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ABSTRACT This study was designed to evaluate the
effect of dietary Ser on performance, egg quality, serum
indices, and ileal mucosal immunity in laying hens fed
low crude protein (LCP), essential amino acids (EAA)
balanced diets. A total of 480 Hy-Line Brown layers at
24 wk of age were randomly assigned into 5 dietary
treatments with 8 replicates of 12 birds each. Treat-
ments included a control diet (16.49% CP), and 4 LCP,
EAA balanced diets (14.05% CP) supplemented with 0,
0.114%, 0.306%, 0.498% L-Ser, respectively. Dietary Ser
supplementation linearly increased hen-day egg produc-
tion (HDEP; P < 0.05) and decreased feed-to-egg ratio
(P < 0.05) among LCP groups from wk 6 to 10, and the
optimal HDEP of layers occurred at Ser level of 0.498%.
At the end of wk 10, birds in the control had higher albu-
men height and thick white proportion than those fed
the LCP diet without Ser addition (P < 0.05), and pre-
sented a lower yolk color score than all LCP groups (P <
0.05). Among LCP groups, serum total protein and
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globulin contents were significantly increased by dietary
Ser addition at the levels of 0.306% and 0.498% (P <
0.05), and had a linear response to the supplemental Ser
levels (P < 0.05). Furthermore, dietary 0.498% Ser sup-
plementation significantly increased serum immunoglob-
ulin G and immunoglobulin M contents (P < 0.05) and
up-regulated the expression of mucin 2, secretory immu-
noglobulin A, and relevant glycosyltransferases of O-gly-
cosylation in ileal mucosa (P < 0.05). The increased
expression of proinflammatory cytokines IFN-g and IL-
1b induced by LCP diets (P < 0.05) was reversed follow-
ing 0.498% Ser addition (P < 0.05). Collectively, dietary
CP reduction by 2.44% could maintain the productive
performance of layers when it was fortified with certain
EAA, though poor albumen quality, and ileal inflamma-
tion were occurred. The addition of Ser to LCP diets
improved performance probably through enhancing
humoral and ileal mucosal immunity and attenuating
the ileal inflammation of layers.
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INTRODUCTION

Low crude protein (LCP) diets have been identified
to potentially provide economic, environmental,
healthy, and welfare benefits to poultry (Abou-
Elkhair et al., 2020). Supplemental crystalline amino
acids (AA) in LCP diets are supposed to be an effective
strategy for reducing feed costs, nitrogen excretion, and
increasing feed utilization (Ospina-Rojas et al., 2012;
Hilliar et al., 2019). However, LCP diets fortified with
essential AA (EAA) do not consistently result in layers
with performance similar to those received adequate CP
diets (Lieboldt et al., 2016; Parenteau et al., 2020). One
possible reason is the lack of nonessential AA, resulting
in a deficiency in nitrogen for the respective AA avail-
able and a consumption of EAA for the synthesis of non-
essential AA (Dean et al., 2006; Siegert et al., 2015).
Gly and Ser are both nonessential AA for poultry that

can be interconverted to each other by Ser hydroxyme-
thyltransferase (Sugahara and Kandatsu, 1976). Mean-
while, it has been evidenced that dietary Ser is equally
effective in fulfilling the functions of dietary Gly when
considered on an equimolar basis (Sugahara and Kan-
datsu, 1976). Correspondingly, dietary concentration of
Gly + Ser (or Glyequi) was suggested to be calculated to
investigate the effect of Gly or Ser on performance of
poultry. Several studies, in particular those investigating
LCP diets, have observed the performance-enhancing
effects of Gly + Ser (or Glyequi) supplementation in poul-
try, thus proposing that the existing recommendations
for Gly + Ser are too low in LCP diets (Dean et al.,
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2006; Ospina-Rojas et al., 2013; Hofmann et al., 2019).
In these studies, different concentrations of dietary
Gly + Ser (or Glyequi) were all achieved by supplement-
ing different levels of Gly. Since Gly is required for the
metabolization of ammonia into uric acid (UA) in poul-
try (Namroud et al., 2008; Hilliar et al., 2019), it
enhanced performance might through preventing
against LCP-induced high level of blood ammonia that
was identified to suppress appetite (Panksepp and
Booth, 1971). Although Ser is considered as Gly equiva-
lent in diet formulations, the complete supplementation
of Ser to meet different dietary Gly + Ser (or Glyequi)
were little investigated in laying hens.

As the major carbon donors of one-carbon metabo-
lism, Ser helps coordinate synthesis of nucleotide, S-
adenosyl-methionine, NADPH, and glutathione
(Yang and Vousden, 2016). It has been confirmed that
dietary Ser supplementation can prevent against oxida-
tive stress because of its role in glutathione synthesis
(Zhou et al., 2017; He et al., 2020). Ma et al. (2017)
proved that Ser is a key immunometabolite that directly
regulates adaptive immunity by controlling T cell prolif-
erative capacity. Moreover, an anti-inflammatory effect
of Ser was also observed in some recent studies con-
ducted in certain mouse models. For example, it was
reported that dietary Ser supplementation prevented
LPS-induced intestinal inflammation via p53-dependent
glutathione synthesis and AMPK activation
(Zhou et al., 2017), while another study indicated that
Ser could exert salutary effects on gut microbial compo-
sition and alleviate inflammatory responses induced by
dextran sulfate sodium in mice (Zhang et al., 2018).
These potential functions increase the feasibility of Ser
application in poultry especially in those fed LCP diets,
because the long-term use of a LCP diet has been identi-
fied to be associated with high levels of infections in lay-
ing hens (Fafournoux et al., 2000).

