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Industry Summary:  
Multidrug-resistant (MDR) Salmonella are isolates that are resistant to three or more antibiotics.  MDR 
isolates can lead to greater levels of illness in both humans and animals compared to antibiotic-
sensitive isolates; it is currently unknown why this occurs, but some of our previous work indicates that 
certain antibiotics may enhance Salmonella virulence.  Therefore, the current project was performed to 
assess the potential impact on swine health and food safety in pigs infected with MDR Salmonella that 
are treated with antibiotics.  We did this by determining if chlortetracycline (CTC) treatment influences 
1) the amount of MDR Salmonella found in the feces, 2) the amount of Salmonella found in various 
internal tissues, and 3) changes in the gut bacteria and porcine immune response over time. The two 
treatment scenarios included 1) treating pigs with CTC before Salmonella exposure (this represents pigs 
that could have an altered gut microbiota due to antibiotic treatment that are subsequently exposed to 
Salmonella) and 2) inoculating pigs with Salmonella then treating with CTC (this represents antibiotic 
treatment to pigs that are unknowingly infected with MDR Salmonella). 

Piglets were randomly separated into different groups post-weaning.  At six weeks of age, two groups 
were given chlortetracycline CTC in feed (400 g/ton) continuously for 12 days.  At day 5 of treatment, 
one CTC group and one untreated group were inoculated with MDR S. Typhimurium DT104 isolate 530.  
Additionally, a group was inoculated with the same isolate, but CTC was administered (400 g/ton) in 
feed 2 days following infection, rather than prior.  Fecal and blood samples were collected throughout 
the experiment.  All pigs were humanely euthanized and necropsied 7 days after Salmonella inoculation 
(12 days after initiating CTC in the pre-treatment swine), and the following tissues were collected: cecal 
contents, cecal mucosa, ileocecal lymph nodes, ileal mucosa, and tonsils.   

CTC treatment following Salmonella infection did not alter Salmonella shedding levels.  A significant 
increase in colonization of the ileocecal lymph nodes in the pigs treated with CTC after Salmonella 
inoculation compared to the pigs that did receive CTC after inoculation with Salmonella was observed.  
On the other hand, CTC treatment before MDR Salmonella inoculation resulted in more Salmonella 
found in the feces at 2 days post inoculation compared to pigs that were not treated with CTC prior to 
Salmonella exposure. Also, CTC-treated pigs had a 1,000 fold increase in Salmonella colonization of 
swine tonsils.  Furthermore, CTC treatment had a minor effect on altering the gut bacteria.  As CTC has 
been associated with prolonged MDR Salmonella shedding in swine, the tonsils may be a site of 
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antibiotic-enhanced and prolonged colonization.  This information is useful to the swine industry 
because it shows that CTC treatment can affect Salmonella colonization and shedding in pigs. 

Contact information: shawn.bearson@ars.usda.gov  

Keywords:  Salmonella, chlortetracycline, antibiotic, multidrug-resistant, microbiome, colonization, 
shedding 
 
Scientific Abstract 
   
Non-typhoidal Salmonella is responsible for an estimated 1 million illnesses each year in the United 
States.  Salmonella enterica serovar Typhimurium is one of the leading causes of foodborne-associated 
salmonellosis, and nearly 30% of these isolates are multidrug-resistant (MDR).  We have previously 
demonstrated that various antibiotics can significantly alter in vitro gene regulation and virulence 
phenotypes in MDR S. Typhimurium, namely increased expression of six fimbrial operons associated 
with persistence in mice.  The goal of our study was to identify the effect therapeutic chlortetracycline 
(CTC) treatment (400 g/ton) had on pigs that were given CTC prior to inoculation with an MDR S. 
Typhimurium isolate resistant to CTC, as well as pigs inoculated with an MDR S. Typhimurium isolate 
that were then subsequently treated with CTC.   
 
