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ABSTRACT: The present study was carried out to investigate the effects of methionine (Met), lysine (Lys), isoleucine (Ile), and
threonine (Thr) deficiency in a low-protein diet on laying performance, egg quality, serum biochemical indices, and the gut
microbiota in laying hens. A total of 300 Peking Pink laying hens, at 38 weeks of age, were randomly allocated to five dietary
treatments, each of which included six replicates of ten hens. Hens were fed an amino acid-balanced diet (Met: 0.46%; Lys: 0.76%;
Ile: 0.72%; Thr: 0.56%; positive control, PC), Met deficiency diet (Met-, 0.25%), Lys deficiency diet (Lys-, 0.56%), Ile deficiency
diet (Ile-, 0.54%), and Thr deficiency diet (Thr-, 0.46%) for 12 weeks. Hens were housed in pairs in 45 × 45 × 45 cm wire cages
with three ladders and three birds per cage. Feed and water were provided ad libitum during the entire experimental period. All data
were analyzed using one-way ANOVA with Turkey’s multiple range test. Here, compared to the PC group, final body weight (FBW),
average daily gain (ADG), egg production (EP), egg weight (EW), average daily egg mass (EM), average daily feed intake (ADFI),
and yield of abdominal fat (AFY) in the Met-group were lower, while EW and EM were higher in the Lys-group. The feed egg ratio
(FER) was increased in the Met- and Lys-groups, and EW and AFY were decreased in the Ile-group compared to the controls.
Meanwhile, ADG, EP, EM, and ADFI were lower in the Thr group than the PC group. The level of triglycerides (TGs) in the four
groups was lower and the concentrations of uric acid (UA) in the Met-group were higher than those in the PC group. The shell color
in the Thr group was lower than the PC group. Of note, amino acid deficiency altered the gut microbial structure (e.g., increasing the
level of Parabacteroides and decreasing the abundance of Lactobacillus) in hens. The correlation analysis showed that amino acid
deficiency-induced gut microbiota alteration is closely associated with the change in key parameters: FER, UA, AFY, EW, EM, TG,
FBW, EP, and ADFI. Collectively, our results highlight the role of adequate amino acid ratio supplementation in the low-crude-
protein diet structure for laying hens.

■ INTRODUCTION

The increasing consumption of vegetable protein resources
and the excessive discharge of nitrogen caused environmental
concerns associated with animal husbandry.1 Therefore, the
development of new protein utilization strategies to supply the
shortage of this nutrient is an urgent need. For the laying hen
industry, crude protein is considered as the most important
nutrients, which also accounts for about one-third of the total
cost of feed production. Therefore, the low crude protein can
be used in formulated diets for laying hens and better improve
the economic benefits. Recent years have witnessed the great
advantages of low-crude-protein dietary with amino acid

supplementation for animal industry, especially swine,2

including saving protein resources and reducing nitrogen
excretion, feed costs, and the risk of host metabolic
dysfunction without impairing performance compared to the
normal protein level diet.2,3 However, very few studies have
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been performed to study about the effects of a low-protein diet
supplemented with amino acids on the laying performance, egg
quality, and gut microbiota of laying hens.
Soybean meal is the most commonly used protein source

because of its highly digestible protein and amino acid profiles,
but Met and Lys are the most essential limiting amino acids in
corn-soybean meal diets for laying hens, mainly involving in
protein synthesis and closely related to laying performance and
egg quality.4,5 When fed methionine (Met)-, lysine (Lys)-, and
tryptophan (Try)-deficient diets, the feed intakes were lower in
the amino acid-deficiency groups than the normal group.6 In
addition, the higher level of Met in a low-protein diet
significantly improved the daily feed intake, laying percentage,
egg mass, and FE of hens,7 and the observed results closely
resembled those reported by another study.8 Among the
essential amino acids, threonine (Thr) is particularly important
for maintenance of gut function; a large proportion of dietary
Thr (up to 60%) is retained by the healthy pig or human
intestine.9,10 The supplementation of Thr in the low-crude-
protein diet affected laying performance, intestinal mucosal
barrier, and gut microbial community, suggesting that it is a
limiting amino acid of laying hens during the peak production
period.11,12 However, although a dietary deficiency of Thr is
known to impair the growth of animals (e.g., pigs and rats),13

little information is available concerning its effects on host
metabolism and the gut microbial community in a low-protein
diet of laying hens. Recent commercialization of isoleucine
(Ile) has prompted further interest in optimizing low-protein
diets for laying hens.14 Several previous studies revealed that
Ile is a limiting amino acid in corn-soybean meal diets for
laying hens with low-crude-protein diets.15,16 Peganova and
Eder et al. indicated that the feed with Ile-deficient basal ratios
supplementing varying amounts of Ile found that the margin
between requirement and excess of Ile is narrow in laying
hens.15 Recent studies have found that under the conditions
which meet the requirements of all other amino acids, a corn-
soybean meal-based diet with crude protein reduced by 2%
unit points is limiting in Ile and will compromise egg
production (EP), whereas excess L-Ile will limit EW.17 These
findings suggest that the response to dietary amino acids is
likely dependent on a multitude of host, nutrition, gut
microbiota, and other important factors, and further research
should be conducted on the interaction mechanism of amino
acid utilization and host metabolism in the low-crude-protein
diet.
The intestinal tract of poultry possesses a complex microbial

