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Abstract

Background Despite growing concerns about the adverse effects of antibiotics in farm animals, there has been little
investigation of the effects of florfenicol in laying hens. This study examined the effect of florfenicol on the intestinal
homeostasis, immune system, and pathogen susceptibility of laying hens.

Results The oral administration of florfenicol at field-relevant levels for 5 d resulted in a decrease in the gut micro-
biota genera Lactobacillus, Bacillus, and Bacteroides, indicating the development of intestinal dysbiosis. The dys-
biosis led to decreased mRNA levels of key regulators peroxisome proliferator-activated receptor gamma (PPAR-y)
and hypoxia-inducible factor-1a (HIF-1a), compromising intestinal hypoxia. Intestinal homeostasis was also disrupted,
with decreased expression of Occludin and Mucin 2 (Muc2) genes combined with increased gut epithelial perme-
ability. The breakdown in intestinal homeostasis and immune function provided a favorable environment for oppor-
tunistic bacteria like avian pathogenic Escherichia coli (APEC), culminating in systemic infection. Immunologically,
florfenicol treatment resulted in increased proportion and absolute number of MRC1L-B™ monocytes/macrophages
in the spleen, indicating an exacerbated infection. Furthermore, both the proportion and absolute number of yo T
cells in the lamina propria of the cecum decreased. Treatment with florfenicol reduced butyrate levels in the cecum.
However, the administration of butyrate before and during florfenicol treatment restored factors associated

with intestinal homeostasis, including PPAR-y, Occludin, and Muc2, while partially restoring HIF-1a, normalized intesti-
nal hypoxia and gut permeability, and reversed immune cell changes, suppressing APEC systemic infection.

Conclusion The uncontrolled and widespread use of florfenicol can negatively affect intestinal health in chickens.
Specifically, florfenicol was found to impair intestinal homeostasis and immune function in laying hens, includ-

ing by reducing butyrate levels, thereby increasing their susceptibility to systemic APEC infection. The development
of strategies for mitigating the adverse effects of florfenicol on gut health and pathogen susceptibility in laying hens
is therefore essential.
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Background

Avian pathogenic Escherichia coli (APEC), classified as
extraintestinal pathogenic E. coli (ExXPEC), comprise a
group of opportunistic pathogens that cause inflamma-
tion, diarrhea, and intestinal hemorrhage in birds [1].
While they are typically found as commensal bacteria
in the gut, under conditions such as reduced microbial
competition or increased nutritional availability, they
can cause widespread disease in poultry flocks, result-
ing in detrimental economic crisis in the poultry industry
worldwide [2]. APEC can become airborne and survive in
dry environments such that, thus far, systemic infections
in poultry (colibacillosis) have mostly been attributed to
respiratory infection [3]. However, while mouse studies
have shown that E. coli can translocate from the intes-
tine into the bloodstream, potentially causing systemic
diseases [4], the intestinal transmission of colibacillosis
in chickens has not been explored. Additionally, the most
prevalent APEC serotypes threatening the poultry indus-
try are O1, O2, and O78, which have comparable phylo-
genetic backgrounds and share several drug-resistance
genes and virulence genes with human ExPEC [5]. The
similarities underscore the potential for zoonotic trans-
mission of APEC and thus the importance of controlling
infections to protect the poultry industry and human
health.

Under physiological conditions, the lumen of the gas-
trointestinal tract maintains a highly hypoxic environ-
ment, which is essential for sustaining a healthy gut
microbiota [6]. Homeostasis in the gut is maintained
through interactions between the microbiota and the
host, with significant research in mice focusing on how
microbiota-derived metabolites contribute to this bal-
ance [7, 8]. For instance, short-chain fatty acids (SCFAs),
particularly butyrate, regulate the metabolism and oxy-
gen consumption of intestinal epithelial cells, thereby
sustaining the hypoxic environment in the gut and sup-
porting barrier function [9]. However, research on intes-
tinal homeostasis in poultry, including the metabolism
of intestinal epithelial cells, oxygen consumption, and
the maintenance of hypoxic conditions, remains lim-
ited. Moreover, gut microbiota-host interactions extend
beyond gut homeostasis as they also influence the sys-
temic immune system [10, 11], but studies exploring the
effects of gut microbiota-host interactions on systemic
immune responses are also lacking. Understanding the
factors that regulate intestinal homeostasis and systemic
immunity in chickens is crucial for improving the growth
and immune function of these important farm animals,
as it will also increase their health and productivity.

While antibiotics are essential for the treatment of
many bacterial infections, in both animals and humans,
there is ample evidence of their adverse effects. Antibiotic
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use can cause dysbiosis, defined as an imbalance or dis-
ruption in the normal gut microbiota, which frequently
causes digestive or health problems. Antibiotic-induced
dysbiosis can promote pathobiont growth [12, 13],
deplete beneficial microbes [14], and reduce microbial
diversity [15], all of which have negative physiologi-
cal impacts on the host. Other intestinal effects of anti-
biotics include the reduced expression of tight junction
proteins [16, 17], disruption of the mucus barrier [18],
impairment of goblet cell function [19], and a weakening
of the gut barrier function in the host [20]. Additionally,
antibiotic-induced dysbiosis is linked to altered gastroin-
testinal immunity, including an increase in inflammatory
responses. In the dysbiotic state caused by antibiotics,
intestinal Th1 cells expand [21] concomitantly with a
reduction in Th17 [22] and Treg cells [23], and increased
production of pro-inflammatory cytokines [24], leading
to an acute inflammatory response in the intestine. This
negative impact of antibiotic-induced dysbiosis on the
host gastrointestinal immune system may persist long
after antibiotic administration is discontinued [25].

Florfenicol, a broad-spectrum antibiotic effective
against both Gram-negative and Gram-positive bac-
teria, is the primary choice for managing colibacillosis
in broiler and pre-laying pullets [26, 27]. In the poultry
industry, it is used not only in disease treatment but also
prophylactically; however, this indiscriminate use may
have adverse consequences, including the selection of
antibiotic-resistant bacteria [28] and the development
of dysbiosis [29]. Studies in poultry have demonstrated
the adverse effects of florfenicol administration, includ-
ing gut microbial dysbiosis and associated metabo-
lomic changes [30], a disruption of immune function
[31], altered drug metabolism and lipid synthesis in the
liver [32], decreased growth [33], and early embryonic
death [34]. Nonetheless, the adverse effects induced by
antibiotic-driven dysbiosis have mostly been studied in
rodents, research on antibiotic-induced dysbiosis and
its effects on intestinal homeostasis and metabolites in
chickens remain very limited. Furthermore, these disrup-
tions may cause malfunctions in intestinal epithelial bar-
riers, which serve as the body’s first line of defense and
may have a substantial impact on pathogen prevention.
However, there has been a significant lack of research
into how these changes affect the systemic immune sys-
tem during such infections.

