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ARTICLE INFO ABSTRACT

Keywords: The impacts of antibiotic treatment and dosing regimen of an antibiotic on the swine respiratory microbiota are
Swine poorly defined. To begin to address this, this study characterized the impact of oxytetracycline administration,
Nasa? given either parenterally or in feed, on the diversity of the nasal and tonsil microbiotas of post-weaned pigs over
Tonsfl a two-week period. One group received a single intramuscular injection (IM) of oxytetracycline, the second was
gi;i:;z;};lti?:t treated with oxytetracycline mixed in feed (IF), and the control group received non-medicated (NON) feed. Nasal
Post-weaning samples were collected on days O (before start of treatment), 4, 7, 11, and 14. Tonsil tissue samples were
Microbiota collected from a subset of pigs selected for necropsy on days 4, 7, and 14. The results showed that the tonsil

microbiota was stable regardless of antibiotic treatment. In contrast, the nasal bacterial diversity decreased for
both oxytetracycline-treated groups compared to NON. The IF group also exhibited decreased diversity on more
days than the IM group. The nasal bacterial community structures of the antibiotic treatment groups were
significantly different from the NON group that persisted from day 4 until day 7 for the IM group, and up until
day 11 for the IF group. This included relative increased abundances of Actinobacillus and Streptococcus, and
relative decreased abundances of multiple commensal genera. The microbiota of the IF group was also more
disturbed than the microbiota of the IM group, relative to NON. This study revealed that short-term exposure to
broad-spectrum antibiotics like oxytetracycline can disturb the upper respiratory microbiota, and the dosing
regimen has differential effects on the microbiota.

1. Introduction

In swine, antibiotics may be delivered by different dosing regimens
for prophylaxis, metaphylaxis, or treatment of diseases. Studies have
investigated collateral effects of antibiotics on the native gut micro-
biota, ranging from impaired “colonization resistance” against invading
pathogens or opportunistic pathogens, decreased functional diversity of
the microbiota, or general disruption of the homeostatic and complex
network of the microbiota, all of which can increase the host’s sus-
ceptibility to gastrointestinal diseases (Gresse et al., 2017; Holmes
et al., 2012; Looft and Allen, 2012).

Although the focus of antibiotic effects on the microbiota of swine
have primarily been on the gastrointestinal tract, the respiratory tract
and its microbiota are also important areas of study as there is in-
creasing evidence that the respiratory microbiota shapes local

immunity and maintains respiratory health (Man et al., 2017). How-
ever, the effects of antibiotics used prophylactically or for the treatment
of numerous economically significant respiratory diseases in the swine
industry may have detrimental effects on the native microbial popula-
tion (Karriker et al., 2012; Opriessnig et al., 2011; Post, 2012;
USDA-APHIS-VS-CEAH-NAHMS, 2015). Dysbiosis of the microbiota as
a result of antibiotic therapy has been shown to increase the risk of a
diverse range of infections in swine and in humans (Gresse et al., 2017;
lizumi et al., 2017; Looft and Allen, 2012; Malik et al., 2018). In ad-
dition, a small number of studies have found different modes of anti-
biotic delivery can significantly influence the gut microbiota (Zhang
et al., 2013) and respiratory microbiota (Zhao et al., 2014). Therefore,
antibiotic stewardship is of the utmost importance in order to improve
animal health outcomes while also preventing the selection of anti-
microbial resistance.
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The impact of antibiotic treatment and dosing regimen of an anti-
biotic on the swine respiratory microbiota has been infrequently in-
vestigated. Presently, two studies have reported antibiotic-dependent
shifts in the swine nasal microbiota composition (Correa-Fiz et al.,
2019; Zeineldin et al., 2018). The nasal microbiota of animals treated
with specific antibiotics, including oxytetracycline, recovered and re-
turned to a composition similar to that observed at the start of the study
(Zeineldin et al., 2018). Other antibiotics caused a continued deviation
in composition from what was found at the start of the study through to
the last sampling (Zeineldin et al., 2018). In another study, increased
nasal bacterial diversity was observed after the removal of perinatal
antimicrobial treatment, including increased relative abundances of
beneficial bacteria, improved piglet health, and higher productivity in
the nursery phase (Correa-Fiz et al., 2019). Another study showed a
dramatic change in the piglet tonsil microbiota post-weaning, but could
not attribute the degree to which the changes were due to in-feed an-
tibiotic, diet, or the environment (Pena Cortes et al., 2018). Other re-
ports have identified changes in diversity, with a number of bacterial
taxa from respiratory microbial communities associated with specific
phases of growth or influenced by management practices (Kernaghan
et al., 2012; Lowe et al., 2011, 2012; Mann et al., 2015; Slifierz et al.,
2015; Yue et al., 2011), or correlated with the presence of a specific
pathogen (Correa-Fiz et al., 2016; Espinosa-Gongora et al., 2015, 2016;
Siqueira et al., 2017; Weese et al., 2014).

