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ABSTRACT Five hundred and forty Cheery Valley
ducks were used to investigate the effects of dietary sup-
plementation of acidifier and compound probiotics, indi-
vidually or in combination, on production performance,
egg quality, immune and oxidative status, expression of
reproductive, and calcium binding related genes from 42
wk to 48 wk of age. Ducks were randomly allocated to 9
treatment groups with 6 replicates and 10 ducks per rep-
licate for each group. A 3 x 3 factorial arrangement,
with 3 dietary inclusion levels of acidifier and probiotics
(0, 2, and 3 g/kg acidifier; 0, 1, and 2 g/kg probiotics)
were used. The acidifier used was mainly consisted of
Benzoic acid, Fumaric acid, phosphoric acid, and formic
acid. The main components of the probiotics were Bacil-
lus subtilis and Clostridium butyricum. Dietary supple-
mentation of probiotics improved the daily feed intake,
egg production rate, and body weight of ducks (P <
0.05), and diet acidifier also increased the daily feed
intake compared to the control (P < 0.01). Egg quality
was improved by diet inclusion of probiotics, including
Haugh unit, albumen height, egg shape index (P <
0.01), and eggshell hardness (P = 0.05). A significant
increase in Haught unit and yolk weight was observed in
ducks fed diet added with acidifier (P < 0.05). Acidifier
supplementation reduced the total antioxidant capacity
(T-AOC), immunoglobulin A (IgA), and IgG content

and the catalase (CAT) activity in the serum (P <
0.05), in accompanied with an increased malondialde-
hyde (MDA) concentration (P < 0.05). Serum total
superoxide dismutase (T-SOD) activities were
improved by dietary inclusion of probiotics (P < 0.05).
There was an interaction effects on serum IgA and IgG
contents between acidifier and probiotics (P < 0.05).
Diet supplementation of probiotics improved the ovary
follicle-stimulating hormone receptor (FSHR) and
estrogen receptor (ER) gene expressions (P < 0.01),
while dietary acidifier reduced the transcription levels of
FSHR and luteinizing hormone receptor (LHR) (P <
0.01) in ovary. In the uterus of the oviduct, expressions
of FSHR, and carbonic anhydrase 2 (CA2) were also
increased by diet probiotics (P < 0.01), and diet acidifier
reduced the gene expressions of calbindin-D28k
(CaBP-D28k) and CA2 (P < 0.05). Significant interac-
tion effects between diet acidifier and probiotics were
obtained on gene expressions of FSHR, LHR, and oval-
bumin (OVAL) in the ovary (P < 0.05), and LHR,
CaBP-D28k, and CA2 (P < 0.05) in the uterus. It can be
concluded that production performance and egg quality
of laying ducks can be improved in the late phase of
reproduction by dietary inclusion of probiotics, while
the organic acid mixture caused a decline in serum anti-
oxidant and immune capacity of the ducks.
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INTRODUCTION

As the European Union and China banning the use of
certain antibiotics as growth promoter in poultry industry,
exploitation of alternatives to dietary antibiotics is attract-
ing more and more attention. Dietary supplementation of
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antibiotics at the subtherapeutic level could reduce the
incidence of disease and improve the growth performance
of birds, especially for birds that grow in overcrowded and
unsanitary conditions (Islam et al., 2014). Nutritional
additives that reduce or limit pathogen load and improve
laying performance were widely investigated and used to
replace the dietary antibiotics. Among such additives,
acidifiers and probiotics are more favourable and potential
alternatives of dietary antibiotics, as they compensate for
gastric acidification and inhibition of pathogenic bacteria
in the gastrointestinal tract of animals (Yang et al., 2009;
Eftekhari et al., 2015).
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Organic acids, generated during the metabolism in ani-
mals, enable lowering of pH in feed and digestive tract of
animals, which help for defense against pathogens that are
pH sensitive, and improving the nutrient digestibility and
performance in poultry (Dittoe et al, 2018;
Scicutella et al., 2021). Low gastric pH accelerates the con-
version of pepsinogen to pepsin, which improves the
absorption of amino acids, proteins, and minerals
(Youn et al., 2005; Liem et al., 2008). The antimicrobial
effect of organic acids and their salts is believed to be
attributed to the undissociated part (Cherrington et al.,
1991). There is a decline in eggshell quality as the hen
ages, which is attributed to the increased egg weight with-
out an increase in the amount of calcium carbonate depos-
ited in the shell (Wistedt et al., 2014). The incidence of
cracked eggs could exceed 20% at the end of the laying
period, which causes great economic losses (Zhang et al.,
2017). By lowering the pH of digestive tract, organic acids
facilitates the P and Ca solubility and digestibility, which
contributes to more deposition of calcium carbonate in
the eggshell and better shell quality of laying hens
(Swiatkiewicz and Arczewska-Wlosek, 2012). Experi-
ments with layers and old broiler breeder hens have dem-
onstrated that organic acids improved laying performance
and eggshell quality (Sengor et al., 2007; Soltan, 2008). In
modern poultry production, chickens appear to have com-
promised immune status as the fast growth, efficient feed
conversion, and high stocking density for broilers and
layers (Khan et al., 2012). In this tend, employment of
organic acids in poultry diet plays a critical role in improv-
ing the immune system (Abbas et al., 2013; Khan et al.,
2022). Dietary supplementation of commercial product
(lactacid) in older laying hens (from 75 to 80 wk of age)
reduced the soft-shell plus broken egg production and
increased the IgY concentration in yolk (Park et al.,
2009). Organic acid mixture, including formic, lactic and
orthophosphoric acids, significantly increased egg weight
of laying hens at 32 to 42 wk of age (Shalaei et al., 2014).

