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ABSTRACT Our long-term goal is to improve chick
health and reduce the use of antibiotics in the poultry
industry via maternal effects. To link jejunal microbes
with chicks’ different immune levels and growth per-
formance in our previous research, this study investi-
gated jejunal microbes, jejunal inflammation, and
immune responses based on a comparison between
different groups. Newly hatched Hy-Line chicks were
allotted into 3 groups: a chick control group (cCON), a
ciprofloxacin lactate treatment group (Cipro)—the
chicks of the cCON and Cipro groups were hatched
from laying breeder hens given a basal diet—and a 5-wk
b-carotene, curcumin, allicin, and sodium butyrate
supplementation group (cCCAB), wherein chicks
hatched from laying breeder hens. All groups were fed
the same diet for 4 wk; the Cipro group was given cip-
rofloxacin lactate in drinking water continuously. At
the end of the experiment, the results demonstrated
that the jejunal microbes of the Cipro group showed
significant changes in alpha and beta diversity, and in
taxonomy at phylum and genus levels. Statistically, a
total of 67 significantly enriched (P , 0.05) taxa were
identified between groups by linear discriminant
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analysis effect size; Firmicutes was significantly
enriched (P , 0.05) in the cCCAB group, 65 taxa were
significantly enriched (P , 0.05) in the Cipro group,
and 32 of the 65 enriched (P , 0.05) taxa were in the
Proteobacteria phylum of the Cipro group. Levels of
lipopolysaccharide in jejunal content, and nuclear factor
kappa-B, and tumor necrosis factor-a in jejunums of the
Cipro and cCCAB groups were increased (all P , 0.05)
compared to those in the cCON group. There was
obvious neutrophil infiltration and upregulated (all
P , 0.05) IL-6 mRNA in the Cipro group jejunums
compared to the cCON and cCCAB groups. The
expression of PSME3 and PSME4 genes was upregu-
lated (all P , 0.05) in the cCCAB group compared to
the cCON and Cipro groups. In conclusion, ciprofloxa-
cin lactate administration led to potential hazards in
health and growth in chicks via microbial disturbances-
induced jejunal inflammation, and laying breeder hens
dietary supplementation with b-carotene, curcumin,
allicin, and sodium butyrate could enhance jejunal im-
munity of their offspring via the interaction between
host innate immunity selected microbial colonization
and microbiota educated adaptive immunity.
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INTRODUCTION

Massive microbial communities live in the gut, and the
microbiota and host immune system interact in induc-
tion, education, and function (Belkaid and Harrison,
2017). Immune maturation is likely influenced directly
and/or indirectly by the presence of commensal microbes
(Gensollen et al., 2016), while the intestines need to
avoid developing pathologies and control the coloniza-
tion of bacteria by innate immunity in early life
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(Hooper et al., 2012). Although antibiotics were used as
an efficient tool to promote growth in the poultry indus-
try, we recognized their negative effects on bacterial
resistance (Chattopadhyay, 2014). Besides, there are
strong evidences linking gut microbial disruption with
antibiotics use in early life with increasing risk of inflam-
matory diseases (Shaw et al., 2010).

Our pervious study illustrated that laying breeder
hens dietary supplementation with b-carotene, curcu-
min, allicin, and sodium butyrate had a positive effect
on hens immunity, and their offspring showed better im-
munity and growth performance in early life, which may
be a result of stronger jejunal immune system develop-
ment to ensure growth. Moreover, we noticed that chicks
supplemented with ciprofloxacin lactate demonstrated
enhanced growth performance before 14 D of age, but
the promotion effects decreased when ciprofloxacin
lactate administration was extended, which was also
explained with regard to the changed jejunal immune
development and morphology. Hence, we suggest that
the variation in growth performance between groups
was associated with their intestinal immunity (Gong
et al., 2020).

Here, in this study, we will investigate jejunal microbi-
al communities, immunity-related genes, and protein
expression in an attempt to explain supplementarily
the immune differences and growth performance of
each treatment in the previous study.
METHODS

This experiment was approved by the Animal Ethics
Committee of Jilin Agricultural University.

