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Abstract
Exposure of bacteria to a sub-lethal dosage of antibiotic is one the major causes for the onset of antibiotic resistance. 
Therefore, we aimed to assess the emergence of antibiotic cross-resistance in bacteria after exposure to a sub-lethal dose of 
veterinary feed directive (VFD) antibiotics, tilmicosin, and florfenicol. The minimum inhibitory concentrations (MICs) of 
tilmicosin and florfenicol against Salmonella enterica serovar Enteritidis, Klebsiella pneumoniae, Staphylococcus aureus, 
and Listeria monocytogenes were determined. Next, the pathogens were exposed to a sub-inhibitory concentration of tilmi-
cosin (0.5, 5, 20 µg/ml) and florfenicol (1, 20 µg/ml) for 24 h and 48 h, and acquired cross-resistance to human therapeutic 
antibiotics was measured by determining the increase in MIC values. MICs of ampicillin, tetracycline, nalidixic acid, and 
meropenem against Salmonella and Klebsiella were in the range of 20–1000 µg/ml, 5–62.5 µg/ml, 5–125 µg/ml, and 0.05–
0.1 µg/ml, respectively, whereas MICs against Staphylococcus and Listeria were 2.5–10 µg/ml, 2.5 µg/ml, 62.5–500 µg/ml, 
and 0.1–0.2 µg/ml, respectively. Pre-exposure of these bacteria to a sub-inhibitory concentration of tilmicosin and florfenicol, 
increased cross-resistance against ampicillin, tetracycline, and nalidixic acid from 1.25- to 40-fold compared to the antibiotic 
unexposed bacteria with the exception of meropenem, which did not show increased resistance. This study could serve as a 
foundation to understand the mechanisms of acquired cross-resistance to traditional therapeutic antibiotics, and to develop 
strategies to alleviate such problem by using alternative antimicrobials.

Introduction

Extensive and indiscriminate use of antibiotics in the com-
munity, hospitals, and clinics have fueled the crisis of anti-
biotic resistance [1–4]. Globally, antibiotic resistance is 
projected to cause 700,000 deaths each year by 2050 at a 
cost to world GDP of US$100 trillion [5]. Around 80% of 
all antibiotics sold in the United States are administered to 
food animals, primarily as a growth supplement and (or) 
for controlling infection [6]. Widespread application of 

antibiotics as a therapeutic agent in animals and humans, 
and as a growth promoter in livestock exposes bacteria to 
the sub-inhibitory (non-lethal) dose of antibiotics. This has 
played a critical role in the evolution of antibiotic resist-
ance [7, 8], selection for antibiotic-resistant bacteria [9], 
and the emergence of multidrug-resistant (MDR) bacterial 
pathogens, such as extended spectrum β-lactamase (ESBL) 
Gram-negative bacteria [10, 11].

In food animals, antibiotics are used widely as growth 
promoting agents and therapeutics. Due to increased concern 
about antibiotic resistance in microorganisms, antibiotics 
that are used for the treatment of human infectious diseases 
are forbidden in food animals as growth promoting agents 
[12, 13]. Therefore, the US Food and Drug Administration 
(FDA) has approved veterinary antibiotics, referred to as 
VFD drugs; tilmicosin, florfenicol, and avilamycin for exclu-
sive therapy in food animals [14] with the premise that these 
antibiotics are safe and may not contribute to the emergence 
of antibiotic resistance in human foodborne pathogens.

Tilmicosin is a macrolide antibiotic that inhibits bacterial 
protein synthesis, specifically peptidyl transferase activity 
[15]. It is generally active against Gram-positive bacteria 
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and possesses limited activity against Gram-negative bacte-
ria. It is approved for the treatment of bacterial infection in 
swine and cattle, and the duration of use is 21 and 14 days, 
respectively. Florfenicol is a broad-spectrum bacteriostatic 
antibiotic that inhibits protein synthesis by binding to ribo-
somal subunits, leading to the inhibition of peptidyl trans-
ferase [16]. It has been approved for the treatment of bacte-
rial infection in swine and fish and the recommended length 
of use is 5 and 10 days, respectively. Both florfenicol and 
tilmicosin are primarily used to treat respiratory tract infec-
tions in cattle [14].

