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Industry Summary 

 
 Antibiotic resistance is a major health concern in both human and veterinary medicine.  Antibiotics 

already used to maintain healthy swine may also play a role in reducing Salmonella; however, the relationship 

between antibiotics and antibiotic resistant bacterial populations needs to be further understood.  The overall 

objective of this study was to investigate the effects of antibiotics on the intestinal and extra-intestinal bacterial 

populations of swine challenged – both orally and transdermally – with pan-susceptible and multidrug-resistant 

(MDR) Salmonella.  A Salmonella challenge experiment was conducted on 32 pigs conducted in two replicates.  

In each replicate four pigs were assigned to each of the four treatment groups; chlortetracycline treatment, 

ceftiofur treatment, ceftiofur and chlortetracycline treatment, and an untreated control group.  Pigs were 

challenged on days 1 and 3 with a 104 culture of pan-susceptible and MDR Salmonella enterica serovar 

Senftenberg transdermally and 104 culture of pan-susceptible and MDR Salmonella enterica serovar Derby 

orally.  A single dose of ceftiofur was given on day 5 and chlortetracycline was given in feed from day 5 to day 

18 for the maximum treatment period of 14 days.  Intra-rectal fecal samples were taken daily throughout the 

study and on day 19 the pigs were euthanized and tonsils, mandibular lymph nodes, peripheral lymph nodes 
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(superficial front- and hind-limbs), intestines, and gut-associated lymph nodes were collected.  Samples were 

cultured for Salmonella using standard enrichment and selective techniques.  Salmonella isolates were 

confirmed and further characterization included serogrouping and PCR of antimicrobial resistance genes 

specific to the challenge strains.  16S rRNA metagenomics analyses of fecal samples from days 1, 5, 12, and 19 

were conducted to observe differences in the bacterial communities.  The overall fecal prevalence of Salmonella 

between treatment groups varied significantly for non-enriched samples (p<0.05) but did not vary significantly 

for enriched samples (p=0.61).  The overall Salmonella prevalence in lymph nodes was 8.1% for non-enriched 

samples and 20.3% for enriched samples and prevalence in lymph nodes using enrichment methods did not vary 

significantly (p=0.14) between treatment groups.  All 658 fecal isolates were serogroup B which is indicative of 

Salmonella Derby.  We found 98 serogroup B lymph node isolates and 13 serogroup E4 (indicative of 

Salmonella Senftenberg) lymph node isolates.  The majority of the antimicrobial resistance gene PCR results 

matched well with the expected serogroup and we found that 49.7% of the fecal isolates harbored qnrB.  

Among the lymph node serogroup B isolates, 69.4% harbored qnrB and 5 of the 14 serogroup E4 isolates 

harbored blaSHV.  The greatest difference in microbial communities was found between the control and the 

ceftiofur/clortetracycline treatment groups and between days 5 and 19, though the differences were not 

significant.  Overall we found that Salmonella infection can quickly and efficiently create persistent enteric 

infections with constant or intermittent shedding in a controlled environment, and that the intradermal route 

does not appears to be an efficient route of infection for this bacteria. However, even in this scenario, 

Salmonella was recovered from peripheral lymph nodes after 14 days of antibiotic treatment.  We found that 

antibiotic treatment reduced the number of Salmonella in feces below detection limits but did not eliminate 

Salmonella shedding. Further analyses are needed to investigate differences in the isolates recovered between 

treatment groups to explore differences in the pan-susceptible and multi-drug resistant Salmonella populations. 
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Scientific Abstract 

 
Antibiotics are important in both human and veterinary medicine to treat, control, and prevent infectious 

diseases.  Limited studies have shown that antibiotics may be effective in reducing Salmonella shedding in 

swine; however, at least in the short term there may be a concomitant proportional increase in Salmonella that 

are resistant to antibiotics.  The overall objective of this study was to investigate the effects of antibiotics on the 

intestinal and extra-intestinal bacterial populations of swine challenged – both orally and transdermally – with 

pan-susceptible and multidrug-resistant (MDR) Salmonella.  A Salmonella challenge experiment was conducted 

on 32 pigs in a 2x2 factorial trial conducted in two replicates.  Pigs were challenged with a 104 culture of pan-

susceptible and MDR Salmonella enterica serovar Senftenberg transdermally and 104 culture of pan-susceptible 