Bird Management and Experimental Design

The methods of bird management and experimental
design have been published in detail in our previous
study (Gong et al., 2020). Briefly, a total of 162 Hy-
Line Brown laying breeder hens were randomly allotted
to 2 groups (a control group [CON] and the b-carotene,
curcumin, allicin, and sodium butyrate supplementation
group [CCAB]). The CON group was fed a basal diet,
while the CCAB group was fed a basal diet supple-
mented with 60 mg/kg b-carotene, 250 mg/kg curcumin,
250 mg/kg allicin, and 500 mg/kg sodium butyrate
(Shaanxi Kingreg Biotech Co. Ltd., China) for 5 wk
(including a 1-wk acclimation period). Their breeder
eggs were collected respectively for hatching at the end
of the hens feeding period. When the offspring chicks
were hatched, a total of 60 healthy Hy-Line Brown
male chicks with similar body weights hatched from
the CON groups’ breeder eggs were randomly allotted
to 2 treatment groups (a chick control group [cCON]
and the ciprofloxacin lactate treatment group [cipro])
with each group comprising 30 chicks each. Thirty other
male chicks that hatched from the CCAB group eggs
formed a group (cCCAB). All chicks were fed a single
basal diet and allowed to eat and drink at will. The Cipro
group had 100 mg/L ciprofloxacin lactate (Shaanxi
Kingreg Biotech Co. Ltd.) added to their drinking water.
The chicks were fed for 4 wk. The detailed chick-
brooding management, and basal diet composition of
experimental laying breeder hens and chicks are listed
in Supplementary Tables 1 and 2, and we declare that
these 2 tables have been published in our previous study
(Gong et al., 2020).
Sample Collection

At the termination of the experimental period with
chicks at 28 D of age, a total of 6 chicks’ jejunums of
each group were randomly sampled following eutha-
nasia. To standardize the samples for further neutrophil
infiltration investigations, the central part with about
2 cm of jejunum of each chick was fixed in 4% parafor-
maldehyde. We used anatomical features to identify
the jejunum: the final intersection point of the duo-
denum and pancreas was considered as the boundary be-
tween the duodenum and jejunum, and the yolk stalk
served as the boundary between the jejunum and ileum.
The jejunum content samples were collected in germ-free
tubes and stored in liquid nitrogen for bacterial genome
sequence analysis. The jejunum tissues were collected in
RNase-free tubes and frozen at 280�C for quantitative
real-time PCR (qRT-PCR) analysis.
Neutrophil Infiltration Observation

Jejunum samples (n 5 6 in each group) fixed in 4%
paraformaldehyde were embedded in paraffin according
to conventional methods. Briefly, 5-mm thick sections
were cut onto gelatinized slides, and then these sections
were stained using hematoxylin and eosin and photo-
graphed under 40! and 100! magnification using an
Axio Examiner Zeiss microscope (Zeiss, Germany).
RNA Extraction and qRT-PCR

Expression of the mRNAs of inflammatory cytokines
genes and immunoproteasome genes in jejunums was
determined by qRT-PCR and the primers are listed in
Supplementary Table 3. The jejunal total RNA of each
sample was extracted using an RNAiso Plus Kit
(TaKaRa Bio Inc., Shiga, Japan); the quantity and qual-
ity of the harvested RNAs were measured using a Nano-
Drop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) and agarose gel electro-
phoresis, respectively, and the total RNA of each sample
was considered to be valid in the range of 1.9 , OD260/
OD280 , 2.0 and 1.8 , 28S/18S , 2.0 simultaneously;
cDNA was synthesized for qRT-PCR using a Prime-
Script RT Reagent Kit with gDNA Eraser (TaKaRa
Bio Inc.). Quantitative real-time PCR was performed
with RealStar Green Fast Mixture (GenStar Bio-
solutions, Beijing, China) in a CFX Connect Real-
Time PCR Detection System (Bio-Rad, Hercules, CA,
USA). The total volume of the PCR reactions was
20 mL comprising 10 mL RealStar Green Fast Mixture,
6 mL RNase-free H2O, 2 mL cDNA, and 1 mL of each
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primer. The cycling conditions were as follows: 95�C for
2 min, then 40 cycles of 95�C for 5 s, and then 60�C for
30 s. Data analysis was conducted using the 22OOCt

method, and the b-actin gene was chosen as the internal
standard.

Determination of Inflammation-Related
Factors in the Jejunums

To determine the levels of lipopolysaccharide (LPS) in
jejunal content, nuclear factor kappa-B (NF-kB) in jeju-
nums, and tumor necrosis factor-a (TNF-a) in jejunums,
jejunum tissues (or content) of each sample of about
0.1 g with 1 mL PBS were grinded and centrifuged at
3,500 ! g for 15 min, and then the total protein was
quantified by using an Enhanced BCA Protein Assay
Kit (Beyotime Biotech, Shanghai, China); the quantita-
tive analysis was conducted using commercial ELISA
kits (MeiMian Industrial Co., Ltd, Yancheng, China)
according to the manufacturer’s instructions. The
results were expressed as ng/g total protein.

