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Swine are a major reservoir of an array of zoonotic Salmonella enterica subsp.
enterica lineage | serovars including Derby, Typhimurium, and 4,[5],12:i:- (a.k.a.
Monophasic Typhimurium). In this study, we assessed the gastrointestinal (Gl)
microbiome composition of pigs in different intestinal compartments and the
feces following infection with specific zoonotic serovars of S. enterica (S. Derby,
S. Monophasic, and S. Typhimurium). 16S rRNA based microbiome analysis was
performed to assess for Gl microbiome changes in terms of diversity (alpha and
beta), community structure and volatility, and specific taxa alterations across Gl
biogeography (small and large intestine, feces) and days post-infection (DPI)
2, 4, and 28; these results were compared to disease phenotypes measured as
histopathological changes. As previously reported, only S. Monophasic and S.
Typhimurium induced morphological alterations that marked an inflammatory
milieu restricted to the large intestine in this experimental model. S. Typhimurium
alone induced significant changes at the alpha- (Simpson’'s and Shannon's
indexes) and beta-diversity levels, specifically at the peak of inflammation in
the large intestine and feces. Increased community dispersion and volatility in
colonic apex and fecal microbiomes were also noted for S. Typhimurium. All three
Salmonella serovars altered community structure as measured by co-occurrence
networks; this was most prominent at DPI 2 and 4 in colonic apex samples. At
the genus taxonomic level, a diverse array of putative short-chain fatty acid
(SCFA) producing bacteria were altered and often decreased during the peak of
inflammation at DPI 2 and 4 within colonic apex and fecal samples. Among all
putative SCFA producing bacteria, Prevotella showed a broad pattern of negative
correlation with disease scores at the peak of inflammation. In addition, Prevotella
9 was found to be significantly reduced in all Salmonella infected groups
compared to the control at DPI 4 in the colonic apex. In conclusion, this work
further elucidates that distinct swine-related zoonotic serovars of S. enterica can
induce both shared (high resilience) and unique (altered resistance) alterations in
gut microbiome biogeography, which helps inform future investigations of dietary
modifications aimed at increasing colonization resistance against Salmonella
through Gl microbiome alterations.

Salmonella Typhimurium, Salmonella 4,[5],12:i:- (Monophasic), Prevotella, gut
microbiome, swine
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1. Introduction

According to the Centers for Disease Control and Prevention
(CDC), approximately 50 million people acquire foodborne-
associated illnesses in the United States annually (1). Salmonella is a
global pathogen, with foodborne salmonellosis leading to over a
million infections, thousands of hospitalizations, and hundreds of
deaths yearly in the United States alone (2). Livestock-related foods
and products are the predominant zoonotic source of human
salmonellosis (3). Salmonella is primarily divided into two species,
namely S. enterica and S. bongori, with the vast majority of zoonotic
serovars and human clinical isolates belonging to S. enterica subsp.
enterica lineage I (referred to as S. enterica lineage I) (4). Swine are a
major reservoir of an array of zoonotic S. enterica lineage I serovars
including Derby, 4,[5],12:i:- (a.k.a. Monophasic Typhimurium), and
Typhimurium (3, 5-7). All three of those serovars are capable of
residing in the gastrointestinal (GI) tract of swine and can spread
across the food chain and cause human outbreaks (3, 5, 6, 8).
Salmonella Derby was initially isolated from humans upon
consumption of contaminated pork pies (9), and is now expected to
be found in all major centers of pig production worldwide (5, 6); it has
also recently been associated with infant outbreaks in China (10). On
the other hand, the population of S. Typhimurium can be stratified
into two divergent sub-lineages: Typhimurium and 4,[5],12:i:-
(Monophasic) (11, 12). Salmonella Typhimurium isolates are typically
known as host generalists and can reside in the GI tract of cattle,
poultry, and swine, all of which can serve as a source of human
outbreaks (3, 13), while S. Monophasic is an emergent zoonotic
pathovar that can be isolated from cattle and poultry, but is most
commonly found in the GI tract of swine (8, 13, 14). S. Monophasic
derives from S. Typhimurium but uniquely contains an integrative and
conjugative element (ICE) called Salmonella genomic island (SGI)-3/4
which phenotypically confers resistance to heavy-metals such as
copper, arsenate, and silver and is inserted at a location which disrupts
normal phase variation (11, 15-18). Copper resistance phenotypes of
S. Monophasic under both aerobic and anaerobic conditions suggest
SGI-3/4 may contribute to survival across natural environments (e.g.,
water reservoirs and food facilities) and may preferentially lead to a
fitness advantage in swine potentially due to the utilization of dietary
copper (11, 19). Additionally, there has been an increasing number of
reports describing the global dissemination of multi-drug resistant
(MDR) S. Monophasic isolates, posing further threat to public health
(20-24).

Over time, many attempts have been made to mitigate Salmonella
(largely focused in recent years on S. Typhimurium) in the swine
industry by developing farm-based strategies to decrease prevalence
(e.g., dietary changes and vaccination), improving diagnostics and
surveillance, and increasing hygiene practices and regulations at food
production facilities (3, 7, 25-30). Dietary modifications including the
use of antimicrobials, probiotics, and prebiotics have been deployed
to increase colonization resistance against Salmonella, partially
through GI microbiome alterations (25, 31, 32). Additionally, it has
been recently demonstrated that the GI microbiome composition is
associated with variation in carriage of both S. Monophasic and
S. Typhimurium (32-34), with Prevotella sp. being found to
be negatively correlated with carriage and shedding (33-35). At the
steady-state the swine GI tract is expected to have unique core
microbiome composition at distinct anatomical sites (36), with
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Prevotella as a keystone taxon in weaned pigs until finishing stages (36,
37); this suggests microbiome-based signatures of colonization
resistance to Salmonella are also likely to be distinct across different
anatomical sites due to varying tissue tropism. Considering
S. Monophasic and S. Typhimurium infection and inflammation can
often be compartmentalized to specific segments of the large intestine
(e.g., cecum and apex colonic tissues) (8), further studies are needed
to assess the biogeography of the GI microbiome upon infection of
pigs with distinct zoonotic S. enterica serovars to harness predictable
colonization resistance signatures practically deployable to modern
swine production systems. It is also important to note that
S. Typhimurium, in general, can exploit the host inflammatory milieu
to gain trans-intestinal epithelial access and persist in swine (32, 38).
Colonization resistance to Salmonella is a complex trait that involves
resistance (ability to resist a perturbation) and resilience (ability to
recover from a perturbation) capacities of the GI microbiota (39).

