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Abstract

Diamond V Original XPC® is a Saccharomyces cerevisiae fermentation-derived postbiotic
technology (SCFP) designed to interact synergistically with the animal to provide health
benefits by enhancing immune function, supporting digestive integrity and absorption,
and maintaining gastrointestinal (GIT) microbial balance in the host. The current study
investigated the effects of 1.25% SCFP on multidrug-resistant (MDR) Salmonella serovars:
S. Typhimurium (ATCC 14028), S. Enteritidis, S. Infantis, S. Heidelberg, S. Typhimurium
DT104, and S. Reading, and shifts in cecal microbiota populations. Using an anaerobic

in vitro poultry cecal model, cecal contents were inoculated with ~ 102 colony forming
units (CFU) of MDR Salmonella serovars and incubated for 24 h at 37°C anaerobically.
The treatments included: control group consisting of 0.2g of crushed poultry feed, and a
treatment group 0.259 of feed + 1.25% inclusion of Original XPC® (SCFP). The SCFP
significantly reduced five of the six serovars: S. Typhimurium ATCC, S. Enteritidis, S. Infan-
tis, S. Heidelberg, and S. Reading (P < 0.05). Time significantly impacted S. Typhimurium
DT104 reduction (P < 0.001). The most significant decrease was observed for S. Enter-
itidis (3.9 log,, CFU/mL), followed by S. Heidelberg (3.8 log,, CFU/mL), S. Infantis (3.4
log,, CFU/mL), S. Typhimurium ATCC (3 log,, CFU/mL), and S. Reading (1.8 log,, CFU/
mL) compared to controls that averaged approximately 1 log,, CFU/mL reduction. Microbi-
ota analysis at 24 h involved genomic DNA extraction, amplification using custom dual-
indexed primers, and sequencing on the lllumina MiSeq platform. Sequencing data were
analyzed using QIIME2-2021.11. S. Infantis and S. Heidelberg inoculated samples were
the only groups that significantly enhanced microbial richness and evenness with SCFP
addition at 24h (P < 0.05). Pairwise comparisons revealed that samples inoculated with
S. Reading and S. Typhimurium DT104 exhibited a minor change in microbial composition
with SCFP, compared to other serovars that demonstrated increased microbial diversity
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with SCFP. Additionally, S. Infantis and S. Heidelberg inoculated samples exhibited phy-
logenetic diversity and microbial abundance with SCFP compared to controls at 24 h (P

< 0.05). Lachnospiraceae CHKCI001 was significantly more abundant in SCFP-treated
samples compared to controls (ANCOM, P < 0.05), suggesting SCFP impact on cecal
fermenters and production of fermentation end products that may impact the ecosystem
and inhibit pathogen growth. Although various serovars may exhibit somewhat different
responses, SCFP effectively mitigated multiple MDR serovars of Salmonella under in vitro
incubation conditions.

Introduction

Salmonella enterica consists of numerous serovars associated with food animals such as
poultry. The genomes of Salmonella serovars vary in size, ranging from 4,460 to 4,857 base
pairs, leading to differences in their metabolic functionality, virulence, and pathogenesis
characteristics [1]. These differences may further be associated with Salmonella’s specific
niche in poultry. Several Salmonella serovars have been mainly linked to poultry produc-
tion, including S. Typhimurium, S. Enteritidis, S. Infantis, S. Heidelberg, and S. Reading [2].
Over 91% of Salmonella enterica isolates associated with poultry have shown resistance to
at least one antibiotic [3]. Although the abundance of antibiotic resistance can vary between
commercial and organic chickens and across different production systems and geographical
locations, Salmonella isolates may exhibit resistance to similar antibiotics [3-5]. Furthermore,
Punchihewage-Don et al. (2024) observed that isolates from commercial and organic chickens
exhibited resistance to ceftriaxone and trimethoprim/sulfamethoxazole, antibiotics used in
humans to treat salmonellosis [3,6]. Although there is no substantial evidence that exposure
to multidrug-resistant (MDR) Salmonella necessarily causes untreatable infections in humans,
the virulence potential of specific serovars has become an increasing focus for government
regulatory agencies, such as the United States Department of Agriculture (USDA) Food Safety
and Inspection Service (FSIS). Recently, the FSIS declared specific Salmonella serotypes at
certain concentrations as adulterants in raw poultry products [7]. Therefore, reducing the
prevalence of MDR Salmonella serovars entering the post-harvest food chain is crucial.

Preharvest strategies are increasingly being emphasized to reduce foodborne Salmonella in
poultry before they enter processing facilities [8]. Dietary interventions, including feed addi-
tives, generally target optimization of performance through immune and GIT microbiome
modulatory mechanisms that may also minimize the colonization potential of various enteric
pathogens, including Salmonella [9-11]. A standard postbiotic technology is a Saccharomyces
cerevisiae fermentation-derived product, which contains inanimate cells, cell fragments, and
metabolites from the fermentation of S. cerevisiae in combination with the media used in
the fermentation (SCFP) (Original XPC® Diamond V, Cedar Rapids, IA, USA). Numerous
studies have reported significant reductions in Salmonella prevalence in poultry when SCFP
was included in the dietary ration [9,12-19]. Reductions have also been observed in in vitro
models [12,20-23].

Utilizing an in vitro poultry cecal model similar to ones used in previous studies provides
the ability to gain insights into how pathogens such as Salmonella respond to feed additives
in the presence of indigenous cecal microbiota. Importantly, evaluating multidrug-resistant
(MDR) isolates within this vitro model offers critical insights into bacterial fitness under simu-
lated cecal conditions. Using an in vitro poultry cecal model, we assessed the effect of SCFP on
the reduction of six different MDR Salmonella serovars associated with poultry production (S.
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Typhimurium ATCC 14028, S. Enteritidis, S. Infantis, S. Heidelberg, S. Typhimurium DT104,
and S. Reading) and the change in cecal microbial diversity and taxonomic compositional
profiles.

Materials and methods
Poultry management and ceca collection

Ceca were aseptically collected from six 42-day-old broilers that were euthanized using COs-.
The broilers were fed a non-SCFP control diet formulated according to industry standards.
Samples were obtained from the Cargill Innovation Center in Elk River, MN. The ceca

were shipped overnight under anaerobic conditions using anaerobic sachets (Mitsubishi™
AnaeroPack-Anaero Gas Generator, ThermoScientific™, Waltham, MA, USA) to the Animal
Science Building at the University of Wisconsin - Madison (Madison, W1, USA) where they
were transported to an anaerobic chamber (90% N, 5% CO,, and 5% H,) for processing (Coy
Laboratory Products, Grass Lake, MI, USA).

Media preparation

Anaerobic Dilution Solution (ADS; 0.45 g/L K, HPO , 0.45 g/L KH_PO,, 0.45g/L (NH,)SO,,
0.9g/L NaCl, 0.1875g/L MgSO,-7H,0, 0.12 g/L CaCl -2H,0, 1 mL/L 0.1% resazurin, 0.05%
cysteine-HCl and 0.4% sodium carbonate) was used as a general media [24,20]. Autoclaved
ADS was adjusted to room temperature in an anaerobic chamber with the same atmosphere
described above for 24 h. Resazurin in the ADS aided as a visual indicator that the media did
not contain oxygen.