The present study evaluated the effects of different dosing regimens
of the antibiotic oxytetracycline on the respiratory (nasal and tonsil)
microbiota in post-weaning pigs. Oxytetracycline is a broad-spectrum
antibiotic used within the U.S. swine industry for the labeled ther-
apeutic treatment of a number of swine bacterial diseases, including
respiratory diseases caused by pathogens such as Mycoplasma,
Pasteurella, and Gldsserella in swine (Carlson and Fangman, 2000;
National Center for Biotechnology Information, 2019). This tetra-
cycline-family antibiotic was chosen because it can be administered to
pigs via intramuscular injection (IM) or in feed (IF) (Karriker et al.,
2012), enabling the evaluation of potential differential effects of dosing
regimens on the respiratory microbial community. Results from this
study revealed the nasal microbiota shifted in response to both dosing
regimens of oxytetracycline administration, but the tonsil microbiota
was stable regardless of which dosing regimen. In addition, in-feed
oxytetracycline had a greater impact on the nasal microbiota than in-
jected oxytetracycline, with changes in abundances of notable re-
spiratory genera. This included increased abundances of Actinobacillus
and Streptococcus and decreased abundances of known respiratory
commensal genera.

2. Materials and methods
2.1. Animal study design

Animal studies were conducted in accordance with the re-
commendations in the Guide for the Care and Use of Laboratory
Animals. The animal experiments were reviewed and approved by
USDA-National Animal Disease Center Animal Care and Use
Committee. A total of 65 piglets were farrowed on-site for the study and
weaned at two weeks of age. Between two and three weeks of age,
animals were fed creep feed, which would be the same feed given to all
animals during the study as appropriate to the specific treatment group.
Three weeks after birth, piglets were randomly assigned to one of three
rooms with each room representing a different treatment. Each room
contained two pens that held 10-11 pigs per pen. Treatments were
started on day O and the entire study period lasted for 14 days.
Treatments were administered in the following manner based on the
recommended therapeutic approach for treating swine respiratory dis-
eases. One group consisted of 22 piglets that were given a formulated
diet with the addition of oxytetracycline (Terramycin® 200, Phibro) at
the labeled dose of 2.51b of Terramycin 200 per ton of feed for 7 days,
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which delivered oxytetracycline at approximately 10 mg/lb of body
weight (in-feed or IF group). Animals in the IF group were then swit-
ched to antibiotic-free feed for the remainder of the study. A second
group of 21 piglets was given a single intramuscular injection (IM) of
oxytetracycline (Liquamycin® LA-200 ®, Zoetis) on day O at the re-
commended dose of 9 mg/lb based on the average group body weight
(IM group). Animals in the IM group were fed antibiotic-free feed for
the entire study. The third group of 22 piglets served as a control group
and was given only non-medicated feed (NON group). Weights of the
animals were taken on day 0 before treatments were administered, and
on day of necropsy.

2.2. Tonsil tissue, nasal wash, and nasal swab sample collection

On days 4, 7, and 14, seven pigs from each group were euthanized
and tonsil tissue was collected. Following similar tonsil tissue collection
methodology as described previously (Lowe et al., 2012), a quarter of
the tonsil of the soft palate was excised and minced on a sterile petri
dish and stored at —80 °C until time for DNA extraction. Nasal wash
samples were obtained from all pigs on day O (before start of treat-
ment), and all remaining pigs on days 4, 7, 11, and 14. Five milliliters of
1X PBS was injected into the nostril with a needleless 5 ml syringe and
effluent PBS was collected in a sterile flask. After the washes were
collected, nasal passages were swabbed by inserting FLOQSwabs
(Copan Flock Technologies, Brescia, Italy) into each nostril. Swabs were
stored in the collected nasal washes and, once at the lab, swab and nasal
wash were vortexed together before discarding the swab. The nasal
wash sample was then centrifuged at 10,000xg and the supernatant was
removed. The pellet was resuspended in 500 pl PBS and then stored at
—80 °C until DNA extraction. The nasal cavity was sampled with both a
nasal wash and swab to maximize sampling of the nasal microbiota.

A total of 220 nasal wash samples were collected by the end of the
study. Sixty-five samples were collected on day 0, 65 samples on day 4,
44 on day 7, 23 on day 11, and 23 on day 14. A total of 65 tonsil tissue
samples were collected, with 21 on each of days 4 and 7, and 23 on day
14.

2.3. HPLC/MS analysis of oxytetracycline concentrations in nasal wash
samples

Nasal wash concentrations of oxytetracycline in collected samples
were analysed at Iowa State University Veterinary Diagnostic
Laboratory and the Iowa State University-Pharmacology Analytical
Support Team (ISU-PhAST). Oxytetracycline concentrations were de-
termined using high-pressure liquid chromatography (Agilent 1100
Pump, Column Compartment and Autosampler, Agilent Technologies,
Santa Clara, CA) with mass spectrometry detection (LTQ Ion Trap,
Thermo Scientific, San Jose, CA). Nasal wash samples, nasal wash
spikes, nasal wash QC’s, and blanks, 100 ul, were added with deme-
clocycline (at a concentration of 20 ng/mL) in 1.5 ml microcentrifuge
tubes. The samples were vortexed for 5s and centrifuged for 20 min at
2400 rpm prior to LC-MS analysis.

