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ABSTRACT Florfenicol is an important antibiotic commonly used in poultry produc-
tion to prevent and treat Salmonella infection. However, oral administration of florfe-
nicol may alter the animals’ natural microbiota and metabolome, thereby reducing
intestinal colonization resistance and increasing susceptibility to Salmonella infection.
In this study, we determined the effect of florfenicol (30 mg/kg of body weight) on
gut colonization of neonatal chickens challenged with Salmonella enterica subsp.
enterica serovar Enteritidis. We then analyzed the microbial community structure and
metabolic profiles of cecal contents using microbial 16S amplicon sequencing and
liquid chromatography-mass spectrometry (LC-MS) untargeted metabolomics, respec-
tively. We also screened the marker metabolites using a multi-omics technique and
assessed the effect of these markers on intestinal colonization by S. Enteritidis.
Florfenicol administration significantly increased the loads of S. Enteritidis in cecal
contents, spleen, and liver and prolonged the residence of S. Enteritidis. Moreover,
florfenicol significantly affected cecal colony structures, with reduced abundances of
Lactobacillus and Bacteroidetes and increased levels of Clostridia, Clostridium, and
Dorea. The metabolome was greatly influenced by florfenicol administration, and
perturbation in metabolic pathways related to linoleic acid metabolism (linoleic acid,
conjugated linoleic acid [CLA], 12,13-EpOME, and 12,13-diHOME) was most promi-
nently detected. We screened CLA and 12,13-diHOME as marker metabolites, which
were highly associated with Lactobacillus, Clostridium, and Dorea. Supplementation
with CLA maintained intestinal integrity, reduced intestinal inflammation, and accel-
erated Salmonella clearance from the gut and remission of enteropathy, whereas
treatment with 12,13-diHOME promoted intestinal inflammation and disrupted intes-
tinal barrier function to sustain Salmonella infection. Thus, these results highlight
that florfenicol alters the intestinal microbiota and metabolism of neonatal chickens
and promotes Salmonella infection mainly by affecting linoleic acid metabolism.

IMPORTANCE Florfenicol is a broad-spectrum fluorine derivative of chloramphenicol fre-
quently used in poultry to prevent/treat Salmonella. However, oral administration of flor-
fenicol may lead to alterations in the microbiota and metabolome in the chicken intes-
tine, thereby reducing colonization resistance to Salmonella infection, and the possible
mechanisms linking antibiotics and Salmonella colonization in poultry have not yet been
fully elucidated. In the current study, we show that increased colonization by S.
Enteritidis in chickens administered florfenicol is associated with large shifts in the gut
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microbiota and metabolic profiles. The most influential linoleic acid metabolism is highly
associated with the abundances of Lactobacillus, Clostridium, and Dorea in the intestine.
The screened target metabolites in linoleic acid metabolism affect S. Enteritidis coloniza-
tion, intestinal inflammation, and intestinal barrier function. Our findings provide a better
understanding of the susceptibility of animal species to Salmonella after antibiotic inter-
vention, which may help to elucidate infection mechanisms that are important for both
animal and human health.
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Foodborne infectious diseases are associated with high morbidity and mortality rates
worldwide and pose great threats to human and animal health. Among all the

foodborne pathogens, Salmonella is one of the most widespread pathogens for live-
stock and humans and is a leading cause of foodborne outbreaks and infections
around the world (1–3). More than 2,600 Salmonella serovars (2,5001 serotypes classi-
fied) are known, and most of them are not host restricted and have the ability to colo-
nize a wide variety of animal species. Salmonella enterica subsp. enterica serovar
Enteritidis is a typical representative of non-host-specific Salmonella found in poultry
and has a significant impact on the poultry industry. In 2010, the CDC reported that
more than 500 million eggs were recalled due to an outbreak of human foodborne sal-
monellosis caused by S. Enteritidis contamination of retail eggs (https://www.cdc.gov/
salmonella/2010/shell-eggs-12-2-10.html). In addition, S. Enteritidis intestinal coloniza-
tion is mainly through the fecal-oral route and can cause intestinal inflammation and
barrier dysfunction in chickens.

Due to the widespread use of antibiotics in large-scale intensive rearing systems in
the livestock industry, Salmonella resistance has rapidly increased (4). In 2003, China
alone consumed approximately 927,000 tons of antibiotics, and veterinary antibiotics
accounted for 84.3% of the total usage of 36 target antibiotics, whereas human antibi-
otics comprised only 15.6% (5). It is estimated that the global application of antibiotics
for chickens, pigs, and cattle will increase by 67%, from 63,151 tons in 2010 to 105,596
tons in 2030 (6). Among them, florfenicol (FFC), lincomycin, enrofloxacin, and amoxicil-
lin are among the most commonly consumed veterinary antibiotics. Florfenicol is a
broad-spectrum fluorine derivative of chloramphenicol frequently used in poultry in
many countries, and the residual concentrations of florfenicol in chicken meat and liver
samples were found to be up to 311.42 and 1,759.71mg/kg, respectively, which are sig-
nificantly higher than their respective maximum residual limits (7).

The intestine harbors an ecosystem composed of the commensal microbiota that
promotes development, aids digestion, and protects the host from pathogens. The bal-
ance of the gut microbiota is important for reducing colonization by pathogens and
preventing the proliferation of existing pathogens (8, 9). However, antibiotics shift the
composition and number of bacterial species in the gut, thereby altering resistance to
pathogen invasion (10). In early clinical studies, it was found that antibiotics change
the composition of the gut microbiota, which is more conducive to colonization by
conditioned pathogens in the intestine (11, 12). Streptomycin and vancomycin can sig-
nificantly alter the composition of the gut microbiota, and greater preinfection pertur-
bations in the gut microbiota lead to increased mouse susceptibility to Salmonella
enterica serovar Typhimurium gut colonization, greater postinfection alterations in the
gut microbiota, and more serious intestinal pathology (13). Vitamin B6 produced by
Bacteroides spp. in the colon accelerated S. Typhimurium clearance from the gut and
remission of enteropathy, and the antibiotic prolongs Salmonella infection by sup-
pressing Bacteroides and reducing vitamin B6 levels in the gut (14).

Furthermore, antibiotics can also affect intestinal metabolism by altering the com-
position of the intestinal microbiota. Streptomycin treatment reduced the number of
short-chain fatty acid (SCFA)-producing Clostridia from the mouse intestinal lumen,
leading to decreased butyrate levels, increased epithelial oxygenation, and aerobic
expansion of Salmonella. Also, oral antibiotics inhibit the growth of butyrate-producing
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Clostridium perfringens in the gut microbiota, switching host cells from oxidative me-
tabolism to lactate fermentation and thus supporting Salmonella infection (15). Also,
the use of antibiotics leads to disruption of the resident microbiota and subsequently
increases fucose and sialic acid contents in the intestine, thereby affecting Salmonella
enterica serovar Typhimurium and Clostridium difficile colonization (16). Similarly, anti-
biotics also alter the gut microbiota and decrease secondary bile acid production,
allowing Clostridium difficile spore germination and outgrowth in the gastrointestinal
tract (17). Consequently, the change in the composition of the gut microbiota caused
by antibiotics may cause disorder in the ecological balance between the microorgan-
ism and the host, increase the sensitivity to exogenous pathogen colonization, and
cause serious clinical implications. Thus, it is of great clinical significance to understand
the effects of specific antibiotics on the intestinal flora and the colonization mecha-
nisms of exogenous pathogens after antibiotic intervention.

So far, most of the research on the mechanisms of Salmonella intestinal colonization
after antibiotic intervention has been conducted only in mouse models. However, the
gut microbiota of poultry is different from that of mammals, and the mechanisms link-
ing veterinary antibiotics and Salmonella colonization in poultry have not yet been
fully understood. Thus, we are interested in florfenicol since it is the most commonly
used veterinary antibiotic in poultry in many countries. In China, florfenicol ranks first
among commonly used antibiotics in laying and broiler chicken farms, with utilization
rates of 64% (18) and 78% (19), respectively. It is often used as an opening medicine
for chicks and an important therapeutic drug for the prevention and treatment of bac-
terial diseases in poultry farming. The floR gene is widely distributed in Gram-negative
antibiotic-resistant strains, which mediates the resistance of Escherichia coli, Klebsiella
pneumoniae, and Salmonella to florfenicol. A large number of studies have found that
floR is the most common gene in poultry multidrug-resistant Salmonella strains iso-
lated from the chicken intestinal tract, chicken breeding environment, or slaughter-
house, and its carriage rate is even .90% (20–23). Antibiotic-resistant Salmonella
strains are a leading cause of foodborne diseases and serious human and animal health
concerns worldwide. However, there are few studies on intestinal colonization by anti-
biotic-resistant Salmonella.

