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Abstract

This experiment aimed to investigate the effects of methionine deficiency on pro-
duction performance, serum free amino acid content, and hepatic methionine
metabolism-related enzyme gene expression in laying hens during the late lay-
ing period. A total of 180 62-week-old Hy-Line Gray laying hens were selected
and evenly divided into 3 groups (6 replicates per group, 10 hens per replicate)
based on laying rate: the control group was fed a diet with 0.33% methionine,
while the methionine deficiency groups were fed diets with 0.21% and 0.27%
methionine, respectively, for a 90-day experimental period. The results showed
that: 1) Dietary methionine deficiency significantly reduced average daily feed
intake, laying rate, average daily egg weight, average egg weight, and defective
egg rate (P<0.05), and significantly increased feed-to-egg ratio (P<0.05). 2)
Methionine deficiency significantly decreased serum methionine content in lay-
ing hens (P<0.05). The serum contents of serine, glycine, and alanine in the
0.21% methionine group were significantly higher than those in the other two
groups (P<0.05). The serum contents of valine, isoleucine, and arginine in the
0.27% methionine group were significantly lower than those in the control group
(P<0.05), and proline content was significantly lower than that in the 0.21%
methionine group (P<0.05). 3) Compared with the control group, the expres-
sion levels of DNA methyltransferase 1 (DNMT1), N6-methyladenosine (m6A)
methyltransferase 3 (METTL3), and m6A methyltransferase 14 (METTL14) in
the liver of laying hens in the 0.21% methionine group were significantly in-
creased (P<0.05), and the expression level of METTL3 in the liver of laying
hens in the 0.27% methionine group was significantly increased (P<0.05). 4)
Compared with the control group, the expression levels of methionine adenosyl-
transferase la (MAT1A), 5-methyltetrahydrofolate-homocysteine methyltrans-
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ferase (MTR), and cystathionine- -synthase (CBS) in the liver of laying hens in
the 0.21% methionine group were significantly increased (P<0.05), and the ex-
pression level of MTR, in the liver of laying hens in the 0.27% methionine group
was significantly increased (P<0.05). Methionine deficiency had no significant
effect on the expression levels of methionine adenosylhomocysteinase (AHCY)
and betaine-homocysteine methyltransferase (BHMT) in the liver of laying hens
(P>0.05). Based on these results, it can be concluded that high-level methionine
deficiency in laying hen diets reduces production performance, which may be
related to methionine deficiency altering methionine metabolic pathways and
affecting DNA and RNA methylation processes.
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Abstract

This experiment was conducted to investigate the effects of methionine defi-
ciency on production performance, serum free amino acid contents, and liver
methionine metabolism-related enzyme gene expression in laying hens during
the late laying period. A total of 180 Hy-Line Grey laying hens aged 62 weeks
were selected and divided into three groups (six replicates per group, ten hens
per replicate) based on uniform egg production rate. The control group was fed
a diet containing 0.33% methionine, while the methionine-deficient groups were
fed diets containing 0.21% and 0.27% methionine, respectively. The experimen-
tal period lasted 90 days.

The results showed: (1) Dietary methionine deficiency significantly reduced
average daily feed intake, laying rate, average daily egg production, average egg
weight, and unqualified egg rate (P<0.05), while significantly increasing the
feed-to-egg ratio (P<0.05). (2) Methionine deficiency significantly decreased
serum methionine content (P<0.05). The serum contents of serine, glycine,
and alanine in the 0.21% methionine group were significantly higher than those
in the other two groups (P<0.05). The serum contents of valine, isoleucine,
and arginine in the 0.27% methionine group were significantly lower than those
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in the control group (P<0.05), and serum proline content was significantly
lower than that in the 0.21% methionine group (P<0.05). (3) Compared
with the control group, the expression levels of DNA methyltransferase
1, N6-methyladenosine (m6A) methyltransferase 3 (METTL3), and m6A
methyltransferase 14 in the liver of hens in the 0.21% methionine group were
significantly increased (P<0.05), and the METTL3 expression level in the
liver of hens in the 0.27% methionine group was also significantly increased
(P<0.05). (4) Compared with the control group, the expression levels of
methionine adenosyltransferase 1la, 5-methyltetrahydrofolate-homocysteine
methyltransferase (MTR), and cystathionine- -synthase in the liver of hens in
the 0.21% methionine group were significantly increased (P<0.05), and the
MTR expression level in the liver of hens in the 0.27% methionine group was
significantly increased (P<0.05). Methionine deficiency had no significant effect
on the expression levels of adenosylhomocysteinase and betaine-homocysteine
methyltransferase in the liver of hens (P>0.05).