To develop a practical understanding of crystalline Ser
use in LCP diets in laying hens, a study was hereby
designed to assess the effects of L-Ser on performance, egg
quality, serum indices, and ileal mucosal immunity in lay-
ing hens fed LCP diets fortified with crystalline AA. A
recent review recommended 1.1 to 2.0% Glyequi in poultry
diets based on existing literature (Siegert and Rodehuts-
cord, 2019). Thr is an important endogenous precursor of
Gly or Ser, can partly reduce the requirement of Glyequi in
animals. Given the LCP diets were fortified with EAA
inclusive of Thr in this study, the Ser addition levels were
set to approach the lower range of recommendation. This
integrative investigation may contribute to the extension
of LCP diets in poultry production.
MATERIALS AND METHODS

Ethic Statement

All experimental protocols were approved by the Ani-
mal Care and Use Committee of the Institute of Feed
Research of the Chinese Academy of Agricultural Scien-
ces (ACE-CAAS-20200315), and the methods were
carried out in accordance with the relevant guidelines
and regulations.
Birds and Husbandry

A total of 480, 24-wk old Hy-Line Brown layers were
randomly divided into 5 groups, with 8 replicates (12
birds in 4 adjacent cages as a replicate). Initial body
weight and laying rate were similar across all the repli-
cates. Layers in the trial were allocated to 3-tier battery
cages of 3 laying hens each (cage size: 40 cm £ 40
cm £ 35 cm) and exposed to 16 h of light/d with an
intensity of 20 lx. Temperature was between 26 and 29°
C throughout the experiment. Diets and water were
offered ad libitum in mash form and by nipple drinkers,
respectively. The feeding trial lasted 10 wk after a 7-d
adaption period. All hens remained in good health dur-
ing the feeding period.
Diets

The AA contents of corn, soybean meal and wheat
bran used in the current trial were analyzed before
diet formulation. The standardized ileal digestible
(SID) AA in these ingredients were calculated
according to the SID coefficients provided by Amino-
Dat 4.0 (2010). The ingredients and nutrient compo-
sition of experimental diets were presented in
Table 1. The control diet based on corn and soybean
meal contained 16.49% CP. The other 4 experimental
diets were reduced dietary crude protein (14.05% CP)
by decreasing the soybean meal content and partially
increasing the corn content and wheat bran. All
treatments were guaranteed to contain the same lev-
els of SID Lys, Met, Met + Cys, Thr, Trp, Val, Ile,
and Leu by supplementing crystalline AA. The 4
LCP diets were then supplemented with 0, 0.114%,
0.306%, and 0.498% L-Ser to satisfy the total SID
Ser of 85%, 100%, 125%, and 150% of that in the
control diet, respectively. All diets were formulated
to meet or slightly exceed the NCR recommendations
(National Research Council, 1994) for all nutrients
(except for CP in LCP groups). The AA contents of
each diet were reanalyzed using L-8900 Amino Acid
Analyzer (Hitachi Limited, Tokyo, Japan) after for-
mulation.
Laying Performance Parameters

Mortality was recorded as it occurred. Daily egg num-
ber, total egg weight, irregular (soft, misshapen, over-
sized and subminiature) eggs, and weekly feed
consumption were recorded and calculated as hen-day
egg production (HDEP), average egg weight (AEW),
average daily feed intake (ADFI), feed-to-egg ratio (F/
E) on a weekly basis. The AEW was calculated as the
mean weight of total eggs (without irregular eggs).
HDEP and ADFI were adjusted for hen mortality and
calculated for wk 1 to 5, wk 6 to 10, and wk 1 to 10.



Table 1. Composition and nutrient levels of layer diets from 25 to 34 wk of age.

Item1 Control2
LCP2 + L-Serine

0 0.114 0.306 0.498

Ingredient, %
Corn 64.97 67.00 67.05 67.10 67.15
Soybean meal 24.10 16.50 16.22 15.75 15.29
Wheat bran 0 4.59 4.60 4.63 4.65
Dicalcium phosphorate 0.81 0.87 0.88 0.88 0.89
Lime stone 9.00 9.02 9.02 9.02 9.02
Salt 0.30 0.30 0.30 0.30 0.30
DL-Methionine, 98% 0.170 0.193 0.194 0.197 0.199
L-Lysine-HCl, 78% 0.030 0.214 0.222 0.236 0.250
L-Threonine, 98% 0.050 0.129 0.133 0.140 0.146
L-Tryptophan, 99% 0.010 0.038 0.039 0.041 0.044
L-Valine, 99% 0.020 0.116 0.121 0.129 0.137
L-Isoleucine, 98% 0 0.105 0.110 0.118 0.126
L-Cysteine�H2O, 68% 0.180 0.208 0.210 0.213 0.217
L-Leucine, 99% 0 0.162 0.169 0.183 0.196
L-Serine, 98% 0 0 0.114 0.306 0.498
Premix3 0.23 0.23 0.23 0.23 0.23
Choline chloride, 50% 0.10 0.10 0.10 0.10 0.10
Phytase 0.03 0.03 0.03 0.03 0.03
Zeolite 0 0.195 0.263 0.393 0.527
Total 100 100 100 100 100
Nutrient level4, %
Metabolizable energy, kcal/kg 2688 (2719) 2688 (2601) 2688 (2640) 2688 (2773) 2688 (2711)
Crude protein 16.49 (16.93) 14.05 (14.07) 14.05 (14.12) 14.05 (14.04) 14.05 (13.90)
Calcium 3.526 (4.275) 3.526 (4.013) 3.526 (3.964) 3.526 (3.520) 3.526 (3.965)
Available phosphorus 0.319 (0.345) 0.319 (0.401) 0.319 (0.382) 0.319 (0.362) 0.319 (0.337)
SID Lysine 0.759 (0.739) 0.759 (0.752) 0.759 (0.760) 0.759 (0.748) 0.759 (0.766)
SID Methionine 0.389 (0.397) 0.389 (0.376) 0.389 (0.403) 0.389 (0.386) 0.389 (0.401)
SID Methionine + cysteine 0.746 (0.740) 0.746 (0.721) 0.746 (0.747) 0.746 (0.731) 0.746 (0.725)
SID Threonine 0.565 (0.555) 0.565 (0.511) 0.565 (0.526) 0.565 (0.561) 0.565 (0.544)
SID Tryptophan 0.173 (0.179) 0.173 (0.167) 0.173 (0.180) 0.173 (0.174) 0.173 (0.182)
SID Valine 0.709 (0.706) 0.709 (0.664) 0.709 (0.691) 0.709 (0.662) 0.709 (0.708)
SID Isoleucine 0.608 (0.597) 0.608 (0.543) 0.608 (0.560) 0.608 (0.549) 0.608 (0.614)
SID Leucine 1.289 (1.319) 1.289 (1.258) 1.289 (1.300) 1.289 (1.339) 1.289 (1.327)
SID Phenylalanine 0.734 (0.766) 0.618 (0.598) 0.612 (0.628) 0.603 (0.685) 0.594 (0.585)
SID Arginine 0.963 (0.962) 0.795 (0.763) 0.787 (0.748) 0.774 (0.768) 0.760 (0.725)
SID Histidine 0.406 (0.425) 0.354 (0.344) 0.351 (0.365) 0.347 (0.347) 0.342 (0.338)
SID Glycine 0.567 (0.556) 0.493 (0.512) 0.489 (0.530) 0.482 (0.520) 0.475 (0.525)
SID Serine 0.719 (0.749) 0.613 (0.598) 0.719 (0.709) 0.899 (0.874) 1.079 (1.084)
SID Glycine + serine 1.286 (1.305) 1.106 (1.110) 1.208 (1.239) 1.381 (1.394) 1.554 (1.609)