—For LC-MS analysis the injection volume was set to 15pul. The
mobile phases consisted of A: 0.1% formic acid in water and B: 0.1%
formic acid in acetonitrile at a flow rate of 0.275 ml/min. The mobile
phase began at 5% B with a linear gradient to 95% B in 5.50 min, which
was maintained for 1.75min, followed by re-equilibration to 5% B.
Separation was achieved with a HypersilGoldC18 column,
50mmx 2.1 mm, 1.9 um particles (Thermo Scientific, San Jose, CA)
maintained at 50 °C. Oxytetracycline and demeclocycline eluted at 3.43
and 3.82 min, respectively. Full scan MS with wideband activation was
used for analyte detection and three fragment ions were used for
quantitation of each analyte species. The fragment ions for oxyte-
tracycline were at 398, 408, and 426 m/z, while ions at 289, 430, and
431m/z were characteristic of demeclocycline fragmentation.
Sequences consisting of nasal wash blanks, calibration spikes, QC’s, and
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nasal wash samples were batch processed with a processing method
developed in the Xcalibur software (Thermo Scientific, San Jose, CA).
The processing method automatically identified and integrated each
peak in each sample and calculated the calibration curve based on a
weighted (1/X) linear fit. Nasal concentrations of oxytetracycline in
unknown samples were calculated by the Xcalibur software based on
the calibration curve. Results were then viewed in the Quan Browser
portion of the Xcalibur software. Twelve calibration spikes were pre-
pared in blank porcine nasal wash covering the concentration range of
0.1-400 ng/ml. Calibration curves exhibited a correlation coefficient
t) averaging 0.994. The limit of quantitation (LOQ) of the analysis
was 1 ng/ml with a limit of detection (LOD) of 0.2 ng/ml.

Differences in nasal oxytetracycline concentrations between the
NON group and either the IF or IM group was assessed using two-way
analysis of variance (ANOVA) with repeated measures in GraphPad
Prism (La Jolla, CA, USA). A p-value of 0.05 or less was considered
significant.

2.4. DNA extraction, amplification, and sequencing

From the nasal and tonsil samples, bacterial DNA was extracted
using the PowerMag Microbiome DNA/RNA Isolation Kit (MoBio
Laboratories, Carlsbad, CA) on the Biomek FX® Laboratory Automated
Workstation (Beckman Coulter, Indianapolis, IN) following manu-
facturer’s instructions into three 96-well plates. Preliminary analysis of
extracted DNA from tonsil tissue samples showed a high presence of
host DNA that interfered with the 16S rRNA gene amplification and
analysis. Therefore, DNA samples were enriched for bacterial DNA
using the NEBNext Microbiome DNA Enrichment Kit (New England
BioLabs, Inc., Ipswich, MA) following manufacturer’s instructions.

After DNA extraction and enrichment, the MiSeq Wet Lab SOP
(Kozich et al., 2013) was used to prepare the hypervariable V4 region of
16S rRNA gene sequences for Illumina MiSeq sequencing platform:
https://github.com/SchlossLab/MiSeq WetLab_SOP/blob/master/
MiSeq WetLab_SOP_v4.md. The V4 region was analyzed because pri-
mers to the V1-V3 region of 16S rRNA gene amplified swine genomic
DNA, which was relatively abundant in the nasal and tonsil DNA
samples (data not published). To create a single final library for se-
quencing, 5l of each sample was pooled into a single pooled sample
normalized to 0.4 nM. The pooled sample was submitted to the Geno-
mics Facility in the Infectious Bacterial Diseases Research Unit at USDA-
ARS-NADC in Ames, IA for preparation of 250bp paired-end sequencing
on the MiSeq instrument (Illumina, San Diego, CA) using version 2
chemistry.

2.5. Sequence processing and taxonomy assignment

Following sequencing, raw fastq data were retrieved from the MiSeq
platform and processed using mothur (version 1.39.5) and the MiSeq
SOP as previously described (Kozich et al., 2013). Paired-end reads
were aligned and poor-quality reads were discarded, including se-
quences that did not align with the V4 region of the 16S rRNA gene,
were longer than 275bp, contained any ambiguous bases, or had
homopolymeric tracts longer than 6bp. Chimeras were detected and
removed using the VSEARCH algorithm within mothur. Singleton se-
quences, as well as sequences from chloroplasts, mitochondria, archaea,
eukaryotes, and unknowns were removed. Sequences likely due to se-
quencing errors were also removed with the pre.cluster command to
merge sequences that were within 2 mismatches of the sequence being
considered. Singletons and samples with coverage less than 2000 se-
quences were removed to normalize data, which reduced the total
sample size to 207 nasal samples and 35 tonsil samples (Table 1).

Sequences were assigned taxonomies at the genus level using clas-
sify.seqs with the default cutoff value of 80 and the SILVA database
release 128 (https://www.arb-silva.de/) (Glockner et al., 2017). Se-
quences were then clustered into operational taxonomic units (OTUs) at
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Table 1
Number of nasal (A) and tonsil (B) samples from each treatment group (control
(NON), in-feed (IF), injected (IM)) and time point used in subsequent analysis.