Therefore, the present study investigated the impact of
florfenicol-induced dysbiosis on intestinal homeostasis,
including intestinal hypoxic conditions and gut integrity,
in laying hens. Since florfenicol has also been shown to
disrupt the intestinal epithelial barrier and induce sys-
temic APEC infection, thus compromising the host’s first
line of defense, its effects on host immune responses and
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systemic immunity were examined as well. The factors
involved in the identified antibiotic-sensitive processes
were elucidated by analyzing changes in intestinal metab-
olites, with a particular focus on butyrate levels. Butyrate
administration was found to alleviate florfenicol-induced
changes in intestinal homeostasis and the host immune
system in addition to restoring pathogen resistance.

Methods

Animal experiment

Fertile eggs from White Leghorn chickens, obtained
at the animal farm of Seoul National University, Pyeo-
ngchang, Korea, were incubated at 37 °C for 3 weeks. The
newly hatched chicks were housed in cages and provided
with feed and water ad libitum for 2 weeks without any
additives or vaccination. The experiment was approved
by the Institutional Animal Care and Use Committee of
Seoul National University (IACUC No. SNU-230818-1).

To investigate the effect of florfenicol on intestinal
homeostasis, 2-week-old chickens (n=6 per group) were
treated with florfenicol (Sigma-Aldrich, Saint Louis, MO,
USA) at a dose of 30 mg/kg body weight via oral gavage
for 5 d. During the withdrawal phase, florfenicol-treated
chickens were housed for 2 d with no further florfeni-
col treatment, until florfenicol was no longer detectable
in their intestines [35]. To assess the role of butyrate in
restoring intestinal homeostasis impaired by florfenicol
treatment, butyrate (100 mmol/L, Sigma-Aldrich) was
administered to florfenicol-treated chickens via drinking
water from the beginning to the completion of the exper-
iment (FFC+ B group).

To investigate the effect of florfenicol on APEC infec-
tion, chickens (n=6 per group) were pre-infected with
1x10M colony-forming units (CFU) of APEC (Korean
Collection for Type Cultures, KCTC 2441, O1:K1) in 500
pL of saline via oral gavage to ensure colonization in all
chickens, replicating a typical situation in which flor-
fenicol is administered to flocks after APEC infection, by
which time most chickens have already been colonized
through fecal transmission. The bacteria were grown aer-
obically at 37 °C in nutrient broth and nutrient agar plates
(BD Biosciences, Franklin Lakes, NJ, USA). Based on the
CFU counts in the cecum and feces, 3 d were determined
to be sufficient for APEC colonization in the cecum
(data not shown). Thus, 3 d after the initial APEC infec-
tion, the chickens were treated (T.ET group) or not (T.T
group) with 30 mg florfenicol/kg body weight, adminis-
tered daily for 5 d via oral gavage. During the withdrawal
phase, florfenicol-treated chickens were housed for 2 d
without additional florfenicol treatment. Following the
withdrawal phase, the chickens were re-infected with
APEC (1x 10" CFU/mL) via oral gavage to simulate field
conditions of ongoing APEC exposure after florfenicol
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treatment. The chickens were euthanized 3 d later. To
assess the role of butyrate in modulating susceptibility to
APEC infection, florfenicol-treated chickens were admin-
istered butyrate (100 mmol/L) via their drinking water
throughout the experiment (T.ET +B group).

Isolation and counting of bacteria

After the final APEC infection, the cecal contents of the
T.T and T.ET groups, as well as the cecal contents of the
FFC and FFC+B groups after a 2-d withdrawal phase,
were aseptically isolated, weighed, and suspended in
0.1% peptone water (BD Biosciences). The suspension
was then passed through a 100-pm cell strainer (BD Bio-
sciences) and serially diluted tenfold in 0.1% peptone
water. The diluted samples were plated on MRS agar and
MacConkey agar (both from BD Biosciences) and incu-
bated at 37 °C overnight, after which the number of col-
ony-forming units was counted.

Bacteria translocation

The ability of APEC to induce systemic infection was
determined by examining the presence in the spleen. A
spleen suspension in phosphate-buffered saline (PBS)
was prepared from aseptically isolated chicken spleens
and then passed through a 40-um cell strainer (BD Bio-
sciences). Overnight cultures of the cells on MacConkey
agar (BD Biosciences) were incubated at 37 °C and then
analyzed for infection by determining the number of
CFU.

Quantitative real-time PCR

The cecum was washed with PBS and cut into smaller
pieces (0.2—-0.5 cm). Total RNA was isolated using TRI-
zol® reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. For bacterial samples,
200 L of preheated (95 °C) TRIzol® Max from a bacte-
rial RNA isolation kit (Ambion, Austin, TX, USA) was
added to the bacterial colonies isolated from the spleen
suspensions and incubated at 95 °C for 4 min, followed by
the addition of 1 mL of TRIzol® reagent [36]. Extracted
RNA was reverse-transcribed into cDNA, and PCR was
performed using the StepOne Plus real-time PCR sys-
tem (Applied Biosystems, Foster City, CA, USA). The
PCR was carried out in a 96-well reaction plate (Applied
Biosystems) with 9 puL of SYBR® Green PCR master mix
(Applied Biosystems), 1 pL of cDNA template, 8 puL of
nuclease-free distilled water (Sigma-Aldrich), and 1 pL of
the respective forward or reverse primers for each gene
(Table 1). Relative expression levels of the target genes
were calculated using the 22T method. The expres-
sion of all target genes was normalized to f-actin and 16S
rRNA levels.
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Table 1 Nucleotide sequence of the real-time PCR primers
Gene Nucleotide sequence (5'—3") Gene ID
PPAR-y F: TACATAAAGTCCTTCCCTCTGA 373928
R: TCCAGTGCATTGAACTTCACAG
HIF-Ta F: ATCAGAGTGGTTGTCCAGCAG 374177
R: CAGTCCAAGCCCACCTTACT
Occludin F: CGAGTTGGATGAGTCCCAGT 396026
R: TTGATGCTGTCCATCTCAGC
Muc2 F: GATCTTCCTTGACAGCTTTTGAACT 423101
R: AAATGATCCATAGGTGTATGCAACTC
B-Actin F: CAACACAGTGCTGTCTGGTG 396526
R: ATCGTACTCCTGCTTGCTGA
wzx F: GTGAGCAAAAGTGAAATAAGGAACG 75172157
R: CGCTGATACGAATACCATCCTAC
neuCl F: AGGTGAAAAGCCTGGTAGTGTG 69473208
R: GGTGGTACATCCCGGGATGTC
16S rRNA F: AGAGTTTGATCMTGGCTCAG 2827929

R: CTGCTGCSYCCCGTAG

Gut permeability test

The chickens were fasted for 24 h and then administered
FITC-dextran (4 kDa, Sigma-Aldrich) dissolved in PBS
via oral gavage at a dose of 8.5 mg/kg body weight. Blood
samples were obtained from the heart 7 h post-admin-
istration and centrifuged to obtain serum. Serum FITC
levels were measured using a multi-plate reader (Molecu-
lar Devices, San Jose, CA, USA) at excitation/emission
wavelengths of 485/528 nm and calculated using a stand-
ard curve.

