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ABSTRACT This study evaluated the growth per-
formance, immunity, and jejunum morphology of chicks
hatched from laying breeder hens given dietary additive
supplementation, as well as chicks receiving direct an-
tibiotic supplementation in early life. Hy-line breeder
hens were allotted to 2 groups with 3 replicates. A con-
trol group (CON) was fed a basal diet, and the treat-
ment group (CCAB) received β-carotene, curcumin, al-
licin, and sodium butyrate in addition to basal diet for
5 wk. Breeder–hen eggs were collected and hatched. The
chicks hatched from the CON group were assigned to 2
treatments: a chick control group (cCON) and a chick
treatment group (Cipro) given ciprofloxacin lactate into
drinking water; the cCON group, Cipro group, and the
chicks hatched from the CCAB group (cCCAB) were
fed the same diet for 4 wk. The results demonstrated
that there were significant differences between the CON
and CCAB groups in the serum levels of IgA, IgG, IgM
(triple P < 0.01), lysozyme (P < 0.05), and β-defensin

(P < 0.05). The body weights of the cCCAB group’s
chicks increased at 1, 7, and 28 D of age (P < 0.05,
P < 0.05, P < 0.01, respectively), and those of the
Cipro group’s chicks increased at 7 and 21 D of age
(P < 0.01, P < 0.05). The tibial lengths of the cCCAB
group’s chicks increased at 1, 7, 14, 21, and 28 D of age
(P < 0.01, P < 0.05, triple P < 0.01), and the lengths
in the Cipro group increased at 7 and 14 D of age
(P < 0.01, P < 0.01). Intestinal development, including
intestinal length, jejunum morphology, and IgA posi-
tive cells, helps to explain these results. The breeder
eggs from the CCAB group had higher IgG (P < 0.05)
and IgM (P < 0.05) levels in the egg whites and higher
IgA, IgG, and IgM levels (triple P < 0.01) in the egg
yolks. In conclusion, β-carotene, curcumin, allicin, and
sodium butyrate supplementation of laying breeder hen
diets produced more advantages in growth performance
and intestinal development in offspring than in chicks
directly supplemented with antibiotics.
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INTRODUCTION

Eggs play an important role in human diets and pro-
vide a variety of nutrients. Therefore, development of
the egg-laying industry is important (Wilson, 2017).
However, egg production in modern farming is a com-
plex process that includes breeder–hen farming, hatch-
ing, rearing periods, and laying periods. Each stage
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in this process presents potential hazards for produc-
tion. Importantly, the health of the chicks directly de-
termines production performance and egg quality dur-
ing the laying period (Lang et al., 2019). According to
previous studies, newborn chicks experience relatively
high mortality rates, posing challenges for the laying
industry. To guarantee the growth and health of chicks,
antibiotics have been widely used to increase feed con-
version, prevent disease, and promote growth during
early life (Emami et al., 2012; Chattopadhyay, 2014).
However, a substantial amount of evidence suggests
that the increasing problem of antibiotic resistance is
associated with the large-scale use of antibiotics in the
poultry industry (Forgetta et al., 2012), and the high
prevalence of multiresistant Salmonella, E. coil, and
Campylobacter spp. influences meat and egg quality
(Schwaiger et al., 2012; Yulistiani et al., 2017). A num-
ber of strategies have been proposed to reduce the use
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of antibiotics in the poultry-farming industry, includ-
ing phytogenic feed additives, phytoncides, and organic
acids (Mehdi et al., 2018).
β-carotene is a type of pro-vitamin A carotenoid

with beneficial effects on antioxidation and immunity
and has been widely used in different areas (Vrolijk
et al., 2015). Curcumin has long been used as a di-
etary spice, and recent research has shown that cur-
cumin possesses immunomodulatory, antioxidant, and
anti-inflammatory properties and is used as an herbal
medication for the treatment of inflammation (Sharma
et al., 2005). Allicin, a sulfur-containing and volatile
compound, is found in white garlic and possesses a va-
riety of beneficial biological effects, including antimi-
crobial, antioxidant, and immunomodulatory activities
(Salehi et al., 2019). Butyrate is a short-chain fatty acid
produced by microbiota in the large intestine of ani-
mals and has multiple functions that benefit the cells
of the gut, including immune modulation and oxida-
tive stress reduction (Bedford and Gong, 2018). There-
fore, because of their natural and beneficial effects, this
study used these 4 substances as dietary additives to
promote animal health.
β-carotene, curcumin, allicin, and sodium butyrate

were used to supplement breeder laying hen diets in
an attempt to improve their immunity and to observe
the growth performance, immunity, and intestinal mor-
phology of their offspring in the early life period. These
characteristics were compared with those of chicks di-
rectly given antibiotic supplementation in their diets.