Probiotics are defined as live and harmless microor-
ganisms that beneficially affects the host (Fuller, 1989).
As a Gram-positive obligate anaerobic probiotic, both
Bacillus subtilis (B. subtilis) and Clostridium butyricum
(C. butyricum) are among the widely used beneficial bac-
teria that have been recognized as safe for animal dietary
use (European, Food, Safety, and Authority 2007). In
poultry, a variety of advantages of B. subtilis rang from
anti-inflammation, modifying gut microflora balance,
adjusting the immunological function and gut morphol-
ogy (Rajput et al., 2013; Ar’Quette et al., 2018). Dietary
inclusion of B. subtilis in laying hens from 64 to 75 wk of
age significantly increased the egg production and egg
weight (Rajput et al., 2013). Additionally, B. subtilis
was reported to decrease the pH of intestinal digesta and
increase the intestinal absorption surface of aged laying
hens for improving Ca availability, and better eggshell
quality was obtained in aged laying hens when B. subtilis
was added at 2 x 10° CFU /kg (Abdelqader et al., 2013).
As a butyrate-producing and normal flora in the intes-
tines of health chicken, C. butyricum has been docu-
mented for promoting growth performance and meat

quality, alleviating oxidative stress, strengthening
immune function of broilers and ducks (Zhang et al.,
2011a; Liao et al., 2015; Liu et al., 2018). Previous stud-
ies regarding the effect of dietary C. butyricum on the
poultry mainly focused on broilers, and it is rare con-
cerning the application of C. butyricum in laying ducks.

Both organic acids and probiotics were identified as
potential alternatives to dietary antibiotics with a pro-
moted productive performance in poultry. However, few
studies demonstrated the synergistic effect between
them, especially in laying ducks. The present study was
therefore conducted to investigate the effects of a com-
mercial probiotics, constituted of B. subtilis and C.
butyricum, along with a commercial acidifier on the lay-
ing performance, egg quality, antioxidant capacity, and
expression of reproductive genes of Cherry Valley ducks
in the late period of production.

MATERIALS AND METHODS
Animals and Experimental Design

A total of 540 Cherry Valley ducks at 42 wk of age
were randomly selected from a commercial flock to be
used in this study. Ducks were raised in cages (2.00
m x 2.00 m x 0.52 m, 10 ducks per cage) and had free
access to feed and water throughout the experiment.
Room temperature was maintained at 22 4+ 3°C, with 16
h of light/day. Ducks care and experiment protocols
were in compliance with the regulations of the Animal
Ethical Committee of Jiangsu Agri-animal Husbandry
Vocational College (20210026).

A 6-wk feeding trial was conducted to evaluate the
effects of acidifier and probiotics on laying performance
of ducks from 42 wk to 48 wk of age. Ducks were ran-
domly allocated to 9 treatment groups with 6 replicates
and 10 ducks per replicate for each groups. The 9 groups
received the following diets: 1) basal diet (control), 2)
basal diet + 2 g/kg acidifier, 3) basal diet +3g/kg acidi-
fier, 4) basal diet + 1 g/kg compound probiotics, 5)
basal diet + 1 g/kg compound probiotics + 2 g/kg acidi-
fier, 6) basal diet + 1g/kg  compound
probiotics + 3 g/kg acidifier, 7) basal diet + 2 g/kg com-
pound probiotics, 8) basal diet + 2 g/kg compound
probiotics + 2 g/kg acidifier, 6) basal diet + 2 g/kg com-
pound probiotics + 3 g/kg acidifier. Basal diet was pur-
chased from Chaohu COFCO group, Anhui, China and
the formula was shown in Table 1. The acidifier used
was a commercial product (provided by Hanove Animal
Health Co., Ltd, Wuxi, China), which was mainly con-
sisted of Benzoic acid (>25.0%), Fumaric acid (>20.0%),
phosphoric acid (>12.75%), formic acid (>12.0%), and
silica as the carrier. The compound probiotics was man-
ufactured by Suzhou Co-Pullulation Bio-technology
Co., Ltd, China with a main components being B. subti-
lis (>1 x 10° CFU/g) and C. butyricum (CB, >3 x 107
CFU/g), supported by stone powder and fumed silica.
Cages from each treatment groups were separated from
each other to avoid mixing the experiment diets.
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Table 1. Ingredients and nutrient composition of the basal diet.

Ingredients (%) Composition
Maize 34.65
‘Wheat 8
Rice bran 17
Soybean meal 23.75
Corn gluten meal 5
Soybean oil 1.36
Limestone 8.08
Dicalcium phosphate 0.28
Sodium chloride 0.30
DL-methionine 0.14
Lysine sulfate 0.14
Colorant 0.16
Adhesive 0.10
75% Choline chloride 0.04
Vitamin-mineral-premix” 1
Total 100
Calculated nutrient composition” (%)

Metabolizable energy (MJ/kg) 11.31
Crude protein 19.02
Crude fiber 3.45
Calcium 3.10
Total phosphorus 0.60
Lysine 1
Methionine and cystine 0.76

“The premix provided the following per kg of diet:vitamin A 9,800 IU;
vitamin D3 3,850 IU; vitamin E 22 IU; vitamin K3 1.68 mg; vitamin B, 1
mg; vitamin By 4.25 mg; vitamin Bg 2 mg; vitamin Bys 0.01 mg; nicotinic
acid 52 mg; pantothenic acid 10.8 mg; folic acid 0.78 mg; iron 0.08 g; man-
ganese 0.14 g; zinc 0.1 g; iodine 1.1 g; copper 0.01 g; selenium 0.3 g.

