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Methionine and its hydroxy analogue (MHA) have been shown to benefit mouse intestinal regeneration.
The intestinal organoid is a good model that directly reflects the impact of certain nutrients or chemicals
on intestinal development. Here, we aimed to establish a chicken intestinal organoid culture method first
and then use the model to explore the influence of methionine deficiency and MHA on intestinal
organoid development. The results showed that 125-mm cell strainer exhibited the highest efficiency for
chicken embryo crypt harvesting. We found that transforming growth factor-b inhibitor (A8301) sup-
plementation promoted enterocyte differentiation at the expense of the proliferation of intestinal stem
cells (ISC). The mitogen-activated protein kinase p38 inhibitor (SB202190) promoted intestinal organoid
formation and enterocyte differentiation but suppressed the differentiation of enteroendocrine cells,
goblet cells and Paneth cells. However, the suppression of enteroendocrine cell and Paneth cell differ-
entiation by SB202190 was alleviated at the presence of A8301. The glycogen synthase kinase 3 inhibitor
(CHIR99021), valproic acid (VPA) alone and their combination promoted chicken intestinal organoid
formation and enterocyte differentiation at the expense of the expression of Paneth cells and goblet cells.
Chicken serum significantly improved organoid formation, especially in the presence of A8301,
SB202190, CHIR99021, and VPA, but inhibited the differentiation of Paneth cells and enteroendocrine
cells. Chicken serum at a concentration of 0.25% meets the requirement of chicken intestinal organoid
development, and the beneficial effect of chicken serum on chicken intestinal organoid culture could not
be replaced by fetal bovine serum and insulin-like growth factor-1. Moreover, commercial mouse
organoid culture medium supplemented with A8301, SB202190, CHIR99021, VPA, and chicken serum
promotes chicken organoid budding. Based on the chicken intestinal organoid model, we found that
methionine deficiency mimicked by cycloleucine suppressed organoid formation and organoid size, and
this effect was reinforced with increased cycloleucine concentrations. Methionine hydroxy analogue
promoted regeneration of ISC but decreased cell differentiation compared with the results obtained with
L-methionine. In conclusion, our results provide a potentially excellent guideline for chicken intestinal
organoid culture and insights into methionine function in crypt development.
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1. Introduction

Methionine is an essential sulfur-containing amino acid that
cannot be synthesized by animals. Dietary methionine supple-
mentation benefits intestinal villus development and growth per-
formance (Su et al., 2018; Bin et al., 2018), and its deficiency causes
increased apoptosis of intestinal epithelial cells (Tang et al., 2015).
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Besides, methionine also regulates cell differentiation by methyl-
ation induced by its metabolite S-adenosylmethionine (SAM)
(Shiraki et al., 2014; Castellano et al., 2017; He et al., 2018).
Methionine hydroxy analogue (MHA) is a methionine substitute
that is increasingly being used in livestock (Wang et al., 2019a,
2019b). Our previous work showed that a diet supplemented
with MHA promotes the SAM synthesis in broilers (Wang et al.,
2019b). However, how the mechanisms through which methio-
nine deficiency and MHA alternatives influence chicken intestinal
stem cell (ISC) development remains unknown.

Nowadays, mouse/human intestinal organoids are becoming an
increasingly useful protocol for investigating the intestine because
the intestinal organoid partially reconstructs the typical dynamics
of the intestine, and these organoids thus provide researchers with
a more physiological context for their experiments. A cocktail
(denoted by ENR) of 3 basal growth factors (epidermal growth
factor [EGF], Noggin, and R-spondin 1) needs to be present in the
intestinal organoid culture medium for the culture of murine and
human intestinal organoids (Sato et al., 2011a). EGF, Noggin, and R-
spondin 1 separately benefit organoid growth by suppressing cell
shedding (Miguel et al., 2017), promoting epithelial cell self-
renewal (Chung et al., 2018; Hoffmann et al., 2020), and main-
taining stem cell renewal, and cell proliferation and differentiation
(Steinhart and Angers, 2018). Besides, the transforming growth
factor-b (TGF-b) inhibitor (A8301), the mitogen-activated protein
kinase p38 inhibitor (SB202190), valproic acid (VPA), and a highly
specific glycogen synthase kinase 3 (GSK3) inhibitor (CHIR99021)
have also been shown to benefit the intestinal organoid develop-
ment (Gottlicher et al., 2001; Ring et al., 2003; Sato et al., 2011a).
Recently, Ji et al. (2018) reported that serum supplementation in-
creases cell proliferation via the insulin-like growth factor (IGF)-
related signaling pathway. It has been determined that the con-
centrations of EGF, Noggin, R-spondin 1 in chicken intestinal crypt
culture are the same as those in mouse crypts (Li et al., 2018).
However, whether chemicals such as A8301, SB202190, VPA,
CHIR99021, IGF-1 and serum can further improve chicken organoid
growth is still unknown.

In the present study, based on the ENR medium, we aimed to
explore the impact of A8301, SB202190, CHIR99021, VPA (together
denoted as ASCV), IGF-1, and serum alone or in combination on
chicken intestinal crypt development. Based on this culture system,
we studied the influence of methionine deficiency and its hydroxy
analogue on chicken intestinal crypt development.