Bacterial cultures

The Salmonella enterica serovars were sourced from the Cargill Innovation Center (Elk River,
MN, USA). Six serovars were utilized in the current study: S. Typhimurium ATCC 14028, S.
Enteritidis, S. Infantis, S. Heidelberg, S. Typhimurium DT104, and S. Reading. The serovars
were grown on XLD agar supplemented with 30 pg/mL of novobiocin (NB) for 24 h at 37°C.
The day before the inoculation of cecal contents, one colony of each serovar was transferred
to 40 mL of Tryptic Soy Broth (Ward’s Science, Rochester, NY, USA) supplemented with 30
pg/mL of NB and incubated for 12h at 37°C in a shaken incubator. On the day of the experi-
ment, the cultures were centrifuged for 5min at 18,0000 x g, and the pellets were subsequently
resuspended in 20 mL ADS and vortexed. The antibiotic profiles of utilized MDR Salmonella
serovars are described in Table 1.

Anaerobic in vitro cecal assay

A portion of cecal contents was excised at the ileocecal junction aseptically within the cham-
ber, weighted, and diluted 1:3000 in ADS. Briefly, 0.1 g of cecal content was added to 900 uL
ADS and vortexed. The resulting 1 mL of cecal suspension was added to 299 mL ADS for each
cecum. A total of 20mL of diluted cecal contents was transferred to each serum bottle con-
taining appropriate treatments: 1) Control: 0.2 g of crushed poultry feed and 2) SCFP: 0.25g of
feed + 1.25% inclusion of Original XPC® (Diamond V, Cedar Rapids, IA, USA). The serum
bottles were then covered with sterile rubber stoppers, removed from the anaerobic cham-
ber, and incubated at 37°C for 24 h at 150 revolutions per minute (rpm) as a pre-adaptions
step to acclimate the indigenous microbiota of the poultry ceca to the new environment as
described by Donalson et al. (2007), Rubinelli et al. (2016), and Feye et al. (2020) [20,31,32].
The next day, the serum bottles were returned to the anaerobic chamber. Each bottle was then
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Table 1. Multiple drug-resistant Salmonella serovars used in the current study with previously described antibi-
otic resistance to several antibiotics.

Salmonella serovar Observed Antibiotic Resistance* Reference
Typhimurium ATCC 14028 | NA, AMP, STR, TET, Sulfa drugs Narimisa et al., 2024; Alenazy, 2022
[24,25]

Enteritidis AMP, CHL, STR, CEP, TET, KAN Rakov and Kuznetsova, 2021 [26]

Infantis TET, AMP, CEP, TMP-Sulfa, CHL, STR, Alvarez et al., 2023 [27]
Sulfa drugs

Heidelberg AMC, AMP, CFX, CRO, STR, TET, AMC, | Sielski Galvao Soares et al., 2023 [28]
CEF

Typhimurium DT104 AMP, CHL, STR, TET, Sulfa drugs Meunier et al., 2002 [29]

Reading NA, CIP Sodagari et al., 2023 [30]

*Abbreviations to the antibiotics described in the table are as follows: nalidixic acid (NA), ampicillin (AMP), chlor-
amphenicol (CHL), streptomycin (STR), sulfonamides (Sulfa drugs), tetracycline (TET), amoxicillin-clavulanic acid
(AMC), cefoxitin (CFX), ceftriaxone (CRO), kanamycin (KAN), gentamicin (GEN), cefotaxime (CTX), cephalospo-
rins (CEP), ceftiofur (CEF), ciprofloxacin (CIP).

https://doi.org/10.1371/journal.pone.0320977.t001

inoculated with 200 puL of an appropriate NB-resistant Salmonella serovar suspension (30 pg/
mL), delivering a final concentration of 10° colony-forming units (CFU)/mL. Duplicates of
the samples were collected at 0 and 24 h for enumeration and microbiome analyses. The sam-
ples attained for the microbiome were flash-frozen in liquid nitrogen and stored at -80°C until
the day of the processing. An overview of the process is described in Fig 1.

Enumeration of Salmonella serovars and statistical analysis

The samples from 0 and 24h (N = 144) were enumerated via spread plating on XLD agar sup-
plemented with 30 ug/mL NB. The original samples were diluted to 107 in PBS, and 0.1 mL from
the appropriate desired dilution series were spread-plated in duplicates on XLD with 30 ug/mL
NB. The plates were incubated at 37°C for 24 h. The dilutions with countable colonies between 1
and 250 were calculated. The counts were log, , transformed before analyzing the data. A linear
mixed effect (LME) model was utilized to assess the significant effect of treatment and time for
each Salmonella serovar using the Ime4 package in RStudio Version 1.3. The significance was
assumed at P < 0.05. The figures were created using Excel and BioRender.

Microbiota sequencing, bioinformatics, and statistical analysis

DNA was from the aseptically collected aliquots of the anaerobic cultures taken at 24h (N =
72) using Qiagen Qiamp Blood and Tissue Kit (Qiagen, Hilden, Germany). The DNA purity
was measured via nanodrop and diluted to 10ng/ L in AE buffer. The paired-end sequenc-
ing libraries were amplified, targeting the V4 region of the 16S rRNA gene with PCR primers
containing the linker and adapter sequences [33]. DNA amplification was verified using gel
electrophoresis. Normalization was performed on PCR products using the SequalPrep™ Nor-
malization Kit (Life Technologies), ensuring equimolar concentrations of all libraries prior to
pooling. Five puL of each normalized sample was pooled to create a plate library. The libraries
were evaluated for qualitative and quantitative homogeneity using a KAPA Library Quan-
tification Kit (Kapa Biosystems, Inc., Wilmington, MA) to confirm uniform representation
across samples. The resulting library was diluted to 20 nM and combined with HT1 Buffer, a
PhiX control v3 (20nM), and 0.2 N fresh NaOH to produce a final concentration of 6 pM. The
subsequent sample was combined with PhiX control v3 (10%, v/v), and 600 pL were loaded
onto a MiSeq v2 (2 x 250 cycles) reagent cartridge (Illumina, San Diego, CA, United States).
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Fig 1. Overview of the experimental design in the current study. Created in BioRender, BioRender.com/p73k053.

https://doi.org/10.1371/journal.pone.0320977.9001
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Data sequences were uploaded onto the BaseSpace Website (Illumina, San Diego, CA, United
States), where sequence run quality and run completion were assessed. Demultiplexed data were
downloaded locally and uploaded into QIIME2-2021.11 via the Casaval.8 paired-end pipeline
[34]. Data were visualized and trimmed in DADA?2 using the chimera consensus pipeline [35].
Alpha and beta diversity were processed via the QIIME phylogeny align-to-tree-mafft-fasttree
methodology and then examined for all available metrics of alpha and beta diversity via QIIME
diversity core-metrics-phylogenetic with a sampling depth of 16460, determined based on rar-
efaction curves to ensure sufficient sequencing depth while maximizing sample retention (56%
of features, 93% of samples) [36]. The taxonomic assignment of operational taxonomic units
was conducted using classify-sklearn provided by the QIIME2-2021.11 SILVA database with a
confidence limit of 97% [37,38]. Alpha diversity was evaluated for richness with the Shannon
Diversity Index and evenness via Pielous’s Evenness [39]. The alpha diversity analytics involved
the Kruskal-Wallis tests for pairwise differences within the variables and analysis of variance
(ANOVA) to evaluate the main effect of variables [40]. The beta diversity metrics were tested
with quantitative indicators, such as the Weighted Unifrac matrix and Bray-Curtis [41], using
the Analysis of Similarity (ANOSIM) function, which considers the mean variation of the pop-
ulation and dispersion [42]. To account for potential dispersion effects in beta diversity compar-
isons, additional tests such as PERMANOVA were performed. The differential abundance was
identified via ANCOM analysis [43]. To control for false discovery, Q-values were calculated
using the Benjamini-Hochberg method, adjusting P-values for multiple comparisons with a
strict FDR threshold (Q < 0.05) within the QIIME2 platform [44]. Microbiota main effects were
considered significant if the main effect had P < 0.05 and the pairwise effect had Q < 0.05. All
statistical analyses were conducted using QIIME2-2021.11, ensuring reproducibility within a
standardized pipeline. Spearman’s correlation analysis on identified microbial taxa was per-
formed in Excel. The sequences were uploaded to NCBI with accession number PRINA1170279.
The detailed report can be found within the metadata file that was uploaded to NCBL