Immune cell isolation

The cecum was removed, washed with PBS, cut into small
pieces (0.5-1 cm), and incubated in 10 mL of Mg?"- and
Ca’*-free HBSS (Gibco, Grand Island, NY, USA) con-
taining 10% fetal bovine serum (FBS, Gibco), 10 mmol/L
HEPES (Invitrogen, Carlsbad, CA, USA), and 2 mmol/L
EDTA (Invitrogen) for 1 h at 37 °C using a magnetic stir-
rer to isolate the intraepithelial lymphocytes. The cells
were passed through a 100-um strainer and washed with
PBS. The remaining tissue from the cecum was incu-
bated in 10 mL of Mg?"- and Ca?"-free HBSS contain-
ing 10% FBS, 10 mmol/L HEPES, 0.5 mg/mL collagenase
type IV (Sigma-Aldrich) and 50 pg/mL DNase I (Sigma-
Aldrich) for 1 h at 37 °C with a magnetic stirrer to isolate
lamina propria lymphocytes. The suspension was passed
through a 100-pm cell strainer and the cells were isolated
by density gradient centrifugation for 25 min at 400 X g
and 18 °C using 40% and 70% Percoll (Cytiva, Marlbor-
ough, MA, USA).

The spleen was removed from the chicken, placed in
RPMI 1640 (Gibco) containing 10% FBS, passed through
a 40-pm strainer, and then centrifuged. The isolated cells
were incubated for 10 min at 4 °C with 5 mL of ACK
lysis buffer containing 0.15 mol/L ammonium chloride
(Sigma-Aldrich), 0.01 mol/L potassium bicarbonate
(Sigma-Aldrich), and 0.0001 mol/L EDTA, with the pH
adjusted to 7.2-7.4. Then, 5 mL of PBS was added to the
cell suspension, which was then centrifuged to collect the
cell pellet.

Flow cytometry analysis

Isolated LPLs and splenocytes were plated in a 96-well
V-bottom plate (Thermo Fisher Scientific, Waltham,
MA, USA) at a density of 1x10° cells per well. The cells
were processed as follows: T cells were stained with
the LIVE/DEAD™ Fixable Near-IR dead cell stain kit
(Thermo Fisher Scientific) and mouse anti-chicken CD3-
PACBLU (CT-3), CD4-PE/CY7 (CT-4), CD8a-PE (CT-8),
CD8b-biotinylated (EP-42), CD45-SPRD (LT-40), and
TCRyS-FITC (TCR1) (all from Southern Biotechnology,
Birmingham, AL, USA) for 20 min at 4 °C in the dark.
The cells were then washed with PBS containing 5% FBS,
stained with Brilliant Violet 605" streptavidin (BioLeg-
end, San Diego, CA, USA) for 20 min at 4 °C in the dark,
and washed with PBS containing 5% FBS. Monocytes/
macrophages were stained with the LIVE/DEAD™ Fix-
able Near-IR dead cell stain kit, CD45-SPRD (LT-40),
MHC class II-FITC (2G11), and MRC1L-B-PE (KULO1)
(all from Southern Biotechnology) for 20 min at 4 °C in
the dark and then washed with PBS containing 5% FBS
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[37]. The cells were acquired using a FACS Canto II (BD
Biosciences) and analyzed using Flow]Jo software (Tree
Star Inc., Ashland, OR, USA).

Hypoxia staining

For imaging-based detection of hypoxia, the chickens were
euthanized 1 h after an intraperitoneal injection of 60 mg/
kg of pimonidazole HCl (Hypoxyprobe, Burlington, MA,
USA). Cecum samples were washed with PBS, fixed in 4%
buffered paraformaldehyde (Sigma-Aldrich), dehydrated
sequentially in 20% and 30% sucrose (Sigma-Aldrich) over-
night, and then embedded in a frozen section compound
(Leica Biosystems, Nussloch, Germany). Transverse slices
of 7 um thickness were cut, thawed, and incubated with rat
anti-pimonidazole monoclonal antibody MAb1 (Hypoxy-
probe), followed by a secondary FITC-conjugated goat anti-
rat IgG antibody (Jackson ImmunoResearch, West Grove,
PA, USA) and Hoechst counter-staining. The images were
captured using a digital upright fluorescence microscope
(Olympus Corporation, Hachioji, Tokyo, Japan).

Measurement of SCFAs

Cecum contents were diluted tenfold in deuterium oxide
(Sigma-Aldrich) and filtered through a 0.45-pm filter
(Sartorius, Otto-Brenner-Str, Goéttingen, Germany).
Metabolite changes were analyzed using 600 MHz
"H-nuclear magnetic resonance (NMR) spectroscopy
(Bruker, Billerica, MA, USA). SCFA concentrations
were determined by diluting the cecum samples tenfold
in distilled water, followed by filtration through a 0.45-
pum filter, and high performance liquid chromatography
(HPLC) (Thermo Fisher Scientific) analysis.

Shotgun metagenome sequencing

Genomic DNA was extracted from the cecal contents
using the QIAamp Fast DNA stool mini kit (Qiagen,
Hilden, Germany). Sequencing libraries were prepared
using the TruSeq Nano DNA library prep kit (Illumina,
CA, USA). The adaptor-ligated DNA was PCR-ampli-
fied over eight cycles using a high-fidelity polymerase.
Library fragment size and quantity were determined
using Tapestation4200 (Agilent Technologies, CA, USA)
and the KAPA library quantification kit (KAPA Bio-
systems), respectively. Libraries with an insert size of
~ 650 bp were constructed for each group and sequenced
using the Nextseq2000 platform (Illumina, CA, USA).
Raw reads were processed for quality control and adapter
removal using Trimmomatic v0.39 (AM Bolger, M Lohse,
B Usadel, 2014). To avoid potential PhiX contamina-
tion, trimmed reads were aligned with the PhiX refer-
ence genome (NC_001422.1) using BWA v0.7.17-r1188
and the aligned reads were filtered using SAMtools
v1.15.1. Taxonomic classification was performed using
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Kraken2 v2.1.2 and species abundance was estimated
using Bracken v2.55. The rtk v0.2.6.1 R package was used
to measure a-diversity based on the Shannon index. The
phyloseq package v1.34.0 in R was used to determine
B-diversity by calculating weighted and unweighted Uni-
Frac distances.