2. Materials and methods

2.1. Animal ethics

All the procedures in this experiment were approved by the
China Agricultural University Laboratory Animal Welfare and Ani-
mal Experimental Ethical Inspection Committee and conducted
following the Guidelines for Experimental Animals.

2.2. Culture medium

Penicillin-streptomycin (Thermo Fisher Scientific, Waltham,
USA), HEPES (a zwitterionic sulfonic acid buffering agent, 10 mmol/
L, Thermo Fisher Scientific, Waltham, USA), B27 (1:50, Thermo
Fisher Scientific, Waltham, USA), N2 (1:100, Thermo Fisher Scien-
tific, Waltham, USA), and Glutamax (2 mmol/L, Thermo Fisher
Scientific, Waltham, USA) were added to advanced DMEM/F12
(Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12,
Thermo Fisher Scientific, Waltham, USA) to form a basal culture
medium. On the basis of basal culture medium, different growth
factors such as EGF (50 ng/mL, Thermo Fisher Scientific, Waltham,
39
USA), Noggin (100 ng/mL, R＆D, Minneapolis, USA), R-spondin 1
(500 ng/mL, R＆D, Minneapolis, USA), A8301 (500 nmol/L, ABS,
Shanghai, China), SB202190 (10 mmol/L, Sigma, Hunterdon County,
USA), CHIR99021(3 mmol/L, Sigma, Hunterdon County, USA), VPA
(1 mmol/L, Sigma, Hunterdon County, USA), IGF-1 (PeproTech,
Rocky Hill, USA) and chicken serum (Thermo Fisher Scientific,
Waltham, USA) or fetal bovine serum (FBS; Thermo Fisher Scien-
tific, Waltham, USA) were added to make an assembled medium.
Besides, Y27632 (a selective Rho-associated kinase inhibitor, ABS,
Shanghai, China) was added only on the first 3 d of the cell culture.
A commercial medium (IntestiCult Organoid Growth Medium
[IOGM]) was bought from STEMCELL Technologies (CAS 06005,
Vancouver, Canada).

2.3. Crypt isolating and seeding

Based on the mouse crypt isolation method (Sato et al., 2011a;
Fujii et al., 2015), we simply modified the procedure. Briefly, 18- to
20-d-old chicken embryos (Arbor Acre plus) were sterilized with
70% ethanol. The shell was cracked, and the embryo was taken out
and decapitated. The embryo was placed in a cold Petri dish on ice
and the small intestinewas isolated. The connective tissuewas then
removed, and the lumen was longitudinally opened and washed
with cold PBS (HyClone, Logan, USA) to remove the luminal con-
tent. The tissue was then cut into pieces and further washed with
cold PBS. The tissue fragments were incubated with 2.5 mmol/L
ethylenediaminetetraacetic acid (EDTA, Invitrogen, Waltham, USA)
in cold Dulbecco's phosphate buffered saline (DPBS, without cal-
cium and magnesium ions, Solarbio, Beijing, China) for 40 min on
an orbital shaker at 0 �C. After the removal of EDTA, the tissue
fragments were resuspended in PBS and shaken vigorously to
release crypts. Supernatant fractions enriched in crypts were
passed through a 70-mmcell strainer first, the filtratewas saved, the
residue on the strainer was rinsed, and the flushing fluid was
collected. The flushing fluid from the 70-mm cell strainer was fil-
trated through a 100-mm strainer, the filtrate was saved, the residue
on the strainer was rinsed, and the flushing fluid was collected.
Subsequently, 125- and 150-mm cell strainers were used sequen-
tially for filtration of crypts (Fig. 1A). The filtrates from strainers
with different pore sizes were centrifuged at 150 � g for 3 min and
the crypt pellets were suspended with the same volume of
advanced DMEM/F12. Then 10 mL of suspension was dropped on a
glass slide, and the crypts were observed under a microscope.

The purified crypt pellet was resuspended in complete culture
medium and then mixed with the same volume of Matrigel (Life
Science, NY, USA). Then, 50 mL of the mixture suspension that
containing at least 1,000 crypts/fragment was dispensed into the
center of each well of a preheated 24-well plate and allowed to
solidify for 10 to 20 min in a 37 �C incubator immediately. Finally,
500 mL of complete culture mediumwas overlaid onto the Matrigel
and changed every 3 d, and the plate was maintained at 37 �C in an
incubator containing 5% CO2.

2.4. Methionine deficiency and its hydroxy analogue alternative in
organoid culture

Crypts were isolated as described above, seeded in dishes and
cultured with different concentrations of methionine analogue
cycloleucine (Shanghai Yingxin Laboratory, Shanghai, China). Be-
sides, the effects of MHA (Adisseo, Commentry, France, purity
�88%, density 1.23 g/mL) in the methionine-reduced mediumwere
also assayed. Methionine hydroxy analogue was added at a con-
centration of 1.15 mL/mL, which was equal to 100 mmol/L-methio-
nine. Organoid growth was viewed by an inverted microscope
(Leica DMI8, Wetzlar, Germany), and the organoid numbers after 0,