Results
Effect of SCFP on the reduction of MDR Salmonella serovars

Using an in vitro poultry cecal model, we assessed the effect of SCFP on the reduction of six
different MDR Salmonella serovars that have previously been associated with poultry produc-
tion (S. Typhimurium ATCC 14028, S. Enteritidis, S. Infantis, S. Heidelberg, S. Typhimurium
DT104, and S. Reading) and the composition and diversity of the cecal microbiota. The cecal
samples were pre-adapted to SCFP for 24 h, inoculated with the respective Salmonella serovar,
and incubated at 37°C anaerobically for 24 hours.

Treatment significantly affected the reduction of S. Typhimurium ATCC 14028, S. Enterit-
idis, S. Infantis, and S. Heidelberg (LME, P < 0.0001, S1 Table). In contrast, time significantly
impacted the reduction of S. Typhimurium DT104 rather than treatment (P < 0.001). When
comparing the reduction of Salmonella serovars at 24 hours based on the addition of SCFP to
the control, S. Typhimurium ATCC 14028 was significantly reduced by 2.6 log | CFU/mL, S.
Enteritidis 1.8 log | CFU/mL, S. Infantis 1.7 log CFU/mL, and S. Heidelberg 2.4 log, | CFU/
mL (Fig 2a-2d). Additionally, S. Reading exhibited a significant reduction with the addition
of SCFP (P = 0.03) at 24 hours compared to the control (0.3 log, | CFU/mL). The decrease was
even more pronounced compared to the Salmonella counts in SCFP groups at 24 hours com-
pared to the 0-hour time point. S. Typhimurium ATCC 14028 was reduced 3 log,, CFU/mL, S.
Enteritidis 3.9 log | CFU/mL, S. Infantis 3.4 log10 CFU/mL, S. Heidelberg 3.8 log | CFU/mL,
and S. Reading 1.8 log, ) CFU/mL (Fig 2a-2d). Although various serovars exhibited somewhat
different responses, SCFP effectively reduced multiple MDR serovars of Salmonella.
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Fig 2. Effect of 1.25% of SCFP on MDR Salmonella serovars reduction at 24h. The serovars included S. Typhimurium ATCC#14028 (a), S. Enteritidis (b), S.
Infantis (c), S. Heidelberg (d), S. Typhimurium DT104 (e), and S. Reading (f). The Y-axis represents the colony-forming units (CFU) per mL for each corresponding
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https://doi.org/10.1371/journal.pone.0320977.9002
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Effect of SCFP on cecal microbiota composition in an in vitro poultry cecal
model

To discern the main effect of treatment on microbial compositions, we employed a one-way
ANOVA approach related to evenness and richness parameters within the samples at 24 h.
Post hoc pairwise comparisons were performed using the Tukey’s Honest Significant Differ-
ence (HSD) test to account for multiple testing corrections where applicable. These findings
revealed a significant effect of treatment on cecal microbial evenness and richness compared
to the control (Pielou’s Evenness, Shannon’s Entropy, P < 0.05). Interestingly, this change
was only associated with the serovars where Salmonella counts were significantly reduced by
at least 2 logs, such as S. Typhimurium ATCC, S. Enteritidis, S. Infantis, and S. Heidelberg.
Compared to S. Typhimurium DT104 and S. Reading, the mean in evenness and richness
was decreased with the addition of SCFP (Fig 3a and 3b). However, a significant increase in
microbial diversity was only observed for S. Infantis and S. Heidelberg in the SCFP group
compared to the control at 24h (P < 0.05, Fig 3). Additionally, ANOSIM was utilized to detect
the main effect of treatment on phylogenetic composition and microbial abundance among
the samples. These results indicated that phylogenetic composition and microbial abundance
were significantly affected by SCFP (Weighted Unifrac, Bray-Curtis, P < 0.05). Phylogenetic
diversity and microbial abundance increased in samples with 2-log Salmonella reduction (Fig.
3c and 3d). However, a significant phylogenetic composition and abundance change was only
observed in samples inoculated with S. Infantis and S. Heidelberg (P < 0.05, Fig 3¢).

Out of the 212 identified taxa, the order Enterobacterales and the genera Pseudomonas
and Lachnospiraceae CHKIO01 were significantly differentiated in abundance based on SCFP
(ANCOM, P < 0.05; S2 Table). The order Enterobacterales was decreased in SCFP-treated
samples where Salmonella counts were significantly reduced compared to the control (Fig 4a).
Enterobacterales were increased in control groups. The greatest reduction of Enterobacterales
was observed in samples inoculated with S. Typhimurium ATCC 14028 and S. Heidelberg
(Fig 4a). The genus Pseudomonas was notably increased in abundance in the control group in
S. Typhimurium 14028 and significantly reduced with SCFP treatment (Fig 4b). Conversely,
the genus Lachnospiraceae CHKI0O01 was abundant in SCFP samples where Salmonella counts
were significantly reduced (Fig 4c). A Spearman’s correlation analysis revealed a very slight
inverse relationship between Enterobacterales and Lachnospiraceae CHKI0O01 abundance in
the samples where Salmonella was significantly reduced over 2 logs (Spearman’s correlation
coefficient: -0.017). Overall, SCFP treatment improved the cecal system’s microbial diversity
while effectively reducing Salmonella’s abundance.

Discussion
Salmonella reduction with the addition of SCFP

In our poultry cecal model, SCFP significantly reduced five out of six MDR Salmonella sero-
vars, with reductions varying by strain. While most serovars exhibited an average decrease of
2 log;o CFU/mL, S. Typhimurium DT104 showed no significant reduction. The emergence of
MDR pathogenic variants of S. Typhimurium is an increasing concern due to their distinct
host ranges, niche adaptations, levels of virulence, and risks to food safety [45]. One of the
most common Salmonella phage types, S. Typhimurium definitive type (DT) 104, emerged as
an antibiotic-resistant strain associated with human and animal health [46]. While the greatest
reduction among serovars was achieved in S. Typhimurium inoculated cecal samples, the
DT104 strain was not similarly reduced (Fig 2e). This finding suggests that S. Typhimurium
serovars may have different metabolic interactions with the local microbiota and occupy
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Fig 3. Effect of 1.25% SCFP on poultry cecal microbial composition inoculated with six multidrug-resistant (MDR) Salmonella serovars compared to a
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between treatments (P < 0.05, Q < 0.05).

https://doi.org/10.1371/journal.pone.0320977.9003

distinct ecological niches. The genome of ATCC 14028 is typically stable and does not carry
the MDR genes found in DT104. DT104 is a phage type of S. Typhimurium known for its
multidrug resistance [47-49]. While DT104 shares many metabolic pathways with ATCC
14028, the presence of antibiotic-resistance genes may confer metabolic differences.