and MDR Salmonella enterica serovar Derby orally.  A single dose of ceftiofur was given on day 5 and 

chlortetracycline was given in feed from day 5 to day 18 for the maximum treatment period of 14 days.  Intra-

rectal fecal samples were taken daily throughout the study and on day 19 the pigs were euthanized and tonsils, 

mandibular lymph nodes, peripheral lymph nodes (superficial front- and hind-limbs), intestines, and gut-

associated lymph nodes were collected.  Samples were cultured for Salmonella using standard enrichment and 

selective techniques.  Further characterization of isolates included serogrouping, PCR of antimicrobial 

resistance genes, and metagenomics analyses of fecal samples.  The overall fecal prevalence of Salmonella 

between treatment groups varied significantly for non-enriched samples (p<0.05) but did not vary significantly 

for enriched samples (p=0.61).  The overall Salmonella prevalence in lymph nodes was 8.1% for non-enriched 

samples and 20.3% for enriched samples and prevalence did not vary significantly (p=0.14) between treatment 

groups.  All 658 fecal isolates were serogroup B which is indicative of Salmonella Derby and 49.7% harbored 

qnrB, indicative of an MDR strain.  We found 98 serogroup B lymph node isolates and 13 serogroup E4 

(indicative of Salmonella Senftenberg) lymph node isolates.  A Morisita-Horn Beta Diversity analysis showed 

the greatest difference in microbial communities between the control and the ceftiofur/clortetracycline treatment 

groups and between days 5 and 19, though the differences were not significant.  Overall we found that 

Salmonella infection can quickly and efficiently create persistent enteric infections with constant or intermittent 
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shedding in a controlled environment and that antibiotic treatment reduced the number of Salmonella in feces 

below detection limits but did not eliminate Salmonella shedding.  

 

Introduction 

 
The contribution of antibiotic use in food animals to antibiotic resistance among pathogenic bacteria in 

humans remains a topic of heated debate. Antibiotics are important in both human and veterinary medicine to 

treat, control, and prevent infectious diseases; importantly, many of the antibiotic classes used to treat animals 

are also important in human medicine.  Restrictive regulations further affecting the availability or use of 

antibiotics in food animals would affect our ability to maintain healthy swine populations; this in turn could 

greatly impact our ability to consistently ensure safe and high quality pork products. Limited studies have 

shown that antibiotics may be effective in reducing Salmonella shedding in swine; however, at least in the short 

term there may be a concomitant proportional increase in Salmonella that are resistant to antibiotics.  The 

relationship between antibiotic use, bacterial resistance, and Salmonella prevalence is complex and warrants 

further investigation before important and irreversible decisions are made concerning the future use of 

antibiotics in food animals.  It is imperative to identify the safest and most effective ways to use antibiotics 

without contributing substantially to antibiotic resistant bacterial populations, while reducing in the food supply 

both the prevalence and absolute quantity of foodborne pathogens such as Salmonella.  The U.S. Department of 

Agriculture, Food Safety Inspection Service (USDA-FSIS) issued a Federal Register notice that floated the idea 

of initiating Salmonella testing in pork trim, pork parts, and ground pork.  Although Salmonella prevalence in 

pork products has typically been reported as low, testing of pork products will have a potentially negative 

impact on the industry and the producers need to be proactive.  The first step in preparation is achieving a better 

understanding of the dynamics of Salmonella carriage in swine.  While most of the focus on eliminating 

Salmonella has focused on intestinal bacteria, there has recently been added concern over the presence of 

Salmonella in extra-intestinal locations such as the peripheral lymph nodes. We investigated Salmonella 

prevalence at various sites along the alimentary tract, as well as in the peripheral lymph nodes.  We expect the 

findings of this study to provide valuable insight into the dynamics of Salmonella carriage in swine and how 
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these bacterial populations are altered by different antibiotic regimens.  The results of this study will provide the 

pork industry with data to make informed decisions regarding the potential benefits of antibiotics for the 

prevention and control of Salmonella in swine.  

Objectives 

 
The overall objective of this study was to investigate the effects of antibiotics on the intestinal and extra-

intestinal bacterial populations of swine challenged – both orally and transdermally – with pan-susceptible and 

multidrug-resistant (MDR) Salmonella.  The following were the specific objectives of the proposed study: 

1. Characterize Salmonella populations in the feces, gut-associated lymph nodes, intestines, tonsils, 

mandibular lymph nodes, and superficial fore- and hind-limb peripheral lymph nodes among orally 

and transdermally challenged and untreated grower swine. 