Fig. 1. Chicken crypt isolation. (A) Sequence of the filtration of the digested intestine debris. (B) Photographs of the filtered solution obtained with cell sieves of different diameters
(scale bar, 500 mm).
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3, and 5 d of culture were counted. Organoids cultured for 5 d were
used for RNA analysis.
2.5. 5-Ethynyl-20-deoxyuridine (EdU) staining

After 5 d of culture, EdU (30 mmol/L) was administrated to the
culture medium. After 2 h of incubation, the culture medium was
discarded, and the Matrigel was washed 3 times with PBS. The orga-
noids were then fixed in 4% paraformaldehyde for 30 min at room
temperature and then glycine was used to neutralize the aldehyde
group (2 mg/mL) for 5 min. The organoids were washed with PBS,
permeabilized with 0.5% Triton X-100 in PBS for 10 min, and stained
using a Cell-Light EdU Apollo 643 In Vivo Kit (Ribobio, Guangzhou,
China). Mounting medium with DAPI was used for cell nucleus
staining (Solarbio Life Science, Beijing, China). The organoids were
thenvisualizedundera laser-scanningconfocalmicroscope (A1HD25,
Nikon, Tokyo, Japan) and the EdU-positive cells appeared in red.
40
2.6. Quantitative RT-qPCR analysis

The organoids cultured for 5 d were harvested for RNA detec-
tion. Organoids mixed with TRIzol reagent (TAKARA, Kyoto, Japan)
were blown with a pipette until the organoid pellet disappeared.
The purity and concentration of the total RNA were measured with
a nucleic acid analyzer (Nano-drop 2000, Thermo Fisher Scientific,
Waltham, USA) using the 260:280 nm absorbance ratio. An amount
of 900 ng RNA was reverse-transcribed using a PrimeScript RT re-
agent kit (TAKARA, Kyoto, Japan), and 5 ng of cDNA was used as a
template for amplification using an SYBR Premix ExTaq kit
(TAKARA, Kyoto, Japan). Two-step RT-qPCR was carried out in a 20-
mL reaction volume on a 7500-fluorescence detection system
(Applied Biosystems, Carlsbad, USA). Primer sequences are listed in
Table 1. The threshold cycle method of comparative PCR was used
to analyze the results. All the values were normalized to the level of
the housekeeping gene b-actin.
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2.7. Statistical analysis

The data were analyzed by two-way ANOVA with the organoid
culture periods and chemical supplementation as main effects using
the General Linear Models procedures and followed by post-hoc
Duncan's test using the statistical software SPSS 20.0 (SPSS Inc., Chi-
cago, US). A polynomial regression analysis was used to predict the
effects of the inclusion of various levels of chicken serumonorganoid
growth.A Student’s t-testwasused for comparisonbetween2groups.
Thedata arepresentedas themeans±SEM.Treatmentswithdifferent
letters were significantly different (P � 0.05).

3. Results

3.1. Isolation of chicken embryo intestinal crypt

As shown in Fig. 1B, most crypts were isolated using a 70-mm
strainer, but most of the resulting crypts were broken. However, the
most intact crypts were observed in the filtrate obtained after
passed through a 125-mm cell strainer. Some unknown big tissue
debris was observed in the filtrate obtained after passage through a
150-mm strainer. In summary, a cell strainer with a 125-mm pore
size is the most efficient for the isolation of chick embryo intestinal
crypt.

3.2. Effect of A8301 and SB202190 on chicken intestinal organoid
culture

The culture period and additive (A8301 and SB202190) had an
interaction effect on the number of formed organoids (P < 0.05).
The A8301 treatment decreased the organoid number at 3 d of
culture (P < 0.05). However, after 5 d of culture, the number of
organoids obtained with the A8301 treatment was comparable to
that found with the ENR-only treatment (P > 0.05). SB202190 alone
or combined with A8301 decreased the organoid number after 3 d
of culture (P < 0.05). However, after 5 d of culture, the organoid
numbers obtained with SB202190 alone or combined with A8301
were higher than those obtained with the ENR-only treatment
(P < 0.05).

The quantitative RT-PCR analysis showed that treatment with
SB202190 alone increased the mRNA expression level of sucrase-
isomaltase (SI) (P ¼ 0.021, Fig. 2E), and decreased expression of
lysozyme (LYZ), mucin 2 (MUC2) and chromogranin A (CHGA)
(P < 0.001, P ¼ 0.001, and P ¼ 0.006, respectively, Fig. 2D, F and G)
compared with the expression levels in the crypts cultured under
ENR-only conditions. Treatment with A8301 alone increased the
mRNA expression of SI (P < 0.001, Fig. 2E), but decreased the
expression of leucine-rich-repeat-containing G-protein-coupled
receptor 5 (LGR5) (P¼ 0.002) compared with the levels found in the
crypts cultured in ENR-only medium (Fig. 2C). Compared with the
expression levels found in organoids cultured in ENR medium, the
Table 1
Primers sequences for quantitative RT-qPCR.

Gene Accession number Forward s

LGR5 XM_425441 TCAATAC
MUC2 XM_001234581.3 CCCTGGA
CHGA XM_421330 GCTATCT
LYZ NM_205281 TACAGCC
SI XM_015291762 GTACGCT
MAT2A XM_025142868.1 GGGTGTT
b-actin XM_027015741.1 CAACACA

LGR5 ¼ leucine-rich-repeat-containing G-protein-coupled receptor 5; MUC2 ¼ mu
MAT2A ¼ methionine adenosyltransferase 2A.
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combination of SB202190 and A8301 upregulated the expression of
SI (P < 0.001, Fig. 2E), but downregulated the expression of LYZ,
MUC2 and CHGA (P ¼ 0.001, P ¼ 0.031, and P ¼ 0.011, respectively,
Fig. 2D, F and G).