"Based on ingredients composition provided by Chinese Feeding Stan-
dard of Chicken (Ministry of Agriculture of China, 2004) and National
Research Council (1994).

Feed Mixing Procedures and Egg Collection

Acidifier and compound probiotics were fully incorpo-
rated with the complete formula feed weekly and the total
amount was 100 kg for each group, exceeding the 1-wk-
consumption. To ensure a well-mixed diets for each group,
the ingredients were accurately weighted and thoroughly
hand-mixed with 10 kg feed, then the homogenized feed
were divided into 4 portions and blended in a small mixer
with the remaining basal diet. Ducks were fed twice daily
at 7:00 and 16:30, and eggs (intact, malformed, broken,
and shell-less) from each replicates were collected,
weighted, and recorded on a daily basis. Feed consumption
was recorded weekly by replicates and used to calculate
the daily feed intake (gram per day, g/day). Average feed
conversion ratio (kg/kg) was calculated by the division of
feed consumption to egg production during the experi-
ment. At the last day of experiment, 6 ducks (1 ducks per
replication) were randomly selected from each treatment
after deprivation of feed for 12 h, weighted and euthanized
by cervical dislocation. Individual blood samples were col-
lected and centrifugation at 3,000 rpm for 15 min at 4°C
was applied to separate the serum. Serum samples were
frozen at —20°C until the analysis of antioxidant and
immune parameters. Ovary and uterus of uterine tube
were taken and stored at —80°C for mRNA extraction.

Egg Quality

One hundred sixty-two eggs (3 per replication, 18 per
treatment) were randomly selected and examined to

evaluate the egg quality once per week, with 6 times in
total throughout the whole experiment. Haugh unit,
albumen height (millimeter, mm), egg weight (g) and
yolk color were measured by an egg-multi tester (Robot-
mation, Japan). Egg shape index was calculated by the
formula index = egg length / egg width, where length
and width were measured by vernier caliper. Albumen
and yolk were separated and yolk was weighted. Egg-
shell hardness (Newton, N) was measured using a tex-
ture analyzer (Robotmation) and mean shell thickness
(mm) was the average of the thickness from 3 sites at
the blunt, sharp, and equator of the egg measured by
vernier caliper.

Serum Antioxidant Parameters

Serum samples were analyzed for activities of total
superoxide dismutase (T-SOD) and catalase (CAT),
concentrations of total antioxidant capacity (T-AOC)
and malondialdehyde (MDA) using commercial kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, P.
R. China) according to the manufacturer’s protocol as fol-
lows. Briefly, T-SOD activity was measured based on
SOD-mediated inhibition of nitrite formation from
hydroxyammonium in the presence of O®” generators
(xanthine/xanthine oxidase; Elstner and Heupel, 1976).
CAT activity was estimated from absorbance at 405 nm
according to the consumption of HyOs. In the process of
T-AOC evaluation, ferric ion was reduced by antioxidant
reducing agents and blue complex Fe* -TPTZ (2,4,6-tri
(2-pyridyl)-s-triazine) was produced, which then reacted
with phenanthroline to generate a stable complex that
could be tested by the absorbance at 520 nm. One unit of
T-AOC was defined as 0.01 increase in absorbance value
at 37°C per min. The MDA concentration was determined
by a previous method (Placer et al., 1966), which utilized
the thiobarbituric acid method to monitor MDA-reactive
products spectrophotometrically. The absorbance of the
organic layer was measured at 532 nm. The results were
presented as nanomoles (nmol) per milliliter (mL) serum
for MDA and T-AOC, and units of enzyme activities per
ml of serum for T-SOD and CAT.

Serum Immunoglobulin

Serum immunoglobulin A (IgA) and immunoglobulin
G (IgG) were tested with appropriately diluted serum
samples by an enzyme-linked immune-sorbent assay
(ELISA), and the results were presented as milligrams
(mg) of immunoglobulin per mL of serum. The commer-
cial kits were chicken-special IgA and IgG ELISA quanti-
tation kits (Nanjing Jiancheng Bioengineering Institute).

RNA Extraction and Real-Time PCR

Total RNA from ovary and uterus of uterine tube were
extracted using TRIzol reagent (Invitrogen, Carlsbad,
CA) and treated with DNase y (RNase-free) (TaKaRa,
Dalian, China) to remove genomic DNA. The total RNA
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concentration and purity were determined spectrophoto-
metrically at 260 and 280 nm with a Nanodrop 8000
(Thermo Fisher Scientific, Wilmington, DE). For each
sample, 1 ug of total RNA was reverse transcribed to
c¢DNA with M-MLV reverse transcriptase (TaKaRa) and
oligonucleotide primers. The housekeeping gene beta actin
(B-actin) and target genes including the ovary follicle-
stimulating hormone receptor (FSHR), estrogen receptor
(ER), luteinizing hormone receptor (LHR), ovalbumin
(OVAL), calbindin-D28k (CaBP-D28k), and carbonic
anhydrase 2 (CA2) were quantified by real-time PCR on
a QuantStudio 3 system using a commercial kit (SYBR
Premix Ex Taq, TaKaRa). The gene-specific primers were
designed based on the corresponding mRNA sequences
with Primer Version 5.0 (Table 2). All samples were mea-
sured in duplicate. For quantification of real-time PCR
results, the threshold cycle Ct was determined for each
reaction. Ct values for each gene of interest were normal-
ized to the housekeeping gene. The relative mRNA con-
centration was calculated using the 272" method
(Livak and Schmittgen, 2001). Normalized values were
used to calculate the degree of induction or inhibition
expressed as a “fold difference” compared to normalized
control values.

