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Abstract
This study was conducted to investigate whether methionyl-tRNA synthetase (MetRS) is a mediator of methionine (Met)-induced crop milk
protein synthesis via the janus kinase 2 (JAK2)/signal transducer and activator of transcription 5 (STAT5) signalling pathway in breeding pigeons.
In Experiment 1, a total of 216 pairs of breeding pigeons were divided into three groups (control, Met-deficient, and Met-rescue groups). In
Experiments 2 and 3, forty pairs of breeding pigeons from each experiment were allocated into four groups. The second experiment included a
control group and three MetRS inhibitor (REP8839) groups. The third experiment included a Met-deficient group, Met-sufficient group,
REP8839þMet-deficient group and REP8839þMet-sufficient group. Experiment 1 showed that Met supplementation increased crop
development, crop milk protein synthesis, the protein expression of MetRS and JAK2/STAT5 signalling pathway, and improved squab growth.
Experiment 2 showed that crop development, crop milk protein synthesis and the protein expression of MetRS and the JAK2/STAT5 signalling
pathway were decreased, and squab growth was inhibited by the injection of 1·0 mg/kg body weight REP8839, which was the selected dose for
the third experiment. Experiment 3 showed that Met supplementation increased crop development, crop milk protein synthesis and the
expression of MetRS and JAK2/STAT5 signalling pathway and rescued squab growth after the injection of REP8839. Moreover, the co-
immunoprecipitation results showed that there was an interaction between MetRS and JAK2. Taken together, these findings indicate that MetRS
mediates Met-induced crop milk protein synthesis via the JAK2/STAT5 signalling pathway, resulting in improved squab growth in breeding
pigeons.
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Pigeons are altricial birds, and newly hatched pigeon squabs
cannot eat independently and are fed by their parents from
mouth to mouth with a ‘curd-like substance’ called crop milk
during the early period after hatching. In particular, they receive
pure cropmilk to live in the first week after hatching, after which
the cropmilk is gradually replaced by an adult diet. In contrast to
mammalian milk, crop milk is synthesised by both female and
male pigeons from the germinal epithelium of the crop sac from
14 d of brooding to 28 d of lactation(1). The nutritional status of

breeding pigeons directly determines the quality of crop milk
secreted by their crop.

The quality of crop milk plays an important role in the
survival, growth and development of squabs(2). The main
nutritional ingredient of crop milk is protein (64 %), 90 % of
which is casein(3,4). The production of crop milk depends on the
proliferation of crop epithelial cells and their milk synthesis
ability. Several studies have reported that essential amino acids
stimulate cell proliferation(5,6) and can regulate casein synthesis
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in bovine mammary gland epithelial cells via the janus kinase 2
(JAK2)/signal transducer and activator of transcription 5 (STAT5)
pathway(7,8). Methionine (Met) has been identified as the first
limiting amino acid for birds and plays an important role in
protein synthesis(9). Dietary supplementation with Met can
increase milk production in cows(10,11). Conversely, Met
deficiency impairs milk protein synthesis and results in growth
retardation(12,13). Previous studies reported that Met increased
the transcription and translation of milk protein genes via the
JAK2/STAT5 signalling pathway(14,15). Our earlier study also
revealed that the addition of Met to breeding pigeons regulated
crop milk protein synthesis via the JAK2/STAT5 signalling
pathway and improved the growth performance of squabs(16).
However, how Met stimulates the JAK2/STAT5 signalling
pathway for crop milk protein synthesis is unclear.

Aminoacyl-tRNA synthetase is a novel signalling protein that
may have noncanonical functions unrelated to its catalytic
activity in protein synthesis. Aminoacyl-tRNA synthetase with
sufficient amino acids can sense environmental signals and
modulate cellular functions(17,18). Early studies have proven that
glycyl‐tRNA synthetase (GlyRS) and seryl-tRNA synthetase
(SerRS) mediate amino acid synthesis and enhance milk protein
synthesis in bovine mammary epithelial cells(19,20). On the basis
of our previous work, we speculated that methionyl-tRNA
synthetase (MetRS) may be a potential mediator of Met-induced
crop milk protein synthesis in breeding pigeons. However, the
mechanism by which MetRS mediates Met-induced crop milk
protein synthesis is unknown.

Milk is an ideal form of nutrition for the growth and
development of infants or newborn animals. The nutrient quality
of milk is of great concern to researchers. Therefore, the
objective of this study was to investigate whether MetRS
mediates Met-induced crop milk protein synthesis via the
JAK2/STAT5 signalling pathway and improves squab growth
by using domestic pigeons as a model.

Materials and methods

Ethical statement

All procedures used in this study were approved by the Animal
Care Advisory Committee of South China Agricultural University
(Guangzhou, China).