Exposure of bacteria to the sub-inhibitory dose of anti-
biotics in the environment can lead to the development of 
antibiotic resistance. Sub-inhibitory concentrations of anti-
biotics can reach environment either through pharmaceuti-
cal industry waste, veterinary feed or animal, and human 
fecal waste, and considered a major selection pressure for 
the development of antibiotic resistance [17]. There is a huge 
knowledge gap in our understanding of the amount or class 
of antibiotics that are responsible for the onset of cross-
resistance and acquired resistance in bacteria. Therefore, our 
goal was to investigate whether veterinary-use antibiotics 
have the potential to contribute to the emergence of acquired 
resistance in foodborne or enteric pathogens such as Sal-
monella enterica, Klebsiella pneumoniae, Staphylococcus 
aureus, and Listeria monocytogenes to the commonly used 
human therapeutic antibiotics.

Materials and Methods

Antibiotics

Ampicillin, nalidixic acid, and tetracycline (Sigma Aldrich) 
were dissolved in water to prepare stock solutions of 100 mg/
ml, 50 mg/ml, and 100 mg/ml, respectively. Meropenem 
(Carbapenem) (Tokyo Chemical Industry) was resuspended 
in dimethyl sulfoxide (DMSO, Sigma Aldrich) to prepare 
a stock solution of 10  mg/ml. Tilmicosin and florfeni-
col (Sigma Aldrich) were dissolved in a mixed solvent of 
acetone and water (1:1) to prepare a stock concentration of 
30 mg/ml. All antibiotics were freshly prepared and used 
within 30 days. Antibiotic stock solutions were stored at 
4 °C except tetracycline stored at room temperature.

Bacterial Strains and Culture Conditions

Gram-negative bacteria, Salmonella enterica serovar 
Enteritidis PT21(Salmonella Enteritidis), Klebsiella 
pneumoniae ATCC 33495, and Gram-positive bacteria, 
Staphylococcus aureus ATCC 25923, and Listeria mono-
cytogenes F4244 strains were used in this study. Bacterial 
stock solutions (20% glycerol) were directly streaked on 

tryptic soy agar-yeast extract (0.6%) (TSAYE) to obtain 
single pure colonies, which were aseptically inoculated 
into Mueller–Hinton broth (MHB) to raise cultures for 
MIC estimation.

Minimum Inhibitory Concentration of Animal 
and Human Antibiotic

The MIC of ampicillin, tetracycline, nalidixic acid, tilmi-
cosin, florfenicol, and meropenem for S. Enteritidis, K. 
pneumoniae, S. aureus, and L. monocytogenes was deter-
mined in MHB using broth dilution assay in microtiter 
plates after taking spectrophotometric absorbance meas-
urements at 600 nm [18, 19] in a microtiter plate reader 
(BioTek, Teknova, Hollister, CA). All antibiotics were 
double diluted in 96-well microtiter plate in 100 µl MHB 
as diluent. For MIC estimation, antibiotic final concentra-
tions in the microtiter plates were as follows: ampicillin, 
nalidixic acid and tetracycline, 0–1000 µg/ml; tilmicosin, 
0–500 µg/ml; florfenicol, 0–40 µg/ml; and meropenem, 
0–0.4 µg/ml. The test bacteria were Salmonella Enteritidis, 
K. pneumoniae, S. aureus, and L. monocytogenes. Initial 
concentration of test bacteria was calculated by plating 
tenfold serial dilution of 20 h grown cultures on TSAYE. 
An aliquot of 100 µl inoculum of about 5 × 107 CFU/ml of 
each strain suspended in MHB was added in each well of 
microtiter plate except the negative controls and incubated 
at 37 °C in a shaking incubator (70 rpm) for 24 h.

