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ABSTRACT

Bacteria experience changes in physiology and growth patterns in aerobic laboratory culture and the
anaerobic gastrointestinal tract of the host. Our study hypothesizes that this physiological difference
influences the antibiotic susceptibility/resistance pattern of Salmonella in aerobic and anaerobic conditions.
The susceptibility and resistance percentage was determined using the diameter of the zone of inhibition for
ten major classes of antibiotic drugs with a total of sixteen molecules. Data were analyzed in GraphPad
Prism vs 8 using a two-way ANOVA analysis for the six antibiotics selected based on the greatest
differences in the zone of inhibition. The highest observed resistance levels were against nalidixic acid
(63.8%/48.6%) and tetracycline (65.2%/58.6%), followed by trimethoprim/ sulphamethoxazole
(52.2%/50%), cephalexin (50.7%/52.9%), ciprofloxacin (45.7%/45.7%), amoxicillin (43.5%/47.1%),
ampicillin  (37.7%/45.7%) and chloramphenicol (36.2%/37.1%) in aerobic/anaerobic condition. The
variation contributed by the type of antibiotic on the degree of resistance was 72.73% (P=0.0303) and the
variation contributed by the incubation condition was 16.09% (P=0.0437), both of which are statistically
significant. The findings of our study demonstrate that the susceptibility/resistance of non-typhoidal
Salmonella varies in aerobic and anaerobic incubation. Hence, pharmacodynamics models aiming to
evaluate the impact of antimicrobial use in enteric bacteria such as Salmonella of the treated host should
utilize measurements of bacterial susceptibility that are obtained anaerobically (as well as aerobically) to
achieve effective antimicrobial treatment and control non-typhoidal salmonella infections.
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INTRODUCTION

Salmonella, of the family Enterobacteriaceae, is an important zoonotic pathogen whose transmission is
primarily via the feco-oral route. It causes typhoid fever, gastroenteritis, septicemia, and even death in
infected humans (Zhai et al 2014). It is reported that approximately 90% of human salmonellosis results
from ingestion of contaminated food products originating from poultry and other animals (Andino and
Hanning 2015). Poultry meat and egg are allegedly the most common source of human infection as
poultry birds can be asymptomatic carriers and the organism can persist along with the processing (e.g.
primary production on-farm, slaughter operations, equipment, meat handlers, and retail meat) with
efficient transmission and rapid spread (Antunes et al 2016). Salmonella infecting poultry are divided into
two groups namely host-specific (typhoidal) and broad host range (non-typhoidal) groups (Crump et al
2015). Non-typhoid salmonella does not cause high mortality or interfere performance of the bird but is
responsible for human infection through the consumption of contaminated poultry products (Foley et al
2011). The predominant non-typhoid Salmonella serovars associated with poultry and human infections
are S. enterica serovar Enteritidis and S. Heidelberg, S. Kentucky, and S. Typhimurium (Foley et al 2011,
Zhu et al 2015).

The extensive abuse of antibiotic agents has led to the emergence and spread of antibiotic-resistant
salmonellae (Sengupta et al 2014). The disease has a negative economic impact worldwide, due to food
recalls, surveillance and inspection of human infections, and treatment and prevention. Similarly, the
emergence of antibiotic-resistant strains leading to therapeutic failures has also become an important
problem in veterinary medicine and public health (Lathers 2001). Judicious use of an appropriate and
effective antibiotic agent is the only measure to vie anti-microbial resistant (AMR) strains of enteric
bacteria. Antibiotic susceptibility test (AST) is a tool to clinically identify the appropriate antimicrobial
agent that can be used therapeutically. The test is generally performed in vitro aerobic laboratory culture
while the enteric pathogen like Salmonella dwells in the anaerobic gut environment of the host.
Bactericidal antibiotics kill organisms in their growing phase whereas bacteriostatic targets the bacterial
function or physiology. The antimicrobial agents depend upon the physiology and growth rate of the
organism for their action which is further determined by the environment (DeMars et al 2016). Hence,
AST in vitro aerobic laboratory culture may not truly and accurately mimic the pharmaco-dynamic
models of the pathogen within the host environment. The objective of the study was to evaluate and
compare the antibiotic susceptibility of the isolates in aerobic and anaerobic conditions for multiple
classes of antibiotics such as aminoglycosides, amphenicol, -lactams, cephalosporins, tetracycline,
sulphonamides, macrolides, fluoroquinolones, polymyxin, and aminocoumarin.