Experimental design

Three experiments were conducted in this study. All white king
breeding pigeons were obtained from Baifeng pigeon farm
(Jiangmen, China). The experimental design was as follows:

Experiment 1. A total of 216 pairs of breeding pigeons with
similar body weights (BW), productive performances and egg-
laying habits were randomly divided into three treatment groups
of six replicates, and each replicate included twelve pairs of
breeding pigeons. DL-Met (Met Amino, >99 %, Evonik Degussa
GmbH, Essen, Germany) was used in this study. The control
group was fed a basal diet containing 0·55 % Met throughout the
experimental period. Two experimental groups were fed a Met-
deficient diet containing 0·21 % Met from the raw material

throughout the experimental period and not supplemented with
synthetic Met (Met deficient), and one group of birds was fed a
Met-deficient diet from 1 to 13 d of the experimental period and
then basal diet from 14 to 45 d of the experimental period (Met
rescue). This experiment lasted for 45 d, including the incubation
and lactation periods of 17 and 28 d, respectively.

Experiment 2. A total of forty pairs of breeding pigeons with
similar productive performance and egg laying on the same day
were allocated into four treatment groups of ten pairs of
breeding pigeons. The treatment groups were the control group
(injected with normal saline) and the three MetRS inhibitor
groups (injected with 0·5, 1·0 or 1·5 mg/kg REP8839). On the 1st,
3rd, 5th and 7th days of the lactation period, the birds were
injected with normal saline or different doses of REP8839
through the wing vein. This experiment started on the 1st day of
the lactation period and lasted for 7 d.

REP8839 solutionswere prepared as follows: REP8839 powder
(Axon MedChem, Groningen, Netherlands) was dissolved in
dimethyl sulfoxide (DMSO) according to the manufacturer’s
instructions. The REP8839-DMSO solution was added to normal
saline to prepare a 3mg/ml REP88339 solution, which was further
diluted to 2 mg/ml and 1 mg/ml, corresponding to 1·5, 1·0 and
0·5 mg/kg BW of REP8839, respectively. The injection volume
was 300 μl per breeding pigeon (600 g BW).

Experiment 3. The inhibitor (1·0 mg/kg REP8839) from
Experiment 2 was used for the following experiment. A total
of forty pairs of breeding pigeons with similar productive
performance and egg laying on the same day were divided into
four treatment groups with ten pairs of breeding pigeons. The
treatment groups consisted of the Met-deficient group (injected
with saline þ Met-deficient diet), the Met-sufficient group
(injected with saline þ Met-sufficient diet), the REP8839þMet-
deficient group (injected with 1·0 mg/kg REP8839þMet-
deficient diet) and the REP8839þMet-sufficient group (injected
with 1·0 mg/kg REP8839þMet-sufficient diet). The four groups
were injected with 300 μl of normal saline or 1·0 mg/kg REP8839
on the 1st, 3rd, 5th or 7th day of the lactation period. This
experiment lasted for 7 d.

Management and diets

Each pair of breeding pigeonswith four squabs was reared in the
same cage, all pigeons were housed in three-tiger cages in an
environmentally controlled room and light was maintained for
16 h daily throughout the experiment. The squabs were fed crop
milk from their parent pigeons. Feed and water were available
ad libitum. The feed was a pea–corn–sorghum formulation and
met or exceeded the nutrient requirements of pigeons according
to the Poultry Nutrient Requirement guidelines. The ingredients
and nutritional composition of the basal diet are shown inOnline
Supplementary Table S1.

Performance measurements

The feed intake of each breeding pigeon pair was recorded daily
to calculate the average daily feed intake (ADFI) for incubation,
lactation and the entire experimental period.
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At the beginning and end of the incubation and lactation
periods, the BW of each breeding pigeon pair was recorded to
calculate the BW gain (BWG) for the incubation period and the
BW loss (BWL) for the lactation and the entire experimental
period. The egg-laying interval of the female pigeons was
considered the day after the first egg was laid in the first clutch to
the day before the first egg was laid in the subsequent clutch.

The BW of the squabs was recorded on the 1st, 7th, 14th, 21st
and 28th days after hatching. The average daily gain (ADG) of
the squabs was calculated.

Sample collection

In Experiment 1, all of the birds were fasted for 12 h on the 24th
and 31st days of the experiment (7th and 14th days of the
lactation period), respectively, and thirty-six pairs of breeding
pigeons with similar BWs were selected (twelve pairs of
breeding pigeons per treatment) and euthanised by cervical
dislocation. In Experiments 2 and 3, forty pairs of breeding
pigeons were selected on the 8th day of the experimental period
and euthanised by cervical dislocation.