DNA Extraction of Jejunal Bacterial
Genome

Total jejunal bacterial genomic DNA samples were
extracted using FastDNA SPIN extraction kits (MP
Biomedicals, Santa Ana, CA, USA) according to the
manufacturer’s instructions. The quantity and quality
of harvested DNAs were measured using a NanoDrop
ND-1000 spectrophotometer and 0.8% agarose gel elec-
trophoresis, respectively.

16S rDNA Amplicon Pyrosequencing

PCR amplification of the bacterial 16S rRNA genes
V3 to V4 region was performed using the forward primer
338F (50-ACTCCTACGGGAGGCAGCA-30) and the
reverse primer 806R (50-GGACTACHVGGGTWTC-
TAAT-30). Sample-specific 7-bp barcodes were incorpo-
rated into the primers for multiplex sequencing. The
PCR system contained 5 mL of Q5 reaction buffer
(5!), 5 mL of Q5 High-Fidelity GC buffer (5!),
0.25 mL of High-Fidelity DNA Polymerase (5U/mL),
2 mL (2.5 mmol) of deoxyribonucleotide triphosphates,
1 mL (10 umol) of each forward and reverse primer,
2 mL of DNA template, and 8.75 mL of ddH2O. Thermal
cycling was composed of initial denaturation at 98�C for
2 min, followed by 25 cycles of denaturation at 98�C for
15 s, annealing at 55�C for 30 s, and extension at 72�C for
30 s, with a final extension of 5 min at 72�C. PCR ampli-
cons were purified with Agencourt AMPure Beads
(Beckman Coulter, Indianapolis, IN, USA) and quanti-
fied using the PicoGreen dsDNA Assay Kit (Invitrogen,
Carlsbad, CA, USA). After the individual quantification
step, amplicons were pooled in equal amounts, and
paired-end 2 ! 300 bp sequencing was performed using
the Illumina MiSeq platform with MiSeq PE250 at
Shanghai Personal Biotechnology Co. Ltd. (Shanghai,
China).
Sequence Analysis

The Quantitative Insights Into Microbial Ecology
(QIIME, v1.8.0) pipeline was employed to process the
sequencing data, as previously described (Caporaso
et al., 2010). Briefly, raw sequencing reads with exact
matches to the barcodes were assigned to respective
samples and identified as valid sequences. The low-
quality sequences were filtered using the following
criteria (Gill et al., 2006; Chen and Jiang, 2014):
sequences that had a length of ,150 bp, sequences
that had average Phred scores of ,20, sequences that
contained ambiguous bases, and sequences that
contained mononucleotide repeats of .8 bp. Paired-
end reads were assembled using FLASH (Magoc and
Salzberg, 2011). After chimera detection, the remaining
high-quality sequences were clustered into operational
taxonomic units (OTU) at 97% sequence identity by
UCLUST (Edgar, 2010). A representative sequence
was selected from each OTU using default parameters.
OTU taxonomic classification was conducted by
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi;
NCBI, Bethesda, MD) searching the representative se-
quences set against the Greengenes Database
(DeSantis et al., 2006) using the best hit (Altschul
et al., 1997). An OTU table was further generated to re-
cord the abundance of each OTU in each sample and
the taxonomy of these OTUs. OTUs containing less
than 0.001% of the total sequences across all samples
were discarded. To minimize the difference of
sequencing depth across samples, an averaged, rounded
rarefied OTU table was generated by averaging 100
evenly resampled OTU subsets under 90% of the mini-
mum sequencing depth for further analysis.
Bioinformatics and Statistical Analyses

Sequence data analyses were mainly performed using
QIIME and R package (v 3.2.0; Lucent Technologies,
Inc., Murray Hill, NJ) for MacOS. QIIME (http://
qiime.org) is an open-source bioinformatics pipeline for
performing microbiome analysis from raw DNA
sequencing data. In QIIME, raw sequencing data gener-
ated on the Illumina or other platforms can be designed
into scientific graphics and statistics, including OTU
picking, taxonomic assignment, and diversity analyses
and visualizations. OTU-level alpha diversity indices
(including Chao1 richness estimator, Abundance-based
Coverage Estimator [ACE] metric, Shannon diversity in-
dex, and Simpson index) were calculated using the OTU
table in QIIME. Beta diversity analysis was also per-
formed in QIIME to investigate the structural variation
of microbial communities across samples using UniFrac
distance metrics (Lozupone and Knight, 2005;
Lozupone et al., 2007) and visualized via nonmetric
multidimensional scaling (NMDS) (Ramette, 2007).
Linear discriminant analysis (LDA) effect size (LEfSe)
was used to detect differentially abundant taxa across
groups using the default parameters (Segata et al.,
2011), and significant enrichment was considered when
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log10 LDA score .2 and P , 0.05 at the same time. A
relative abundance matrix at the genus level for LEfSe
analysis was submitted via the Galaxy online analysis
platform (http://huttenhower.sph.harvard.edu/
galaxy/). Then, LEfSe can automatically perform statis-
tical analysis on the composition of each classification
level, and visualize the analysis results. Other statistical
analyses were conducted by one-way ANOVA using
SPSS 23.0 (IBM Corporation, Armonk, NY, USA) for
MacOS, and the results are expressed as the
mean6 SEM. A value of P, 0.05 was considered statis-
tically significant.
Figure 1. Beta diversity in jejunal microbiota of each group. n 5 3.
Abbreviations: cCON, chick control group; Cipro, ciprofloxacin lactate
treatment group; cCCAB, chicks from the b-carotene, curcumin, allicin,
and sodium butyrate supplementation group; MDS, multidimensional
scaling.
RESULTS