Therefore, in this study we further explored a previously published
experimental infection model in swine to assess how specific isolates
of known zoonotic serovars of S. enterica (Derby, Monophasic, and
Typhimurium) alter the GI microbiome biogeography overtime (day
post-infection — DPI). Specifically, we performed 16S rRNA amplicon
sequencing to map bacterial taxa that could be differentiated between
infected and sham-inoculated groups across small and large intestinal
samples as well as feces while measuring and analyzing: (1) alpha- and
beta-diversity; (2) community structure and volatility; (3) relative
abundance across taxa; and (4) correlation between specific taxa
(relative abundance) and histopathology scores. Overall, our results
showed (1) only S. Monophasic and Typhimurium could elicit overt
transient inflammation (DPI 2 and 4) at the large intestine coupled
with GI microbiome perturbations; (2) alpha- and beta-diversity
differences were most distinct for the Monophasic and Typhimurium
groups (unique signature) at DPI 2 and 4 in apex of the spiral colon
and fecal contents; and (3) at the taxonomic level serovar unique and
shared changes were induced demonstrating on average a transient
inflammatory bottleneck (low resistance) that directly impacted the
proportion and phenotypic correlations with putative short-chain
fatty acid (SCFA) producing bacteria.

2. Materials and methods
2.1. Animal studies

A complete description of the animal studies from which the
samples used in this study were taken is provided in Naberhaus et al.
(8). While metagenomic samples were collected and sequencing data
generated for all three of the previously described experimental
studies, only data from trial 2 was utilized for this analysis as it
provided a longitudinal and biogeographical analysis of multiple
Salmonella serovars across multiple animals. In this study, all pigs
(mixed sex) were 5 weeks of age at the beginning of the trial; this age
was chosen based on retrospective epidemiological data accumulated
in the past decade by the Iowa State University (ISU) Veterinary
Diagnostic Laboratory (VDL). By pooled and individual PCR testing
on fecal samples, all pigs tested negative for Salmonella prior to
inoculation; all pigs also tested negative for porcine reproductive and
respiratory syndrome virus (PRRSV) and porcine epidemic diarrhea
virus (PEDV) prior to the initiation of the study. Pigs were individually
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identified and allocated to the following treatments: (1) 12 pigs sham-
inoculated with sterile Mueller Hinton (MH) broth served as negative
control; (2) 20 pigs received oral inoculation with S. Derby; (3) 20 pigs
received oral inoculation with S. 4,[5],12:i:- (S. Monophasic); and (4)
20 pigs received oral inoculation with S. Typhimurium. To avoid cross-
contamination, upon treatment allocation, each group was housed
separately (four pigs per pen across all treatments) for the duration of
the study. Inoculations were done utilizing a combination of 8 mL oral
gavage and 2 mL swabbed directly in the back of the mouth ensuring
tonsil exposure for a total of 10 mL of 1 x 10° CFU/mL Salmonella.
Pigs were fed ad libitum except for 12 h prior to inoculation and were
euthanized using barbiturate overdose. All studies involving animals
were approved by the Iowa State University Institutional Animal Care
and Use Committee (IACUC) prior to initiation (11-16-8,391-S).

2.2. Sample collection

Prior to any other sample collection (i.e., — temperature, fecal
sample for culture), fecal swabs for 16S rRNA based microbiome
analysis were collected from the rectum of all pigs at DP1 0 and 2, and
all pigs alive at DPI 4, 7, 14, 21 and 28. These samples were swirled in
sterile Dubelcos phosphate buffered saline (1X DPBS, Corning, Ref
21-030-CM) and immediately frozen in liquid nitrogen after collection
and maintained at —80°C until sample processing. Gastrointestinal
tract contents were collected from the small intestine (ileum) and
large intestine (apex of the spiral colon) at the time of necropsy (DPI
2,4 or 28). On DPI 2 and 4, five pigs per Salmonella-infected group
and three control pigs were selected for euthanasia and necropsy
based on the severity of clinical signs (i.e., Salmonella-infected pigs
demonstrating the most severe clinical signs based on a combination
of rectal temperature and fecal score). The remaining pigs after DPI1 4
(10 per experimental group; 6 in control group) were allowed to
complete the study and were euthanized for sample collection at DPI
28. At the time of euthanasia, a necropsy was performed to evaluate
gross lesions. Tissue samples were collected and placed in 10%
formalin for blinded histopathologic evaluation of the jejunum, ileum,
cecum, mid-spiral colon, apex of the spiral colon (colonic apex), and
rectum. Ileal and colonic apex contents collected at the time of
necropsy were flash frozen in liquid nitrogen and maintained at
—80°C until sample processing. Scrapings of the ileal mucosa and apex
of the spiral colon mucosa were also taken, flash frozen in liquid
nitrogen, and stored at —80°C.

2.3. Histopathology scoring system

A detailed description of the histopathology scoring system for
each site examined can be found in Naberhaus et al. (8). In brief,
histologic scores were assigned based on the presence of neutrophils,
ulceration, and crypt depth (large intestine only); additional points
were assigned if submucosal inflammation or crypt abscesses were
present. For the purposes of correlating disease (i.e.- histologic score)
with the metagenomics data, a cumulative histopathology score
combining data recorded for all four of the large intestinal sites
(cecum, mid-spiral colon, apex of the spiral colon, and the rectum)
and small intestinal sites (proximal, mid, and distal jejunum; ileum)
was developed. Of note, the colonic apex histopathological score was
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also used to check for associations with taxa of interest enriched at the
apex contents.