Statistical analyses
The number of experimental units was pre-determined
through a power analysis to ensure sufficient statistical
significance. Data were examined using a Completely
Randomized Design (CRD) [38—40], wherein the chick-
ens were randomly assigned to the different groups to
minimize bias and ensure reliable comparisons. Results
are presented as the mean + SEM. Statistical analysis was
performed using GraphPad Prism (GraphPad Software,
San Diego, USA). Student’s t-test was used to compare
two groups, and a one-way ANOVA followed by Tukey’s
multiple-comparison test, using Prism 10, to determine
differences among multiple groups. Differences were con-
sidered significant at *P<0.05, **P<0.01, or ***P<0.001.
For the analysis of correlations between microbiota and
metabolites, we first determined the proportional abun-
dance of each taxon and excluded any phylum, genus,
or species with a minimum abundance below 0.001 or
detected in fewer than three samples (prevalence < 0.375).
This filtering yielded 338 taxa, for which we calculated
Spearman correlations (involving three metabolites) and
corresponding P-values using the cor.test function in R.
Correlations with P-values below 0.01 were then visual-
ized in a heatmap generated by the ComplexHeatmap
package. For the correspondence analysis (CCA) analysis,
we focused on 165 species meeting the same abundance
and prevalence criteria. The analysis was performed at
the species level using the vegan package in R, and plots
were created with ggplot2. Significant results from the
Spearman correlation analysis (P<0.01) were labeled in
the CCA plot. Significance levels are indicated as follows:
*P<0.05, **P<0.01, **P<0.001.

Results

Administration of florfenicol alters the gut microbiota
composition

In most studies of antibiotics-induced dysbiosis in
chickens, antibiotics are administered for more than a
week [30]. However, to closely mimic field conditions,
the protocol used in our study consisted of 5 d antibi-
otic administration followed by a 2-d withdrawal phase
(Fig. 1A). The induction of dysbiosis was confirmed
by analyzing the gut microbiota in the cecum after the
withdrawal phase. Consistent with previous reports of
florfenicol-induced dysbiosis in chickens, the a-diversity
of gut microbiota communities, measured based on
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Fig. 1 Composition of microbial communities in the ceca. A Schematic representation of the study design. Florfenicol was administered for 5 d
followed by a 2-d withdrawal period. B Violin plots of Shannon index in abundances in the control (n=3) and florfenicol-treated (n=3) groups.
C A principal coordinate analysis with weighted Unifrac distances was used to assess 3-diversity, based on the relative species abundances

in the control (n=3) and florfenicol-treated (n=3) groups. D and E The composition of the gut microbiota at the phylum and genus levels

in chickens treated with florfenicol (FFC) or PBS. Statistical significance was determined in a t-test; *P<0.05

the Shannon index, was unaffected by florfenicol treat-
ment (Fig. 1B). A principal coordinate analysis (PCoA)
was performed using the weighted UniFrac method to
evaluate the similarity of bacterial communities between
groups (Fig. 1C). The results suggested that the antibiotic
group is significantly separated from the control group.
An analysis of the bacterial composition revealed differ-
ences in the microbial communities between the con-
trol and florfenicol-treated groups. At the phylum level,
38 phyla, including Firmicutes, Proteobacteria, Bacte-
roidetes, Actinobacteria, Acidobacteria, Artverviricota,
Ascomycota, Cyanobacteria, Fusobacteria, and Euryar-
chaeota, were identified. Firmicutes, Proteobacteria, and
Bacteroidetes predominated, accounting for >80% of the
total microbial community. Florfenicol treatment led to
a decrease in Proteobacteria and an increase in Firmi-
cutes and statistically significant trends of a decrease in
Bacteroidetes (Fig. 1D). At the genus level, 981 genera
were identified, with Paraglaciecola, Faecalibacterium,
Dysosmobacter, and Flavonifractor as the most abun-
dant. Florfenicol treatment decreased the abundance of
Lactobacillus, Bacillus, and Bacteroides (Fig. 1E). These
findings indicated that 5 d of florfenicol treatment fol-
lowed by a 2-d withdrawal phase induces dysbiosis in the
chickens.

Florfenicol-induced dysbiosis impairs gut homeostasis
During homeostasis, the gut microbiota produces
SCFAs, which contribute to maintenance of a hypoxic
state within the lumen of the intestine [41]. In turn,
hypoxia induces the expression of hypoxia-inducible fac-
tor-1 (HIF-1) and thus the expression of several hypoxia-
related genes in intestinal epithelial cells [42, 43]. SCFAs
also activate peroxisome proliferator-activated recep-
tor gamma (PPAR-y), which enhances mitochondrial
B-oxidation and increases oxygen consumption, thus
reinforcing the hypoxic state of the intestinal lumen [9].
To determine whether florfenicol treatment disrupts
intestinal homeostasis, changes in the expression of
HIF-1a and PPAR-y were examined. The results showed
notable reductions in HIF-Ia and PPAR-y expression
in the florfenicol-treated group compared to the con-
trol group (Fig. 2A and B). Oxygen accumulation in the
cells was detected using pimonidazole, which forms
covalent bonds with macromolecules in hypoxic cells
[44]. Consistent with the changes in HIF-1a and PPAR-y
expression, pimonidazole levels were lower in the flor-
fenicol-treated group than in the control group (Fig. 2C).
These findings demonstrated that intestinal hypoxia is
impaired in the ceca of chickens treated with florfenicol.
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fasted for 24 h before oral FITC-dextran administration. F The amount of FITC in the serum was measured 7 h later to assess gut permeability. FFC,
florfenicol. Results are presented as the mean + SEM. Statistical differences were determined in a t-test; *P < 0.05, **P < 0.01, ***P < 0.001

HIF-1a and PPAR-y maintain gut integrity by regulat-
ing the function of tight junctions [45, 46] and the syn-
thesis of mucin [9] in intestinal epithelial cells. In the
florfenicol-treated group, however, the expression of
Occludin and Mucine2 (Muc2), genetic markers of these
functions, was reduced (Fig. 2D and E).

Following its oral administration, 4-kDa FITC-dextran
passively crosses the intestinal epithelium and can be
detected in the serum, enabling an assessment of gut per-
meability [47]. The increase in serum dextran levels in
the florfenicol-treated chickens indicated an increase in
intestinal permeability (Fig. 2F). These findings demon-
strated that florfenicol treatment causes an imbalance in
the gut microbiota of chickens, resulting in a state of dys-
biosis that disrupts cecal homeostasis by impairing epi-
thelial hypoxia and damaging intestinal integrity.

Florfenicol-induced dysbiosis increases the susceptibility
of chickens to systemic APEC infection

Impaired hypoxic conditions in the gut create an environ-
ment conducive to E. coli proliferation, while a reduced
gut integrity weakens host defenses against pathogen
invasion. We therefore examined whether florfenicol-
induces dysbiosis facilitates systemic APEC infection.