MATERIALS AND METHODS

Location

The laboratory work of the research study was conducted for four months starting from 25 Feb 2020 in
National Animal Health Research Centre under Nepal Agricultural Research Centre situated in Bagmati
province, Lalitpur-15, Khumaltar, at latitude 27.650667°N and longitude 85.322361°E.

Bacterial isolates
In this study, a total of 100 random samples i.e. organism repository at -80°C deep freezer of National

Animal Health Research Centre (NAHRC) were selected. The samples for pathogen isolation were
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collected from poultry litters, faeces and clinical cases of poultry (for example liver, heart, spleen and
trachea). The biological samples were initially incubated at 37°C for 20 hours in Buffer Peptone Water for
pre-enrichment. The broth was then cultured in Salmonella Shigella agar and XLD agar. Typical pale
colonies with black centres growing on these agar plates were stained using Gram stain and biochemical
tests. SIM medium was used for the determination of hydrogen sulphide production, indole formation and
motility of the pathogen. Motile, H,S positive but indole negative, gram-negative colonies were
transferred to Luria Bertani broth for overnight culture. DNA was extracted from the culture inoculated in
LB broth, with the help of QlAamp DNA Kit (Qiagen) followed by end-point PCR for the invA gene,
using TagPCR mastermix kit and gel electrophoresis for bacteria identification. The PCR procedure
entailed primers 139-1421 for detecting Salmonella. The procedure was performed with an initial
denaturation step of 95 °C for 5 min, 35 cycles of 95 °C for the 30s, 60 °C for 30s, 72 °C for 45s and a
final extension step of 72 °C for 10 min with a total time of two hours and ten minutes for completion.
The PCR product was visualized under ultraviolet light after a run on 1.5% agarose gel in 1xTAE buffer
[40 mM Tris-acetate, pH 8.0, 1 mM EDTA]. The antibiotic susceptibility test (AST) was performed for
the PCR-positive samples using the standard protocols by Kirby-Bauer disc diffusion method in aerobic
and anaerobic conditions. The anaerobic condition was maintained using a gas pack in a gas jar system
(Burt and Phillips 1997).

Figure 1: Representative image of the gel electrophoresis for the identification of Salmonella using the invA
gene. The presence of bands at 284 bp is confirmatory for Salmonella; compare it with the presence of a band
of the same size of the control strain ATCC 14028 on Lane 2, negative control on Lane 3 and DNA marker on
Lane 1, starting from left.

Antibiotics
For each bacterial isolate, the zone of inhibition was interpreted as per European Committee on

Antimicrobial Susceptibility Testing (EUCAST) guidelines (EUCAST 2019) for the following antibiotics
taken as representative of their classes- gentamicin (GEN, 10 mcg), streptomycin (STR, 10 mcg) for
aminoglycosides, chloramphenicol (CHL, 30 mcg) for amphenicols, novobiocin (NOV, 30 mcg) for
aminocoumarins, ampicillin (AMP, 10 mcg), amoxicillin (AMX, 10 mcg), imipenem (IMP, 10 mcg) for
R-lactams, cefalexin (LEX, 30 mcg), cefoxitin (FOX, 30 mcg), ceftriaxone (CRO, 30 mcg) for
cephalosporins, azithromycin (AZM,10 mcg) for azalides, colistin (COL,10 mcg) for polymyxins,
ciprofloxacin (CIP, 5 mcg), nalidixic acid (NAL, 30 mcg) for quinolones, cotrimoxazole (SXT, 25 mcg)
for sulpha-trimethoprim, and tetracycline (TCY, 30 mcg) for tetracyclines. The antibiotic discs used in the
study were manufactured by HiMedia, Mumbai India. These antibiotics were selected based on the
evidence of usage by poultry farmers as well as their commercial availability at a reasonable price in the
local market.
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Antibiotic susceptibilities of bacterial isolates