2. Investigate the effect of chlortetracycline and ceftiofur on pan-susceptible and MDR Salmonella 

populations among orally and transdermally challenged grower swine. Explore phenotypic and 

genotypic changes in Salmonella using microbroth dilution for antibiotic susceptibility testing, whole 

genome sequencing, and metagenomics. 

 

Materials and Methods 

 

 
Pilot study 

 

A small pilot study was conducted with five pigs to test the proposed inoculation methods, potential 

morbidity associated with the Salmonella strains selected, and sample processing methodology.   

  

 Trial design 

 

Five, approximately 25 pound male pigs were obtained from a local vendor. The weight of the animals 

was chosen so animals would reach an approximate weight of 40 pounds by the beginning of the study, after the 

required 2 week quarantine period.  Animals were housed in ABSL2 buildings located in the Texas A&M 

University Veterinary Medical Park, indoors in a temperature-controlled environment.   During the quarantine 

period all animals were housed in a single building with normal physical contact between animals.  Composite 
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floor fecal samples were collected three times a week during the quarantine period to assess the Salmonella 

shedding status of the pigs.  During the study two animals were housed per building in individual cages raised 

off the floor with no contact between individual animals.  Rooms were cleaned daily and animals were fed 

twice daily with a normal commercial diet and water was offered ad libitum.  

 Salmonella status determination 

Due to the difficulty of finding Salmonella free swine, to estimate the Salmonella status of the animals, 

one animal was euthanized on arrival.  Feces, mesenteric, and peripheral lymph nodes were collected and 

processed using previously described techniques for cattle lymph nodes [1].   

Salmonella inoculation experiments:  

For inoculation, we selected ubiquitous serotypes that are generally considered non-pathogenic to healthy 

swine, to avoid morbidity. The Salmonella serotypes were obtained from isolates cultured from cheek meat and 

head trim from slaughter plant samples, from asymptomatic animals, which were provided by the USDA, ARS 

laboratory in College Station, TX (Table 1).  Whole genome sequencing of the selected serotypes was performed 

prior to inoculation, with the goal of determining the characteristic antibiotic resistance genotypic profile of each 

serotype.   

Table 1 - Salmonella serotypes and antibiotic resistance profiles of strains used in the challenge experiment 

Salmonella strains Phenotype Genotype 

Senftenberg B58HEB1.1 Pan-susceptible aph(3')-I 

Senftenberg A40HEB1.1 MDR 

aac(6'), aac(6')-I, aac(6')-IIc, aadA, aph(3')-

I, blaSHV, blaTEM, cat, dfrA, ere(A), strA 

strB sul1, sul2, tet(A), tet(D)   

Derby A1CEB1.1 Pan-susceptible 

 
Derby C79C1 MDR aadA, qnrB, sul1, tet(A) 

 

Isolates were streaked on tryptic soy agar (TSA) with 5% sheep blood and incubated at 37 °C for 18 hours. 

Multiple bacterial colonies were added to a 5ml vial of demineralized water (Thermo Scientific™), and 
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homogenized by vortexing. Colonies were added until reaching a cell density of 10^8 cfu/ml, calculated on a 

nephelometer using the McFarland standard solution. Intradermal inoculations were performed using a 10-

microlancet, skin-allergy testing instrument (ComforTen Multiple Skin Test Device, Hollister-Stier Allergy, 

Spokane, WA) that was designed to penetrate human skin intradermally. The device was dipped in demineralized 

water containing an approximate cell density of 10^8 cfu/mL of Salmonella, and applied with light pressure to 

the lateral aspect of the desired legs above the carpus or tarsus.  These areas were selected due to their proximity 

to soil contamination in a natural environment, and because they provide an optimal surface for the inoculation 

instrument.  Two of the pigs were inoculated with either a pan-susceptible or MDR Salmonella in the right front 

and the left hind limbs (Table 2). The areas of inoculation were monitored daily for signs of inflammation (i.e. 

swelling, redness, heat) or discomfort. The use of the allergy skin-testing device has not been associated with 

significant pain or distress, so the use of pain control medications is not expected [2].  Two animals were orally 

challenged with 1ml of 10^8 cfu/ml of either pan-susceptible Salmonella Derby, or MDR Salmonella Senftenberg 

(Table 2). The inoculum was administered in a gelatin capsule hidden within a treat. 