A.
Day 0 Day 4 Day 7 Day 11 Day 14
NON 18 22 15 8 8
IF 19 20 14 7 7
M 19 22 15 7 6
B.
Day 4 Day 7 Day 14
NON 5 3 2
IF 5 3 3
M 4 5 5

a dissimilarity level of 3% (0.03). This yielded a total of 420 OTUs in
tonsil samples and 1587 OTUs in nasal samples. To normalize the
number of sequences per sample for subsequent analyses, all samples
were subsampled to 2000 sequences to account for uneven sequencing
depth among samples (in particular the lower number of tonsil se-
quences compared to nasal sequences) and continuity of sampling.

2.6. Nasal and tonsil microbiota data and statistical analyses

Data analysis and figure generation were done using R version
3.4.0, including the packages vegan, phyloseq, philentropy, tidyverse,
and splitstackshape for various alpha- and beta-diversity measures of
the samples from each treatment group (IF, IM, NON), day, and site
(nasal, tonsil). Alpha-diversity metrics, including Shannon diversity
index, were calculated to measure bacterial diversity of each treatment
group within each sampled day and site. The wilcoxon rank sum test
was used on pairwise comparisons of treatment groups’ diversity in-
dices to assess for any significant differences in diversity between
treatment groups on a given day (P < 0.05).

Bray-Curtis dissimilarity was used to assess the effect of oxyte-
tracycline treatment on the bacterial community structure within each
sampled day and site. Permutational Multivariate Analysis of Variance
using Distance Matrices (PERMANOVA) (adonis function) from the R
vegan package (Oksanen et al., 2007) was used to determine the effect
of time and treatment on the structure of the nasal and tonsil micro-
biota. The PERMANOVA included the effects of “day”, “treatment,” and
“treatment x day” interaction with a significance threshold of P < 0.05
(9999 permutations).

For non-metric multidimensional scaling (NMDS) ordination based
on Bray-Curtis dissimilarities, a wrapper function for vegan’s metaMDS
() was used. This function is available as part of the funfuns R package
(https://github.com/Jtrachsel/funfuns) and generates a data frame
containing NMDS coordinates for each sample, and centroids and
standard error confidence ellipses for each group.

PERMANOVA pairwise comparisons of treatment groups using the
pairwise.adonis function (R vegan package) function (Martinez Arbizu,
2019) were conducted to identify any significant differences in bac-
terial composition between groups on a given day for each site. Sig-
nificance was set at P < 0.05.

To identify genera that were differentially abundant between
groups, DESeq2 package version 1.16.1 (Anders and Huber, 2010; Love
et al., 2014) was used. These contrasts were performed on OTU count
data that was combined at the genus-level (i.e all OTUs classified as the
same genus were combined) with Cook’s cutoff outlier detection dis-
abled. Contrasts were corrected for multiple comparisons using the
Benjamini-Hochberg adjustment to limit the false discovery rate. The
significance of each contrast’s log2 fold change value was determined
using Wald test, and contrasts with adjusted p-values < 0.05 were
considered significant. The null hypothesis was that abundance was not
different between treatment groups on a given day in a specific tissue.


https://github.com/SchlossLab/MiSeq_WetLab_SOP/blob/master/MiSeq_WetLab_SOP_v4.md
https://github.com/SchlossLab/MiSeq_WetLab_SOP/blob/master/MiSeq_WetLab_SOP_v4.md
https://www.arb-silva.de/
https://github.com/Jtrachsel/funfuns

K.T. Mou, et al.

Differentially abundant genera that appeared for more than one con-
secutive day, were not differentially abundant in all three groups on
day 0, and had relative abundances of over 2% at the genus-level were
examined further. For less abundant genera displaying differential
abundance, only genera from either group in the pairwise comparison
that had at least 100 reads on at least one of the sampling days were
considered informative.

2.7. Detection of Streptococcus suis in swine nasal samples using PCR

PCR was used to confirm the presence or absence of S. suis-specific
DNA in nasal DNA samples from pigs of each treatment group using
primers targeting the gdh gene and corresponding reaction conditions
that have been described previously (MacInnes et al., 2008).

2.8. Data and code availability

Raw sequence data were deposited as FASTQ files in the Sequence
Read Archive (SRA) of the National Center for Biotechnology
Information (NCBI) (Bioproject PRINA518919). Code for data analysis
is available at https://github.com/USDA-ARS-FSEPRU/FS1b

3. Results

3.1. Effect of oxytetracycline administration on the structure of the nasal
and tonsil microbiota

To examine whether the nasal bacterial community structure was
affected by oxytetracycline treatment and the type of dose regimen of
oxytetracycline given within a given day, the PERMANOVA pairwise
comparisons test (Martinez Arbizu, 2019) was performed using the
treatment-by-day variable (Fig. 1). In addition, the PERMANOVA F-
statistic was plotted against time (days 0-14) for visual comparison,
with control set as the zero baseline (Fig. 2, Table 2).