2.4. DNA preparation and sequencing

DNA extraction was performed using the MagMAX™ Pathogen
RNA/DNA kit (Thermo Fisher Scientific, Waltham, MA,
United States) and a Kingfisher Flex instrument (Thermo Fisher
Scientific) following the instructions of the manufacturer. Samples
were then submitted to the Iowa State University DNA Facility for
library preparation and 16S metagenomics sequencing. Extracted total
DNA was amplified using primers (515F and 806R) specific to the V4
regions of the bacterial 16S rRNA gene and library preparation was
performed as previously described (40-43). Following library
preparation samples were run on 150 paired-end cycles on an Illumina
MiSeq instrument. A total of 721 samples were submitted and
sequenced on three lanes with a maximum number of samples per
lane of 240. Negative controls consisting of sterile swabs in DPBS as
well as a negative extraction control were included; positive controls
consisting of Zymobiomics Microbial Community standards (catalog
#D6305 and D6300; Zymo Research Corporation, Irvine, CA) were
also included on all plates to ensure consistency across plates
in sequencing.

2.5. 16S rRNA data analysis

The multiplexed data generated from the three MiSeq lanes was
analyzed using QIIME2 (44), version 2021.11. The demultiplexed
paired-end reads from each lane were denoised and reads with a
quality score below the default Q20 value were trimmed and filtered
out with DADA2 (45). To speed-up the computational analyses, this
step was performed separately on each run of the three lanes. Then,
the table and sequences from the separate DADA2 runs were merged
with giime feature-table merge and giime feature-table merge-seqs. The
data was then filtered to only include samples collected from trial 2.
The updated feature table was later used to pick a sampling depth for
the diversity analyses. Taxonomic analyses and assigning taxonomic
units to each of the representative sequences were performed with
qiime feature-classifier classify-sklearn and the SILVA reference
database (silva-138.1-ssu-nr99). Mitochondria and chloroplast
sequence were further removed using giime taxa filter-table. Finally, a
phylogenetic tree, as well as various diversity metrics (alpha and beta)
and similarity analyses were performed using QIIME2.

2.6. Statistical analysis

Taxonomic outputs from QIIME2 were processed for quality
control all the way to statistical modeling using R version 4.0.5. The
tidyverse library (version 1.3.1) was used for data exploration, analysis,
and plotting. All samples kept in the analysis passed the following
combined criteria: “percentage of input passed filter” > 75 &
“percentage of input merged” > 60 & “percentage of input
non-chimeric” > 60. Thereafter, only taxon classified as “Bacteria” and
that had genus level information were included in the analysis. Neither
taxon classified as “Archaea” nor ones classified as uncultured at the
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genus level were included in the statistical analysis of microbiota
composition. Individual taxon-based proportions were calculated
per animal while accounting for DPI, treatment, and sample type. A
one-way analysis of variance (ANOVA) was used to assess the effect
of treatment on histopathology scores, alpha-diversity metrics
(Shannon and Simpsons D), beta-diversity decomposition and
volatility analysis (PC1 or PC2), and individual taxon-based relative
abundance (proportion). All ANOVA models were done using the
aov() function in R. If the treatment effect was significant (p < 0.05)
in the ANOVA model, then a pairwise T-test was used to assess
differencse between groups (p < 0.05), unless stated otherwise. All
pairwise T-tests were done using the pairwise.t.test() function in R
without a p-value adjustment and by using a pooled standard
deviation as default. Both Shannon and Simpson’s D indexes of alpha-
diversity were calculated with the diversity() function in R from the
vegan library (version 2.6.2). Beta-diversity was calculated using the
vegdist function (method = “bray;” binary = “FALSE, na.rm. =
“TRUE”) function from the vegan library (version 2.6.2) while using
a Bray-Curtis’s distance matrix of non-binary data and by removing
all missing values of the analysis. For the principal coordinate analysis
(PCoA) a classical multidimensional scaling model was used to reduce
the data (Bray-Curtis’s distance matrix) to two dimensions (2 principal
coordinates — PCs), using the cmdscale function (k = 2) in R from the
stats library (version 4.0.5). A PERMANOVA and analysis of similarity
(ANOSIM) were used to calculate the effect of treatment of beta-
diversity (Bray-Curtis distances), using the adonis2(permutations =
999, method = “bray”) and anosim(method = “bray”) functions in R,
respectively, from the vegan library (version 2.6.2). Pearson
correlations between log, transformed taxa proportion (both from
colonic apex and feces) and large intestinal/colonic apex
histopathology scores were calculated using the cor_test() function in
R using default parameters, as part of the rstatix library (version 0.7.2).
LEfSe analysis for identification of differentiating taxa was done with
the Galaxy platform with a Wilcoxon p-value adjustment to 0.1, due
to the small sample sizes across treatments, and upon removal of
taxon or features with zero counts across all samples (46, 47).
Ultimately, the most differentiating taxa were selected based on (1)
overall relative proportion above 2%; (2) LEfSe results; and (3) central
taxa on co-occurrence network analysis. Also, individualized, or
average co-occurrence patterns (community composition) of
microbiome changes were created using either taxon at different levels
of resolution (e.g., family, genus), or the most differentiating taxa,
respectively. Average based patterns were created using a log,
transformation of the mean proportion for each taxon across
treatments and DPI. Across all major taxa identified, proportions were
calculated by individual animal/sample, but for each animal/sample,
proportions were summed up to eliminate taxonomic redundancy and
inaccuracy when doing the final calculations (e.g., all taxon containing
a “g_ Prevotella” in the name were combined to Prevotella for genus
level calculations). For all R functions used, if not stated, the default
parameters were used for calculations.

2.7. Co-occurrence network analysis
Network analysis and data visualization were performed using the

NetCoMi package within the R (v4.2.2) statistical framework (48).
Each network was constructed for each treatment, by employing a
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centered log-ratio transformation and Spearman-based correlations
between the 50 most abundant microbial taxa. Data interpretation was
summarized based on each node representing a bacterial taxon, and
the size of each node is scaled according to its centrality. Edges
represented associations between taxa, with positive associations
colored in green, and negative in red; the thickness of each edge
corresponds to the strength of the association. Edges representing a
value less than 0.5 were not shown. Taxa were colored based on
clusters calculated in network construction.

