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a b s t r a c t

Given the key role of methionine in biological processes, adequate methionine should be provided to
meet the nutritional requirements. DL-2-hydroxy-4-(methylthio)-butanoic acid (DL-HMTBA) has been
considered as an important source of methionine. However, the effects of different sources and levels of
methionine on the intestinal health status have not been clarified yet. An experiment was carried out to
investigate the effects of different dietary sources and levels of methionine on the intestinal epithelial
barrier, inflammatory cytokines expression, ileal morphology, microbiota composition, and cecal short
chain fatty acids (SCFA) profiles. For this purpose, 720 male Arbor Acre broiler chicks at 1 d old were
randomly assigned to a 2 � 3 factorial arrangement with 2 methionine sources (DL-methionine and DL-
HMTBA) and 3 total sulfur amino acids (TSAA) levels (80%, 100%, and 120% of Arbor Acre recommen-
dation). The results showed that DL-HMTBA supplementation promoted intestinal physical barrier at
both gene expression level of claudin-1 and serum diamine oxidase level (P < 0.05), and the inflam-
matory cytokine IL-6 mRNA expression was down-regulated by dietary DL-HMTBA supplementation
compared with the DL-methionine group (P < 0.05). Meanwhile, an upregulated gene expression of
claudin-1 and zonula occluden-1 (ZO-1) were observed in the low-TSAA treatment on d 14 (P < 0.05),
whereas this treatment increased the expression of IL-1b and IL-6 (P < 0.05). Villus height to crypt depth
ratio was high (P < 0.05) in the middle-level TSAA group. Furthermore, DL-HMTBA supplementation
optimized the microbiota of the ileum especially the relative abundance of Lactobacillus, where the
digestion and absorption were completed, and elevated the concentrations of SCFA (acetate, propionate,
and butyrate) in the cecal content on d 21 (P < 0.01). In conclusion, dietary DL-HMTBA supplementation
improved the intestinal barrier function, immune homeostasis and optimized the microbiota to promote
intestinal health status in broiler chickens.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction butanoic acid (DL-HMTBA). It is widely recognized that both
To meet the nutritional requirements of broilers for optimum
growth, methionine must be supplemented in diets from synthetic
sources, such as DL-methionine or DL-2-hydroxy-4-(methylthio)-
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methionine sources are equally effective in satisfying the growth
needs of poultry (Agostini et al., 2016; Vazquez-Anon et al., 2006).
According to the metabolic conversion of methionine into cysteine
and downstream sulfur components, the practically total sulfur
amino acids (TSAA) requirement is fulfilled by supplying only
crystalline methionine source in poultry feed formula (Stipanuk,
2004).

Intestinal health is a multifaceted term and comprises many
elements, for instance, intestinal permeability (IP), intestinal im-
mune system, intestinal morphology, and the gut microbiome
(Khoshbin and Camilleri, 2020; Pelaseyed et al., 2014; Singh et al.,
2017; Xu et al., 2003). Thus, optimal health and functioning of the
intestine is a prerequisite for improved performance and general
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well-being of poultry. In recent years, a variety of nutrients have
been recognized to regulate and maintain intestinal health which
might depend upon regulating the growth and healing of intestinal
mucosa, maintaining the homeostasis of microbiota, and regulating
the intestinal immune state (Bauchart-Thevret et al., 2009; Gan
et al., 2020; Zhang et al., 2020). Moreover, the appropriate pro-
tein level in the diet is mandatory not only for growth but also for
the intestinal health of poultry as amino acids being the basic
building blocks of protein exert beneficial effects on regulating
intestinal homeostasis, thereby maintaining gut health and pre-
venting intestinal damage (Beaumont and Blachier, 2020; Gottardo
et al., 2016).

In this regard, methionine has been recognized to maintain the
functional integrity of the intestinal barrier (Chen et al., 2014;
Ramalingam et al., 2010), promote renewal and regeneration of
intestinal epithelium (Bauchart-Thevret et al., 2009), and stimulate
intestinal stem cell proliferation (Saito et al., 2017). Once absorbed
by the epithelial cells, a fraction of methionine is used for cell
metabolism in intestinal cells while the remaining is exported out
to the liver via the portal vein and delivered into the blood for
utilization of other cells (Garcia and Stipanuk, 1992; Mastrototaro
et al., 2016). Consequently, the absorption of methionine in the
intestine has a direct or indirect impact on the intestinal health of
animals. Small intestine compartments, mainly jejunum and ileum,
are the major sites for nutrient absorption in poultry. Furthermore,
the intestine constitutes an important part of the immune response
and endocrine activity (Martin et al., 2018). Also, optimum gut pH is
pivotal for intestinal functionality and nutrient absorption (Nguyen
et al., 2020). Notwithstanding a general inconsistency in chyme pH
among different species (Krutthai et al., 2015; Wu et al., 2020), the
study on Arbor Acres broilers indicated that a high level of methi-
onine decreased pH in the crop, jejunum, and ileum compared with
the low level of methionine (Wu et al., 2020).

Ostensibly, gut microbiota disorders can hinder the digestion,
absorption, and utilization of nutrients resulting in poor perfor-
mance and economic losses (Abd et al., 2022). Nava et al. (2009)
showed that organic acid (formic and propionic acid) blended
with DL-HMTBA increased total bacterial and Lactobacilli pop-
ulations in the chicken gut (Nava et al., 2009). In addition, both DL-
methionine and DL-HMTBA may reduce intestinal populations of
Clostridium perfringens in broiler chickens when used in relatively
high concentrations, thus reducing the risk of necrotic enteritis
(Dahiya et al., 2007). Some studies have also shown that DL-HMTBA
could strengthen the tight junctions (TJ) and protect the Caco-2 cells
epithelial barrier in the H2O2 or TNF-a induced inflammatory model
in vitro (Martín-Venegas et al., 2013). However, the literature on
intestinal health with different methionine sources and their levels
is still limited and not systematic, and the effects of methionine
sources on intestinal health status need to be further explored.

Therefore, in this study, we explored the effects of different di-
etary methionine sources and levels on the intestinal health status
of broilers and provided a novel understanding of gut microbiota
and short chain fatty acids (SCFA) involvement in methionine
sources-regulated intestinal homeostasis.