After estimating MIC values for each VFD, we deter-
mined the sub-inhibitory dose (0.04 − 0.5 × MIC) for each 
pathogen. Salmonella Enteritidis and K. pneumoniae were 
pre-exposed to sub-inhibitory concentrations of tilmicosin 
at 20 µg/ml each, while S. aureus and L. monocytogenes 
were exposed to tilmicosin at 0.5  µg/ml and 5  µg/ml, 
respectively, and incubated at 37 °C for 24–48 h. Similarly, 
Salmonella Enteritidis and K. pneumoniae were grown in 
the presence of sub-inhibitory dose of florfenicol (1 µg/
ml and 20 µg/ml), respectively, and both S. aureus and L. 
monocytogenes in the presence of 1 µg/ml, and bacteria 
were incubated at 37 °C for 24–48 h. These pre-exposed 
test bacteria were used as inoculum to determine MIC of 
each antibiotic (ampicillin, tetracycline, meropenem, and 
nalidixic acid) by microtiter plate dilution method [18].

Statistical Analysis

The MIC values for each treatment were calculated from 
the bacterial absorbance (A600nm) values from three inde-
pendent experiments and each had three replicate wells. 
GraphPad Prism version 6 was used to analyze data and 
plot graphs.
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Results and Discussion

MIC of Animal and Human Antibiotics Against 
Pathogens

It is essential to estimate the MIC of tilmicosin and flor-
fenicol against test pathogens before assessing the effect 
of sub-inhibitory dosage on bacterial cross-resistance to 
other therapeutic human/animal antibiotics. Depending 
on the pathogen, the MIC of tilmicosin and florfenicol 
along with human therapeutic antibiotics (ampicillin, tet-
racycline, nalidixic acid, and meropenem) varied (Table 1; 
Figs. 1, 2). The MIC of tilmicosin against Salmonella 
Enteritidis and K. pneumoniae was 125 and 500 µg/ml, 
respectively, while for L. monocytogenes and S. aureus 
62.5 µg/ml and 2.5 µg/ml, respectively (Fig. 1a; Table 1). 
Salmon et al. [20] reported the MIC90 of tilmicosin against 
Gram-negative bacteria such as Salmonella Choleraesuis 
and E. coli to be > 64 µg/ml, which corroborates with our 
observation. Collectively, these data show Gram-negative 
bacteria are more resistant to tilmicosin than the Gram-
positive bacteria.  

The MIC of florfenicol against Salmonella Enteritidis 
and L. monocytogenes was 2.5 µg/ml, S. aureus 10 µg/
ml and K. pneumoniae 40 µg/ml (Table 1; Fig. 1b). In 
general, the tested pathogens were more sensitive to flo-
rfenicol than tilmicosin. Among the bacterial pathogens, 
K. pneumoniae exhibited the highest MICs (62.5, 125, 
1000 µg/ml) and S. aureus the lowest MICs (2.5, 62.5, 
2.5 µg/ml) against tetracycline, nalidixic acid, and ampi-
cillin, respectively (Table 1). Meropenem, a broad-spec-
trum antibacterial agent of the carbapenem family [21] 
showed the highest antimicrobial activity against all tested 
pathogens, where the MIC for Salmonella Enteritidis was 
0.05 µg/ml, K. pneumoniae 0.1 µg/ml, S. aureus 0.1 µg/
ml, and L. monocytogenes 0.2 µg/ml (Table 1; Fig. 2). This 
is encouraging since meropenem is used as an antibiotic 
of last resort in empirical therapy of infection, where the 
causal bacterial agent is unknown [21].

Based on the MIC values, the sub-inhibitory concen-
tration for tilmicosin was estimated to be 20 µg/ml for 
Salmonella Enteritidis and K. pneumoniae, 0.5 µg/ml for 
S. aureus, and 5 µg/ml for L. monocytogenes. The sub-
inhibitory concentration for florfenicol was 1 µg/ml for 
Salmonella Enteritidis, S. aureus, and L. monocytogenes, 
while 20 µg/ml for K. pneumoniae.

