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ABSTRACT Globally, the poultry industry is 1 of the
most advanced livestock industries. Feed contributes to
the biggest proportion (65–70%) of the production cost.
Most feed ingredients in Malaysia are imported, which
contributes to the high food bill annually, and alterna-
tive feed formulation may help decrease the cost of
poultry feed. Feed formulation are improved to effi-
ciently meet the dietary requirements of the broilers and
1 of the ways is by reducing the level of crude protein in
the diet while supplementing essential amino acids. In
this study, the effects of methionine and lysine, which
are the 2 most limiting amino acids in the chicken diet,
were supplemented in a low crude protein diet, and its
effects on the growth and expression of immunity genes
such as MUC2, SLC, GAL6, and LEAP-2 were studied.
A total of 300 Cobb500 broilers were tested with 10
different dietary treatments. Experimental treatment
diets consist of high, standard, and low levels of
methionine and lysine in the diet with reduced crude
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protein. The control group consists of diet with stan-
dard levels of lysine, methionine, and crude protein as
recommended for Cobb500 broilers. Ribonucleic acid
was extracted from the jejunum, spleen, and liver for
gene expression analysis which was performed with real-
time polymerase chain reaction using SYBR Green
chemistry. Results of the growth performance at 6 wk
showed improved feed conversion ratio when lysine was
increased by 0.2% in a low crude protein diet at
1.96 6 0.11. Gene expression of MUC2 gene in the
jejunum showed a significant increase across all exper-
imental diets with the treatment with higher lysine in
low crude protein diet with the highest increase of 3.8
times as compared with the control diet. The other
genes expressed in the spleen and liver were mostly
downregulated. It was concluded that supplementation
of high lysine with standard methionine in a low crude
protein diet performed better in terms of lowest feed
conversion ratio and high upregulation of MUC2 gene.
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INTRODUCTION

The poultry industry is the most advanced livestock
industry in the world. Poultry includes birds such as
duck, turkey, ostrich, quail, and chicken that provide
both egg and meat (Al-Nasser et al., 2007). In Malaysia,
owing to the rapid growth, poultry represents 75% of the
total output and accounts for 70% of the total meat
consumed whereby consumption of chicken and duck
meat is about 38 kg per capita (Ariffin et al., 2014).
Chicken meat is the most popular and cheapest choice
because it does not have dietary or religious restriction
such as beef and pork meat (Mohamed et al., 2013).
However, raw ingredients for poultry feed such as cereal
grains, animal proteins, and microingredients (vitamins
and minerals) are almost entirely imported resulting in
the high cost of total food bill each year (Loh, 2002).
The high cost of poultry feed may be decreased with

http://orcid.org/0000-0002-0752-2923
https://doi.org/10.1016/j.psj.2020.03.013
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:adelene@upm.edu.my


EFFECTS OF LYSINE AND METHIONINE ON GENE EXPRESSION 2917
alternative feed formulations to efficiently meet the die-
tary requirements of the chickens.
For more than 50 yr, it has been known that adding pu-

rified amino acids allowed levels of crude protein (CP) to
be reduced in the chicken diet (Pesti, 2009). Availability
of commercial feed-grade amino acids that are affordable
to supplement lowered CP content in the diet is more
economical as compared with feeding chickens with
higher-CP diets. The limiting order of essential amino
acids in chickens varies in accordance with age, type of
diet fed, and the experimental assay used to assess the
amino acid limitation. It was established that methionine,
lysine, and threonine are the 3 most limiting essential
amino acid in corn–soybean meal chicken diet
(Fernandez et al., 1994). Methionine, the most limiting
amino acid in broiler diets, has several functions such as
a precursor for cystine, source of dietary sulfur, and serves
as an integral portion of body protein (Ojano-Dirain and
Waldroup, 2002). Meanwhile, lysine is particularly impor-
tant for muscle development especially the breast muscle
of the chicken (Tesseraud et al., 1996). The link between
lysine and methionine was confirmed by Hickling et al.
(1990) who confirmed that response of lysine is influenced
by methionine levels in the diet.
Regulation of gene expression by amino acids may

occur in any step during transcription, translation, or
post-translational modifications (Wu, 2009). Excess or
deficiency of certain amino acids such as leucine, valine,
lysine, and methionine cause changes in immune re-
sponses in chickens (Konashi et al., 2000). It was found
that prolonged durations of a low-protein diet will cause
amino acid levels in the plasma to decrease and is associ-
ated with high levels of infection (Fafournoux et al.,
2000). There are two types of immunity in the chicken,
which are innate immunity and adaptive immunity (hu-
moral and cell-mediated) (Erf, 2004). The immunity
genes chosen for this study are involved in the innate im-
munity of chickens to provide natural genetic resistance
against pathogens.
The main component of the mucus layer lining the