Statistical Analysis

All the data were subjected to statistical analysis
using a completely randomized design, in accordance
with the GLM procedure by GraphPad Prism Version
8.0 soft-ware program (GraphPad Software, San Diego,
CA). Data were analyzed using two-way ANOVA test
and when significant difference in interaction effect was
detected, one-way ANOVA was applied to perform the
data variance between given groups. Statistical differ-
ence was accepted when P < 0.05 and P < 0.01, and
data were presented as mean + standard error (SEM).

RESULTS
Productive Performance

Two-way ANOVA test showed that body weight, egg
production, and daily feed intake were improved (P <

Table 2. Primers used for real-time PCR.

0.05, P < 0.01) with dietary supplementation of com-
pound probiotics, with no difference in FCR between all
supplemented groups and the control (Table 3). Diet
inclusion of acidifier improved the daily feed intake (P <
0.01) and significant interaction effects (P < 0.05) on
feed intake and egg weight between acidifier and probi-
otics were observed (Table 3). One-way ANOVA test
indicated an increased feed intake in 0 g/kg acidifier
plus 2 g/kg probiotics group compared to the control
(Figure 1, P < 0.01). Feed intakes were also improved in
2 g/kg acidifier plus 1 or 2 g/kg probiotics groups and
3 g/kg acidifier plus 0 g/kg probiotics group compared
to the 2 g/kg acidifier plus 0 g/kg probiotics group
(Figure 1, P < 0.01).

Egg Quality

By two-way ANOVA test, we found that Haugh unit,
albumen height, and egg shape index were improved for
ducks fed probiotics inclusion diet (P < 0.05, Table 4).
Additionally, dietary supplementation of probiotics
tended to produce hard-to-break eggs by increasing the
eggshell hardness (P = 0.053). Eggs laid by ducks fed
acidifier exhibited improved Haugh unit and yolk weight
(P <0.01, P<0.05) and lighter yolk color (P < 0.01). An
interaction effect on shell thickness (P < 0.01) between
diet acidifier and probiotics was observed, and among
supplemented groups shell was thicker in 2 g/kg acidifier
plus 2 g/kg probiotics group than that in 2 g/kg acidifier
plus 0 g/kg probiotics group (P < 0.05) by ordinary one-
way ANOVA (Figure 1).

Serum Antioxidant Capacity and
Immunoglobulin Content

Two-way ANOVA test indicated higher concentra-
tion of MDA in the serum of ducks fed diet containing
acidifier than these in acidifier-free groups (P < 0.05),
especially in the 3 groups of 2 g/kg acidifier inclusion
(Table 5). Both serum T-AOC content and CAT activi-
ties were reduced in groups supplemented with acidifier
(P < 0.05), while ducks fed probiotics reversely
improved the serum T-SOD activity (P < 0.05, Table 5).
Dietary inclusion of acidifier lowered the serum IgA and

Gene (abbreviation) GenBank accession no.

Sequence (5 —3') Length of DNA product (bp)

F:GGTATCGGCAGCAGTCTTA 128

R: TTCACAGAGGCGAGTAACTT

F: GCGGCAAACTGCATAAGGAGA 194

R: TACACGAGGTTGTTGGCCTT

F: GTACTGTGCTGTGTGCAACG 182

R: TTCTTAGTCGGCAGGCTTGG

F: ACTGGAGTCCCTGCCTAGTT 177

R: TCTCTGTAGTTCTCTGTCCTCA

F: CAGATGGACAGCTGCACACAC 126

R: GGGTTTCCAGCATTGGCTCTA

F: TGTGCCTCCTTAGATTACATTGGA 200

R: TGGGAGACAGAAGAAGAGCTG

B-actin NM_001310421.1
FSHR XM 021267214.3
ER NM_001346787.1
LHR NM_001243048.1
OVAL NM_ 053069.5

CaBP-D28k XM 027452451.2
CA2 XM _027452432.2

F: GGCGGGAGCCTATAAAAGCC 108

R: TATCCCCAGTGGTGGGACAT
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Table 3. Effects of dietary acidifier and probiotics on the productive performance of cherry valley ducks at the late laying stage.

Acidifier (g/kg) Pvalue
0 2 3
Probiotics (g/kg)
0 1 2 0 1 2 0 1 2 SEM"  Acidi-fier  Probiotics  Interaction

Body weight (kg) 4.1 4.3 4.2 4.0 4.3 4.7 3.9 4.8 44 0.2 NS 0.01 NS
Egg production (%) 7.5 34 8.7 8.7 48  10.2 4.8 6.7 125 24 NS 0.049 NS
Egg weight (g) 79.8 85.8 86.1 84.7 83.2 80.4 80.4 86.9 85.5 1.9 NS NS 0.049
Daily feed intake (g/day) 203 207 213 202 213 213 212 213 215 1.1 0.01 0.01 0.01
Feed conversion (kg/kg) 34.6  100.8 35.6  44.1 1382 283 65.9  96.2 223 291 NS NS NS

“SEM, pooled standard error of the means.