2. Materials and methods

2.1. Animal ethics statement

The experiment and all animal procedures were approved by
the Animal Care and Use Committee of China Agricultural Univer-
sity (Permit Number: AW51112202-1-1) and were in accordance
with the guidelines of the Guide for the Care and Use of Agricultural
Animals in Research and Teaching. All efforts were made to mini-
mize the suffering of the animals.
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2.2. Broiler feeding and management

The study was conducted at the Zhuozhou experimental station
of China Agricultural University. A total of 720 Arbor Acre male
broiler chicks at 1 d old were assigned randomly to 6 treatments
with 10 replicate pens of 12 broilers each and allotted to 2 methi-
onine sources (DL-methionine vs. DL-HMTBA) � 3 TSAA levels
(80%, 100%, and 120% of Arbor Acre TSAA recommendation) facto-
rial arrangement. Both DL-methionine (Rhodimet NP99, 99% DL-
methionine, Adisseo France, SAS) and DL-HMTBA (Rhodimet
AT88, 88% OH-methionine, Adisseo France, SAS) were supple-
mented on an equimolar basis in the experimental diets. The birds
were fed the experimental diets from 1 to 21 d of age. The first few
weeks post-hatch is considered a critical period for the develop-
ment of intestine and gut microbiota. Therefore, we hypothesized
that any effect of methionine sources and levels would be more
conspicuous during the early growth period, so we selected this
duration for our experiment. The chickens were fed ad libitum and
had free access to drinking water. The room temperature was
initially set between 33 and 35 �C and then gradually reduced by 2
to 3 �C according to the age of the birds. All the birds were raised in
an environmentally controlled house under 24 h continuous light.
The chicken house was disinfected following routine requirements.
Methionine sources were incorporated at the expense of maifanite
powder to keep other ingredients at the same level between
treatments. Table 1 presents the composition and nutrient levels of
the experimental diets. Crude protein, gross energy, methionine,
cystine and HMTBA in diets were determined according to GB/T
6432-2018, ISO 9831:1998, GB/T 18246-2019, GB/T 18246-2019,
GB/T 19371.2-2007, respectively.

2.3. Dissection procedure and sample collection

The effects of dietary methionine sources and levels on growth
performance of broiler chickens during the experimental period
were shown in Supplementary Table S1. At d 14 and d 21, one bird
per replicate representative of the average body weight of the
replicate was selected from each treatment. The selected broilers
were stunned electrically and killed. The blood was collected to
harvest serum by centrifugation at 1,636 � g for 10 min at 4 �C and
stored at �20 �C for subsequent analysis. The ileum was collected
and divided into anterior (proximal to jejunum), middle
(approximately 3 cm), and posterior segments. Tissue sections
(about 2 cm) from the middle of the individual ileumwere cut and
placed into 4% (v/v) paraformaldehyde solution for histo-
morphometry measurement. The other part of the middle ileum
segment was collected in an RNA-free centrifuge tube, snap-
frozen in liquid nitrogen, and stored at �80 �C for mRNA anal-
ysis. Ileal contents of the posterior segment and cecal contents
were collected, respectively, rapidly frozen with liquid nitrogen,
and stored at�80 �C for the determination of microbiota and SCFA
concentrations.

2.4. Serum diamine oxidase (DAO)

All serum samples were thawed and homogenized before
analysis. The content of serum DAO was determined by enzyme-
linked immunosorbent assay (ELISA) according to the manufac-
turer's instructions (ml036981, Shanghai Enzyme-linked Biotech-
nology Co., Ltd., Shanghai, China).

2.5. RNA extraction and quantitative RT-PCR

Total RNA was isolated using a Trizol reagent (TaKaRa Bio Inc.,
Kyoto, Japan) following the manufacturer's instructions. Total RNA



Table 1
Ingredient and nutrient levels of diets (%, as-fed basis).

Item DL-Methionine (80%
TSAA)

DL-Methionine (100%
TSAA)

DL-Methionine (120%
TSAA)

DL-HMTBA (80%
TSAA)

DL-HMTBA (100%
TSAA)

DL-HMTBA (120%
TSAA)

Ingredients
Corn 51.10 51.10 51.10 51.10 51.10 51.10
Soybean meal 35.20 35.20 35.20 35.20 35.20 35.20
Soybean oil 4.10 4.10 4.10 4.10 4.10 4.10
Corn gluten meal 3.20 3.20 3.20 3.20 3.20 3.20
Dicalcium phosphate 2.00 2.00 2.00 2.00 2.00 2.00
Limestone 0.90 0.90 0.90 0.90 0.90 0.90
Salt 0.35 0.35 0.35 0.35 0.35 0.35
50% Choline chloride 0.30 0.30 0.30 0.30 0.30 0.30
Mineral premix1 0.20 0.20 0.20 0.20 0.20 0.20
DL-Methionine 0.04 0.22 0.39 0.00 0.00 0.00
DL-HMTBA 0.00 0.00 0.00 0.04 0.25 0.45
L-Lysine HCl, 78% 0.14 0.14 0.14 0.14 0.14 0.14
Vitamin premix2 0.03 0.03 0.03 0.03 0.03 0.03
Antioxidant 0.03 0.03 0.03 0.03 0.03 0.03
Bentonite 2.00 2.00 2.00 2.00 2.00 2.00
Maifanite 0.41 0.23 0.05 0.40 0.20 0.00

Calculated nutrient levels
Metabolizable energy,
Mcal/kg

2.90 2.91 2.92 2.91 2.91 2.92

Crude protein 21.61 21.71 21.81 21.61 21.71 21.82
Lysine 1.20 1.20 1.20 1.20 1.20 1.20
Methionine 0.37 0.54 0.72 0.37 0.54 0.72
Calcium 0.91 0.91 0.91 0.91 0.91 0.91
Available phosphorus 0.45 0.45 0.45 0.45 0.45 0.45
Methionine þ Cystine 0.70 0.88 1.06 0.70 0.88 1.06

Analyzed nutrient levels
Crude protein 22.09 22.00 22.25 22.50 22.44 22.24
Gross energy, MJ/kg 16.72 16.69 17.02 16.68 17.03 17.02
DL-Methionine 0.41 0.51 0.63 0.37 0.37 0.37
DL-HMTBA e e e 0.03 0.16 0.29
Methionine þ Cystine 0.80 0.90 1.01 0.79 0.92 1.03

TSAA ¼ total sulfur amino acids; HMTBA ¼ 2-hydroxy-4-(methylthio)-butanoic acid.
1 Provide per kilogram of mineral premix: copper, 8 g; iron, 40 g; zinc, 55 g; manganese, 60 g; iodine, 750 mg; selenium, 150 mg; cobalt, 250 mg.
2 Provide per kilogram of vitamin premix: vitamin A, 50 million IU; vitamin D3, 12 million IU; vitamin E, 0.1 million IU; vitamin K3, 10 g; vitamin B1, 8 g; vitamin B2, 32 g;

vitamin B6, 12 g; vitamin B12, 100 mg; nicotinamide, 150 g; D-pantothenic acid, 46 g; folic acid, 5 g; biotin, 500 mg.
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isolated from intestinal tissues was reverse transcribed into cDNA
using the PrimeScript RT reagent (RR047A, Takara Bio Inc., Kyoto,
Japan) according to themanufacturer's guidelines. SybrGreen based
quantitative PCR was performed with a quantitative real-time PCR
master mix (RR420A, Takara Bio Inc., Kyoto, Japan) in a 7500 real-
time PCR system (Applied Biosystems LLC., Massachusetts, Amer-
ica). b-Actinwas used as a housekeeping gene and the relative gene
expression level was calculated by the 2�DDCt method. The primers
used for quantifying selected genes are listed in Table 2.