Table 1   Minimum inhibitory concentrations of veterinary and human antibiotics

Pathogens Minimum inhibitory concentration (MIC), µg/ml

Exclusive veterinary antibiotics Both veterinary and human antibiotics

Tilmicosin Florfenicol Ampicillin Tetracycline Meropenem Nalidixic acid

S. enterica ser. Enteritidis PT21 125 2.5 20 5 0.05 5
K. pneumoniae ATCC 33495 500 40 1000 62.5 0.1 125
S. aureus ATCC 25923 2.5 10 2.5 2.5 0.1 62.5
L. monocytogenes F4244 62.5 2.5 10 2.5 0.2 500

Fig. 1   Minimum inhibitory concentration (MIC) of veterinary feed 
directive (VFD) antibiotics, tilmicosin (a) and florfenicol (b) against 
Salmonella enterica serovar Enteritidis PT21 (SE), Klebsiella pneu-
moniae ATCC 33495 (Kp), Staphylococcus aureus ATCC 25923 
(Sa), and Listeria monocytogenes F4244 (Lm). The absorbance of 
blank (Mueller–Hinton broth, MHB) was 0.045 ± 0.015 at 600  nm. 
The broken straight line indicates threshold absorbance value (0.09), 
and an absorbance > 0.09 indicates growth of cultures in the wells of 
the microtiter plate (Color figure online)
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Pre‑exposure to Tilmicosin and Florfenicol Increases 
MIC to Human Therapeutic Antibiotics

Bacterial pathogens were pre-exposed to the sub-inhibitory 
concentrations of tilmicosin and florfenicol for 24–48 h 
before testing their sensitivity (MIC) to ampicillin, tetra-
cycline, meropenem, and nalidixic acid. Tilmicosin pre-
exposed Salmonella Enteritidis (Fig. 3a), S. aureus (Fig. 3c), 

and L. monocytogenes (Fig. 3d) exhibited 2.5-, 5-, and 1.25-
fold increased cross-resistance (i.e., increased MIC) to ampi-
cillin; and 1.25-, 5-, and 5-fold increased resistance to tetra-
cycline, respectively. Likewise, Salmonella Enteritidis and 
S. aureus showed 1.25- and 3.2-fold increased resistance 
to nalidixic acid, respectively, while K. pneumoniae and L. 
monocytogenes did not show any change in sensitivity to 
nalidixic acid (Figs. 3b, d). Nalidixic acid, a quinolone anti-
biotic, targets DNA gyrase or topoisomerase IV and is active 
against Gram-negative bacteria [22]. Nalidixic acid is a para-
doxical antibiotic, which shows higher antibacterial activity 
at a lower antibiotic concentration (50–200 µg/ml) and lower 
antibacterial activity at higher concentration (> 200 µg/ml). 
Antibacterial effect is bacteriostatic at the concentration of 
400 µg/ml against Gram-negative bacteria [22].

Moreover, our data suggest that K. pneumoniae used 
in this study were naturally resistant to ampicillin (MIC 
1000 µg/ml) and pre-exposure of K. pneumoniae to 20 µg/
ml of tilmicosin did not change the MIC against ampicil-
lin (Fig. 3b). None of the pathogens showed any change in 
sensitivity to meropenem (Fig. 3), and all tested pathogens 
revealed a MIC value of 0.1 µg/ml regardless of pre-expo-
sure to the sub-inhibitory concentration of tilmicosin. These 
data clearly suggest an emergence of acquired cross-resist-
ance after pre-exposure of bacteria to the sub-inhibitory 
concentration of tilmicosin for 24–48 h. In a previous study, 
Langsrud et al. [23] observed a sixfold to tenfold increase in 
MIC of benzalkonium chloride and chloramphenicol when 