In conclusion, high-level methionine deficiency in laying hen diets reduces pro-
duction performance, which may be related to altered methionine metabolic
pathways and affected DNA and RNA methylation processes.

Keywords: methionine; laying hens; performance; methionine metabolism;
methylation; gene expression

Methionine is the only sulfur-containing essential amino acid that participates
in protein synthesis in the body. It serves as a precursor for cysteine, reduced
glutathione, and taurine synthesis, and provides methyl groups for transmethy-
lation reactions in creatine, phosphatidylcholine, and polyamine synthesis, as
well as for DNA, RNA, and histone methylation. The body can improve mito-
chondrial biogenesis and function, energy expenditure, lipid and carbohydrate
homeostasis, reduce oxidative damage and inflammation, and extend lifespan
through metabolic adaptation to methionine restriction. However, methionine
is the first limiting amino acid for laying hens, and restricting its dietary supple-
mentation can cause decreased egg production rate, egg weight, feed utilization,
body weight, and hepatic lipid accumulation. This occurs not only because
methionine deficiency affects amino acid balance and protein utilization, but
also due to alterations in methionine metabolism, such as changes in the lev-
els of metabolic intermediates including glycine, serine, choline, cysteine, and
glutathione. Nevertheless, the specific effects of methionine deficiency on the
methionine metabolism process have not been reported. This study aimed to use
Hy-Line Grey laying hens as experimental animals to investigate the effects of
dietary methionine deficiency on production performance, serum free amino acid
contents, and methionine metabolism-related enzyme gene expression, thereby
providing a theoretical basis for the scientific utilization of methionine.
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1.1 Experimental Design

This experiment employed a single-factor completely randomized block design.
A total of 180 Hy-Line Grey laying hens aged 62 weeks were selected and divided
into three groups based on uniform egg production rate, with six replicates per
group and ten hens per replicate. The control group was fed a diet containing
0.33% methionine (basal diet), while the methionine-deficient groups were fed
diets containing 0.21% and 0.27% methionine, respectively. The composition
and nutrient levels of the basal diet are shown in Table 1 . The laying hens
were housed in three-tier cages, with two hens per cage, and each replicate
was randomly distributed throughout the poultry house with nipple drinkers.
Supplemental lighting was provided at night, with a total daily light duration
of 16 hours. The hens had free access to feed and water, with feeding at 07:30
and 15:30 daily. The experimental period lasted 90 days.

Table 1 Composition and nutrient levels of the basal diet (air-dry basis) %

Ingredients Content  Nutrient levels?)

Corn - Metabolizable energy ME/(MJ/kg)
Soybean meal - Crude protein CP

Expanded soybean - Calcium Ca

Wheat bran - Total phosphorus TP
Limestone - Available phosphorus AP
CaHPO - Methionine Met

Choline chloride - Methionine+Cysteine Met+Cys
NaCl - Lysine Lys

Premix?!) - -

Zeolite powder - -

Total - -

1) The premix provided the following per kg of the diet: VA 12,000 IU, VB 3
mg, VB 9 mg, VB 6 mg, VB 0.03 mg, VD 3,000 IU, VE 30 IU, VK 6 mg,
pantothenate 18 mg, biotin 0.12 mg, folic acid 1.5 mg, nicotinamide 6 mg, Mn
106 mg, I 0.8 mg, Fe 90 mg, Cu 6.4 mg, Zn 70 mg, Se 0.3 mg.