3.3. Effect of CHIR99021 and VPA on chicken intestinal organoid
culture

As shown in Fig. 3A and B, the culture period exerted a major
effect on the number of formed organoids (P < 0.001). We found
that the number of surviving organoids decreased with extensions
in the culture period (P < 0.001). Furthermore, the additive exerted
the main effect on the number of formed organoids (P < 0.001).
Supplementation with CHIR99021, VPA or their combination
decreased the number of formed organoids compared with that
found in the ENR-only group (P < 0.001). The culture period and
additive (CHIR99021 and VPA) exerted no interaction effect on the
organoid formation (P > 0.05).

Compared with the organoids cultured under ENR conditions,
we found that treatment with CHIR99021 alone increased the
expression of SI (P < 0.001, Fig. 3E), but decreased the expression of
LYZ andMUC2 (both P < 0.001, Fig. 3D and F), and did not influence
the mRNA levels of LGR5 and CHGA (P ¼ 0.383, P ¼ 0.986, respec-
tively, Fig. 3C and G). Treatment with VPA alone decreased the
mRNA levels of LYZ, MUC2 and CHGA (P < 0.001, P ¼ 0.035, and
P ¼ 0.012, respectively, Fig. 3D and F to G), but increased the
expression of SI (P < 0.001). The combination of CHIR99021 and
VPA decreased the expression of LYZ and MUC2 (P < 0.001 and
P ¼ 0.013, respectively, Fig. 3D and F), whereas increased the
expression of SI (P ¼ 0.002, Fig. 3E).

3.4. Chicken serum supplementation substantially improved the
intestinal organoid plating efficiency

An interaction effect between the culture period and additive
was observed (P < 0.05). The organoid number obtained with the
chicken serum treatment was greater than that found with the
ENR-only medium (P < 0.001), and this finding was particularly
notable in the presence of ASCV was present (P < 0.001, Fig. 4A and
B). Crypts cultured with ASCV for 3 or 5 d did not improve the
organoid formation compared with those cultured in ENR-only
medium (both P > 0.05, Fig. 4B). The organoid numbers obtained
with all the treatments were decreased with extensions in the
culture period (all P < 0.05, Fig. 4B). 5-Ethynyl-20-deoxyuridine
positive cells were distributed around the organoids (Fig. 4C),
which implies that ISC are located in spheroids and proliferate and
differentiate into epithelial cells.

Organoids cultured with chicken serum and ASCV were used for
RT-PCR detection. We found that chicken serum supplementation
decreased the mRNA levels of LYZ and CHGA (P ¼ 0.008 and
P ¼ 0.001, respectively, Fig. 4E and H) but did not influence the
equence (50/30) Reverse sequence (50/30)

CTGAGCGTGCGTT TGTGAGTGTCAAACTCTCCAGAC
AGTAGAGGTGACTG TGACAAGCCATTGAAGGACA
CCCTTCCTGTGACAAATG TGAGTTCTCTCATTGGCACCTTG
TGGGAAACTGGGT CTCCCATCGGTGTTACGGTT
ACGCTTGGAGGTT TGAAGAGTCACATCCATCGCAT
GGTGCAGGTTTCCTA TTCGCTCTTCTGCGACGTTC
GTGCTGTCTGGTGGTAC CTCCTGCTTGCTGATCCACATCTG

cin 2; CHGA ¼ chromogranin A; LYZ ¼ lysozyme; SI ¼ sucrase-isomaltase;



Fig. 2. Influence of A8301 and SB202190 alone or in combination on chicken crypt development. (A) Growth of chicken crypts with different treatments (scale bar, 200 mm). (B)
Number of live intestinal organoids obtained with different treatments. At least 15 fields were used for counting the organoids obtained with each treatment. (C to G) Relative mRNA
expression of mature intestinal epithelial markers of organoids after 5 d of culture with different treatments. Experiments were performed at least 3 times and a representative one
was exhibited. Error bars, SEM (n ¼ 3 wells). a to d Different letters on bars mean a significant difference (P � 0.05). ENR, the mixture of epidermal growth factor, Noggin and R-
spondin 1; A, A8301, an inhibitor of transforming growth factor b (TGF-b); SB, SB202190, an inhibitor of mitogen-activated protein kinase p38. LGR5 ¼ leucine-rich-repeat-con-
taining G-protein-coupled receptor 5; LYZ ¼ lysozyme; SI ¼ sucrase-isomaltase; MUC2 ¼ mucin 2; CHGA ¼ chromogranin A.
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Fig. 3. Influence of CHIR99021 and valproic acid (VPA) alone or in combination on chicken crypt development. (A) Growth of chicken crypts with different treatments (scale bar,
200 mm). (B) Number of live intestinal organoids obtained with different treatments. At least 15 fields were used for counting the organoids obtained with each treatment. (C to G)
Relative mRNA expression of mature intestinal epithelial markers of organoids after 5 d of culture with different treatments. Experiments were performed at least 3 times and a
representative one was exhibited. Error bars, SEM (n ¼ 3 wells). a, b, c Different letters on bars mean a significant difference (P � 0.05). ENR, the mixture of epidermal growth factor,
Noggin and R-spondin 1; CHIR, CHIR99021, an inhibitor of glycogen synthase kinase 3. LGR5 ¼ leucine-rich-repeat-containing G-protein-coupled receptor 5; LYZ ¼ lysozyme;
SI ¼ sucrase-isomaltase; MUC2 ¼ mucin 2; CHGA ¼ chromogranin A.
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mRNA levels of LGR5, SI or MUC2 (all P > 0.05, Fig. 4D, F and G).
Surprisingly, the mixture of ASCV significantly promoted the
expression of SI (P < 0.001, Fig. 4F), decreased the expression of
CHGA (P ¼ 0.010, Fig. 4H) but did not influence the expression of
LGR5, LYZ, orMUC2 (all P > 0.05, Fig. 4D, E, and G). Chicken serum in
43
combination with ASCV increased the mRNA levels of LGR5 and SI
(P ¼ 0.010, P < 0.001, respectively, Fig. 4D and F), but decreased the
mRNA levels of LYZ and CHGA (both P ¼ 0.001, Fig. 4E and H).

