCAAAGCCTCGATTATC

R: CAGGAACAGATACATCACCAG

1.49 2.20

RND

(AcrEF)

acrF Aminoglycoside F: GTTCCTGTCGTGTTGCTA

R: CAAACATCGTCAGGGTATTG

2.55 3.66

RND

(MdsABC)

mdsA Multidrug transporter F: TGCTAAAGCCCTTAGCCGTACA

R: GCGCGGCCAGAAAACC

3.87 5.28

mdsB Multidrug transporter F: CGATATGTTGATGGTGGTT

R: GATGGCGAAGTTAGACAG

2.71 3.50

mdsC Multidrug transporter F: TCGTAACGCGCTGGAATTG

R: TTTAGTCGACGCGACAGTTCA

3.70 4.67

RND

(MdtABC)

mdtB Multidrug transporter F: TATCGGCTATCGCTTCCT

R: TAGAGCGTAACAACCTGAAT

1.99 2.90

mdtC Multidrug transporter F: GAGGTAGAAGAGACACTGGCTATCTCT

R: CGGAGCGCAGGAATAAAAAC

3.68 4.59

MFS

(EmrAB)

emrA Multidrug transporter F: GCGCAAAGCGACCTTAACC

R: CTTCCCGGCCAATAAGATTG

0.79 0.81

emrB Multidrug transporter F: TCTGGTCAATGACCGTCATTG

R: TGTAGCCCCCCAGAATCG

1.33 2.31

MFS

(MdfA)

mdfA Multidrug transporter F: TTTGAGGAGGCGGTGTGTATAA

R: AGCGGCGCGATTAACG

0.71 1.17

MATE

(MdtK)

mdtK Multidrug transporter F: TTTGTTTGGTCACGGCTTACTG

R: GCCGGAGCCATTGAGTTG

1.05 2.62*

ABC

(MacAB)

macA Regulator F: CGCGCCAGCAGCAGTTA

R: CGCCGCGGTATCCAGAT

0.33 - 0.13

macB Regulator F: ACAGCAGCAGCGTGTCAGTATT

R: TCGGCTCATCTGCCAGAATC

- 0.17 - 0.58

Porin ompC Outer membrane protein F: TCGCAGCCTGCTGAACCAGAAC

R: ACGGGTTGCGTTATAGGTCTGAG

1.95 2.42*

ompD Outer membrane protein F: GCAACCGTACTGAAAGCCAGGG

R: GCCAAAGAAGTCAGTGTTACGGT

4.29 5.06

ompF Outer membrane protein F: CGGAATTTATTGACGGCAGT

R: GAGATAAAAAAACAGGACCG

3.99* - 1.17

Resistance cat Chloramphenicol acyltransferase F: GCAAGATGTGGCGTGTTAC

R: GGGGGCGAAGAAGTTGTC

3.58* 1.38
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antibiotics could cause the decrease in susceptibility

regardless of efflux pump activity [21].

Differential expression of mechanism-related genes

in WT-ST, CI-ST, and CA-ST

The relative expression of efflux pump-, porin-, and

resistance-, b-lactamase-, and virulence-related genes were

observed in CI-ST and CA-ST in comparison with WT-ST

as control strain (Table 2). The relative expression levels of

all genes were increased in both CI-ST and CA-ST with the

exception of CI-ST (macB) and CA-ST (macA, macB, and

ompF). The genes, mdsA, mdsC, mdtC, ompD, blaTEM, and

ssaB, were overexpressed by more than threefold in both

CI-ST and CA-ST. The results of b-lactamase and efflux

pump activities corresponded well with overall antibiotic

susceptibility and relative gene expression in WT-ST, CI-

ST, and CA-ST.

The transcriptional levels of acrAB, tolC, and ompF

were regulated by marA, soxS, and ramA as transcriptional

activators belonging to the AraC/XylS family [20, 22]. The

overexpression of marA (0.45-fold) and ramA (1.14-fold)

in CA-ST was in good agreement with the suppression of

ompF (Table 2). The overexpression of marA, soxS, and

ramA contributes to the increased efflux activity of AcrAB-

TolC and reduction of OmpF, resulting in MDR [20]. The

AcrB and TolC are required not only to induce MDR but

also to produce virulence factors in S. Typhimurium [23].

The substrates of tripartite multidrug efflux system AcrAB-

TolC include b-lactams, chloramphenicols, macrolides,

novobiocin, tetracyclines, sulfonamides, and trimethoprim

[22]. The substrates of AcrAD efflux pump are aminogly-

cosides (kanamycin and streptomycin) [24]. The acrB,

acrF, and acrD have common transcriptional regulators,

marA and soxS [15]. MdsAB acts as multidrug transporter

of Salmonella with either MdsC or TolC [25]. MdtB

functions together with MdtA and TolC, leading to MDR

S. Typhimurium to b-lactam and novobiocin [26]. The

substrate of EmrAB efflux pump is nalidixic acid, which

functions with TolC [25]. The expression of mdfA con-

tributes to the enhanced resistance to tetracycline, chlo-

ramphenicol, norfloxacin, and doxorubicin [25]. The mdtK

gene confers to resistance to norfloxacin [25]. The tran-

scription of macAB is suppressed by two-component reg-

ulatory system PhoP/PhoQ which regulates Salmonella

virulence [25].