For the antibiotic susceptibility test, the bacterial strains identified positively as Salmonella using the PCR
were inoculated into Muller Hinton broth and incubated at 37°C for 4 hours. The turbidity of bacterial
suspension was compared with 0.5 McFarland standards (0.05ml of 1.175% barium chloride dehydrate
with 9.95ml of 1% sulphuric acid). The suspensions with turbidity matching that of 0.5 McFarland were
plated onto the Muller Hinton agar by lawn culture technique using a glass spreader. The antibiotic discs
were then carefully placed on the plate using a disc dispenser and sterile forceps. The anaerobic condition
was maintained by using an anaerobic jar. The plates were incubated at 37°C for 18-24 hours after which
the diameter of the zone of inhibition was measured with the help of a manual vernier calliper.

Statistical analysis

The data obtained from the test were entered in WHONET vs. 2020. The descriptive and graphical
analyses were performed in WHONET for all sixteen antibiotic drugs used in the study. Antibiotics with
the highest differences in the zone of inhibition between the aerobic and anaerobic environment were
selected for two-way ANOVA analysis in Graph Pad Prism vs 8.

RESULTS

Out of 100 samples from the NAHRC organism bank, 38 samples were positive for Salmonella whereas
all 32 clinical samples collected from OPD cases were positive by PCR test. Salmonella Typhimurium,
ATCC 14028 (quality control commercially prepared microbiological proved ATCC 14028 was used as a
positive control during the assay (Figure 1). Antibiotic Sensitivity Test (AST) by Kirby-Bauer disc
diffusion method in aerobic and anaerobic conditions was performed on these 70 isolates confirmed to be
Salmonella spp. The zone of inhibition was interpreted as per EUCAST guidelines into the resistant,
intermediate and susceptible strains. The overall resistance and susceptibility pattern of the Salmonella
isolates in aerobic and anaerobic conditions for the different sixteen antimicrobial drugs is represented in
Table 1. The intermediate strains were merged with the resistance ones as antibiotics labelled
intermediate are generally not recommended for use in the clinical setting (Jiang et al 2019).

Table 1. Pattern of antibiotic susceptibility of Salmonella isolates.

Antibiotic Aerobic Incubation Anaerobic Incubation

R% [9596CI of R%] S% R% [9596CI of R%] S%
Amoxicillin 60.9 31.8-55.9 39.1 62.9 35.2-59.4 37.1
Ampicillin 62.3 26.5-50.2 37.7 67.1 33.9-58.0 32.9
Azithromycin 21.7 13.1-33.6 78.3 34.3 23.6-46.7 65.7
Cefoxitin 42 16.6-38.3 58.0 45.7 28.7-52.4 54.3
Cephalexin 58 38.5-62.9 42.0 55.7 40.6-64.8 44.3
Ciprofloxacin 89.9 30.4-54.5 10.1 91.4 33.9-58.0 8.6
Colistin 34.8 24.0-47.3 65.2 38.6 27.4-51.0 61.4
Chloramphenicol 40.6 25.3-48.8 59.4 42.9 26.1-49.6 57.1
Ceftriaxone 30.4 8.6-27.2 69.6 37.1 7.4-25.2 62.9
Gentamycin 30.4 4,5-20.4 69.6 25.7 7.4-25.2 74.3
Imipenem 40.6 13.1-33.6 59.4 44.3 21.1-43.8 55.7
Nalidixic 81.2 51.2-74.7 18.8 71.7 36.6-60.7 28.6
Novobiocin 87 66.4-86.9 13.0 85.7 66.8-87.1 14.3
Streptomycin 37.7 9.7-28.8 62.3 41.4 22.4-45.2 58.6
Tetracycline 81.2 52.7-76.0 18.8 61.4 46.2-70.0 38.6
Sulfa-TMP 59.4 39.9-64.2 40.6 61.4 37.9-62.1 38.6
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A comparison of resistance and susceptibility patterns of selected six antibiotic drugs with the greatest
difference in the diameter of the zone of inhibition in aerobic and anaerobic incubation conditions is
shown in Figure 2.