2) Nutrient levels were calculated values.

1.2 Experimental Materials

DL-methionine (purity 99%) was purchased from Adisseo France.

1.3.1 Production Performance

During the experimental period, weekly feed intake, daily egg number, bro-
ken/misshapen eggs, egg weight, and broken egg weight were recorded on a
replicate basis. Laying rate, average daily egg production, average daily feed
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intake, feed-to-egg ratio, average egg weight, and unqualified egg rate were cal-
culated.

1.3.2 Serum Free Amino Acid Contents

On day 90 of the experiment, six laying hens were randomly selected from each
group, and blood was collected from the jugular vein. Serum was prepared by
centrifugation at 3,000 r/min for 10 minutes and stored at -20°C. For analysis,
600 L of serum was mixed with 600 mL of 8% sulfosalicylic acid, vortexed, and
left overnight at 4°C. After centrifugation at 8,000 r/min for 10 minutes, the
supernatant was filtered through a 0.22 pm filter, and 500 pL of the filtrate was
analyzed for free amino acid content using an amino acid analyzer.

1.3.3 Expression of Methionine Metabolism-Related Enzyme Genes

After the hens were slaughtered, the liver was quickly removed and snap-
frozen in liquid nitrogen, then stored at -80°C for real-time fluorescent
quantitative PCR, detection. The real-time fluorescent quantitative PCR
was performed in a 10 pl system containing 1 pl. ¢cDNA template, 5 pL
SYBR Green fluorescent dye, 0.3 nL. forward primer, 0.3 pL reverse primer,
and 3.4 pL double-distilled water. The genes measured included methionine
adenosyltransferase la (MAT1a), DNA methyltransferase 1 (Dnmtl), DNA
methyltransferase 3a (Dnmt3a), N6-methyladenosine (m6A) methyltransferase
3 (METTL3), m6A methyltransferase 14 (METTL14), adenosylhomocysteinase
(Ahcy), 5-methyltetrahydrofolate-homocysteine methyltransferase (MTR),
betaine-homocysteine methyltransferase (BHMT), and cystathionine- -synthase
(CBS). Primers were designed based on chicken gene sequences using NCBI
(Table 2 ).

Table 2 Primer sequences

Genes Primer sequences (5 —3) Product size/bp
-actin F:TTACTCGCCTCTGTGAAGGC R:TCCTAGACTGTGGGGGACTG -
MAT1a F:TCGTCGTGTTCTGGTTCAGG R:GACAATGACTCCAGGCCGAA -
Dnmtl F:CAAGATCGAGACCACCGTCC R:GTCCTTGTCGATCCTGGTGG -

Dnmt3a F:AGTTCTCAGTGGTCTGCGTG R:CCACCTTGGAGGTGTCAGTC
METTL3  F:CTACGAACGCGTGGATGAGA R:AGAGTTCGATCTTCCGCGTG
METTL14 F:ACCCCAAGGCTGTTTTCCAA R:TCGTCCAAGGCAGAAATGCT

Ahcy F:GCCCTTTGCCATCATCCTCT R:TACTGGGACATTAGGGGCCA
CBS F:ACGCATGCTAATCCGAGAGG R:AGTTGGAAGCACAGTCAGGG
MTR F:GGCTCTTGGAGATCGACTGG R:CGAGCTTCCACATGGTGAGT

BHMT F:GCCTGAAACAGGGCAAAAGG R:TCCCTGTGAAGCTGACGAAC
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1.4 Statistical Analysis

Data were expressed as means and standard errors, with P<0.05 considered
statistically significant. The -actin gene was used as an internal reference, and
the 27 (-AACt) method was used to calculate relative gene expression levels.
Experimental data were analyzed using one-way ANOVA with SPSS 17.0, and
Duncan’ s multiple range test was used for post-hoc comparisons.