The altered porin channels function as a permeable

barrier, which can influence on bacterial susceptibility to

antibiotics [27]. The reduced permeability of porin chan-

nels plays an important role in MDR bacteria by decreasing

the influx of different types of antibiotics such as b-lac-
tams, chloramphenicol, fluoroquinolones, and tetracycline

[27, 28]. CA-ST was highly resistant to ampicillin

([ 512 lg/mL) which is blocked by the OmpF porin in its

zwitterionic form [29]. OmpF and OmpC are mainly

responsible for the porin-mediated antibiotic resistance by

regulating the permeability to hydrophilic antibiotics,

while the two-component regulatory systems (PhoP/PhoQ

and PmrA/PmrB) are involved in the permeability to

hydrophobic antibiotics, including aminoglycosides, mac-

rolides, and cationic peptides, through lipid bilayers in

S. Typhimurium [29]. The increased resistance of CI-ST

and CA-ST to ciprofloxacin, levofloxacin, and tetracycline

was due to the porin- and lipid-mediated permeability

barriers [27]. The overexpression of ompD in CI-ST

([ fourfold increase) and CA-ST ([fivefold increase) is

Table 2 continued

Type Gene Annotation Primer Fold change

CI-ST CA-ST

b-Lactamase blaTEM b-Lactamase F: ATGAGTATTCAACATTTCCG

R: CCAATGCTTAATCAGTGAGG

3.54 7.03*

Virulence invH Adherence/invasion F: CCCTTCCTCCGTGAGCAAA

R: TGGCCAGTTGCTCTTTCTGA

2.49 3.92*

orf245 SPI-2/PhoP F: CAGGGTAATATCGATGTGGACTACA

R: GCGGTATGTGGAAAACGAGTTT

2.51 3.80

pipB Type III secreted effector F: GCTCCTGTTAATGATTTCGCTAAAG

R: GCTCAGACTTAACTGACACCAAACTAA

1.74 2.85

sipA SPI-1 F: CAGGGAACGGTGTGGAGGTA

R: AGACGTTTTTGGGTGTGATACGT

2.29 4.36*

ssaB SPI-1/SPI-2 F: ATTCAGG ATATCAGGGCCGAAGGT

R: GTGCTGCAAGCAGTAGTGTCACAT

5.80 5.41

*Indicates the significant difference at p\ 0.05
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related to the increased efflux activity responsible for

conferring MDR [30].

The chloramphenicol acetyltransferase (cat) encodes the

resistance to chloramphenicol [31]. The cat gene was

strongly overexpressed by 3.6-fold and 1.4-fold, respec-

tively, in CI-ST and CA-ST, confirming more chloram-

phenicol resistance in CI-ST than CA-ST. CA were least

effective for ampicillin in CI-ST and ceftriaxone in CA-ST

(Table 1). The expression levels of blaTEM in CI-ST and

CA-ST were increased by 3.5-fold and sevenfold, respec-

tively (Table 2). This is in good agreement with the report

that TEM-type b-lactamases were resistant to CA [14]. The

antibiotic activity of ampicillin was increased by adding b-
lactamase inhibitors, which can inhibit plasmid-encoded

TEM-1 and TEM-2 penicillinases produced by CA-ST.

The Salmonella Type III secreted effector-related genes

(orf245, pipB, sipA, and ssaB) and invasion-related gene

(invH) were overexpressed in CI-ST and CA-ST, which are

essential for bacterial virulence and survival [32]. The

expression of virulence-related genes is directly associated

with the expression of multidrug efflux pump-related

genes. The RND family is specific to various antibiotics,

showing diverse substrate profiles [33]. These results sug-

gest that efflux pump-related genes are required for not

only antibiotic resistance but also bacterial virulence [25].

The efflux pump-related genes are regulated by transcrip-

tional regulators, local repressors, and global response

regulators [9]. The various types of efflux pumps are

interplayed to avoid redundant expression and wasteful

metabolism. The antibiotics in combination with b-lacta-
mase inhibitors and efflux pump inhibitors can be used to

give synergistic effects [34, 35].

In conclusion, this study describes the MDR mecha-

nisms underlying b-lactamase production and efflux pump

activity in WT-ST, CI-ST, and CA-ST. The antibiotic

susceptibilities of WT-ST, CI-ST, and CA-ST varied

depending on the types of b-lactamase and efflux pump

inhibitors. The SHV and CTX-M type b-lactamases could

be produced by WT-ST and CI-ST, while the resistance of

CI-ST might not be attributed to the TEM-1 and AmpC b-
lactamases. It is worth noting that the multidrug efflux

pumps conferred resistance to specific antibiotics as sub-

strates. The various types of multidrug efflux pump sys-

tems were responsible for the MDR in CI-ST (AcrAB,

AcrEF, EmrAB, MdfA, and MdtK) and CA-ST (AcrD,

MdtABC, EmrAB, and MdtK). The altered porin channels

resulted in the reduced permeability that can be used as

barrier to antibiotics. The results obtained in this study can

help us understand the b-lactamase production and efflux

pump activity with regard to multiple antibiotic resistance

and bacterial virulence. However, further study is needed

to better understand the interplay between the phenotypic

resistance and genotypic resistance in association with

various antibiotic resistance mechanisms in

S. Typhimurium.
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