1Abbreviations: HCl, hydrochloride; SID, standardized ileal digestible.
2Control, the control diet (16.49% CP); LCP, the low crude protein diets (14.05% CP).
3Premix supplied per kilogram of diet: vitamin A, 12,500 IU; vitamin D3, 4,125 IU; vitamin E, 15 IU; vitamin K3, 2 mg; thiamine, 1 mg; riboflavin, 8.5

mg; pyridoxine, 8 mg; vitamin B12, 0.04 mg; biotin, 0.1 mg; folic acid, 1.25 mg; Ca-pantothenate, 50 mg; niacin, 32.5 mg; copper, 8 mg; zinc, 65 mg; iron,
60 mg; manganese, 65 mg; selenium, 0.3 mg; iodine, 1 mg.

4The values in parentheses indicate analyzed values. Others are calculated values. Data for the nutrients were calculated values. SID AAs data were
calculated using SID coefficients of database from AminoDat 4.0 (2010).
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Egg Interior Quality and Composition

Six eggs of each replicate with the weight close to rep-
licate AEW were collected at each of the last 2 d of wk 5
and 10. Egg samples from the first day were tested for
their interior quality. Albumen height, yolk color, and
Haugh unit were measured using the Egg Analyzer
(ORKA Food Technology Ltd, Ramat HaSharon,
Israel).

Egg samples from the second day were collected for
egg composition determination. The eggs were individu-
ally weighted, broken, and the albumen was separated
from the yolk. The yolk was weighted after removing the
chalaza, and the eggshell was weighted after washing
and air-drying. Albumen weight was calculated by sub-
tracting the eggshell and yolk weight from the whole egg
weight. The albumen was further separated by passing
through a 60-mesh sieve for 30 s. The portion entrapped
on the sieve was weighted as thick egg white weight.
The whole albumen was finally mixed, freeze-dried and
weighted. The eggshell (yolk, albumen or thick egg
white) portion (%) = the eggshell (yolk, albumen or
thick egg white) weight/the whole egg weight £ 100;
The albumen solid content (%) = the freeze-dried albu-
men weight/the fresh albumen weight £ 100.
Measurement of Serum Biochemistry and
Immunoglobulin Contents

At the end of the feeding trial, one bird per replicate
was randomly selected. Blood samples were collected
from wing vein and then incubated in a 37°C water bath
while tilted at a 45° angle for 8 h to harvest serum. The
serum samples were stored at ‒20°C until analysis.
Serum total protein (TP), albumin, aspartate transami-
nase (AST), alanine transaminase, glucose, and UA
were determined using automatic biochemical analyzer



Table 2. Primers used for quantitative real-time PCR.

Gene1 Primer sequences2 (5’-3’) Accession no.

MUC2 F: CAGCACCAACTTCTCAGTTCC NM_001318434.1
R: TCTGCAGCCACACATTCTTT

sIgA F: ACCACGGCTCTGACTGTACC S40610.1
R: CGATGGTCTCCTTCACATCA

IL-6 F: CAAGGTGACGGAGGAGGAC NM_204628.1
R: ACTGTGGTGTGCTCAGAATCC

IL-10 F: CGGGAGCTGAGGGTGAA NM_001004414.2
R: GTGAAGAAGCGGTGACAGC

IFN-g F: AGCTGACGGTGGACCTATTATT NM_205427.1
R: GGCTTTGCGCTGGATTC

IL-1b F: CAGCCTCAGCGAAGAGACCTT NM_204524.1
R: ACTGTGGTGTGCTCAGAATCC

GALNT1 F: GGCTGCCTGCTGGAGATGTTC XM_015282326.1
R: ACGCTTGTTGTGGGAAGGTTGTC

GALNT6 F: GACGCCAGCACGGACGAATATC XM_025145312.1
R: CTCATCCTTCCTCCTCTGCCTCTC

OGT F: TCGGCGGAAGGAGACGGATG XM_001232518.5
R: GGCTGAGGAGGCGGAGAAGG

ST3GAL1 F: GCAGCAAGATGGTCACCGTCAG NM_205217.1
R: CAGTTTCAGCCACCACCTGTAGC

ST6GALNAC3 F: TGAGCAACACCACGGATGAAGAAG XM_025153111.1
R: CTGTGATGTGCTGCTGGCTGTC

FUT6 F: GCAGACACCCATCCCATTTCTCAG XM_025144347.1
R: GCAGGCGACAGCATACAGACAG

b-actin F: ATGATATTGCTGCGCTCGTT NM_205518.1
R: TCTTTCTGGCCCATACCAACC

1Abbreviations: FUT6, fucosyltransferase 6; GALNT1, polypeptide N-acetylgalactosaminyltransferase 1; GALNT6, polypeptide N-acetylgalactosami-
nyltransferase 6; IFN-g, interferon-gamma; IL-10, interleukin 10; IL-1b, interleukin 1beta; IL-6, interleukin 6; MUC2, mucin 2; OGT, O-linked N-acetyl-
glucosamine transferase; sIgA, secretory immunoglobulin A; ST3GAL1, ST3 beta-galactoside alpha-2,3-sialyltransferase 1; ST6GALNAC3, ST6 N-
acetylgalactosaminide alpha-2,6-sialyltransferase 3.