Sequencing Results and Quality Control

A total of 299,418 valid reads with length distribu-
tion at about 430 bp were harvested from raw
sequencing reads (Supplementary Figure 1), and
1,329 OTUs were identified from chicks’ jejunum con-
tent samples in this experiment (Supplementary
Figure 2). A rarefaction curve shows that experimental
samples with sufficient sequencing depth were repre-
sentative of the sampled population (Supplementary
Figure 3).
Alpha and Beta Diversity of Jejunal
Microbial Communities

To investigate the alpha diversity in each sample, the
Chao1 estimator, ACE, Simpson index, and Shannon di-
versity index were measured (Table 1), and these 4
indices in the Cipro group were significantly higher (all
P , 0.05) than those in the cCON group. The Chao1
estimator, ACE, and Shannon diversity indices in the
Cipro group were significantly increased (all P , 0.05)
compared to those in the cCCAB group, and there was
no statistical difference (P . 0.05) between cCON and
cCCAB groups in these 4 indices.

Beta diversity of microbiota in the jejunal content was
evaluated by using NMDS as shown in Figure 1, which
illustrates that replicates were clustered in the interior
of different groups, but the Cipro group was clearly sepa-
rated away from the cCON and cCCAB groups
(stress 5 0.0212).
Table 1. Alpha diversity indices in jejun

Chao1 ACE

cCON 406.27 6 37.93a 410.33 6 40
Cipro 591.41 6 49.42b 598.14 6 56
cCCAB 423.97 6 30.80a 425.55 6 32

a,bMeans with no common superscripts with
by Duncan’s multiple range test, n 5 3.

Abbreviations: cCON, chick control grou
curcumin, allicin, and sodium butyrate supp
lactate treatment group.
Changes in Jejunal Microbial Communities

The bacterial constituents at the phylum level in the
jejunal content of each group (Figure 2) show that the
average relative abundance of Firmicutes at 57.80% in
the chicks with ciprofloxacin lactate supplementation
was lower than that in cCON (97.70%), whereas Proteo-
bacteria (26.70%), Bacteroidetes (12.50%), and Fuso-
bacteria (1.47%) in the Cipro group were increased
compared to the corresponding values in the cCON
group (1.63, 0.20, and 0.0%, respectively). In addition,
except for the rare occurrence (relative
abundance , 1%) of Actinobacteria and Thermi in the
cCON and Cipro groups, Cyanobacteria, Tenericutes,
and other phyla (unclassified) appeared uniquely in the
Cipro group in very small proportions (,1%). However,
Firmicutes at 99.60% in the cCCAB group was higher
than that in the cCON group (97.70%), and Proteobac-
teria (0.33%) andBacteroidetes (0.07%) were lower than
the corresponding values in the cCON group (1.63 and
0.20%, respectively).
As shown in Table 2, at the genus level of jejunal micro-

bial communities, the average relative abundance of the
top 10 phyla in the Cipro group differed from the cCON
group. The main changes were that Lactobacillus at
al microbiota of each group.