We then studied the influence of the concentration of chicken
serum on chicken intestinal organoid growth, and we found that



Fig. 4. Influence of chicken serum supplementation on chicken crypt development. (A) Growth of chicken crypts with different treatments (scale bar, 200 mm). (B) Number of live
intestinal organoids obtained with different treatments. At least 15 fields were used for counting the organoids obtained with each treatment. (C) 5-Ethynyl-20-deoxyuridine (EdU)
positive cells in organoids cultured for 5 d in medium supplemented with chicken serum and A8301, SB202190, CHIR99021 and valproic acid (scale bar, 100 mm). (D to G) Relative
mRNA expression of mature intestinal epithelial markers of organoids after 5 d of culture with different treatments. Experiments were performed at least 3 times and a repre-
sentative one was exhibited. Error bars, SEM (n ¼ 3 wells). a, b, c Different letters on bars mean a significant difference (P � 0.05). ENR, the mixture of epidermal growth factor,
Noggin and R-spondin 1; ASCV, the mixture of A8301, SB202190, CHIR99021 and valproic acid; CS ¼ chicken serum; DAPI ¼ 40 ,6-diamidino-2-phenylindole; LGR5 ¼ leucine-rich-
repeat-containing G-protein-coupled receptor 5; LYZ ¼ lysozyme; SI ¼ sucrase-isomaltase; MUC2 ¼ mucin 2; CHGA ¼ chromogranin A.
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the organoid plating efficiency was quadratically related to the
chicken serum concentration (PLinear ¼ 0.867, R2 ¼ 0.002; PQua-
dratical< 0.001, R2 ¼ 959, Fig. 5A and B). Chicken serum at 5% had
no benefit on crypt growth (P ¼ 0.784). Besides, FBS showed no
improvement in chicken intestinal organoid growth (Fig. 5C and
D).

It has been reported that serum supplementation benefits cell
growth and proliferation via IGF-1 (Ji et al., 2018). We here hy-
pothesized that IGF-1 was the compound responsible for the
observed improvement in chicken intestinal organoid growth.
However, nearly no live organoids were observed in the IGF-1
replacement group after 3 d of culture (Fig. 5E and F). This
finding indicates that IGF-1 is not the key chemical in chicken
serum that improves chicken intestinal organoid growth.
44
3.5. Comparison between commercial medium and the assembled
medium

A commercial mouse intestinal organoid medium named
IOGM was compared with the assembled culture medium. An
interaction effect between the culture period and additive was
observed on the number of formed organoids (P < 0.05). Nearly no
living organoids were observed in the IOGM alone or in combi-
nation with ASCV (Fig. 6A and B). However, we found that IOGM
supplemented with chicken serum yielded a higher number of
formed organoids after 3 or 5 d of culture than those obtained
with the culture of crypts in the assembled medium (both
P < 0.05). In the presence of chicken serum, the number of formed
intestinal organoids obtained after 3 d of culture with the ASCV



Fig. 5. Influence of the (A and B) serum concentration, (C and D) serum source, and (E and F) insulin-like growth factor 1 (IGF-1) on the chicken intestinal organoid growth (scale
bar, 200 mm). Error bars, SEM (n ¼ 3 wells). Experiments were performed at least 3 times and a representative one was exhibited. Error bars, SEM (n ¼ 3 wells). *, P � 0.05. a, b

Different letters on bars mean a significant difference (P � 0.05). CS ¼ chicken serum; FBS ¼ fetal bovine serum.
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treatment was lower than that obtained with themediumwithout
ASCV (P < 0.001). However, after 5 d of culture, the organoid
number obtained in the culture with ASCV was comparable to that
found in the medium without ASCV. Surprisingly, we found that
supplementation with ASCV contributed to budding organoid
formation when cocultured with IOGM (Fig. 6A), even though the
budding number could not be compared to the mouse intestinal
organoid number (Fig. 6C).
45
3.6. Influence of methionine deficiency on intestinal organoid
growth and differentiation