2F, forward; R, reverse.
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(Zhuoyue 300, Kehua Bio. Co., Ltd. Shanghai, China).
The globulin content in serum was calculated by sub-
tracting the albumin content from the TP content.
Serum immunoglobulin (Ig) including IgA, IgM, and
IgG were determined only among 3 groups including the
control, the LCP diet, and the LCP diet supplemented
with 0.498% Ser, which was performed by assay kits for
chickens (Shanghai Meilian Bio. Co., Ltd. Shanghai,
China) following the manufacturer’s instructions.
RNA Isolation and Real-Time Quantitative
PCR

At the end of the trial, one bird of each replicate of 3
groups (the control, the LCP diet, and the LCP diet sup-
plemented with 0.498% Ser) was randomly selected and
slaughtered. The ileum was removed, opened longitudi-
nally, and gently rinsed with PBS. The mucosa was
scraped aseptically by sterile glass slides, frozen as ali-
quots in liquid nitrogen, and stored at ‒80°C for the
quantification of gene expression. Total RNA of the ileal
mucosa was extracted with the Trizol reagent (Tiangen
Biotech Co., Ltd. Beijing, China) according to the man-
ufacturer’s instructions. RNA concentration was deter-
mined using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA), and the
integrity was evaluated using agarose-ethidium bromide
electrophoresis. Reverse transcription (RT) reactions
were immediately performed using the FastQuant RT
Kit (Tiangen Biotech Co., Ltd., Beijing, China) accord-
ing to the instructions. Real-time quantitative PCR was
conducted in duplicate in the Bio-Rad C1000 thermal
cycler (CFX-96 real-time PCR detection systems; Bio-
Rad). PCR programs for all genes were as follows: 95°C
for 15 min; 40 cycles of 95°C for 10 s, 60°C for 30 s. The
relative mRNA expression levels were calculated using
the 2�DDCt method (Livak and Schmittgen, 2001), and
avian b-actin was used as reference gene. The primer
sequences for the target genes and b-actin are listed in
Table 2.
Statistical Analysis

All analyses were performed using SAS (SAS Institute
Inc., 1999). The homogeneity of variances and normality
of the data were tested first. The normality was tested
using Shapiro-Wilk test. Then, differences among all
groups and among LCP groups were analyzed using one-
way ANOVA and means were compared using Duncan’s
Multiple Range Test. Student’s t test was employed to
explore the differences between the control and the LCP
group without Ser addition. The linear and quadratic
effects of Ser addition levels in LCP groups were assessed
using regression analysis. Differences were considered
statistically significant at P < 0.05. Data are expressed
as mean and pooled SEM.
RESULTS

Laying Performance

The effect of dietary Ser supplementation on laying
performance of layers (25−34 wk of age) fed different



Table 3. Effect of dietary L-serine supplementation on performance of laying hens fed the low crude protein diets.1

Item Hen-day egg production, % Average egg weight, g Average daily feed intake, g Feed-to-egg ratio, g/g

Period, wk 1−5 6−10 1−10 1−5 6−10 1−10 1−5 6−10 1−10 1−5 6−10 1−10

Treatments2

CON 88.07 89.50AB 88.69 57.20 59.79 58.46 107.44 113.95 110.21 2.20 2.25 2.22
LCP 86.76 86.62Bb 86.70 56.23 58.34 57.14 109.87 114.20 111.32 2.23 2.29 2.25
LCP + Ser0.114 87.00 86.94Bb 86.92 56.68 59.04 57.69 108.00 115.43 110.69 2.20 2.30 2.24
LCP + Ser0.306 87.44 88.73ABab 87.94 56.55 58.46 57.37 108.80 111.07 109.70 2.20 2.16 2.18
LCP + Ser0.498 88.28 91.46Aa 89.63 56.21 58.68 57.27 109.03 115.91 111.67 2.20 2.16 2.18

SEM 0.619 0.578 0.453 0.239 0.263 0.235 0.569 0.643 0.493 0.011 0.025 0.013
P-value

All groups 0.938 0.044 0.222 0.685 0.395 0.37 0.717 0.146 0.749 0.906 0.237 0.306
CON vs. LCP 0.564 0.066 0.201 0.307 0.119 0.158 0.231 0.880 0.501 0.518 0.716 0.556
LCP groups 0.863 0.045 0.166 0.911 0.863 0.909 0.774 0.115 0.637 0.789 0.111 0.098
Linear 0.384 0.005 0.025 0.878 0.934 0.963 0.850 0.898 0.924 0.422 0.026 0.016
Quadratic 0.684 0.364 0.074 0.789 0.966 0.882 0.751 0.301 0.461 0.622 0.085 0.050
1n = 8 replicates per treatment.
2CON, the control diet (16.49% CP); LCP, the low crude protein diets (14.05% CP); LCP + Ser0.114 (0.306 or 0.498), the low crude protein diet sup-

plemented with 0.114% (0.306% or 0.498%) L-serine.
A,B,a,bWithin a column, means with no common capital letters (A, B) differ significantly (P < 0.05) among all groups, and with no common small letters

(a, b) differ significantly (P < 0.05) among LCP groups.
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diets is presented in Table 3. No difference in laying per-
formance was observed among all treatments during
experimental period from wk 1 to 5 (P > 0.05). The
HDEP of birds fed the LCP diet supplemented with
0.498% Ser was 4.84% higher when compared with those
fed LCP diet without dietary Ser supplementation
among all treatments (P < 0.05) and among LCP groups
(P < 0.05) from wk 6 to 10. The addition of Ser to LCP
diets linearly increased HDEP (P < 0.05) and decreased
F/E (P < 0.05) from wk 6 to 10 and wk 1 to 10.
Table 4. Effect of dietary L-serine supplementation on egg inte-
rior quality of laying hens fed the low crude protein diets.1