2.8. Computational platforms

All 16S rRNA microbiome bioinformatic analyses were performed
on Crane, one of the Linux high-performance computing clusters at
the University of Nebraska Holland Computing Center (HCC).!

3. Results

3.1. Overview of experimental approach
and disease phenotype across serovars

Using samples collected from our previous work assessing the
pathogenicity of S. Derby, S. Monophasic, and S. Typhimurium (8) in
swine, 16S rRNA based microbiome analysis was performed to
evaluate the impact of different swine-associated zoonotic serovars of
S. enterica lineage I on the GI microbiome biogeography. Figure 1A
illustrates the experimental design and objectives of the study.
Supplementary Figures SIA-C depicts the number of animals
analyzed per treatment and DPI after microbiome data curation. As
demonstrated in Figure 1B, only S. Monophasic and S. Typhimurium
induced significant overt inflammation, restricted to the large
intestine, during DPI 2 and 4 post-infection (p < 0.05); no
inflammatory lesions were seen with S. Derby infection or in the small
intestines for S. Monophasic and S. Typhimurium, as previously
established (8). No significant differences in histopathology scores
were found between S. Monophasic and S. Typhimurium in the large
intestine (p > 0.05). When the colonic apex histopathology was
examined separately, no significant differences were found due to
small sample size and variability, although on average S. Monophasic
and S. Typhimurium infected animals presented higher scores
(Supplementary Figure S2). Based on our previous report (8),
shedding of Salmonella in this study peaked by DPI 2-4 simultaneous
with peak inflammation and typically subsided 7-10 DPI. Overall,
both S. Monophasic and S. Typhimurium had comparable disease
kinetics restricted to the large intestine.

3.2. Overview of 16S rRNA amplicon
sequencing results

The first MiSeq lane produced 15,135,350 paired-end reads, the
second 15,825,865 paired-end reads, and the third 11,631,035

1 https://hcc.unl.eduy
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paired-end reads, where the forward and reverse reads and the
respective barcodes were stored in separate files. After filtering,
denoising and merging, the number of resulting reads was 7,983,113,
8,284,340, and 5,884,840 for Lanes 1, 2, and 3, respectively. After
merging the individual runs and filtering the data to only include
samples from trial 2, the total number of samples was 629 and the total
number of representative sequences (features or ASVs) was 5,774,
with a total frequency of 18,738,198. The minimum length of the
features (sequences) was 152 bp, and the maximum length was 278 bp
with 252.32 being the mean length. After removing mitochondria and
chloroplast sequences, the total number of final samples used in our
analyses was 626 and the total number of representative sequences
(features or ASVs) was 5,733, with a total frequency of 18,729,244. The
minimum length of the features (sequences) was 152 bp, and the
maximum length was 255 bp with 252.38 being the mean length. Due
to poor sequence quality (see section 2.6), analysis of ileal and colonic
apex scrapings was not able to be performed. To compare diversity
across the ileal, colonic apex, and fecal contents at the same timepoint
for each animal, analysis was primarily focused on samples collected
on DPI 2, 4, and 28 except a cross-sectional temporal analysis for fecal
samples on DPI 0, 2, 4, 7, 14, 21, and 28.

3.3. Alpha- and beta-diversity changes are
acutely captured at the site of
inflammation and feces

Biogeographic differences in alpha-diversity were analyzed by
utilizing the Simpson’s D and Shannon’s indexes across the ileal,
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colonic apex, and fecal contents for DPI 2, 4, and 28. Both Simpson’s
and Shannon’s indexes highlighted that on average, only
S. Typhimurium infection significantly lowered alpha-diversity in
fecal samples at DPI 2 and in the large intestine (colonic apex) at
DPI 4 (peak of inflammation) (Figures 2A.B) (p < 0.05).
Nonetheless, changes in alpha-diversity were transient since there
was no effect of treatment at DPI 28 for both indexes (p > 0.05). Of
note, it appears that on average, the S. Typhimurium infected group
alpha-diversity is reestablished in colonic apex samples by DPI 28
(Figures 2A,B). A more sequential cross-sectional analysis of alpha-
diversity in fecal contents also revealed a transient decrease in the
S. Typhimurium infected group by DPI 21 (p < 0.05)
(Supplementary Figures 53, 54). Interestingly, both Shannon’s and
Simpson’s D indexes suggest that after the peak of inflammation
(DPI 4), both S. Monophasic and S. Typhimurium groups tended to
remain on average lower in diversity compared to DPI 0 in fecal
samples (Supplementary Figures 53, S4). At the beta-diversity level
(Bray-Curtis’s distance), community dispersion mirrored the alpha-
diversity results with significant changes captured at DPI 4 for
colonic apex and fecal contents (Figure 3) (p < 0.05). Of note,
significant changes in beta-diversity at DPI 2 were only found for
fecal contents (p < 0.05), while no significant changes were found
in ileal contents. However, it is important to highlight that
community dispersion was more clearly observed between
treatments at the peak of inflammation in the colonic apex (p-value
= 0.007 and R-squared = 0.33), based on PERMANOVA results
(Figure 3 — DPI 4 for colonic apex samples). A higher R-squared
value reflects a stronger biological effect of treatment since it
explains more of the total variability in the data.
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Supplementary Figure S1.
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FIGURE 2

Alpha-diversity analysis of the Gl microbiome composition across control vs. Salmonella infected groups. (A,B) Simpson’s D and Shannon indexes of
alpha-diversity across treatments and sample types including ileal, colonic apex, and fecal contents of pigs at DPI 2, 4, and 28, respectively. For both
metrics of alpha-diversity, a one-way ANOVA analysis was used to measure the effect of treatment (p < 0.05). When the treatment effect was
significant based on the one-way ANOVA analysis (p-values marked in red), then pairwise comparisons were done using a two-sided T-test (p < 0.05).
Different superscript letters indicate significant differences between treatments. The number of animals used per treatment can be found in the

the Supplementary Figure S1.
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FIGURE 3