Different concentrations of cycloleucine were used to mimic
varying degrees of methionine deficiency (Jani et al., 2009). An
interaction effect of the cycloleucine concentration and culture
period on the number of formed organoids was observed in this
study (P< 0.05). The results showed that intestinal organoid plating
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efficiency and size gradually decreased with increases in the
cycloleucine concentration after 3 and 5 d of culture (Fig. 7A and B).
With the different treatments, a lower intestinal organoid number
was detected after 5 d of culture than after 3 d of culture.
Furthermore, methionine deficiency decreased the expression of
LGR5 and CHGA (both P ¼ 0.05, Fig. 7C and G), but could not in-
fluence the expression of LYZ, SI or MUC2 (all P > 0.05, Fig. 7D to F).
Methionine deficiency did not influence the methionine adeno-
syltransferase 2A (MAT2A) expression (P ¼ 0.137, Fig. 7H). In sum-
mary, methionine deficiency suppresses organoid growth.

3.7. Influence of L-methionine hydroxy analogue on organoid
growth and differentiation

No interaction effect between the culture period and methio-
nine form was observed on the number of formed organoids
(P > 0.05). The methionine form exerted a main effect on the
number of formed organoids (P < 0.05). The intestinal organoid
plating efficiency obtained with MHA supplementation was
significantly lower than that obtained with L-methionine supple-
mentation (P < 0.05, Fig. 8A and B). We found that MHA supple-
mentation significantly decreased the gene expression of SI and
MUC2 (P < 0.001 and P < 0.05, respectively, Fig. 8E and F) and
slightly decreased the mRNA level of CHGA (P ¼ 0.097). However,
organoids cultured with MHA seemed to show improved mRNA
levels of LGR5 and LYZ, although the difference was not statistically
Fig. 6. Comparison between commercial medium and the assembled medium in culturing c
live organoids obtained with different treatments. a to e Different letters on bars mean a signi
but without chicken serum (scale bar, 200 mm). Experiments were performed at least 3 time
medium is composed of advanced DMEM/F12 with supplemented with epidermal growth
commercial medium named IntestinCult Organoid Growth Medium. ASCV, the mixture of A
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significant (P ¼ 0.183, P ¼ 0.128, respectively, Fig. 8C and D). Be-
sides, we found that MHA increased the expression of MAT2A
(P < 0.01, Fig. 8H).
4. Discussion

Intestinal crypts sourced from mice and humans have been
successfully cultured in vitro and are becoming increasingly pop-
ular in the exploration of intestinal development. Most studies have
attempted to identify an ideal method for the culture of chicken
intestinal organoid (Pierzchalska et al., 2012; Powell and Behnke,
2017; Li et al., 2018; Acharya et al., 2020; Nash et al., 2021). Here,
we successfully applied chicken serum and A8301, SB202190, VPA
and CHIR99021 to promote chicken intestinal organoid formation.

Cell strainers with a diameter of 70 mm are usually used for the
isolation of mice crypts (Yin et al., 2014; Hou et al., 2018). For
chicken crypts, cell strainers with different pore sizes, including
40 mm (Acharya et al., 2020), 70 mm (Li et al., 2018), and 100 mm
(Pierzchalska et al., 2012) have been used. However, reliable pore
diameters are lacking. The chicken crypt has an irregular shape.
Determining the filter size suitable for achieving improved filtering
according to the chicken crypt length and width is challenging. In
this study, we gradually increased the pore size of cell strainers for
filtration of the crypts and found that a 125-mm pore diameter was
beneficial for the harvesting of intact crypts and thus improves the
hicken crypts. (A) Growth of chicken crypts under different treatments. (B) Number of
ficant difference (P � 0.05). (C) Mouse crypts cultured for 5 d in the assembled medium
s and a representative one was exhibited. Error bars, SEM (n ¼ 3 wells). The assembled
factor, Noggin, R-spondin 1, A8301, SB202190, CHIR99021 and valproic acid. IOGM, a
8301, SB202190, CHIR99021, and valproic acid; CS, chicken serum.



Fig. 7. Chicken crypt growth and development under different degrees of methionine deficiency. (A) Growth of chicken crypts under different treatments (scale bar, 200 mm). (B)
Number of live intestinal organoids obtained with different treatments. (C to G) Comparison of relative mRNA expression of mature intestinal epithelial markers in crypts cultured
for 5 d in mediumwith methionine or in medium additionally supplemented with 10 mmol/L cycloleucine. (H) Comparison of relative mRNA expression ofMAT2A in crypts cultured
for 5 d in medium with methionine or in medium additionally supplemented with 10 mmol/L cycloleucine. Experiments were performed at least 3 times and a representative one
was exhibited. Error bars, SEM (n ¼ 3 wells). a to g Different letters on bars mean a significant difference (P � 0.05). *P < 0.05; **P < 0.01. LGR5 ¼ leucine-rich-repeat-containing G-
protein-coupled receptor 5; LYZ ¼ lysozyme; SI ¼ sucrase-isomaltase; MUC2 ¼ mucin 2; CHGA ¼ chromogranin A; MAT2A ¼ methionine adenosyltransferase 2A.
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chicken crypt isolation efficiency and decreases the utilization of
experimental animals.