gastrointestinal tract is mucins (Montagne et al.,
2004). Its main function is to protect the gastrointestinal
tract from aggressors (chemical, physical, or bacterial)
as a form of innate immunity in poultry (Erf, 2004). Be-
sides preventing infection from pathogens, the mucus
layer also acts as a diffusion barrier to uptake nutrients
such as amino acids into the lumen of the intestine and
slowly discharges the amino acid mixture into the pe-
ripheral blood (Baracos, 2004). Among the mucin genes,
mucin 2 (MUC2) is a secreted mucin and a major struc-
tural component of the mucus layer (van der Sluis et al.,
2009). MUC2 is essential for the maintenance of the
mucus layer on the surface of the intestinal lumen, and
any changes in the diet may affect the expression and
integrityof the mucus layer.
The solute carrier family 11 member 1 (SLC11A1)

gene (previously known as natural resistance–
associated macrophage protein 1) is part of an ancient
family of a divalent cation antiporter protein
(Doiphode et al., 2009). SLC11A1 transport ions such
as manganese (Mn21), which is essential for the survival
of pathogens as it is the cofactor for superoxide dismut-
ase, and inactivation of this enzyme eliminates the path-
ogens (Jabado et al., 2000). Expression of SLC11A1 gene
has been known to be influenced by pH and metal ions in
the cells. However, there have not been any studies
regarding the effect of amino acids on the gene.

Gallinacins are b-defensins found in poultry and are
part of the family of antimicrobial peptides. Antimicro-
bial peptides are polypeptides of fewer than 100 amino
acids that display antimicrobial activity (Ganz, 2003).
Gallinacins is comprised of a family of 13 genes known
as gallinacins 1-13 (GAL1-13) that are expressed in
various tissues with variable expressions in the body.
GAL6 in particular are strongly expressed in the liver,
kidneys, and gall bladder (Lynn et al., 2004). Antimicro-
bial activity of GAL6 indicated that the cell wall of path-
ogens is permeabilized, thus affecting the protein
synthesis and DNA/RNA replication of pathogens,
which causes cell lysis (Van Dijk et al., 2007). The novel
cationic liver-expressed antimicrobial peptide 2 (LEAP-
2) was first discovered in chickens by Lynn et al. (2003)
using expressed sequence tags. It is part of the defense
system in avian and inducible when infected with Salmo-
nella in chicks (Townes et al., 2004) and in reproductive
organs such as testis and ovary of sexually matured
chickens (Michailidis, 2010). However, studies revealed
that supplementation of Lactobacillus probiotics and
enroflaxin did not induce LEAP-2 gene expression in
healthy broilers (Pavlova et al., 2016).

Therefore, this study aims to see the effects of adding
variable amount of lysine and methionine in a low crude
protein diet on the chicken’s growth performance. The
gene expression of immunity genes such as MUC2,
SLC, GAL6, and LEAP-2 were also analyzed to examine
the effects of different concentrations of lysine and
methionine supplemented in a low crude protein diet.
This ensures that the best and most suitable feed formu-
lation are chosen for the broilers in terms of growth and
immunity.
MATERIALS AND METHODS

Birds and Housing

A total of 300, 1-day-old chicks (Cobb500) were ob-
tained from a local hatchery. The chicks were raised in
open house battery cages, wing banded, weighed, and
randomly assigned into ten treatment groups. Each die-
tary treatment group consisted of 5 replicate groups, and
each group had 6 birds. On day 4 and 14, chickens were
vaccinated against Newcastle disease and infectious
bronchitis. Vaccination against infectious bursal disease
was administered on day 21. Vaccinations were per-
formed via eye drops. Water and experimental feed
were provided ad libitum. Starter diets were fed to the
chicks for the first 21 D followed by the finisher diet
from day 22 until 42. The feeding experiment was con-
ducted for 6 wk. The experimental animals received hu-
mane care as outlined and approved by Institutional
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Animal Care and Use Committee for the Care and Use of
Animals for Scientific Purposes (Research Policy, Uni-
versiti Putra Malaysia).
Experimental Diet

The control diet (treatment 1 [T1]) consisted of a diet
formulated to contain the standard required levels of
lysine, methionine, and crude protein, which is 1.2%
lysine, 0.46% methionine, and 21% crude protein for
the starter diet and 1.05% lysine, 0.43% methionine,
and 18% crude protein for the finisher diet as recommen-
ded nutrient requirement for Cobb500 broilers (Cobb-
Vantress, 2013). Other experimental treatments had
lower crude protein content of 19% for a starter diet
and 16% for a finisher diet. Diets were formulated by
Shazali (2015), using FeedLIVE (Thailand) software.
Amino acids levels were adjusted to 3 different levels
which were high, standard, and low. Methionine (99%
feed grade; Evonik Industries, Belgium) and lysine
(98.5% feed grade; ADM, USA) were mixed into the
diet fed to the broilers. For a starter diet, it consisted
of 1.4, 1.2, and 1.0% lysine and 0.51, 0.46, and 0.41%
methionine in 19% low crude protein diet, whereas for
a finisher diet, it consisted of 1.25, 1.05, and 0.85% lysine
and 0.48, 0.43, and 0.38% methionine in 16% low crude
protein diet. The formulated diet treatments are shown
in Tables 1 and 2.
Data Collection and Analysis

On a weekly basis, individual BW and feed intake (FI)
were recorded. Mortality was checked daily, and weights
of dead birds were used to adjust feed conversion ratio
(FCR). Data collected for 6 wk were recorded, and calcu-
lations for body weight gain (BWG) and FI of the birds
were performed. The FCR was calculated as follows:
Table 1. Starter diet experimental feed formulation with
tation in low crude protein diet.