Simpson Shannon

.65a 0.75 6 0.06a 3.94 6 0.31a

.15b 0.95 6 0.02b 6.14 6 0.34b

.17a 0.79 6 0.06a,b 4.50 6 0.53a

in a column differ significantly (P, 0.05)

p; cCCAB, chicks from the b-carotene,
lementation group; Cipro, ciprofloxacin

http://huttenhower.sph.harvard.edu/galaxy/
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Figure 2. The bacterial constituents at the phylum level in jejunal microbiota of each group. [Bacteria] refers to the official classification informa-
tion for the Greengenes database, but these recommendations have not been included in Berger’s Manual. n5 3. Abbreviations: cCON, chick control
group; Cipro, ciprofloxacin lactate treatment group; cCCAB, chicks from the b-carotene, curcumin, allicin, and sodium butyrate supplementation
group.
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26.73% in the Cipro group was decreased compared to the
cCON group (93.83%) and cCCAB group (87.6%), and
only Lactobacillus, Unclassified Comamonadaceae, and
Megamonas were present in the Cipro and cCON groups.
In the cCCABgroup, themain changeswere thatLactoba-
cillus at 87.6% was lower compared to the cCON group at
93.83%,butEnterococcusat7.5%washigher than the cor-
responding value in the cCON group at 0.93%.
Statistical Differences of Jejunal Microbiota

Linear discriminant analysis effect size was used to
identify significantly enriched microbiota from the
phylum to genus levels (Figure 3). The results show
that there were 67 taxa with significant differences
(log10 LDA score .2 and P , 0.05) between groups.
Table 2. The top 10 average relative abundance at the genus level in

Abundance
rank cCON (relative abundance %) Cipro

1 Lactobacillus (93.83) Lactobacill
2 Enterococcus (0.93) Unclassifie
3 Unclassified_Peptostreptococcaceae

(0.63)
Megamona

4 Unclassified_Comamonadaceae (0.60) Bacteroide

5 Unclassified_Lactobacillales (0.57) Unclassifie

6 Megamonas (0.30) Unclassifie

7 Unclassified_Enterobacteriaceae (0.30) [Ruminoco
8 Corynebacterium (0.30) Unclassifie
9 Unclassified_Leuconostocaceae (0.30) Sediminiba
10 Unclassified_Planococcaceae (0.30) Lachnospir

[Bacteria] means the official classification information for the Greengenes
Manual. n 5 3.

Abbreviations: cCON, chick control group; cCCAB, chicks from the b-carot
ciprofloxacin lactate treatment group.
Firmicutes in the jejunal content of the cCCAB group
was significantly enriched (P , 0.05) than that in the
cCON and Cipro groups, and Microbacteriaceae in the
cCON group was higher (P , 0.05) than the other
groups, but the other 65 taxa with statistical differences
were enriched (P , 0.05) in the Cipro group. And these
significantly enriched (P, 0.05) taxa in the Cipro group
were centralized in Proteobacteria, Cyanobacteria,
Fusobacteria, [Thermi], and Tenericutes phyla. In addi-
tion, 32 of the 65 enriched (P , 0.05) taxa were in the
Proteobacteria phylum of the Cipro group, including 3
classes (AlphaProteobacteria, BetaProteobacteria, and
EpsilonProteobacteria), 7 orders (Caulobacterales, Rhi-
zobiales, Sphingomonadales, Burkholderiales, Campylo-
bacterales, Pseudomonadales, and Xanthomonadales),
12 families (Caulobacteraceae, Bradyrhizobiaceae,
jejuna microbial communities of each group.

(relative abundance %) cCCAB (relative abundance %)

us (26.73) Lactobacillus (87.60)
d_Comamonadaceae (11.93) Enterococcus (7.50)
s (8.67) Unclassified_Lactobacillales (2.30)

s (5.70) Unclassified_Peptostreptococcaceae
(1.03)

d_Ruminococcaceae (4.40) Unclassified_Enterobacteriaceae
(0.30)

d_Clostridiales (3.43) Unclassified_[Mogibacteriaceae]
(0.30)

ccus] (2.87) Unclassified_Clostridiales (0.20)
d_Burkholderiales (2.47) Unclassified_Ruminococcaceae (0.17)
cterium (2.40) Megamonas (0.07)
aceae (2.30) [Ruminococcus] (0.07)

database, but these recommendations have not been included in Berger’s

ene, curcumin, allicin, and sodium butyrate supplementation group; Cipro,



Figure 3. Significantly enriched microbiota from the phylum to genus levels in jejunal microbiota of each group. _Bacteria_ refers to the official
classification information for the Greengenes database, but these recommendations have not been included in Berger’s Manual. n5 3. Abbreviations:
cCON, chick control group; Cipro, ciprofloxacin lactate treatment group; cCCAB, chicks from the b-carotene, curcumin, allicin, and sodium butyrate
supplementation group.
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Brucellaceae, Hyphomicrobiaceae,Methylobacteriaceae,
Rhizobiaceae, Sphingomonadaceae, Comamonadaceae,
Helicobacteraceae, Moraxellaceae, Pseudomonadaceae,
Figure 4. Neutrophil infiltration (arrow) in jejunal mucosa of each group.
chick control group; Cipro, ciprofloxacin lactate treatment group; cCCAB, c
plementation group.
and Xanthomonadaceae), and 9 genera (Bradyrhi-
zobium, Ochrobactrum, Methylobacterium, Agrobacte-
rium, Sphingomonas, Desulfovibrio, Helicobacter,
Bar5 50 mm (top row) and 20 mm (bottom row). Abbreviations: cCON,
hicks from the b-carotene, curcumin, allicin, and sodium butyrate sup-