Beta-diversity analysis of the GI microbiome composition across control vs. Salmonella infected groups. The Bray-Curtis distance matrix was used to
calculate the beta-diversity between treatments. Two principal coordinates are shown across DPI 2, 4, and 28, and all sample types (ileal, colonic apex,
and fecal contents). A PERMANOVA model was used to assess the treatment effect on beta-diversity. p-values and R-squared statistics are shown in
each plot. Significant differences were considered based p < 0.05 (results marked in red). The number of animals used per treatment can be found in

In addition to PERMANOVA-based modeling, an ANOSIM was
used to assess community structure similarities, and S. Typhimurium-
induced changes were significantly different from other treatments
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both at DPI 4 for colonic apex (R = 0.29, p = 0.004) and DPI 2 for fecal
(R=0.119, p = 0.001) samples, mirroring the PERMANOVA results
(p < 0.05) (Supplementary Figures S5-513). In accordance with the
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PERMANOVA results, the ANOSIM modeling strategy confirmed the
absence of significant changes in community structure between
treatments for ileal contents (p > 0.05). Further decomposition of
beta-diversity, as analyzed by PC1 or PC2 separately, also showed no
significant changes in community dispersal for ileal samples
(Supplementary Figures S14A-F) and confirmed the presence of
significant alterations in the microbial community structure of
S. Typhimurium infected animals at DPI 4 for colonic apex and DPI
2 for feces (p < 0.05) (Supplementary Figures S15, SI6A-F). Last, a
cross-sectional analysis of beta-diversity across fecal samples
demonstrated significant differences in community structure for
(p < 0.05)
(Supplementary Figure S17) in addition to DPI 2 and 4 as previously

S. Typhimurium groups at DPI 7 and 21

shown. In accordance, ANOSIM confirmed the significant changes
identified in community structure at DPI 7 and 21 for fecal samples in
the . group (p < 0.05
(Supplementary Figures S18-521). Therefore, the changes in alpha-

Typhimurium  infected
and beta-diversity analyses illustrate a significant effect in community
structure can occur during the inflammatory bottleneck in the GI
microbiome suggesting a low resistance capacity, which uniquely
distinguished the S. Typhimurium infected group.

3.4. Co-occurrence network and volatility
analysis revealed serovar-specific
alterations in community structure

Besides examining the community structure at the beta-diversity
level, co-occurrence networks were used to assess topology,
interactions, central taxa, and associations within the community at
DPI 2, 4, and 28, both for colonic apex and fecal samples. As minimal
changes were observed in the small intestine, from here on, most of
the analysis was conducted using colonic apex as the primary site of
inflammation caused by S. Monophasic and S. Typhimurium, or fecal
samples to examine biogeographical differences. In comparison with
infected groups, control animals displayed a more organized
community structure at DPI 2 and 4 for apex samples
(Supplementary Figure S22 and Figures 4A-D, respectively).
Additionally, the topological alteration in community architecture was
more altered for S. Monophasic and S. Typhimurium during
inflammation (DPI 2 and DPI 4) in comparison to DPI 28 in apex
4A-D  and
Supplementary Figures 522-526). Although the sample size for

samples, but not in fecal samples (Figures
colonic apex samples was smaller than that of feces, it appears that
community architecture was distinguishable by biogeography. A
hallmark of network alteration at both central taxa and associations
was that putative short chain fatty acid (SCFA) producers (e.g.,
Blautia, Faecalibacterium, Alloprevotella, Prevotella, Megasphaera,
Dorea, etc) were more likely to be tightly clustered in the control
animals during the inflammatory bottleneck (DPI 2 and 4) (Figure 4A
- cyan colored group), with that signature being more distinguishable
at the site of inflammation (colonic apex). This suggests these taxa
mark the dysbiosis associated with infection in all serovars tested, but
is accentuated in the case of S. Monophasic and S. Typhimurium due
to a higher degree of inflammation. In the case of S. Monophasic and
S. Typhimurium, the co-occurrence network topological alterations
are mirrored by a potentially higher volatility of the microbiota at the

colonic apex, when examining the PC1 pattern and variability at DPI
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2, 4, and 28 (Supplementary Figure 527). Temporal cross-sectional
fecal sample analysis revealed higher volatility for the microbiome of
S. Typhimurium infected animals (variable evenness and shift in the
distribution of PCl using the Bray Curtiss distance matrix)
(Supplementary Figure S28). Altogether these results point to a
dysbiosis effect in the infected animals with unique and shared
signatures in community structure.

3.5. Direct changes in putative SCFA
producers mark the inflammatory
bottleneck

At first glance, taxonomic examination of individual animals
across treatments and DPI 2, 4, and 28 demonstrated a predominance
of the phyla Firmicutes and Bacteroidetes regardless of biogeography
(Supplementary Figure 529). Upon a closer assessment at varying
hierarchical levels of taxonomic resolution
(Supplementary Figures 529-534), and despite the expected individual
variation, both colonic apex and fecal samples were broadly enriched
with genera Megasphaera, Prevotella, Alloprevotella, Clostridia, and
family Lachnospiraceae. Further statistical analysis based on relative
abundances revealed taxa of the family Prevotellaceae as keystone and
predominantly affected by the inflammatory bottleneck with variation
between colonic apex and fecal samples when comparing to the
control group and among serovars (Supplementary Figures $35-553).
Specifically, S. Typhimurium infected animals had on average a
significantly lower proportion of the family Prevotellaceae (feces at
DPI 2 and colonic apex at DPI 4; Supplementary Figure S35), genus
Prevotella (feces at DPI 2; Supplementary Figure S36), Prevotellaceae
NK3B31 (feces at DPI 2; Supplementary Figure S39), Prevotellaceae
UCG 003 (feces at DPI 2 and 4), and Fusicatenibacter (apex at DPI 2;
Supplementary Figure 546); whereas, Megasphaera was increased in
the colonic apex at DPI 4 and feces at DPI 2 (p < 0.05)
(Supplementary Figure S47). In the case of S. Monophasic, the
proportion of the family Prevotellaceae was increased in the colonic
apex at DPI 4 (Supplementary Figure 535) and was associated with a
higher proportion of the genus Alloprevotella and Prevotellaceae UCG
003 (p < 0.05) (Supplementary Figures S37, 54151, respectively). Like
S. Typhimurium, the genus Fusicatenibacter was significantly lower in
proportion for S. Monophasic and S. Derby in the colonic apex at DPI
2 (p <0.05) (Supplementary Figure 546).