Therefore, in the present study, we investigate the influence of florfenicol on florfeni-
col-resistant (floR mutant) Salmonella colonization in chickens and the relationship
between the gut microbiota and S. Enteritidis colonization. We also evaluated changes in
the metabolome in the cecum of florfenicol-treated chickens infected with Salmonella and
used multi-omics association analyses to determine the correlations between the micro-
biome and metabolome and the potential factors that facilitate infection by S. Enteritidis
in the cecum.

RESULTS
Shedding levels of Salmonella in response to florfenicol treatment.We first eval-

uated the abundance of S. Enteritidis in the samples. In a specific-pathogen-free (SPF) envi-
ronment, in which chickens were reared in an individual SPF isolator and fed sterile feed
and water, all the chickens were culture negative for Salmonella spp. until experimental
infection with S. Enteritidis. During the experiment, we evaluated the shedding levels of
Salmonella in the nontreated (NT) and florfenicol (FFC)-treated (FT) groups, and these
groups remained culture negative for Salmonella spp. throughout the study. At 3 days
postinfection (dpi), the number of S. Enteritidis bacteria in the cecal contents of the S.
Enteritidis-infected and florfenicol-treated (FST) group (7.516 log10 CFU/g) was significantly
higher than that in the S. Enteritidis-infected (ST) group (6.079 log10 CFU/g [P, 0.01]). The
abundances of S. Enteritidis in the spleen (5.795 log10 CFU/g) and liver (5.325 log10 CFU/g)
of the FST group were also significantly higher than those in the ST group (4.709 log10
CFU/g spleen [P , 0.01] and 4.389 log10 CFU/g liver [P , 0.001]). On day 18 (10 dpi), the
abundances of S. Enteritidis in the cecal contents (6.683 log10 CFU/g), spleen (4.344 log10

CFU/g), and liver (3.759 log10 CFU/g) of the FST group were still significantly higher than
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those in the ST group (5.195 log10 CFU/g cecal content [P, 0.01], 2.42 log10 CFU/g spleen
[P, 0.001], and 1.952 log10 CFU/g liver [P, 0.001]). Moreover, on day 25 (17 dpi), the rela-
tive loads of S. Enteritidis were 5.361, 3.467, and 2.473 log10 CFU/g in the FST group (cecal
contents, spleen, and liver, respectively), which were significantly higher than those in the
ST group. However, no S. Enteritidis bacteria were detected in the spleen and liver samples
of the ST group (Fig. 1).

Florfenicol administration aggravates S. Enteritidis-induced intestinal morphology
and barrier injury. As FFC intervention made the chicks more susceptible to Salmonella
infection, it is possible that antibiotics disrupted the immature intestinal barrier home-
ostasis of the chicks, altered intestinal permeability, and facilitated greater transloca-
tion of Salmonella to their internal organs. Therefore, we investigated the effects of
FFC administration on S. Enteritidis-induced changes in intestinal morphology.
Hematoxylin and eosin (H&E) staining and scanning electron microscopy (SEM) showed
that the NT group had complete ileal villi, forming full and closely arranged structures,
whereas the FT group also had intact ileal villi, but their arrangement was relatively
sparse. The ST group displayed an incomplete structure of the ileal mucosa: villi were
shorter and had a sparse distribution, and crypts were shallow. However, the morphol-
ogy in the FST group included the loss of mucosal structures, atrophic crypts, and lam-
ina propria bowel edema (Fig. 2). Pathological scores showed that the score of the FT
group was higher than that of the NT group, but there was no significant difference.
The score for the ST group was significantly higher than that for the control group.

FIG 1 Effect of florfenicol on S. Enteritidis infection in neonatal chickens. (a) Experimental design. Newly hatched chickens (n = 8 at each
sampling point) were randomly divided into four groups (NT, FT, ST, and FST). The chickens were either administered a 7-day treatment
(30 mg/kg of body weight) of florfenicol or infected with ;108 CFU of the S. Enteritidis challenge strain by oral gavage. Sampling points for
cecal microbiota analysis during infection are indicated. (b) At 3, 10, or 17 days postinfection (dpi), chicks were sacrificed, and S. Enteritidis
loads in cecal contents, spleen, and liver were determined by the plate counting method. Data are expressed as means 6 standard
deviations. **, P , 0.01; ***, P , 0.001 (by a Mann-Whitney U test).
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Relative to the ST group, FFC preadministration significantly increased the ileum injury
score (Fig. 2).

FFC intervention also exacerbates S. Enteritidis-induced intestinal barrier function
impairment. FFC pretreatment can exacerbate S. Enteritidis-induced increases in the per-
meability of the ileum (see Fig. S1a to c in the supplemental material). The serum diamine
oxidase (DAO) and lipopolysaccharide (LPS) levels of the FT group were significantly higher
(P , 0.001 and P , 0.05, respectively) than those of the NT group. In the case of
Salmonella infection, serum D-lactate, DAO, and LPS levels in both the ST and FST groups
were significantly increased (P , 0.001) relative to those in the NT group. However, FFC
treatment significantly increased (P, 0.001) serum D-lactate, DAO, and LPS levels in chicks
exposed to Salmonella. Transcriptional analysis of a range of relevant intestinal barrier
genes (Fig. 3) showed that FFC treatment significantly altered the transcription of claudin
3, interleukin-17A (IL-17A), and interferon alpha (IFN-a) in the FT group. However, in the
presence of Salmonella, FFC significantly reduced the expression of ZO-1, occludin, claudin
3, MUC2, and TFF2 and significantly increased the expression of IL-17A, IL-22, and IFN-a.
Furthermore, FFC also exacerbated the Salmonella-induced inflammatory response. FFC-
treated chicks exhibited higher levels of gut inflammation after Salmonella infection (Fig.
S1d to i). Salmonella infection after FFC pretreatment significantly increased the levels of
the cytokines IL-1b , IL-6, IL-8, tumor necrosis factor alpha (TNF-a), and IFN-g, whereas the

FIG 2 Florfenicol pretreatment exacerbates the development of Salmonella-induced ileal mucosal injury in
neonatal chicks at 3 dpi. (a to h) After 3 days of infection, the histopathology of the intestinal tissue was
analyzed by H&E staining (a to d) and SEM (e to h). Bars, 100 mm (a to d). (i) Ileal pathology was scored in
H&E-stained ileal tissue sections. Bars indicate medians. ns, not significant; ***, P , 0.001 (by a Mann-Whitney
U test).
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level of IL-10 was significantly decreased. Moreover, the levels of inflammatory cytokines
(IL-1b , IL-6, TNF-a, and IFN-g) were significantly increased in the FT group.

Effect of florfenicol on microbial composition and structure. The 16S rRNA of
the cecal microbiota was sequenced and analyzed for the species diversity of individ-
ual samples and differences in diversity between samples. The a-diversity of microbial
communities was measured using Shannon, observed species, and Pielou indices. The
Shannon index represents how much the difference is among the abundances of dif-
ferent taxa (diversity). The observed species index reflects how many different taxa are
present in the sample (richness), while the Pielou index represents the distribution of
the number of individuals of all species in a community (evenness). Figure S2 in the
supplemental material shows that the a-diversity was affected by neither florfenicol
treatment nor S. Enteritidis infection at 3 dpi (Fig. S2a). However, a significant decrease
in a-diversity was observed in the FST group at 10 dpi (Fig. S2b). Figure S2c shows that
the Shannon and Pielou indices of the cecal microbial communities were significantly
increased in the FST group at 17 dpi. These results indicated that the a-diversity of the
gut microbiota from chicks is not significantly affected by a single FFC treatment or
Salmonella challenge. However, the combination of both treatments significantly dis-
turbed cecal a-diversity.