MATERIALS AND METHODS

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

Bird Management

A total of 162 Hy-line Brown laying breeder hens
(Rhode Island White) at the age of 45 wk of age and
with a similar physiological status were randomly al-
lotted to 2 treatment groups (control group [CON] and
a β-carotene, curcumin, allicin, and sodium butyrate
supplementation group [CCAB]), with 3 replications
of 27 hens in each group. Hens were kept in cages
(60 × 40 × 40 cm3) equipped with 2 nipple drinkers
and 1 feeder, with 3 hens per cage. Semen was col-
lected from heathy male chickens (Rhode Island Red)
and injected into the ovaries of the hens. Artificial in-
semination was conducted once every 5 D in the af-
ternoon. A total of 150 eggs from each group was col-
lected on the last 3 D of the experimental period and
hatched under standard conditions of 70 to 80% hu-
midity at 37.8°C with intermittent rotation. The ex-
periment was carried out at the Changchun Academy
of Agricultural Science, Changchun, China. The num-
ber of dead embryos and fertile eggs were determined
by candling eggs on 19 D of incubation. After incuba-
tion, 60 healthy male chicks from the CON group with

Table 1. Chick-brooding management.

Age 0–3 D 4–7 D 8–14 D 15–21 D 22–28 D

Air temperature (°C) 35–36 33–35 31–33 29–31 26–27
Light intensity (Lux) 30–50 30–50 25 25 25
Light hours (h) 22 21 20 19 18
Relative humidity (%) 60 60 60–40 60–40 60–40

Table 2. Basal diet composition of experimental laying breeder
hens and chicks.

Items Laying breeder hen diet Chick diet

Ingredient (%)
Corn 60.00 56.19
Soybean meal 22.30 19.61
Limestone 9.00 1.53
Wheat middling and red dog 3.00 8.00
Soybean oil 1.50 –
Puffed soybean – 8.00
Corn gluten meal – 2.00
Fish meal – 2.00
CaHPO4 1.50 1.10
Premix1 1.40 1.00
Choline chloride 0.45 0.06
NaCl – 0.25
Lys 0.35 0.15
Thr 0.30 0.10
Met 0.20 0.01
Total 100 100
Calculated composition2 (%)
ME(KJ/kg) 11.22 12.90
CP 15.85 20.20
Ca 3.76 1.05
Available phosphorus 0.460 0.380
Lys 1.100 1.128
Methionine 0.430 0.487
Met+Cys 0.726 0.847

1The premix provided the following per kg of diet: Vitamin A 8,000
IU, Vitamin D 3,750 IU, Vitamin E 100 mg, Vitamin K3 3 mg, Vitamin
B2 12.5 mg, Vitamin B6 9 mg, Vitamin B12 0.03 mg, pantothenic acid
18 mg, niacin 60 mg, folic acid 1.5 mg, biotin 0.225 mg, Fe 80 mg, Cu
9 mg, I 0.9 mg, Se 0.3 mg, Mn 12.55 mg, and Zn 25.2 mg.

2Values were calculated from data provide by the China Feed
Database (2013).

similar body weights were divided into 2 groups (a chick
control group [cCON] and a ciprofloxacin lactate treat-
ment group [Cipro]) with each group comprising of 30
chicks each. Another 30 male chicks were selected from
the CCAB-group eggs and formed a group (cCCAB).
These chicks were housed in 3 cages (70 × 65 × 40
cm3) at the same altitude under a standard brooding
management system with gradually deceasing tempera-
tures ranging from 36 to 26°C. The details of the chick
brooding management are shown in Table 1, and the
management was in accordance with the management
guide provided by Hy-line International Co., Ltd, USA.
The body weights and tibial lengths of all the chicks
were recorded at 7, 14, 21, and 28 D of age.

Experimental Design and Diets

After 1-wk acclimation period, the breeder hens of
the CON group were fed a basal diet, as shown in
Table 2, while the hens of the CCAB group were
fed the same basal diet supplemented with 60 mg/kg
β-carotene, 250 mg/kg curcumin, 250 mg/kg allicin,
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and 500 mg/kg sodium butyrate (Shaanxi Kingreg
Biotech Co., Ltd, China). All hens were allowed to
eat and drink freely. The laying breeder hens exper-
iment lasted 5 wk and included a 1-wk acclimation
period. All chicks were fed a single basal diet (Table 2)
and allowed to eat and drink at will. The Cipro group
had 100 mg/L ciprofloxacin lactate (Shaanxi Kingreg
Biotech Co., Ltd, China) added to their drinking water,
and they were allowed to eat and drink at will. The di-
rect ciprofloxacin lactate supplementation experiment
lasted 4 wk.

Sample Collection

At the termination of the experimental period, blood
samples were collected from the wing vein of each
chick replicate and placed into vacuum blood-collection
tubes. The serum was centrifuged at 3,000 r for 15 min
and stored at –80°C. To observe IgA-positive cells and
intestinal morphology, the intermediate part of duode-
num, jejunum, and ileum of each chick was fixed in
4% paraformaldehyde. Intestinal lengths were measured
following euthanasia.