IgG concentrations (P < 0.05), with no effects of probi-
otics supplementation on serum immunoglobulin con-
tents (Table 5). There was an interaction effect on both
IgA and IgG contents between acidifier and probiotics
(P < 0.05), and application of ordinary one-way
ANOVA observed an increase of IgA content in 2 g/kg
acidifier plus 0 g/kg probiotics group compare to the
control (Figure 2, P < 0.05), a decline in 2 g/kg acidifier
plus 2 g/kg probiotics group compare to the 0 g/kg acid-
ifier plus 2 g/kg probiotics group (P < 0.05) and the
2 g/kg acidifier plus 0 g/kg probiotics group (Figure 2, P
< 0.01). Ducks in the 2 g/kg acidifier plus 1 g/kg probi-
otics group exhibited lower serum IgG content than the
0 g/kg acidifier plus 1 g/kg probiotics group (P < 0.05,
Table 5).

Expression of Reproductive-Related Genes
in the Ovary

By two-way ANOVA test, a decline in transcription of
FSHR and LHR gene in the ovary was observed by diet
inclusion of acidifier (P < 0.01, Figure 3). Diet supple-
mentation of probiotics improved the ovary FSHR and
ER gene expressions (P < 0.01). Interaction effects on
FSHR, LHR, and OVAL gene expression between acidi-
fier and probiotics inclusion were detected (P < 0.01, P
< 0.01, and P < 0.05). By one-way ANOVA test, 0 g/kg
acidifier plus 1 g/kg probiotics group exhibited the high-
est FSHR expression compared with the control and
other corresponding-supplemented groups (P < 0.01).

Two-way ANOVA analysis

Interacti i 3 0g/kg Probiotics
nicracuon

Bl 1g/kg Probiotics

Acidifier ik , =

0.249  Probiotics ok Il 2g/kg Probiotics
?ﬂ &k
= . —
<
; 0.22- | . | |
|
=
3
< 0.204 ﬂ “
:.
‘®
(=]

0.18-

Og/kg Acidifier 2g/kg Acidifier  3g/kg Acidifier

The lowest FSHR expression was obtained in 2 g/kg
acidifier plus 2 g/kg probiotics group compared with
other 2 g/kg acidifier groups and the 3 g/kg acidifier
plus 2 g/kg probiotics group (P < 0.01). Similarly,
0 g/kg acidifier plus 1 g/kg probiotics group also showed
the highest transcription level of LHR in ovary com-
pared with the control and other corresponding-supple-
mented groups (P < 0.01). Among the three 2 g/kg
acidifier group, 0 g/kg group exhibited higher expression
of LHR gene than the other two (P < 0.05). A higher
OVAL gene expression was observed in 0 g/kg acidifier
plus 1 g/kg probiotics group than the 2/kg acidifier plus
1 g/kg probiotics group (P < 0.05, Figure 3).

Expression of Reproductive and Eggshell
Formatting Related Genes in the Uterus of
Uterine Tube

Two-way ANOVA test observed that dietary inclu-
sion of probiotics improved the gene expressions of
FSHR and CA2 in the uterus of uterine tube (P < 0.01),
and diet acidifier reduced the gene expressions of CaBP-
D28k and CA2 (P < 0.01, P < 0.05, Figure 4). Signifi-
cant interaction effects between diet acidifier and probi-
otics were obtained on gene expressions of LHR, CaBP-
D28k (P < 0.01) and CA2 (P < 0.05) in the uterus. Then
one-way ANOVA was applied and higher LHR expres-
sion was detected in 0 g/kg acidifier plus 1 g/kg probiot-
ics group than the 0 g/kg acidifier plus 2 g/kg probiotics
group (P < 0.05). For CaBP-D28k gene expression, a

Two-way ANOVA analysis
Interaction **
Acidifier
Probiotics

ns

0.45+ ns

*

0.40

0.35=

Mean shell thickness(mm)

0.30

0Og/kg Acidifier  2g/kg Acidifier  3g/kg Acidifier

Figure 1. Effects of dietary acidifier and probiotics on the daily feed intake and egg shell thickness of cherry valley ducks at the late laying stage.
Note: For two-way ANOVA test, * and ** indicate significant difference (P < 0.05, P < 0.01), and one-way ANOVA was performed as interaction
effect between acidifier and probiotics was observed. * and ** indicate a significant difference between two groups for one-way ANOVA test.
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Table 4. Effects of dietary acidifier and probiotics on the egg quality of cherry valley ducks at the late laying stage.

Acidifier (g/kg) P value
0 2 3
Probiotics (g/kg)

Parameters 0 1 2 0 1 2 0 1 2 SEM® Acidifier Probiotics Interaction
Haugh unit 87.2 79.3 914 86.0 90.6 97.3 89.9 97.9 97.1 2.7 0.01 0.01 NS
Albumen height (mm) 6.96 6.67 7.34 6.22 7.95 8.56 6.93 8.51 8.43 0.51 NS 0.01 NS
Egg shape index 1.39 1.38 1.37 1.40 1.39 1.35 1.38 1.45 1.34 0.02 NS 0.01 NS
Yolk weight(g) 23.6 25.6 24.8 24.2 21.8 23.2 25.9 24.1 24.8 0.9 0.048 NS NS
Yolk color 13.0 13.7 13.8 13.0 12.7 12.9 13.8 12.9 13.4 0.2 0.01 NS NS
Eggshell strength(N) 2.99 4.96 3.92 3.36 4.36 3.99 3.26 3.43 3.46  0.48 NS 0.053 NS
Mean shell thickness(mm) 0.39 0.39 0.38 0.41 0.40 0.37 0.36 0.38 0.41 0.01 NS NS 0.01

“SEM, pooled standard error of the means.

similar variation in 2 probiotics alone supplemented
groups was observed by a higher expression compared to
the control (P < 0.05) and the other 2 corresponding
acidifier-supplemented groups (P < 0.01), respectively.
Two g/kg acidifier plus 1 g/kg probiotics group exhib-
ited the highest CA2 expression in uterus among the
three 2 g/kg acidifier groups (P < 0.01, Figure 4).