The similarity of microbial communities (b-diversity) between groups was visual-
ized using principal-coordinate analysis (PCoA) of Bray-Curtis distances. b-Diversity
represents the alterity between individuals in different microbial communities. PCoA
plots for 3 dpi showed that the microbial communities from Salmonella- or florfenicol-
treated chicks are clearly different from those of untreated chicks. The first axis of the
PCoA plot shows 19.0% variation in bacterial diversity, while the second axis shows
13.0% (see Fig. 6c). The first axis roughly distinguishes the antibiotic-pretreated chicks
and nonpretreated chicks, and the second axis roughly distinguishes the infected and
noninfected chicks. PCoA at 10 dpi shows that the microbiota compositions were very
similar between the NT and FT groups, whereas the ST and FST groups were still obvi-
ously distinguished from the NT group (Fig. S3a). Intriguingly, at day 25 (17 dpi), the
PCoA plot showed that the microbiota compositions of both the ST and FT groups
trended toward that of the NT group, whereas the composition of the FST group was
still strikingly divergent from that of the NT group (Fig. S3b).

Phylum and genus distributions of microbial compositions are shown in Fig. 4. At
the phylum level, Firmicutes, Bacteroidetes, and Proteobacteria were the three dominant
members of the microbiota. Among them, Firmicutes (67.85 to 99.62%) dominated the
microbiota in all four groups at three different stages of infection (Fig. 4a). At 3, 10, and
17 dpi, the FST chickens had the highest relative abundance of Proteobacteria (10.68%,
5.13%, and 1.75%, respectively) relative to the other three groups (Fig. 4a). At 17 dpi,
the FFC-treated (9.23%) chickens had a significantly reduced relative abundance of

FIG 3 Gene expression profiles in response to FFC pretreatment or S. Enteritidis infection by qPCR at 3 dpi. Data are represented as
log2 fold changes between the treatment and control (NT) groups. Statistical analysis was conducted using one-way ANOVA and
Dunnett’s multiple-comparison test. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, not significant.
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Bacteroidetes relative to the NT group (31.26%). Salmonella infection (23.87%) had a
negligible effect on Bacteroidetes abundance. However, infection with Salmonella after
pretreatment with florfenicol almost eliminated the growth of Bacteroidetes (0.01%)
(Fig. 4a). At the genus level, Ruminococcus, Oscillospira, and Lactobacillus were the
three dominant genera at days 11 and 18, and the genera Ruminococcus, Oscillospira,
and Bacteroides were dominant at day 25.

We applied the linear discriminant analysis (LDA) effect size (LEfSe) method to
identify abundant bacterial taxa among these groups; only those taxa that obtained
a log LDA score of .3 were ultimately considered. A cladogram from phylum- to ge-
nus-level abundances is shown in Fig. 5. In total, 21, 21, and 28 differentially abun-
dant taxa were identified at 3, 10, and 17 dpi, respectively (Fig. 5). In the untreated
control chickens, the LEfSe method highlighted the greater differential abundances
of Lactobacillus at 3 and 10 dpi and Bacteroides at 17 dpi. Notably, the relative abun-
dance of Enterobacteriaceae was significantly higher in the FST group than in the
other three groups at all three time points, and the other taxa were altered irregu-
larly at different times in different groups. We also established a taxonomic clado-
gram at 11 days (3 dpi), with the relative abundance of the taxon node of each
group shown as a pie chart; only those taxa with a relative abundance of .0.1%
were considered (Fig. 6a). Similarly, the abundance ratio of Lactobacillus was consid-
erably higher in the control group than in the other three groups. Additionally, the
abundance ratio of Enterobacteriaceae in the FST group dominated among all four
groups. Furthermore, Salmonella was found only in the challenged groups (ST and

FIG 4 Cecal bacterial communities. (a) Compositions of the gut microbiota at the phylum level (relative abundance) based on 16S rRNA gene sequencing
of DNA isolated from cecal contents at the indicated time points after infection. (b to d) Relative abundances of the top 20 cecal microbiota members at
the genus level at 3 dpi (b), 10 dpi (c), and 17 dpi (d).
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FST) at the genus level, with the abundance ratio of Salmonella in the FFC pretreat-
ment group being significantly higher than those in the untreated groups (Fig. 6a).
We measured the cecal loads of these biomarkers and an intestinal protective bacte-
rium by real-time quantitative PCR (qPCR) (Fig. 6b). At day 11 (3 dpi), florfenicol sig-
nificantly reduced the densities of total bacteria, Lactobacillus, and Clostridium butyri-
cum and increased the abundance of Dorea. Although Salmonella infection had no
effect on cecal bacterial densities, chicks with Salmonella infection after pretreatment
with florfenicol harbored much higher densities of Enterobacteriaceae and lower den-
sities of Lactobacillus, Bacteroides, and C. butyricum than the control group. At day 18
(10 dpi), florfenicol still significantly reduced the densities of total bacteria,
Lactobacillus, and C. butyricum and increased the abundance of Dorea. Additionally,
the FST group still harbored much higher densities of Enterobacteriaceae and lower
densities of Lactobacillus and Bacteroides than the control group. At day 25 (17 dpi),
C. butyricum was present at equivalent densities in the cecal contents of all four
groups. However, significant differences in the bacterial densities of total bacteria,
Lactobacillus, Bacteroides, and Enterobacteriaceae were still apparent between the NT
and FST groups or between the ST and FST groups (Fig. 6b). Especially, the FST group
still harbored much higher densities of Enterobacteriaceae and lower densities of
Lactobacillus and Bacteroides than the control group.

A correlation analysis was then performed to identify associations between the signifi-
cantly different gut microbiota and intestinal barrier function-related parameters (Fig. 6d).
The results of the analysis revealed that Dorea, Proteobacteria, and Enterobacteriaceae,
which were significantly increased after florfenicol treatment, were negatively correlated
with intestinal tight junction proteins (ZO-1, occludin, claudin 3, MUC2, and TFF2) but posi-
tively correlated with intestinal permeability (DAO, D-linoleic acid [D-LA], and LPS) and the
inflammatory response (IL-22, IL-17A, and IFN-a), while Lactobacillus, Bacteroidetes, and
C. butyricum, which were significantly reduced after florfenicol treated, were positively

FIG 5 Differences in the gut microbiota of the chicken cecum microbial community determined using the LEfSe analytic method. (a, c, and e) LEfSe plots
(P , 0.05; log LDA score of .3) showing microbial strains with significant differences among the four treatment groups at 3 dpi (a), 10 dpi (c), and 17 dpi
(e). The different groups are represented by different colors, the microbiota members that play an important role are represented by nodes of
corresponding colors, and the organism markers are represented by colored circles. From inside to outside, the circles are ordered by species at the levels
of phylum, class, order, family, and genus. (b, d, and f) LDA diagrams at three sampling points. Biomarkers with statistical differences are emphasized, with
colors of the histograms representing the respective groups and the lengths representing LDA scores, which represent the magnitude of the effects of
significantly different species between groups.
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correlated with tight junction proteins but negatively correlated with intestinal wall per-
meability and the inflammatory response.

Florfenicol alters metabolic profiles.We analyzed metabolomes by liquid chroma-
tography-mass spectrometry (LC-MS) to determine the differential levels of metabolites
on day 11 (3 dpi) in cecal contents. The PCoA score plot shows that the FT and ST
groups were significantly separated from the NT group, indicating that florfenicol inter-
vention and S. Enteritidis infection can significantly change the intestinal metabolome
of chicks. However, there was no clear distinction in cecal metabolites between the FT
and FST groups, indicating that after florfenicol intervention, S. Enteritidis infection has
little effect on the intestinal metabolome of chicks (Fig. 7a). Orthogonal projections to
latent structures discriminant analysis (OPLS-DA) and permutation test plots of OPLS-
DA data were performed. As shown in Fig. 7, cecal metabolites of the NT group were

FIG 6 Impact of florfenicol on the cecal microbial communities in response to S. Enteritidis infection at 3 dpi. (a) Taxonomic cladogram showing the relative
abundances of taxon nodes in each group (relative abundance of .0.1%). A larger sector area indicates a higher abundance of taxa in the corresponding group.
(b) Quantification of the cecal microbiota at 3, 10, and 17 dpi by qPCR of the 16S or 23S rRNA gene. All bars represent means 6 SD. Differences were assessed
by ANOVA and denoted as follows: a, P , 0.05, NT vs. FT; b, P , 0.05, NT vs. ST; c, P , 0.05, NT vs. FST; d, P , 0.05, ST vs. FST. (c) PCoA for comparison of the
changes in bacterial communities at 3 dpi generated using the Bray-Curtis distance method. (d) Correlation analysis between significantly different strains and
intestinal barrier function-related parameters. *, P , 0.05; **, P , 0.01; ***, P , 0.001 (by ANOVA and Dunnett’s multiple-comparison test).