A B

100 I Anaerobic I Aerobic 60 I Anaerobic Il Aerobic

40+

204

% Susceptibility
a1
o
% Resistance

IPM TET CIP CX CTR AZM IPM TET CIP CX CTR AZM

Figure 2. Comparison of susceptibility (A) and resistance (B) of six selected antibiotics (selection was based on
the top six largest differences in the diameter of zone of inhibition) in aerobic and anaerobic incubation. The
antibiotic molecules in the x-axis are abbreviated as IPM: Imipenem, TET: Tetracycline, CIP: Ciprofloxacin,
CX: Cefixime, CTR: Ceftriaxone, and AZM: Azithryomycin.

The highest percentage of resistance was observed against nalidixic acid (63.8%/48.6%) and tetracycline
(65.2%/58.6%), trimethoprim/sulphamethoxazole (52.2%/50%), cephalexin (50.7%/52.9%), ciprofloxacin
(45.7%/45.7%), amoxicillin  (43.5%/47.1%), ampicillin  (37.7%/45.7%) and chloramphenicol
(36.2%/37.1%) in aerobic/anaerobic condition. Resistance towards gentamicin (10.1%/14.3%) and
ceftriaxone (10.1%/14.3%) was the lowest for all isolates. Among sixteen different antibiotics, six
antibiotics showed the greatest difference in the diameter of the zone of inhibition in aerobic and
anaerobic conditions namely; imipenem, tetracycline, ciprofloxacin, ceftriaxone, azithromycin, and
cefoxitin. These six antibiotics were selected for two-way ANOVA analysis in GraphPad Prism vs. 8.0 on
a Windows 8.0 platform. The susceptibility analysis showed that the variations contributed by the
antibiotic itself were 77.5% (P=0.0976) whereas the variation contributed by the incubation condition was
only 0.3191% (P=0.7991). Both of these were statistically non-significant which implied that the
susceptibility of the Salmonella isolates to these selected six antibiotics either aerobic or anaerobic
incubation did not differ to a greater extent (Figure 2A). However, when the resistance of these same
antibiotics to the same Salmonella isolates was compared in similar incubation conditions, the results
showed that the difference was statistically significant. Resistance analysis showed that the variation
contributed by the type of antibiotic on the degree of resistance was 72.73% (P=0.0303) whereas the
variation contributed by the incubation condition was 16.09% (P=0.0437). This showed that though the
contribution of the incubation on the degree of resistance was low, it was significant as compared to the
contribution on the susceptibility (Figure 2B).

DISCUSSION

This study demonstrates the antibiotic susceptibility of Salmonella isolates and its change in aerobic and
anaerobic conditions. Salmonella isolated from poultry showed greater resistance to nalidixic (89.5%),
tetracycline (80%), ciprofloxacin (64.9%), sulphamethoxazole (42%), trimethoprim (29.8%), and
ampicillin (26.3%) (Andoh et al 2016). Resistance to the first-line drugs (chloramphenicol, amoxicillin
and trimethoprim-sulphamethoxazole), tetracycline, and nalidixic acid is similar to the results of the
studies carried out in Eastern Nepal (Bantawa et al 2019) and other countries like Portugal, Ethiopia,
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United States, Belgium, and China (Antunes et al 2003, Asfaw Ali et al 2020, Velasquez et al 2018,
Vinueza-Burgos et al 2019, Wang et al 2019). The findings were not unexpected given the indiscriminate
and extensive use of antibiotics in the poultry industry as access to antibiotics is easy and can be
purchased without a prescription in Nepal. In Egypt (El-Sharkawy et al 2017) and Zimbabwe (Makaya et
al 2012) studies show the susceptibility of Salmonella to trimethoprim/sulphamethoxazole. The
susceptibility could be due to the absence of integron that consists of dfrA12 trimethoprim resistance
cassette in the Salmonella isolated in the study. The antibiotic resistance pattern varies by place or
country depending upon the selection pressure contributed by the antibiotic usage in animals, as well as
geographical variation in the epidemiology of Salmonella and the regional prevalence of a certain serovar
(McDermott et al 2018).