To reproduce the opportunistic nature of APEC, we
developed a model to ensure colonization prior to flor-
fenicol treatment. Thus, an initial infection was estab-
lished before florfenicol administration in both the
treated (T.ET) and untreated (T.T) groups, followed by a
secondary infection after florfenicol treatment (Fig. 3A).
This protocol resulted in a lower body weight gain from
3 to 10 d (Fig. 3B) and a higher CFU count in the cecal
contents of the T.ET group (Fig. 3C) than in the other
groups.

Systemic APEC infection was confirmed by examining
bacterial translocation in the spleen. Despite pre-coloni-
zation with APEC, the bacteria were not detected in the
spleen during the early stages of bacterial infection (1
d post-infection, 1 dpi) in any of the groups (Fig. S1A).
However, at 3 dpi, bacteria were observed in the spleens
of the T.T group and especially in the spleens of the T.ET
group (Fig. 3D). This confirms that the treatment wors-
ened the infection, as opposed to the control group that
was not infected with bacteria. Analysis of the mRNA
levels of wzx, encoding the O1 antigen of lipopolysaccha-
ride, and of neuC1, encoding the K1 antigen of the cap-
sule, in bacterial RNA from APEC O1:K1, E. coli K88, E.
coli K99, and Salmonella Enteritidis revealed that these
genes were expressed exclusively in APEC O1:K1 (Fig.
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Fig. 3 Chickens with dysbiosis are more susceptible to systemic avian pathogenic Escherichia coli (APEC) infection and changes in immune cell
composition. A Chickens (n=6 per group) were infected with APEC 3 d prior to florfenicol treatment and then re-infected following the withdrawal
phase. B and C Body weight changes (B) and pathobionts in the cecal contents (C) were examined 3 dpi by plating the cecal contents
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on MacConkey agar plates. E The serotype of the APEC colonies was identified by comparing antigen transcripts (wzx and neuCT). APEC and E.

coli K88 from stock cultures served as positive and negative controls, respectively. F-G Changes in the percentage and absolute numbers

of splenic monocytes/macrophages and lamina propria y& T cells were determined. The frequency of monocytes/macrophages was expressed

as a percentage of the total CD45" population, whereas the frequency of y& T cells was expressed as a percentage of the CD45*CD3* population.
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S1B and C). Colonies isolated from the spleen expressed  but also hinders the immune responses crucial for effec-
both wzx and neuCI (Fig. 3E), thus demonstrating that  tively controlling infection both locally and systemically.
the bacteria responsible for the systemic infection were
APEC serotype O1:K1, the strain used in this study to  Florfenicol-induced dysbiosis reduces butyrate production
infect the chickens. Microbiota-derived metabolites, particularly SCFAs, reg-
The effects of APEC infection on local and systemic ulate the hypoxic environment in the gut lumen [9]. To
immune responses were examined by isolating immune examine whether these changes are influenced by altered
cells from the spleen and cecum (Figs. S2 and S3). Dur-  gut microbiota in florfenicol-induced dysbiosis, metabo-
ing the initial phase of infection (1 dpi), the proportions of  lite profiles were evaluated using NMR and HPLC. As
monocytes/macrophages (MRC1L-BY) in the T.T and TET  shown in Fig. 4A, florfenicol administration significantly
groups did not significantly differ from those of the NT  altered the metabolite profiles in the cecal contents.
group (Fig. S1D). However, at 3 dpi, both the proportion  Specifically, the relative amount and concentration of
and the absolute number of MRCI1L-B" cells in the spleen ~ butyrate were significantly reduced (Fig. 4B) whereas
were higher in the T.ET group than in the T.T group, indi- acetate (Fig. 4C) and propionate (Fig. 4D) levels changed
cating a more substantial bacterial infection (Fig. 3F). How-  only slightly. These findings indicate that florfenicol treat-
ever, during infection, both the proportion (1 and 3 dpi) and  ment leads to a decrease in butyrate levels.
the absolute number (1 dpi) of y0 T cells in the cecum lam-
ina propria were higher in the T.T group than in the control
group. Similar changes were not observed in the florfeni-  Butyrate administration restores gut homeostasis impaired
col-treated group (Fig. 3G, Fig. S1E). Taken together, these by florfenicol
results demonstrate that florfenicol-induced dysbiosis not  The relationship between the reduction in butyrate levels
only facilitates APEC colonization and systemic infection, resulting from dysbiosis and overall gut integrity (Fig. 5A)
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was investigated by examining the effect of butyrate
administration in florfenicol-treated chickens (Fig. 5B,
Fig. S4A). Butyrate administration substantially restored
the expression of PPAR-y (Fig. 5C) and HIF-1« (Fig. 5D),
which play key roles in the metabolism of epithelial cells
under hypoxia. In addition, pimonidazole accumulation
in the intestinal epithelial cells of the butyrate-treated
chickens was more similar to that of the control group
than the FFC group (Fig. 5E). These results indicated that
butyrate administration partly restores the cecal hypoxia
impaired by florfenicol treatment.

Hypoxia adversely affects cecal epithelial cells by favor-
ing glycolysis as the predominant metabolic pathway,
resulting in high levels of lactate [48] that promote E. coli
growth in the intestinal lumen [49]. We therefore exam-
ined the levels of lactate in the cecal contents of chickens
with florfenicol-induced dysbiosis. Elevated lactate levels
were associated with a rise in potentially harmful bac-
teria (Fig. S4C), an effect that was mitigated by butyrate
administration (Fig. S4B).

The potential of butyrate to restore gut integrity
impaired by florfenicol-induced dysbiosis was inves-
tigated by examining the tight junctions of intestinal
epithelial cells and mucin production. Butyrate admin-
istration increased the expression of Occludin (Fig. 5F)
and Muc2 (Fig. 5G) and reduced the gut permeability
(Fig. 5H) resulting from florfenicol-induced dysbiosis.
Collectively, the results suggested that by restoring gut
integrity and the hypoxic environment of the intestinal
lumen, butyrate restores cecal homeostasis.

Butyrate administration reduces the susceptibility

to systemic APEC infection

Given the ability of butyrate to restore hypoxia and the
integrity of tight junctions in the intestines of chick-
ens with florfenicol-induced dysbiosis, its ability to
restore resistance to APEC infection was also examined
(Fig. 6A). The administration of butyrate (T.ET+B)
resulted in an increase in body weight (Fig. 6B) and a
decrease in the colonization of pathobionts in the cecum
by 3 dpi (Fig. 6C). It also decreased systemic APEC infec-
tion, as determined based on the presence of APEC in the
spleen (Fig. 6D). However, at 1 dpi, and thus during the
early stage after infection, APEC was not detected in the
spleens of any of the groups (Fig. S5A).