Effects of Florfenicol on Chickens Applied and Environmental Microbiology

December 2021 Volume 87 Issue 24 e01681-21 aem.asm.org 9

https://aem.asm.org


FIG 7 PCoA and OPLS-DA plots of cecal metabolomes at 3 dpi. (a) PCoA plot of cecal metabolomes. OPLS-DA
score plots of cecal metabolites were based on LC-MS from the different groups. (b, d, f, and h) OPLS-DA
plots of four data sets: the FT group versus the NT group (b), the ST group versus the NT group (d), the FST
group versus the NT group (f), and the FST group versus the ST group (h). (c, e, g, and i) Validation plots of
OPLS-DA data for these four group sets.
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clearly distinguished from those of the FT group (Fig. 7b), the ST group (Fig. 7d), and
the FST group (Fig. 7f). In addition, there was a clear separation between the FST group
and the ST group in cecal metabolites (Fig. 7h).

From the OPLS-DA models, we identified 72 differential metabolites between the NT and
FT groups, 42 differential metabolites between the NT and ST groups, 69 differential metab-
olites between the NT and FST groups, and 57 differential metabolites between the FST and
ST groups, using thresholds of a variable of importance in projection (VIP) of .1 and a P
value of ,0.05 (by Welch’s t test). The differential metabolites are listed in Table S2. The
effect of florfenicol on metabolic pathway differences according to the Kyoto Encyclopedia
of Genes and Genomes (KEGG) is shown in Fig. 8. Linoleic acid metabolism, lysine biosynthe-
sis, lysine degradation, phenylalanine metabolism, D-glutamine and D-glutamate metabolism,
and aminoacyl-tRNA biosynthesis were mainly enriched after florfenicol treatment (Fig. 8a).
Arginine and proline metabolism, lysine biosynthesis, lysine degradation, and D-glutamine
and D-glutamate metabolism were mainly enriched by Salmonella infection (Fig. 8b). Linoleic
acid metabolism, aminoacyl-tRNA biosynthesis, lysine biosynthesis, butanoate metabolism,
and phenylalanine metabolism were mainly enriched in florfenicol-pretreated, Salmonella-
infected chicks (Fig. 8c), and linoleic acid metabolism was mainly enriched between the FST
and ST groups (Fig. 8d). These data indicated that linoleic acid metabolism is the most note-
worthy metabolic pathway in the FFC-treated groups with or without Salmonella challenge.
Next, we mapped the metabolic pathway of linoleic acid based on the identified differential
metabolites as well as the relative amounts (means 6 standard deviations [SD]) of these
metabolites in the four groups (Fig. 8e). The metabolites that affect the metabolic pathways
of linoleic acid are primarily linoleic acid, 12,13-epoxyoctadecenoic acid (12,13-EpOME), and
12,13-dihydroxyoctadecenoic acid (12,13-diHOME); the relative levels of these metabolites in
the FT and FST groups were significantly higher than those in the NT and ST groups.
Notably, the relative levels of 12,13-EpOME and 12,13-diHOME were significantly higher in
the FFC-pretreated group but were negligible in the nonpretreated group (Fig. 8e).

Correlation between the differential gut microbiota and metabolites. After
observing marked differences in metabolite contents as well as microbial compositions

FIG 8 Comparison of differential metabolites and key metabolic pathways at 3 dpi. (a to d) Metabolic pathway analysis of biomarker metabolites. Plots
show overrepresented metabolic pathways between the FT and NT groups (a), the ST and NT groups (b), the FST and NT groups (c), and the FST and ST
groups (d). The x axis represents pathway impact, and the y axis represents pathway enrichment. Larger sizes and darker colors represent higher pathway
enrichment levels and higher pathway impact values, respectively. (e) Linoleic acid metabolomic pathway map. Bars represent relative amounts (means 6
SD) of metabolites. N.D., not detected. **, P , 0.01; ***, P , 0.001 (by ANOVA and Dunnett’s multiple-comparison test).
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after florfenicol treatment, we tested for specific correlations between the microbial
taxa and key metabolites using multi-omics. This mainly includes 9 metabolites in 4
significantly differential metabolic pathways, linoleic acid metabolism (linoleic acid,
12,13-EpOME, and 12,13-diHOME), lysine metabolism (oxoadipic acid, N6,N6,N6-tri-
methyl-L-lysine, and DL-2-aminoadipic acid), phenylalanine metabolism (L-phenylala-
nine and L-tyrosine), and D-glutamine and D-glutamate metabolism (L-glutamate), and
four significantly differential bacterial taxa, Clostridia, Clostridium, Dorea, and
Lactobacillus. Spearman correlation analysis revealed an association between bacterial
genera and metabolites in FFC-pretreated chicks (Fig. 9a). The results showed that
Dorea and Clostridium are strongly positively correlated with linoleic acid metabolism
(linoleic acid, 12,13-EpOME, and 12,13-diHOME) and D-glutamine and D-glutamate me-
tabolism (L-glutamate), whereas lysine metabolism (oxoadipic acid, N6,N6,N6-trimethyl-
L-lysine, and DL-2-aminoadipic acid) is negatively correlated. Furthermore, the genus
Lactobacillus was negatively correlated with linoleic acid metabolism (linoleic acid,
12,13-EpOME, and 12,13-diHOME), phenylalanine metabolism (L-phenylalanine and L-
tyrosine), and D-glutamine and D-glutamate metabolism (L-glutamate), whereas it was

FIG 9 Correlation between key bacterial taxa and differential metabolites and their absolute abundances at 3 dpi. (a) Spearman correlations between
differential metabolites and bacterial taxa calculated for the FT and NT groups (*, P , 0.05; **, P , 0.01; ***, P , 0.001). Positive correlations are labeled in
pink, and negative correlations are labeled in blue. (b) CCA plot of differential metabolites and bacterial taxa for the FT and NT groups. The CCA ordination
plot shows correlations between bacterial community structures and metabolite factors. Correlations between metabolite factors and key bacterial taxa are
represented by the lengths and angles of arrows. (c) Correlation network analysis of the key bacterial taxa and differential metabolites for the FT and NT
groups. The hexagons indicate metabolites, and the circles indicate bacterial taxa. Lines connecting each node represent Spearman correlation coefficient
values. Red lines represent positive correlations, blue lines represent negative correlations, and the thickness of the edge represents the strength of the
correlations. (d) Concentrations of key metabolites in cecal contents. Bars indicate means 6 SD. ***, P , 0.001 (by ANOVA and Dunnett’s multiple-
comparison test).
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positively correlated with lysine metabolism (oxoadipic acid, N6,N6,N6-trimethyl-L-lysine,
and DL-2-aminoadipic acid). Finally, a weaker positive or no correlation was detected
between Clostridia and these 9 metabolites. Canonical correspondence analysis (CCA)
showed that Dorea was the most important bacterial taxon influencing linoleic acid
metabolism (including linoleic acid, 12,13-EpOME, and 12,13-diHOME) after florfenicol
treatment (Fig. 9b). The correlation network between differential bacterial taxa and
metabolites consisted of 13 nodes and 22 edges. We found that the metabolic path-
way of linoleic acid has a strong positive correlation with Dorea, whereas Lactobacillus
has a negative correlation with it (Fig. 9c).

As linoleic acid can be converted into conjugated linoleic acid (CLA) by Lactobacillus
(24), and a significantly negative correlation between linoleic acid and Lactobacillus was
observed in our study, we hypothesized that the non-FFC-pretreated chicks (higher abun-
dance of Lactobacillus) may have higher CLA levels. However, CLA is an isomer of linoleic
acid, so the use of untargeted metabolomics cannot distinguish between these com-
pounds. Therefore, we employed targeted LC-MS to detect compounds, including linoleic
acid, 9c,11t-CLA, 10t,11c-CLA, 12,13-EpOME, and 12,13-diHOME. In line with the results of
metabolic profiling, linoleic acid, 12,13-EpOME, and 12,13-diHOME levels were higher in
the FFC-pretreated groups. Moreover, we observed higher CLA concentrations in the cecal
contents of non-FFC-pretreated chicks, with the levels of 9c,11t-CLA being significantly
higher than those of 10t,11c-CLA (Fig. 9d). Spearman correlation analysis showed a strong
association between the abundances of Lactobacillus and CLA concentrations (Fig. S4).