Ingredients (kg) T1 T2 T3 T4

Corn 18.63 19.57 19.59 19.62
Soybean meal 13.77 10.35 10.35 10.35
Wheat pollard 6.56 8.66 8.66 8.66
Crude palm oil 2.03 2.00 2.00 2.00
Fish meal 2.12 2.25 2.25 2.25
Dicalcium phosphate 0.275 0.234 0.234 0.234
Calcium carbonate 0.495 0.522 0.522 0.522
Choline chloride 0.014 0.014 0.014 0.014
Salt 0.104 0.104 0.104 0.104
Mineral premix 0.450 0.450 0.450 0.450
Vitamin premix 0.450 0.450 0.450 0.450
Antioxidant 0.007 0.007 0.007 0.007
Toxin binder 0.046 0.046 0.046 0.046
L-Lysine 0.000 0.207 0.207 0.207
DL-Methionine 0.045 0.081 0.059 0.036
L-Threonine 0.009 0.050 0.050 0.050
Total 45 45 45 45
Parameter
Lysine (%) 1.2 1.4 1.4 1.4
Methionine (%) 0.46 0.51 0.46 0.41
Crude protein (%) 21 19 19 19
total feed consumed by birds/total weight gain, and
the results were analyzed using Statistical Analysis Soft-
ware (SAS, 2013).
Sample collection

At the end of the experiment, 3 birds per cage (15
birds per treatment) were randomly selected and
weighed before being slaughtered. The slaughter process
was conducted at the Department of Animal Science
abattoir, Faculty of Agriculture, Universiti Putra
Malaysia. The birds were slaughtered in accordance
with the halal slaughter procedure as outlined in the
Standards Malaysia 1,500: (MS1500 2,009). The organs
such as the liver, spleen, and small intestine were
collected and frozen in liquid nitrogen before being
kept in 280�C until further analysis.
RNA Extraction

For intestine samples, the small intestine was sepa-
rated into 3 regions: the duodenum (from the gizzard
outlet to the end of the duodenal loop), jejunum (from
the duodenal loop to Meckel’s diverticulum), and ileum
(from Meckel’s diverticulum to the beginning of the
caeca). The jejunum portion used for sampling is
approximately 5 cm distal from the duodenal loop and
5 cm before Meckel’s diverticulum. Immediately after
separation, the jejunum contents were removed and
flushed with distilled water. The lumen of the intestine
was exposed by cutting longitudinally, and the mucosal
content was scrapped using a metal spatula and kept in a
microcentrifuge tube for RNA extraction. The jejunum
section was chosen particularly because it is a major
site of nutrient absorption in poultry (Horn et al.,
2009). Organs such as the spleen and liver were sliced
into small pieces to be used for RNA extraction.
different levels of lysine and methionine supplemen-

Dietary treatments

T5 T6 T7 T8 T9 T10

19.60 19.61 19.63 19.67 19.62 19.62
10.44 10.44 10.46 10.55 10.62 10.62
8.66 8.66 8.66 8.57 8.56 8.57
2.00 2.00 2.00 1.99 2.00 2.01
2.25 2.25 2.25 2.27 2.27 2.27
0.234 0.234 0.234 0.234 0.234 0.234
0.522 0.522 0.522 0.522 0.522 0.522
0.014 0.014 0.014 0.014 0.014 0.014
0.104 0.104 0.104 0.104 0.104 0.104
0.450 0.450 0.450 0.450 0.450 0.450
0.450 0.450 0.450 0.450 0.450 0.450
0.007 0.007 0.007 0.007 0.007 0.007
0.046 0.046 0.046 0.046 0.046 0.046
0.090 0.090 0.090 0.000 0.000 0.000
0.081 0.058 0.035 0.080 0.057 0.034
0.048 0.062 0.048 0.046 0.045 0.045
45 45 45 45 45 45

1.2 1.2 1.2 1.0 1.0 1.0
0.51 0.46 0.41 0.51 0.46 0.41
19 19 19 19 19 19



Table 2. Finisher diet experimental feed formulation with different levels of lysine and methionine supple-
mentation in low crude protein diet.

Ingredients (kg)

Dietary treatments

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

Corn 44.55 47.03 47.03 47.03 46.98 47.03 46.98 47.02 47.02 47.03
Soybean meal 19.80 15.35 15.38 15.44 15.20 16.20 16.20 16.87 16.88 16.92
Wheat pollard 13.42 16.01 16.02 16.02 15.48 15.48 15.48 14.94 14.99 14.99
Crude palm oil 4.46 4.50 4.50 4.50 4.50 4.50 4.59 4.59 4.59 4.59
Fish meal 4.05 2.25 2.25 2.25 2.25 2.25 2.25 2.25 2.25 2.25
Dicalcium phosphate 0.297 0.747 0.747 0.747 0.747 0.747 0.747 0.747 0.747 0.747
Calcium carbonate 1.035 1.062 1.062 1.062 1.062 1.062 1.062 1.062 1.062 1.062
Choline chloride 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029
Salt 0.207 0.225 0.225 0.225 0.225 0.225 0.225 0.225 0.225 0.225
Mineral premix 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900
Vitamin premix 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900
Antioxidant 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
Toxin binder 0.093 0.093 0.093 0.093 0.093 0.093 0.093 0.093 0.093 0.093
L-Lysine 0.078 0.518 0.518 0.514 0.264 0.264 0.264 0.015 0.015 0.014
DL-Methionine 0.100 0.189 0.144 0.097 0.185 0.140 0.094 0.183 0.136 0.090
L-Threonine 0.075 0.189 0.189 0.187 0.174 0.174 0.174 0.163 0.162 0.162
Total 90 90 90 90 90 90 90 90 90 90
Parameter