Detection of IgA-positive Cells

To prepare formalin-fixed and paraffin-embedded
(FFPE) tissue sections for immunofluorescence, sam-
ples from the duodenum, jejunum, and ileum were fixed
in 4% paraformaldehyde and embedded in paraffin ac-
cording to conventional methods. Briefly, 5-μm thick
sections were cut onto gelatinized slides. The slides
were deparaffinized and rehydrated and placed in an
antigen retrieval solution (SolarBio, China) in a boil-
ing water bath for 30 min. The slides were blocked us-
ing goat serum and incubated at room temperature for
20 min. Sections were then stained with mouse anti-
chicken IgA-FITC (SouthernBiotech, USA) in humid-
ified chambers overnight at 4°C. After washing with
PBS, the nuclei were stained using Hoechst 33,258
(SolarBio, China). The autofluorescence of the FFPE
tissue sections were diminished using sodium borohy-
dride according to the method of Davis et al. (2014). A
total of 162 sections (3 groups × 6 birds per group ×
3 intestinal segments with 3 replicates) were observed
using an inverted microscope (Axio Examiner ZEISS,
Germany), and ZEN lite for Windows was used to pho-
tograph images under 100× magnification. It should be
ensured that more villus and crypt appeared under the
microscope; the number of IgA-positive cells of per vil-
lus was calculated by Image J software (NIH, USA).

Determination of Serum and Egg Immune
Parameters

The IgA, IgG, IgM, lysozyme (LZM), and β-defensin
(β-DF) in the serum of laying breeder hens and their
offspring were determined using commercial ELISA kits
(MeiMianBio, China) according to the manufacturer’s

instructions. Immunoglobulins were extracted from egg
yolks and egg whites according to the method of Hamal
et al. (2006) and detected by ELISA.

Observations of Intestinal Morphology

The FFPE duodenum, jejunum, and ileum sections
(5-μm thickness) were stained using hematoxylin and
eosin (HE) according to standard methods and pho-
tographed under 100× magnification. Villous length
and crypt depths were measured using ZEN lite under
40× magnification.

Statistical Analyses

Statistical analyses were conducted by Student’s
t-test and one-way ANOVA using SPSS 23.0 for Ma-
cOS, and the results are expressed as the mean ± SEM.
A value of P < 0.05 and P < 0.01 was considered sta-
tistically significant.

RESULTS

Serum Immune Parameters of Laying
Breeder Hens

The effects of dietary β-carotene, curcumin, allicin,
and sodium butyrate supplementation on serum im-
munoglobulins and immunologically active substances
of laying breeder hens are shown in Table 3. The serum
levels of IgA, IgG, IgM, LZM, and β-DF in the CCAB
group were significantly higher (P < 0.01, P < 0.01,
P < 0.01, P < 0.05, P < 0.05) than those of the CON
group at the end of the experimental period (28 D).

Growth Performance of Offspring

The body weights and tibial lengths of the chicks are
shown in Table 4. Body weight in the Cipro group was
significantly higher than that in the cCON group at
the age of 7 D (P < 0.05) and 21 D (P < 0.05), and
tibial length was longer at the age of 7 D (P < 0.01),
14 D (P < 0.01), and 28 D (P < 0.05). Body weight in
the cCCAB group was higher than that in the cCON
group at the age of 1 D (P < 0.05), 7 D (P < 0.05), 21 D
(P < 0.01), and 28 D (P < 0.01), and the tibial length
was longer at the age of 1 D (P < 0.01), 7 D (P < 0.05),
14 D (P < 0.01), 21 D (P < 0.01) and 28 D (P < 0.01).

Serum Immune Parameters of Offspring

The effects of breeder hen dietary β-carotene, cur-
cumin, allicin, and sodium butyrate supplementation
on the serum immune parameters of the offspring, and
the effects of ciprofloxacin lactate treatment on serum
immune parameters at the ages of 7, 14, 21, and 28 D
are shown in Figure 1. Compared with the cCON group,
the serum IgA levels (Figure 1A) of the Cipro and cC-
CAB groups were significantly decreased at the age of
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Table 3. Effects of β-carotene, curcumin, allicin, and sodium butyrate supplementation on
serum immune parameters of breeder hens.

IgA IgG IgM LZM β-DF

CON 4772.53 ± 94.45 45.70 ± 3.07 1735.34 ± 187.58 21.53 ± 1.67 20.03 ± 0.92
CCAB 8585.07 ± 123.28** 62.06 ± 4.76** 2756.53 ± 200.37** 28.02 ± 0.68* 22.51 ± 1.26*

CON, the control group; CCAB, the β-carotene, curcumin, allicin and sodium butyrate supplemen-
tation group; IgA, immunoglobulin A (ng/L); IgG, immunoglobulin G (μg/mL); IgM, immunoglobulin
M (ng/mL); LZM, lysozyme (U/L); β-DF, β-defensin (ng/L). Significant differences in comparison with
the CON group are expressed as *P < 0.05 and **P < 0.01 by Student’s t-test. n = 10 breeder hens
per group.