0.3
MDS1
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On day 0, the IM group was given a single injection of oxytetracy-
cline, and the nasal oxytetracycline levels in the IM group were not
significantly different from the NON group on any of the days observed
(Fig. 3). However, by days 4 and 7, the injected antibiotic led to
changes in the IM group’s nasal community that was significantly dif-
ferent from both the IF and the NON groups (P < 0.05,
0.10 < R? < 0.26) (Fig. 1). Closer examination of the magnitude of
change in IM group’s nasal bacterial community structure relative to
the NON group revealed increasing magnitude of changes in the IM
group up until day 7 (Fig. 2). As for the IF group, its nasal oxyte-
tracycline levels were significantly higher than the NON and IM groups
on days 4 and 7 (Fig. 3). There were also significant differences in the IF
group’s nasal community relative to IM and NON groups on days 4 and
7 (P < 0.05, 0.16 < R? < 0.31) (Fig. 1), and increasing magnitude of
change in the IF nasal bacterial community structure relative to the
NON group (Fig. 2).

By day 11, in-feed treatment had stopped and the nasal oxyte-
tracycline levels were not significantly different among all three treat-
ment groups (Fig. 3). However, the IF group’s nasal bacterial commu-
nity structure remained significantly different from the groups IM and
NON (P < 0.05, R? = 0.62). The changes in the nasal bacterial com-
munity structure of the IF group relative to the NON group on day 11
(F-statistic) were also the largest observed on all the days sampled
(Fig. 2). The IM group, on the other hand, had no significant differences
in the nasal bacterial community structure compared to the NON group
(Figs. 1 and 2).

On day 14, the IM group’s bacterial community structure relative to
NON group remained similar (Figs. 1 and 2). Although the IF group’s
bacterial community structure returned to a state that approached that
of the NON group, the community structure of the IF group relative to
the NON group approached significant difference (P = 0.071,
R? = 0.15; Fig. 2). In addition, after day 0, the degree of change of the
IF group's nasal bacterial community structure (F-statistic) was con-
sistently larger than IM group up until the end of the study, with the

. I ' . Treatment group
-0.1 0.0 01 =2 F
- IM
- NON

Fig. 1. Nasal bacterial community structure in IF (orange) and IM (blue) groups compared to NON (gray) group over a 14-day period. Non-metric multidimensional
scaling (NMDS) ordinations of nasal 16S rRNA gene-based Bray-Curtis dissimilarities calculated from rarefied OTU abundance data (clustered at 97% similarity).
Each point represents a sample. Closer distances between samples indicate more similarity in microbial compositions between samples. Samples are linked to the
treatment group centroid by segments and the standard error of the treatment group is depicted with an ellipse. The top of each panel refers to the day sampled (DO
= day 0, D4 = day 4, D7 = day 7, D11 = day 11, D14 = day 14). Within each day are the three treatment groups: NON (control) = gray, IF (in-feed) = orange,IM

(injected) = blue.
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Fig. 2. PERMANOVA pseudo F statistic over the 14-
day period of the nasal bacterial community analyses
of IF (orange) and IM (blue) groups relative to NON
group. Each point represents the PERMANOVA test
statistic (F: intergroup dissimilarity/intragroup dis-
similarity) of each antibiotic treatment group over time
(days 0 to 14), with NON group (control) set as the
zero baseline. Only where bacterial community struc-
ture of the treatment group is significantly different
from NON group are p-values shown. IF (in-feed) =
orange,IM (injected) = blue.

Treatment group

~ IF
-~ IM

Day

largest difference of F-statistics between the two antibiotic groups on
day 11.

In summary, the nasal bacterial community structure changed sig-
nificantly in response to both dose regimens of oxytetracycline over the
course of the study. In addition, the nasal microbiota of the IF group
continued to change even after oxytetracycline administration had
stopped and oxytetracycline levels were not significantly different from
the levels in the NON group. This is an indication that the transition of
the IF group’s nasal microbiota to a state similar to the non-medicated
group requires a longer time period when exposed to in-feed oxyte-
tracycline as opposed to injected oxytetracycline. As for tonsil samples,
PERMANOVA showed no significant differences among all three groups
on any of the days sampled (Table 2).

To further understand the observed shifts in the nasal bacterial
community structure among treatment groups over time, the variables
treatment, day, and treatment-by-day were tested with the adonis
function (Oksanen et al., 2007). All three variables had significant ef-
fects (P < 0.001) on the variance observed in the nasal communities.
Time (day) had a larger effect (R? = 0.27) than treatment (R = 0.04)
and there was also a significant treatment x day interaction (R? =
0.11). This indicated that the ‘day’ variable was the strongest con-
tributor to the variation observed in the nasal bacterial community
structure, followed by ‘treatment per day’ and, lastly, ‘treatment’. None
of these variables had significantly affected the tonsil microbial com-
munity structure (data not shown). No differences in weight gain were
observed between the treatment groups as well (data not shown).