The T.ET+B group showed lower percentage and
absolute number of MRCIL-B' cells in the spleen
as compared to the T.T group at 1 and 3 dpi (Fig. S5B,
Fig. 6E). Cecum lamina propria showed a restoration of
both the proportion and absolute number of y§ T cells to
normal levels in chickens treated with butyrate treatment
at 1 and 3 dpi (Fig. S5C, Fig. 6F).

These results showed that butyrate treatment effec-
tively reestablishes the local and systemic immunological
profiles altered by dysbiosis. Specifically, butyrate coun-
teracts the adverse effects of florfenicol, by restoring body
weight and reducing the colonization of pathobionts as
well as the occurrence of systemic APEC infection. It also
restores MRC1L-B™ cells in the spleen and normalizes
the proportion of y0 T cells in the cecum lamina propria.
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Correlation between the differential gut microbiota
and metabolites
After observing marked differences in both metabolite
levels and microbial compositions following florfenicol
treatment, we conducted pairwise Spearman rank cor-
relation (Fig. 7A) and CCA (Fig. 7B) to determine key
associations among microbes and metabolites. In par-
ticular, three metabolites (butyrate, acetate, and lactate)
were analyzed, while propionate was excluded from the
correlation analysis due to its extremely low detected
levels. Among the 338 major microbial species included,
Spearman correlation analysis revealed that butyrate
clustered closely with acetate and showed strong positive
correlations with Limosilactobacillus vaginalis, Limosi-
lactobacillus reuteri, Alistipes communis, Pannonibacter
phragmitetus, Lactobacillus crispatus, Alistipes finegoldii,
Alistipes spp., Alistipes onderdonkii, Phocaeicola vulga-
tus, Clostridium sporogenes, Phocaeicola spp., and Wol-
bachia. Notably, a subset of these species—L. vaginalis,
L. reuteri, A. communis, P. phragmitetus, L. crispa-
tus, and P. vulgatus—also exhibited positive correlations
with acetate. In contrast, lactate showed an opposing pat-
tern relative to butyrate and acetate, displaying a positive
correlation with Eubacterium callanderi, while exhibit-
ing a negative correlation with Clostridium perfringens
(Fig. 7A).

Consistent with the Spearman correlation results, the
CCA ordination analysis further highlighted the clear
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separation of butyrate and acetate from lactate. Specifi-
cally, butyrate and acetate were more pronounced in the
control group, whereas lactate was elevated in the flor-
fenicol group. Moreover, Eubacterium callanderi dis-
played a strong association with lactate in the florfenicol
group, whereas in the control group, butyrate and acetate
were closely linked to the microbiota that showed high
correlation in the Spearman analysis (Fig. 7B).

Discussion

Florfenicol is a synthetic antibiotic classified within the
amphenicol group, which includes chloramphenicol, thi-
amphenicol, and azidamfenicol, all characterized by their
phenylpropanoid structure. It was specifically developed
for veterinary use to overcome the limitations of chlo-
ramphenicol, which is banned for use in food-producing
animals due to its toxic side effects in humans. Florfeni-
col is effective against a wide range of pathogenic bac-
teria, including both aerobic and anaerobic as well as
Gram-positive and Gram-negative species. It is typically
administered to poultry via drinking water and is noted
for its efficacy in treating respiratory infections caused by
E. coli, Pasteurella spp., and Haemophilus spp.

Many antibiotics are used as antibiotic growth pro-
moters (AGPs) and in disease prevention in the poultry
industry; however, florfenicol, as a relatively new anti-
biotic first introduced in Japan in 1990, has never been
used as an AGP in poultry production. Recent studies
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have reported that the combined in ovo administration of
florfenicol with probiotics significantly improves growth
performance and enhances resistance to pathogenic
infections [50]. Thus, despite the current ban on the use
of antibiotics for AGP and disease prevention in many
countries, due to antimicrobial resistance concerns, flo-
rfenicol may have beneficial effects in poultry when used
appropriately.

The detrimental impacts of antibiotics on gut micro-
biota dysbiosis have been well-documented in both
human and murine studies, including the disruption of
intestinal homeostasis and the exacerbation of inflam-
matory responses. Host—gut microbiota interactions are
crucial for maintaining intestinal homeostasis [51], with
commensal microbiota playing a key role in reducing the
risk of pathogen infection, particularly through the pro-
duction of metabolites [52]. Among these metabolites,
SCFAs (such as butyrate) play a central role in regulat-
ing intestinal epithelial function. Butyrate contributes
to maintaining epithelial hypoxia by activating PPAR-y,
which enhances mitochondrial B-oxidation and oxygen
consumption, thereby preserving the anaerobic environ-
ment in the intestinal lumen [53]. Conversely, decreased
butyrate levels disrupt this hypoxic state, leading to
increased oxygen availability at the mucosal surface,
which favors the expansion of facultative anaerobic path-
ogens [54]. This shift in microbial composition has been
linked to increased pathogen burden and further dysreg-
ulation of gut homeostasis.

In this study, we observed that antibiotic-induced dys-
biosis disrupts the homeostatic environment of the intes-
tine, leading to decreased expression of key factors such
as HIF-1la and PPAR-y. Previous studies have reported
that these factors can be regulated by various metabo-
lites, among which SCFAs have been identified as the
most promising candidates. In addition to SCFAs, lac-
tate is another abundant metabolite in the dysbiotic gut
environment, and mouse studies have suggested that it
may serve as a favorable metabolite for pathogenic bacte-
rial growth. Based on this evidence, we selected SCFAs
and their function as the primary focus of investigation
in chickens to explore species-specific responses and
potential implications for poultry health. Our findings
revealed that among SCFAs, butyrate plays a key role in
the recovery of hypoxia-related pathways and gut per-
meability. Additionally, butyrate and acetate showed a
positive correlation with normal microbiota, whereas
lactate was associated with dysbiosis-derived microbiota.
However, beyond these metabolites, various other meta-
bolic compounds may also influence intestinal epithelial
cell metabolism and contribute to the changes in the gut
microenvironment. Therefore, further studies are needed
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to explore the roles of other metabolites in chickens and
their impact on gut homeostasis.

As noted above, the changes in metabolites and intes-
tinal inflammatory responses caused by antibiotics-
induced dysbiosis have been studied [55] mostly in mice
and humans, with relatively little research in poultry.
In mice, prophylactic antibiotic treatment was shown
to impair resistance against bacterial and fungal infec-
tions [48, 56]. A similar study in chickens reported that
the administration of prophylactic antibiotic increased
susceptibility to Salmonella infection, linked to altera-
tions in the gut microbiota and the reduced expression
of tight junction proteins [57]. This study also examined
the changes in cecal metabolomes and identified linoleic
acid as an important metabolite. The effects of prophy-
lactic antibiotic administration in the early versus the
later life of chickens have also been compared [30]. Pro-
phylactic antibiotic treatment during early life was shown
to increase the Escherichia-Shigella population. Follow-
ing HON2 AIV infection, larger disturbances in the com-
position of the gut microbiota in these chickens than in
chickens with short-term antibiotic treatment later in life
were observed.