Transforming growth factor-b expressed in the mucosa
throughout the gastrointestinal tract plays important roles in pro-
moting the proliferation of intestinal epithelial cells and in stimu-
lating gut growth, maturation, and repair (Xian et al., 2002).
However, in vitro cultures have shown that TGF-b induces
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apoptosis in human tubular adenoma organoid culture (Fessler
et al., 2016) and inhibits intestinal organoid proliferation (Sato
et al., 2011a). Interestingly, in the present study, we found that
TGF-b inhibitor A8301 decreased the organoid plating efficiency
early during the culture period, but protected cells from death later
during the culture period. Previous work has shown that decreased
TGF-b signaling in the crypt and increased signaling in



Fig. 8. Influence of methionine hydroxy analogue (MHA) alternatives on chicken crypt growth and development. (A) Growth of chicken crypts under different treatments (scale bar,
200 mm). (B) Number of live intestinal organoids obtained with different treatments. (C to H) Relative mRNA expression of mature intestinal epithelial markers and MAT2A in crypts
cultured for 5 d. Experiments were performed at least 3 times and a representative one was exhibited. Error bars, SEM (n ¼ 3 wells). a, b Different letters on bars mean a significant
difference (P � 0.05). *, P � 0.05; **, P � 0.01; ***, P � 0.001. LGR5 ¼ leucine-rich-repeat-containing G-protein-coupled receptor 5; LYZ ¼ lysozyme; SI ¼ sucrase-isomaltase;
MUC2 ¼ mucin 2; CHGA ¼ chromogranin A; MAT2A ¼ methionine adenosyltransferase 2A.
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differentiated cells (Mishra et al., 2005; Cammareri et al., 2017).
Reasonably, newly seeded crypts have a low level of TGF-b signaling
that may not require TGF-b inhibition. These results imply that
A8301 may be more beneficial in chicken intestinal organoid for-
mation when it is added after the first few days of culture. We
found that A8301 increased the expression of the marker gene of
enterocytes but decreased that of the marker gene of ISC, which is
opposite to the finding that TGF-b promotes proliferation of in-
testinal epithelial cell (Xian et al., 2002). This difference implies
that TGF-b may have different functions in vitro and in vivo.

Organoids sourced from the human colon disintegratedwith the
extended culture period (Sato et al., 2011a), which may be attrib-
uted to the cell apoptosis processes involved in MAPK (JNK, ERK,
and p38)-related signaling pathways (Li et al., 2012). SB202190 is a
MAPK signaling inhibitor that improves the organoid plating effi-
ciency by inducing autophagy and upregulating the cytoprotective
enzyme heme oxygenase-1 (Sato et al., 2011a; Schwartz et al.,
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2018). Consistently, the comparable organoid plating efficiency 5
and 3 d of culture observed in the present study implies that
SB202190 supplementation prevents organoid death. Previous
studies have shown that p38 inhibitor treatment suppresses goblet
cell and enteroendocrine cell differentiation (Otsuka et al., 2010;
Sato et al., 2011a). Similarly, the present study revealed that
SB202190 decreased the expression of marker genes of goblet cells
and enteroendocrine cells. Besides, increased expression of SI and
inhibited expression of LYZ imply that SB202190 supplementation
promotes enterocyte differentiation but suppresses Paneth cell
differentiation. In summary, SB202190 supplementation efficiently
prevents organoid from death at the expense of Paneth cell, goblet
cell and enteroendocrine cell differentiation.

We then tried to maintain ISC renewal. The Wnt/b-catenin
signaling pathway is an evolutionarily conserved system that is
vital for stem cell renewal, cell proliferation and cell differentiation
(Steinhart and Angers, 2018). However, b-catenin can be
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phosphorylated by GSK3 and then degraded (Cselenyi et al., 2008)
and ultimately induce cell apoptosis (Wang et al., 2010). CHIR99021
is a highly specific GSK3 inhibitor that suppresses GSK3b-mediated
b-catenin degradation (Kazi et al., 2018). And it has been reported
that CHIR99021 boosts the induction of pluripotent stem cell
generation from murine embryonic fibroblasts (Bar-Nur et al.,
2014). In line with previous studies, a significant improvement in
the chicken intestinal organoid plating efficiency was found in
CHIR99021 supplementation treatments. Additionally, experi-
ments with mouse intestinal organoids have shown that
CHIR99021 supplementation reduces enterocyte differentiation but
increases Paneth cell differentiation (Yin et al., 2014). Inversely, the
present study revealed that treatment with CHIR99021 increases
enterocyte differentiation but decreases the differentiation of
Paneth cell and goblet cell. Why CHIR99021 exerted an inverse
effect on the intestinal organoid development of chickens and mice
remains unclear.