3.2. Effect of oxytetracycline dosing regimen on alpha diversity measures

Underlying the differences in beta-diversity described above, ana-
lyses of the alpha diversity of the nasal microbiota showed clear dif-
ferences in bacterial diversity (Fig. 4) and membership (Fig. 5A) among
antibiotic-treated groups and NON. The nasal microbiota of the three
treatment groups had similar Shannon diversity index values on day 0

Table 2

(means ranging between 2.4-2.6; Fig. 4). This was also evident when
looking at the percent relative abundances of genera found in each
treatment group on day O (Fig. 5A). However, there were significant
differences in diversity on days 4, 7, and 11 (p < 0.05). Specifically, on
day 4, the nasal microbiota of the IF group showed significantly lower
diversity than that from the NON group. This day was also when nasal
oxytetracycline levels in the IF group were significantly higher than
both the IM and NON groups (Fig. 3).

On day 7, the nasal microbiota from both the IM and IF groups had
significantly lower diversity than that from the NON group. The de-
creased diversity in the antibiotic-treated groups compared to the NON
group could also be attributed to the higher relative abundance of
Actinobacillus and lower relative abundance of other genera in both
antibiotic-treated groups (Fig. 5A).

On day 11, diversity of IF was still significantly lower than NON
even after oxytetracycline levels in the IF group were no longer sig-
nificantly higher than the levels measured in the NON and IM groups. In
addition, IM showed significantly higher diversity than IF on the same
day. This is evident by the larger proportion of Pseudomonas and less
relative abundance of other genera in the nasal microbiota of the IF
group relative to that of the NON and IM groups (Fig. 5A). By day 14,
the diversity of all three groups were no longer significantly different
from one another.

In general, both dosing regimens of oxytetracycline led to decreased
nasal bacterial diversity compared to control during the course of
treatment and after treatment had ended. The nasal microbiota of the IF
group was also less diverse than that of the NON group on more days
than IM was to NON. However, by the end of the study, the diversity of
the antibiotic-treated groups had returned to levels comparable with
NON. Tonsil bacterial diversity and membership were relatively stable
among all three groups regardless of which oxytetracycline dosing re-
gimen (Fig. 5B).

PERMANOVA tests of associations of nasal and tonsil bacterial community structures between control group and either in-feed (IF) or injected (IM) oxytetracycline

treatment group on a given day.

Nasal Tonsil

IF M IF M
Day F model R? p-value F model R? p-value F model R? p-value F model R? p-value
0 1.4984 0.0411 0.192 1.5758 0.0431 0.192 NA - - - - -
4 7.6890 0.1612 0.003 5.0797 0.1079 0.003 0.7373 0.0844 0.832 0.9141 0.1155 0.832
7 12.3623 0.3141 0.003 9.8223 0.2597 0.003 1.1542 0.2239 0.832 1.9651 0.2467 0.832
11 21.4453 0.6226 0.003 1.7583 0.1191 0.071 NA - - - - -
14 2.2313 0.1465 0.071 1.6627 0.1217 0.161 1.0427 0.2579 0.832 0.9257 0.1562 0.832
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Fig. 3. Oxytetracycline levels detected in nasal wash samples over the 14-day period for each treatment group. The treatment groups are: NON (control) = gray, IF

(in-feed) = orange,IM (injected) = blue.

3.3. Differentially abundant genera at the nasal site in response to dosing
regimen of oxytetracycline

Several members of the swine nasal microbiota showed significant
differences in relative abundance in the IF group compared to the NON
group (Fig. 6A). Typical swine nasal genus Lactobacillus had relatively
decreased abundances in the nasal microbiota of the IF group compared
to that of the NON group on days 4 and 7 (Fig. 6A). Lachnospir-
aceae_unclassified increased in relative abundance on days 4 and 7, but
then decreased on day 11 compared to NON (Fig. 6A). In contrast,
Acinetobacter, showed a decreased relative abundance on day 7 and
then was significantly more abundant than NON on day 11 (Fig. 6A).
Blautia had significantly decreased relative abundance in the IF group
compared to the NON group on days 4, 7, and 11 (Fig. 6A).

The oxytetracycline treatment also seemed to affect the relative
abundance of two important respiratory genera in the nasal microbiota:
Actinobacillus and Streptococcus. These two genera are well known in
swine for the pathogenic species within these genera (Actinobacillus suis,
Actinobacillus pleuropneumoniae, and Streptococcus suis). DESeq2 ana-
lysis showed a significantly greater relative abundance of Actinobacillus
in the nasal microbiota of the IF and IM groups on days 4 and 7 com-
pared to that of the NON group (Fig. 6AB). After treatment had ended
(days 11 and 14), the relative abundances of both genera were not
significantly different between NON and either treatment group. The

nasal microbiota of the IM group showed a decreased relative abun-
dance of Streptococcus relative to that of the NON group on day 4
(Fig. 6B). However, on day 7, the nasal microbiotas of both the IM and
IF groups harbored a significantly higher relative abundance of Strep-
tococcus than the NON group (Fig. 6AB). In addition, PCR confirmed the
presence of S. suis in the nasal samples of pigs from these three groups
on days 4 and 7 (data not shown).