Crop milk was collected from the crop tissue of the breeding
pigeons selected from three experiments, immediately frozen in
liquid nitrogen and stored at –80°C. The isolated crop tissue was
washed with PBS and weighed. The crop weight was calculated
based on the BW. The crop thickness was measured via three
sections randomly selected from the crop tissue. The crop tissue
was partly stored at –80°C for subsequent analysis and partly
preserved in 4 % paraformaldehyde for immunofluorescence
staining.

Casein-level determination

The levels of αS1-casein, αS2-casein and β-case in crop milk
were determined using ELISA kits (Enzyme-linked
Biotechnology Co. Ltd., Shanghai, China) according to the
manufacturer’s instructions.

Western blotting analysis

Protein was extracted from the crop tissue as previously
described(21,22). In brief, the protein concentration in the crop
tissue was measured using a bicinchoninic acid protein assay kit
(Applygen Technology, Inc., Beijing, China). Equal amounts of
protein were separated by 10 % SDS–PAGE, transferred to
polyvinylidene difluoride membranes (PVDF, 0·45 μm;
Millipore, Billerica, MA, USA) and blocked with 5 % non-fat
milk in TBST (0·05 % Tween 20, 100 mM Tris-HCl, 150 mMNaCl,
pH 7·4) for 2 h. The membranes were then incubated with
primary antibodies at 4°C overnight (online Supplementary
Table S2). Then, the PVDF membranes were incubated with
secondary antibodies for 1 h. Finally, the immunological signals
were detected with enhanced chemiluminescence reagent
(Beyotime Institute of Biotechnology) in a FluorChem M system
(Cell Biosciences, San Leandro, CA, USA). The bands were
quantified using image analysis software (Tanoan,
Shanghai, China).

Immunofluorescence analysis

Crop tissues were removed from 4 % paraformaldehyde, rinsed
with PBS, dehydratedwith graded ethanol, cleared in xylene and
embedded in paraffin according to previousmethods, with slight
modifications(23). 5 μm thick sections of the crop tissue were
obtained for immunofluorescence staining. The sections were
incubated in blocking solution containing 5 % bovine serum
albumin at room temperature for 2 h. After cleaning, the sections
were incubated with primary antibodies overnight and rinsed
three times. Each rinse lasted 5min in PBS. Secondary antibodies
were then added to the sections for 2 h, followed by rinsing three
times. Tissues were treated with 40,6-diamidino-2-phenylindole
to stain the nuclei, incubated for 10min at room temperature and
then rinsed three times with PBS. The fluorescence images were
examined using a fluorescence microscope (NIS-Elements,
Nikon, Tokyo, Japan).

Co-immunoprecipitation assay

Proteins from the crop tissue were immunoprecipitated using a
Pierce Co-IP Kit (Epizyme Biomedical Technology Co. Ltd.,
China). Briefly, protein was extracted using lysis buffer and
centrifugation. The extracted protein was incubated with
antibody-MetRS and protein A/G magnetic beads overnight at
4°C to form protein complexes and then eluted with elution
buffer. Further details were followed according to the manu-
facturer’s instructions. The eluted protein was separated by SDS–
PAGE and subjected to Western blotting. The proteins that
interactedwith the bait proteins were precipitated by co-IP using
the MetRS antibody as bait and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as a negative control.

Statistical analysis

All of the data were analysed using GraphPad Prism version 8·0
(GraphPad Software, Inc., San Diego, CA) for statistical analysis
via one-way ANOVA. Significant differences between treatments
were measured using Tukey’s multiple comparison test. All of
the results are presented as the mean and standard error of the
mean (SEM). P values< 0·05 were considered to indicate
statistical significance.

Results

Experiment 1

Methionine supplementation promotes the productive
performance of breeding pigeons and squab growth. First,
we determined the effects of Met supplementation on the
productive performance of breeding pigeons and squab growth.
No significant difference was found (P> 0·05) in the ADFI
between the incubation and lactation periods in the Met-
deficient group (Fig. 1(a) and (b)), but the ADFI was significantly
greater (P< 0·05) throughout the whole experimental period
(Fig. 1(c)). The BWG of the breeding pigeons decreased
(P< 0·05) during the incubation period (Fig. 1(d)), and the
BWL increased (P< 0·05) during the lactation and whole
experimental periods (Fig. 1(e) and (f)) in the Met-deficient
group. The egg-laying interval was also extended (P< 0·05) in
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the Met-deficient group (Fig. 1(g)). After the administration of
Met to the breeding pigeons, BWL decreased (P< 0·05) during
lactation and throughout the entire experimental period, and the
egg-laying interval of the breeding pigeons decreased (P< 0·05).
These results indicate that sufficient Met intake is necessary for
breeding pigeons for nutritional reasons to support reproductive
performance.