Table 2 - Pilot inoculation route and strains for the pilot study. *this pig was euthanized upon arrival. 

Pig ID Oral Intradermal RF Intradermal LH 

P0* - - - 

P1 - - - 

P2 - S. Senftenberg (Pan) S. derby (MDR) 

P3 S. Senftenberg (MDR) S. derby (MDR) S. Senftenberg (Pan) 

P4 S. derby (Pan) - - 

Sample Collection 

Fecal samples were collected daily, starting 24 hours after oral inoculation with Salmonella and a fecal 

sample was collected on day 1 prior to inoculation.  Samples were collected with gloved hands, intra-rectally, and 

placed in a 4 oz. whirl-pack bag (Whirl-Pack® bag, Nasco) and kept on ice until their transport to the laboratory 
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for further processing.   All animals were euthanized on day 3, and a modified necropsy technique with tissue 

collection was performed on each animal.  After collection of all peripheral lymph nodes, the abdominal and 

thoracic cavities were opened and tonsils, mesenteric, and peribronchial lymph nodes were collected and placed 

in 4 oz. whirl-pack bag (Whirl-Pack® bag, Nasco).  Samples were kept on ice until their transport to the laboratory 

for further processing.   

Microbiology Methods 

Fecal samples were processed immediately upon arrival to the laboratory.  Approximately 1 gram of 

feces was placed in a 5ml tube with 1ml of glycerol, homogenized by vortexing, and stored at -80 C.  Another 

5ml empty tube was filled with feces, and also stored at -80 C.  For Salmonella isolation, approximately 

500mg of fresh feces was added to 5ml of tryptic soy broth (TSB) (Difco, Becton Dickinson, Franklin Lakes, 

NJ), homogenized by vortexing, and incubated for 3 hours at 37 C.  Following incubation, 50l of TSB was 

spiral-plated onto Brilliant Green agar (BGA) (Difco, Becton Diskinson) using an Eddy Jet 2 spiral plater 

(Neutec Group Inc, Farmingdale, NY).  Additionally, a 1ml aliquot of the feces in TSB was transferred to 9ml 

of tetrathionate broth (TTB) (Difco, Becton Dickinson) and incubated at 37 C for 24 hours.  After incubation, 

100l of the TTB culture was transferred into 10ml of Rappaport Vassiliadis broth (RV) (Difco, Becton 

Dickinson) and incubated at 42 C for 24 hours. The next day, 50l of RV broth was spiral-plated onto BGA.  

A single presumptive Salmonella colony was plated on tryptic soy agar (TSA) with 5% sheep blood (Remel, 

Lenexa, KS) for isolation.  Isolates were verified with Salmonella O-antiserum Poly A-I & Vi Factors 1-16, 19, 

22-25, 34, Vi (Becton, Dickinson and Company, Franklin Lakes, NJ).  

Lymph nodes were removed from Whirl-Pak® bags and placed on a labeled petri dish for removal of the 

surrounding fat/soft tissue.  The lymph nodes were surface sterilized by putting them in a tea ball and 

submerging them in boilin water for 2 – 3 seconds.  After boiling,  a small section of LN was placed in 10% 

formalin for fixation.  The remainder of the lymph node was put in a stomacher bag, and pulverized with rubber 

mallet.  After pulverization, 80ml of tryptic soy broth (TSB) was added to the stomacher bag, and the bag was 

placed in the stomacher for 2 minutes @ 230 rpm for homogenization.  Four mililiters of TSB from the 
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stomacher bag was placed in a 5 ml plastic tube, and 2 ml from the stomacher bag was mixed with 50% glycerol 

in a 5 ml plastic tube, and both tubes were stored at -80 C.  The remainder of the TSB in the stomacher bag 

was incubated for 3 hours at 37 C, and selective culture for Salmonella proceeded as already described for the 

fecal samples.   

Challenge study 

  

Study Subjects and Housing  

Thirty-two, approximately 25 pound male swine were obtained from a local vendor. These animals reached 

approximately 40 pounds after the 2 week quarantine period prior to the beginning of the trial.  Fecal samples 

were collected from all animals upon arrival to the Texas A&M Veterinary Research Complex from the vendor 

facility and also collected every 3-4 days during the quarantine period to determine Salmonella shedding status. 