Figure 5. Expression of inflammation-related genes in jejunums of
each group. The cCON group is hidden with mean 5 1. Significant dif-
ferences compared with the cCON group are expressed as *P , 0.05 by
Duncan’s multiple range test, n5 6. Abbreviations: cCON, chick control
group; Cipro, ciprofloxacin lactate treatment group; cCCAB, chicks
from the b-carotene, curcumin, allicin, and sodium butyrate supplemen-
tation group; INF-g, interferon gamma.
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Acinetobacter, and Pseudomonas). The other 33 signifi-
cantly enriched taxa of the Cipro group were mainly
distributed in the Cyanobacteria, Fusobacteria,
[Thermi], and Tenericutes phyla.

Neutrophil Infiltration in Jejunums

Neutrophils were identified using hematoxylin and
eosin staining (Figure 4). Increased neutrophils (arrows)
were observed at the jejunal submucosa area of chicks
supplemented with ciprofloxacin lactate, but neutrophil
infiltration in the jejunums of chicks hatched from the
breeder hens with dietary b-carotene, curcumin, allicin,
and sodium butyrate supplementation was at a similar
level compared to the cCON group.

Expression of Inflammation-Related
Factors and Genes in Jejunums

Regarding inflammation-related factors, the values of
LPS in jejunal content, NF-kB in jejunums, and TNF-a
in jejunums of the Cipro and cCCAB groups were signif-
icantly increased (all P , 0.05) compared with the
cCON group (Table 3). The expression of jejunal IL-6
gene in the Cipro group was significantly upregulated
compared to the cCON (P , 0.05) and cCCAB (P ,
0.05) groups, and the expression of jejunal IL-12 and
IL-4 genes was also upregulated (all P . 0.05) in the
Cipro and cCCAB groups compared to those in the
cCON group (Figure 5).

Expression of Immunoproteasome Genes
in Jejunums

As shown in Figure 6, the expression of jejunal protea-
some activator subunit 3 and 4 (PSME3 and PSME4)
genes was significantly upregulated in the cCCAB group
compared to the cCON and Cipro (both P , 0.05)
groups, and the PSME3 gene was upregulated (P ,
0.05) in the Cipro group compared to the cCON group.
DISCUSSION

There are multiple indices to access alpha diversity of
microbial communities, such as the Chao1 estimator and
the ACE estimator that illustrate the microbial richness
by evaluating the number of OTUs (Chao, 1984; Chao
Table 3. Inflammatory factors in jejunums (or jejunal content) of
each group.

LPS (ng/gprot)
NF-kB

(ng/gprot)
TNF-a

(ng/gprot)

cCON 9.72 6 2.75a 72.44 6 6.32a 4.65 6 0.44a

Cipro 25.65 6 4.05b 113.97 6 7.29b 6.82 6 0.51b

cCCAB 20.55 6 1.75b 112.02 6 2.41b 6.45 6 0.20b

a,bMeans with no common superscripts within a column differ signifi-
cantly (P , 0.05) by Duncan’s multiple range test, n 5 6.

Abbreviations: cCON, chick control group; cCCAB, chicks from the b-
carotene, curcumin, allicin, and sodium butyrate supplementation group;
Cipro, ciprofloxacin lactate treatment group; LPS, lipopolysaccharide;
NF-kB, nuclear factor kappa-B; TNF-a, tumor necrosis factor-a.
and Yang, 1993), while the Simpson index and
Shannon diversity index emphasize evenness on the
microbiota by calculating the differences in abundance
of each microbial community (Shannon, 1948;
Simpson, 1949). In this study, we found that the
jejunal microbiota of chicks supplemented with
ciprofloxacin lactate had higher richness and evenness
compared to the cCON and cCCAB groups according
to the alpha diversity results (Table 1), and the distribu-
tion of the Cipro group individuals in NMDS was distant
from that of the cCON and cCCAB groups for beta di-
versity analysis. Therefore, we suggest that the chicks
with ciprofloxacin lactate supplementation might lead
to higher richness, evenness, and varied microbial struc-
tures in jejunums, similar to the results of a recent study
reporting that broiler chickens supplemented with an
antibiotic (chlortetracycline) showed significantly
increased Chao1 and Shannon diversity indices in cecal
microbiota after 14 D of treatment (Hong et al., 2019),
and a previous study considered antibiotic therapy as a
Figure 6. Expression of immunoproteasome genes in jejunums of
each group. The cCON group is hidden with mean 5 1. Significant dif-
ferences compared with the cCON group are expressed as *P, 0.05, and
significant differences between the Cipro group and the cCCAB group
are expressed as #P , 0.05 by Duncan’s multiple range test, n 5 6.
Abbreviations: cCON, chick control group; Cipro, ciprofloxacin lactate
treatment group; cCCAB, chicks from the b-carotene, curcumin, allicin,
and sodium butyrate supplementation group; PSME3 and PSME4, pro-
teasome activator subunit 3 and 4.
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factor that influenced the intestinal microbial composi-
tion (Cisek and Binek, 2014).