As shown in Fig. 1(h) and (i), compared with the control diet,
the Met-deficient diet significantly decreased the ADG of squabs
and increased (P< 0·05) the mortality rate. As expected, Met
supplementation increased the ADG (P< 0·05) and decreased
(P< 0·05) the mortality rate of squabs. In addition, the survival
rate of the squabs increased after hatching in response to

supplementation with Met (Fig. 1(j)). These findings suggested
that supplementation with Met can effectively remedy the poor
growth of squabs.

Methionine supplementation improves crop development
and crop milk protein synthesis. We further determined the
effects of Met supplementation on crop development and crop
milk protein synthesis. Compared with the control diet, the Met-
deficient diet significantly decreased the weight and thickness of
the crop (P< 0·05) in the breeding pigeons at 7 and 14 d after
hatching, respectively (Fig. 2(a)–(d)). The levels of αS1-casein,
αS2-casein and β-casein (Fig. 2(e)) were lower (P< 0·05) in the
Met-deficient group than in the control group. In addition, the
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Fig. 1. Effects of methionine (Met) supplementation on the productive performance of breeding pigeons and squab growth. (a) Average daily feed intake (ADFI) of
breeding pigeons during the incubation period. (b) ADFI of breeding pigeons during the lactation period. (c) ADFI of breeding pigeons during the whole experimental
period. (d) Bodyweight gain (BWG) of breeding pigeons during the incubation period. (e) Bodyweight loss (BWL) of breeding pigeons during the lactation period. (f) BWL
of breeding pigeons during the whole experimental period. (g) Laying interval of breeding pigeons. (h) Average daily gain (ADG) of squabs. (i) Mortality rate of squabs.
(j) Survival rate of the squabs over 4 weeks. The results are presented as the mean ± SEM. Bars with different lowercase letters indicate significant differences (P< 0·05,
n=6).
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protein expression and immunofluorescence signal intensities of
proliferating cell nuclear antigen (PCNA) and Keratin 19 (KRT19)
were lower (P< 0·05) in the Met-deficient group than in the
control group (Fig. 2(f)–(i)). As expected, Met supplementation
improved (P< 0·05) the weight and thickness of the crops of the
breeding pigeons at 7 and 14 d after hatching, respectively. The
level of β-casein was also increased (P< 0·05) by Met supple-
mentation. Moreover, protein expression and fluorescence signal
intensities of PCNA and KRT19 were significantly increased
(P< 0·05) by Met supplementation. These results suggest that
supplementation with Met effectively improves crop morphology
and the secretion of crop milk protein, possibly through the
proliferation and differentiation of crop epithelial cells.

Methionine supplementation increases methionyl-tRNA
synthetase expression and improves crop milk protein
synthesis by activating the janus kinase 2/signal
transducer and activator of transcription 5 signalling
pathway. We further investigated whether Met stimulates
MetRS expression and promotes crop milk protein synthesis
via the JAK2/STAT5 signalling pathway. As shown in Fig. 3(a)
and (b), compared with those in the control group, the protein
expression of MetRS and the ratios of phosphorylated JAK2
(p-JAK2) to JAK2 and phosphorylated STAT5 (p-STAT5) to
STAT5 were decreased (P< 0·05). In addition, suppressor of
cytokine signalling 3 (SOCS3) protein expression was upregu-
lated (P< 0·05) in the Met-deficient group, and the protein
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expression of αs1-casein and whey acidic protein (WAP) was
also downregulated (P< 0·05). Similarly, the fluorescence
signal intensities of MetRS, SOCS3, p-JAK2, p-STAT5 and
β-casein were significantly lower (P< 0·05) in the Met-deficient
group (Fig. 3(c) and (d)). As expected, Met supplementation
improved (P< 0·05) the expression and immunofluorescence
signal intensities of these proteins. These results suggest that
sufficient Met stimulates MetRS expression and activates the
JAK2/STAT5 signalling pathway, leading to an increase in crop
milk protein synthesis.

Experiment 2

REP8839 does not affect the productive performance of
breeding pigeons but hinders squab growth. We conducted
this experiment to investigate the effects of different concen-
trations of REP8839 on the productive performance of breeding
pigeons and squab growth. The results showed that the injection
of different concentrations of REP8839 did not cause significant
differences (P> 0·05) in the ADFI or BWL between breeding
control group and REP8839-treated groups (Fig. 4(a) and (b)). In
addition, compared with the control, ERP8839 injection at 1·0
and 1·5 mg/kg BW over 7 d resulted in a decrease (P< 0·05) in
the average daily weight (ADW) of squabs and an increase
(P< 0·05) in the mortality rate of squabs during lactation (Fig.
4(c) and (d)). The survival rate was lowest at 1·0 mg/kg BW of
REP8839 after 7 d of lactation (Fig. 4(e)). These results indicate
that the injection of REP8839 has no negative effect on the
productive performance of breeding pigeons but negatively
affects squab growth at 1·0 and 1·5 mg/kg. BW, respectively.