Salmonella isolates in our study were susceptible to azithromycin and ceftriaxone. Minimally used
antibiotics retain good susceptibility (Velasquez et al 2018). The extended-spectrum cephalosporins such
as ceftriaxone and azithromycin are effective alternatives for the treatment of salmonellosis (Crump et al
2015). Azithromycin has greater penetration to most tissues and attains intracellular concentrations inside
macrophages and neutrophils so is considered equivalent or superior to chloramphenicol, and
fluoroquinolones (Crump et al 2015). Though the isolates in our study did not show high resistivity
against ceftriaxone, the occurrence of resistance has been reported especially in non-typhoidal salmonella
strains (Asfaw Ali et al 2020, Crump et al 2015).

Six out of the sixteen antibiotics used in the study, with a greater difference in the diameter of the zone of
inhibition, were further analyzed. The analysis showed that the susceptibility pattern of Salmonella spp.
was not significantly different in anaerobic compared with aerobic conditions. However, the resistance
pattern of the same Salmonella isolates for the same drugs was statistically significant. Our study partially
agrees with a study by DeMars et al 2016 which reports significant differences in the susceptibility of
Salmonella and E. coli spp. to antimicrobial drugs in anaerobic compared to aerobic conditions. Non-
significant variation in susceptibility to the drugs in our study could be due to the smaller sample size.
The drugs namely imipenem, cefoxitin, ciprofloxacin, ceftriaxone, and azithromycin showed increased
resistance in anaerobic conditions on the other hand tetracycline showed decreased resistance in anaerobic
conditions.

Salmonella needs to colonize the distal small intestine or colon to initiate enteric disease. Besides
competing with the inhabitant microbes within the intestinal tract, the pathogenic organism is also
introduced to a variety of physicochemical signals such as a change in temperature, presence of host
antimicrobial peptides, bile salt, pH alteration, and anaerobiosis (Sengupta et al 2014). Aerobic to
anaerobic transition is responsible for changes in the central metabolism of the organism which leads to
upregulation and suppression of several proteins to adapt to anaerobic metabolism (Encheva et al 2009).
Furthermore, in vivo, the organism is subjected to nutrient-starved low-oxygen conditions, where its
metabolic state resembles that of stationary-phase bacteria grown in the laboratory (Judy et al 2009). The
observed differences in resistance percentage of Salmonella isolate in aerobic and anaerobic conditions
are likely associated with physiological changes such as alteration in bacterial population growth rate,
respiration, and metabolism, along with changes in uptake or penetration of antimicrobials within the
bacterial cells (DeMars et al 2016) which alters bacterial susceptibility to antimicrobial drugs that inhibit
the synthesis of the cell wall of vegetative, growing-to-divide bacteria, such as B lactams and
antimicrobial drugs that target major metabolic cell functions, such as macrolides, sulfonamides, and
tetracyclines are altered due to modification in metabolic function and population growth rates (DeMars
et al 2016).
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The anaerobic condition can lead to substantial decreases in the expression of periplasmic transport
proteins which are involved in the uptake of amino acids and peptides thereby reducing the uptake of
antimicrobials such as azithromycin (Encheva et al 2009). Change in respiration patterns in the anaerobic
environment has a crucial role in the uptake and lethality of aminoglycoside (Kohanski et al 2010).
Following the initial step of adsorption of drug molecules through electrostatic interaction, changes in
membrane potential allow the aminoglycosides to access the cell. Respiration-dependent uptake relies on
the activity of membrane-associated uptake of aminoglycosides which is severely limited within bacterial
cells under anaerobic conditions (DeMars et al 2016, Kohanski et al 2010). The study of Multidrug Efflux
Pump (MdtEF) in E. coli identified a dramatic up-regulation of an additional efflux pump, more than 20-
folds under anaerobic conditions, regulated by the global transcription factor arcA, resulting in increased
efflux activity and enhanced drug tolerance for tetracycline (Blanco et al 2016, Zhang et al 2018).