Contrasting effects of conjugated linoleic acid and 12,13-diHOME on S.
Enteritidis infection. Next, we investigated whether CLA and 12,13-diHOME, the end
product of linoleic acid, have an effect on Salmonella infection in newly hatched chicks.
Thus, neonatal chickens were pretreated with CLA and 12,13-diHOME for 7 days and
infected with S. Enteritidis on day 8. By 3 dpi, Salmonella loads in the cecum (6.264
log10 CFU/g), spleen (4.703 log10 CFU/g), and liver (4.278 log10 CFU/g) were significantly
reduced in the chicks pretreated with CLA (4.887 log10 CFU/g cecal content [P , 0.05],
3.473 log10 CFU/g spleen [P , 0.05], and 3.229 log10 CFU/g liver [P , 0.01]), whereas
they were significantly increased by pretreatment with 12,13-diHOME (8.165 log10

CFU/g cecal content [P , 0.001], 6.177 log10 CFU/g spleen [P , 0.001], and 5.245 log10

CFU/g liver [P, 0.01]) (Fig. 10).
Consistent with the fecal Salmonella loads, pretreatment with CLA significantly

reduced Salmonella-induced intestinal injury and enteropathy at 3 dpi, whereas 12,13-
diHOME significantly increased them. In addition, in the absence of Salmonella infection,
pretreatment with 12,13-diHOME can also cause minor intestinal injury (Fig. 11).
Moreover, in the case of Salmonella infection, CLA-pretreated chicks exhibited decreases
in intestinal permeability (serum D-lactate, DAO, and LPS levels) and proinflammatory
factors (IL-1b , IL-6, IL-8, TNF-a, and IFN-g) as well as a significant increase in IL-10 levels,

FIG 10 Effects of CLA and 12,13-diHOME on S. Enteritidis infection in neonatal chicks. The S.
Enteritidis loads in the cecal contents, spleen, and liver at 3 dpi are shown. Bars indicate medians. *,
P , 0.05; **, P , 0.01; ***, P , 0.001 (by a Mann-Whitney U test).
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and in the absence of Salmonella infection, pretreatment with CLA also decreased serum
D-lactate and LPS levels and the expression of IL-1b and IL-8 and increased IL-10 levels.
Notably, 12,13-diHOME-pretreated chicks exhibited contrasting results (Fig. S5). We also
compared the effects of these two metabolites on the expression of genes related to in-
testinal barrier function after Salmonella infection (Fig. 12). We found that CLA signifi-
cantly increased the expression of ZO-1 and occludin, whereas 12,13-diHOME signifi-
cantly reduced the expression of ZO-1, occludin, claudin 1, and MUC2, and 12,13-diHOME
also significantly increased the expression of IL-17A. Furthermore, in the absence of
Salmonella infection, pretreatment with CLA also significantly increased the ZO-1 and
occludin levels, whereas 12,13-diHOME significantly reduced the expression of ZO-1 and
occludin and also significantly increased the expression of IL-17A (Fig. 12).

FIG 11 CLA pretreatment attenuates yet 12,13-diHOME exacerbates the development of Salmonella-induced ileal mucosal injury in neonatal
chicks at 3 dpi. (a to l) After 3 days of infection, the histopathology of the intestinal tissue was analyzed by H&E staining (a to f) and SEM (g
to l). Bars, 100 mm (a to f). (m) Ileal pathology was scored in H&E-stained ileal tissue sections. Data are expressed as means 6 standard
deviations. *, P , 0.05; **, P , 0.01 (by a Mann-Whitney U test).

FIG 12 Gene expression profiles in response to CLA and 12,13-diHOME pretreatment following S. Enteritidis infection at 3 dpi. Data are
represented as log2 fold changes between the treatment group and the control group. Statistical analysis was conducted using one-way
ANOVA and Dunnett’s multiple-comparison test. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, not significant.
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DISCUSSION

The gut microbiome plays vital roles in resistance to exogenous pathogens via
phage deployment, the secretion of antibacterial substances, competing nutrients, and
intestinal barrier function. Antibiotic administration perturbs the gut bacterial commu-
nity and metabolome, resulting in weakened resistance to gut colonization by patho-
gens. However, their effects on the gut microbiota and metabolome correlations and
how they promote pathogen infection remain unclear. In this study, we investigated
the effect of florfenicol on intestinal Salmonella colonization of chicks and how it
affects Salmonella colonization by microbiome and metabolomics analyses. In our pre-
vious study, we used enrofloxacin to feed 1-day-old chickens followed by oral chal-
lenge with a non-antibiotic-resistant Salmonella strain to study the effect of enrofloxa-
cin on Salmonella colonization in the chicks. The results showed that although
enrofloxacin reduced Salmonella colonization at 1 dpi, the abundance of Salmonella
was significantly higher in the enrofloxacin-treated group than in the untreated group
at 7 and 14 dpi. We also found that enrofloxacin significantly altered the gut micro-
biota and metabolome, but we did not explore the underlying mechanism (25). In this
study, we also used a non-florfenicol-resistant Salmonella strain (ATCC 13076) to infect
chicks, and the same result was obtained (data not shown). The purpose of our
research is to explore how florfenicol changes the structure of the gut microbiota and
its metabolism, thereby affecting Salmonella colonization. Here, we used florfenicol-re-
sistant Salmonella to exclude a direct effect of florfenicol on Salmonella, to more
directly explore how florfenicol disturbs the host microbiome and metabolome to
affect intestinal Salmonella colonization. Our results showed that the abundance of
Salmonella was significantly higher in the FFC-treated group than in the untreated
group, and Salmonella persisted longer. Thus, our findings indicated that florfenicol
altered the ability of S. Enteritidis to colonize the gut in chickens, and florfenicol can
cause severe Salmonella infection and prolonged gut colonization. Furthermore, we
found that FFC pretreatment exacerbated Salmonella-induced defects in morphology,
decreased intestinal barrier function, and increased intestinal barrier permeability.
Previous studies showed that intestinal inflammation provides a growth advantage for
Salmonella (26–28), and the reason for this inflammation may be related to the signifi-
cantly increased LPS level after florfenicol pretreatment (29). Taken together, these
findings imply that FFC pretreatment increased intestinal permeability and inflamma-
tion and aggravated Salmonella-induced intestinal barrier damage. These changes col-
lectively promoted Salmonella colonization in neonatal chicks.

As the gut microbiota plays an important role in combating Salmonella invasion
and maintaining intestinal immunity (26, 30), we characterized the intestinal flora of
neonatal chicks in the treated groups. Our results showed that florfenicol intervention
did not clearly change a-diversity but significantly altered b-diversity. This finding is
consistent with previous studies. Saenz et al. reported that the input of florfenicol did
not clearly change metagenomic diversity but altered the abundance of bacterial fami-
lies in the gut of fish (31). Yang et al. found that a-diversity was not significantly
affected by florfenicol intervention, while the percentage of Flavobacteriia in sea
cucumber intestines was significantly decreased (32). Our results show that there is a
similar phenomenon in the effect of florfenicol on the diversity of the gut microbiota
in chickens, where florfenicol has no significant effect on a-diversity, while it alters the
abundances of specific bacterial species. The b-diversity results indicated that the gut
microflora structure of chicks was significantly changed by a single florfenicol treat-
ment or Salmonella infection. The microbial community of chickens is complex and rel-
atively stable, and the restoration of the microbiota after antibiotic withdrawal can be
expected (33, 34). However, florfenicol administration at an early age in chickens may
have a profound effect on microbial composition that would hinder its restoration (see
Fig. S3 in the supplemental material). Gao et al. found that feeding antibiotics in the
chick stage significantly delayed the maturation of the gut flora and formed less and
more fragile correlation networks of bacteria, which tended to be less resistant to
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pathogen colonization (35). Our previous study using enrofloxacin on chicks found the
same phenomenon (25), and in this study, we also demonstrated that the maturation
of the intestinal microbiota is significantly retarded and eventually delayed by florfeni-
col intervention in chicks at early ages.