REP8839 inhibits crop development and crop milk protein
synthesis. The effects of REP8839 on crop development and
crop milk protein synthesis were further investigated. Fig. 5(a)
and (b) shows that the injection of REP8839 (1·0 and 1·5 mg/kg.
BW) significantly decreased (P< 0·05) the weight and thickness
of the crop compared with those of the control group. Similarly,
the levels of αS1-casein, αS2-casein and β-casein were
significantly lower (P< 0·05) in the 0·5, 1·0 and 1·5 mg/kg BW
REP8839 groups, respectively, than in the control group
(Fig. 5(c)). Among them, the protein levels of αS1-casein and
β-casein were lower (P< 0·05) in the 1·0 and 1·5 mg/kg BW
REP8839 groups, respectively, whereas the protein level of αS2-
casein was the lowest (P< 0·05) in the 1·5 mg/kg BW REP8839
group. As shown in Fig. 5(d)–(g), injection of REP8839 at 0·5, 1·0
and 1·5 mg/kg BW significantly decreased (P< 0·05) PCNA
protein expression in the crop epithelial cells of breeding
pigeons compared with that in crop epithelial cells of the control
breeding pigeons, and the fluorescence signal intensity of PCNA
was decreased (P< 0·05) after 1·0 and 1·5 mg/kg BW REP8839
injection. The protein expression and fluorescence signal
intensity of KRT19 were decreased (P< 0·05) by 1·0 and 1·5
mg/kg BW of REP8839 in the crop epithelial cells of breeding
pigeons, respectively, comparedwith those in the control group.
This finding indicates that 1·0 and 1·5 mg/kg BW of REP8839
could be the optimal dose for effectively inhibiting crop
development and the proliferation and differentiation of crop

epithelial cells, resulting in a decrease in crop milk protein
synthesis.

REP8839 inhibits methionyl-tRNA synthetase expression
and crop milk protein synthesis by blocking the janus kinase
2/signal transducer and activator of transcription 5
signalling pathway. We explored whether REP8839 injection
inhibits MetRS expression and crop milk protein synthesis by
blocking the JAK2/STAT5 signalling pathway. As shown in
Fig. 6(a) and (b), REP8839 at 1·0 and 1·5 mg/kg BW significantly
decreased (P< 0·05) MetRS protein expression, the ratios of
p-JAK2 to JAK2 and p-STAT to STAT5 and the protein expression
of β-casein and WAP in the crop epithelial cells of breeding
pigeons. Similarly, the protein expression of αS1-casein was
decreased (P< 0·05) at 1·5 mg/kg REP8839 in the crop epithelial
cells of breeding pigeons, whereas SOCS3 protein expression
was increased (P< 0·05) at 1·0 and 1·5 mg/kg BW of REP8839 in
the crop epithelial cells of breeding pigeons. As shown in
Fig. 6(c) and (d), the fluorescence signal intensities of MetRS and
β-casein decreased (P< 0·05) by 0·5, 1·0 and 1·5 mg/kg BW
REP8839 in the crop epithelial cells of breeding pigeons, and the
fluorescence signal intensities of SOCS3, p-JAK2 and p-STAT5
were consistent (P< 0·05) with the protein expression results.
These results suggest that REP8839 inhibits MetRS expression
and blocks the JAK2/STAT5 signalling pathway, leading to a
decrease in crop milk protein synthesis.

Experiment 3

To investigate whether MetRS mediates Met-induced crop milk
protein synthesis via the JAK2/STAT5 signalling pathway. We
performed this experiment by supplementing Met in combina-
tion with the inhibitor REP8839.

Methionine supplementation does not affect the productive
performance of breeding pigeons but relieves the inhibition
of squab growth induced after the injection of REP8839. We
observed the effects of Met on the productive performance of
breeding pigeons and squab growth after the injection of
REP8839. As shown in Fig. 7(a) and (b), no significant differences
were found (P> 0·05) in the ADFI or BWL among the breeding
pigeons in any of the groups. However, the ADW of the squabs
was significantly greater (P< 0·05) after 7 d, and the mortality
rate was lower (P< 0·05) in the REP8839 group with Met
supplementation than in the REP8839 group without Met
supplementation (Fig. 7(c) and (d)). Consistently, the survival
rate increased in response to the injection of REP8839 in
combinationwithMet supplementation (Fig. 7(e)). These findings
indicate that Met supplementation has no effect on the productive
performance of breeding pigeons but relieves the inhibition of
squab growth after the injection of REP8839.