2.6. Gut morphology

Histomorphology parameters were analyzed by hematoxylin
and eosin (H&E) stained tissue sections as described (Frankel et al.,
Table 2
Primer sequences used in real-time quantitative PCR analysis.

Gene Primer sequence (50e30)

Forward Reverse

Claudin-1 CATACTCCTGGGTCTGGTTGGT GACAGCC
Zonula occluden-1 CTTCAGGTGTTTCTCTTCCTCCTC CTGTGGT
Occludin ACGGCAGCACCTACCTCAA GGGCGAA
Mucin2 TTCATGATGCCTGCTCTTGTG CCTGAGC
Interleukin-1b ACTGGGCATCAAGGGCTA GGTAGAA
Interleukin-6 CGCCCAGAAATCCCTCCTC AGGCACT
Interleukin-10 GCTGCCAAGCCCTGTT CCTCAAA
b-Actin CAACACAGTGCTGTCTGGTGGTAC CTCCTGCT

Primers were synthesized by Biotech (Shanghai) Co., Ltd.
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1993). In brief, the ileal segments fixed in paraformaldehyde were
embedded in paraffin and cut into rings of 5 mm thin slices (Pa-
thology slicer, RM2016, Shanghai Leica Instrument Co., Ltd,
Shanghai, China). After processing by H&E staining, the villus and
crypt status were observed with light microscopy (Leica DM750,
Leica Microsystems, Wetzlar, Hessian, Germany) and measured by
randomly selecting 10 intact villi for every bird using Lioo software.
Specifically, the villus height was calculated as the distance from
the apex of the villus to the junction of the villus and crypt. The
crypt depth was calculated as the distance from the junction to the
basement membrane of the epithelial cells at the bottom of the
crypt. Then, the ratio between villus height and crypt depth was
calculated. The average villus height and crypt depth per slide was
used as experimental observation.
Product size, bp Accession number

ATCCGCATCTTCT 100 NM_001013611.2
TTCATGGCTGGATC 131 XM_040680632.1
GAAGCAGATGAG 123 NM_205128.1
CTTGGTACATTCTTGT 93 XM_040673077.2
GATGAAGCGGGTC 131 XM_046931582.1
GAAACTCCTGGTC 152 NM_204628.2
CTTCACCCTCA 126 NM_001004414.4
TGCTGATCCACATCTG 199 NM_205518.1
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2.7. Bacterial DNA extraction and sequencing of 16S rRNA

Ileal contents from the same treatment were randomly mixed in
pairs to form 5 mixed digesta for the determination of microbiota,
and cecal contents were also treated in the same way. Genomic
DNA was extracted with the cetyltrimethylammonium ammonium
bromide (CTAB) method. The purity and concentration of total DNA
were detected by agarose gel electrophoresis. Amplicons from the
V3 and V4 regions of the 16S rRNA gene were generated from the
extracted DNA using the primers 341F (50-CCTAYGGGRBGCASCAG-
30) and 806R (50-GGACTACNNGGGTATCTAAT-30). The sequencing
libraries were constructed by NEBNext Ultra IIDNA Library Prep Kit
and quantified by Qubit and Q-PCR. After being confirmed qualified,
NovaSeq6000 was used for machine sequencing. Demultiplexed
raw sequence data were quality-filtered and denoised using the
DADA2 method of QIIME2 to generate amplicon sequence variants.
Alpha diversity indices (including Chao1, Shannon, and Observ-
ed_otus index) were calculated to evaluate microbial species
evenness by QIIME2 software. Beta diversity was evaluated by
principal coordinate analysis (PCoA) based on the Bray_curtis dis-
tance. Linear discriminant analysis (LDA) combined effect size
measurements (LEfSe) was used to identify the differences in the
composition of ileal and cecal microbiota. The t-test was used to
compare the abundances at the genus level. Tax4Fun tools was
further used to predict the functional pathway from the 16S rRNA
data. STAMP version 2.1.3 (Parks et al., 2014) was also used as a
graphical tool.

2.8. Short chain fatty acids

The SCFA concentrations of cecal contents per replicate from
each treatment were measured by gas chromatograph (GC-2014;
Shimadzu Corporation, Kyoto, Japan) equipped with a hydrogen
flame detector and a capillary column (Agilent Technologies, Santa
Clara, CA, USA; 30 m long, 0.32-mm diameter, 0.50-mm film thick-
ness). In brief, 0.4 g of thawed cecal contents were weighed into a
2-mL sterile centrifuge tube. After adding 0.5 mL deionized water,
the mixture was homogenized with a vortex and then centrifuged
at 4 �C, 25,155 � g for 10 min. Then, 0.2 mL of supernatant was
collected and transferred into a new 1.5-mL microcentrifuge tube
containing 50 mL of metaphosphoric acid (25%, wt/vol) containing
Table 3
Effects of different dietary sources and levels of methionine on mRNA expression of epit

Item Groups1 14 d

Claudin-1 ZO-1 Occlud

DL-Methionine Low 1.04 1.21 0.95
Middle 1.00 1.00 1.00
High 0.90 1.03 0.90

DL-HMTBA Low 1.42 1.46 0.92
Middle 1.16 0.94 1.00
High 0.90 0.98 1.07

SEM 0.05 0.04 0.04
Main effect
Sources DL-Methionine 0.98b 1.08 0.95

DL-HMTBA 1.15a 1.13 0.99
Levels Low 1.23a 1.34a 0.94

Middle 1.08ab 0.97b 1.00
High 0.90b 1.00b 0.98

P-value
Sources 0.04 0.52 0.57
Levels 0.01 <0.01 0.78
Sources � Levels 0.18 0.14 0.49

HMTBA ¼ 2-hydroxy-4-(methylthio)-butanoic acid; ZO-1 ¼ zonula occluden-1.
Means within a column without a common superscript differ significantly (P < 0.05).

1 Low ¼ 80% total sulfur amino acid; Middle ¼ 100% total sulfur amino acid; High ¼ 1
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2-ethylbutyric acid as the internal standard. After that, the mixed
solution was cultured at 4 �C overnight to precipitate protein and
then centrifuged for 10 min at 25,155 � g. Finally, 0.4 mL of super-
natant was injected into the gas chromatograph for analysis. Re-
sults are expressed as micro mol per gram of the weight of digesta.