2.1 Effects of Methionine Deficiency on Production Performance of
Laying Hens

As shown in Table 3 , dietary methionine level significantly affected all pro-
duction performance indicators (P<0.05). Laying rate, average daily egg pro-
duction, and average egg weight increased significantly with increasing dietary
methionine level (P<0.05). Average daily feed intake and unqualified egg rate
in the 0.33% methionine group (control) were significantly higher than those in
the 0.21% and 0.27% methionine groups (P<0.05). The feed-to-egg ratio in the
0.21% methionine group was significantly higher than that in the 0.27% and
0.33% methionine groups (P<0.05).

Table 3 Effects of methionine deficiency on performance of laying hens

Ttems Dietary methionine level/% P-value
0.21% 0.27%
Average daily feed intake (ADFI)/(g/d) 96.85¢ 101.30b
Egg-laying rate/% 76.65¢ 81.02b
Feed/egg 2.22a 2.09b
Average daily egg production/(g/d) 43.65¢ 48.45b
Average egg weight /g 56.98¢ 59.85b
Unqualified rate of eggs/% 0.05b 0.10b

In the same row, values with no letter or the same letter superscripts mean no
significant difference (P>0.05), while different small letter superscripts mean
significant difference (P<0.05). The same as below.

2.2 Effects of Methionine Deficiency on Serum Free Amino Acid Con-
tents of Laying Hens

As shown in Table 4 , methionine deficiency significantly affected serum methio-
nine content, which decreased significantly with decreasing dietary methionine
level (P<0.05). Serum serine, glycine, and alanine contents in the 0.21% methio-
nine group were significantly higher than those in the other two groups (P<0.05).
Serum valine, isoleucine, and arginine contents in the 0.27% methionine group
were significantly lower than those in the 0.21% and 0.33% methionine groups
(P<0.05), and serum proline content was significantly lower than that in the
0.21% methionine group (P<0.05).
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Table 4 Effect of methionine deficiency on serum free amino acid contents of
laying hens (ng/mL)

Ttems Dietary methionine level/% P-value
0.21% 0.27%
Methionine (Met) 8.65¢ 14.80a
Cysteine (Cys) 98.41a 78.69b
Serine (Ser) 44.73a 39.79b
Glycine (Gly) 57.78a 45.29b
Taurine (Tau) 21.30a 22.07a
Lysine (Lys) 11.96a 11.48a
Threonine (Thr) 67.35a 68.70a
Glutamic acid (Glu) 42.66a 37.87ab
Alanine (Ala) 11.94b 71.70b
Valine (Val) 71.70b 37.20b
Isoleucine (Ile) 37.20b 42.95b
Leucine (Leu) 42.95b 17.78b
Tyrosine (Tyr) 17.78b 9.01b
Phenylalanine (Phe) 9.01b 53.24b
Aspartic acid (Asp)  53.24b 32.46b
Histidine (His) 32.46b -

Arginine (Arg) - -
Proline (Pro) - -

2.3 Effects of Methionine Deficiency on Expression of Methionine
Metabolism-Related Genes in Laying Hens’ Liver

As shown in Table 5 , dietary methionine level significantly affected the expres-
sion levels of MAT1a, Dnmtl, METTL3, METTL14, CBS, and MTR in the
liver of laying hens (P<0.05), but had no significant effect on the expression
levels of Dnmtl, Ahcy, and BHMT (P>0.05). The expression levels of Dnmtl1,
METTL3, and METTL14 in the liver of hens in the 0.21% methionine group
were significantly higher than those in the other two groups (P<0.05). The
METTL3 expression level in the liver of hens in the 0.27% methionine group
was significantly higher than that in the control group (P<0.05). The expres-
sion levels of MAT1a and MTR in the liver of hens in the 0.21% methionine
group were significantly higher than those in the other two groups (P<0.05),
and the CBS expression level was significantly higher than that in the control
group (P<0.05). The MTR expression level in the liver of hens in the 0.27% me-
thionine group was significantly higher than that in the control group (P<0.05).