Methionine supplementation rescues the inhibition of crop
development and crop milk protein synthesis after the
injection of REP8839. We further investigated the effects ofMet
on crop development and crop milk protein synthesis in
breeding pigeons after the injection of REP8839. We found that
the weight and thickness of the crop were significantly greater
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(P< 0·05) in the REP8839þMet treatment group than in the
REP8839 groupwithout Met supplementation (Fig. 8(a) and (b)).
Moreover, Met supplementation increased (P< 0·05) the levels
of αS1-casein and β-casein after the injection of REP8839
(Fig. 8(c)). In addition, Met supplementation significantly
increased (P< 0·05) the protein expression of PCNA and KRT19
after the injection of REP8839 compared with that in the REP8839
group without Met supplementation (Fig. 8(d) and (e)). Similarly,
the fluorescence signal intensities of PCNA and KRT19 had similar
results (P< 0·05) to the protein expression results (Fig. 8(f) and (g)).
These results imply thatMet supplementation rescues the inhibition
of crop development and increases the level of cropmilk casein via
crop cell proliferation in breeding pigeons.

Methionine supplementation blocks the inhibition of
methionyl-tRNA synthetase expression and activates the
janus kinase 2/signal transducer and activator of
transcription 5 signalling pathway after the injection of
REP8839. The underlying mechanism was further explored to
determine whether MetRS responds to Met stimulation and
improves crop milk protein synthesis by activating the JAK2/
STAT5 signalling pathway. As shown in Fig. 9(a) and (b), Met
supplementation increased MetRS protein expression, the ratio
of p-JAK2 to JAK2 and p-STAT5 to STAT5 and the protein
expression of β-casein and WAP, whereas SOCOS3 protein
expression was decreased (P< 0·05) after injection of REP8839
compared with that in the REP8839 group without Met
supplementation. The fluorescence signal intensities of MetRS,
SOCS3, p-JAK2, p-STAT5 and β-casein were consistent with the

protein expression results (P< 0·05) (Fig. 9(c) and (d)). These
results indicate that Met stimulates MetRS and activates the JAK2/
STAT5 signalling pathway, leading to an increase in crop milk
protein synthesis.

Methionyl-tRNA synthetase interacts with janus kinase 2
and regulates its activity. Using co-IP, we further investigated
the colocalisation of MetRS with SOCS3 and JAK2 in crops. The
results showed that JAK2 interacted with MetRS (Fig. 9(f)),
whereas SOCS3 did not bind to MetRS (Fig. 9(e)). These findings
suggested that MetRS might trigger JAK2 activity.

Discussion

The health status and productivity of breeding pigeons during
both the incubation and lactation periods are influenced mainly
by nutrients. Met is the first limiting amino acid, and Met
deficiency may lead to disastrous results in avian species,
including impaired protein synthesis and growth depression or
productivity loss in poultry(24–26). The present study showed that
Met deficiency (containing 0·21 % Met in the raw feed material)
resulted in an increase in BWL during lactation, throughout the
entire experimental period, and in the egg-laying interval, while
the BWG of breeding pigeons decreased during the incubation
period. However, as expected, the productive performance of
the breeding pigeons improved after Met supplementation
(0·3%). Similarly, early studies from our laboratory demonstrated
that Met supplementation enhanced the ADG and decreased the
BWL of breeding pigeons(13). A previous study also revealed that
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BWGof chickens fed aMet-sufficient diet was greater than that of
chickens fed a Met-deficient diet(27). It has been reported that the
nutrient requirements of cows gradually increase during the
lactation period.When dietary nutrients are not sufficient tomeet
these requirements, a negative energy balance and a decrease in
productive performance may occur(28). Therefore, our results
can be explained by the fact that Met supplementation met the

amino acid requirements of breeding pigeons and blocked
protein breakdown, rescued BWL during the lactation period
and BWG during the incubation period, and shortened the egg-
laying interval. Remarkably, Met deficiency increased the ADFI
of the breeding pigeons in this study. Normally, an increase in
feed intake is accompanied by an increase in the Met
concentration(26,29). A previous study indicated that the feed
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intake of sows must be maximised during the lactation period
because nutrition can directly affect milk production(30). This
opposite result may be because breeding pigeons need more
Met to meet their requirements for milk synthesis and baby
squab growth in the lactation period.

Pigeon squabs have a greater growth rate in poultry(1), and
the growth status of squabs is highly dependent on the
nutritional status of their parents. A lower intake of amino acids
than the amount required by pigs limits milk production and the
growth of offspring(31). Our results indicated that Met supple-
mentation increased the ADG of squabs and decreased the
mortality rate. Moreover, the survival rate after hatching tended
to increase in response to Met supplementation. This was
consistent with the findings of Zhong et al.(13), who reported that
Met or methionyl-Met supplementation decreased the mortality
rate and increased the ADG of squabs. In addition, Met
supplementation improved the ADG of calves during preg-
nancy. These results suggest that sufficient Met intake is
necessary to meet the nutritional needs of parent pigeons and
has a positive effect on squab growth.