Lysine (%) 1.05 1.25 1.25 1.25 1.05 1.05 1.05 0.85 0.85 0.85
Methionine (%) 0.43 0.48 0.43 0.38 0.48 0.43 0.38 0.48 0.43 0.38
Crude protein (%) 18 16 16 16 16 16 16 16 16 16
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RNA extraction was performed using RNeasy Mini
Kit (Qiagen, Germany) as per the manufacturer’s proto-
col with some minor modifications. The organs (spleen
and liver) were grinded in liquid nitrogen using mortar
and pestle until it became fine powder, and the powder
was transferred to a microcentrifuge tube for RNA
extraction with DNase treatment.
Extracted RNA was assessed for its quantity, quality,

and integrity via absorbance reading using a NanoPho-
tometer Classic (Implen, Germany), agarose gel electro-
phoresis, and an RNA 6000 bioanalyzer chip (Agilent,
USA). RNA samples with RNA integrity number
reading of 6.5 and higher were used in the next
procedure.
Table 3. Primer sequences and accession number for primers used
in qPCR.

Gene Primer sequence Accession No.

ß-actin Forward:
GCTCTGACTGACCGCGTTAC
Reverse:
GCTCTGACTGACCGCGTTAC

L08165

GAPDH Forward:
AAGGCGAGATGGTGAAAGTC
Reverse:
TTGATGGCCACCACTTGGAC

NM_204305.1

MUC2 Forward:
TCACCCTGCATGGATACTTGCTCA
Reverse:
TGTCCATCTGCCTGAATCACAGGT
(Horn et al., 2009)

JX284122.1

SLC Forward:
GCCCTGCTATGGCATCATTG
Reverse:
ACATTGCTGGCGTCAGTTTG

U40598

GAL6 Forward:
CTCTTCCAGGCTGCTCCAGCTTAC
Reverse:
TTAGGAGCTAGGTGCCCATTTG

AY534894

LEAP-2 Forward:
CTTCTGAGACTGAAGCGGATGAC
Reverse:
TCACTCGGAGGCCGTTCTAAG

AY534899
Gene Expression Studies

Reverse transcription was performed using a Rever-
tAid First Strand cDNA Synthesis Kit (Thermo Scienti-
fic, USA) in accordance with the manufacturer’s
protocol. The cDNA obtained was directly used as a
template in the next reaction.
The gene expression of MUC2, SLC, GAL6, and

LEAP-2 genes was studied using quantitative real-time
PCR (qPCR). Two reference genes were used for
normalization, which were beta-actin and glyceralde-
hyde-3-phosphate dehydrogenase genes. The primer se-
quences for all the genes used for qPCR are shown in
Table 3.
The qPCR reaction was performed using a Brilliant III

Ultra-Fast SYBR Green QPCR Master Mix (Agilent
Technologies, USA) in accordance with the manufac-
turer’s protocol. Efficiency curves were performed for
each primer set, and amplification efficiency between
90 and 110% was considered good with correlation coef-
ficient R2 values of .0.99 (Rebrikov and Trofimov,
2006). All reactions were analyzed in triplicates, and
no-template controls were included. Concentrations of
primers used were 300 nmol as the final concentration
for each reaction and a cDNA template of 100 ng was
used in each reaction. Gene expression studies were car-
ried out consisting of triplicates for every treatment and
each set of primers. The qPCR amplification was per-
formed using a Bio-Rad CFX96 machine with the ampli-
fication steps as follow: 3 min at 95�C followed by 40
cycles of 5 s at 95�C and 10 s at 60�C. After the qPCR
cycle, melt curve peak was generated by increasing the
temperature by 0.5�C every 10 s from 65�C to 95�C.
The same PCR cycles were used for all sets of gene
primers including the annealing temperature.



Table 4. Growth performance of broilers at week 3 and week 6 with different dietary treatments.