2.9. Statistical analysis

For comparing the main effects of sources and levels and their
interaction, statistical differences were determined by 2-way
ANOVA in a 2 � 3 factorial arrangement with Duncan's test for
multiple comparisons. Meanwhile, one-way ANOVA and Duncan's
multiple comparisons were used when a significant interactionwas
observed. All analysis were carried out with SPSS 17.0 (SPSS Inc.,
Chicago, IL, USA). P < 0.05 was considered significant and
0.05 < P < 0.10 was viewed as a trend.

3. Results

3.1. Intestinal epithelial barrier

No statistically significant differences (P > 0.05) were observed
in the relative mRNA expressions of occludin and mucin2 in the
ileum of broilers in response to the sources and levels of methio-
nine (Table 3). However, there was a significant increase (P < 0.05)
in the relative mRNA expression of claudin-1 in the DL-HMTBA
treatment on d 14 and 21. In addition, compared with middle-
and high-TSAA treatments, low-TSAA treatment increased the
relative mRNA expression of zonula occluden-1 (ZO-1) on d 14
(P < 0.05). Accordingly, in comparison with the DL-methionine
treatment, dietary DL-HMTBA supplementation decreased the
serum DAO content on d 14 and 21 (P < 0.01) (Table 4).

3.2. The mRNA expression levels of inflammatory cytokines in the
ileum

As shown in Table 5, dietary supplementation with DL-HMTBA
downregulated (P < 0.05) the relative mRNA expression of
interleukin-6 (IL-6) in the ileum on d 14 and 21. Besides, compared
to the middle- and high-TSAA treatments, low-TSAA treatment
increased the relative mRNA expression of interleukin-1b (IL-1b)
helial barrier related genes in ileum (n ¼ 10).

21 d

in Mucin2 Claudin-1 ZO-1 Occludin Mucin2

0.65 1.09 0.99 1.09 0.94
1.00 1.00 1.00 1.00 1.00
0.83 0.99 0.93 1.08 1.15
0.91 1.23 1.00 1.12 0.98
0.97 1.42 0.96 0.90 0.81
1.09 1.05 0.85 0.95 0.93
0.05 0.05 0.03 0.03 0.04

0.84 1.02b 0.97 1.06 1.04
0.99 1.23a 0.94 0.99 0.91
0.80 1.17 1.00 1.10 0.96
0.99 1.22 0.98 0.95 0.91
0.96 1.02 0.89 1.01 1.04

0.11 0.05 0.53 0.21 0.09
0.23 0.26 0.31 0.08 0.31
0.39 0.29 0.84 0.45 0.26

20% total sulfur amino acid.



Table 4
Effects of different dietary sources and levels of methionine on the concentrations of
diamine oxidase in serum of broilers (ng/mL, n ¼ 10).

Item Groups1 14 d 21 d

DL-Methionine Low 17.77 14.61
Middle 16.73 15.15
High 15.87 14.86

DL-HMTBA Low 15.06 13.24
Middle 14.41 12.11
High 15.66 13.81

SEM 0.29 0.31
Main effect
Sources DL-Methionine 16.79a 14.87a

DL-HMTBA 15.04b 13.05b

Levels Low 16.41 13.92
Middle 15.57 13.63
High 15.77 14.33

P-value
Sources <0.01 <0.01
Levels 0.39 0.62
Sources � Levels 0.12 0.33

HMTBA ¼ 2-hydroxy-4-(methylthio)-butanoic acid.
Means within a columnwithout a common superscript differ significantly (P < 0.05).

1 Low ¼ 80% total sulfur amino acid; Middle ¼ 100% total sulfur amino acid;
High ¼ 120% total sulfur amino acid.
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and IL-6 on d 14 (P < 0.05). Compared to the high dosage, low- and
middle-TSAA treatments increased the relative mRNA expression of
IL-1b on d 21 (P < 0.05). In addition, there was a significant inter-
action between sources and levels on the expression of interleukin-
10 (IL-10) (P < 0.05). Specifically, compared with the middle- and
high-level TSAA groups, the expression of IL-10 in the low-level
TSAA group increased when the methionine source was DL-
HMTBA (P < 0.05) in 14-d-old broilers, but the expression was
not affected by different levels of DL-methionine. In 21-d-old
broilers, the mRNA expression of IL-10 in the low-level TSAA group
was higher than that of the high-TSAA group when the source was
DL-methionine (P < 0.05), but the expression was not affected by
different levels of DL-HMTBA.

3.3. Ileal morphology

The results of histomorphology parameters of ileum in 14-d-old
broilers are presented in Supplementary Fig. S1 and Table 6. Dietary
Table 5
Effects of different dietary sources and levels of methionine on mRNA expression of infla

Item Groups1 14 d

IL-1b IL-6

DL-Methionine Low 1.86 1.34
Middle 1.00 1.00
High 0.90 0.98

DL-HMTBA Low 2.48 0.99
Middle 1.07 0.84
High 0.79 0.87

SEM 0.11 0.04
Main effect
Sources DL-Methionine 1.23 1.10a

DL-HMTBA 1.41 0.90b

Levels Low 2.17a 1.16a

Middle 1.03b 0.93b

High 0.85b 0.92b

P-value
Sources 0.27 0.01
Levels <0.01 0.03
Sources � Levels 0.22 0.46

IL-1b ¼ interleukin-1b; IL-6 ¼ interleukin-6; IL-10 ¼ interleukin-10; HMTBA ¼ 2-hydrox
Means within a column without a common superscript differ significantly (P < 0.05).

1 Low ¼ 80% total sulfur amino acid; Middle ¼ 100% total sulfur amino acid; High ¼ 1
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supplementation with DL-HMTBA significantly increased villus
height (P < 0.05) but had no significant effects on crypt depth.
Besides, compared to the middle-TSAA treatment, the high-TSAA
treatment decreased villus height (P < 0.05), and the low-TSAA
treatment increased crypt depth (P < 0.05). There was a signifi-
cant interaction between sources and levels on the villus height to
crypt depth ratio (P < 0.05). Specifically, compared with low- and
high-TSAA treatments, the middle-level TSAA of DL-HMTBA treat-
ment significantly increased villus height to crypt depth ratio
(P < 0.05), but this parameter was not influenced by different levels
of DL-methionine.

For the 21-d-old broilers, the results are shown in
Supplementary Fig. S2 and Table 6. The dietary supplementation of
middle-level TSAA significantly decreased the crypt depth and
increased the villus height to crypt depth ratio compared with the
other 2 levels (P < 0.05). With regard to crypt depth, there was no
apparent difference between the 2 sources (P > 0.05), while a
decreasing tendency for DL-HMTBA treatment was observed
(P ¼ 0.09).