Table 4. Effects of laying breeder hen dietary β-carotene, curcumin, allicin, and sodium
butyrate supplementation on growth performance of offspring and the effects of ciprofloxacin
lactate treatment on chick growth performance.

Body weight (g)

Age 1 D 7 D 14 D 21 D 28 D

cCON 41.36 ± 0.97 60.19 ± 2.61 131.30 ± 2.60 208.07 ± 2.60 318.02 ± 5.70
Cipro 43.65 ± 0.69 65.56 ± 3.73** 133.30 ± 3.11 223.80 ± 3.11* 321.77 ± 8.67
cCCAB 44.15 ± 0.81* 64.53 ± 3.91* 137.02 ± 2.68 235.6 ± 2.68** 377.93 ± 6.75**

Tibial length (mm)
cCON 28.28 ± 0.41 33.25 ± 1.25 42.86 ± 0.46 52.43 ± 0.46 59.16 ± 0.78
Cipro 29.39 ± 0.27 34.41 ± 0.64** 45.46 ± 0.31** 52.48 ± 0.31 60.70 ± 0.96
cCCAB 30.71 ± 0.26** 34.09 ± 0.84* 46.39 ± 0.47** 57.71 ± 0.47** 66.52 ± 0.68**

cCON, chick control group; Cipro, ciprofloxacin lactate treatment group; cCCAB, chicks from the
CCAB group. Significant differences in comparison with the cCON group are expressed as *P < 0.05
and **P < 0.01 by ANOVA and post-hoc least square difference test. n = 30 chicks per group at 1 and
7 D of age; n = 24 chicks per group at the 14 D of age; n = 18 chicks per group at the 21 D of age;
n = 12 chicks per group at the 28 D of age.

14 D (P < 0.01, P < 0.01) and 21 D (P < 0.01, P
< 0.01), but then increased at the age of 28 D (P <
0.01, P > 0.05). The serum IgG (Figure 1B) levels in
the Cipro and cCCAB groups were decreased at 7 D
(P < 0.01, P < 0.01), but increased at the age of 14 D
(P < 0.01, P < 0.01) and 28 D (P < 0.01, P < 0.01).
The serum IgM (Figure 1C) levels in the Cipro and cC-
CAB groups were increased at the age 7 D (P < 0.01,
P < 0.05), but then decreased at the age of 14 D (P <
0.01, P < 0.01) and 21 D (P < 0.05, P < 0.01). The
levels of serum LZM (Figure 1D) in the Cipro and cC-
CAB groups were increased at the age of 14, 21, and
28 D (all P < 0.01). The levels of β-DF (Figure 1E)
in the Cipro and cCCAB groups were increased at the
age of 21 D (P < 0.01, P < 0.05) and 28 D (P < 0.01,
P < 0.01), and in the cCCAB group the levels were in-
creased at the age of 14 D (P < 0.01). In addition, there
was a significant difference between the Cipro group
and the cCCAB group on at the age of 14 D. Com-
pared with the Cipro group, the serum IgG and LZM
levels of the cCCAB group were decreased (P < 0.01,
P < 0.01), but the serum IgA and β-DF levels were
increased (P < 0.05, P < 0.01).

Jejunum Morphology of Offspring

The intestinal lengths of the chicks are shown in
Table 5. The Cipro group exhibited increased lengths

at the age of 7 D (P < 0.01) and 14 D (P < 0.05), while
the cCCAB group showed increases at the age of 7 D
(P < 0.01) and 28 D (P < 0.05).

The effects of breeder hen dietary β-carotene, cur-
cumin, allicin, and sodium butyrate supplementation
on the jejunum morphology of their progeny and the
direct effects of ciprofloxacin lactate treatment on je-
junum morphology at the age of 7, 14, 21, and 28 D
are shown in Figure 2. At the age of 7 D, the villus
height, crypt depth, and villus height to crypt depth
ratio (VCR) of the jejunum among the cCON, Cipro,
and cCCAB groups remained even and without appar-
ent differences (P > 0.05). However, at the age of 14 D,
the height of the villi in the jejunums from the Cipro
and cCCAB groups became higher (P < 0.01, P < 0.01)
than in the cCON group, and jejunum crypt depths of
the Cipro group was increased (P < 0.05) compared
with that of the cCON group. The villous height of the
jejunums from the cCCAB group was significantly in-
creased (P < 0.01) in comparison to the Cipro group at
the age of 21 D. When it comes to the age of 28 D, in a
comparison with the cCON group, the villous height
of the jejunums in the cCCAB group was increased
(P < 0.05), but in the Cipro group was decreased
(P < 0.05), there was a significant difference between
the cCCAB and Cipro groups: the VCR in the jejunums
from the cCCAB group was higher (P < 0.01) than in
the Cipro group.
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Figure 1. Effects of laying breeder hen dietary β-carotene, curcumin, allicin and sodium butyrate supplementation on the serum immune
parameters of offspring chicks and the effects of ciprofloxacin lactate treatment on serum immune parameters. cCON, chick control group; Cipro,
ciprofloxacin lactate treatment group; cCCAB, chicks from the CCAB group. IgA, immunoglobulin A (ng/L); IgG, immunoglobulin G (μg/mL);
IgM, immunoglobulin M (ng/mL); LZM, lysozyme (U/L); β-DF, β-defensin (ng/L). Data are expressed as the mean ± SEM at each time point,
n = 6 chicks per group. Significant differences compared with the cCON group are expressed as *P < 0.05 and **P < 0.01, and significant
differences between the Cipro group and the cCCAB group are expressed as #P < 0.05 and ##P < 0.01 by least square difference test.