LEfSe analysis further corroborated the ANOVA results for
differences in proportions, and although results should be cautiously
interpreted because of the small sample size, and suggested a decrease
in the Clostridia and Lachnospiraceae in apex contents at DPI 2 and 4
for the infected animals (Figure 5). Figure 6 depicts the mean
distribution of the most altered putative SCFA producers associated
with the inflammatory bottleneck when comparing DPI and
biogeography. Unique variants of the genus Prevotella showed a
serovar-specific variation distinguishable across colonic apex and feces
(e.g., Prevotella 9 and Prevotellacea NK3B31 with higher abundances in
feces). Prevotella 9 was found in significantly lower proportion in all
infected groups at DPI 4 but only in the colonic apex (Figure 7). Other
swine microbiome keystone taxa such as Lactobacillus, Streptococcus,
Campylobacter hyointestinalis, and Mitsuokella were also analyzed
(Supplementary Figures S50-553). Of note, the genus Lactobacillus was
significantly higher in S. Typhimurium and Streptococcus was higher

frontiersin.org


https://doi.org/10.3389/fvets.2023.1186554
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Gomes-Neto et al.

10.3389/fvets.2023.1186554

FIGURE 4

Co-occurrence network analysis for DPI 4 colonic apex microbiome across treatments (A - Control; B - Derby; C - Monophasic; and

D - Typhimurium). Each node represents a bacterial taxon, and the size of each node is scaled according to its centrality. Positive Spearman-based
associations between taxa are depicted as green edges (the thicker the line, the stronger the association), whereas red edges are indicative of an anti-
correlation between taxa. Edges representing a value less than 0.5 are not shown. Taxa are colored based on clusters calculated in the network
construction. The number of animals used per treatment can be found in the Supplementary Figure S1.

in proportion in S. Derby infected animals at multiple timepoints but
only in fecal samples (Supplementary Figures S50, S51) (p < 0.05). For
ileal contents there were no significant changes in taxa proportions
across treatments (p > 0.05) except for Alloprevotella at DPI 4
(Supplementary Figures 554-573). Collectively, these findings suggest
that the stronger inflammatory bottleneck present in S. Monophasic
and S. Typhimurium infected animals led to shared and unique
changes either in the family Prevotellaceae or its representatives, with
varying biogeographical signatures underlying community-based
resistance to infection. Of note, a high resilience can be observed across
all those taxa for colonic apex and fecal samples when examining the
end-point sampling, although the difference in sample size must
be carefully considered in the interpretation.

3.6. Sample biogeography impacts the
interpretation of taxa abundances and
associations with disease scores

As putative SCFA producing bacteria were a mark of Salmonella-
induced transient dysbiosis and low community-based resistance, the
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next step in the analysis was to correlate their proportion with
histopathological scores, which was used as a proxy for the severity of
niche-specific inflammation. Histopathological alterations were
assessed either for the colonic apex alone or cumulatively for the large
intestine as previously reported (8) and disease associations were
drawn from taxa proportion both at the colonic apex and feces to
identify unique and shared signatures with putative SCFA producing
bacteria. Overall, stronger Pearson’s correlation values were found
when comparing colonic apex vs. fecal microbiome as data input at
the peak of inflammation (DPI 2 and 4) (Figures 8A-D). For the
colonic apex microbiome, significant anti-correlations with disease
scores were only found when using the cumulative large intestine
score at DPI 4 (Figures 8A,B), whereas negative correlations were
more readily detectable with fecal microbiome for both S. Monophasic
and S. Typhimurium (p < 0.05) (Figures 8C,D). Data interpretation
specifically for colonic apex is limited by the small sample size at DPI
2 and 4. However, at DPI 4, for both S. Monophasic and
S. Typhimurium, there was an overall pattern of negative correlation
between non-Prevotella putative SCFA producers more consistently
quantified at the site of inflammation (Figures 8A,B) rather than with
fecal microbiota samples (Figures 8C,D). In the case of members of
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the Prevotellaceae family, specifically at DPI 4, negative correlations
with disease scores could only be found for S. Monophasic infected
animals when using fecal microbiome (Figures 8C,D). For

0

S. Typhimurium, the association with Prevotellaceae members varied
across biogeography and scoring system (Figures 8A-D). In the case
of S. Derby, Prevotellaceae taxa were often found to be anti-correlated

9
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Prevotella 9 proportion across treatments (Control, Derby, Monophasic, and Typhimurium) and DPI for both colonic apex (apex) and fecal contents.
Statistical analysis was done using an ANOVA followed by a pairwise T-test (p < 0.05). Only animals that had microbiome samples passed through the
bioinformatic cut-off for quality control were included in this analysis. Different superscript letters indicate significant differences between treatments.
Sampling distribution across treatments and DPI can be found in Supplementary Figure S1.
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with the disease phenotype, albeit significant values were limited (p <
0.05). Overall, putative SCFA producing bacteria were confirmed to
be a hallmark of the Salmonella-induced dysbiosis (inflammatory
bottleneck), but with variable patterns depending on biogeography
and disease scoring system. Finally, despite direct inoculation,
induction of clinical disease, and culture of Salmonella from feces and
intestinal contents, changes in the prevalence of Enterobacterales were
not noted (Supplementary Figure 574) and overall abundance was low.