Composite fecal samples were collected from the floor of the building to avoid stressing the animals during the 

quarantine period.  Samples collected during this period were selectively cultured for Salmonella as previously 

described.  During the quarantine period all animals were housed together in one building.  The day before the 

beginning of the trial, animals were separated into four buildings, in groups of four animals.  Animals were 

housed in ABSL2 buildings at the Texas A&M University Veterinary Medical Research Park, in custom made 

raised cages with plexiglass separators that allow for visual contact but prevent cross contamination between 

adjacent animals.  The study was performed in two replicates consisting of 16 animals each. Except for the 

addition of antibiotics to the food ration of some groups, animals were provided food and water as previously 

described in the pilot study. 

Treatment Factors 

The study was a 2x2 factorial design with chlortetracycline (Aureomycin®, 400 g/ton) and ceftiofur (Excede®, 

2.27 mg/lb) included as treatment variables (Table 3).   
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Table 3 - Treatment groups for the swine challenge experiment 

Treatment 

Groups 

chlortetracycline 

(Aureomycin®) 

400 g/ton 

ceftiofur 

(Excede®) 

2.27 mg/lb 

Group 1 - + 

Group 2 + - 

Group 3 + + 

Group 4 

(Control) 

- - 

 

 

 

Salmonella inoculation  

Following the 2-week quarantine period, animals were challenged with Salmonella intradermally and 

orally twice, with a 24 hour acclimation period between each inoculation event.  Animals were inoculated both 

orally and parenterally (intradermal) on Day 1 and Day 3.  The dosage for the challenge experiment was 

increased from 1ml to a 2ml 10^8 cfu per ml Salmonella culture based on data from the pilot study.  The 

intradermal inoculation dose remained the same at 10^8 cfu per ml Salmonella applied to the intradermal 

inoculation device but we expanded the zones of intradermal inoculation beyond the carpal and tarsal region of 

the limbs to also include the mandibular, pre-scapular, inguinal, and lumbar regions of the body.  Inoculation 

areas were based on predicted lymphatic draining maps (Figure 1).    The Salmonella strains used were the same 

as the strains previously described for the pilot study (Table 1). 

 

 

   

 

 

Figure 1 - Salmonella inoculation sites (adapted from Plast Reconstr 
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All animals from every group were inoculated in the same areas using the same serotypes. Intradermal 

inoculations were performed as previously described in the pilot study using a 10-microlancet, skin-allergy 

testing instrument (ComforTen Multiple Skin Test Device, Hollister-Stier Allergy, Spokane, WA). The device 

will be dipped in demineralized water containing an approximate cell density of 10^8 cfu/ml of a mixture of 

pan-susceptible and MDR Salmonella Senftenberg, and were applied with light pressure to multiple areas 

adjacent to selected lymphosomes (Figure 1).  All animals were orally challenged with 10^8 cfu/ml of a mixture 

of pan-susceptible and MDR Salmonella Derby. The inoculum was administered in a gelatin capsule hidden 

within a treat. 

Antibiotic Treatments 

Antibiotic treatment for each animal group, alone or in combination began on Day 5.  Ceftiofur 

(Excede®, 2.27 mg/lb) was administered as a single intramuscular injection on the cervical region, behind the 

ear, on Day 4.  Chlortetracycline (Aureomycin®, 400 g/ton) was administered as a top dressing in feed for 14 

days from Day 5 to Day 18.  Fourteen days for chlortetracycline treatment was selected because this is the 

maximum treatment period allowed for swine intended for food use.  This allowed us to observe the maximum 

treatment effect of chlortetracycline on the Salmonella populations in the swine. 

Fecal collection 

Fecal samples were collected daily from day 1 to day 19. Collection was performed with gloved hands 

by gentle intra-rectal introduction of a finger, as previously described for the pilot study.  

Necropsy/Tissues Collection 

The animals were euthanized on day 19, one day after chlortetracycline administration had ceased.  

Necropsy was performed using the techniques previously described for the pilot study. 
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Microbiology Methods 

Fecal samples and lymph nodes were selectively cultured for Salmonella as previously described in the 

pilot study.  Salmonella isolates were identified and verified using the techniques previously described.  Isolates 

that were confirmed were preserved in cryobeads at -80 C.  All isolates were regrown from cryobeads and 

confirmed by mass spectrometry using the Microflex MALDI-TOF system (Bruker, MA).   