Table 5. Effects of laying breeder hen dietary β-carotene, cur-
cumin, allicin, and sodium butyrate supplementation on the in-
testinal length (cm) of chicks and the effects of ciprofloxacin
lactate treatment on chick intestinal length.

Age 7 D 14 D 21 D 28 D

cCON 46.67 ± 2.14 56.33 ± 1.33 74.00 ± 1.44 77.17 ± 1.62
Cipro 58.50 ± 0.62** 61.67 ± 1.76* 75.67 ± 1.41 74.33 ± 0.67
cCCAB 56.00 ± 1.06** 59.00 ± 1.69 74.17 ± 2.70 83.50 ± 2.08*

cCON, chick control group; Cipro, ciprofloxacin lactate treatment
group; cCCAB, chicks from the CCAB group. Significant differences
in comparison with the cCON group are expressed as *P < 0.05 and
**P < 0.01 by ANOVA and post-hoc least square difference test. n = 6
chicks per group at each time point.

IgA-Positive Cells in the Small Intestine of
Offspring

In chicks at the age of 7 D (Figure 3), the IgA-positive
cells in the duodenums, jejunums, and ilea of the
Cipro and cCCAB groups were significantly increased
(P < 0.05) compared with the cCON group. The num-
ber of IgA-positive cells in the duodenums of the cC-
CAB group were also significantly increased (P < 0.05)
compared with those in the Cipro group.

In chicks at the age of 14 D (Figure 4), the IgA-
positive cells were increased (P < 0.05) in the duo-
denums, jejunums, and ilea of the Cipro and cCCAB
group compared with the cCON group, and the num-
ber of IgA-positive cells in the duodenums and ilea
of the Cipro group were higher (P < 0.05) than the
cCCAB group.

In chicks at the age of 21 D (Figure 5), the IgA-
positive cells in the ilea from the cCCAB group were
increased (P < 0.05) compared to the cCON and Cipro
groups, while the duodenum and jejunum IgA-positive
cells from the cCCAB and cCON groups were increased
compared (P < 0.05, P < 0.05) with those of the Cipro
group.

In chicks at the age of 28 D (Figure 6), the IgA-
positive cells in the duodenums, jejunums, and ilea of
the Cipro and cCON groups were significantly lower
(P < 0.05) than that of the cCCAB group.

Immunoglobulins in Breeder Eggs

The effects of laying breeder hen dietary β-carotene,
curcumin, allicin, and sodium butyrate supplementa-
tion on immunoglobulin concentrations in breeder eggs
are shown in Table 6. Our results show that the levels
of IgG and IgM in the egg whites of the CCAB group
were significantly increased (P < 0.05, P < 0.05) and
that the levels of IgA, IgG, and IgM in egg yolks were
higher (triple P < 0.01) than in the CON group.

Fertilizing Capacity and hatchability of
Breeder Eggs

The effects of laying breeder hen dietary β-carotene,
curcumin, allicin, and sodium butyrate supplementa-
tion on fertilizing capacity and hatchability of breeder
eggs are shown in Table 7. The embryo mortality of the
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Figure 2. Effects of laying breeder hen dietary β-carotene, curcumin, allicin and sodium butyrate supplementation on jejunum morphology
of offspring chicks and effects of direct ciprofloxacin lactate treatment on chick jejunum morphology at the age of 7, 14, 21, and 28 D. cCON,
chick control group; Cipro, ciprofloxacin lactate treatment group; cCCAB, chicks from the CCAB group; VCR, villus height to crypt depth ratio.
Bar = 100 μm (100×). Data are expressed as the mean ± SEM, n = 6 chicks per group. Significant differences compared with the cCON
group are expressed as *P < 0.05 and **P < 0.01, and significant differences between the Cipro group and the cCCAB group are expressed as
#P < 0.05 and ##P < 0.01 by least square difference test.

CCAB group was significantly decreased (P < 0.05)
than that of the CON group.