In the current study, S. Reading-inoculated cecal contents exhibited the least significant
reduction of Salmonella (Fig 2f). S. Reading is more commonly associated with turkeys [50].
Feye et al. (2016) demonstrated a 5-log CFU/mL reduction of S. Reading with SCFP inclusion
using a turkey in vitro model [12]. This niche preference may partially explain the minimal
response to SCFP in the poultry cecal environment. Since S. Typhimurium, S. Enteritidis, S.
Heidelberg, and S. Infantis are generally associated with chickens [51,52] and showed signifi-
cant reductions in a chicken cecal in vitro model, indicating that serovar response may be host
niche specific. This host distinction should be considered in challenge studies focusing on
Salmonella intervention strategies.
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Fig 4. Microbial differential abundance at 24 hours post-treatment was assessed using ANCOM (P < 0.05). The
tested serovars included Salmonella Typhimurium ATCC#14028, S. Enteritidis, S. Infantis, S. Heidelberg, S. Typh-
imurium DT104, and S. Reading. (a) The abundance of amplicon sequencing variants (ASVs) within Enterobacterales
significantly decreased in the 1.25% SCFP treatment compared to the control at 24h, particularly in samples where
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Salmonella reduction was significant. (b) A Pseudomonas genus associated with S. Typhimurium ATCC#14028 was
reduced in the SCFP treatment compared to the control. (c) Lachnospiraceae CHKC1001 abundance increased in the
SCFP group compared to the control at 24h, specifically in serovars where Salmonella reduction was significant.

https://doi.org/10.1371/journal.pone.0320977.9004

Microbiome response to MDR inoculated serovars with the addition of
SCFP

Increased microbial abundance in Enterobacterales is a common indicator of dysbiosis [53].
Salmonella can disrupt the bacterial population hierarchy and become a dominant species
[54,55]. Consequently, an increased diversity and abundance of local bacteria may impede
the proliferation of Salmonella. The findings of the current study appear to support this
hypothesis. We assessed the microbial composition and diversity by adding SCFP at 24 hours.
Interestingly, microbial evenness, richness, abundance, and phylogenetic diversity increased
in samples with SCFP and were associated with the four serovars where Salmonella reduc-
tion was over 2 logs (Fig 3c and 3d). In contrast, in samples where Salmonella was minimally
reduced (S. Reading and S. Typhimurium DT104), microbial abundance, diversity, and overall
composition were not impacted by SCFP. S. Reading’s niche specificity to the turkey cecal
environment may explain the lack of change in microbial composition and diversity observed
in the poultry cecal microbiota when inoculated with S. Reading in the current study. The
minimal impact on the cecal microbial composition at 24 hours was accompanied by a min-
imal reduction in S. Reading counts based on the addition of SCFP. The effect of SCFP on
microbial composition may affect the proliferation of pathogens such as Salmonella within
the niche-specific environment. This observation is supported by differential abundance
analysis, which indicated that the order Enterobacterales was increased in the control samples
compared to the samples administered SCFP at 24 hours, where Salmonella abundance was
significantly reduced over 2 logs (Fig 4a). Additionally, a genus of Pseudomonas, particularly
associated with the S. Typhimurium ATCC strain, resulted in an increased abundance in
control samples compared to SCFP (Fig 4b). This finding suggests that the impact of SCFP
may extend beyond Salmonella, affecting other Gram-negative pathogens associated with the
Enterobacteriaceae family. Supporting the hypothesis that increased local microbial diversity
can impede the proliferation of pathogens [56]. While the current in vitro model evaluates
only the impact of treatment on the microbiome, it does not consider the previously reported
effects of SCFP on immune system modulation, the GIT epithelium, and tight junctions,
which may enhance the overall effect.

Furthermore, the microbial composition response to SCFP was serovar-specific, with
significant changes and increased evenness and richness observed in samples inoculated
with S. Infantis and S. Heidelberg (Fig 3), suggesting a niche-specific response of Salmonella
serovars within various GIT environments. For example, S. Enteritidis typically colonizes the
upper GIT and invades the reproductive tract, leading to egg contamination [57-59]. While S.
Typhimurium is associated with various organs, S. Infantis and S. Heidelberg are commonly
found in the colon and cecum of poultry [60-63]. The composition of the GIT microbiota can
influence the ability of Salmonella to proliferate in different compartments of the GIT, thus
affecting the variations of SCFP on microbial composition in our cecal in vitro model. More-
over, a genus of Lachnospiraceae CHKCIO001 was increased in abundance in samples admin-
istered SCFP compared to control in the samples inoculated with serovars where Salmonella
abundance was significantly reduced over 2 logs. Although previous research showed that
Enterobacterales is inversely proportional to Lachnospiraceae [64,65], the findings of the cur-
rent study indicated a very slight inverse relationship between the two taxa when considering
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the serovars where Salmonella was significantly reduced by 2 logs with SCFP compared to
control at 24 h. This finding suggests that the relationship between Enterobacterales and Lach-
nospiraceae CHKCI0O01 might be mediated by interactions with other microbial taxa, further
supporting the hypothesis that increased indigenous microbial diversity may affect the abun-
dance of pathogens such as Salmonella. Thus, the effect of SCFP on the indigenous microbiota
can indirectly affect the abundance of Salmonella.

Conclusions

The current study assessed the impact of the postbiotic feed additive SCFP on reducing MDR
Salmonella serovars using an in vitro poultry cecal model. The results demonstrated a signifi-
cant reduction in Salmonella populations for five out of the six serovars examined, specifically
S. Typhimurium ATCC 14028, S. Enteritidis, S. Infantis, and S. Heidelberg, with an average
reduction of 2 log,  CFU/mL after 24 hours of incubation with SCFP and S. Reading with 0.3
log,, CFU/mL compared to control at 24 h. In contrast, S. Typhimurium DT104 did not result
in a significant reduction based on treatment. The differential responses among serovars sug-
gest that the metabolic interactions with local microbiota and niche adaptations play a crucial
role in the efficacy of SCFP.

The study also highlighted that SCFP administration increased microbial diversity
and abundance in samples with significant Salmonella reduction. This finding suggests
that enhancing indigenous microbial diversity can impede pathogen proliferation. The
serovar-specific microbial compositional responses further emphasize the importance
of considering niche-specific interactions in designing intervention strategies. SCFP has
long been recognized for its ability to reduce Salmonella. Our findings further support this
knowledge by confirming its effectiveness against Salmonella strains that harbor multidrug
resistance. Although there were detectable serovar-specific influences, the data demon-
strate the broad positive impact of SCFP as a preharvest intervention against Salmonella
and other potential pathogens.

Supporting information

S1 Table. Significant treatment effects and pairwise differences (via Linear Mixed Effect
(LME) model) on multiple drug-resistant Salmonella serovars used in the current study.
(DOCX)

$2 Table. Taxa associated with each serovar (Typhimurium ATCC14028 (S1), Enteritidis
(S2), Infantis (S3), Heidelberg (S4), Typhimurium DT104 (S5), Reading (S6)) based on
treatment that included control (C) or addition of XPC (SCFP). Averages of six replicates

per treatment per serovar.
(DOCX)

Acknowledgments

We sincerely thank Haley A. Tarcin for her assistance with formatting and the submission
process.