The crop of pigeon both stores food and produces a ‘milk-like
substance’ during the lactation period. Crop development
reflects crop milk synthesis ability to a certain extent. In
mammals, the weight and structure of the mammary gland
gradually change from the late incubation period to the lactation
period(32). In pigeons, the weight and thickness of the crop
increased during the lactation period (7 and 14 d after hatching)
after the breeding pigeons were given Met. As reported by Chen
et al.(16), Met supplementation increased the weight and
thickness of crops on the 3rd day of the lactation period in
breeding pigeons. This could explain why nutrients might play a
key role during the incubation period, contributing to the
improvement of crop tissue morphology during the lactation

period. Moreover, we found that the weight and thickness of the
crops were greater on day 7 than day 14 during the lactation
period. Hu et al.(3) demonstrated that theweight and thickness of
crops peaked in the first week of the lactation period. It is
reasonable that cropmilk gradually decreases after the first week
of the lactation period(1).

The crop of breeding pigeons has the ability to produce milk,
which is determined by the number of secreting cells. PCNA is an
endogenous nuclear protein that plays an important role in the
localisation and quantification of proliferating cells in tissues(33).
Keratin 19 (KRT19) is an intermediate I keratin that can maintain
the integrity of epithelial cells and form the cytoskeleton(34,35).
Our results showed that PCNA andCRT19were highly expressed
after breeding pigeons were supplemented with Met. A higher
expression of PCNA could contribute to epithelial cell prolifer-
ation, and the number of epithelial cells correlates with milk
yield in mammals(36), although the crop milk yield of breeding
pigeons cannot be determined. Zhu et al.(37) demonstrated that
KRT19 was involved in the keratinisation of epithelial cells in
pigeon crops and facilitated the thickening of epithelial payers
with obvious lateral fissures and nail structures. KRT19 may be
involved in the process of epithelial differentiation(38). Taken
together, these results suggest that Met supplementation
promotes thickening of the crop epithelium with rapid
proliferation and keratinisation of epithelial cells in breeding
pigeons.

The nutrients in milk, such as proteins, are enriched in crops
with massive proliferation of epithelial cells(39). The main
component of milk protein is casein, which is the best-
characterised protein and consists of various subunits, including
αS1-casein, αS2-casein and β-casein(40). The present study
showed that Met supplementation improved the protein
secretion of αS1-casein, αS2-casein and β-casein compared with
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that in theMet-deficient group. This findingwas consistent with a
previous report(13) reporting that Met or methionyl-Met supple-
mentation improved the casein content of crop milk in breeding
pigeons. High-quality milk protein is enriched with immuno-
globulins and biologically active substances needed for the
growth of squabs(41), which supports the positive results of
squab growth obtained in this study.

Crop milk protein synthesis depends on crop epithelial cell
proliferation, which is regulated by different signalling mole-
cules. JAK2 and STAT5 contribute to the proliferation, differ-
entiation and survival of mammary gland epithelial cells(42).
Amino acid deficiency can cause a reduction in casein
transcription by inhibiting the JAK2/STAT5 signalling path-
way(43). Chen et al.(16) reported that crop milk protein synthesis
was controlled by the JAK2/STAT5 signalling pathway when
breeding pigeons were fed Met. Yang et al.(8) also indicated that
the casein protein level in the bovine mammary gland was
increased by activating the JAK2/STAT5 signalling pathway via
methionyl-Met supplementation. In agreement with these

findings, our results also proved that the JAK2/STAT5 signalling
pathway could be activated by Met supplementation in breeding
pigeons. The activated signalling pathway may be due to the
increase in MetRS protein expression, which we will discuss
later. In addition, compared with Met deficiency, Met supple-
mentation decreased SOCS3 protein expression. SOCS3 is a
negative regulator of cytokine receptor signalling via the JAK2/
STAT5 signalling pathway(44), and decreased SOCS3 expression
is required for milk protein synthesis and cell proliferation in
mammary epithelial cells(45). Undoubtedly, the activation of the
JAK2/STAT5 signalling pathway promotes an increase in casein
for milk protein(14). Our results showed that protein expression
in casein and WAP was increased by Met supplementation. αS1-
casein protein expression was stimulated in Met-deficient mice
by methionyl-Met supplementation(46). The casein and WAP of
crops are known to be involved in the successful onset of
lactation and are responsible for high milk protein content. As
reported by Zhou et al.(47), the upregulation of casein by Met
supplementation can act as a proxy for determining milk protein
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synthesis in bovine mammary gland cells. These results suggest
that Met supplementation improves milk protein synthesis by
activating the JAK2/STAT5 signalling pathway.