We also observed that there were obvious changes in
jejunal microbial communities of the chicks supple-
mented with ciprofloxacin lactate in taxonomy and sta-
tistics. At the phylum level in taxonomy, the jejunal
communities in the cCCAN group were similar to the
cCON group in general, but the Cipro group had
decreased Firmicutes and increased Proteobacteria
compared to the cCON and cCCAB groups. As for the
genus level, the primary changes in the jejunal micro-
biome between the cCON and cCCAB groups were
that the cCCAB groups showed slightly lower levels of
Lactobacillus of relative abundance and slightly higher
Enterococcus. However, Lactobacillus in the jejunal mi-
crobial communities of the Cipro group decreased largely
compared to the cCON and cCCAB groups, and the to-
tal relative abundance of the top 10 genera in the Cipro
group was 70.90% only (cCON 98.06%, cCCAB
99.54%), which also supported the results of alpha diver-
sity. Xiao et al. (2017) reported that Firmicutes is the
major phylum, and Lactobacillus, widely reported in
probiotics, is the most predominant genus in jejunal
microbiota of broiler chicken. Therefore, we suggest
that ciprofloxacin lactate supplementation could change
the jejunal microbial communities from the phylum to
genus levels according to the comparison between
groups.

In statistical differences of microbial communities, a
total of 67 significantly enriched taxa were identified
from phyla to genera levels; 65 of the 67 taxa belonged
to the Cipro group, and 32 of the 65 taxa were classified
in Proteobacteria. Although Proteobacteria is a minor
constituent in the intestines of poultry, this group in-
cludes many pathogenic bacteria in this phylum, such
as Escherichia coli, Salmonella, Vibrio cholerae, and
Helicobacter, etc. (Shin et al., 2015). Moreover, Bradyr-
hizobium, Ochrobactrum,Methylobacterium, Agrobacte-
rium, Sphingomonas, Desulfovibrio, Helicobacter,
Acinetobacter, and Pseudomonas genera (classified in
the Proteobacteria phylum) in the Cipro group were
significantly enriched. Therefore, we investigated the
relationship between these genera and hosts from limited
studies. Ochrobactrum species are Gram-negative rods
belonging to the family Brucellaceae; in particular,
Ochrobactrum anthropic and Ochrobactrum interme-
dium have been increasingly reported as emerging path-
ogens with infecting capacity in animals (Daxboeck
et al., 2002; Teyssier et al., 2005; Hong et al., 2016).
Green (2006) suggested that Methylobacterium species
also are Gram-negative potential opportunistic patho-
gens, because they are also found in a variety of contam-
inants. The genus Desulfovibrio with the function of
dissimilatory sulfate reduction may play an important
role in the development of ulcerative colitis in humans
(Gibson et al., 1993). Helicobacter species are increas-
ingly recognized as microbial pathogens in humans and
animals, and Helicobacter pullorum is associated with
enteritis and hepatitis in broiler chickens and laying
hens, and diarrhea, gastroenteritis, and liver disease in
humans (Young et al., 2000; Ceelen et al., 2005).
Acinetobacter species are emerging as common
pathogens involving the urinary and respiratory tracts
in humans (Wise and Tosolini, 1990). And Pseudomonas
aeruginosa is the most common cause of Gram-negative
pneumonia in humans (Dominguez et al., 2012). Howev-
er, Firmicutes in the cCCAB group was significantly
enriched in our study, and a previous study reported
that Firmicutes is the most predominant phylum in
Hy-Line layer chicks at 28 D of age (Ballou et al.,
2016), with fermentation capacity, enabling the fermen-
tation of more volatile fatty acids and thereby promot-
ing growth performance (Ley et al., 2005). Therefore,
our study suggests that 1) chicks with ciprofloxacin
lactate administration might lead jejunal microbiota
communities toward disorder and abnormality and 2)
good growth performance in chicks hatched from laying
breeder hens with dietary b-carotene, curcumin, allicin,
and sodium butyrate supplementation might depend
on the enriched Firmicutes in jejunum.
Microbiota play a fundamental role in induction, edu-