4. Discussion

Despite significant investments in diagnostics, surveillance,
vaccination, use of antibiotics and antibiotic alternatives (e.g., feed
additives), salmonellosis remains a significant concern for both swine
and human medicine, especially with the emergence of multi-drug
resistant isolates among the serovars tested here (22, 24, 28, 49-52). In
regards to dietary based strategies, given that colonization resistance
to multiple serovars may not happen through a single mechanism
driven by one microorganism, there remains to be understood which
bacterial species, and lineages within a species, would most effectively
work as host-adapted probiotics to decrease the prevalence of
Salmonella at the farm level (32). The main objective of this study was
to map at the 16S rRNA level of resolution the specific kinetics of GI
microbiome taxa changes across the small and large intestine at acute
and recovery stages of inflammation across three major Salmonella
serovars (Derby, Monophasic, and Typhimurium) known to reside in
GI tract of pigs. By assessing GI microbiome changes across different
anatomic sites, serovars, and multiple DPI, we were able to identify
specific dysbiotic signatures related to low resistance to the
inflammatory perturbation caused by Salmonella infection.
Specifically, we identified both shared and serovar specific signatures
previously demonstrated to be associated with SCFA production
which were most clearly observed at the site of inflammation (i.e., -
large intestine) and feces.

As the
biogeographically distinct compositional features. In a meta-analysis,

with other mammals, swine microbiome has
Holman et al. (36) demonstrated that at the Phylum level, the gastric
and small intestinal microbiome were mostly comprised of Firmicutes,
whereas at the large intestinal level, it was a mixed composition of
predominantly Bacteroidetes and Firmicutes particularly enriched
with Prevotella (36). The same authors also concluded that a fraction
of the microbiota is shared across a minimum of 90% of the GI
samples, including Clostridium, Blautia, Lactobacillus, Prevotella,
Ruminococcus, Roseburia, and others (36). More recent work has
corroborated some of these findings in highlighting the Clostridiales
and Prevotella as part of the core microbiome of piglets aged 21-35
days (53, 54); this is consistent with our findings on DPI 0
(pre-inoculation). However, recent work by Luo et al. (37)
the of
Prevotellaceae/Prevotella post-weaning, potentially creating multiple

demonstrated  high  variability in proportion
enterotypes in the swine population (37). Variability in enterotypes
could contribute to the variability of community-based resistance to
Salmonella-induced inflammation as suggested in our study. This pre-
and post-weaning window of time is particularly important in
production systems since it is predicted to be an increased time of
susceptibility to Salmonella colonization as S. Typhimurium has been

shown to exploit the host inflammatory milieu during this window to
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gain trans-intestinal epithelial access and persist in swine (8, 32, 38,
55, 56). Based on murine models, it has been further demonstrated
that S. Typhimurium elicits host inflammation, which by consequence
alters the oxygen micro-environment (increased aerobiosis) near the
epithelium, and shrinks the population and diversity of oxygen-
sensitive bacterial such as Clostridiales, and likely other SCFA
producers that rely on anaerobic metabolism, therefore facilitating
pathogen blooming (38, 39, 57). Under physiological conditions,
SCFAs such as butyrate can be used as an energy source for epithelial
cells via aerobic metabolism. In a dysbiotic micro-environment (e.g.,
site of inflammation such as colonic apex), the lower concentrations
of SCFAs are predicted to lead to a shift in metabolism by epithelial
cells, which now consume more glucose as their main energy source,
and thereby increasing the oxygen and nitric oxide concentration
resulting in Enterobacterales expansion (e.g., S. Typhimurium) (39, 58,
59). The decomposition of this complex trait, namely colonization
resistance, suggests that the presence of both SCFA producers and
beneficial oxygen consumers could alter the shedding and persistence
of S. Typhimurium by increasing community-based resistance and
resilience over time. It has been recently demonstrated that there is an
anti-correlation between Prevotella (a keystone taxon in the GI tract
of pigs) relative abundance and fecal shedding of both S. Monophasic
and S. Typhimurium in pigs (33, 34). Prevotella have been associated
with increased SCFA production although the exact SCFA produced
by species that inhabit the swine GI tract has not been well
characterized (34). Although lacking the mechanistic basis, our work
further suggests that the enrichment of the GI microbiome with
bacteria that can alter SCFA production may have a pleiotropic effect
in diminishing intestinal pathology.

As previously reported, the mean amount of Salmonella shed in
the feces of the animals in our study peaked at approximately 3.0 log,,
CFU/mL on DPI 2 to 4 for all serovars, after which shedding steadily
decreased and was not detectable in all but two S. Typhimurium-
infected animals by DPI 28 (8). Despite direct inoculation, culture of
viable organisms from multiple sites, and the demonstrated ability to
induce clinical disease in swine for two of the three serovars utilized,
detection of Salmonella itself was not noted using the 16S methodology
employed here in either the fecal samples or the intestinal samples
collected at necropsy. The V4 region of 16S rRNA has been previously
shown to have lower resolution between genera (60), therefore it is
likely that reads associated with Salmonella were assigned to other
members the Enterobacteriacae, however, significant changes within
this taxon were also not noted for any DPI or sample type. This
indicates that subtle changes in the microbiome through introduction
of pathogenic organisms can have significant impacts on the health of
animals and disease carriage status. While clinical disease was only
present in the S. Typhimurium and S. Monophasic groups and not the
S. Derby group, our study further suggests that Prevotella may have a
pleiotropic impact in colonization resistance against S. Derby,
S. Monophasic, and S. Typhimurium, albeit varying Prevotellaceae
types (ASV) had distinguishable biogeographical effect in both
S. Monophasic and S. Typhimurium. From both our study and
previous studies, it remains unclear which specific Prevotella species
might have distinguishable colonization resistance properties; this
limitation is again in part due to the inherent issues with 16S rRNA
analysis, which does not provide enough resolution for accurate
species-level classification (35, 61). Considering that S. Monophasic
and S infection and inflammation