However, to the best of our knowledge, ours is the first
study to investigate the effects of antibiotics on bacterial
infection susceptibility in chickens, with a focus on the
mechanisms related to gut microbiota-host interactions,
alterations in the intestinal environment, and the impacts
on the immune system (Fig. 8). Our results contribute to
filling a significant gap in our understanding of the effects
of antibiotics use in chickens. Nonetheless, improving
the health and disease resistance of avian species requires
further investigations of gut microbiota -host interac-
tions and their relationship to the immune system.

Florfenicol is commonly used to control APEC and
Salmonella spp. In this study, it was administered over
5 d, followed by a 2-d withdrawal period, in accordance
with standard industrial treatment protocols [35]. This
regimen led to a decrease in intestinal butyrate levels
that in turn compromised the maintenance of intestinal
hypoxia by inducing PPAR-y expression and facilitating
B-oxidation in intestinal epithelial cells. Butyrate treat-
ment in chickens increased PPAR-y expression, but was
insufficient to fully restore cecal hypoxia, evidenced by
the incomplete restoration of HIF-la transcript levels,
suggesting that PPAR-y alone does not maintain intesti-
nal hypoxia. Florfenicol-induced dysbiosis also decreased
the expression of Occludin and Muc2, two genes associ-
ated with intestinal barrier function. In a preliminary
study, we evaluated the expression of the tight junc-
tion proteins claudin-1, claudin-2, claudin-3, and zona
occludens-1 (ZO-1) during the withdrawal period, but
the differences in their expression were not significant



Yu et al. Journal of Animal Science and Biotechnology (2025) 16:56

<Flofenicol-induced dysbiosis>

Page 13 0f 18

<Flofenicol-induced dysbiosis + Butyrate>

Ceca _  lactate APEC
o Butyr7te
Mu;inl
Occludinx\
* L pparyd / \
HIF-1al
Normoxia
Cecal epithelial cell
yo T cell
Sple&

Ceca Lactate APEC
Butyrate
Mucint
»
L Occludint__,
=S » PPAR-yt /‘ =S
HIF-1at
Hypoxia
Cecal epithelial cell
yo T cell
Sple3

Fig. 8 Florfenicol-induced dysbiosis disrupts cecal homeostasis and compromises disease resistance in chickens. Florfenicol-induced dysbiosis
impairs cecal homeostasis by reducing butyrate levels, which increased the susceptibility to APEC infection (left). By restoring homeostasis, butyrate

administration reduces the risk of APEC infection (right)

(Fig. S6). While no differences were observed during
dysbiosis, such differences may emerge in a dysbiosis-
induced infection state. A limitation of this study is the
lack of analysis for other tight junction proteins under
infection conditions.

The regulation of hypoxic conditions in the gut is influ-
enced by gut microbiota as well as host factors. Antibiot-
ics reduce microbial diversity and abundance, increasing
oxygen levels in the gut [58]. The resulting promotion in
the growth of aerobic bacteria can create a pathological
state and induce epithelial damage [48]. From the host’s
perspective, changes in host cellular metabolism may
alter hypoxic conditions within the intestinal lumen, as
occurs following a shift from mitochondrial oxidative
phosphorylation, which consumes significant amounts
of oxygen, to glycolysis, which increases oxygen levels
[59]. Further studies are needed to identify additional
factors that may contribute to the inadequate restoration
of hypoxia with butyrate treatment. These factors include
shifts in oxygen-utilizing bacteria and changes in the
metabolic activity of intestinal epithelial cells.

APEC causes enormous economic losses in the poul-
try industry [2]. The APEC strain used in this study

harbors the K1 antigen and is able to replicate within
macrophages. Moreover, as this strain can be transmitted
from chickens to humans, it poses a public health threat.
APEC can survive in dry environments and be trans-
mitted through the air, causing respiratory infections in
chickens [60, 61]. However, APEC is also an opportunis-
tic pathogen in the gut that can cause systemic infections
when gut homeostasis is disrupted [62]. Despite this,
there is limited research on how APEC, as an opportun-
istic pathogen in the gut, causes systemic infections in
chickens. The present study indicated that APEC infec-
tion had no effect on morbidity or mortality in chickens
(data not shown), suggesting that, while APEC can per-
sist in the gut without causing disease, it may induce dis-
ease if the barrier function is compromised. Additionally,
this study also demonstrated that florfenicol-induced
dysbiosis can promote APEC systemic infection by weak-
ening the intestinal barrier through reduced butyrate lev-
els. Despite our findings, research on the mechanisms of
APEC infection through the gut in chickens is limited on
both the bacterial and the host perspectives.
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Florfenicol-induced dysbiosis also exacerbated sys-
temic APEC infection, which was associated with an
increase in monocyte/macrophage lineage cells in the
spleen. However, this study did not determine whether
APEC’s increased systemic infection was primarily attrib-
utable to increased gut permeability or was also related to
alterations in the systemic immune system. The spleen, as
a lymphoid organ, has various subsets of immune cells in
discrete sites [63], each with distinct role during bacterial
infections [64]. While research on this topic in poultry
is limited, existing studies have characterized the vari-
ous immune cell subsets and their roles in the spleen [65,
66]. In previous work, we characterized the subsets of
monocyte/macrophage lineage cells in the spleen based
on their patterns of MRC1L-B and MHCII expression
and determined the role of each subset [37]. In the cur-
rent study, there were no differences in the proportions
of the different subsets of splenic monocyte/macrophage
lineage cells (data not shown). Previous studies of APEC
infection in chickens reported an increase in the levels of
proteins in phagosome and lysosome pathways, which
are crucial for pathogen clearance, such as Sec61, vAT-
Pase, and cathepsin, and in the expression of the respec-
tive genes [67]. Whether florfenicol-induced dysbiosis in
chickens affects these pathways should be addressed in
further studies.

Our evaluation of the immune responses against
APEC, an opportunistic gut pathogen, focused on
changes in immune cells in the cecal lamina propria, a
site often overlooked in poultry research, and revealed a
decrease in y0 T cells. In poultry, y8 T cells are divided
into TCR1TCD8~ , CD8aa™ and CD8af* subsets [68,
69], although which subset produces IFN-y and IL-17
is unknown. The influence of SCFAs, such as butyrate,
on the gastrointestinal immune system has been shown
to involve the regulation of y§ T cell function through
a histone deacetylase-dependent mechanism [70, 71].
In our study, butyrate treatment restored the reduction
of y0 T cells associated with florfenicol-induced dys-
biosis in laying hens infected with APEC, but without
affecting the proportions of CD8aat and CD8aB* y§ T
cell subsets. Further research is needed to explore the
effects of butyrate on activation and function of yd T
cells in APEC-infected chickens. Aside from y§ T cells,
other immune cells that functionally respond to SCFAs
include Tregs, macrophages, and CD8*' T cells [72, 73].
In a previous study we investigated the gut microbiota-
host relationship in germ-free chickens treated with
broad-spectrum antibiotics [74]. Among the examined
SCFAs, the decrease in propionate was found to be asso-
ciated with a reduction in CD4*CD25% T cells in the
cecal tonsil. This cell population contains Foxp3* cells,
whose function is similar to that of Tregs in mice [75].
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Therefore, changes in CD4TCD25" T cells in response
to antibiotic-induced reductions in SCFAs merit further
study.