Parameter

Dietary treatments

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

Week 3
Body weight

gain, (g)
541.94 6 531.42a,b 526.67 6 38.00a,b 586.67 6 30.86a 512.39 6 82.22a,b 541.67 6 64.93a,b 525.17 6 62.10a,b 531.39 6 92.37a,b 495.4 6 68.55a,b 463.22 6 21.86b 513.89 6 35.51a,b

Feed
intake, (g)

1,238.89 6 97.66a 1,205.56 6 34.69a,b 1,127.78 6 75.15b 1,155.56 6 63.10b 1,255.56 6 75.15a 1,200 6 44.10a,b 1,155.56 6 34.69b 1,094.44 6 9.62b 1,172.22 6 118.24a,b 1,166.67 6 16.67a,b

Feed
conversion
ratio

2.29 6 0.11a,b 2.30 6 0.23a,b 1.92 6 0.15b 2.29 6 0.33a,b 2.33 6 0.18a,b 2.31 6 0.33a,b 2.22 6 0.36a,b 2.24 6 0.35a,b 2.53 6 0.24a 2.28 6 0.19a,b

Week 6
Body weight

gain, (g)
2,125.36 6 21.27a 2,056.95 6 127.76a,b 2,093.00 6 128.03a,b 2,008.99 6 160.06a,b,c 2,120.07 6 24.92a 1,861.37 6 98.16c,d 1,942.39 6 41.89b,c 1,698.11 6 110.44d 1,522.22 6 70.40e 1,698.62 6 16.38d

Feed
intake, (g)

4,612.22 6 114.23a 4,455.56 6 198.34a,b 4,087.78 6 197.27c,d 4,222.22 6 145.30b,c 4,440.56 6 74.65a,b 4,093.33 6 112.60c,d 4,155.56 6 250.47b,c 3,781.11 6 203.32d 4,025.56 6 267.51c,d 3,986.67 6 88.38c,d

Feed
conversion
ratio

2.17 6 0.08b,c 2.17 6 0.07b,c 1.96 6 0.11d 2.11 6 0.20c,d 2.09 6 0.05c,d 2.20 6 0.08b,c 2.14 6 0.09b,c,d 2.23 6 0.10b,c 2.65 6 0.17a 2.35 6 0.03b

Growth rate 2,065.92 6 58.60a,b 2,024.39 6 130a,b,c 2,060.04 6 90.07a,b,c 1,894.61 6 245.68b,c 2,123.69 6 29.64a 1,850.27 6 119.24c,d 1,923.68 6 39.19a,b,c 1,686.27 6 108.69d,e 1,502.73 6 78.29e 1,688.88 6 25.17d,e

a-eRow with no common letter differs significantly (P , 0.05).
Data shown are average of 5 groups per treatment with 6 birds per group.

L
E
E
E
T

A
L
.

2920



a

ef
f

de
bc

b
bc

cd
bc

f

0
0.5
1

1.5
2

2.5
3

3.5
4

4.5

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10R
el

at
iv

e N
or

m
al

iz
ed

 E
xp

re
ss

io
n

Treatment group

MUC2 gene expression 

Figure 1. MUC2 gene expression in the jejunum. Changes in MUC2
gene expression were normalized to ß-actin and GAPDH reference genes
and expressed relative to the control (T1). Values are mean6 SD for an
average of 15 biological replicates and 3 technical replicates. a–fBars with
no common letter differs significantly (P, 0.05). Abbreviations: ß-actin,
beta-actin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
MUC2, mucin 2.
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Statistical analysis

The quantification cycle values obtained from the
amplification were analyzed using the Bio-Rad CFX
Manager 3.1. The levels of transcripts were normalized
to beta-actin and glyceraldehyde-3-phosphate dehydro-
genase genes. The quantification cycle values were con-
verted to linear units called relative normalized
expression, and standard deviation values were calcu-
lated by the software. Mean 6 SD values for each group
were calculated, and differences between groups were
analyzed using SPSS statistics software (SPSS 23 for
Windows, Chicago, IL). One-way analysis of variance
of the data was calculated, and Duncan’s multiple range
test was performed as a post hoc test to measure specific
differences between the groups. Statistical significance
was declared at P � 0.05.
RESULTS

Growth Performance

The experimental diet treatment effects on the growth
of the chickens were calculated and shown in Table 4.
Parameters such as BWG, FI, FCR, and growth rate
(GR) were calculated. For the first 3 wk, in terms of
BWG and FCR, there was no significant (P . 0.05) dif-
ference between the treatment groups and control (T1).
After 6 wk, there were significant differences in terms of
BWG, FI, and FCR. Among the treatment groups,
reduction of lysine in the low crude protein diet gave
the least BWG, FI, and GR. However, FCR were higher
for the groups with less lysine supplied in the diet, which
are T8–T10. Overall comparison between the groups
indicated that only treatment 3 (T3) showed an
improved FCR of 1.96 6 0.11 as compared with T1
which gave a ratio of 2.17 6 0.08.
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Figure 2. Gene expression of SLC gene in spleen. Changes in SLC
gene expression in spleen are normalized to ß-actin and GAPDH refer-
ence genes and expressed relative to the control (T1). Values are
means6 SD for an average of 15 biological replicates and 3 technical rep-
licates. a–cBars with no common letter differs significantly (P , 0.05).
Abbreviations: ß-actin, beta-actin; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; SLC, solute carrier family.
Gene Expression