Typhimurium can
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be compartmentalized to specific segments of the large intestine (e.g.,
cecum and apex colonic tissues) (8), further studies are needed to
assess the composition of the microbial communities in those specific
anatomical sites, including a comparison of luminal to mucosal-
associated communities (which was attempted here but failed likely
due to low yield and contamination with host DNA), use of deeper
sequencing techniques (i.e., - shotgun sequencing), and the isolation
and whole-genome sequencing of autochthonous Prevotella species
with demonstrable in vivo probiotic properties (35). As our study was
limited in statistical power and did not measure SCFA concentrations,
subsequent efforts could be made to have more robust absolute
quantification of potentially protective microorganisms and
metabolites at both the site of infection as well as in the feces.
Provided specific species of Prevotella sp. are found to have
consistent anti-carriage properties against S. Monophasic and
S. Typhimurium, bacterial genetics/genomics combined with in vivo
animal experimentation could allow for probing of unique metabolic
traits that could be harnessed to enrich for such species using dietary
changes on farms (32, 35). Among the known species, Prevotella copri
and P, stercorea are the most likely candidate species to have a protective
effect on Salmonella infection in swine (35). As a proof-of-concept,
Trachsel et al. (33) recently demonstrated that the incorporation of
resistant potato starch in the diet of swine to enrich for species of
interest (e.g., Prevotella sp.) at the site of infection could aid in reducing
the carriage of multi-drug resistant S. Monophasic; direct feeding of
fatty acids associated with disease resistance did not produce a positive
effect (33). Additional studies have corroborated the hypothesis that
the utilization of resistant starch can directly alter the swine gut
microbiome composition through the enrichment of SCFA bacteria
such as Prevotella-, Lachnospiraceae- and Ruminococcus-associated
phylotypes (62, 63). The utilization of highly fermentable fibers may
even have a broader effect on gut health since it is beneficial against
another GI swine pathogen, Brachyspira hyodysenteriae (64).
Alternatively, corn bran may be a fiber source capable of modulating
the swine GI microbiome by inducing SCFA microbes which would
be hypothesized to have positive effects in terms of reducing S. enterica
shedding in pigs (65). Of note, the potential expansion of Alloprevotella
in S. Monophasic vs. Megasphaera in S. Typhimurium infected pigs
observed here may be associated with the utilization of lactate by these
microbes (66, 67), which is a host derived metabolite in S. Typhimurium
infection in a murine model (68, 69). Directly feeding fatty acids to
swine as a preventive measure can be challenging due to variable effects
of different molecules, identification of effective biological
concentrations without altering diet palatability, varying GI absorption
and excretion, potential unpredictable effects on other beneficial
microbial community members, and influence of the host immune
system (70). Thus, feeding strategies with ingredients such as resistant
potato starch that directly enrich for species of interest (e.g., Prevotella
sp.) at the site of inflammation (33), or the direct incorporation of
commercially viable probiotics with the desired properties, are more
likely to be effective in enhancing colonization resistance and
decreasing carriage of Salmonella in swine farms. Depending on the
mix of probiotics (e.g., Bacillus amyloliquefaciens G10, Levilactobacillus
brevis M10, and Limosilactobacillus reuteri RTR), there can be a
reduction in the relative abundance of SCFA producers in the GI tract
of pigs (66), which would be hypothesized to decrease colonization
resistance against the serovars tested here. Additionally, it is not known
how Prevotella strain variation can influence the assembly of pig large
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intestine microbiome, and by consequence impact the variance in
colonization resistance against Salmonella. Such genetic diversity has
been reported to exist in P. copri isolated from humans and is predicted
to have been impacted by diet with the lowering in fiber content being
a potential detrimental factor for engraftment of the GI microbiome
(71). Also, it has been recently reported that distinct P. copri isolates
may better utilize certain dietary polysaccharides which can become a
basis for the studying of new symbiotic approaches (72). A cautionary
note is that not all Prevotella may have beneficial effects but might
under specific host genetic susceptibility behave as a pathobiont (73).
Other potential confounding factors such as the swine GI mycobiome
may also influence the ability of Prevotella to decrease the carriage of
Salmonella as recent studies from Summers et al. point to the existence
of an autochthonous beneficial fungi in the swine large intestine,
Kazachstania slooffiae, that is positively correlated with Prevotella sp.
abundance (53, 54, 74, 75). Therefore, another component of this
complex trait, namely colonization resistance against Salmonella in
pigs, might be partially mediated by a mutualistic interaction between
bacteria and yeast in the gastrointestinal tract.

Despite including multiple serovars in this study in an attempt to
assess the effect of different serovars on microbiome composition, it is
known that the population of S. Derby, S. Monophasic, and
S. Typhimurium are genetically diverse both at the sequence type (ST)
and cgMLST levels (4, 11, 12, 16, 50, 76). Each serovar has a high
degree of clonality at the ST level (very few dominant STs distributed
worldwide), and isolates were chosen from the dominant ST groups to
best enable comparisons (Typhimurium, ST19; Monophasic, ST34,
Derby, ST40) (8); in the future additional experimental approaches
should be employed to account for phylogenetic diversity and variation
in zoonotic potential (4, 12). Use of a combination of STs of a given
serovar to assess the colonization resistance properties of the GI
microbiome or a specific cocktail of candidate probiotics would more
robustly determine their efficacy. The more STs and cgMLSTs that are
included in each serovar-specific cocktail to be tested, the more likely
the probiotic or interventional strategy is to be generalizable at the farm
level. Additionally, variation in serovar-specific antimicrobial resistant
(AMR) patterns within population structures (ST and cgMLST) could
be included in assessing microbiome-based interventions that could
potentially be applied to AMR lineages.

In summary, this study demonstrates the importance of studying
the biogeographic changes of the GI microbiome to harness
information regarding specific properties of the microbiome that can
aid in colonization resistance against zoonotic serovars of S. enterica
lineage I that reside in swine. It also underscores the fact that fecal
monitoring of the GI microbiome diversity or taxa may not always
be predictive of colonization resistance. Lastly, our work highlights a
dysbiotic signature of Salmonella-infected pigs primarily altering the
composition and proportion of putative SCFA producers that was
linked to the inflammatory bottleneck created by the pathogen. Of
such, Prevotella was identified as a keystone taxa in the swine GI
microbiome that appears to be a biomarker with potential to have an
impact on the disease phenotype perhaps as a central taxon in
enhancing community-based resistance to infection. Therefore, our
work, in conjunction with others, points toward a niche-specific effect
related to microbiome changes at the site of infection; this information
can be used to inform the future development of probiotic, prebiotic,
or symbiotic strategies for scalable controlling of Salmonella in farms
at both a narrow (serovar-specific) or broad spectrum level.
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