Early-life dysbiosis in chickens, such as triggered by
antibiotics exposure or dietary factors, can have pro-
found and lasting health impacts. The composition of the
gut microbiota during development plays a crucial role in
shaping long-term health outcomes, including metabolic
function [76, 77], immune responses [78], productiv-
ity [79], and overall longevity [80]. For instance, studies
in mice have shown that early-life antibiotics exposure
disrupts the production of key metabolites, such as
indole-3-propionic acid, leading to increases in allergic
and inflammatory conditions in adulthood [81]. Fur-
thermore, dysbiosis during early life can exacerbate the
effects of a high-fat diet in adulthood, resulting in severe
metabolic dysregulation [82]. In poultry research, regula-
tion of the gut microbiota through fecal transplantation
in young birds has been shown to influence behavior,
serotonergic activity, stress response, innate immunity,
and cecal microbiota composition in adulthood [83].
These findings underscore the importance of maintain-
ing a balanced gut microbiota during early life to prevent
long-term health complications. Furthermore, infec-
tions at a young age can impair the development of vari-
ous immune cells, with continued effects into adulthood
[84] and more severe illness following reinfection [85]. A
better understanding of the impact of early-life gut dys-
biosis on the adult immune system and on reinfection
responses awaits additional studies.

Conclusion

In conclusion, this study investigated the impact of flor-
fenicol-induced dysbiosis on APEC infection in chicken,
with a specific focus on the underlying mechanisms
that influence the interactions between gut micro-
biota and host’s immune responses. Our observation
revealed that florfenicol treatment results in a reduc-
tion in butyrate levels, impairing intestinal hypoxia and
might exacerbate APEC infection by compromising the
gut barrier integrity. Despite increased PPAR-y expres-
sion with butyrate treatment, full restoration of intesti-
nal hypoxia was not achieved, highlighting the intricate
regulation of gut hypoxia involving both microbial and
host factors. We also found that dysbiosis resulted in
increased monocyte/macrophage lineage cells in the
spleen. However, it remains uncertain whether this
increase is solely caused by increased gut permeability
or by systemic immunological changes. Furthermore,
there was a reduction in y8 T cells in the cecal lamina
propria, underscoring the importance of y6 T cells in
the early phases of infection and their role in bacte-
rial clearance and immune modulation. Our findings
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suggest that while SCFAs, such as butyrate, influence
immune cell activity, further studies are needed to
investigate how they specifically affect the function of
y¥8 T cells and the broader implications of antibiotic-
induced dysbiosis on the health and disease resistance
in chickens. Gaining a comprehensive understanding of
these mechanisms could offer valuable insights into the
ways dysbiosis influences systemic infections and help
in the development of strategies to mitigate the adverse
effects of antibiotics on poultry health.
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Additional file1: Fig. S1. Florfenicol-induced dysbiosis increases susceptibil-
ity to systemic APEC infection. Chickens (n = 6) were infected with APEC

3 d prior to florfenicol treatment. Following the withdrawal phase, they
were re-infected with APEC. Systemic infection at 1 dpi was quantified by
determining (A) the mean log,, CFU/mL in the spleen and the levels of (B)
wzx and (C) neuCT mRNA in bacteria isolated from APEC O1:K1, E. coli K88
and K99, and Salmonella Enteritidis. Changes in the percentage and abso-
lute number of (D) splenic macrophages and (E) lamina propria y& T cells.
NT, non-treated. T.T, APEC double infection without florfenicol treatment.
TET, APEC double infection with florfenicol treatment. Statistical differ-
ences were determined in a Tukey test; *P < 0.05, **P < 0.01, ***P < 0.001.

Additional file 2: Fig. S2. Gating strategy for splenic monocytes/mac-
rophages. Live single splenocytes were gated by FSC-A vs. SSC-A based
on CD45 expression, followed by the gating of monocytes/macrophages
based on MHC class Il and MRC1L-B expression.

Additional file 3: Fig. S3. Gating strategy T cells in the lamina propria. Live
single cells were gated by FSC-A vs. SSC-A. Single cells from lamina propria
were gated based on CD45 expression , followed by CD3 to identify T cells.
T cells were divided into y& T cells and non-y5 T cells based on TCR y&
(TCR1) expression, with y& T cells then sub-divided into three subpopula-
tions. Non-y8 T cells were sub-divided based on CD4 expression. CD4™
and CD4™ T cells were then sub-divided into subpopulations based on
CD8a or CD8b expression.

Additional file 4: Fig. S4. Butyrate administration restores gut homeosta-
sis impaired by florfenicol treatment. To achieve butyrate levels similar
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to those under homeostasis conditions in the presence of florfenicol-
induced dysbiosis, chickens were provided with 50 mmol/L or 100
mmol/L butyrate in their drinking water. (A) Butyrate levels in the cecum
were then measured. (B) Alteration of cecal lactate levels measured by
HPLC. (C) Pathobionts in the cecal content from control, florfenicol, and
florfenicol+butyrate groups as measured based on CFU counts on Mac-
Conkey agar. FFC, florfenicol. FFC+B, florfenicol+butyrate. Statistical differ-
ences were determined in a Tukey test; *P < 0.05, **P < 0.01, ***P < 0.001.

Additional file 5: Fig. S5. Butyrate administration restores the susceptibil-
ity to systemic APEC infection. Butyrate was administered to chickens

in their drinking water starting with the first APEC infection until 3 d

after re-infection. Systemic infection of APEC was quantified at 1 dpi by
determining the (A) mean log,;, CFU/mL in the spleen and the changes
in the percentage and absolute number of (B) splenic macrophages and
(C) lamina propria y& T cells. T.T, APEC double infection without florfenicol
treatment. T.ET, APEC double infection with florfenicol treatment. TET+B
APEC double infection with florfenicol and butyrate treatment. Statistical
differences were determined in a Tukey test; *P < 0.05, ***P < 0.001.

Additional file 6: Fig. S6. Claudin-1, -2, -3, and ZO-1 are not affected by
florfenicol treatment. The mRNA expression levels of Claudin-1, -2, -3, and
ZO-1in chickens treated with PBS or florfenicol. FFC, florfenicol. Results are
presented as the mean + SEM.
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