Salmonella serotypes are resilient microorganisms with a complex genomic system that enables the
organism to react and adapt to different harsh environmental conditions at the farm, during processing,
and in the gastrointestinal tract of the host (Antunes et al 2016, Crump et al 2015). The bacteria are
exposed to different stress factors beyond their normal growth range, one being fluctuation in oxygen
gradient through the farm-to-fork passage (Sengupta et al 2014). The transition from an aerobic
environment to an anaerobic environment leads to a series of modifications in the physiology and growth
rate of microorganisms which indeed alter the effect of antimicrobials in a different culture or incubation
environment (DeMars et al 2016, Sengupta et al 2014). The case of disparity between in vitro
susceptibility and the clinical outcome of the treatments for salmonellosis hinders effective treatments.
Hence, the pharmacodynamics studies of facultative anaerobic enteric organisms like Salmonella should
be carried out in conditions that correctly mimic their natural habitat in the host species (for example, the
anaerobic condition). Such studies aid in determining the exact efficacy of antimicrobial drugs in situ
conditions, avoiding extensive indiscriminate usage and treatment failure.

CONCLUSION

The findings of our study demonstrate that the susceptibility/resistance of NTS varies in aerobic and
anaerobic incubation so it is suggested to undertake the AST in both conditions for the best possible
outcomes. Antibiotic susceptibility in vivo depends upon the role of oxygen gradients and temporal
exposure of enteric pathogens in the host. The misinterpretation of the results obtained from the AST
could result in the underestimation or overestimation of antibiotic efficacy in clinical practice. Future
research could be directed towards re-evaluating by taking all test conditions (incubation time and
inoculation level) into account in providing clinical guidelines and recommendations for chemotherapy
and accurately predicting pharmacokinetics and pharmacodynamics in vivo Hence, pharmacodynamics
models aiming to evaluate the impact of antibiotics use in enteric bacteria such as Salmonella spp. of the
treated host should utilize measurements of bacterial susceptibility that are obtained anaerobically to
achieve effective antibiotic treatment and control NTS infection.

ACKNOWLEDGEMENTS

The authors acknowledge the support and assistance provided by the technical and administrative staff of the
National Animal Health Research Centre during the study period. The funds used in this study were provided by the
NARC Project No 542 (2020) entitled “Monitoring of Antimicrobial Resistance in Pathogens Isolated from Food
Animals (MARPFA).

REFERENCES

Andino A, & | Hanning. 2015. Salmonella enterica: survival, colonization, and virulence differences among
serovars. ScientificWorldJournal, 520179. DOI: https://doi.org/10.1155/2015/520179

111



Andoh LA, A Dalsgaard, K Obiri-Danso, MJ Newman, L Barco, & JE Olsen. (2016). Prevalence and antimicrobial
resistance of Salmonella serovars isolated from poultry in Ghana. Epidemiol Infect, 144(15), 3288-3299.
DOI: https://doi.org/10.1017/s0950268816001126

Antunes P, J Mourdo, J Campos, & L Peixe. 2016. Salmonellosis: the role of poultry meat. Clin Microbiol Infect,
22(2), 110-121. DOI: https://doi.org/10.1016/j.cmi.2015.12.004

Antunes Pc, C Re’, JoC Sousa, Ls Peixe, & N Pestana. (2003). Incidence of Salmonella from poultry products and
their susceptibility to antimicrobial agents. International Journal of Food Microbiology, 82, 97-103.

Asfaw Ali D, B Tadesse, & A Ebabu. 2020. Prevalence and Antibiotic Resistance Pattern of Salmonella Isolated
from Caecal Contents of Exotic Chicken in Debre Zeit and Modjo, Ethiopia. Int J Microbiol, 1910630.
DOI: https://doi.org/10.1155/2020/1910630

Bantawa K, SN Sah, DS Limbu, P Subba, & A Ghimire. 2019. Antibiotic resistance patterns of Staphylococcus
aureus, Escherichia coli, Salmonella, Shigella and Vibrio isolated from chicken, pork, buffalo and goat
meat in eastern Nepal. BMC research notes, 12(1), 1-6.

Blanco P, S Hernando-Amado, JA Reales-Calderon, F Corona, F Lira, M Alcalde-Rico, JL Martinez*. 2016.
Bacterial Multidrug Efflux Pumps: Much More Than Antibiotic Resistance Determinants.