Author contributions
Conceptualization: W. Evan Chaney, Andrea M. Binnebose, Steven C. Ricke.
Data curation: Elena G. Olson, Dana K. Dittoe.

Formal analysis: Elena G. Olson.

PLOS ONE | https://doi.org/10.1371/journal.pone.0320977  April 3, 2025 12/16



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320977.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320977.s002

PLOS ONE

Postbiotic SCFP reduces multidrug-resistant Salmonella in an in vitro broiler cecal model

Funding acquisition: W. Evan Chaney.

Investigation: Elena G. Olson, Dana K. Dittoe, W. Evan Chaney.
Methodology: Dana K. Dittoe, W. Evan Chaney, Andrea M. Binnebose.

Project administration: Elena G. Olson.

Resources: W. Evan Chaney, Andrea M. Binnebose, Steven C. Ricke.
Software: W. Evan Chaney, Andrea M. Binnebose, Steven C. Ricke.

Supervision: Elena G. Olson, Steven C. Ricke.

Writing - original draft: Elena G. Olson.

Writing - review & editing: Elena G. Olson, W. Evan Chaney, Steven C. Ricke.

References

1.

10.

1.

12

13.

14.

Andino A, Hanning |. Salmonella enterica: survival, colonization, and virulence differences among
serovars. Sci World J. 2015;2015:520179. hitps://doi.org/10.1155/2015/520179 PMID: 25664339

Islam KN, Eshaa E, Hassan M, Chowdhury T, Zaman SU. Antibiotic susceptibility pattern and
identification of multidrug resistant novel salmonella strain in poultry chickens of hathazari region in
Chattogram, Bangladesh. AiM. 2022;12(02):53-66. https://doi.org/10.4236/aim.2022.122005

Punchihewage-Don AJ, Schwarz J, Diria A, Bowers J, Parveen S. Prevalence and antibiotic resistance
of Salmonella in organic and non-organic chickens on the Eastern Shore of Maryland, USA. Front
Microbiol. 2024;14:1272892. https://doi.org/10.3389/fmicb.2023.1272892 PMID: 38239721

Farooq M, Smoglica C, Ruffini F, Soldati L, Marsilio F, Di Francesco CE. Antibiotic resistance
genes occurrence in conventional and antibiotic-free poultry farming, Italy. Animals (Basel).
2022;12(18):2310. https://doi.org/10.3390/ani12182310 PMID: 36139170

Hedman HD, Vasco KA, Zhang L. A review of antimicrobial resistance in poultry farming within
low-resource settings. Animals (Basel). 2020;10(8):1264. https://doi.org/10.3390/ani10081264 PMID:
32722312

Lamichhane B, Mawad AMM, Saleh M, Kelley WG, Harrington PJ 2nd, Lovestad CW, et al. Sal-
monellosis: an overview of epidemiology, pathogenesis, and innovative approaches to mitigate the
antimicrobial resistant infections. Antibiotics (Basel). 2024;13(1):76. https://doi.org/10.3390/antibiot-
ics13010076 PMID: 38247636

USDA Proposes New Policy to Reduce Salmonella in Raw Poultry Products | USDA. (n.d.).
[2024 August 23]. Available from: https://www.usda.gov/media/press-releases/2024/07/29/
usda-proposes-new-policy-reduce-salmonella-raw-poultry-products

Obe T, Boltz T, Kogut M, Ricke SC, Brooks LA, Macklin K, et al. Controlling salmonella: strategies for
feed, the farm, and the processing plant. Poult Sci. 2023;102(12):103086. https://doi.org/10.1016/].
psj.2023.103086 PMID: 37839165

Roto SM, Rubinelli PM, Ricke SC. An introduction to the avian gut microbiota and the effects of yeast-
based prebiotic-type compounds as potential feed additives. Front Vet Sci. 2015;2:28. hitps://doi.
org/10.3389/fvets.2015.00028 PMID: 26664957

Ricke SC. Impact of prebiotics on poultry production and food safety. Yale J Biol Med. 2018;91(2):151—
9. PMID: 29955220

Callaway TR, Ricke SC (Eds.). Direct Fed Microbials/Prebiotics for Animals: Science and Mechanisms
of Action. 2nd ed. Springer Science, New York, NY. 2023; p. 348.

Feye KM, Anderson KL, Scott MF, Mcintyre DR, Carlson SA. Inhibition of the virulence, antibiotic
resistance, and fecal shedding of multiple antibiotic-resistant Salmonella Typhimurium in broilers fed
Original XPC™. Poult Sci. 2016;95(12):2902—10. https://doi.org/10.3382/ps/pew254 PMID: 27566726

Park SH, Kim SA, Lee SI, Rubinelli PM, Roto SM, Pavlidis HO, et al. Original XPCTM effect on
salmonella typhimurium and cecal microbiota from three different ages of broiler chickens when incu-
bated in an anaerobic in vitro culture system. Front Microbiol. 2017;8:1070. https://doi.org/10.3389/
fmicb.2017.01070 PMID: 28659891

Gingerich E, Frana T, Logue CM, Smith DP, Pavlidis HO, Chaney WE. Effect of feeding a postbiotic
derived from saccharomyces cerevisiae fermentation as a preharvest food safety hurdle for reduc-
ing salmonella enteritidis in the ceca of layer pullets. J Food Prot. 2021;84(2):275-80. https://doi.
org/10.4315/jfp-20-330

PLOS ONE | https://doi.org/10.1371/journal.pone.0320977  April 3, 2025 13/16



https://doi.org/10.1155/2015/520179
http://www.ncbi.nlm.nih.gov/pubmed/25664339
https://doi.org/10.4236/aim.2022.122005
https://doi.org/10.3389/fmicb.2023.1272892
http://www.ncbi.nlm.nih.gov/pubmed/38239721
https://doi.org/10.3390/ani12182310
http://www.ncbi.nlm.nih.gov/pubmed/36139170
https://doi.org/10.3390/ani10081264
http://www.ncbi.nlm.nih.gov/pubmed/32722312
https://doi.org/10.3390/antibiotics13010076
https://doi.org/10.3390/antibiotics13010076
http://www.ncbi.nlm.nih.gov/pubmed/38247636
https://www.usda.gov/media/press-releases/2024/07/29/usda-proposes-new-policy-reduce-salmonella-raw-poultry-products
https://www.usda.gov/media/press-releases/2024/07/29/usda-proposes-new-policy-reduce-salmonella-raw-poultry-products
https://doi.org/10.1016/j.psj.2023.103086
https://doi.org/10.1016/j.psj.2023.103086
http://www.ncbi.nlm.nih.gov/pubmed/37839165
https://doi.org/10.3389/fvets.2015.00028
https://doi.org/10.3389/fvets.2015.00028
http://www.ncbi.nlm.nih.gov/pubmed/26664957
http://www.ncbi.nlm.nih.gov/pubmed/29955220
https://doi.org/10.3382/ps/pew254
http://www.ncbi.nlm.nih.gov/pubmed/27566726
https://doi.org/10.3389/fmicb.2017.01070
https://doi.org/10.3389/fmicb.2017.01070
http://www.ncbi.nlm.nih.gov/pubmed/28659891
https://doi.org/10.4315/jfp-20-330
https://doi.org/10.4315/jfp-20-330

PLOS ONE

Postbiotic SCFP reduces multidrug-resistant Salmonella in an in vitro broiler cecal model