3.4. Ileal microbiota composition

The effects of different dietary sources and levels of methionine
on the ileal microbiota composition of broilers on d 14 are shown in
Fig. 1. Chao1, Shannon, and Observed_otus indices were used to
estimate the alpha diversity. There were no differences observed in
middle- and high-TSAA groups, but the supplementation of DL-
HMTBA increased Chao1 and Observed_otus indexes (P < 0.05)
and showed a tendency to increase Shannon index (P ¼ 0.051) in
comparison with DL-methionine when birds were on low-TSAA
treatment (Fig. 1A). However, beta diversity results (PCoA anal-
ysis) indicated that there were no distinct differences between the
microbiota of the DL-HMTBA group and the DL-methionine group
at 3 TSAA levels (Fig. 1B). The abundance of ileal microbial species
distribution in phylum (Fig. 1C) and genus (Fig. 1D) among treat-
ment groups was shown. The microorganisms in the ileum were
mainly Firmicutes and Proteobacteria. Overall, the relative abun-
dance of Lactobacillus increased with increasing TSAA levels.
At the genus level (Fig. 1E), Faecalibacterium, Ruminococcus_-
torques_group, Eubacterium_coprostanoligenes_group, UCG-005,
Paludicola, Incertae_Sedis, Fournierella, Oscillospiraceae, and
mmation related genes in ileum (n ¼ 10).

21 d

IL-10 IL-1b IL-6 IL-10

1.04b 1.04 0.98 1.26a

1.00b 1.00 1.00 1.00ab

0.91bc 0.69 0.80 0.87b

1.53a 0.86 0.82 0.83b

0.89bc 0.96 0.68 0.93b

0.66c 0.65 0.64 0.96ab

0.05 0.05 0.05 0.04

0.99 0.91 0.93a 1.03
1.04 0.82 0.71b 0.91
1.29a 0.95a 0.90 1.04
0.94b 0.98a 0.84 0.96
0.78b 0.67b 0.71 0.91

0.61 0.42 0.02 0.10
<0.01 0.04 0.25 0.45
<0.01 0.82 0.71 0.04

y-4-(methylthio)-butanoic acid.

20% total sulfur amino acid.



Table 6
Effects of different dietary sources and levels of methionine on histomorphology parameters of ileum in broilers (n ¼ 10).

Item Group1 14 d 21 d

VH, mm CD, mm VH:CD ratio VH, mm CD, mm VH:CD ratio

DL-Methionine Low 471.5 165.1 2.87b 651.3 197.3 3.42
Middle 448.6 154.5 3.15b 692.1 185.7 3.91
High 406.4 143.4 2.96b 716.7 219.4 3.43

DL-HMTBA Low 487.0 166.7 3.04b 679.7 198.2 3.50
Middle 523.0 131.4 3.99a 699.1 164.3 4.28
High 435.3 151.9 3.14b 668.5 200.5 3.45

SEM 10.5 3.4 0.06 11.6 4.3 0.08
Main effect
Sources DL-Methionine 440.9b 153.6 2.98b 686.7 200.8 3.58

DL-HMTBA 480.3a 150.6 3.35a 682.3 187.2 3.73
Levels Low 479.7a 166.0a 2.96b 665.5 197.7a 3.46b

Middle 485.8a 143.0b 3.57a 695.4 175.0b 4.08a

High 420.9b 147.7b 3.04b 693.9 210.5a 3.44b

P-value
Sources 0.05 0.48 <0.01 0.86 0.09 0.23
Levels 0.01 0.01 <0.01 0.51 <0.01 <0.01
Sources � Levels 0.44 0.10 <0.01 0.40 0.44 0.52

VH ¼ villus height; CD ¼ crypt depth; HMTBA ¼ 2-hydroxy-4-(methylthio)-butanoic acid.
Means within a column without a common superscript differ significantly (P < 0.05).

1 Low ¼ 80% total sulfur amino acid; Middle ¼ 100% total sulfur amino acid; High ¼ 120% total sulfur amino acid.
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Oscillibacter were enriched in the ileum of DL-HMTBA-low level
TSAA treated group. Taxa abundancies were further analyzed by
LEfSe (LDA > 2.0; Fig. 1F). Families such as Streptococcaceae,
Pseudomonadaceae, and Burkholderiaceae were enriched; at the
genus level, Streptococcus, Pseudomonas, and Ralstonia were
increased in DL-methionine-low TSAA treated group. Eubacter-
ium_hallii_group and CHKCI001 were enriched in DL-HMTBA-
middle TSAA treated group. While Lactobacillaceae and Enter-
ococcaceae were enriched in DL-HMTBA-high TSAA treated group.

Fig. 2 shows the effects of different sources and levels of
methionine on the ileal microbiota composition of broilers on d 21.
In the alpha diversity indexes (Fig. 2A), the addition of DL-HMTBA
in high-TSAA treatment showed a tendency to decrease Chao1
(P ¼ 0.075) and Observed_otus (P ¼ 0.074) indexes, while the
addition of DL-HMTBA in low-level TSAA group showed a tendency
to increase Shannon index (P ¼ 0.063). The PCoA analysis showed
that treatment groups were not significantly distinguished from
each other (Fig. 2B). In terms of the bacteria composition, dietary
supplementation of DL-HMTBA significantly increased the relative
abundance of the Firmicutes phyla (Fig. 2C). At the genus level, DL-
HMTBA treated group significantly reduced the relative abundance
of Streptococcus but increased the relative abundance of Lactoba-
cillus (Fig. 2D). The statistical analysis performed at the genus level
showed that supplementation of DL-HMTBA only increased the
relative abundance of Lactobacillus in low-TSAA treatment (Fig. 2E)
and the relative abundance of Blautia in high-TSAA treatment
(Fig. 2F). The differential analysis on gut bacteria showed that DL-
methionine-low TSAA treated group had a higher abundance of
Clostridium_sensu_stricto_1, and the DL-methionine-high TSAA
treated group had the highest abundance of Lactobacillus_cacao-
num, Campylobacteria, and Lachnospiraceae_NK4A136_group, while
the DL-HMTBA-low TSAA treated group had the highest abundance
of Halomonadaceae (Fig. 2G).

3.5. Functional prediction analysis

The Tax4Fun software was further used to predict the microbial
functional categories of 21 d ileum. As shown in Fig. 3A, the gene
functions associated with membrane transport in DL-HMTBA-low
TSAA treated group were significantly lower than that in DL-
methionine group. Moreover, 4 differentially abundant KEGG
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pathways were found between the 2 groups in the high-TSAA
treatment (P < 0.05, Fig. 3B). Among them, the microbial gene
functions related to drug resistance and enzyme families were
much higher in the ileal microbiome of the DL-methionine group.
In contrast, the abundance of pathways related to endocrine and
metabolic diseases and biosynthesis of other secondary metabo-
lites decreased in DL-methionine group.

3.6. Cecal microbiota composition

The 16S DNA of intestinal bacteria in the cecum of broilers at 14
and 21 d of age was also subjected to sequencing. The effects of
different dietary sources and levels of methionine on the cecal
microbiota composition of broilers on d 14 and 21 are shown in
Figs. 4 and 5, respectively. No significant differences in alpha di-
versity (Figs. 4A and 5A) and beta diversity (Figs. 4B and 5B) of cecal
microbiota were found. The abundance of cecal microbial species
distribution in phylum (Figs. 4C and 5C) and genus (Figs. 4D and 5D)
among treatment groups are shown.