Burt R, & KD Phillips. (1997). Technical methods. J Clin Pathol, 1082-1084. DOI:
https://doi.org/10.1136/jcp.30.11.1082

CLSI. 2016. M100-Ed31, Performance standards for antimicrobial susceptibility testing. West Valley Road, Suite
2500, Wayne, Pennsylvania 19087 USA: Clinical and Laboratory Standards Institute.

Crump JA, M Sjolund-Karlsson, MA Gordon, & CM Parry. 2015. Epidemiology, Clinical Presentation, Laboratory
Diagnosis, Antimicrobial Resistance, and Antimicrobial Management of Invasive Salmonella Infections.
Clin Microbiol Rev, 28(4), 901-937. DOI: https://doi.org/10.1128/CMR.00002-15

DeMars Z, S Biswas, RG Amachawadi, DG Renter, & VV Volkova. 2016. Antimicrobial Susceptibility of Enteric
Gram-Negative Facultative Anaerobe Bacilli in Aerobic versus Anaerobic Conditions. PLoS ONE, 11(5),
£0155599. DOI: https://doi.org/10.1371/journal.pone.0155599

Drlica K, & X Zhao. 2021. Bacterial death from treatment with fluoroquinolones and other lethal stressors. Expert
Rev Anti Infect Ther, 19(5), 601-618. DOI: https://doi.org/10.1080/14787210.2021.1840353

El-Sharkawy H, A Tahoun, AEA EIl-Gohary, M El-Abasy, F El-Khayat, T Gillespie, H El-Adawy. 2017.
Epidemiological, molecular characterization and antibiotic resistance of Salmonella enterica serovars
isolated from chicken farms in Egypt. Gut Pathog, 9, 8. DOI: https://doi.org/10.1186/s13099-017-0157-1

Encheva V, HN Shah, & SE Gharbia. 2009. Proteomic analysis of the adaptive response of Salmonella enterica
serovar Typhimurium to growth under anaerobic conditions. Microbiol, 155(Pt 7), 2429-2441. DOI:
https://doi.org/10.1099/mic.0.026138-0

EUCAST. 2019. Breakpoint tables for interpretation of MICs and zone diameters.: Version 9.0, 2019.

Foley SL, R Nayak, IB Hanning, TJ Johnson, J Han, & SC Ricke. (2011). Population dynamics of Salmonella
enterica serotypes in commercial egg and poultry production. Appl Environ Microbiol, 77(13), 4273-4279.
DOI: https://doi.org/10.1128/AEM.00598-11

Jiang Z, N Paudyal, Y Xu, T Deng, F Li, H Pan, . . . M Yue. 2019. Antibiotic Resistance Profiles of Salmonella
Recovered From Finishing Pigs and Slaughter Facilities in Henan, China. Front Microbiol, 10, 1513. DOI:
https://doi.org/10.3389/fmich.2019.01513

Judy BM, GC Whitlock, AG Torres, & DM Estes. 2009. Comparison of the in vitro and in vivo susceptibilities of
Burkholderia mallei to Ceftazidime and Levofloxacin. BMC Microbiol, 9, 88. DOI:
https://doi.org/10.1186/1471-2180-9-88

Kohanski MA, DJ Dwyer, & JJ Collins. 2010. How antibiotics kill bacteria: from targets to networks. Nat Rev
Microbiol, 8(6), 423-435. DOI: https://doi.org/10.1038/nrmicro2333

Lathers CM. 2001. Role of veterinary medicine in public health: antibiotic use in food animals and humans and the
effect on evolution of antibacterial resistance. J Clin Pharmacol, 41(6), 595-599.