Salmonella Quantification 

“Non-enriched” quantification – TSB from fecal samples and lymph nodes, after a three hour incubation period 

at 37 °C (see microbiology methods) were plated on BGA with the Eddy Jet 2 spiral plater.  BGA plates were 

incubated at 37 C for 18-24 hours and presumptive Salmonella colonies were counted using the automated 

Flash & Go colony counter (Neutec Group Inc, Farmingdale, NY). 

“Enriched” quantification – RV broth from fecal and lymph node cultures were plated on BGA with the Eddy 

Jet 2 spiral plater.  BGA plates were incubated at 37 C for 18-24 hours, and presumptive Salmonella colonies 

will be counted by the automated Flash & Go colony counter (Neutec Group Inc, Farmingdale, NY). 

 Serogrouping 

All isolates were subjected to serogrouping for the E4 and B antiserum in order to differentiate between 

potential Salmonella Derby and Salmonella Senftenberg isolates.  Serogroup B would be indicative of 

Salmonella Derby and serogroup E4 would be indicative of Salmonella Senftenberg. 

PCR 

DNA was extracted from isolates through boiling.  PCR was performed for the blaSHV gene to identify 

MDR Salmonella Senftenberg and for the qnrB gene to identify MDR Derby Salmonella.   

Metagenomics 

DNA extraction was performed on all animals on Day 1 before bacterial inoculation or the use of 

treatments, to obtain a baseline of the microbial community, and on days 4, 11 and 18.  Community DNA was 

extracted using the QIAamp DNA Stool Mini Kit TM (Qiagen, Valencia, CA) from 200mg of feces using in the 

QIAcube robot TM (Qiagen, Valencia, CA). The quality and quantity of the community DNA will be determined 
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on Omega Fluorstar microplate reader (BMG LABTECH, Cary, NC). Community DNA was used to conduct 

16S rRNA metagenomic sequencing on the Illumina MiSeq platform.  Primer selection and library preparation 

followed the recommended 16S Metagenomic Sequencing Library preparation protocol provided by Illumina.  

Output data was analyzed using the 16s Metagenomic application on Illumina Basespace, Explicet software, 

and Stata. 

Whole Genome Sequencing 

A subset of isolates were subjected to WGS to confirm the results obtained by serogrouping and PCR 

and provide confidence that the isolates obtained from the feces and lymph nodes were the same strains we 

inoculated during the challenge.  Whole-genome sequencing (WGS) was performed using the Illumina MiSeq 

(Illumina, San Diego, CA, USA).  Libraries for 32 Salmonella DNA samples were multiplexed using the 

Illumina Nextera XT kit and run with the MiSeq Reagent Kit v3 with paired-end 2x300bp reads (Illumina).  

Databases available for public use through the Center for Genomic Epidemiology will be used to determine 

serotypes and antimicrobial resistance genotypes. 

Statistical Analysis 

Statistical analysis of our results was performed using STATA® version 14 (StataCorp., College Station, TX) to 

explore the association between sample type, prevalence, and antibiotic treatments. 

 

Results 

Fecal Salmonella Prevalence 

 

A total of 576 fecal samples were cultured for Salmonella using non-enrichment methods and 578 using 

enrichment methods.  The number of swine sampled varied from 30 to 32 depending on the day of the study.  

We had a mortality on day 1 of the first replicate and we had to euthanize a pig on day 6 of the second replicate. 

The Salmonella prevalence varied between the non-enriched and enriched samples.  The overall Salmonella 

prevalence for non-enriched samples was 39.4% and 77.2% for enriched samples, respectively.  The overall 

prevalence of Salmonella between treatment groups varied significantly for non-enriched samples (p<0.05) but 

did not vary significantly for enriched samples (p=0.61); The Salmonella prevalence by treatment groups were 
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28.8% (non-enrich) and 75.5% (enrich) for the group receiving both chlortetracycline and ceftiofur, 31.3% 

(non-enrich) and 80.9% (enrich) for the group receiving ceftiofur, 44.7% (non-enrich) and 75.0% (enrich) for 

the group receiving chlortetracycline, and 53.3% (non-enrich) and 77.0% (enrich) for the control group.  The 

Salmonella prevalence also varied by day for non-enriched samples.  The highest prevalence was observed on 

day 1 with 27 of the 32 swine shedding Salmonella.  The prevalence slowly decreased with 19 pigs shedding 

Salmonella on day 6, 5 pigs on day 12 and 3 pigs on day 18.  The Salmonella prevalence by day for enriched 

samples remained high throughout the study with 24 pigs shedding Salmonella on day 1 and 22 pigs shedding 

Salmonella on day 18.  The minimum number of pigs detected shedding Salmonella using enrichment methods 

was 18 on day 16 and the maximum was 29 on day 2. 