Item2 Albumen height, mm Egg yolk color Haugh unit

Wk 5
CON 8.12 5.11 89.50
LCP 7.64 5.47 86.74
LCP + Ser0.114 7.71 5.28 88.07
LCP + Ser0.306 7.72 5.50 87.49
LCP + Ser0.498 7.78 5.33 88.29
SEM 0.115 0.086 0.612

P-value
All groups 0.689 0.626 0.698
CON vs. LCP 0.253 0.241 0.170
LCP groups 0.981 0.822 0.857
Linear 0.678 0.842 0.530
Quadratic 0.918 0.976 0.816

Wk 10
CON 8.02 4.47A 88.09
LCP 7.32 5.04BC 85.12
LCP + Ser0.114 7.57 4.87BC 86.34
LCP + Ser0.306 7.66 4.76B 87.08
LCP + Ser0.498 7.51 5.11C 86.79
SEM 0.093 0.058 0.492

P-value
All groups 0.133 <0.001 0.367
CON vs. LCP 0.031 0.001 0.095
LCP groups 0.601 0.118 0.576
Linear 0.831 0.702 0.866
Quadratic 0.385 0.054 0.365
1n = 8 replicates (6 eggs per replicate) per treatment.
2CON, the control diet (16.49% CP); LCP, the low crude protein diets

(14.05% CP); LCP + Ser0.114 (0.306 or 0.498), the low crude protein diet
supplemented with 0.114% (0.306% or 0.498%) L-serine.

A-CWithin a column, means with no common capital letters (A-C) dif-
fer significantly (P < 0.05) among all groups.
Egg Interior Quality and Composition

Table 4 shows the egg interior quality indices of layers
fed different diets. There were no differences in albumen
height, egg yolk color, and Haugh unit among all groups
at the end of wk 5 of the experimental period (P > 0.05).
At the end of wk 10, birds fed the LCP diet without die-
tary Ser addition had a lower albumen height (approxi-
mately 5.91%) than those fed the control diet (P <
0.05), and all LCP treatments presented a higher yolk
color score (P < 0.01).
There were no differences in egg weight, egg propor-

tions (eggshell, yolk, albumen, and thick egg white), and
albumen solid content among all groups at the end of wk
5 and 10 (P > 0.05, Table 5). Among 4 LCP groups, die-
tary Ser supplementation linearly increased the eggshell
proportion at the end of wk 5 (P < 0.05). At the end of
wk 10, birds received the LCP diet presented a 2.04%
decreased egg thick white proportion as compared with
those in the control (P < 0.05).
Serum Biochemistry and Immunoglobulin
Contents

No statistical significance of comparison in serum bio-
chemistry was observed among all groups and between
the control and the LCP group (P > 0.05, Table 6).
However, among LCP groups, dietary 0.306% and
0.498% Ser addition showed higher contents in TP than
0.114% Ser supplemental level (P < 0.05) and in globulin
than 0 and 0.114% Ser supplemented groups (P < 0.05).
The addition of Ser to LCP diets linearly increased TP
and globulin contents (P < 0.05) and decreased AST
activity (P < 0.05) in serum.
Figure 1 illustrates the serum immunoglobulin

contents of layers fed the control diet, the LCP diet,
and the LCP diet supplemented with 0.498% Ser.
Serum IgG and IgM contents of birds fed the LCP
diet supplemented with 0.498% Ser were respectively
6.77% and 6.56% higher than those received the



Table 5. Effect of dietary L-serine supplementation on egg composition of laying hens fed the low crude protein diets.1

Item2

Egg weight, g

Egg composition, %

Albumen solid, %Eggshell Egg yolk Albumen Thick white

Wk 5
CON 58.20 10.45 23.80 66.03 36.54 12.44
LCP 57.93 10.53 23.41 66.22 34.50 12.15
LCP + Ser0.114 57.19 10.42 23.60 66.32 34.50 12.51
LCP + Ser0.306 57.34 10.53 23.72 65.75 34.83 12.60
LCP + Ser0.498 58.15 10.80 23.45 65.75 35.17 12.27
SEM 0.394 0.066 0.169 0.174 0.495 0.096

P-value
All groups 0.903 0.406 0.944 0.806 0.666 0.612
CON vs. LCP 0.803 0.500 0.339 0.583 0.210 0.381
LCP groups 0.896 0.084 0.956 0.706 0.967 0.506
Linear 0.795 0.035 0.942 0.290 0.609 0.779
Quadratic 0.747 0.067 0.849 0.576 0.876 0.305

Wk 10
CON 60.60 10.02 24.15 65.83 38.99 12.42
LCP 59.48 10.24 25.08 64.68 35.47 12.68
LCP + Ser0.114 59.56 10.31 25.03 64.66 37.14 12.50
LCP + Ser0.306 58.63 10.37 24.96 64.67 37.06 12.56
LCP + Ser0.498 59.41 10.30 25.35 64.35 38.28 12.68
SEM 0.280 0.064 0.167 0.209 0.447 0.068

P-value
All groups 0.334 0.410 0.145 0.133 0.101 0.688
CON vs. LCP 0.118 0.325 0.129 0.119 0.005 0.384
LCP groups 0.707 0.715 0.588 0.628 0.256 0.792
Linear 0.789 0.212 0.410 0.433 0.065 0.832
Quadratic 0.764 0.289 0.415 0.670 0.177 0.650
1n = 8 replicates (6 eggs per replicate) per treatment.
2CON, the control diet (16.49% CP); LCP, the low crude protein diets (14.05% CP); LCP + Ser0.114 (0.306 or 0.498), the low crude protein diet sup-

plemented with 0.114% (0.306% or 0.498%) L-serine.
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LCP diet without dietary Ser supplementation (P <
0.05).
Relative mRNA Expression in Ileal Mucosa