DISCUSSION

Immunoglobulins play an essential role in immune
regulation. IgA is crucial for protection at mucosal sur-
faces by preventing the entry (Bienenstock et al., 1973),
IgM performs three main functions: the regulation of
subsequent immune response, facilitating the produc-
tion of IgG and the first immune response against for-
eign antigens (Ehrenstein et al., 2000), β-DF and LZM
belong to innate immunity with antimicrobial activity.
In this study, the increasing levels of IgA, IgG, IgM,

β-DF, and LZM in serum (Table 3) show that
β-carotene, curcumin, allicin, and sodium butyrate sup-
plementation in the diets of breeder laying hens had
a notable effect on their humoral immunity. Previous
reports have shown that higher β-carotene supplemen-
tation in Gray Partridge diets improved the immune
conditions of female birds (Cucco et al., 2006), while
fermented garlic powder administration may also en-
hance immunity in broilers (Ao et al., 2011); curcumin
supplementation has also been shown to improve the
total serum Ig and IgG titers after SRBC injection in
Hy-line hens (Arshami et al., 2013), and butyrate sup-
plementation in poultry enhances gut health and egg
production (Bedford and Gong, 2018), which suggests
that β-carotene, curcumin, allicin, and sodium butyrate
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Figure 3. Effects of laying breeder hen dietary β-carotene, curcumin, allicin and sodium butyrate supplementation on IgA-positive cells of the
small intestine in offspring chicks and the effects of ciprofloxacin lactate treatment on IgA-positive cells of the small intestine at the age of 7 D.
cCON, chick control group; Cipro, ciprofloxacin lactate treatment group; cCCAB, chicks from the CCAB group. 100×.

Data are represented as mean ± SEM, a,b,cMeans with no common superscripts within a row differ significantly (P < 0.05) by Duncan’s
multiple range test, n = 60 villi (6 chicks of 10 villi each) per group.

improved breeders immunocompetence via physiologi-
cal functioning.

To study the effects of β-carotene, curcumin, allicin,
and sodium butyrate supplementation on the offspring
of breeders, the body weights and tibial lengths of
chicks were measured in their early life. The results
showed that the chicks of the cCCAB group consis-
tently exhibited better growth performance. However,
the growth performance of chicks given ciprofloxacin
lactate supplementation was enhanced before 14 D, but
soon afterwards, the effects of growth promotion was no
longer significant. A study by Yazdi et al. (2014) also
found that newly hatched broiler chicks treated with
antibiotics improved their body weights at the age of 14
D, but there was a significant decline by 42 D of age.
A widely accepted mechanism underlying how antibi-
otics promote growth involves their control of pathogen
proliferation in the gut, which establishes a healthy in-
testinal environment and ensures digestion and absorp-
tion (Goodarzi et al., 2014; Rasouli and Jahanian 2019;
Smith, 2019).

The gut is an important organ system affecting diges-
tion, absorption and host defense, and the health sta-

tus and growth performance of poultry is influenced by
their gut health (Sugiharto, 2016). Therefore, jejunum
morphology and small intestinal IgA-positive cells were
examined to evaluate intestinal development. In this
study, the β-carotene, curcumin, allicin, and sodium
butyrate supplements in the diet of the hens improved
their offspring’s intestinal length from 7 to 28 D of age,
and the intestinal length of the chicks directly supple-
mented with ciprofloxacin lactate was significantly im-
proved at 7 and 14 D of age, but worsened at 28 D of
age. Intestinal length is a key parameter of intestinal
development and corresponds to growth performance
(Faure et al., 2013).

Jejunum, the longest segment in chicken intestine, is
the main region for nutrient absorption in the chicken
intestine (Leeson and Summer, 2001). We know that
longer villi indicate more intestinal surface area and
more effective nutrient absorption to ensuing growth.
A deeper crypt may indicate faster tissue turnover to
permit renewal of the villus (Baurhoo et al., 2007), and
the VCR is a useful criterion for estimating the digestive
capacity in the small intestine (Montagne et al., 2003).
The data on jejunum morphology in our study showed
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Figure 4. Effects of laying breeder hen dietary β-carotene, curcumin, allicin and sodium butyrate supplementation on IgA-positive cells of the
small intestine in offspring chicks and the effects of ciprofloxacin lactate treatment on IgA-positive cells of the small intestine at the age of 14 D.
cCON, chick control group; Cipro, ciprofloxacin lactate treatment group; cCCAB, chicks from the CCAB group. 100×.

Data are represented as mean ± SEM, a,b,cMeans with no common superscripts within a row differ significantly (P < 0.05) by Duncan’s
multiple range test, n = 60 villi (6 chicks of 10 villi each) chicks per group.