Lymph Node Salmonella Prevalence 

A total of 544 lymph node samples were cultured for Salmonella using non-enrichment methods and 

533 were cultured using enrichment methods.  The overall Salmonella prevalence in lymph nodes was 8.1% for 

non-enriched samples and 20.3% for enriched samples, respectively.  Tonsils had the highest prevalence of 

Salmonella for both non-enrich and enrichment methods, followed by mandibular lymph nodes.  Using 

enrichment methods, Salmonella was isolated from all peripheral lymph nodes except for the right subiliac 

lymph node, but all at a very low prevalence.  Salmonella prevalence in lymph nodes using enrichment methods 

did not vary significantly (p=0.14) between treatment groups; 16.2% for the group receiving chlortetracycline 

and ceftiofur; 18.4% for the group receiving ceftiofur; 19.9% for the group receiving chlortetracycline; and 

27.2% for the control group. 

 

Serogrouping Results 

 

A total of 658 Salmonella isolates cultured from feces from both non-enriched and enriched samples 

were subjected to serogrouping.  Serogroup B would be indicative of Salmonella Derby and serogroup E4 

would be indicative of Salmonella Senftenberg.  All 658 isolates were positive for serogroup B and negative for 

serogroup E4.  A total of 114 isolates cultured from lymph nodes from both non-enriched and enriched samples 

were subjected to serogrouping. Fourteen lymph node isolates were positive for serogroup E4 and of these, 13 
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were negative for serogroup B.  There were 98 lymph node isolates positive for serogroup B and one isolates 

was also positive for serogroup E4.  Three lymph node isolates were negative for both serogroup B and E4.   

PCR Results 

 

PCR was run for the qnrB and blaSHV genes to identify our MDR challenge strains.  The MDR 

Salmonella Derby strains harbored qnrB and the MDR Salmonella Senftenberg strains harbored blaSHV.  A total 

of 658 Salmonella isolates cultured from feces were subjected to PCR.  All 658 serogroup B fecal isolates were 

negative for blaSHV and 327 isolates (49.7%) were positive for qnrB.  A total of 114 Salmonella isolates 

cultured from lymph nodes were subjected to PCR.  Among the 14 isolates that were serogroup E4, 2 harbored 

qnrB and 5 harbored blaSHV.  Among the 98 that were serogroup B, 68 harbored qnrB and no isolates harbored 

blaSHV.  Among the three lymph node isolates that were neither serogroup B or E4, one isolate harbored qnrB 

and no isolates harbored blaSHV. 

 

Metagenomics Results 

 

The most prevalent families found among the samples were Prevotellaceae, Ruminococcaceae, 

Veillonellaceae, Lachnospiraceae, and Clostridiaceae, respectively.   The families identified between treatment 

groups did not differ significantly; however, the relative abundance of some families did differ significantly 

(Figure 2).  The families identified between days also did not differ significantly; however, the relative 

abundance of some families did differ significantly (Figure 3). 

A Morisita-Horn Beta Diversity analysis showed the greatest difference in microbial communities 

between the control and the ceftiofur/clortetracycline treatment groups and between days 5 and 19, though the 

differences were not significant.   
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Two-

part statistical 

tests at the 

family level 

found 

statistically 

significant 

differences in 

the relative 

abundance of 

several 

families 

between the 

control group 

in comparison 

to the 

chlortetracycline, ceftiofur, and ceftiofur/chlortetracycline treatment groups.  Interestingly the abundance of 

Lactobacillaceae was significantly higher in the ceftiofur/chlortetracycline treatment group in comparison to the 

Figure 2 - Stacked bar graph of the microbial families identified by treatment group 

Figure 3 - Stacked bar graph of the microbial families identified by day 
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control (p=0.001) and the chlortetracycline group (p=0.003). A significant difference in the relative abundance 

of several families was also found between day 0 in comparison to days 5, 12, and 19.  The abundance of 

Clostridaceae was significantly higher on day 11 (p=0.007) and 18 (p=0.002) than day 4.  No significant 

difference was observed between treatment groups or days for the Enterobacteriaceae family.   