Makaya PV, G Matope, & DM Pfukenyi. 2012. Distribution of Salmonella serovars and antimicrobial susceptibility
of Salmonella Enteritidis from poultry in Zimbabwe. Avian Pathol, 41(2), 221-226. DOI:
https://doi.org/10.1080/03079457.2012.667558

McDermott PF, S Zhao, & H Tate. 2018. Antimicrobial Resistance in Nontyphoidal Salmonella. Microbiol Spectr,
6(4). DOI: https://doi.org/10.1128/microbiolspec. ARBA-0014-2017

Sengupta C, S Ray, & R Chowdhury. 2014. Fine-tuning of virulence regulatory pathways in enteric bacteria in
response to varying bile and oxygen concentrations in the gastrointestinal tract. Gut Pathogens, 6(1), 38.
DOI: https://doi.org/10.1186/s13099-014-0038-9

112



Velasquez CG, KS Macklin, S Kumar, M Bailey, PE Ebner, HF Oliver, FS Martin-Gonzalez and M Singh. 2018.
Prevalence and antimicrobial resistance patterns of Salmonella isolated from poultry farms in southeastern
United States. Poult Sci, 97(6), 2144-2152. DOI: https://doi.org/10.3382/ps/pex449

Vinueza-Burgos C, M Baquero, J Medina, & L De Zutter. 2019. Occurrence, genotypes and antimicrobial
susceptibility of Salmonella collected from the broiler production chain within an integrated poultry
company. Int J Food Microbiol, 299, 1-7. DOI: https://doi.org/10.1016/j.ijfoodmicro.2019.03.014

Wang X, S Biswas, N Paudyal, H Pan, X Li, W Fang, & M Yue. 2019. Antibiotic Resistance in Salmonella
Typhimurium Isolates Recovered From the Food Chain Through National Antimicrobial Resistance
Monitoring  System  Between 1996 and 2016. Front Microbiol, 10, 985. DOI:
https://doi.org/10.3389/fmich.2019.00985

Zhai L, X Kong, Z Lu, F Lv, C Zhang, and X Bie. 2014. Detection of Salmonella enterica serovar Dublin by
polymerase chain reaction in multiplex format. J Microbiol Methods, 100, 52-57.
DOI:10.1016/j.mimet.2014.02.014

Zhang SX, YM Zhou, LG Tian, JX Chen, R Tinoco-Torres, E Serrano, SZ Li, SH Chen, L Ai, JH Chen, S Xia, Y
Lu, S Lv, XJ Teng, W Xu, WP Gu, ST Gong, XN Zhou, LL Geng and W Hu. 2018. Antibiotic resistance
and molecular characterization of diarrheagenic Escherichia coli and non-typhoidal Salmonella strains
isolated from infections in Southwest China. Infect Dis Poverty, 7(1), 53. DOIL:
https://doi.org/10.1186/540249-018-0427-2

Zhu C, M Yue, S Rankin, FX Weill, J Frey, & DM Schifferli. 2015. One-Step Identification of Five Prominent
Chicken Salmonella Serovars and Biotypes. J Clin Microbiol, 53(12), 3881-3883. DOI:
https://doi.org/10.1128/JCM.01976-15

113


https://pubmed.ncbi.nlm.nih.gov/?term=Li+SZ&cauthor_id=29792233
https://pubmed.ncbi.nlm.nih.gov/?term=Chen+SH&cauthor_id=29792233
https://pubmed.ncbi.nlm.nih.gov/?term=Ai+L&cauthor_id=29792233
https://pubmed.ncbi.nlm.nih.gov/?term=Chen+JH&cauthor_id=29792233
https://pubmed.ncbi.nlm.nih.gov/?term=Xia+S&cauthor_id=29792233
https://pubmed.ncbi.nlm.nih.gov/?term=Lu+Y&cauthor_id=29792233
https://pubmed.ncbi.nlm.nih.gov/?term=Lu+Y&cauthor_id=29792233
https://pubmed.ncbi.nlm.nih.gov/?term=Lv+S&cauthor_id=29792233
https://pubmed.ncbi.nlm.nih.gov/?term=Teng+XJ&cauthor_id=29792233
https://pubmed.ncbi.nlm.nih.gov/?term=Xu+W&cauthor_id=29792233
https://pubmed.ncbi.nlm.nih.gov/?term=Gu+WP&cauthor_id=29792233
https://pubmed.ncbi.nlm.nih.gov/?term=Gong+ST&cauthor_id=29792233
https://pubmed.ncbi.nlm.nih.gov/?term=Zhou+XN&cauthor_id=29792233
https://pubmed.ncbi.nlm.nih.gov/?term=Geng+LL&cauthor_id=29792233