For 14-d-old broilers, at the genus level, Candidatus_Arthromitus
was enriched in the cecum of the DL-methionine group in low-
TSAA treatment (P < 0.05; Fig. 4E) and in the DL-HMTBA group in
middle-TSAA treatment (P < 0.05; Fig. 4F). Besides, in middle-TSAA
treatment, Clostridia_vadinBB60_group was increased when DL-
methionine was supplemented. Meanwhile, the relative abun-
dance of Lachnospiraceae_UCG-010 showed a significant increase in
DL-HMTBA-high TSAA treated group (P < 0.05; Fig. 4G). The results
of the LEfSe analysis of themicrobiotawere shown in Fig. 4H. In this
regard, DL-methionine-low TSAA treated group had a higher
abundance of Vampirivibrionia, Gastranaerophilales, Candidatu-
s_Arthromitus, Clostridiales, and Clostridiaceae, and the DL-
methionine-high TSAA treated group had the highest abundance
of Ruminococcus_sp_. Proteobacteria such as Enterobacteriaceae
(Escherichia_Shigella and Proteus) and Morganellaceae were
significantly increased as well as Anaerofilum in the DL-HMTBA-low
TSAA treated group. The DL-HMTBA-middle TSAA treated group
had the highest abundance of Tyzzerella, Anaerotignum_lactati-
fermentans, Oscillibacter, Blautia, and Lachnospiraceae_UCG_010,
whereas microbiota such as Pseudonocardiaceae, Flavonifractor
were significantly enriched in the DL-HMTBA-high TSAA treated
group.



Fig. 1. Effects of different dietary sources and levels of methionine on ileal microbiota composition on d 14. (A) Three different alpha diversity metrics. (B) Principal coordinate
analysis of BrayeCurtis distances of the ileum samples from 6 treatments. (C, D) Gut microbiota composition (relative abundance, %) at phylum and genus level. The phylum level
shows the top 5 species in total abundance, and the genus level shows the top 10 species in total abundance. (E) The t-test results at the genus level. (F) The LEfSe analysis of the ileal
microbiota. MetL ¼ DL-methionine-80% total sulfur amino acid (TSAA) group; MetM ¼ DL-methionine-100% TSAA group; MetH ¼ DL-methionine-120% TSAA group; HMTBAL ¼ DL-
2-hydroxy-4-(methylthio)-butanoic acid (DL-HMTBA)-80% TSAA group; HMTBAM ¼ DL-HMTBA-100% TSAA group; HMTBAH ¼ DL-HMTBA-120% TSAA group.
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Fig. 2. Effects of different dietary sources and levels of methionine on ileal microbiota composition on d 21. (A) Three different alpha diversity metrics. (B) Principal coordinate
analysis of BrayeCurtis distances of the ileum samples from 6 treatments. (C, D) Gut microbiota composition (relative abundance, %) at phylum and genus level. The phylum level
shows the top 5 species in total abundance, and the genus level shows the top 10 species in total abundance. (E, F) The t-test results at the genus level. (G) The LEfSe analysis of the
ileal microbiota. MetL ¼ DL-methionine-80% total sulfur amino acid (TSAA) group; MetM ¼ DL-methionine-100% TSAA group; MetH ¼ DL-methionine-120% TSAA group;
HMTBAL ¼ DL-2-hydroxy-4-(methylthio)-butanoic acid (DL-HMTBA)-80% TSAA group; HMTBAM ¼ DL-HMTBA-100% TSAA group; HMTBAH ¼ DL-HMTBA-120% TSAA group.
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Fig. 3. Functional prediction analysis of 21 d ileal microbiota. Tax4Fun analysis was used to predict Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathways.
Significant KEGG pathways for the ileal microbiome of the 2 groups at the same total sulfur amino acid (TSAA) level were identified by STAMP software. MetL ¼ DL-methionine-80%
TSAA group; MetH ¼ DL-methionine-120% TSAA group; HMTBAL ¼ DL-2-hydroxy-4-(methylthio)-butanoic acid (DL-HMTBA)-80% TSAA group; HMTBAH ¼ DL-HMTBA-120% TSAA
group.
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In 21-d-old broilers, Blautia was more abundant in the DL-
methionine group when TSAA was offered in low dosage
(P < 0.05; Fig. 5E). In addition, Intestinimonas and Clos-
tridium_sensu_stricto_1 were more abundant, whereas Sub-
doligranulum, Tyzzerella, Flavonifractor, and Lachnospiraceae_UCG-
010 showed a decreased condition in the DL-HMTBA group when
TSAAwas offered in middle dosage (P < 0.05; Fig. 5F). LEfSe analysis
further demonstrated the differential microbial taxa among the 6
groups. As shown in Fig. 5G, Acetobacter, and Bacillus were signifi-
cantly enriched in the DL-methionine-high TSAA treated group. In
the meantime, Clostridium_sensu_stricto_1 was significantly
enriched in DL-HMTBA-low TSAA treated group and the DL-
HMTBA-high TSAA treated group had the highest abundance of
Mordavella_sp_ and Oscillospira.

3.7. Cecal short chain fatty acids profile

No significant interactions were observed on the profile of SCFA
in the cecal content of birds (Table 7). Notably, DL-HMTBA sup-
plementation significantly elevated the concentrations of acetate,
propionate, butyrate, and total SCFA (P< 0.01), but did not affect the
concentrations of isobutyrate, isovalerate, and valerate. The profile
of SCFA also indicates that high-TSAA treatment had higher con-
centrations of isobutyrate and isovalerate, but a lower concentra-
tion of butyrate compared with the middle-TSAA group (P < 0.05).

4. Discussion

Adequate dietary supply of amino acids is a key determinant of
gut health and functions (Beaumont and Blachier, 2020). Accumu-
lating evidence has shown that methionine is closely correlated
with the intestinal health of animals (Bauchart-Thevret et al., 2009;
Chen et al., 2014; Ramalingam et al., 2010; Saito et al., 2017).
However, the effects of methionine sources and levels on the in-
testinal health of broiler chicks remain unclear. Thus, physical,
immunological, and microbiological barriers including intestinal
morphology and SCFA levels were investigated for this unresolved
question. In this study, we demonstrated that DL-HMTBA supported
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better gut health of broilers under normal feeding conditions and
had no difference in growth performance compared with DL-
methionine. However, TSAA level had effect on the growth perfor-
mance of chickens. Moreover, the methionine requirement is not
consistent for different intestinal health dimensions.