Table 5 Effects of methionine deficiency on expression of methionine
metabolism-related genes in laying hens’ liver
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Genes Dietary methionine level/%

P-value

0.21%
Methionine  1.49a
adenosyl-
transferase
la
(MAT1a)
DNA 1.61a
methyl-
transferase
1 (Dnmt1)
DNA 2.01a
methyl-
transferase
3a
(Dnmt3a)
m6A 2.12a
methyl-
transferase
3
(METTL3)
m6A 1.36a
methyl-
transferase
14
(METTL14)
Adenosylhomody8Tainase
(Ahcy)
Cystathionine-1.49a
-synthase
(CBS)
5- 1.61a
methyltetrahydrofolate-
homocysteine
methyl-
transferase
(MTR)
Betaine- 2.01a
homocysteine
methyl-
transferase
(BHMT)

0.27%
1.09b

0.96b

1.29b

1.16b

1.17ab

1.29b

1.09b

0.96b

1.29b
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3.1 Effects of Methionine Deficiency on Production Performance of
Laying Hens

Methionine is the first limiting amino acid for laying hens and plays an important
role in their production performance. Studies have shown that when methionine
content is low, increasing methionine levels can improve laying hen performance,
but when dietary methionine reaches a certain level, continued supplementation
&M reduces performance. In this experiment, dietary methionine levels were
all relatively low, and the 0.33% methionine group achieved the highest produc-
tion performance indicators, though the feed-to-egg ratio was not significantly
different from the 0.27% methionine group. Saki et al. reported that increasing
methionine level from 0.24% to 0.34% significantly improved laying rate, av-
erage egg weight, average daily egg production, and average daily feed intake
while reducing the feed-to-egg ratio. Harms et al. found that dietary methionine
level (0.20%-0.34%) significantly affected laying rate, average egg weight, and
average daily feed intake, with no significant effects when methionine level ex-
ceeded 0.28%. However, Keshavarz reported that reducing dietary methionine
level from 0.36% to 0.23% in 54-72-week-old Single Comb White Leghorn hens
significantly decreased laying rate, average egg weight, and feed utilization, but
had no significant effect on average daily egg production and average daily feed
intake.

3.2 Effects of Dietary Methionine Deficiency on Serum Free Amino
Acid Contents of Laying Hens

Serum free amino acid concentrations can reflect amino acid metabolism status
in animals to some extent. Due to synergistic, alternative, conversion, and
antagonistic relationships among amino acids, deficiency or excess of a particular
amino acid in the diet can cause amino acid imbalance and affect the utilization
of itself or other amino acids. This study showed that dietary methionine level
significantly affected the content and proportion of some amino acids in serum,
such as decreasing methionine, cysteine, isoleucine, and arginine contents while
increasing serine and glycine contents. Similar to this study, Lii et al. also
reported that dietary methionine level affected serine, methionine, and isoleucine
contents. Yodseranee et al. also found in broilers that dietary methionine level
affected plasma methionine, cysteine, and taurine contents.