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Price PT, Gaydos TA, Berghaus RD, Baxter V, Hofacre CL, Sims MD. Salmonella Enteritidis reduction
in layer ceca with a Bacillus probiotic. Vet World. 2020;13(1):184—7. https://doi.org/10.14202/vet-
world.2020.184-187 PMID: 32158170

Kalani M, Rahimi S, Zahraei Salehi T, Hajiaghaee R, Behnamifar A. Comparison the effects of
probiotic and prebiotic as antibiotic alternatives on Salmonella colonization, performance, and
egg quality in laying hens challenged with Salmonella enterica serotype Enteritidis. Iran J Vet Res.
2022;23(2):154—62. https://doi.org/10.22099/IJVR.2022.40926.5932 PMID: 36118603

Chaney WE, Nagvi SA, Gutierrez M, Gernat A, Johnson TJ, Petry D. Dietary inclusion of a saccha-
romyces cerevisiae-derived postbiotic is associated with lower salmonella enterica burden in broiler
chickens on a commercial farm in honduras. Microorganisms. 2022;10(3):544. https://doi.org/10.3390/
microorganisms 10030544 PMID: 35336119

Alves VV, Arantes LCRV, de Barros Moreira Filho AL, da Silva Teixeira M, da Silva EFA, de Mesquita
Souza Saraiva M, et al. Effect of diets containing commercial bioactive compounds on Salmonella
Heidelberg infection in broiler chicks. Braz J Microbiol. 2023;54(1):571-7. https://doi.org/10.1007/
$42770-022-00899-8 PMID: 36572822

Chaney WE, McBride H, Girgis G. Effect of a saccharomyces cerevisiae postbiotic feed additive on
salmonella enteritidis colonization of cecal and ovarian tissues in directly challenged and horizontally
exposed layer pullets. Animals (Basel). 2023;13(7):1186. https://doi.org/10.3390/ani13071186 PMID:
37048442

Rubinelli P, Roto S, Kim SA, Park SH, Pavlidis HO, Mclintyre D, et al. Reduction of salmonella
typhimurium by fermentation metabolites of diamond V original XPC in an in vitro anaerobic mixed
chicken cecal culture. Front Vet Sci. 2016;3:83. https://doi.org/10.3389/fvets.2016.00083 PMID:
27695699

Feye KM, Dittoe DK, Rubinelli PM, Olson EG, Ricke SC. Yeast fermentate-mediated reduction of
Salmonella Reading and Typhimurium in an in vitro Turkey cecal culture model. Front Microbiol.
2021;12:645301. https://doi.org/10.3389/fmicb.2021.645301 PMID: 33936004

Costello M, Rubinelli P, Brown J, Olson E, Dittoe D, Park SH, et al. Comparison of yeast-derived com-
mercial feed additives on Salmonella Enteritidis survival and microbiota populations in rooster cecal
in vitro incubations. PLoS One. 2023;18(12):e0295657. https://doi.org/10.1371/journal.pone.0295657
PMID: 38096330

Bryant MP, Robinson IM. An improved nonselective culture medium for ruminal bacteria and its use in
determining diurnal variation in numbers of bacteria in the rumen. J Dairy Sci. 1961;44(8):1446-56.
https://doi.org/10.3168/jds.s0022-0302(61)89906-2

Narimisa N, Razavi S, Masjedian Jazi F. Prevalence of antibiotic resistance in Salmonella Typh-
imurium isolates originating from Iran: a systematic review and meta-analysis. Front Vet Sci.
2024;11:1388790. https://doi.org/10.3389/fvets.2024.1388790 PMID: 38860007

Alenazy R. Antibiotic resistance in Salmonella: targeting multidrug resistance by understanding
efflux pumps, regulators and the inhibitors. J King Saud Univ Sci. 2022;34(7):102275. https://doi.
0rg/10.1016/j.jksus.2022.102275

Rakov AV, Kuznetsova NA. Antibiotic resistance and plasmid profile analysis of salmonella enteritidis
isolated in siberia and the far east of russia between 1990 and 2017. Pathogens. 2021;10(10):1240.
https://doi.org/10.3390/pathogens10101240 PMID: 34684189

Alvarez DM, Barrén-Montenegro R, Conejeros J, Rivera D, Undurraga EA, Moreno-Switt Al. A review
of the global emergence of multidrug-resistant Salmonella enterica subsp. Enterica serovar infan-
tis. Int J Food Microbiol. 2023;403:110297. hitps://doi.org/10.1016/j.ijffoodmicro.2023.110297 PMID:
37406596

Sielski Galvao Soares L, Casella T, Kawagoe EK, Benetti Filho V, Omori WP, Nogueira MCL, et
al. Phenotypic and genotypic characterization of antibiotic resistance of Salmonella Heidelberg in
the south of Brazil. Int J Food Microbiol. 2023;391-393:110151. https://doi.org/10.1016/.ijffoodmi-
cro.2023.110151 PMID: 36871395

Meunier D, Boyd D, Mulvey MR, Baucheron S, Mammina C, Nastasi A, et al. Salmonella enterica
serotype Typhimurium DT 104 antibiotic resistance genomic island | in serotype paratyphi B. Emerg
Infect Dis. 2002;8(4):430-3. https://doi.org/10.3201/eid0804.010375 PMID: 11971780

Sodagari HR, Shrestha RD, Agunos A, Gow SP, Varga C. Comparison of antimicrobial resistance
among Salmonella enterica serovars isolated from Canadian turkey flocks, 2013 to 2021. Poult Sci.
2023;102(6):102655. https://doi.org/10.1016/j.ps].2023.102655 PMID: 37030258

Donalson LM, Kim W-K, Chalova VI, Herrera P, Woodward CL, McReynolds JL, et al. In vitro anaero-
bic incubation of Salmonella enterica serotype Typhimurium and laying hen cecal bacteria in poultry

PLOS ONE | https://doi.org/10.1371/journal.pone.0320977  April 3, 2025 14/16



https://doi.org/10.14202/vetworld.2020.184-187
https://doi.org/10.14202/vetworld.2020.184-187
http://www.ncbi.nlm.nih.gov/pubmed/32158170
https://doi.org/10.22099/IJVR.2022.40926.5932
http://www.ncbi.nlm.nih.gov/pubmed/36118603
https://doi.org/10.3390/microorganisms10030544
https://doi.org/10.3390/microorganisms10030544
http://www.ncbi.nlm.nih.gov/pubmed/35336119
https://doi.org/10.1007/s42770-022-00899-8
https://doi.org/10.1007/s42770-022-00899-8
http://www.ncbi.nlm.nih.gov/pubmed/36572822
https://doi.org/10.3390/ani13071186
http://www.ncbi.nlm.nih.gov/pubmed/37048442
https://doi.org/10.3389/fvets.2016.00083
http://www.ncbi.nlm.nih.gov/pubmed/27695699
https://doi.org/10.3389/fmicb.2021.645301
http://www.ncbi.nlm.nih.gov/pubmed/33936004
https://doi.org/10.1371/journal.pone.0295657
http://www.ncbi.nlm.nih.gov/pubmed/38096330
https://doi.org/10.3168/jds.s0022-0302(61)89906-2
https://doi.org/10.3389/fvets.2024.1388790
http://www.ncbi.nlm.nih.gov/pubmed/38860007
https://doi.org/10.1016/j.jksus.2022.102275
https://doi.org/10.1016/j.jksus.2022.102275
https://doi.org/10.3390/pathogens10101240
http://www.ncbi.nlm.nih.gov/pubmed/34684189
https://doi.org/10.1016/j.ijfoodmicro.2023.110297
http://www.ncbi.nlm.nih.gov/pubmed/37406596
https://doi.org/10.1016/j.ijfoodmicro.2023.110151
https://doi.org/10.1016/j.ijfoodmicro.2023.110151
http://www.ncbi.nlm.nih.gov/pubmed/36871395
https://doi.org/10.3201/eid0804.010375
http://www.ncbi.nlm.nih.gov/pubmed/11971780
https://doi.org/10.1016/j.psj.2023.102655
http://www.ncbi.nlm.nih.gov/pubmed/37030258