Piglets were randomly separated into treatment groups post-weaning.  At six weeks of age, two groups 
were given CTC in feed (400 g/ton) continuously for 12 days.  At day 5 of treatment, one CTC group and 
one untreated group were intranasally inoculated with 109 CFU of MDR S. Typhimurium DT104 isolate 
530, which encodes the TetG efflux pump that confers resistance to CTC.  Additionally, a group was 
intranasally inoculated with 109 CFU of MDR S. Typhimurium DT104 isolate 530, and CTC was 
administered (400 g/ton) in feed starting 2 days after Salmonella challenge.  Fecal samples were 
collected throughout the experiment to assess Salmonella shedding and changes in the microbiome.  All 
pigs were humanely euthanized and necropsied 7 days after Salmonella inoculation (12 days after 
initiating CTC in the pre-treatment swine), and cecal contents, cecal mucosa, ileocecal lymph nodes, 
ileal mucosa (Peyer’s patch region), and tonsils were collected.   
 
CTC treatment following Salmonella challenge did not alter shedding compared to the control group, 
but a significant increase in colonization of the ileocecal lymph node in the treated pigs compared to 
the untreated pigs was observed.  CTC treatment before Salmonella inoculation significantly increased 
fecal shedding at 2 dpi (+1.4 log10 CFU/g; P < 0.001) and enhanced tonsil colonization (+3.1 log10 CFU/g; 
P < 0.001).  Few major alterations were detected in the gut or tonsillar microbiota of pigs treated with 
MDR S. Typhimurium and/or chlortetracycline. The tonsillar transcriptome was largely unaffected 
despite increased colonization by MDR S. Typhimurium following inoculation of the chlortetracycline-
treated pigs. As CTC has been associated with prolonged MDR Salmonella shedding in swine, the tonsils 
may be a site of antibiotic-enhanced and prolonged colonization.   

mailto:shawn.bearson@ars.usda.gov
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Introduction 
 
Non-typhoidal Salmonella is one of the most common bacterial foodborne diseases in the United States 
and is estimated to cause over 1 million illnesses every year [1].  A major reservoir of Salmonella is food-
producing animals such as swine, cattle, and poultry. While infection can lead to disease, animals are 
frequently colonized asymptomatically and become carriers of the human foodborne pathogen [2].  
Surveys by the USDA National Animal Health Monitoring System (NAHMS) have shown that 53% of pig 
farms [3] tested were positive for Salmonella.  Production animals that shed Salmonella can expose 
naïve animals to the bacteria, their manure can adulterate nearby water sources used on edible crops, 
and they can contaminate processing plants, all of which can taint products that enter the food supply 
[4].  
A growing food safety concern is the prevalence of multidrug-resistant (MDR) Salmonella, which has 
been classified by the CDC as a Serious Threat Level pathogen [5]; antibiotic resistance in such isolates 
often exceed the concentrations of therapeutic doses designed to treat sensitive bacteria.  According to 
the 12-year average from the National Antimicrobial Resistance Monitoring System (NARMS) [6], over 
30% of Salmonella isolated from swine are resistant to three or more antibiotics.  Salmonella 
Typhimurium is one of the most common serotypes identified in both humans and swine, and this 
serotype has an even higher rate of multidrug-resistance in swine (76%).  
 
Human patients infected with MDR Salmonella have an increased risk of severe disease and higher 
hospitalization rates compared to those with antibiotic-sensitive strains [7, 8].  Several non-exclusive 
rationales may explain these clinical observations [7, 9].  One explanation is treatment failure due to 
the ineffectiveness of a prescribed antibiotic to remedy the illness, thereby allowing the infection to 
persist and progress.  Another possibility is that the disruption of the normal gut bacteria by an 
antibiotic regimen could provide an environment with less competition for resources, which enhances 
MDR Salmonella colonization.  Finally, antibiotics may act directly on MDR Salmonella to enhance 
virulence. 
 
While reports indicate that Salmonella can negatively affect weight gain in pigs, little information is 
available on the impact MDR Salmonella may have on swine health.  Recent work by our research group 
has demonstrated that antibiotics can enhance the virulence of MDR Salmonella in culture.  Our goal is 
to assess the role antibiotics, specifically chlortetracycline, have on enhancing Salmonella colonization 
and negatively impacting swine health. 
 
  
Objectives 

Objective 1: Identify if chlortetracycline treatment influences MDR Salmonella infection, colonization, 
and shedding in swine (this represents naïve pigs treated with antibiotics that are then subsequently 
exposed to MDR Salmonella). 