FFC administration significantly decreased the abundance of Lactobacillus at days
11 and 18 (3 and 10 days posttreatment) and that of Bacteroides at day 25 (17 days
posttreatment). Lactobacillus spp. are considered probiotic in nature and have been
used in livestock feed processing for decades because of their beneficial effects on im-
munity, growth, and intestinal colonization resistance (36–38). For example,
Lactobacillus rhamnosus reduces colonization by pathogenic Salmonella, Clostridium,
and E. coli strains in porcine intestinal mucus (39). Lactobacillus acidophilus binds to
cultured human intestinal cell lines and inhibits cell invasion by enterovirulent bacteria,
including Salmonella Typhimurium (40). Another study showed that Lactobacillus plan-
tarum exerts an antagonistic effect on pathogenic bacteria by increasing the content
of secretory IgA (SIgA) (41). In our study, FFC treatment significantly decreased the
abundance of Lactobacillus in chicks, suggesting that this genus may be the main tar-
get bacteria of FFC, and this reduction may be responsible for the promotion of
Salmonella colonization after FFC pretreatment. The phylum Bacteroidetes is the domi-
nant phylum in the mature microbiota of chickens (42) and may have some inhibitory
effects on gut colonization by Salmonella. Miki et al. reported that Bacteroides spp.
accelerate the elimination of S. Typhimurium from the intestinal lumen of mice by pro-
ducing vitamin B6 (14). Another study demonstrated that Bacteroides species confer
colonization resistance to S. Typhimurium infection by producing propionate, which
directly limits Salmonella growth by disrupting intracellular pH homeostasis (43). Thus,
the use of florfenicol may delay the maturation of the chicken intestinal flora and
hinder the clearance of Salmonella by reducing the abundance of Bacteroidetes.
Furthermore, chicks with Salmonella infection after FFC pretreatment had the highest
relative abundance of Proteobacteria, which are known to be potential pathogens of
poultry and humans. A recent study showed that preventive treatment of calves with
florfenicol resulted in a 10-fold increase in facultative anaerobic Escherichia spp., which
is a signature of an imbalanced microbiota (44). Saenz et al. reported that oral adminis-
tration of florfenicol to fish resulted in a shift in the gut microbiome toward well-
known putative pathogens such as Salmonella, Plesiomonas, and Citrobacter (31).
Combined with our results, we conclude that florfenicol administration changed the
overall structure of the gut microbiota, and these changes make it easier for
Proteobacteria to gain a competitive advantage in cases of Salmonella infection.
Furthermore, correlation analysis found that these intestinal microbes that were signifi-
cantly altered after florfenicol treatment were associated with changes in intestinal
barrier function. Of these, Dorea was found to be significantly enriched in patients
diagnosed with irritable bowel syndrome (45), multiple sclerosis (46), and nonalcoholic
fatty liver disease (47), suggesting that the overgrowth of this genus has adverse
health effects, and in our study, Dorea showed a significant positive correlation with
the inflammatory response, while C. butyricum effectively attenuated inflammation and
intestinal barrier damage in the intestine of Salmonella-infected chickens (48). The sig-
nificantly altered intestinal microbiota after florfenicol administration may be a poten-
tial mechanism for disrupting intestinal barrier function and promoting intestinal colo-
nization by Salmonella.

Next, we used metabolomics to determine how florfenicol affects Salmonella gut
colonization. Our data indicated that arginine and proline metabolism is the most sig-
nificant pathway affected by Salmonella infection, and linoleic acid metabolism is the
most notable pathway affected by florfenicol intervention. A recent study also showed
that arginine and proline metabolism is the most prominent pathway in chickens
infected with S. Enteritidis (49). Arginine is a common amino acid substrate, and argi-
nase can be used for the synthesis of ornithine and proline and also for inducible nitric
oxide (NO) synthase (iNOS) for NO production (50). NO produced by iNOS during
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Salmonella infection is an innate immune response that is part of the host defense
mechanism, and inhibition or downregulation of iNOS can enhance the proliferation
and survival of Salmonella (51, 52). Arginase can negatively regulate the production of
NO by competing with the common substrate arginine. Therefore, those authors think
that the upregulation of the arginine and proline metabolism pathway after
Salmonella infection may be part of the host metabolic regulation strategy to inhibit in-
testinal inflammation during Salmonella infection (49). Linoleic acid metabolism is the
most notable pathway affected by florfenicol pretreatment. Linoleic acid is first metab-
olized to 12,13-EpOME by cytochrome P450 (CYP) epoxygenase, followed by hydrolysis
catalyzed by soluble epoxide hydrolases (sEHs) to form the diol 12,13-diHOME (53).
diHOME compounds have multiple pathological features, such as decreasing postisch-
emic cardiac recovery, participating in vascular cognitive impairment, increasing skele-
tal muscle fatty acid uptake, and impeding immune tolerance in asthmatic children
(54–57). The 12,13-diHOME produced by sEH hydrolysis of 12,13-EpOME showed stron-
ger cytotoxicity (53, 58). Besides liver, a variety of gut bacteria also produce sEHs (57).
Correlation analysis results showed that the concentration of 12,13-diHOME was posi-
tively correlated with Dorea and Clostridium, so we suspected that sEH may be pro-
duced by these bacteria in the gut. A recent study showed that the sEH and sEH-
derived lipid metabolites induce intestinal barrier dysfunction, bacterial translocation,
and colonic inflammation in mice (59). In this study, we pretreated neonatal chicks
with 12,13-diHOME and observed significantly higher Salmonella colonization in the
gut. Intestinal inflammation, particularly that due to proinflammatory cytokines, dis-
rupts barrier function, leads to intestinal permeability, and promotes colonization by
pathogens (27, 60, 61). Previous studies showed that diHOME compounds exhibit
proinflammatory effects on vascular endothelial cells (62), lung (57), and peripheral
nervous tissue (63). Our study indicated that 12,13-diHOME also exhibits a proinflam-
matory effect on intestinal epithelial cells. Moreover, the diHOME compounds also dis-
rupt mitochondrial function by altering mitochondrial permeability and inducing cellu-
lar apoptosis (64, 65), and this may be why 12,13-diHOME exacerbates intestinal barrier
damage. Therefore, we suggest that 12,13-diHOME contributes to Salmonella coloniza-
tion of chick intestines by promoting intestinal inflammation and disrupting intestinal
barrier function.

CLA is the second factor affecting Salmonella gut colonization in chicks preadminis-
tered FFC. Our correlation analysis combined with targeted metabolomics revealed
that Lactobacillus and CLA showed a significant positive correlation, and FFC pretreat-
ment reduced the abundances of both Lactobacillus and CLA in the gut lumen. CLA is
formed from linoleic acid by Lactobacillus and can inhibit the growth of pathogenic
bacteria (66). We pretreated neonatal chicks with CLA and observed that it effectively
reduced Salmonella colonization. Recently, de Barros et al. also found that CLA pre-
treatment can reduce intestinal permeability, bacterial translocation, and the inflam-
matory response to prevent damage caused by intestinal mucositis induced by 5-fluo-
rouracil in a mouse model (67). We suggest that CLA reduces intestinal colonization by
Salmonella by influencing several processes. First, CLA treatment considerably upregu-
lated the concentrations of tight junction proteins (ZO-1, occludin, E-cadherin 1, and
claudin 3) and ameliorated epithelial apoptosis, which protects intestinal cells from
impairment caused by Salmonella infection. Second, CLA modulates gut inflammation
by attenuating the expression of proinflammatory cytokines. Finally, studies also show
that CLA directly inhibits the growth of pathogenic bacteria, including Salmonella.
Byeon et al. showed that CLA possesses antimicrobial activity against the growth of a
variety of foodborne pathogens; 1.8 mM CLA completely inhibits the growth of S.
Typhimurium (66). Peng et al. indicated that CLA produced by Lactobacillus competi-
tively excludes Salmonella under mixed-culture conditions (68). Additionally,
Tabashsum et al. also showed that CLA produced by Lactobacillus inhibits the growth
and survival of Salmonella by altering the relative expression of genes related to
Salmonella virulence (69). Thus, our results suggest that CLA maintains intestinal
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integrity, reduces intestinal inflammation, and inhibits Salmonella growth to effectively
reduce gut colonization by Salmonella in chicks. Therefore, FFC may reduce the pro-
duction of CLA by inhibiting Lactobacillus growth, thereby reducing the colonization
resistance of neonatal chicks to Salmonella infection.