Interestingly, Yin et al. (2014) found that CHIR99021 and VPA
not only synergistically maintain the self-renewal of mouse ISC, but
also significantly improve the intestinal organoid plating efficiency
at least 100-fold greater than that obtained with medium without
CHIR99021 and VPA. Valproic acid is a histone deacetylation in-
hibitor (Gottlicher et al., 2001) and abnormal HDAC leads to cell
metabolism disorders (Li and Seto, 2016). In this study, organoid
culture with VPA promoted chicken intestinal organoid formation,
particularly in the presence of CHIR99021, which is similar to the
results in a published paper (Yin et al., 2014). Besides, it has been
reported that VPA suppresses the expression of the neuroendocrine
tumor marker chromogranin A by activating Notch-1 signaling
(Stockhausen et al., 2005; Greenblatt et al., 2007). Notch-1
signaling blocks the differentiation of stem cells to secretory line-
ages such as goblet cells, Paneth cells and enteroendocrine cells
(Gehart and Clevers, 2019). Consistently, in the present study, we
found that VPA supplementation suppressed the gene expression of
LYZ, MUC2 and CHGA but increased the gene expression of SI.

Fetal bovine serum is widely used in cell culture. We then
explored the impact of chicken serum and FBS on the culture of
chicken crypt. Here, we found that organoids cultured with chicken
serum showed better growth than organoids cultured in medium
without chicken serum. However, excessive chicken serum sup-
plementation was dangerous to chicken intestinal organoid
growth, and this negative effect may be caused by the TNFa in the
chicken serum (Grabinger et al., 2017). Besides, FBS treatment
suppressed the chicken intestinal organoid formation. A previous
report showed that serum supplementation benefits cell growth
and proliferation by its IGF-1 (Ji et al., 2018). We then explored the
effect of IGF-1 on chicken intestinal organoid culture. However,
further study indicated that IGF-1 is not the key factor in chicken
serum that promotes chicken intestinal organoid formation. In the
present study, we found that chicken serum treatments had lower
expression of LYZ and CHGA, which means that chicken serum in-
hibits Paneth cell and enteroendocrine cell differentiation. Given
that chicken serum has unknown components that may affect our
research on some mechanisms, further studies are needed to
explore the types of growth factors in chicken serum that play such
an important role in chicken intestinal organoid culture.

We then compared the culture efficiency of our assembled
medium and commercial mouse culture medium and found that
chicken intestinal crypts could not grow in the IOGM. However, in
the presence of chicken serum, the IOGM improved the formation
of chicken intestinal organoids compared with that obtained with
the assembled medium, which provides further evidence showing
that chicken serum is important for chicken intestinal crypt culture.
Besides, ASCV supplementation improved budding organoid for-
mation in the presence of IOGM, which means that certain
49
compounds in the commercial mouse intestinal organoid culture
medium cooperate with the ASCV to promote organoid budding.
Considering that approximately 80% of human genes have a direct
1:1 ortholog in the mouse genome (Waterston et al., 2002), and
that the medium for mouse intestinal organoid culture is different
from that for the culture of human intestinal organoid (Sato et al.,
2011a), whether commercial medium for the culture of human
intestinal organoids is suitable for the culture of chicken crypts
needs further study.

We studied themechanism underlying the effects ofmethionine
deprivation and its hydroxy analogue on chicken intestinal devel-
opment based on the assembled culture medium for chicken in-
testinal organoids. Dietary methionine supplementation benefits
intestinal villus development (Su et al., 2018). Cycloleucine is a
cyclic analogue of methionine, which acts as a competitive inhibitor
of MAT (Lombardini and Sufrin, 1983). Cycloleucine blocks MAT2A
activity and decreases SAM (Jani et al., 2009), and decreased SAM
suppresses ISC proliferation (Obata et al., 2018). Here, we found
that cycloleucine at 10 mmol/L suppressed organoid formation and
LGR5 expression, which agrees with the results of previous study on
murine intestinal organoids (Saito et al., 2017). Our results also
showed that cycloleucine did not influence the expression of
MAT2A. In summary, this study indicates that methionine is
important for the development of ISC.

Methionine hydroxy analogue is usually used in livestock as a
methionine substitution (Kluge et al., 2016; Wang et al., 2019a,
2019b). In this study, we found that MHA promoted MAT2A
expression, which means that more methionine will be converted
into SAM. This result agrees with previous work showing that di-
etaryMHA promotes SAM synthesis in broilers (Wang et al., 2019b).
S-adenosylmethionine is an important methyl donor (Chiang et al.,
1996). The increased SAM catalyzed by upregulated MAT2A during
MHA supplementation explains why MHA supplementation
significantly decreased SI expression. Because genes essential to
enterocyte differentiation are de-methylated (Huang et al., 2015).
Besides, it has been reported that the depletion ofMAT2A decreases
SAM synthesis, the H3K4me3 levels and the self-renewal of stem
cells (Ang et al., 2011; Shyh-Chang et al., 2013). Similarly, we found
that MHA treatment appeared to improve the expression of a
marker gene of ISC. Moreover, the slightly upregulated expression
of LYZ obtained with MHA treatment conducive to maintaining the
function of ISC (Sato et al., 2011b). Therefore, these results
demonstrate that MHA promotes ISC regeneration but not for
differentiation.
5. Conclusion

This study notes that a cell strainer with a diameter of 125 mm
exhibits the highest efficiency for the isolation of chicken embryo
crypts. Chicken serum is essential for chicken intestinal organoid
culture. Based on the chicken intestinal organoid model, we suc-
cessfully examined the impact of methionine deficit and its hy-
droxy analogue on organoid growth and development.
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