DISCUSSION
Productivity

Organic acid and probiotics were widely used in poul-
try industry to improve hens performance and healthy
due to the ban on antimicrobial growth promoters in dif-
ferent production systems. Among these acids, fumaric,
formic, lactic, butyrate, propionic and citric acids, and
their salts were extensively studied and exploited
(Zhang et al., 2011b; Yang et al., 2018). Usually, acidi-
fier is a mixture composed of various organic acids. Lay-
ing hens at 26 wk of age fed a diet inclusion of organic
acid mixture (60% formic acid, 20% propionic acid, and
20% soft acid) resulted in no beneficial influence on feed
consumption, egg production, feed conversion ratio, and
body weight (Kaya et al., 2015). Another research in
layers at 44 wk of age also reported no effect of dietary
acidifiers (70% propionic acid, 5% citric acid, and 25%
soft acid) on the productive performance (Kaya et al.,
2013). Our present study demonstrated similar result
that organic acid mixture (benzoic acid, fumaric acid,
phosphoric acid, and formic acid) had no effect on body

weight, egg production, egg weight, and feed conversion
ratio except for the daily feed intake, which showed an
improvement. The increased feed intake agreed with
Haque et al. (2010) and Fascina et al. (2012), who
reported that broilers fed with 0.5% citric acid or organic
acid mixture (30.0% lactic acid, 25.5% benzoic acid, 7%
formic acid, 8% citric acid, and 6.5% acetic acid) has
shown progress in feed consumption. While in other
reports of layer hens, employment of organic acids
markedly increased the egg reproduction (Youssef et al.,
1997; Yesilbag and Colpan, 2006). These contrasts may
be attributed to variations in the addition amount and
content of organic acids, chick strains, and housing con-
ditions.

Probiotics, especially B. subtilis and C. butyricum,
are believed to promote nutrient absorption and main-
tain intestinal health through colonization in the gut
of the host and regulating intestinal flora balance,
secreting exogenous enzymes to improve nutrinent
digestibility, activating mitotic cell davision and
improving the proliferation of gut epithelial cells,
which will increase the villus height and enhance nutri-
ent absorption, and adjusting the immune function
(Hill et al., 2014; Shalaei et al., 2014; Abdel-
Moneim et al., 2020). The increased absorption of
nutrients by diet probiotic yields more energy to be
potentially available for the net energy of production.
Dietary supplementation of B. subtilis and C. butyri-
cum in laying hens improved egg production
(Abdelqader et al., 2013; Zhan et al., 2018), and
broiler chickens fed diet inclusion of B. subtilis and

Table 5. Effects of dietary acidifier and probiotics on the serum antioxidants activity and immunoglobulin content of cherry valley

ducks at the late laying stage.

Acidifier (g/kg) Pvalue
0 2 3

Probiotics (g/kg)
Parameters 0 1 2 0 1 2 0 1 2 SEM®  Acidifier  Probiotics  Interaction
MDA (nmol/ml) 5.80 3.28 4.22 7.65 7.99 5.45 5.08 4.46 1.15 0.02 NS NS
T-AOC (nmol/mL) 0.34 0.30 0.34 0.32 0.20 0.12 0.25 0.20 0.22 0.04 0.01 NS NS
T-SOD (U/mL) 24.5 27.1 29.9 22.9 214 30.3 25.2 27.9 29.8 2.63 NS 0.04 NS
CAT (U/mL) 3.31 3.23 5.38 3.34 1.93 3.02 1.61 2.75 2.66 0.64 0.04 NS NS
IgG (mg/mL) 1299 25.89 17.56 17.51 10.78 12.65 9.92 17.46  12.43 2.49 0.03 NS 0.02
IgA (mg/mL) 0.59 1.23 1.89 2.24 1.15 0.31 0.61 0.35 0.71 0.29 0.02 NS 0.01

“SEM, pooled standard error of the means.
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Two-way ANOVA analysis
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Figure 2. Effects of dietary acidifier and probiotics on the concentrations of IgG and IgA in serum of cherry valley ducks at the late laying stage.
Note: For two-way ANOVA test, * and ** indicate significant difference (P < 0.05, P < 0.01), and one-way ANOVA was performed as interaction
effect between acidifier and probiotics was observed. * and ** indicate a significant difference between two groups for one-way ANOVA test.

C. butyricum showed remarkable increase in body
weight and decline in feed conversion ratio
(Rhayat et al., 2017; Svejstil et al., 2019; Wang et al.,
2022). The present study of laying ducks in the late
period of production confirmed the beneficial effects of
dietary addition of these two probiotics on laying per-
formance by increased egg production, feed intake,
and body weight. The improvement of production

Two-way ANOVA analysis

Interaction *%
Acidifier *ok
Probiotics ok 0g/kg Probiotics

)
ok @@ 1g/kg Probiotics
-

2g/kg Probiotics

Relative FSHR expression in ovary

Two-way ANOVA analysis

ok Interaction **
Acidifier **
Probiotics ns

104

Relative LHR expression in ovary

S @E@e S8
SN Y D NN
w ow W =N W w W W
R AT AT P A ANy DA
NI BB O AF Q¥
V? ¢ W QY e N Q7 e e

performance may be related to extracellular digestive
enzymes secreted by B. subtilis (Guo et al., 2020) and
nutrients such as short-chain fatty acids by C. butyri-
cum (Cao et al., 2012). Additionally, the positive
effects of probiotics on egg production, observed in this
study, may also be attributed to the increased expres-
sion of reproduction-related genes, such as FSHR in
ovary and uterus of uterine tube, and ER in ovary.