Objective 2: Determine changes in shedding and colonization in swine treated with chlortetracycline 
that are already colonized with MDR Salmonella (this represents antibiotic administration to pigs that 
are unknowingly colonized with MDR Salmonella). 

Objective 3: Characterize microbiome changes, as well as the immune response, over time due to: 
chlortetracycline treatment alone; MDR Salmonella infection alone; chlortetracycline treatment prior to 
MDR Salmonella challenge; and chlortetracycline treatment after MDR Salmonella challenge (these 
tests will be performed on samples taken during Objectives 1 and 2). 
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Materials & Methods 
 
Bacterial strains 
 S. Typhimurium phage type DT104 strain 530 is resistant to at least five different antibiotic 
classes and the minimum inhibitory concentration for chlortetracycline was 128 µg/ml. This strain 
carries the tet(G) gene, which is encoded on Salmonella genomic island-1 (SGI-1). A nalidixic acid-
resistant derivative of S. Typhimurium strain 530 was constructed by transfer of a point mutation in the 
gyrA gene (C248T resulting in Ser83Phe) of S. Typhimurium χ4232 into strain 530 by generalized 
transduction using P22. Following selection on LB medium containing nalidixic acid, a single bacterial 
colony was isolated and stocked as BBS 1231. To minimize potential negative consequences on 
pathogenicity due to laboratory passage and genetic manipulation of BBS 1231, a pig was inoculated 
with BBS 1231, and a nalidixic acid resistant S. Typhimurium isolate was recovered from the ileocecal 
lymph nodes (ICLN) on XLT-4 medium following necropsy and designated strain SB 403 (unpublished). 
The antimicrobial resistant phenotype of SB 403 was confirmed to be consistent with BBS 1231 
(resistant to ampicillin, tetracycline, streptomycin, chloramphenicol and nalidixic acid). The virulent, 
ICLN-isolated S. Typhimurium strain SB 403 was used for the swine experiments described herein.   
 
Swine Study 
Animal procedures were approved by the USDA, ARS, NADC Animal Care and Use Committee in strict 
accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the 
National Institutes of Health.  All pigs prior to use in the study were tested twice and found to be fecal-
negative for Salmonella using bacteriological culture with selective enrichment assays [10]. Pigs were 
blocked by sex, litter, and weight and randomly assigned to treatment groups that were housed in 
isolation rooms at NADC.  At 6 weeks of age, all challenged pigs were inoculated via the intranasal route 
with 1 x 109 colony forming units (CFU) of an MDR Salmonella DT014 strain 530 (SB 403); mock-
inoculated pigs received an equal volume of PBS. For the objective 1 study, 44 crossbred piglets from 5 
sows were assigned to one of four treatment groups (n = 11/group): 1) non-medicated feed and no 
MDR Salmonella inoculation (-CTC/-SAL), 2) medicated feed and no MDR Salmonella inoculation (+CTC/-
SAL), 3) non-medicated feed and MDR Salmonella inoculation (-CTC/+SAL), and 4) medicated feed and 
MDR Salmonella inoculation (+CTC/+SAL). Five days prior to inoculation with SB 403 (-5 dpi), pigs in the 
+CTC/-SAL and +CTC/+SAL groups began receiving feed supplemented with 400 g of 
chlortetracycline/ton of feed. Chlortetracycline administration continued following Salmonella 
challenge throughout the 12-day study. For the objective 2 study, 8 crossbred piglets from 2 sows were 
assigned to one of two treatment groups (n = 4/group): MDR Salmonella inoculation with non-
medicated feed (+SAL/-CTC) and MDR Salmonella inoculation with medicated feed (+SAL/+CTC). Two 
days after inoculation with SB 403 (2 dpi), pigs began receiving feed supplemented with 400 g of 
chlortetracycline/ton of feed. 
 