The relative mRNA expression of MUC2 and sIgA in
the ileal mucosa of layers after feeding 10 wk is shown in
Figure 2. There were significant increases (P < 0.05) in
the relative expression of ileal mucosal MUC2 and sIgA
of layers fed the LCP diet supplemented with 0.498%
Ser, compared with the other 2 groups. The relative
expressions of ileal mucosal MUC2 and sIgA in laying
hens fed the LCP diet supplemented with 0.498% Ser
Table 6. Effect of dietary L-serine supplementation on serum biochem

Item2 TP (g/L) ALB (g/L) GLOB (g/L)

Treatments3

CON 50.28 19.81 30.47
LCP 43.78ab 20.14 23.64b

LCP + Ser0.114 42.13b 18.74 23.39b

LCP + Ser0.306 51.75a 21.21 30.54a

LCP + Ser0.498 49.88a 20.79 29.09a

SEM 1.586 0.414 1.330
P-value

All groups 0.216 0.406 0.207
CON vs. LCP 0.282 0.818 0.200
LCP groups 0.047 0.318 0.036
Linear 0.026 0.271 0.016
Quadratic 0.075 0.551 0.040
1n = 8 replicates (6 eggs per replicate) per treatment.
2Abbreviations: ALB, albumin; ALT, alanine transaminase; AST, aspartate

acid.
3CON, the control diet (16.49% CP); LCP, the low crude protein diets (14.0

plemented with 0.114% (0.306% or 0.498%) L-serine.
a,bWithin a column, means with no common small letters (a, b) differ signific
were respectively 119.05% and 292.13% higher than the
LCP without Ser addition group.
Figure 3 shows the relative expression of ileal mucosal

glycosyltransferases related to O-glycosylation among
the 3 treatments including the control diet, the LCP
diet and the LCP diet supplemented with 0.498% Ser.
No differences were found in the relative expression of
polypeptide N-acetylgalactosaminyltransferase 1, poly-
peptide N-acetylgalactosaminyltransferase 6, and fuco-
syltransferase 6 among these treatments (P > 0.05).
Compared with the control, the LCP diet with or with-
out 0.498% Ser supplementation led to a down-regulated
mRNA expression of O-linked N-acetylglucosamine
istry of laying hens fed the low crude protein diets.1

AST (U/L) ALT (U/L) GLU (mmol/L) UA (U/L)

205.86 4.43 4.04 216.29
226.50 3.00 3.45 175.00
220.33 4.17 4.02 156.17
217.67 3.00 4.47 165.50
193.50 4.50 3.76 169.67

4.889 0.362 0.195 11.313

0.230 0.506 0.605 0.476
0.257 0.261 0.376 0.323
0.085 0.431 0.429 0.963
0.016 0.386 0.575 0.999
0.401 0.645 0.248 0.828

transaminase; GLOB, globulin; GLU, glucose; TP, total protein; UA, uric

5% CP); LCP + Ser0.114 (0.306 or 0.498), the low crude protein diet sup-

antly (P < 0.05) among LCP groups.



Figure 1. Effect of dietary L-serine supplementation on serum immunoglobulins of laying hens fed the low crude protein diet. A, B and C respec-
tively show the serum immunoglobulin A, immunoglobulin G and immunoglobulin M contents of layers. Control, the control diet (16.49% CP);
LCP, the low crude protein diet (14.05% CP); LCP + Ser, the low crude protein diet supplemented with 0.498% L-serine. Data are represented with
the means § SEM (n = 8). Bars with no common small letters (a, b) indicate statistical differences among 3 treatments (P < 0.05).

Figure 2. Effect of dietary L-serine supplementation on the relative mRNA expression of mucin 2 (MUC2) and secretory immunoglobulin A
(sIgA) in the ileal mucosa of laying hens fed the low crude protein diet. Control, the control diet (16.49% CP); LCP, the low crude protein diet
(14.05% CP); LCP + Ser, the low crude protein diet supplemented with 0.498% L-serine. Data are represented with the means § SEM (n = 8). Bars
with no common small letters (a, b) indicate statistical differences among 3 treatments (P < 0.05).
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transferase (OGT) in the ileal mucosa (P < 0.05). The
supplementation of 0.498% Ser to LCP diet up-regu-
lated the mRNA expression for ST3 beta-galactoside
alpha-2,3-sialyltransferase 1 (ST3GAL1) and ST6 N-
acetylgalactosaminide alpha-2,6-sialyltransferase 3
Figure 3. Effect of dietary L-serine supplementation on the relative mR
sylation of laying hens fed the low crude protein diet. Control, the contr
LCP + Ser, the low crude protein diet supplemented with 0.498% L-serine. D
mon small letters (a, b) indicate statistical differences among 3 treatments (P
(ST6GALNAC3) as compared with the other 2 diets
(P < 0.05).
No differences in the relative expression of ileal muco-

sal IL-6 and IL-10 (P > 0.05) were observed among the 3
groups including the control diet, the LCP diet and the
NA expression of ileal mucosal glycosyltransferases related to O-glyco-
ol diet (16.49% CP); LCP, the low crude protein diet (14.05% CP);
ata are represented with the means § SEM (n = 8). Bars with no com-
< 0.05).



Figure 4. Effect of dietary L-serine supplementation on the relative mRNA expression of ileal mucosal cytokines of laying hens fed the low crude
protein diet. Control, the control diet (16.49% CP); LCP, the low crude protein diet (14.05% CP); LCP + Ser, the low crude protein diet supple-
mented with 0.498% L-serine. Data are represented with the means § SEM (n = 8). Bars with no common small letters (a, b) indicate statistical dif-
ferences among 3 treatments (P < 0.05).
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LCP diet supplemented with 0.498% Ser (Figure 4).
However, the relative expression of ileal mucosal IFN-g
and IL-1b of birds fed the LCP diet were 228.04% and
82.27% higher than those in the control, respectively (P
< 0.05), these up-regulations were reversed with the
addition of 0.498% Ser in LCP diet (P < 0.05).
DISCUSSION