Two-way ANOVA analysis

Interaction ns
67  Acidifier ns
Probiotics *k

Relative ER expression in ovary

Two-way ANOVA analysis

Interaction *
3 Acidifier ns
* Probiotics ns

Figure 3. Effects of dietary acidifier and probiotics on the expression of reproductive-related genes in the ovary of cherry valley ducks at the late
laying stage. Note: For two-way ANOVA test, * and ** indicate significant difference (P < 0.05, P < 0.01); For FSHR expression, ** represent a sig-
nificant difference compared to the 0 g/kg acidifier plus 1 g/kg probiotics group (P < 0.01), #+ represent a significant difference compared to the
2 g/kg acidifier plus 2 g/kg probiotics group (P < 0.01); For LHR expression, ** represent a significant difference compared to the control (P <
0.01), & and && represent a significant difference compared to 2 g/kg acidifier plus 0 g/kg probiotics group (P < 0.05, P < 0.01), and ## represent
a significant difference compared to 0 g/kg acidifier plus 1 g/kg probiotics group (P < 0.01).
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Figure 4. Effects of dietary acidifier and probiotics on the expression of reproductive-related genes in the uterus of oviduct of cherry valley ducks.
Note: For two-way ANOVA test, * and ** indicate significant difference (P < 0.05, P < 0.01); For CaBP-D28k expression, * and ** represent a signifi-
cant difference compared to the control (P < 0.05, P < 0.01), ## represent a significant difference compared to the 0 g/kg acidifier plus 1 g/kg probiotics
group (P < 0.01) and && represent a significant difference compared to the 0 g/kg acidifier plus 2 g/kg probiotics group (P < 0.01).

Egg Quality

Egg quality parameters are one of the most crucial
issues in the laying hen industry, since it influence both
the economic profitability of egg production and hatch-
ability (Swiatkiewicz and Arczewska-Wlosek, 2012). For
example, egg shape index directly determines the choos-
ing of a breeding egg, and is positively correlated with
the hatchability (Narushin and Romanov, 2002). Dam-
aged eggs due to a poor eggshell quality accounts for 6
to 10% of all eggs produced worldwide, which causes
great economic losses (Roland, 1988). Organic acids
may serve as a meaningful tool to improve the absorp-
tion of minerals, as the acidic anion has been shown to
be complex with calcium and enhance calcium availabil-
ity and absorption in the gut (Li et al., 1998). Increasing
calcium absorption contributes to increased eggshell
strength (Chen and Chen, 2004). Even researchers
observed an increase in serum calcium content and egg-
shell thickness of laying hens fed a diet supplemented
with organic acids (Soltan, 2008; Kaya et al., 2013), our
present study found no beneficial influence of acidifier
on eggshell hardness and shell thickness, which was in
consistent with the results of Park et al. (2009) and

Kaya et al. (2015). Haugh unit is one of the most com-
mon indicators of egg freshness and an obvious increase
in Haugh unit and yolk weight were observed by dietary
acidifier in this study. The increased Haugh unit was
also observed by Sandi et al. (2022) who reported that
organic acid derived from grass silage improved the
Haugh unit of duck eggs.

Except for laying performance, inclusion of probiotics
in the diets of laying hens can also result in improved
egg quality: higher values for albumen height and yolk
color (Upadhaya et al., 2019); increased eggshell thick-
ness and strength (Xiang et al., 2019; Souza et al.,
2021). Similarly, the present study confirmed that the
combination of B. subtilis and C. butyricum inclusion in
diets of laying ducks contributed to an improvement in
Haugh unit, albumen height, and egg shape index.
Meanwhile, the tendency toward an increase in eggshell
strength was observed in compound probiotic groups.
Eggs usually exhibit a decline in eggshell quality as the
hen ages, due to the increased egg weight without an
increase in the amount of calcium carbonate deposited
in the shell (Etches, 1998). The greater eggshell quality
produced by ducks fed diets inclusion of probiotics was
directly associated with the rising ratio of marketable
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eggs. Carbonic anhydrase (CA) and calcium-bing pro-
tein (calbindin, CaBP) of chicken play an important
role in the eggshell formation: CA catalyzes the revers-
ible hydration of CO5 to form HCO3;™ and protons, and
HCO; ™ provides CO3*~ to bind with Ca®", which is ulti-
mately deposited as a CaCOjz shell on the egg (Sim-
kiss, 2010); CaBP exists as a high-molecular weight
protein of 28kDa (CaBP-D28k) in avian intestine and
eggshell grand, which are characterized by their massive
transport of Ca®" (Arie, 2009), and the concentration of
CaBP in the eggshell grand is positively correlated with
rate of shell Ca®" deposition (Yosefi et al., 2003). As
shown in Figure 4, diet added with probiotics enhanced
the CA2 expression in uterus and CaBP-D28k gene also
showed higher expression in two 0g/kg acidifier plus pro-
biotics groups, and these elevation of gene expressions
may result from the enhanced Ca®" uptake in the intes-
tine of the corresponding probiotics groups, which con-
tributed to the increased eggshell strength. Probiotics
can stimulate the quantitative or qualitative composi-
tion of the intestinal microflora to improve calcium bio-
availability (Raveschot et al., 2020; Wawrzyniak and
Suliburska, 2021). Rats fed dietary multispecies probiot-
ics exhibited higher calcium deposition in the hair
(Suliburska, et al., 2021).