Fecal samples were collected at 0, 1, 2, 4 and 7 days post-inoculation (d.p.i.) for microbiota analysis, as 
well as quantitative and qualitative bacteriology analyses. Blood samples were collected from the 
jugular vein at -5, 0, 2, and 7 d.p.i. for cytokine responses using the porcine IFNγ ELISA kit (Pierce 
Biotechnology, Rockford, IL, USA)and concentrations of white blood cell (WBC), lymphocytes, 
monocyte, neutrophils, and band neutrophils were determined by the Iowa State University Veterinary 
Diagnostic Laboratory (Ames, IA). Body temperatures were also monitored at 0, 1, 2, 4 and 7 d.p.i using 
a rectal thermometer.  At 7 d.p.i., all pigs were euthanized and necropsied to obtain samples of tonsil, 
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ileocecal lymph nodes (ICLN), cecal mucosa, cecal contents, ileal mucosa (Peyer’s Patch region at the 
ileal-cecal junction).  
 
Bacteriology 
For quantitative bacteriology, 1 g of pig feces was vortexed with 5 ml PBS, and 0.1 ml was plated on 
XLT-4 medium (Becton, Dickinson and Co., Sparks, MD) containing nalidixic acid (30 µg/ml). For tissue 
samples, 1 g of each tissue was placed in a whirlpak bag containing 2 ml PBS, pounded with a rubber 
mallet, and blended in a stomacher (Seward, Westbury, NY). One hundred microliters of the mixed 
solution was plated on XLT-4 medium supplemented with the same antibiotics as described above. 
Additionally, 0.1 ml of a ten-fold dilution of each fecal and tissue sample were plated, and further 
dilutions were performed when CFUs were greater than 250 per plate. Following a 48 h incubation at 
37°C, colonies were enumerated (CFU/g), and a single colony from each plate was evaluated for mauve 
colonies indicative of Salmonella on BBL™ CHROMagar™ Salmonella (Becton, Dickinson and Co.).  
 
For qualitative bacteriology, 1 g (feces) or 0.1 ml (tissue homogenate) were inoculated in 10 ml 
tetrathionate broth (VWR, Rutherford, NJ) and incubated for 48 h at 37°C. After incubation, 0.1 ml of 
each culture was transferred to 10 ml Rappaport-Vassiliadis broth (Becton, Dickinson and Co.) and 
incubated at 37°C for approximately 20 h. Cultures were streaked on XLT-4 medium supplemented with 
the same antibiotics as used for quantitative bacteriology. Suspected Salmonella colonies were 
evaluated for mauve colonies indicative of Salmonella on BBL™ CHROMagar™ Salmonella (Becton, 
Dickinson and Co.). 
 
16S rRNA gene sequencing and analysis 
The 16S rRNA gene libraries were created as previously described [11] with the exception that the PCR 
primers used were 515-F 5′-GTGCCAGCMGCCGCGGTAA-3′ and 806-R 5′-GGACTACHVGGGTWTCTAAT-3′. 
These primers amplify the V4 hypervariable region of the 16S rRNA gene. The libraries were sequenced 
on an Illumina Miseq (Illumina, San Diego, CA, USA) using the MiSeq reagent kit v2 (2 x 250).  16S rRNA 
gene sequences were processed using the QIIME software package v. 1.9.1 [12]. Paired-end 16S rRNA 
gene reads were joined using fastq-join [13] with a minimum overlap of 200 bp and a maximum percent 
difference of 3. Joined reads were then quality-filtered with reads being truncated following two 
consecutive base calls of a quality score of less than 25. Only sequences with at least 85% of the original 
sequence length following truncation were retained. Chimeric sequences were removed using the 
UCHIME algorithm [14] implemented in VSEARCH V. 2.4.0 [15]. The remaining sequences were then 
clustered into operational taxonomic units (OTUs) at 97% similarity using a de novo OTU picking 
method implemented in VSEARCH [16]. Taxonomy was assigned to these OTUs using the UCLUST 
consensus taxonomy assigner [17] and the SILVA database v. 128 with a minimum similarity of 0.8 and 
max accepts of 3. Representative sequences for each OTU were then aligned using PyNast [18] and a 
phylogenetic tree was constructed using FastTree [19]. Based on the results of the mock community 
OTU clustering, OTUs containing fewer than 10 sequences were excluded from further analysis, as were 
those classified as chloroplasts and mitochondria. Raw sequences were submitted to the short read 
archive under Bioproject PRJNA382998.  
 