Previous studies reported that dietary CP reduc-
tion was associated with poor egg production and
feed efficiency of layers (Roberts et al., 2007;
Azzam et al., 2017; Alagawany et al., 2020), which
can be imputed to the imbalance of AA composition
in LCP diets (Keshavarz and Jacson, 1992). In the
current study, the unobvious differences in HDEP
and F/E between the LCP treatment (14.05% CP)
and the control (16.49% CP) might because that the
LCP diet was well fortified with EAA, including Lys,
Met, Met + Cys, Thr, Trp, Val, Ile, and Leu. Simi-
larly, it was reported that the performance of layers
fed a 13% CP diet supplemented with Lys, Met, and
Try could all be maintained as compared with those
fed 16% CP diet (Keshavarz and Austic, 2004).
Reduced egg weight was also reported in birds fed
LCP diets (Lieboldt et al., 2016; Dong et al., 2017),
which was believed to result from an inadequate level
of total nitrogen (Fariborz et al., 2007).
Sohail et al. (2002) emphasized the importance of
EAA in LCP diets for egg weight maintenance that
removing synthetic Lys, Ile, Thr, and Try resulted in
reduced egg weight within 2 wk. Thus, a comparable
AEW between the control and the LCP treatment in
the current study suggests the adequate levels of total
nitrogen and EAA in LCP diet. A study with similar
percentage point’s reduction of CP in the diet bal-
anced with Lys, Met, Trp, Val, and Ile also illus-
trated that the AEW was not affected by dietary CP
reduction (Azzam et al., 2017). Taken together, die-
tary CP reduction from 16.49% to 14.05% can main-
tain a comparable productive performance to the
control within a certain period when it was fortified
with the EAA, including Lys, Met, Met + Cys, Thr,
Trp, Val, Ile, and Leu.
Limited information can be found regarding the effect

of the Ser supplementation on the performance of layers
fed LCP diets. Dietary Ser has been reported to fulfill
equal functions as dietary Gly fed in equimolar amounts
(Sugahara and Kandatsu, 1976). Therefore, Ser and Gly
are usually considered together in the form of Gly + Ser
(or Glyequi) when the effect on poultry performance of
varying dietary Ser and Gly supplementation is investi-
gated (Siegert et al., 2015). In the current study, dietary
Gly + Ser was increased with the Ser addition since the
concentration of Gly in the LCP diets was almost equal.
Ser addition linearly increased HDEP and decreased F/
E of layers fed LCP diets, resulting in an optimal HDEP
with Ser level of 0.498% (1.554% Gly + Ser). Similarly,
it was reported that the growth performance of broilers
fed LCP diets (16.21% CP) was increased linearly as the
concentration of dietary Gly + Ser was increased, and
2.07% Gly + Ser supplemented group performed no dif-
ference from the control (22.21% CP) (Dean et al.,
2006). Although the HDEP of hens fed the LCP diet
was not different from that of the control in the current
study, it was still improved by dietary Gly + Ser at a
higher concentration than the control. This would sup-
port the view that the ideal dietary Gly + Ser is higher
in poultry given LCP diets (Dean et al., 2006; Ospina-
Rojas et al., 2013; Siegert et al., 2015).
Albumen height is an important indicator of protein

quality. Deteriorations in this value also happen based
on freshness, but the main factor is protein quality in
the egg white. In the current study, albumen height was
decreased by dietary CP reduction. Similar results were
also reported by Parenteau et al. (2020) that birds given
a 2% CP reduction diet exhibited the lower albumen
height and Haugh unit than those in the control. Ovo-
mucin is generally accepted as a key component in main-
taining the natural viscosity of albumen, and
consequently the albumen height (Toussant and Lat-
shaw, 1999). Thus, the LCP diet might be detrimental
to the production of ovomucin. In support of this view,
the proportion of thick white that contains the most
ovomucin (about 2−4 times that in thin white) of the
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albumen was also significantly lower in the LCP group
than that in the control. Egg yolk color is another impor-
tant criterion for consumers, and high yolk color score
eggs are usually considered more attractive because it is
believed that dark colored eggs evoke natural eggs (Esfa-
hani-Mashhour et al., 2009). In the current study, all the
LCP diets increased the yolk color score compared with
the control. As all known, corn contains higher contents
of xanthophylls that are a primary contributor of yolk
pigmentation (Roberts et al., 2007). The LCP diets con-
tained a higher percentage of corn than the control diet.
Thus, the deepened egg yolk color in LCP groups can be
understandable. There were no effects of dietary Ser on
egg interior quality and egg composition except that a
linearly increased eggshell proportion was observed with
Ser addition in LCP diets. Limited information is avail-
able regarding the dietary effect of Ser on the eggshell
parameters of layers fed LCP diets. Ser is the most abun-
dant AA of osteopontin which is crucial for eggshell for-
mation (Chien et al., 2008). We speculated that the
influence of dietary Ser on eggshell proportion might be
related to osteopontin. Further studies are needed to
elucidate the potential mechanism.

Little attention has been paid to the influence of dietary
Ser supplementation or its deficiency on serum biochemis-
try or features of the immune system of laying hens,
although its anti-inflammatory and anticancer effects are
well documented in vitro or in vivo (Stiuso et al., 2016;
Newman andMaddocks, 2017; He et al., 2020). Serum bio-
chemical indices can partly reflect the metabolism and
health status of the organism. Serum TP, albumin, and
UA reflect the metabolic status of protein in the body to a
certain extent, while serum globulin is closely related to
the immune level of the body (Geng et al., 2021). In the
current study, serum TP and globulin contents were sig-
nificantly increased following Ser addition at the levels of
0.306% and 0.498%, and had a linear response to the Ser
supplemental levels in LCP diets. As seen from Table 6,
the increased serum TP was mainly caused by the
increased serum globulin, indicating a possible reinforce-
ment of immunity of birds (Attia et al., 2020). Immuno-
globulins that produced by lymphocytes are viewed as
crucial indicators of humoral immunity (Schroeder and
Cavacini, 2010). IgA, IgG and IgM belong to natural anti-
bodies in avian species, which have broad reactivity
against foreign antigens and play multiple roles in health
and disease (Sun et al., 2013). It has been evidenced that
dietary intervention could improve the immune function
by increasing serum IgG and IgM in laying hens
(Sun et al., 2020). Herein, serum IgG and IgM contents
were significantly increased by supplementing 0.498% Ser
to the LCP diet, which further proved that Ser supple-
mentation in a CP-reduction diet enhanced the immunity
of layers.