The function of MetRS in Met-induced milk protein synthesis
via the JAK2/STAT5 signalling pathway was further explored in
this study. We hypothesised that MetRS inhibits milk protein
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synthesis by suppressing the JAK2/STAT5 signalling pathway.
REP8839 is designated an inhibitor of aminoacyl-tRNA(48). It has
been reported that REP8839 can specifically disturb protein
synthesis during macromolecular synthesis(49). We first deter-
mined the optimal dose of the inhibitor by injecting different
concentrations of REP8839 into lactating breeding pigeons to
inhibit MetRS-mediated Met-induced milk protein synthesis via
the JAK2/STAT5 signalling pathway. The results confirmed that
MetRS protein expression decreased, SOCO3 protein expression
increased and the p-JAK2/JAK2 and p-STAT5/STAT5 ratios
decreased at 1·0 mg/kg BW and 1·5 mg/kg BW, respectively,
after injection of REP8839, resulting in a decrease in crop milk
protein synthesis, an increase in mortality rate and growth
retardation in squabs; moreover, REP8839 impaired crop
development, and crop epithelial cells were unable to proliferate
and differentiate in breeding pigeons. Therefore, we selected 1·0
mg/kg of REP8839 as the optimal dose for Experiment 3.

The MetRS inhibitor (REP8839) competes with Met(50). A
higher dose of Metmay inhibit the optimal binding of REP8839 to
MetRS.We therefore injected 1·0mg/kg REP8839 in combination
with Met to determine the effects of MetRS on milk protein
synthesis. These results were consistent with those obtained in
Experiment 2; REP8839 inhibited squab growth and increased
the mortality rate without Met supplementation. This poor squab
growth could be explained by the crop development of the
breeding pigeons. REP8839 inhibited crop development and the
expression of the PCNA and KRT19 proteins, suggesting that the

inhibition of crop development negatively affects the prolifer-
ation and keratinisation of crop epithelial cells, leading to a
decrease in the αS1-casein and β-casein levels. Similarly,
knockdown of SerRS decreased cell proliferation and β-casein
expression in bovine mammary epithelial cells(6). A decrease in
β-casein in mammary epithelial cells was also observed upon
knockdown of leucyl-tRNA synthetase(51). As expected, Met
supplementation compensated for the growth and mortality rate
of squabs after the injection of REP8839. This difference may be
due to the increase in the protein expression of PCNA and
KRT19, which accelerate the proliferation and keratinisation of
crop epithelial cells and promote milk protein synthesis in
breeding pigeons.

We next determined whether MetRS can be stimulated by
both REP8839 and Met to subsequently control the JAK2/STAT5
signalling pathway. First, REP8839 interfered with the protein
expression of MetRS, increased SOCOS3 protein expression,
inhibited the activation of the JAK2 and STAT5 signalling
pathway and decreased the protein expression of β-casein
without Met supplementation. However, Met supplementation
increased MetRS expression and decreased SOCS3 expression,
activated the JAK2/STAT5 signalling pathway and increased
β-casein protein expression after REP8839 injection. These
findings suggested that MetRS can respond to stimulation by Met
and REP8839. Similarly, mammary epithelial cells treated with
Met exhibited decreased SOCS3 protein expression and
increased STAT5 and β-casein protein expression. Moreover,
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SOCS3 is an inhibitor of the JAK2/STAT5 signalling pathway
and can regulate the protein expression of STAT5 and
β-casein through knockdown and overexpression(45). Dai
et al.(20) also reported that Met reactivated the protein
expression of SerRS and promoted the protein abundance
of β-casein after SerRS was knocked down in mammary
epithelial cells. These results may imply that sufficient Met
rescues the inhibitory effect of REP8839 on MetRS expression
and activates the JAK2/STAT5 signalling pathway, thus
contributing to milk protein synthesis.

Moreover, the Co-IP results verified that MetRS and JAK2
interact. These results confirmed that Met activates MetRS and
interacts with JAK2 to form protein complexes, thereby
promoting the proliferation and differentiation of crop epithelial
cells and increasing the protein synthesis of crop milk.

Conclusion

In conclusion, the current study revealed that Met supplemen-
tation improved crop milk protein synthesis and squab growth.
The underlying mechanism may involve the stimulation of
MetRS by Met, which activates the JAK2/STAT5 signalling
pathway via interaction with JAK2 and MetRS, ultimately
resulting in crop protein synthesis through the proliferation
and differentiation of crop epithelial cells in breeding pigeons
(Fig. 10). These findings could expand our understanding of the
mechanisms by which Met regulates milk protein synthesis in
animals and provide insight into maternal–infant nutrition in
humans.
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