In conclusion, our results indicated that florfenicol administration affected the col-
ony structure and metabolite composition in the neonatal chicken cecum, and the
abundances of Lactobacillus, Clostridium, and Dorea and linoleic acid metabolism were
significantly affected. Florfenicol reduces the production of CLA by inhibiting
Lactobacillus growth and increases 12,13-diHOME levels in the intestine, thereby reduc-
ing the colonization resistance of neonatal chicks to Salmonella infection. It is sug-
gested that CLA or Lactobacillus may replace florfenicol to reduce intestinal coloniza-
tion by Salmonella, which is of great significance to ensure the healthy growth of
chicks and the prevention and control of Salmonella. We provide a better understand-
ing of the susceptibility of animal species to Salmonella after antibiotic intervention
that may help to elucidate infection mechanisms that are important in both animal
and human health.

MATERIALS ANDMETHODS
Bacterial strains. An S. Enteritidis (ATCC 13076) floR mutant (florfenicol-resistant strain) was used as

the challenge strain and stored in our laboratory. The S. Enteritidis florfenicol-resistant strain was con-
structed by inserting the floR gene (GenBank accession no. NG_047860.1) using a plasmid-based homol-
ogous-recombination integration method as previously described (70). Prior to inoculation, S. Enteritidis
was grown overnight in Luria-Bertani broth at 37°C.

Florfenicol intervention and S. Enteritidis infection. The experimental protocols used in this
experiment, including animal care and use, were reviewed and approved by the Animal Care and Use
Ethics Committee of Sichuan University. Leghorn layer chicks (1 day old) were hatched from the same
batch of eggs of SPF birds (Beijing Boehringer Ingelheim Vital Biotechnology Co. Ltd., China), and each
assigned group was reared in an individual GJ-1 SPF isolator (Suzhou Fengshi Laboratory Animal
Equipment Co. Ltd., China). The Leghorn chicken is a famous layer breed that is widely distributed
throughout the world; these chickens grow to about 150 days to reach the stage for laying eggs, and
the annual egg output is 220 to 300 eggs. Animals received the same nonmedicated chick feed and
water ad libitum; they were raised under controlled environmental conditions with a 16-h lighting cycle
and a temperature of 32°C at day 1, which was gradually reduced and maintained at 24°C from day 10.

(i) Animal protocol 1: effect of florfenicol exposure on Salmonella infection. Ninety-six newly
hatched chicks were assigned at random to four groups, and each group included 24 chicks for three
time points (n = 8 chicks at each time point). Each chicken was weighed, and the average body weight
of the chickens was approximately 50 g. From 1 to 7 days of age, chicks were pretreated with 30 mg/kg
of body weight of florfenicol (FFC) by oral gavage. At 8 days of age, chicks were infected by the oral
administration of 108 CFU of the challenge strain of S. Enteritidis. The following groups were included: (i)
the NT group (control group that was neither FFC treated nor S. Enteritidis infected), (ii) the FT group
(FFC-treated group), (iii) the ST group (S. Enteritidis-infected group), and (iv) the FST group (FFC-pre-
treated and S. Enteritidis-infected group). Chickens were euthanized on days 11, 18, and 25, and cecal
contents, spleen, liver, ileum, and serum were collected (Fig. 1a; see also Fig. S6 in the supplemental
material).

(ii) Animal protocol 2: effect of conjugated linoleic acid and 12,13-diHOME on Salmonella
infection. Sixty newly hatched chicks were assigned at random to six groups (n = 10 chicks per group)
and treated with conjugated linoleic acid (CLA) or 12,13-diHOME by gastric gavage. CLA (purity of
.99%; Nu-Chek Prep, Elysian, MN, USA) is a mixture of 65.5% c9,t11-CLA and 34.5% t10- and c12-CLA
isomers by LC-MS detection (data not shown). The 12,13-diHOME (purity of $98%; Cayman Chemical,
Ann Arbor, MI, USA) solution was prepared as described in a previous report (57). The doses of CLA and
12,13-diHOME corresponded to the amount of consumed diet supplemented with 1% CLA and 12,13-
diHOME (1% [10 mg/g diet] � 3 2 9 [grams of diet consumed on average by chicks at days 1 to 7]).
From 1 to 7 days of age, chicks were treated with CLA or 12,13-diHOME. At 8 days of age, chickens were
infected by the oral administration of 108 CFU of S. Enteritidis. Chicks were divided into six groups: (i)
the NT group (control group), (ii) the CLA group (CLA-pretreated group), (iii) the 12,13-diHOME group
(12,13-diHOME-pretreated group), (iv) the ST group (S. Enteritidis-infected group), (v) the CLA-ST group
(CLA-pretreated and S. Enteritidis-infected group), and (vi) the 12,13-diHOME-ST group (12,13-diHOME-
pretreated and S. Enteritidis-infected group). On day 11, the chicks were euthanized for analysis (Fig. S6).

Salmonella identification and enumeration. After chicks were euthanized, the cecal contents and
internal organs were aseptically collected and homogenized in phosphate-buffered saline (PBS). For
enumerating Salmonella loads, an aliquot (100 ml) of the appropriate dilution was spread onto XLT4
agar plates (50 mg/ml florfenicol); Salmonella appeared as typical black colonies after incubation at 37°C
for 24 h. S. Enteritidis colonies were counted, the CFU per gram of tissue were calculated, and the results
are expressed as log10 CFU per gram.
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DNA extraction, 16S rRNA gene sequencing, and data analysis. Seven or eight chicks per treat-
ment were randomly chosen at three time points, 11, 18, and 25 days of age, and euthanized by carotid
artery bleeding. The cecal contents were collected within 5 min of euthanasia, immediately placed into
precooling cryogenic vials, and stored at 280°C until DNA extraction. Total genomic DNA was extracted
from cecal contents using the QIAamp DNA stool minikit (Qiagen, Germany) according to the manufac-
turer’s protocols and stored at 220°C until analysis. The concentration and quality of extracted DNA
samples were measured by using a Nanodrop 2000 system (Thermo Fisher Scientific, Waltham, MA, USA)
and agarose gel electrophoresis, respectively.

Using the isolated genomic DNA as the template, the V3-V4 hypervariable regions of the bacterial
16S rRNA genes were PCR amplified with primers 338F (59-ACTCCTACGGGAGGCAGCA-39) and 806R (59-
GGACTACHVGGGTWTCTAAT-39) according to a previously described method (71). Amplicons were then
sequenced on the Illumina MiSeq platform (Illumina Inc., USA) using 2- by 250-bp cycles. QIIME was
employed to process the sequencing data. Briefly, raw sequencing reads with exact matches to the barc-
odes were assigned to the respective samples and identified as valid sequences. The low-quality sequen-
ces were filtered according to the following criteria (72, 73): sequences that had a length of ,150 bp,
sequences with average Phred scores of ,20, sequences that contained ambiguous bases, and sequen-
ces that contained mononucleotide repeats of .8 bp. Paired-end reads were assembled using FLASH
(74). After chimera detection, the remaining high-quality sequences were clustered into operational tax-
onomic units (OTUs) at 97% sequence identity by UCLUST (75). A representative sequence was selected
from each OTU using default parameters. OTU taxonomic classification was conducted by BLAST
searches of the representative sequence set against the Greengenes database (76), and the best hit was
used for further analysis (77). An OTU table was generated to record the abundance of each OTU in each
sample and the taxonomy of these OTUs. OTUs containing ,0.001% of total sequences across all sam-
ples were discarded. To minimize differences in sequencing depth across samples, an averaged,
rounded, rarefied OTU table was generated by averaging 100 evenly resampled OTU subsets under 90%
of the minimum sequencing depth for further analysis.

Sequence data were analyzed using the QIIME and R software packages (v3.2.0) (78). OTU-level a-di-
versity indices, including Shannon indices, species abundance, and Pielou indices, were calculated using
the OTU table in QIIME. b-Diversity analysis was performed to investigate the structural variation of mi-
crobial communities across samples using Bray-Curtis distance metrics and visualized via principal-coor-
dinate analysis (PCoA). Taxonomic compositions and relative abundances were visualized using MEGAN
(79) and GraPhlAn (80). The LEfSe method was performed to detect differentially abundant taxa across
groups using default parameters (81).