PLOS ONE

Postbiotic SCFP reduces multidrug-resistant Salmonella in an in vitro broiler cecal model

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

feed substrates and a fructooligosaccharide prebiotic. Anaerobe. 2007;13(5—6):208—-14. https://doi.
org/10.1016/j.anaerobe.2007.05.001 PMID: 17588782

Feye KM, Rubinelli PM, Chaney WE, Pavlidis HO, Kogut MH, Ricke SC. The preliminary development
of an in vitro poultry cecal culture model to evaluate the effects of original XPCTM for the reduction of
Campylobacter jejuni and its potential effects on the microbiota. Front Microbiol. 2020;10:3062. https://
doi.org/10.3389/fmicb.2019.03062 PMID: 32038534

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. Development of a dual-index
sequencing strategy and curation pipeline for analyzing amplicon sequence data on the MiSeq
lllumina sequencing platform. Appl Environ Microbiol. 2013;79(17):5112—20. https://doi.org/10.1128/
AEM.01043-13 PMID: 23793624

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al. Reproducible,
interactive, scalable and extensible microbiome data science using QIIME 2. Nat Biotechnol.
2019;37(8):852—7. https://doi.org/10.1038/s41587-019-0209-9 PMID: 31341288

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADA2: High-resolution
sample inference from lllumina amplicon data. Nat Methods. 2016;13(7):581-3. https://doi.
org/10.1038/nmeth.3869 PMID: 27214047

Katoh K, Misawa K, Kuma K, Miyata T. MAFFT: a novel method for rapid multiple sequence alignment
based on fast Fourier transform. Nucleic Acids Res. 2002;30(14):3059—66. https://doi.org/10.1093/nar/
gkf436 PMID: 12136088

Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, et al. Optimizing taxonomic clas-
sification of marker-gene amplicon sequences with QIIME 2’s g2-feature-classifier plugin. Microbiome.
2018;6(1):90. https://doi.org/10.1186/s40168-018-0470-z PMID: 29773078

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene
database project: improved data processing and web-based tools. Nucleic Acids Res. 2013;41(Data-
base issue):D590-6. hitps://doi.org/10.1093/nar/gks1219 PMID: 23193283

Pielou EC. The measurement of diversity in different types of biological collections. J Theor Biol.
1966;13:131-44. hitps://doi.org/10.1016/0022-5193(66)90013-0

Kruskal WH, Wallis WA. Use of ranks in one-criterion variance analysis. J Am Stat Assoc.
1952;47(260):583-621. https://doi.org/10.1080/01621459.1952.10483441

Lozupone CA, Hamady M, Kelley ST, Knight R. Quantitative and qualitative beta diversity measures
lead to different insights into factors that structure microbial communities. Appl Environ Microbiol.
2007;73(5):1576-85. https://doi.org/10.1128/AEM.01996-06 PMID: 17220268

Anderson MJ. A new method for non-parametric multivariate analysis of variance. Austral Ecol.
2001;26(1):32—-46. https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x

Mandal S, Van Treuren W, White RA, Eggesbg M, Knight R, Peddada SD. Analysis of composi-
tion of microbiomes: a novel method for studying microbial composition. Microb Ecol Health Dis.
2015;26:27663. hitps://doi.org/10.3402/mehd.v26.27663 PMID: 26028277

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach
to multiple testing. J R Stat Soc Series B Stat Methodol. 1995;57(1):289-300. https://doi.
org/10.1111/j.2517-6161.1995.tb02031.x

Xiang 'V, Zhu K, Min K, Zhang Y, Liu J, Liu K, et al. Characterization of a Salmonella enterica sero-
var Typhimurium lineage with rough colony morphology and multidrug resistance. Nat Commun.
2024;15(1):6123. https://doi.org/10.1038/s41467-024-50331-y PMID: 39033143

Schmidt LD, Kohrt LJ, Brown DR. Comparison of growth phase on Salmonella enterica serovar Typh-
imurium invasion in an epithelial cell line (IPEC J2) and mucosal explants from porcine small intes-
tine. Comp Immunol Microbiol Infect Dis. 2008;31(1):63-9. https://doi.org/10.1016/j.cimid.2007.04.003
PMID: 17544508

Thomson NR, Clayton DJ, Windhorst D, Vernikos G, Davidson S, Churcher C, et al. Comparative
genome analysis of Salmonella Enteritidis PT4 and Salmonella Gallinarum 287/91 provides insights
into evolutionary and host adaptation pathways. Genome Res. 2008;18(10):1624—37. https://doi.
0rg/10.1101/gr.077404.108 PMID: 18583645

Boyd D, Peters GA, Cloeckaert A, Boumedine KS, Chaslus-Dancla E, Imberechts H, et al. Complete
nucleotide sequence of a 43-kilobase genomic island associated with the multidrug resistance region
of Salmonella enterica serovar Typhimurium DT104 and its identification in phage type DT120 and
serovar Agona. J Bacteriol. 2001;183(19):5725-32. https://doi.org/10.1128/JB.183.19.5725-5732.2001
PMID: 11544236

Threlfall EJ. Epidemic Salmonella typhimurium DT 104--a truly international multiresistant clone. J
Antimicrob Chemother. 2000;46(1):7—10. https://doi.org/10.1093/jac/46.1.7 PMID: 10882682

PLOS ONE | https://doi.org/10.1371/journal.pone.0320977  April 3, 2025 15/16



https://doi.org/10.1016/j.anaerobe.2007.05.001
https://doi.org/10.1016/j.anaerobe.2007.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17588782
https://doi.org/10.3389/fmicb.2019.03062
https://doi.org/10.3389/fmicb.2019.03062
http://www.ncbi.nlm.nih.gov/pubmed/32038534
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13
http://www.ncbi.nlm.nih.gov/pubmed/23793624
https://doi.org/10.1038/s41587-019-0209-9
http://www.ncbi.nlm.nih.gov/pubmed/31341288
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/nar/gkf436
http://www.ncbi.nlm.nih.gov/pubmed/12136088
https://doi.org/10.1186/s40168-018-0470-z
http://www.ncbi.nlm.nih.gov/pubmed/29773078
https://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1016/0022-5193(66)90013-0
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.1128/AEM.01996-06
http://www.ncbi.nlm.nih.gov/pubmed/17220268
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.3402/mehd.v26.27663
http://www.ncbi.nlm.nih.gov/pubmed/26028277
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1038/s41467-024-50331-y
http://www.ncbi.nlm.nih.gov/pubmed/39033143
https://doi.org/10.1016/j.cimid.2007.04.003
http://www.ncbi.nlm.nih.gov/pubmed/17544508
https://doi.org/10.1101/gr.077404.108
https://doi.org/10.1101/gr.077404.108
http://www.ncbi.nlm.nih.gov/pubmed/18583645
https://doi.org/10.1128/JB.183.19.5725-5732.2001
http://www.ncbi.nlm.nih.gov/pubmed/11544236
https://doi.org/10.1093/jac/46.1.7
http://www.ncbi.nlm.nih.gov/pubmed/10882682