Serum Antioxidant Capacity and Immune
Status

Oxidative stress refers to the imbalance between oxida-
tion and anti-oxidation in the body, and it could result in
varieties of reactive oxygen species (ROS), which can
damage the proteins, nucleic acids and lipids, contributing
to tissue damage and the development of diseases. Antiox-
idant enzymes (SOD, CAT, GSH, and GSH-Px) serve as
the first-line to eliminate the ROS and MDA exists as the
final product of lipid peroxidation, which is frequently
used as biomarker to estimate oxidative stress
(Geret et al., 2003). Due to the capacity of penetrating
through the cell well of bacterial and cellular pH-reduc-
tion, acidifiers were proved to inhibit the growth of patho-
genic bacteria in intestine, especially the gram negative
bacteria, such as E.coli and Salmonella (Hassan et al.,
2010; Nguyen et al., 2020). The reduced pathogen coloni-
zation by acidifiers contributed to a lower cases of intesti-
nal disease, such as necrotic enteritis, a common problem
in the poultry industry caused by Clostridium perfringens
(Jerzsele et al., 2012). In addition, dietary organic acids
were reported to have positive effects on intestinal villi
morphology and content of beneficial bactetia in heat-
stressed broliers (Abdelqader and Al-Fataftah, 2016). The
inhibition of pathogenic bacteria and improvement of
intestinal epithelium functions help to maintain a health
and sound condition of animals. Broiler chickens fed with
organic acids showed lower MDA concentration in the
serum (Hashemi et al., 2012). In contrast, in our present
study ducks fed with the organic acid mixture showed
reductions of CAT activity and T-AOC concentrations,
accompanied by a marketable higher MDA content in the

serum. Differ from the acidifier, we observed that diet sup-
plementation of compound probiotics improved the serum
SOD activity, and the positive impact was in agreement
with the previous studies. For instance, laying hens fed
with C. butyricum exhibited increased serum CAT and T-
SOD concentrations (Zhan et al., 2018) and serum GSH-
Px activity increased linearly in breeding hens as dietary
inclusion of B. subtilis increased (Liu et al., 2019). The
improvement in SOD activity may due to that C. butyri-
cum can produce butyrate and hydrogen, and stimulate
the intraepithelial lymphocytes in the small intestinal,
which will enhance the activity of antioxidative enzymes
and reduce ROS production (Franziska et al., 2014;
Bai et al., 2018).

Serum immunoglobulin play a critical role in immune
function, among which IgA, IgG, and IgM are usually
used to evaluate immune status in hens. Organic acids
were demonstrated to improve the health of young
broilers by enhance the immune system (Dittoe et al.,
2018). Broiler chicks fed with dietary organic acids showed
higher serum IgG concentration (Mustafa et al., 2021).
Contrastingly, here we observed a decline in serum IgA
and IgG contents of laying ducks fed diet with organic
acid mixture. The inconsistent results of the serum antiox-
idant capacity and immunoglobulin concentration with
the previous studies may be attributed to the type of com-
position and dosage of the organic acids, nutrient composi-
tion of feed, age, and health status of the ducks
(Nguyen et al., 2020). The reduced immunoglobulin con-
tent and antioxidant capacity, coupled with the elevation
of MDA concentration allowed to conclude that ducks fed
with dietary acidifier were vulnerable to infections or dis-
ease in the present study. Several studies have reported
that B. subtilis alone or combined with other probiotic
can serve as immune-modulatory factors to increase per-
formance in chickens, such as higher index of humoral and
cell-mediated immunities (Molndr et al., 2011;
Biswas et al., 2022). The immunostimulatory impact of
probiotics might be attributed to their ability to activete
T lymphocytes in the intestinal immune system via aug-
menting Toll-like receptor (TLR) signalling (Abd El-
Hack et al., 2020). Diet supplementation of B. subtilis
improved IgM concentration both in laying hens and
broilers (Fathi et al., 2017; Liu et al., 2019). Studies on
diet inclusion of C. butyricum indicated promoted concen-
trations of serum IgG and IgM in broilers and laying hens
(Yang et al., 2012; Zhan et al., 2018), and serum IgM con-
tent in Cherry Valley ducks (Zhuang et al., 2015). Our
present study found that there were interaction effects
beween the compound probiotics and the acidifiers on
serum IgA and IgG contents of ducks, and dietary probi-
otics mitigated the significant decline in serum IgA and
IgG caused by diet inclusion of acidifiers.

CONCLUSIONS

Egg reproductive performance and quality of aged
laying ducks can be improved by diet inclusion with
compound probiotics composed of B. subtilis and C.
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butyricum, accompanied by increased expressions of
reproductive genes and eggshell formation related genes.
Compound probiotics also increased the serum antioxi-
dant enzyme activity. Organic acid mixture supplemen-
tation beneficially affected the egg quality, while the
serum antioxidant capacity and immunoglobulin con-
tent were reduced by acidifier. The negative impact of
the acidifier in this study suggests that further studies
with different combinations of organic acids on laying
ducks deserve to be carried out to distinguish the benefi-
cial acids from the harmful ones.
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