 

Discussion 

 
Salmonella as expected, was shed intermittently in the feces after oral inoculation.  Although a known 

fact, it was a good example of how after only two oral challenges the animals in this study consistently shed 

Salmonella in their feces.  Animals in our study started to shed Salmonella 24 hours after inoculation. There 

was variation in the isolation of Salmonella between treatment groups when the samples were not enriched but 

in all treatment groups, Salmonella was detectable after enrichment.  This suggests that antibiotic treatment 

adversely affects the number of bacteria shed; however Salmonella was present in the majority of the animals 

for the length of the study in levels below the detection level without further enrichment.   

Our study also focused on intradermal inoculation and potential infection of peripheral lymph nodes.  

Overall, our infection rate was very low, but still concerning for the food production system because even low 

levels have the potential to be introduced into the food chain.  The cause of this low infection rate is not clear, 

but our current model fails to understand how Salmonella behaves intradermally in the early stages, as all lymph 

nodes were evaluated upon termination of the study on day 19.  It is possible that Salmonella did reached the 

lymph nodes, but eventually was eliminated by the immune system, creating a scenario in which we may have 

missed the period of infection.  Another possibility is that our inoculation doses or the number of challenges 

were not enough to make this a viable route of infection. 

Analysis of our isolates showed that all of the isolates recovered from feces shared the same serogroup 

and genotypic profile as the Salmonella Derby challenge strains that were inoculated orally.  Isolates recovered 

from lymph nodes shared characteristics with both Salmonella Derby that was inoculated orally and Salmonella 

Senftenberg that was inoculated transdermally.  Further characterization by Whole Genome Sequencing of a 

subset of isolates is needed to confirm that these are in fact the strains introduced during the challenge.  About 
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half of the serogroup B isolates from feces harbored the qnrB gene which would be indicative of the MDR 

challenge strain.  Further analysis is needed to observe potential differences in the carriage of these MDR 

strains between treatment groups. 

Metagenomics analyses of fecal samples from days 1, 4, 11, and 18 found that the microbial 

communities did not vary significantly between treatment groups or day but the relative abundance of particular 

families did vary significantly.  One of the limiting factors of metagenomics analyses is sample size.  We had 

32 pigs to analyze from each of the 4 days.  We plan include additional days into our metagenomics analyses to 

increase our sample size.  With the additional data there is the potential observe additional variation between 

treatment groups that may not be evident in smaller sample sizes. 

Overall we found that Salmonella infection can quickly and efficiently create persistent enteric 

infections with constant or intermittent shedding in a controlled environment, and that the intradermal route 

does not appears to be an efficient route for this bacteria, but even in this scenario, it could be recovered from a 

few peripheral lymph nodes after 14 days of antibiotic treatment.  Most interestingly, antibiotic use did reduce 

the number of Salmonella but did not completely eliminate Salmonella shedding.  Further analysis is needed to 

see if the number of MDR isolates differed significantly between treatment groups.   

Future Work 

 We are in the process of conducting whole genome sequencing to verify that a selection of our isolates 

cultured from both feces and lymph nodes are the same strains we inoculated during the challenge study.  We 

are relatively certain of the results given that the pigs were not shedding Salmonella during the quarantine 

period and our serogrouping and PCR results matched very well with the challenge strains.  The isolates 

showing conflicting PCR and serogrouping results from our challenge strains will also be subjected to WGS for 

further investigation.  We are also in the process of conducting immunohistochemistry on a number of the 

lymph node samples.  We selected positive lymph nodes samples along with the corresponding negative lymph 

node from the same individual animal for comparison.  We believe that the immunohistochemistry will give us 

a better understanding of how and where the Salmonella is maintained within the lymph nodes.  Further 
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analyses of our Salmonella bacterial counts for non-enriched samples in fecal and lymph node samples is also 

ongoing.  Analysis of this data is difficult to model due to the intermittent shedding.  Finally we are conducting 

further metagenomics work to incorporate additional days into our metagenomics analyses.   
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