that the directly supplemented with ciprofloxacin lac-
tate in chicks improved the jejunum villous height
and crypts depth at 14 D of age, but decreased in
villous height at 28 D of age; Rasouli and Jahanian
(2019) reported that antibiotics improved jejunum vil-
lous height in broiler chicks. However, the chicks from
the β-carotene, curcumin, allicin, and sodium butyrate
supplemented hens had higher villi at 21 and 28 D of
age and higher VCR at 28 D than that chicks directly
supplemented with ciprofloxacin lactate, so these re-
sults of intestinal length and jejunum morphology may
help explain the change of growth performance in the
cCCAB and Cipro groups. Moreover, antibiotics are an
effective tool that modify gut microbiota and decrease
bacterial proliferation to improve animal growth per-
formance and has been widely used. Nevertheless, the
long-term use of antibiotics leads to antibiotic-resistant
“superbugs” (M’Sadeq et al., 2015). Hence, the abun-
dance distribution of jejunum contents at the age of
28 D was analyzed, and the results (Figure S1) showed
that the relative abundance of microbiota in chicks di-

rectly supplemented with ciprofloxacin lactate emerged
apparent changes: the decreasing of Firmicutes and the
increasing of Proteobacteria at the phylum level com-
pared with the cCON and cCCAB groups. The domi-
nant phyla in the intestines of poultry are Firmicutes,
Bacteroidetes, and Proteobacteria (Wei et al., 2013),
although Proteobacteria is a minor constituent, this
group included many pathogenic bacteria, such as Es-
cherichia coli, Salmonella, Vibrio cholerae, Helicobac-
ter, etc. (Shin et al., 2015). Villi play an important role
in the absorption of nutrients in the small intestine;
therefore, the health status of the intestinal villi can
affect animal growth (Suzuki et al., 2009). Sections of
the jejunums stained with HE (Figure S2) demonstrate
that the villi in the jejunum from the chicks directly
ciprofloxacin lactate supplemented appeared split and
damaged at the 28 D of age, which may be caused by
long-term supplementation of ciprofloxacin lactate to
permit increase of Proteobacteria, and the proliferation
of pathogenic bacteria in the intestine causes gut in-
flammation and damage to the villi. The villus height,
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Figure 5. Effects of laying breeder hen dietary β-carotene, curcumin, allicin and sodium butyrate supplementation on IgA-positive cells of the
small intestine in offspring chicks and the effects of ciprofloxacin lactate treatment on IgA-positive cells of the small intestine at the age of 21 D.
cCON, chick control group; Cipro, ciprofloxacin lactate treatment group; cCCAB, chicks from the CCAB group. 100×.

Data are represented as mean ± SEM, a,bMeans with no common superscripts within a row differ significantly (P < 0.05) by Duncan’s multiple
range test, n = 60 villi (6 chicks of 10 villi each) chicks per group.

crypts depth, VCR and sections images of duodenums
and ilea are shown in Supplementary Figure 3–5.

IgA-positive cells are a type of B cell within the
lamina propria that can secrete IgA, which forms an
important part of the intestinal immune barrier and
defends against pathogens in the gut, thus maintain-
ing intestinal health (Kim and Lillehoj, 2019). In re-
gard to the small intestine IgA-positive cells, we found
that the cCCAB group had elevated or normal lev-
els of IgA-positive cells compared to the cCON group
during the 7 to 28 D age range, these results sug-
gest that the chicks from the β-carotene, curcumin,
allicin, and sodium butyrate supplemented hens had
well-developed intestinal immunity that safeguarded
their growth. While the chicks supplemented with
ciprofloxacin lactate had more IgA-positive cells at 7
and 14 D in small intestinal, these decreased to the
level of the control group after 14 D; IgA-positive cells
deficiency results in bacterial overgrowth, adherence,
and translocation (Langkamp-Henken et al., 1992). The
change in intestinal IgA-positive cells in the chicks

supplemented with ciprofloxacin lactate during the 7
to 28 D period also suggest improvements in growth
performance.

We detected serum immunoglobulins and levels of
immunologically active substances at different times
in the chicks supplemented with ciprofloxacin lactate
and those without supplementation, and found that the
serum levels of IgA and IgM in chicks’ early life dis-
played the same decreasing tendencies from 7 to 21 D
of age but then increased after 21 D of age. Serum IgG
levels were stable before 21 D of age and then increased
after 21 D and that of LZM and β-DF increased from 7
to 28 D. The changing trends of immunoglobulin levels
are in line with previous research that found maternal
antibodies decrease with the increasing age of the chick,
up to 21 to 28 D of age and that newly synthesized IgG
is present in the circulation at least 3 D after hatch-
ing (Rose and Orlans, 1981). The decrease of IgA and
IgM in the Cipro and cCCAB groups at 14 and 21 D of
age is likely to be contributed by advance immune inde-
pendence, because immune protection of the domestic
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Figure 6. Effects of laying breeder hen dietary β-carotene, curcumin, allicin and sodium butyrate supplementation on IgA-positive cells of the
small intestine in offspring chicks and the effects of ciprofloxacin lactate treatment on IgA-positive cells of the small intestine at the age of 21 D.
cCON, chick control group; Cipro, ciprofloxacin lactate treatment group; cCCAB, chicks from the CCAB group. 100×.

Data are represented as mean ± SEM, a,b,cMeans with no common superscripts within a row differ significantly (P < 0.05) by Duncan’s
multiple range test, n = 60 villi (6 chicks of 10 villi each) chicks per group.

Table 6. Effects of laying breeder hen dietary β-carotene, curcumin, allicin, and sodium
butyrate supplementation on immunoglobulin content of breeder eggs.