Quantitative PCR for microbiota analysis. The bacterial composition of the microbiota was validated
by qPCR as previously described (14, 82–84). All qPCRs were performed using the Bio-Rad real-time PCR
detection system (CFX Maestro 1.1, 3.0; Bio-Rad Inc., USA) and SsoFast EvaGreen supermix (Bio-Rad Inc., USA)
according to the manufacturer’s instructions. Genomic DNA from cecal samples was used as a template for
qPCR using the main group-specific primers (Table S1) for all Eubacteria, Enterobacteriaceae, Lactobacillus,
Dorea, Clostridium butyricum, and Bacteroidetes. Serial dilutions of plasmids containing the target gene cloned
into the pMD-19 T cloning vector (TaKaRa, Dalian, China) were analyzed to generate standard curves and cal-
culate absolute counts of target genes.

Metabolomics for chicken cecal contents. (i) Untargeted metabolomics. Chickens were sacrificed,
and the cecum was resected. The cecal contents were obtained and stored at 280°C until analysis.
Sample preparation for LC-MS was performed as previously described (85). Briefly, 50 mg freeze-dried
sample, 800 ml methanol, and 5 ml DL-o-chlorophenylalanine (internal standard) were added to a 1.5-ml
Eppendorf tube. All samples were ground to a fine powder using a grinding mill at 65 Hz for 90 s, vor-
texed for 30 s, and centrifuged at 12,000 rpm at 4°C for 15 min. Next, 200 ml of the supernatant was
transferred to a new vial for LC-MS. A total of 10 ml of the sample solution at 4°C was injected into the
LC-MS system (Ultimate 3000LC, Exactive Orbitrap; Thermo) with an Agilent C18 column (Hypergod C18,
100 by 2.1 mm by 1.9 mm), with the column temperature maintained at 40°C. The mobile phase con-
sisted of solutions A and B: solution A was 0.1% formic acid–5% acetonitrile–water (vol/vol/vol), and so-
lution B was 0.1% formic acid–acetonitrile (vol/vol). The flow rate was 350 ml/min. The gradient was set
as 0% solution B at 0 min, 20% solution B at 1.5 min, 100% solution B at 9.5 min to 14.5 min, and 0% so-
lution B at 14.6 min to 18 min. Samples were analyzed in positive- and negative-ion modes using a
300°C heater temperature, a 350°C capillary temperature, and a 3.0-kV spray voltage. The flow rates of
sheath gas, auxiliary gas, and sweep gas were 45, 15, and 1 arb, respectively. Peaks were aligned accord-
ing to m/z values and the normalized migration time. Peak areas were calculated by normalization
against the internal standards. Metabolites were identified by searches against the database based on
m/z values and the normalized migration time. Compound Discoverer software (Thermo) was used to
process the Thermo raw files. The data after editing were subjected to multivariate analysis using
SIMCA-P 14.0 software (Umetrics AB, Umea, Sweden). Metabolites selected as biomarker candidates
were identified on the basis of a VIP threshold of 1 from the 7-fold-cross-validated OPLS-DA model,
which was validated at a univariate level with an adjusted P value of ,0.05. MetaboAnalyst (version 3.0)
was used for the identification of metabolic pathways (86).

(ii) Targeted metabolite detection. A 50-mg sample of dried cecal contents and 800 ml methanol
were added to a 1.5-ml Eppendorf tube. The sample was ground to a fine powder using a grinding mill
at 65 Hz for 90 s followed by being vortexed for 30 s and centrifuged at 12,000 rpm at 4°C for 15 min.
Next, 200ml of the supernatant was used for detection.

For quantitative detection of linoleic acid and CLA, 1 ml of each sample was injected into a DB-5 col-
umn (60 mm by 0.25 mm by 0.25 mm) using a Thermo Trace 1300 gas chromatography (GC) system
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(Thermo Fisher Scientific, USA) online with a mass spectrometer (ISQ7000; Thermo Fisher Scientific, USA)
(GC-MS). The temperature program was as follows: an initial oven temperature of 140°C held for 5 min,
increased at 10°C/min to 180°C and at 4°C/min to 210°C, finally reaching 260°C at a rate of 10°C/min,
and then held for 20 min. Helium (99.999% purity) was used as the carrier gas, with a flow rate of 1.5 ml/
min. The MS inlet line and the ion source temperatures were maintained at 260°C and 230°C, respec-
tively, and the MS ionization energy was 70 eV. A full-scan mode set from 5 min to 20 min, monitoring
the m/z range from 33 to 550 Da, was used for the identification of possible interferences from the ma-
trix extract.

For the quantitative detection of 12,13-EpOME and 12,13-diHOME, 4 ml of each sample was injected
into an Acquity ultraperformance liquid chromatography (UPLC) BEH C18 column (100 mm by 2.1 mm by
1.7 mm) using an Acquity UPLC system (Waters Corporation, USA) coupled with a triple-quadrupole
mass spectrometry system (API5500; AB Sciex LLC, USA) (UPLC-QqQ-MS). The mobile phase consisted of
solution A (water) and solution B (acetonitrile), and the flow rate was 300 ml/min. The gradient was set
as follows: 10% solution B at 0 min, 10% solution B at 1.0 min, 90% solution B at 1.5 min, 90% solution B
at 5.0 min, 10% solution B at 6.0 min, and 10% solution B at 7.0 min. Samples were analyzed in negative-
ion modes using a 550°C atomizing temperature, a 24.5-kV spray voltage, and multiple-reaction moni-
toring (MRM) of the scanning method. The flow rates of curtain gas, collision gas, GS1 (atomizing gas),
and GS2 (auxiliary gas) were 35, 9, 55, and 55 arb, respectively.

Histopathology and microscopic analysis of the intestine. Parts of the ileal tissue were perfusion
fixed with formalin for 24 h. After gradient dehydration with ethanol, specimens were embedded in paraffin.
Subsequently, 5-mm sections were rehydrated and stained with alcian blue. Representative images were
obtained with a BA400 digital microscope (Motic Group Co. Ltd., China). To determine the degree of lesions,
the pathological score was monitored as previously described (87). SEM (Inspect; FEI Ltd., USA) of the intesti-
nal villi was performed as previously described (88). Statistical significance was determined by one-way anal-
ysis of variance (ANOVA). A P value of less than 0.05 was considered statistically significant.

RNA isolation and RT-qPCR. Total RNA from the ileum tissue was extracted using TRIzol reagent
(Invitrogen Life Technologies, Carlsbad, CA) according to the manufacturer’s instructions. The quality and con-
centration of RNA were measured using a Nanodrop 2000 spectrophotometer. One microgram of total RNA
from each sample was reverse transcribed into cDNA using a SuperScript II kit (Invitrogen Life Technologies,
Carlsbad, CA, USA) using oligo(dT) primers and random hexamer primers. qPCR was performed with SsoFast
EvaGreen supermix using a Bio-Rad CFX real-time PCR detection system according to the manufacturer’s pro-
tocols. Primers are listed in Table S1 (89). Relative mRNA expression levels of each target gene were calculated
using the log2 fold change method. Triplicate parallel reactions were run for all samples.

ELISA detection. Concentrations of chicken IL-1b , IL-6, IL-8, IL-10, IFN-g, and TNF-a in the ileum tis-
sue and serum LPS, DAO, and D-lactate were determined using the mlbio enzyme-linked immunosorbent
assay (ELISA) kit (Shanghai Enzyme-Linked Biotechnology Co. Ltd., China) according to the manufac-
turer’s instructions. Concentrations were calculated from the standard curves.

Data and statistical analysis. The Spearman correlation analysis was used to evaluate the correla-
tion between significantly different strains and parameters related to intestinal barrier function, and
data are shown as a heat map. The heat map of the interrelationship between the differential flora and
the metabolites was generated using the R (3.6.1) pheatmap package. The calculated correlation coeffi-
cient (R , 0.5) was used to exclude metabolites and flora with weak correlations and no correlations.
Cytoscape (3.7.1) software was used to draw the correlation network diagram; the flora and metabolites
were used to form points, and line segments represent the correlation size. The distributions of bacterial
communities and their potential correlations with differential metabolites were determined by CCA
using the R (3.6.1) vegan package. Statistical analyses were conducted with SPSS 20.0 (SPSS Inc., USA).
Data collected are presented as geometric medians or means 6 standard deviations. Statistical signifi-
cance was determined by Mann-Whitney tests or one-way ANOVA. The Mann-Whitney test was used for
comparing two groups. One-way ANOVA with Dunnett’s multiple-comparison test was used for pairwise
comparison of means from more than two groups in relation to the control group. P values of less than
0.05 were considered statistically significant (*, P, 0.05; **, P, 0.01; ***, P , 0.001).
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