PLOS ONE

Postbiotic SCFP reduces multidrug-resistant Salmonella in an in vitro broiler cecal model

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Miller EA, Elnekave E, Flores-Figueroa C, Johnson A, Kearney A, Munoz-Aguayo J, et al. Emer-
gence of a Novel Salmonella enterica Serotype Reading clonal group is linked to its expansion in
commercial Turkey Production, resulting in unanticipated human iliness in North America. mSphere.
2020;5(2):e00056-20. https://doi.org/10.1128/mSphere.00056-20 PMID: 32295868

Shaji S, Selvaraj RK, Shanmugasundaram R. Salmonella Infection in poultry: a review on the patho-
gen and control strategies. Microorganisms. 2023;11(11):2814. https://doi.org/10.3390/microorgan-
isms11112814 PMID: 38004824

El-Saadony MT, Salem HM, El-Tahan AM, Abd EI-Mageed TA, Soliman SM, Khafaga AF, et
al. The control of poultry salmonellosis using organic agents: an updated overview. Poult Sci.
2022;101(4):101716. hitps://doi.org/10.1016/.ps|.2022.101716 PMID: 35176704

Rogers AWL, Tsolis RM, Baumler AJ. Salmonella versus the Microbiome. Microbiol Mol Biol Rev.
2020;85(1):e00027-19. https://doi.org/10.1128/MMBR.00027-19 PMID: 33361269

Khan CMA. The dynamic interactions between salmonella and the microbiota, within the chal-
lenging niche of the gastrointestinal tract. Int Sch Res Notices. 2014;2014:846049. https://doi.
org/10.1155/2014/846049 PMID: 27437481

Chen Q, Palanisamy V, Wang R, Bosilevac JM, Chitlapilly Dass S. Salmonella-induced micro-
biome profile in response to sanitation by quaternary ammonium chloride. Microbiol Spectr.
2024;12(2):e0234623. hitps://doi.org/10.1128/spectrum.02346-23 PMID: 38226804

Pedroso AA, Lee MD, Maurer JJ. Strength lies in diversity: how community diversity limits salmo-
nella abundance in the chicken intestine. Front Microbiol. 2021;12:694215. https://doi.org/10.3389/
fmicb.2021.694215 PMID: 34211451

Gast RK. Serotype-specific and serotype-independent strategies for preharvest control of food-borne
Salmonella in poultry. Avian Dis. 2007;51(4):817—-28. https://doi.org/10.1637/8090-081807.1 PMID:
18251388

Gast RK, Dittoe DK, Ricke SC. Salmonella in eggs and egg-laying chickens: pathways to effective
control. Crit Rev Microbiol. 2024;50(1):39-63. https://doi.org/10.1080/1040841X.2022.2156772 PMID:
36583653

Guard-Petter J. The chicken, the egg and Salmonella enteritidis. Environ Microbiol. 2001;3(7):421-30.
https://doi.org/10.1046/j.1462-2920.2001.00213.x PMID: 11553232

Dunkley KD, Callaway TR, Chalova VI, McReynolds JL, Hume ME, Dunkley CS, et al. Foodborne
Salmonella ecology in the avian gastrointestinal tract. Anaerobe. 2009;15(1-2):26-35. https://doi.
org/10.1016/j.anaerobe.2008.05.007 PMID: 18577459

Foley SL, Nayak R, Hanning IB, Johnson TJ, Han J, Ricke SC. Population dynamics of Sal-
monella enterica serotypes in commercial egg and poultry production. Appl Environ Microbiol.
2011;77(13):4273-9. https://doi.org/10.1128/AEM.00598-11 PMID: 21571882

Berghaus RD, Thayer SG, Law BF, Mild RM, Hofacre CL, Singer RS. Enumeration of Salmonella and
Campylobacter spp. in environmental farm samples and processing plant carcass rinses from com-
mercial broiler chicken flocks. Appl Environ Microbiol. 2013;79(13):4106—-14. https://doi.org/10.1128/
AEM.00836-13 PMID: 23624481

Foley SL, Lynne AM, Nayak R. Salmonella challenges: prevalence in swine and poultry and poten-
tial pathogenicity of such isolates. J Anim Sci. 2008;86(14 Suppl):E149-62. https://doi.org/10.2527/
jas.2007-0464 PMID: 17911227

Onrust L, Baeyen S, Haesebrouck F, Ducatelle R, Van Immerseel F. Effect of in feed administration of
different butyrate formulations on Salmonella Enteritidis colonization and cecal microbiota in broilers.
Vet Res. 2020;51(1):56. https://doi.org/10.1186/s13567-020-00780-2 PMID: 32307001

Baumler AJ, Sperandio V. Interactions between the microbiota and pathogenic bacteria in the gut.
Nature. 2016;535(7610):85-93. https://doi.org/10.1038/nature 18849 PMID: 27383983

PLOS ONE | https://doi.org/10.1371/journal.pone.0320977  April 3, 2025 16/16



https://doi.org/10.1128/mSphere.00056-20
http://www.ncbi.nlm.nih.gov/pubmed/32295868
https://doi.org/10.3390/microorganisms11112814
https://doi.org/10.3390/microorganisms11112814
http://www.ncbi.nlm.nih.gov/pubmed/38004824
https://doi.org/10.1016/j.psj.2022.101716
http://www.ncbi.nlm.nih.gov/pubmed/35176704
https://doi.org/10.1128/MMBR.00027-19
http://www.ncbi.nlm.nih.gov/pubmed/33361269
https://doi.org/10.1155/2014/846049
https://doi.org/10.1155/2014/846049
http://www.ncbi.nlm.nih.gov/pubmed/27437481
https://doi.org/10.1128/spectrum.02346-23
http://www.ncbi.nlm.nih.gov/pubmed/38226804
https://doi.org/10.3389/fmicb.2021.694215
https://doi.org/10.3389/fmicb.2021.694215
http://www.ncbi.nlm.nih.gov/pubmed/34211451
https://doi.org/10.1637/8090-081807.1
http://www.ncbi.nlm.nih.gov/pubmed/18251388
https://doi.org/10.1080/1040841X.2022.2156772
http://www.ncbi.nlm.nih.gov/pubmed/36583653
https://doi.org/10.1046/j.1462-2920.2001.00213.x
http://www.ncbi.nlm.nih.gov/pubmed/11553232
https://doi.org/10.1016/j.anaerobe.2008.05.007
https://doi.org/10.1016/j.anaerobe.2008.05.007
http://www.ncbi.nlm.nih.gov/pubmed/18577459
https://doi.org/10.1128/AEM.00598-11
http://www.ncbi.nlm.nih.gov/pubmed/21571882
https://doi.org/10.1128/AEM.00836-13
https://doi.org/10.1128/AEM.00836-13
http://www.ncbi.nlm.nih.gov/pubmed/23624481
https://doi.org/10.2527/jas.2007-0464
https://doi.org/10.2527/jas.2007-0464
http://www.ncbi.nlm.nih.gov/pubmed/17911227
https://doi.org/10.1186/s13567-020-00780-2
http://www.ncbi.nlm.nih.gov/pubmed/32307001
https://doi.org/10.1038/nature18849
http://www.ncbi.nlm.nih.gov/pubmed/27383983