3.3 Effects of Dietary Methionine Deficiency on Methionine
Metabolism Process in Laying Hens’ Liver

Approximately 20% of ingested methionine is digested and metabolized in
the gastrointestinal tract, while 80% is transported via blood to cells and
tissues, with more than half being converted to S-adenosylmethionine in the
liver to enter the methionine metabolic pathway. Methionine is converted
to S-adenosylmethionine by methionine adenosyltransferase in an ATP-
consuming process, an enzyme primarily encoded by MAT1a. Over 90% of S-
adenosylmethionine can subsequently be converted to S-adenosylhomocysteine
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by methyltransferases, with the methyl group removed participating in DNA
and RNA methylation processes under the action of methyltransferases, thereby
regulating gene expression and RNA-mediated cellular pathways. In this ex-
periment, methionine deficiency significantly affected the expression levels
of Dnmtl, METTL3, and METTL14, indicating that methionine deficiency
may affect DNA and RNA methylation processes. Mattocks et al. found that
short-term methionine restriction could improve the efficiency of the DNA
methylation maintenance system and increase overall hepatic DNA methylation
levels in adult C57BL/6J mice. However, Liu et al. reported that the methy-
lation level of the GC-rich myostatin gene exon 1 region was 46% and 83% in
low- and high-methionine groups, respectively, and that if the GC-rich region
was already highly methylated, excessive or insufficient dietary methionine
intake could cause demethylation. RNA methylation is the most common and
abundant modification of RNA, with m6A formed on carbon or nitrogen atoms
using methyl groups provided by S-adenosylmethionine. METTL3 is the active
component of the m6A methyltransferase complex in mammalian cells, and
knockout of the METTL3 gene may cause a 30% decrease in total m6A levels
in HeLa cells and apoptosis in HepG2 cells through a p53-mediated pathway.
METTL14 is another active component of the m6A methyltransferase complex
that can bind to METTL3 protein in a 1:1 stoichiometric ratio to form a stable
dimeric complex, regulating the deposition of m6A on mRNA. Currently, there
are no reports on the effects of methionine deficiency on RNA methylation. In
this experiment, methionine deficiency significantly increased the expression
levels of METTL3 and METTL14, suggesting that methionine deficiency may
affect RNA methylation levels in a dose-dependent manner.

S-adenosylhomocysteine is decomposed into adenosine and homocysteine by
Ahcy in a reversible, non-rate-limiting step, with metabolic flux determined
by the synthesis rate of S-adenosylhomocysteine and the consumption rates
of adenosine and homocysteine. In this experiment, there were no significant
differences in Ahcy expression among the three groups, suggesting that methio-
nine deficiency may not affect the ratio of these metabolites. Homocysteine
has two subsequent metabolic pathways: one is remethylation to methionine us-
ing 5-methyltetrahydrofolate by MTR and betaine by BHMT as methyl donors,
constituting the methionine cycle; the other is transsulfuration to cystathionine
catalyzed by CBS with serine participation, which then participates in cysteine,
glutathione, or taurine synthesis and oxidative degradation. Demethylated
tetrahydrofolate can be regenerated to 5-methyltetrahydrofolate through the
cycle, simultaneously converting serine to glycine. In this experiment, methio-
nine deficiency significantly affected the expression levels of MAT1a, CBS, and
MTR, indicating that methionine deficiency may affect homocysteine metabolic
pathways. Meanwhile, the decreased serum cysteine content and significant ac-
cumulation of serine and glycine in the high-dose methionine deficiency group
suggest that methionine deficiency may reduce the transsulfuration pathway of
methionine while enhancing the remethylation pathway, with the reduction in
transsulfuration possibly exceeding the increase in remethylation. Studies have
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shown that when methionine is deficient, homocysteine remethylation to me-
thionine can ensure normal methylation reactions, albeit at the cost of reduced
-ketobutyrate and glutathione synthesis. Conversely, increasing methionine
level by only 10% can double the efficiency of homocysteine synthesis. Me-
thionine loading experiments have shown that methionine loading can activate
the transsulfuration pathway of homocysteine in rat hepatocytes while inhibit-
ing its remethylation pathway, significantly reducing BHMT and methionine
synthase activities without affecting CBS activity. However, in this experiment,
methionine deficiency also significantly increased CBS expression. Tang et al. re-
ported that methionine deprivation could induce tissues to downregulate CBS
protein through an S-adenosylmethionine-independent mechanism to efficiently
conserve methionine, but at the mRNA level, CBS expression did not decrease
and even increased, which is consistent with the results of this study.

Conclusions

1. Methionine deficiency significantly reduced laying rate, average daily egg
production, and average egg weight, and increased the feed-to-egg ratio in
Hy-Line Grey laying hens during the late laying period.

2. Methionine deficiency significantly increased the expression levels of
Dnmtl, METTL3, and METTL14 in the liver, affecting DNA and RNA
methylation processes.

3. Methionine deficiency significantly decreased serum methionine content,
increased serum glycine and serine contents, and enhanced liver MTR ex-
pression, affecting methionine resynthesis and transsulfuration pathways.
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