RNA extraction and analysis of the tonsil transcriptome 
Tonsil tissue samples were immediately placed in RNAlater (Ambion, Inc., Austin, TX, USA) following 
removal and stored at -80°C for subsequent RNA extraction. Total RNA was extracted from the tonsil 
tissue using the miRNeasy mini kit (Qiagen) per manufacturer’s instructions. RNA quality and quantity 
was analyzed on an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA). The extracted 
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RNA was converted into cDNA and libraries were constructed using the QuantSeq 3' mRNA-Seq forward 
library prep kit (Lexogen, Greenland, NH, USA) according to manufacturer’s instructions. These single-
end libraries were sequenced on an Illumina HiSeq 3000 instrument (150 cycles). The cDNA sequences 
were trimmed using bbduk v. 37.02 and aligned to the Sus scrofa 11.1 genome assembly using STAR v. 
2.5.2b. HTSeq v. 0.9.1 was used to count the number of reads that mapped to each gene in the pig 
genome.  
 
Statistical analyses 
Statistical analyses of rectal temperature and tissue colonization were performed using repeated 
measures ANOVA with a Dunnett’s multiple comparison test with comparison to the Day 0 control using 
GraphPad Prism 7.0 (GraphPad Software, Inc., La Jolla, CA).  Statistical analyses of fecal shedding was 
performed using repeated measures 2-way ANOVA with a Bonferroni multiple comparison test using 
GraphPad Prism 7.0.  Alterations in the archaeal and bacterial community structure over the sampling 
period were assessed using weighted UniFrac distances [20]. All samples were randomly subsampled to 
4,900 sequences prior to analysis to account for unevenness in sequencing depth. Weighted UniFrac 
distances were calculated and plotted using the R v. 3.3.3 packages phyloseq v. 1.19.1 [21] and vegan 
v.2.4.2 [22]. Permutational multivariate analysis of variance (PERMANOVA) using the adonis function 
with 10,000 permutations in vegan was used to analyze the weighted UniFrac distances by sampling 
time. The homogeneity of dispersion for each sampling time was determined using the betadisper 
function of vegan. Linear discriminant analysis effect size (LEfSe) [23] was used to identify genera with a 
relative abundance of greater than 0.1% that were more abundant at 0 d.p.i. compared with 1, 2, 3, and 
7 d.p.i. A minimum LDA score of 4.0 was used as the threshold for classifying differentially abundant 
genera.  
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Results 
 
The goal of Objective 1 was to identify changes in swine health or MDR Salmonella shedding and tissue 
colonization for pigs that were given therapeutic levels of chlortetracycline in feed (400 g/ton) for five 
days then inoculated with MDR Salmonella.   
 
 
 

 
 
 
 
 
No significant differences in weight gain or fever (as measured by rectal temperature) between the 
treated and untreated pigs after MDR Salmonella inoculation were detected.  A significant 10-fold 
increase in Salmonella shedding in the treated pigs versus the untreated pigs was observed at 2 days 
after inoculation (Figure 1; P < 0.01).  A significant difference in MDR Salmonella colonization of the 
tonsils was also observed as the treated group had 1,000 times more MDR Salmonella compared to the 
untreated group (Figure 2).  Furthermore, a significant difference (P = 0.035) in colonization of the 
tonsils was observed with 5 of the 11 pigs in the -CTC/+SAL group being culture-negative for Salmonella 
whereas all tonsil samples from the +CTC/+SAL pigs were Salmonella positive.  No significant differences 
in the colonization of the ileocecal lymph node, ileal Peyer’s patch, cecum, or cecal contents between 
the two groups were detected. 
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Figure 1: MDR Salmonella shedding in feces.  Pigs given either no antibiotics or therapeutic levels of 
chlortetracycline in feed for five days were then inoculated with MDR Salmonella.  A significant 
difference was observed at Day 2 post inoculation (P < 0.01) between the treatment groups. 
 
 

                     
 

 
 
 
 
Figure 2: MDR Salmonella colonization in tissues.  Pigs given either no antibiotics or therapeutic 
levels of chlortetracycline in feed for five days were then inoculated with MDR Salmonella.  A 
significant difference was observed only in the tonsils (P < 0.01) between the treatment groups. 
 
 

              

* 
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The goal of Objective 2 was to identify changes in swine health or MDR Salmonella shedding and tissue 
colonization for pigs that were inoculated with MDR Salmonella that were then subsequently given 
therapeutic levels of chlortetracycline in feed (400 g/ton). 