Egg white Egg yolk

IgA IgG IgM IgA IgG IgM

CON 7.34 ± 0.64 114.18 ± 12.74 14.42 ± 1.41 20.78 ± 0.75 380.85 ± 20.11 29.83 ± 0.86
CCAB 12.67 ± 2.68 175.18 ± 12.14* 19.63 ± 1.02* 29.01 ± 0.89** 564.54 ± 49.34** 44.78 ± 2.59**

CON, the control group; CCAB, the β-carotene, curcumin, allicin and sodium butyrate supplementa-
tion group; IgA, immunoglobulin A (μg/mL); IgG, immunoglobulin G (μg/mL); IgM, immunoglobulin
M (μg/mL). Significant differences in comparison with the CON group are expressed as *P < 0.05 and
**P < 0.01 by Student’s t-test. n = 6 breeder eggs per group.

fowl depends on transfer of maternal antibodies, and
maternal IgA and IgM will be depleted prior to im-
mune independence (Bar-Shira et al., 2014). Avian
β-defensin, one kind of host defense peptides belong-
ing to the innate immune system with broad antimi-
crobial activity, is highly expressed in many differ-
ent tissues (Zhang and Wong, 2019). Previous studies
show that expression of avian β-defensin mRNA was
upregulated to self-protect under pathogens challenge

(Yoshimura et al., 2006; Akbari et al., 2008; Garcia et
al., 2018). However, the regulatory mechanisms are un-
certain now. Therefore, the increase of β-defense in the
Cipro and cCCAB groups at the 14, 21, and 28 D of
age implies better innate immune abilities, as well as
LZM. Moreover, the improvement of serum IgA and
IgG in the cCCAB and Cipro groups at 28 D also sug-
gests that chicks from the CCAB hen group and chicks
given ciprofloxacin lactate supplementation had better
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Table 7. Effects of laying breeder hen dietary β-carotene, cur-
cumin, allicin, and sodium butyrate supplementation on fertiliz-
ing capacity and hatchability of breeder eggs.

Items CON CCAB

Embryo mortality 3.33 ± 0.67% 0.67 ± 0.07%*

Hatchability of fertile eggs 64.67 ± 6.33% 76.67 ± 1.86%
Hatchability of set eggs 56.67 ± 4.81% 67.33 ± 1.76%
Fertility of set eggs 88.00 ± 1.16% 88.00 ± 1.16%

CON, the control group; CCAB, the β-carotene, curcumin, allicin,
and sodium butyrate supplementation group. Significant differences in
comparison with the CON group are expressed as *P < 0.05 by Student’s
t-test. n = 5 plates of 30 eggs each.

Embryo morality = (dead embryos number/set eggs number) × 100%.
Hatchability of fertile eggs = (hatched eggs number/fertile eggs num-

ber) × 100%.
Hatchability of set eggs = (hatched eggs number/set eggs number) ×

100%.
Fertility of set eggs = (fertile eggs number/set eggs number) × 100%.

immune abilities after depletion of maternal antibiotics
about at 21 D of age (Rose and Orlans, 1981).

Embryonic development of breeder eggs is completely
dependent on nutrients deposited by hens (Oviedo-
Rondón, 2019). Hens transfer naturally binding IgG
antibodies to protect neonatal chicks, as they cannot
produce these antibodies themselves (Ismiraj et al.,
2019). This maternal effect led us to investigate im-
munoglobulins in breeder eggs, and the results demon-
strated that dietary β-carotene, curcumin, allicin, and
sodium butyrate supplementation in breeder hen diets
improved immunoglobulin concentrations in egg yolks
and egg whites. Al-Natour et al. (2004) reported that
the amount of IgG transferred into egg yolk was pro-
portionally related to maternal serum IgG concentra-
tion, and the amount of IgA and IgM was transferred
into egg yolk and egg white from the dam. Although
mechanisms are uncertain, our study implies the im-
provement of immunoglobulin levels in breeder eggs
may be caused by improvements in the hen’s serum im-
munoglobulins after β-carotene, curcumin, allicin, and
sodium butyrate supplementation. Furthermore, differ-
ences in immunoglobulin concentrations in eggs may
be associated with embryo mortality and a difference
in immune system development and offspring growth.

In conclusion, β-carotene, curcumin, allicin, and
sodium butyrate supplementation of breeder hen diets
had a positive effect on hen immunity, and their off-
spring maintained better growth performance and im-
munity in early life. It may be that chicks with stronger
intestinal villi and intestinal immune system devel-
opment gained these positive effects from the laying
breeder hens through maternal antibodies transferred
into the eggs, thus ensuring their development. More-
over, in comparison with chicks supplemented with
ciprofloxacin lactate, we found that chicks hatched from
immune-enhanced hens had more natural advantages in
terms of intestinal health and growth. Our study indi-
cates that nutritional interventions in breeder hens is
a potential method to change how antibiotics are used
in the early life of chicks by using maternal protection

to improve chick health instead of administering antibi-
otics directly.
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