In attempt to better understand the positive effects of
dietary Ser addition on the performance of birds fed
LCP diets, the expression of some important genes
related to ileal mucosal immunity was further investi-
gated. Mucins are the main component of the intestinal
mucus layer, whose main function is to protect the
intestine from the hostile external elements (chemical,
physical, or bacterial) as a form of innate immunity in
poultry (Erf, 2004; Lee et al., 2020). MUC2 is a typical
secreted mucin, and any dietary changes may influence
its expression and function in the intestinal mucus layer
(Linden et al., 2008; van der Sluis et al., 2009). In the
current study, the mRNA expression of ileal mucosal
MUC2 was significantly increased by supplementing
0.498% Ser to the LCP diet. Analogously, it was
reported that dietary L-Thr supplementation could up-
regulate the ileal MUC2 gene expression of laying hens
fed a LCP diet (Dong et al., 2017). Since Ser and Thr
are both Gly equivalents and can transform to each
other in vivo via glycine metabolism (Hilliar et al.,
2019), they might affect MUC2 mRNA expression with
a similar undiscovered mechanism. Notably, the protein
cores of mucins domains are characterized by abundant
Ser andThr, which are crucial for the initiation of O-glyco-
sylation of mucin as the attachment sites for O-glycans
(Arike and Hansson, 2016). Mucin-type O-glycosylation
plays important roles in protein stability, processing, and
function and MUC2 is the major O-glycosylated protein
of the small intestine (Kidani et al., 2016; Arike et al.,
2017). Thus, we further determined the relative mRNA
expression of relevant glycosyltransferases of O-glycosyla-
tion in ileal mucosa, since the most glycosyltransferases
found in the intestinal epithelial mucosa are involved in
MUC2 O-glycosylation (Arike et al., 2017). A decreased
mRNA expression of OGT was observed in LCP groups,
while dietary 0.498% Ser addition up-regulated the
mRNA expression of ST3GAL1 and ST6GALNAC3,
implying a possible regulation of Ser on the O-glycosyla-
tion of ileal MUC2. Thus, it can be concluded that dietary
Ser supplementation may enhance the ileal mucosal
immunity by simultaneously regulating the transcription
and modification of MUC2 gene in the ileum of laying
hens fed a LCP diet.
One main way of mucins to enhance the mucosal

immune system is by the accumulation of sIgA
(Dong et al., 2017). SIgA secreted by epithelial cells is
the principal immunoglobulin in the intestinal mucus,
which was served as a key indicator of intestinal immune
system (Zhou et al., 2021). It is important in preventing
bacterial or viral infection and pathogenesis, maintain-
ing the maintenance of mucosal homeostasis and intesti-
nal barrier integrity, and improving the intestinal
immune response by uptaking antigen to dendritic cells
(Lammers et al., 2010; Wu et al., 2014). In the current
study, supplementing 0.498% Ser to the LCP diet signifi-
cantly up-regulated the mRNA expression of ileal muco-
sal sIgA in this study, proving the improvement of ileal
mucosal immunity. The enhancement of intestinal
immune barrier would benefit to the nutrients absorp-
tion, this may contribute to the improvement of perfor-
mance of layers following Ser addition.
It has been reported that prolonged duration of a LCP

diet will decrease plasma AA concentration and is asso-
ciated with high level of infections in laying hens
(Fafournoux et al., 2000). In concert with a previous
study (Abou-Elkhair et al., 2020), this study showed
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that dietary CP reduction induced intestinal inflamma-
tion in laying hens, evidenced by the elevated mRNA
expression of ileal proinflammatory cytokines inclusive
of IFN-g and IL-1b. They increased by 228.04% and
82.27%, respectively. IFN-g could induce the protective
immune responses against intracellular pathogens,
whereas IL-1b is related to the initiation of inflamma-
tory responses (Abbas et al., 1996; Eckmann and Kagn-
off, 2001; Kogut et al., 2005). However, the expressions
of ileal mucosal IFN-g and IL-1b of birds fed LCP diet
were respectively reduced 58.69% and 59.92% by
0.498% Ser addition, providing a clue for the role of Ser
in relieving ileal inflammation of laying hens. Based on
some previous studies, the inflammation was considered
occurred or alleviated when the mRNA expression of
inflammatory cytokines changed by 30% to 50%
(Wang et al., 2016; Su et al., 2018). Thus, the magnitude
of the expression changes of IFN-g and IL-1b could be
enough to validate the proinflammatory response of
LCP diet and anti-inflammatory effect by Ser addition
in this study. Similar results were also described by some
previous studies, in which dietary Ser supplementation
prevented intestinal inflammation against challenge in
poultry (Zhou et al., 2017; Zhang et al., 2018). Notably,
although the rapid increases of proinflammatory cyto-
kines might cause intestinal damage and result in high
consumption of nutrients (Dinarello, 2000), it does not
seem to trigger the impaired performance in LCP group.
However, the performance-enhancing effect of Ser in
LCP diets might still be related to its role in alleviating
intestinal inflammation.
CONCLUSION

This study revealed that lowering the dietary crude
protein from 16.49% to 14.05% could maintain the per-
formance of layers from 25 to 34 wk of age, when it was
fortified with essential amino acids. However, poor albu-
men quality and ileal inflammation were observed fol-
lowing crude protein reduction. Dietary Ser
supplementation linearly increased hen-day egg produc-
tion and decreased feed-to-egg ratio of layers fed low
crude protein diets, leading to an optimal egg production
with Ser level of 0.498% in this trial. The improved per-
formance may be attributed to the enhancement of
serum and ileal mucosal immunity and the alleviation of
ileal inflammation induced by low crude protein diets. In
future, long-term studies with more graded levels of Ser
should be conducted to investigate the optimal dietary
Ser in laying hens fed low crude protein diets.
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