 
 
There were no significant differences in weight gain or fever (as measured by rectal temperature) 
between the treatment groups after MDR Salmonella inoculation.  No significant difference was 
observed for the amount of MDR Salmonella shed in their feces.  However, significantly more MDR 
Salmonella was found in the ileocecal lymph node (ICLN) in the treated pigs compared to the untreated 
pigs (P < 0.01); there were no differences in the tonsils, Peyer’s patch, cecum, or cecal contents (Figure 
3). 
 

Figure 3: MDR Salmonella colonization in tissues.  Pigs were inoculated with MDR Salmonella and 
were then subsequently given therapeutic levels of chlortetracycline in feed at 2 days post-
Salmonella challenge.  A significant difference was observed in the ileocecal lymph nodes (P < 0.01) 
between the treatment groups. 
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The goal of Objective 3 was to characterize microbiome changes, as well as the immune response, over 
time in the following treatment groups: 1) non-medicated feed and no MDR Salmonella inoculation  
(-CTC/-SAL), 2) medicated feed and no MDR Salmonella inoculation (+CTC/-SAL), 3) non-medicated feed 
and MDR Salmonella inoculation (-CTC/+SAL), and 4) medicated feed and MDR Salmonella inoculation 
(+CTC/+SAL). 
 
Complete blood counts (CBC) were determined at days 0, 2, 4 and 7 post Salmonella inoculation: white 
blood cell, neutrophils, and monocytes concentrations were elevated by Salmonella inoculation only, 
indicating an immunological response to the Salmonella inoculation (Figure 4). The addition of 
chlortetracycline to the diet did not affect the white blood cell populations in the Salmonella-inoculated 
pigs.   

 
Figure 4. Serum concentrations of: A) band neutrophils, B) lymphocytes, C) monocytes, D) 
neutrophils, and E) white blood cells by treatment and sampling time. Different lowercase letters 
within each sampling time indicate significantly different means (P < 0.05). Error bars represent ± 
standard error of the mean (n = 11). -CTC: received non-medicated feed; +CTC: received in-feed 
chlortetracycline (CTC) at 400 g/ton of feed; -SAL: unchallenged pigs; +SAL: challenged with 
Salmonella Typhimurium  SB 403. 
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Fecal microbiota of all treatment groups changed very little throughout the experiment, even after 
chlortetracycline administration and SB 403 inoculation (Fig. 5). Overall, the treatment groups were 
most dissimilar from each other at 1 dpi.  Additionally, both in-feed chlortetracycline and MDR S. 
Typhimurium inoculation had no major effects on the tonsillar, ileal mucosal, cecal mucosal, or cecal 
content microbiota. Thus, it appears that the treatment groups shared many of the same taxa in similar 
abundances throughout the experimental period. The fact that pigs grouped most strongly by individual 
animal also shows the lack of treatment effect on the fecal microbiota.  This was an unexpected finding 
given the therapeutic dosage of chlortetracycline that was administered during the experiment. 
However, chlortetracycline is the oldest antimicrobial that continues to be used in food-producing 
animals, and it is possible that the most abundant bacteria of the swine gut microbiome are no longer 
sensitive to chlortetracycline. Indeed, the cultivable bacterial community from the swine gut can have a 
high rate of resistance (60 to 95%) to tetracycline/chlortetracycline even in the absence of 
chlortetracycline exposure (24-26).  
 