Gene expression of MUC2 gene was analyzed in the
jejunum of the small intestine. Results obtained were
analyzed and presented in a bar graph as shown in
Figure 1. Overall, MUC2 gene expression was signifi-
cantly (P , 0.05) increased across all the experimental
diets when compared with the control diet (T1). Treat-
ment 3 showed the most significant (P , 0.05) increase
in gene expression at 3.8 times more than T1.
Meanwhile, SLC gene expression was analyzed in both

the spleen and liver. Results were shown in Figures 2
and 3 for the spleen and liver, respectively. In the spleen,
SLC gene expression across all experimental diets had no
difference except treatment 6 (T6) that had significantly
(P , 0.05) increased upregulation of SLC gene expres-
sion at 2.8 times more than T1. Meanwhile, in the liver,
SLC gene expression was significantly (P , 0.05)
decreased across most of the diets as compared with
that of T1. Only T6 showed a significant (P , 0.05) in-
crease in gene expression at 1.19-fold.
GAL6 gene expression was tested in the liver, and re-
sults in Figure 4 showed that dietary treatment does
significantly (P , 0.05) affect the gene expression of
GAL gene. The most noticeable difference is in treat-
ment 10 (T10) being the only treatment that showed
up-regulation of GAL6 gene as compared with T1. In
contrast, T2 and T3 had the lowest expression of only
0.30 and 0.22 times, respectively. which was significantly
(P , 0.05) lower than T1. Other treatment groups, T4–
T9, also showed similar trend of down regulation of the
GAL gene expression with only T6 showing no signifi-
cant (P , 0.05) decrease as compared with T1.

Chicken liver-expressed antimicrobial peptide 2
(LEAP-2) gene expression was tested in the liver, and re-
sults varied between different treatment groups as
shown in Figure 5. Half the treatment groups showed
gene expression that was significantly (P , 0.05) lower
than the control group (T1), whereas the other half of
the treatment groups showed significant (P , 0.05) in-
crease in gene expression as compared with T1. Treat-
ment 8 showed the most increase in gene expression
which is 1.61 times followed by T10, T5, and T9 which
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Figure 5. Gene expression of LEAP gene. Changes in LEAP-2 gene
expression are normalized to ß-actin and GAPDH reference genes and
expressed relative to the control (T1). Values are means 6 SD for an
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with no common letter differs significantly (P , 0.05). Abbreviations:
ß-actin, beta-actin; GAPDH, glyceraldehyde-3-phosphate dehydroge-
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had an expression of 1.27, 1.16, and 1.11 times,
respectively.
DISCUSSION

The growth performance in Table 4 indicated that
increasing the lysine content by 0.2% with the standard
requirement of methionine (T3) in a low crude protein
diet significantly reduced the FCR, while GR of the
chickens was not affected. This is in agreement with
the study by Kamran et al. (2004) who suggested the di-
etary crude protein level for broilers could be reduced
provided that essential amino acid levels are maintained
as per the dietary recommendations. The feed formula-
tion chosen for this study was based on a study whereby
reducing the dietary CP by 2% with amino acids supple-
mentation was shown to improve growth performance
(Shazali et al., 2019). From the results obtained, treat-
ments with lower levels of lysine consistently gave
depressed results in terms of BWG and FI. Lysine defi-
ciency could reduce the body weight up to 40 to 45%
because of lysine being used mainly for muscle protein
production in broilers (Tesseraud et al., 1996). The
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Figure 4. Gene expression of GAL6 gene. Changes in GAL6 gene
expression are normalized to ß-actin and GAPDH reference genes and
expressed relative to the control (T1). Values are means 6 SD for an
average of 15 biological replicates and 3 technical replicates. a–fBars
with no common letter differs significantly (P , 0.05). Abbreviations:
ß-actin, beta-actin; GAL6, gallinacin 6; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
breast meat contains high levels of lysine, and reduction
of lysine in the diet has been reported to affect the breast
meat accretion (Rezaei et al., 2004). This is in line with
our findings where the weight of the broilers was signifi-
cantly reduced in diets with reduced levels of lysine. The
effect of methionine is less evident on the growth perfor-
mance of the broilers.
Overall, T3 supplemented with additional lysine of

0.2% with the standard methionine level of 0.43% in a
reduced CP diet gave the best results in terms of FCR.
This is in agreement with past studies by Rezaei et al.
(2004) that reducing dietary protein with addition of
lysine was able to improve feed efficiency and breast
meat yield in broiler chickens. The chickens would be
able to perform as those fed with higher-CP diets pro-
vided that optimal essential amino acids are provided
in the feed (Kamran et al., 2004). Despite reduced FI
in the dietary treatments, the BWG of broilers did not
decrease but were similar to the control group, which
means feed was more efficiently converted into live
weight gain. This is because crystalline amino acids
added into the feed are more digestible as compared
with protein-bound amino acids (Park, 2006). The eco-
nomic evaluation of the reduction of 2% CP which is
compensated by only an increase of 0.2% lysine while
maintaining the standard methionine levels were calcu-
lated for starter and finisher diets. For a starter diet,
for a treatment group that consists of 30 broilers, it
would save RM13.97 (US$ 3.34) based on cost calculated
from the present study, whereas for a finisher diet, a
saving of RM13.75 (US$ 3.29) was computed. Moreover,
reduction in CP is advantageous for the environment as
well. It is known that reduction of CP by 9% would be
able to reduce ammonia gas excretion by 31% and nitro-
gen in the litter by 16.5% (Ferguson et al., 1998).
From the gene expression pattern observed, increasing