In summary, there was a significant decrease in nasal bacterial di-
versity as well as shifts in the nasal bacterial composition after either
oxytetracycline dosing regimen compared to the NON group. These
shifts led to significant changes in the relative abundances of several
notable genera of interest. Results also showed the in-feed route of
oxytetracycline had a significantly higher impact on the nasal micro-
biota composition than the parenteral route.

4. Discussion

The differential effects of antibiotic administration and dosing re-
gimen of an antibiotic on the swine upper respiratory microbiota have
not been well characterized. Recent studies have examined the effects
of different parenteral antibiotics on the swine nasal microbiota
(Zeineldin et al., 2018) or the effects of the removal of perinatal anti-
microbial treatment on the swine nasal microbiota (Correa-Fiz et al.,
2019). Other studies have described the nasal or tonsil microbiota from
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Fig. 4. Observed Shannon diversity of bacteria at the nasal site for each treatment group sampled over the 14-day period. Each panel, from left to right, top to bottom
refer to days 0, 4, 7, 11, and 14. Treatment groups are listed below each box plot, and include NON (control) = gray, IF (in-feed) = orange,IM (injected) = blue.
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Fig. 5. Relative abundance of bacteria observed at the nasal (A) and tonsil (B) sites over the 14-day period within each treatment group. Within each day (days are
listed at the top of the bar plots), each bar plot shows the percentages of total genera found in each treatment group. Each genus is shown with the exception of genera
with less than 2% abundance, in which case they were grouped in the “Other” category. The treatment groups are: NON (control) = gray, IF (in-feed) = orange, IM

(injected) = blue.

healthy animals of different ages or animals on farms with known
disease status (Correa-Fiz et al., 2016; Espinosa-Gongora et al., 2016;
Kernaghan et al., 2012; Lowe et al., 2011, 2012; Mann et al., 2015;
Pena Cortes et al., 2018; Slifierz et al., 2015; Weese et al., 2014; Yue
et al., 2011). This was the first study to compare the impact of two
dosing regimens of an antibiotic on the nasal and tonsil microbiota. The
results revealed a dynamic nasal bacterial community that was altered
by either dosing regimen of oxytetracycline. The alterations included
decreased diversity and specific changes in bacterial composition that
were significantly different from the nasal microbiota of pigs not given
antibiotics. As for the tonsil, regardless of the type of dosing regimen of
oxytetracycline, the microbiota did not change significantly in this
study as a result of antibiotic treatment.

In-feed oxytetracycline, in particular, was shown to have greater
impact on the nasal microbiota than injected oxytetracycline when
compared with the NON group. The magnitude of change in bacterial
community structure as a result of in-feed antibiotic administration was
much higher than injected oxytetracycline from days 4 to 11. In terms
of the length of impact, the nasal bacterial community structure of the
IF group was significantly different from the NON group up until day
11. By day 14, the measure of difference in the nasal bacterial com-
munity structure between IF group and NON group trended towards,
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but did not reach, significance (P = 0.071). The bacterial community
structure of the IM group was significantly different from NON up until
day 7, but not through day 11, suggesting the nasal microbiota can
recover to a non-medicated state quicker when exposed to in-
tramuscular administration of oxytetracycline than to in-feed adminis-
tration. Zeineldin et al. also found that parenteral oxytetracycline, un-
like some of the other parenteral antibiotics tested, did not have a
lasting effect on the nasal microbiota composition of older-aged animals
where the microbiota is more stable (Zeineldin et al., 2018). The effects
of these other parenteral antibiotics on the nasal microbiota persisted
until the last sampling day (day 14) (Zeineldin et al., 2018). This sug-
gests that the type of dosing regimen of an antibiotic could impact the
nasal microbiota for a longer amount of time even after treatment had
stopped (e.g. in-feed oxytetracycline as observed in our study, or the
specific antibiotics used as observed by Zeineldin et al.).

In-feed oxytetracycline administration had a greater impact on the
nasal bacterial diversity than did intramuscular administration, re-
sulting in lower nasal bacterial diversity in the IF group compared to
the NON group. This is expected as the rooting behavior of pigs in-
creased exposure of the nasal cavity to the feed containing oxyte-
tracycline in contrast to parenteral oxytetracycline. This increased ex-
posure to in-feed oxytetracycline was evident based on the significantly
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Fig. 6. Select genera with significant differential abundances in the nasal cavity in the IF relative to NON (A) and IM relative to NON (B). Differentially abundant
genera between groups were determined using the DESeq2 package. The x-axis represents the day (D4 = day 4, D7 = day 7, etc.), y-axis displays the log,-fold
changes of the genera, and corresponding genus is listed above each panel. NON (control) = gray, IF (in-feed) = orange,IM (injected) = blue.
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higher levels of oxytetracycline that were detected in the nasal wash
samples of the pigs from the IF group compared to the NON and IM
groups. Low nasal bacterial diversity resulting from antibiotic treat-
ment has also been observed in a study comparing pigs fed a liquid diet
containing antibiotics against pigs fed conventional solid feed that were
not given antibiotics (Weese et al., 2014). Additionally, lower nasal
bacterial diversity in pigs has been associated with outbreaks of Glis-
ser’s disease (Correa-Fiz et al., 2016). Further research is needed to
evaluate whether decreased nasal bacterial diversity in swine due to
antibiotic treatment is a potential risk factor for respiratory diseases.