cation, and function of the host immune system (Belkaid
and Harrison, 2017), and disruption of the microbiota by
antibiotics use early in life causes an increased risk of
inflammation (Scott et al., 2018); so the inflammation-
related and immunity-related parameters were investi-
gated in this study. In histological observations, we
found that there were more neutrophils in the jejunal
mucosa of the Cipro group; the LPS in jejunal content,
and NF-kB and TNF-a in jejunums were increased
significantly in the Cipro group; and the jejunal IL-6
gene was significantly upregulated in the Cipro group.
During the process of inflammation, LPS stimulation is
transferred into the intestinal epithelium by Toll-like re-
ceptor (Cario et al., 2000), and then the NF-kB tran-
scription family is activated to induce transcription of
proinflammatory factors (Tak and Firestein, 2001),
such as TNF-a, IL-6, and IL-12, with IL-6 regulating
the recruitment of neutrophils to remove inflammation
via STAT3 (Fielding et al., 2008). In our study, the
increased LPS in jejunal content of the Cipro group
might be caused by the disrupted microbiota and signif-
icantly enriched Gram-negative bacteria, such as Bra-
dyrhizobium, Ochrobactrum, Methylobacterium,
Agrobacterium, Sphingomonas, Helicobacter, Acineto-
bacter, and Pseudomonas genera, etc. (information
source: MicrobeWiki, https://microbewiki.kenyon.edu/
index.php/MicrobeWiki). Consequently, our study
showed that chicks with ciprofloxacin lactate adminis-
tration caused inflammatory response in jejunums via
ciprofloxacin lactate-induced microbial disturbances to
interfere with intestinal immunity and growth. However,
we noticed that the levels of LPS, NF-kB, and TNF-a in
the cCCAB group were also significantly increased, but
expression of IL-6 gene and neutrophils infiltration
were at a common level, and PSME3 and PSME4 genes
were upregulated significantly. The increased LPS in the
jejunal content of the cCCAB group might be caused by
the significantly enriched Firmicutes (Figure 3) and the
higher richness of microbiota in jejunums (Table 1),

https://microbewiki.kenyon.edu/index.php/MicrobeWiki
https://microbewiki.kenyon.edu/index.php/MicrobeWiki
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because there are Gram-negative stains partly in Firmi-
cutes (Vesth et al., 2013). TNF-a not only plays a key
role in inflammatory response, but also controls the
immunoproteasome expression for regulating T cell dif-
ferentiation and survival (Zaiss et al., 2008). Also,
immunoproteasome with identified functions in antigen
processing for major histocompatibility complex class I
helps to diversify the antigenic peptide repertoire facili-
tating an improved adaptive immune response
(Kloetzel and Ossendorp, 2004). Thus, we suggest that
the improved jejunal immunity might be contributed
by jejunal microbial communities upregulating PSME3
and PSME4 indirectly in the chicks hatched from laying
breeder hens with dietary b-carotene, curcumin, allicin,
and sodium butyrate supplementation.
In summary, ciprofloxacin lactate administration led

to potential hazards in health and growth in chicks via
microbial disturbances-induced jejunal inflammation,
while the chicks hatched from laying breeder hens with
dietary b-carotene, curcumin, allicin, and sodium buty-
rate supplementation maintained enhanced jejunal im-
munity via the interaction between the host innate
immunity selected microbial colonization and micro-
biota educated adaptive immunity, possibly. Our study
also suggests that 1) long-term antibiotics treatment in
the chicks’ early life disrupted jejunal microbial commu-
nities to impact the development of jejunal adaptive im-
munity, even inducing inflammation to harm health and
growth and 2) development of the offspring chicks in
early life benefited from the enhanced maternal immu-
nity by nutritional interventions, and the better jejunal
immunity of their offspring chicks might depend on the
chick’s innate immune foundation, as well as the
evolving adaptive immunity generated by the constant
struggle between the host and intestinal microbiota.
Moreover, this study indicates that nutritional interven-
tions in laying breeder hens have natural advantages for
offspring chicks in early life, and maternal effects may be
a potential way to improve chick health and reduce anti-
biotic use in the poultry industry. We also suggest that
strategies should be explored for promoting the health
of breeder hens, and that antibiotics as medicines or ad-
ditives must be used carefully in chicks.
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