lysine by 0.2% in the feed significantly (P , 0.05)
increased the expression of MUC2 gene the most. This
correlates with the growth performance study
(Table 4) that indicated T3 performed the best in terms
of FCR. The lowest FCR indicates that feed was
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efficiently converted into live weight of broilers despite
the lower FI. Other studies have shown that excess or
deficiency of threonine can greatly affect the immune
system because it is a major component of intestinal
mucin by functioning as cellular signaling mechanism,
antibody production, and affecting the jejunal mucosal
concentration (Li et al., 2007). However, there have
been a lack of studies studying the effect of methionine
and lysine, the two most limiting amino acids in the
chicken diet on the gene expression of mucins in the
jejunum of broilers. From this study, it was observed
that a reduction in CP increased MUC2 gene expression
significantly regardless if lysine and methionine was
increased, decreased, or maintained compared with the
control, T1. Previous study has shown that reduction
of CP decreased goblet cell numbers in the jejunum;
however, supplementation of threonine was able to
compensate for these changes (Abbasi et al., 2014).
From this study, it was observed that similar to threo-
nine, lysine and methionine supplementation were able
to increase mucin expression in the jejunum despite
reduction of CP. As T3 showed the most increase in
gene expression, we can correlate this with the growth
performance, which also indicated that T3 were able to
outperform the rest of the treatment groups in terms of
FCR. Increasing the dietary supplementation of lysine
in the diet may improve not only the growth but also
the health of the chickens by strengthening the immu-
nity of the chickens as proven with the upregulation of
the MUC2 gene. An explanation for this is that the intes-
tine has been found to be of critical importance in
actively regulating essential amino acid flow to the
body as a whole (van Goudoever et al., 2000). Crystal-
line amino acids increase the availability of amino acids
for absorption when compared with amino acids in
intact proteins, which is the reason reducing the CP
with supplementation of amino acids would not be detri-
mental to the broiler performance (Abbasi et al., 2014).
This indicates that small fluctuations of amino acids in
the diet can affect gene expression in the small intestine
as mucins play an important part in the intestine of the
chickens not only as a defense mechanism but also dis-
plays capabilities of digesting and absorbing nutrients
for the body (Horn et al., 2009). Dietary protein was
able to alter the recovery of mucins in the endogenous
protein of the small intestine (Montagne et al., 2004).
This is particularly important as mucins are constantly
being synthesized and secreted and results in changes
in the charge and viscosity of mucin (Horn et al.,
2009). The importance of MUC2 especially in providing
innate immunity was studied intensively as it is the ma-
jor mucin in the intestines. As the gut is considered as
the first line of defense when infected with pathogens,
a mucus layer with reduced function would leave the
host immunocompromised against enteral bacteria
(Law et al., 2007). It was established that MUC2 con-
sists of two layers, an inner adherent layer and an outer
loosely adherent layer forming the mucus, and it was
revealed that the inner layer is free from bacteria, which
suggests that it has properties such as small pore size
that physically block bacteria from entering
(Johansson and Hansson, 2010).

Overall results for SLC gene expression in both the
spleen and liver were similar, whereby T6 was the best
dietary treatment for SLC gene expression. Treatment
group 6 consisted of methionine and lysine of standard
levels in a diet of low crude protein. This dietary profile
was able to slightly improve the gene expression of SLC
in both the spleen and liver. It is apparent that maintain-
ing lysine and methionine to the standard requirement
when the crude protein is lowered is best for increasing
SLC gene expression. Changes in levels of essential
amino acids such as lysine and methionine could instead
reduce the gene expression of this gene. Possible reason
for this is that SLC gene functions to modify the intra-
phagosomal environment to hinder microbial replication
by working as metal ion transporters. Therefore, amino
acid levels in the diet were not able to increase the
expression of this gene as it may be more sensitive to-
ward the changes of metals such as Fe21, Mn21, and
Zn21 in the body. For example, in yeast, the SLC1 ortho-
log has been shown to have a high affinity for Mn21 but
is inhibited by Zn21. In flies, on the other hand, the
SLC1 ortholog was shown to be inhibited by Mn21 and
Fe21 ions (Goswami et al., 2001). The SLC gene is
expressed solely in professional phagocytes and may be
involved in modifying the intracytoplasmic milieu to
suppress replication of unrelated pathogens (Cellier
et al., 1995). Despite numerous studies on the effects of
divalent cations on the expression of SLC gene, there
have been no previously reported studies on the effects
of amino acids on this gene. Based on this study, it is
revealed that lowering the crude protein in the diet
significantly reduced (P , 0.05) expression of SLC
gene. However, when limiting essential amino acids
such as lysine and methionine were supplemented at
the standard required amount, the SLC gene expression
was increased.