A closer examination of the overall changes in the nasal bacterial
membership by either dosing regimen of oxytetracycline revealed
changes in relative abundances of specific genera that contribute to the
porcine respiratory disease complex. This study observed significantly
higher abundances of the genera Streptococcus and Actinobacillus in the
nasal microbiota of the IF and IM groups as compared to the NON
group. Increased relative abundances of these genera has also been seen
in the nasal microbiota of pigs from farms experiencing Glésser’s dis-
ease outbreaks when compared with farms that have no history of
Gléasser’s disease (Correa-Fiz et al., 2016). Interestingly, the removal of
antimicrobial treatment, as demonstrated in a recent study, resulted in
decreased relative abundance of Streptococcus (Correa-Fiz et al., 2019).
While Streptococcus species are common respiratory commensal or-
ganisms, this genus also harbors an important swine respiratory pa-
thogen, S. suis (Gottschalk, 2012). The presence of S. suis in the nasal
samples and the observed relatively higher abundances of Streptococcus
and Actinobacillus genera after antibiotic administration signal the need
for further investigations to examine what consequences antibiotic
perturbation of the nasal microbiota can have on these notable re-
spiratory organisms, characterizing these organisms at the strain level,
and how they can impact the respiratory health of the pig.

We also identified a decrease in the relative abundance of genera in
the IF group relative to NON that were previously associated with the
microbiota of healthy animals (Correa-Fiz et al., 2016; Slifierz et al.,
2015). Lactobacillus and Blautia were significantly relatively less
abundant in IF compared to NON. Both genera are core members of the
nasal microbiota in post-weaned pigs (Slifierz et al., 2015). On the other
hand, we observed higher relative abundances of Lachnospir-
aceae_unclassified in the IF group compared to NON during antibiotic
administration. Interestingly, Lachnospiraceae family and Lactobacillus
showed relatively higher levels in farms with no history of disease than
in farms with Glésser’s disease (Correa-Fiz et al., 2016). The removal of
perinatal antimicrobial treatment also showed a relatively higher
abundance of Lactobacillus in the piglet nasal microbiota (Correa-Fiz
etal., 2019). The changing abundances of these healthy farm-associated
genera after oxytetracycline treatment require further studies to assess
whether there are potential detrimental effects to the host’s microbiota
development and increased susceptibility to diseases.

The abundances of some genera affected by oxytetracycline treat-
ment have also been previously correlated with the carriage status of
Staphylococcus aureus or methicillin-resistant S. aureus (MRSA) in pigs
(Espinosa-Gongora et al., 2016). In our study, we found decreased re-
lative abundance of the genus Acinetobacter in the IF group compared to
the NON group. A similar trend was identified in S. aureus carrier pigs,
which showed lower abundances of these genera than in S. aureus non-
carrier pigs (Espinosa-Gongora et al., 2016). A decreased relative
abundance of Lactobacillus was also found in the nasal microbiota of the
IF group. This genus has been noted as an indicator for MRSA-negative
status in pigs (Espinosa-Gongora et al., 2016). Taken together, the re-
lative abundances of Acinetobacter and Lactobacillus genera associated
with in-feed oxytetracycline treatment, and their known correlation
with S. aureus carriage from previous studies, require further char-
acterization.

The findings from this study help open an unexplored area of what
effects broad-spectrum antibiotics like oxytetracycline and the specific
dosing regimens of an antibiotic have on the diversity and composition
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of the upper respiratory tract microbiota. And while this study identi-
fied numerous genera affected by dosing regimens of oxytetracycline,
caution should be taken when interpreting these results due to experi-
mental limitations of this study. For instance, though sampling of the
nasal region in all three treatment groups were performed in the same
way, the physical disruption of the nasal mucosa from repeated sam-
pling of the nasal passages could affect the observed nasal microbiota
response to oxytetracycline. In addition, the absence of appropriate
negative control samples (for example, the PBS used for nasal washes)
in the analysis prevent differentiation of background contamination
from the antibiotic induced changes and variation observed in the mi-
crobiota. With these in mind, additional studies are needed to further
assess how oxytetracycline administration affects the roles of these
bacterial members in maintaining respiratory health and modulating
disease susceptibility.

In conclusion, we discovered that both dosing regimens of oxyte-
tracycline caused a reduction in nasal bacterial diversity and changed
the bacterial community structure relative to pigs that were not ad-
ministered antibiotics. Moreover, the in-feed oxytetracycline resulted in
greater changes to the nasal bacterial community than parenteral
oxytetracycline. This research raises new questions surrounding the
impact of exposure to broad-spectrum antibiotics, like oxytetracycline,
and the dosing regimens of such antibiotics on the network of inter-
actions between the upper respiratory tract microbiota and the animal
and will contribute to our understanding of how these changes impact
animal health and development.
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