Fig. 2   Minimum inhibitory concentration (MIC) of extended spec-
trum beta-lactam (ESBL) antibiotic, meropenem against Salmonella 
enterica serovar Enteritidis PT21 (SE), Klebsiella pneumoniae ATCC 
33495 (Kp), Staphylococcus aureus ATCC 25923 (Sa), and Listeria 
monocytogenes F4244 (Lm). The absorbance of blank (Mueller–Hin-
ton broth, MHB) was 0.045 ± 0.015 at 600  nm. The broken straight 
line indicates threshold absorbance value (0.09), and an absorb-
ance > 0.09 indicates growth of cultures in the wells of the microtiter 
plate (Color figure online)

Fig. 3   Development of cross-
resistance in bacteria after pre-
exposure to the sub-inhibitory 
concentrations of veterinary 
feed directive (VFD) antibiotic, 
tilmicosin in Mueller–Hinton 
broth (MHB). Effect of sub-
inhibitory concentrations of 
tilmicosin (TIL) pre-exposure 
to a Salmonella enterica 
serovar Enteritidis PT21 (SE), 
b Klebsiella pneumoniae ATCC 
33495 (Kp), c Staphylococcus 
aureus ATCC 25923 (Sa), and d 
Listeria monocytogenes F4244 
(Lm) for 24 and 48 h on the 
cross-resistance against human 
therapeutic antibiotics, ampicil-
lin, tetracycline, meropenem, 
and nalidixic acid. TIL0.5, 
TIL5, and TIL20 represent 
exposure of bacteria to 0.5 µg/
ml, 5 µg/ml, and 20 µg/ml 
sub-inhibitory concentrations of 
tilmicosin (Color figure online)
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E. coli cells were pre-exposed to the sub-inhibitory concen-
tration of benzalkonium chloride.

Florfenicol pre-exposed Salmonella Enteritidis (Fig. 4a), 
S. aureus (Fig. 4c), and L. monocytogenes (Fig. 4d) exhib-
ited 20-, 5-, and 1.25-fold increased resistance to ampicillin; 
and 40-, 5-, and 5-fold increased resistance to tetracycline, 
respectively (Fig. 4). Furthermore, Salmonella Enteritidis, 
S. aureus, and K. pneumoniae (Fig. 4b) exhibited 40-, 6.4-, 
and 1.6-fold increased resistance to nalidixic acid, respec-
tively, while L. monocytogenes did not show any sensitivity 
to nalidixic acid (Fig. 4). Similar to tilmicosin, pre-exposure 
to florfenicol also did not increase bacterial resistance to 
meropenem, (Fig. 4). These data clearly show that use of 
VFD drugs even at the sub-inhibitory concentrations have 
the potential to develop cross-resistance in pathogens against 
human use antibiotics. Any residual passage of these antibi-
otics from veterinary feed or animal to the environment may 
contribute to the exposure of bacteria to the sub-inhibitory 
levels of antibiotics and the development of antibiotic resist-
ance. Therefore, this study could serve as a foundation for 
our understanding of the development of cross-resistance 
in meat or milk-borne pathogens that were pre-exposed to 
VFD antibiotics and help develop an eventual strategy to 
avoid transfer of such traits to pathogens. Application of 
antibiotics in agriculture is debated as a major cause for the 
rise of antibiotic-resistant bacterial diseases in human medi-
cine [24]. With limited literature on animal-human antibiotic 
cross-resistance, this study could serve as a groundwork to 

gain insight into understanding the development of acquired 
antibiotic cross-resistance.

Conclusion

In this study, we observed that pre-exposure of enteric bac-
terial pathogens to the sub-lethal (sub-inhibitory) concen-
trations of veterinary feed antibiotics, tilmicosin, and flor-
fenicol substantially increased the antibiotic cross-resistance 
by 1.25- to 40-fold against human/animal-use antibiotics, 
ampicillin, tetracycline, and nalidixic acid but not to mero-
penem. Meropenem showed the highest antimicrobial activ-
ity against all four pathogens tested and had the least chance 
for developing cross-resistance. These results indicate that 
there is a potential for the emergence of cross-resistance to 
human use therapeutic antibiotics if pathogens are exposed 
to a sub-inhibitory dose of animal antibiotics.
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(Grant Number 59-8072-6-001).
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