During all stages of animal's growth, the intestinal physical
barrier plays an important role to regulate IP. In addition, disruption
of the intestinal barrier and increased IP may play a role in many
pathological or inflammatory states (Khoshbin and Camilleri,
2020). The intestinal physical barrier is primarily composed of in-
testinal mucosal epithelial cells and their TJ. The passage of ions
and molecules through the paracellular pathway in epithelial and
endothelial cells is regulated by TJ, where their degree of sealing
varies according to external stimuli, physiological and pathological
conditions (Gonzalez-Mariscal et al., 2008). Several proteins such as
claudin-1 and ZO-1 are involved in the formation of TJ in poultry
(Kimura et al., 1996; Simard et al., 2005) and their relative mRNA
expressions depict the IP of the gut. Besides, IP can also be
measured indirectly through biomarkers. DAO is an extensively
used biomarker for IP determination in mammals (Cakmaz et al.,
2013) and poultry (Lei et al., 2013), which is synthesized mainly
by intestinal mucosal cells and is a highly active intracellular
enzyme. Notably, lower DAO serum levels are associated with
decreased IP. In this study, we observed that DL-HMTBA treatment
increased the gene expression of claudin-1 in the ileum, suggesting
that DL-HMTBA had a positive effect on the physical barrier of
broilers. Further, we also noticed that supplementation of DL-
HMTBA significantly reduced the serum DAO content supporting
the gene expression data and collectively indicating decreased IP.
These results are consistent with the previous work of Martin-
Venegas (Martín-Venegas et al., 2013). It is worth noting that DL-
HMTBA is chemically an organic acid for which acidifying func-
tions have been reported in the literature (Batonon-Alavo et al.,
2016). Many authors have confirmed that dietary supplemented
mixed organic acid improved the health status of broilers by
enhancing the TJ proteins expression (Ma et al., 2021; Melaku et al.,
2021). Therefore, we deduced that DL-HMTBA as a source will have
a more positive effect in terms of the intestinal physical barrier,



Fig. 4. Effects of different dietary sources and levels of methionine on cecal microbiota composition on d 14. (A) Three different alpha diversity metrics. (B) Principal coordinate
analysis of BrayeCurtis distances of the cecal samples from 6 treatments. (C, D) Gut microbiota composition (relative abundance, %) at phylum and genus level. The phylum level
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which may be partly related to the fact that it is an organic acid in
nature.

The gastrointestinal tract is the largest immune organ and is
constantly exposed to a variety of antigens from diets, commensal
bacteria, and pathogens (Takiishi et al., 2017). When faced with
antigens, the intestinal tract not only needs to be protected by a
physical barrier but also should have a robust host defense through
the mucosal immune system (Pelaseyed et al., 2014). Numerous
studies have confirmed that methionine is involved in animal im-
mune functions (Ji et al., 2019; Kalvandi et al., 2019; Montout et al.,
2021; Wu et al., 2012). For example, Ji et al. (2019) indicated that
methionine treatment attenuated the LPS-induced inflammation in
RAW 264.7 and macrophages were associated with the
methionine-derivative SAM-mediated DNA methylation (Ji et al.,
2019). In stress conditions such as heat stress, dietary supple-
mentation with methionine is vital to improve the immune and
antioxidant status and growth performance of animals (Kalvandi
et al., 2019). On the contrary, methionine deficiency could impair
the cellular immune function of broilers (Wu et al., 2012). Immune
cells which are present in the lamina propria or intermingled in the
monolayer of epithelial cells, together with epithelial cells and
myofibroblasts secrete cytokines, which regulate both innate and
adaptive immune responses to maintain the balance in the intes-
tine (Mahapatro et al., 2021). In the present study, we further
investigated the role of methionine on the intestinal immune bar-
rier of broilers by analyzing the expressions of several inflamma-
tory cytokines. IL-1b and IL-6 are commonly recognized as mucosal
pro-inflammatory cytokines. Studies have demonstrated that the
expressions of IL-1b and IL-6 would increase in response to intes-
tinal insults, such as challenges with Eimeria maxima (Hong et al.,
2006) and C. perfringens (Fasina and Lillehoj, 2019; Zhang et al.,
2019). Notably, in our study, the supplementation of DL-HMTBA
significantly downregulated the expression of IL-6. Some other
studies also demonstrated the positive effects of DL-HMTBA on
immune response (Dahiya et al., 2007; Tykalowski et al., 2019),
even though the underlying mechanism of action is yet to be
elucidated. It has been reported that low-dose methionine sup-
plementation decreased the humoral immunocompetence of
broiler chickens irrespective of the methionine source i.e. DL-
methionine (Wu et al., 2018) or DL-HMTBA (Zhang and Guo,
2008). Our results consistently demonstrated that low-TSAA
treatment increased the expression of IL-1b and IL-6. Similar re-
sults were observed by Matthews et al. (2021) who reported that
genetic expression of IL-1b and IL-6 were significantly higher in
methionine and choline deficient diet-fed mice compared with
those in chow diet-fed mice (Matthews et al., 2021). Future work
should focus on measuring the full spectrum of inflammatory cy-
tokines but with reasonable certainty, we can argue that adequate
methionine is required for a modest immune response.

A robust intestinal architecture (higher villus height to crypt
depth ratio) plays a key role to guarantee better growth perfor-
mance and intestinal homeostasis of broilers (Xu et al., 2003). Villi
are the main site of nutrient absorption, and a large crypt indicates
rapid tissue turnover and high demand for new tissue (Stojanovic
et al., 2021). Interestingly, the methionine source effect was
observed where DL-HMTBA increased the ileal villus height and
villus height to crypt depth ratio on d 14. A similar beneficial effect
was also demonstrated in piglets (Li et al., 2014). Additionally, a
limited number of studies have also shown that methionine sup-
plementation could improve villus architecture either by in ovo
injection (Dang et al., 2022) or direct supplementation to piglets
shows the top 5 species in total abundance, and the genus level shows the top 10 species in t
cecal microbiota. MetL ¼ DL-methionine-80% total sulfur amino acid (TSAA) group; Me
HMTBAL ¼ DL-2-hydroxy-4-(methylthio)-butanoic acid (DL-HMTBA)-80% TSAA group; HM
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(Chen et al., 2014). Our findings also indicated that the middle-level
TSAA group had a higher villus height to crypt depth ratio sug-
gesting better intestinal architecture at this TSAA level.