Figure 5. Principal coordinates analysis (PCoA) plot of Bray-Curtis dissimilarities of the fecal 
microbiota by treatment group at 0, 1, 2, 3, and 7 days-post inoculation (dpi).  -CTC: received non-
medicated feed; +CTC: received in-feed chlortetracycline at 400 g/ton of feed; -SAL: unchallenged 
pigs; +SAL: challenged with Salmonella Typhimurium  SB 403. dpi = days post-inoculation. The 
percentages of variation explained by the principal coordinates are indicated on the axes. 
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Lastly, because a dramatic increase in tonsil colonization by Salmonella DT104 was observed in the CTC-
treated pigs compared to the untreated pigs, we compared the gene expression from these tonsil 
samples to determine if the variation in colonization is due to differences in immune gene expression. 
Although the expression of 13,175 genes among all samples from all treatment groups was detected in 
the RNASeq analysis, only one gene, ALDH3A1, which encodes for an aldehyde dehydrogenase, was 
found to be differentially expressed between the -CTC/+SAL and +CTC/+SAL pigs at 7 dpi.  A targeted 
gene expression study by Volf et al. (27) using the tonsils of pigs challenged with S. Enteritidis (5 dpi) 
detected changes in the expression of only 4 of 24 cytokine signalling genes, all of which were down-
regulated in the challenged pigs. Uthe et al. (28) showed that the expression of immune-related genes 
in the mesenteric lymph nodes of Salmonella Typhimurium-challenged pigs occurred within the first 
couple of days after challenge and waned by 7 dpi. It is therefore possible that differential gene 
expression between groups occurred prior to our transcriptional analysis at 7 dpi. Alternatively, the lack 
of a strong host response to Salmonella colonization of the tonsils may contribute to this tissue’s 
association with pathogen persistence in swine. 
 
 
Discussion 
 
Recently, we reported that in vitro exposure of MDR S. Typhimurium strains to chlortetracycline induces 
the upregulation of genes associated with attachment, invasion, and pathogenesis, including genes not 
otherwise expressed in culture (29). In the current study, we determined the effect of concurrent 
chlortetracycline administration on MDR S. Typhimurium shedding and colonization in post-weaned 
pigs. We observed a transient increase in Salmonella fecal shedding at 2 dpi and enhanced colonization 
of the tonsils at 7 dpi in pigs administered in-feed chlortetracycline at 400 g/ton prior to Salmonella 
challenge.  These findings are in agreement with other challenge studies that have described the tonsils 
as an important site for Salmonella colonization and persistence (30, 31). For swine naturally exposed to 
Salmonella in the production environment, the quantity of Salmonella shed in the feces is variable and 
active shedding of Salmonella by pigs is intermittent (32). However, periods of stress (feed withdrawal, 
transportation, etc.) can result in pathogen recrudescence with increased Salmonella shedding, 
including pigs where pathogen shedding was previously undetectable (33, 34). 
 
Of six swine tissues, Salmonella was reported to be most frequently isolated from the tonsils in finishing 
pigs at slaughter (35). However, Salmonella recovery from the tonsils at slaughter is potentially a 
combination of pre-existing Salmonella colonization and tonsil contamination due to fecal exposure 
from actively shedding pigs during recent transport and lairage. Although the isolation of Salmonella 
from tonsils following slaughter is a potential harbinger for the presence of the pathogen in other 
tissues, the role of contaminated tonsil tissue in adulteration of pork products is poorly understood. 
Wood et al. (31) analyzed 35 tissue types for up to 28 weeks following Salmonella inoculation and 
demonstrated that tonsils (93%) were most frequently colonized with the foodborne pathogen. 
Patterson et al. (36) suggest that the tonsil is a likely reservoir for Salmonella during stress-induced 
recrudescence. In pigs administered chlortetracycline, we observed both a rise in the number of pigs 
with Salmonella-positive tonsils and a ~3 log10 increase in tonsillar colonization by SB 403. Although 
fecal shedding of MDR Salmonella in our study was similar at 7 dpi in the presence or absence of 
chlortetracycline administration, greater colonization of the tonsils in pigs administered 
chlortetracycline may extend the duration of active pathogen shedding or enhance stress-induced, 
Salmonella recrudescence. 
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In summary, our assessment of the swine gut microbiota in response to MDR S. Typhimurium SB 403 
challenge and chlortetracycline administration revealed that the pig gut microbiota remained relatively 
stable with only minor changes attributable to MDR S. Typhimurium and chlortetracycline. However, 
pigs given in-feed chlortetracycline then inoculated with MDR S. Typhimurium SB 403 had significantly 
higher levels of fecal shedding at 2 dpi and tonsil colonization at 7 dpi. These results may have 
implications for food safety and public health as pigs treated with chlortetracycline and unknowingly 
colonized with MDR Salmonella could shed higher concentrations in their feces or harbor the 
foodborne pathogen longer in the tonsils, leading to an increased risk of environmental and pork 
product contamination. 
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