The GAL6 gene in the liver organ showed downregu-
lation of expression in most of the dietary treatments
except T10 where decreased supplementation of lysine
and methionine increased the gene expression GAL6
gene. It is well defined that microbicidal activity of
cationic peptides such as GAL6 is affected by different
environmental elements such as pH, temperature, ionic
strength, and microbial growth phase (Van Dijk et al.,
2007). In chickens, gallinacins display antimicrobial ac-
tivity across a vast spectrum in both gram-negative
and gram-positive bacteria by penetrating the mem-
brane of the bacteria to inhibit the synthesis of protein,
RNA, and DNA (Hasenstein and Lamont, 2007). There
have been no reported studies on the effect of CP on
GAL6 expression before this. The effect of reduced CP
in the diet of broilers was significant (P , 0.05) reduc-
tion of GAL6 gene expression in the liver. Diets with
increased lysine content (T2–T4) had the lowest expres-
sion of GAL6. Possible reason for this was an observa-
tion that GAL6 has aspartic acid (Asp) at the N-
terminal and replacement of Asp with glycine and serine
caused it to have less antimicrobial activity and
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structure (Van Dijk et al., 2007). Lysine which is a posi-
tively charged amino acid can interact with Asp which is
negatively charged neutralizing the charge causing them
to form a salt bridge when in close proximity (King et al.,
1991). This may reduce the expression of GAL6 when
there is a higher content of lysine in the diet especially
when CP was reduced. Interestingly, T10 which con-
tained low lysine and methionine was the only treatment
which had upregulation of the GAL6 gene.

The gene expression pattern of LEAP-2 gene varies as
per the lysine supplementation in the chicken diet.
Treatment 8–T10 which had lower amount of lysine by
0.2% improved the LEAP gene expression in the liver,
while increased supplementation of lysine in the diet
decreased the expression as observed in T2–T4. Mean-
while, T5 which had the standard required amount of
lysine with a higher methionine level by 0.05% showed
positive results. From the outcome, lysine supplementa-
tion played a bigger role in regulating the LEAP-2 gene
expression in the liver. High amounts of lysine reduced
the expression of LEAP-2 as observed in T2–T4, whereas
lower amounts of lysine increased the expression as seen
in T8–T10. It was also noted that dietary treatments
with increased methionine with standard or lower lysine
levels performed better. Comparison between treatment
groups T8–T10, which had lower levels of lysine indi-
cated that the group with high levels of methionine,
T8, performed the best among these 3 groups. This
pattern is similar in the groups fed with standard levels
of lysine (T5–T7) whereby T5 outperformed the other
two groups significantly. The reasoning behind this
may be because of the role played by methionine in the
secretion of chicken LEAP-2. LEAP-2 is secreted as a
propeptide with the length of 53 amino acids which
will be proteolytically cleaved to release a 40-amino
acid-long mature peptide characterized by the formation
of two disulphide bonds made up by 4 cysteines (Townes
et al., 2004). Cysteine is catabolized via transsulfuration
from homocysteine that was transmethylated intracellu-
larly from methionine (Riedijk et al., 2007). Methionine
is a precursor for cysteine production in the body system
and plays a crucial role in cellular protein function.
Treatments supplemented with higher amount of methi-
onine such as T5 and T8 increased the expression of
LEAP-2 gene as excess methionine will be used for meta-
bolism of cysteine to form the LEAP-2 peptide. Chicken
LEAP-2 is part of the epithelial innate defense system,
which hinders the interaction of potentially pathogenic
microbes with the epithelial surfaces and prevents inva-
sion of the tissues in the animal (Townes et al., 2004).
However, although T8–T10 seem best for the upregula-
tion of LEAP-2 gene which may correlate with increased
immunity for broilers, T8–T10 gave the worst GR per-
formance for the broilers.

From the results obtained, we can conclude that
altering the diet of the chicken will significantly alter
the gene expression of immunity genes in the chickens.
However, different amino acid treatments affected
different immunity genes differently and there was no
treatment where all immunity genes were upregulated
together. Because there was no significant pattern corre-
lating immunity gene expression with chicken growth
performance, it is recommended to do further analysis
in the future to strengthen the hypothesis on the correla-
tion of diet with the immune system of broilers. For
example, challenge studies with specific pathogens can
be performed on the treated groups, and the amino
acid and cytokine profiling can be determined from the
sera of the broiler to further correlate amino acid supple-
mentation with immunity. In addition, microscopic eval-
uation of the structures of the treated broilers such as the
intestine and liver may provide further information on
the effect of the diet treatment.
CONCLUSION

In conclusion, this study revealed that lowering the
CP with increased supplementation of lysine (T3) could
lower the FCR while maintaining the broiler’s GR. In
addition, T3 also upregulates MUC2 gene expression
the most, although MUC2 gene was upregulated in all
treatments, indicating that lowering CP was the deter-
minant for upregulation of MUC2 rather than lysine
and methionine supplementation. The reduction in CP
would reduce nitrogen emission and help reduce feed
cost. Treatment 6 was the best treatment for upregula-
tion of SLC, whereas T10 upregulated both GAL6 and
LEAP-2 significantly. However, it should be noted that
the chicken GR for T6 and T10 was significantly lower
than that for the control. Therefore, these treatments
are not recommended. In future, challenge studies with
pathogens should be conducted to study the effect of
an infection on the expression of these genes.
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