Alpha diversity and beta diversity are the most used indicators
to assess intestinal microbial diversity. In general, alpha diversity
and beta diversity show intra-sample and inter-sample differences,
respectively. In the ileum of d 14, our results revealed that low-
TSAA supplementation of DL-HMTBA resulted in more species
with low abundance, more observed species, higher microbial di-
versity, and more uniform species distribution. However, the
methionine level but not the source had an impact on the beta
diversity. It is worth noting that methionine source and level
significantly affected the community structure and composition of
the ileal microbiome. We speculate that this may be related to the
consensus that the small intestine is the major site of absorption for
DL-methionine and DL-HMTBA. Interestingly, the relative abun-
dance of Lactobacillus was increased with methionine level in 14 d
ileum, but methionine source had a greater effect on this analysis
item on d 21. Previous findings from our lab showed that the key
stage of species composition shift is 14 to 21 d during mucosal
bacterial community succession of broiler chickens (unpublished
data), whichmight be the probable explanation for these results. To
be specific, DL-HMTBA increased the relative abundance of Lacto-
bacillus in 21 d ileum. Similarly, it has been confirmed in pigs that
proper supplementation of DL-HMTBA promoted the colonization
of Lactobacillus in the intestinal tract (Kaewtapee et al., 2016; Malik
et al., 2009). A number of studies indicated that Lactobacillus ex-
hibits favorable probiotic properties which enhance epithelial
barrier integrity (Wang et al., 2018; Yang et al., 2015) and inhibit
inflammation (Kopp et al., 2008; Wang et al., 2016). Therefore, we
speculate that the positive effects of DL-HMTBA on the intestinal
barrier and inflammatory cytokine expressions could be partly
attributed to the impact on the ileal microbiome. We further
investigated the role of methionine source in chicken gut micro-
biota on different levels by t-test. The elevated abundance of Blautia
in the 21 d ileum of the DL-HMTBA-high TASS level treated group
was observed in our data. As a genus of anaerobic bacteria with
probiotic characteristics, Blautia has been of particular interest
since its establishment for its contribution to alleviating inflam-
matory diseases and metabolic diseases and for its antibacterial
activity against specific microorganisms (Liu et al., 2021). On the
other hand, our data also showed that DL-methionine enriched
Blautia in the 21 d cecumwhen added at a low level. Taken together,
we can reasonably speculate that the effect of DL-HMTBA on ileal
microbiota composition was positive.

SCFA are the metabolites derived from the bacterial fermenta-
tion of dietary fibers, which link host nutrition to intestinal ho-
meostasis maintenance. In this study, we found that SCFA such as
acetate, propionate, and butyrate, were concomitantly influenced
by DL-HMTBA supplementation. Numerous studies have demon-
strated the beneficial impact of SCFA on host immune response and
barrier functions. For example, butyrate reduces epithelial perme-
ability by the regulation of IL-10 receptors and reinforcing TJ
in vitro (Wang et al., 2012; Zheng et al., 2017). In addition, SCFA
improved mucosal immune homeostasis by up-regulating anti-in-
flammatory cytokines and down-regulating pro-inflammatory cy-
tokines (Maslowski et al., 2009). In line with these findings, our
results of cecal microbiota composition at d 21 showed that DL-
HMTBA enriched butyrate-producing bacteria such as Intestinimo-
nas (Yao et al., 2020) and Oscillospira (Jiao et al., 2018). To our
knowledge, this is the first report on DL-HMTBA that showed the
otal abundance. (EeG) The t-test results at the genus level. (H) The LEfSe analysis of the
tM ¼ DL-methionine-100% TSAA group; MetH ¼ DL-methionine-120% TSAA group;
TBAM ¼ DL-HMTBA-100% TSAA group; HMTBAH ¼ DL-HMTBA-120% TSAA group.



Fig. 5. Effects of different dietary sources and levels of methionine on cecal microbiota composition on d 21. (A) Three different alpha diversity metrics. (B) Principal coordinate
analysis of BrayeCurtis distances of the cecal samples from 6 treatments. (C, D) Gut microbiota composition (relative abundance, %) at phylum and genus level. The phylum level
shows the top 5 species in total abundance, and the genus level shows the top 10 species in total abundance. (E, F) The t-test results at the genus level. (G) The LEfSe analysis of the
cecal microbiota. MetL ¼ DL-methionine-80% total sulfur amino acid (TSAA) group; MetM ¼ DL-methionine-100% TSAA group; MetH ¼ DL-methionine-120% TSAA group;
HMTBAL ¼ DL-2-hydroxy-4-(methylthio)-butanoic acid (DL-HMTBA)-80% TSAA group; HMTBAM ¼ DL-HMTBA-100% TSAA group; HMTBAH ¼ DL-HMTBA-120% TSAA group.
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Table 7
Effects of different dietary sources and levels of methionine on the concentrations of the short chain fatty acids in the cecum on d 21 (mmol/g, n ¼ 10).

Item Group1 Acetate Propionate Isobutyrate Butyrate Isovalerate Valerate Total acid

DL-Methionine Low 16.32 1.32 0.22 5.39 0.34 0.34 27.16
Middle 14.21 1.23 0.17 3.96 0.20 0.19 19.96
High 11.97 1.39 0.34 3.07 0.55 0.38 20.66

DL-HMTBA Low 21.40 2.22 0.24 6.17 0.31 0.32 30.69
Middle 21.77 1.70 0.22 6.71 0.18 0.30 31.14
High 19.67 1.79 0.34 4.70 0.34 0.31 27.33

SEM 0.84 0.10 0.02 0.31 0.04 0.03 0.98
Main effect
Sources DL-Methionine 14.17b 1.31b 0.24 4.14b 0.35 0.30 22.20b

DL-HMTBA 20.99a 1.92a 0.27 5.86a 0.27 0.31 29.80a

Levels Low 18.86 1.80 0.23b 5.78a 0.32ab 0.33 29.24
Middle 17.99 1.45 0.19b 5.34a 0.19b 0.24 25.55
High 15.62 1.58 0.34a 3.89b 0.45a 0.34 24.19

P-value
Sources <0.01 <0.01 0.62 <0.01 0.21 0.90 <0.01
Levels 0.22 0.43 0.02 0.02 0.01 0.30 0.06
Sources � Levels 0.71 0.51 0.84 0.34 0.48 0.36 0.15

HMTBA ¼ 2-hydroxy-4-(methylthio)-butanoic acid.
Means within a column without a common superscript differ significantly (P < 0.05).

1 Low ¼ 80% total sulfur amino acid; Middle ¼ 100% total sulfur amino acid; High ¼ 120% total sulfur amino acid.
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beneficial effects on SCFA production in broiler chickens. Collec-
tively, our findings confirmed the positive role of DL-HMTBA in
improving broiler chickens' intestinal homeostasis.

5. Conclusions

Our data indicated that DL-HMTBA supplementation could
improve the intestinal health status of broilers by improving in-
testinal physical barrier function and morphology, optimizing
ileum microbiota, and increasing SCFA content in cecal digesta
although further study on protein expression levels is warranted.
The optimal TSAA level is not consistent among the intestinal
health dimensions and the middle-level TSAA group in our study
supported better intestinal morphology. These findings provide a
new standpoint for understanding the beneficial role of DL-HMTBA
in promoting intestinal homeostasis.
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