community consisting primarily of bacteria, which play a key
role in host performance and gut health.18 Recently, a study
showed that the gut microbiota of laying hens was influenced
by multiple factors, such as age, production system, disease,
and diets.12,19 In addition, diet is a major factor that influences
the microbial community in the gut.20,21 Previous studies have
showed that amino acids can regulate protein homeostasis in
the body, growth of bacteria, and regulation of immune
response.10,22,23 Therefore, it is reasonable to hypothesize that
the supplementation of amino acids in low-protein diets can
affect the community and structure of the gut microbiota in
laying hens.
Collectively, the dietary protein plays an important role in

the diet formulation of poultry to maintain and improve
growth, feed utilization, intestinal health, gut microbiota, and
immune response and reduce environmental risks and
pollution by optimizing the use of this nutrient. In this

study, we hypothesized that amino acid (Met, Lys, Ile, and
Thr) deficiencies mainly affected laying performance, egg
quality, serum biochemical parameters, and the gut microbiota
in low-protein diets of laying hens.

■ RESULTS
Effects of Amino Acid Deficiency on Laying Perform-

ance in Laying Hens with Low-Protein Diets. During the
experiment period (Table 2), the deficiency of the four amino

acids in the low-protein diet significantly affected (P < 0.001)
the growth and laying performance of hens. For example, main
parameters, such as final body weight (FBW), average daily
gain (ADG), EP, EW, egg mass (EM), average daily feed
intake (ADFI), and yield of abdominal fat (AFY) in the Met-
deficiency diet (Met-) group were significantly lower and FER
was significantly higher than the positive control (PC) group
(Table 2). The EW and EM were lower (P < 0.001) in the Lys-
deficiency diet (Lys-) group compared to the PC group. Also,
the EW and AFY were lower (P < 0.001) in the Ile-deficiency
diet (Ile-) group compared to the PC group (Table 2).
Compared to the PC group, the ADG, EP, EM, and ADFI
were lower (P < 0.001) in the Thr-deficiency diet (Thr-) group
(Table 2).

Effects of Amino Acid Deficiency on Egg Quality in
Laying Hens with Low-Protein Diets. The effects of diet
on shell color and EW were significantly different (P < 0.05)
during the experimental period, while there was no difference
in shell thickness, Haugh unit, yolk color, albumen, and shell
proportion (Table 3). As shown in Table 3, the shell color in
the Thr-group was significantly lower (P < 0.05) than the PC

Table 1. Ingredients and Nutrient Content of the Diets (%
DM)

ingredients (%) nutrientc (%)

corn 67.40 crude protein 13.49
soybean meal 12.40 ME (Mcal/kg) 2.70
peanut meal 3.00 Met 0.46
soybean hull 4.00 Met + cysteine 0.66
Met 0.27 Lys 0.76
Lys-HCl 0.24 Ile 0.72
Ile 0.26 Thr 0.56
Thr 0.10 tryptophan 0.16
tryptophan 0.03 arginine 0.84
valine 0.04 histidine 0.34
phenylalanine 0.03 leucine 1.17
limestone 8.30 phenylalanine 0.63
dicalcium phosphate 1.50 phenylpropionyl tyrosine 1.08
NaCl (salt) 0.30 valine 0.60
vitamin premixa 0.03 glycine + serine 1.06
mineral premixb 0.30 Na 0.15
choline chloride 0.07 Cl 0.26
Ssoybean oil 1.00 Ca 3.54
zeolite powder 0.73 total P 0.54
total 100.00 non-phytate phosphorus 0.36

aVitamin premix supplied (per kg of diet): vitamin A, 96,000 IU;
vitamin D3, 3600 IU; vitamin E, 75 mg; vitamin K3, 4.8 mg; vitamin
B1, 4.8 mg; vitamin B2, 9 mg; folic acid, 0.9 mg; calcium
pantothenate, 15 mg; niacin 45 mg; vitamin B6, 4.4 mg; vitamin
B12, 24 μg; and biotin: 0.15 mg. bMineral premix provided (per kg of
diet): Cu, 6.8 mg; Fe, 66 mg; Zn, 83 mg; Mn, 80 mg; I, 1 mg; and Se,
0.3 mg. cThe nutrient levels were calculated values.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00739
ACS Omega 2021, 6, 13094−13104

13095

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00739?rel=cite-as&ref=PDF&jav=VoR


group. Meanwhile, the EW in the Met-group was significantly
lower (P < 0.05) than the other four groups. The lowest
Haugh unit was found in the Ile-group, and the lowest
albumen proportion and the highest shell proportion were
found in the Met-group (Table 3).
Effects of Amino Acid Deficiency on Serum Param-

eters in Laying Hens with Low-Protein Diets. Amino acid
deficiency in low-protein diets significantly affected (P < 0.05)
the concentrations of triglycerides (TG) and uric acid (UA) in
the serum of laying hens, while no difference was observed in
the urea, total protein (TP), albumin (ALB), superoxide
dismutase (SOD), glutathione peroxidase (GSH), and immune
globulin M (IgM) among the five groups (Table 4). The level
of TG in the four amino acid-deficiency groups was lower (P <
0.001) than that in the PC group (Table 4). The content of
UA in the Met-group, Ile-group, and Thr-group was higher (P
< 0.05) compared to that of the PC group. Additionally, the
level of TP and IgM was the lowest (P < 0.05) in the Met-
group and the Thr-group had the highest (P < 0.05) urea
concentrations in the five groups (Table 4).
Effects of Amino Acid Deficiency on the Cecal

Microbiota in Laying Hens with Low-Protein Diets. To
investigate how four amino acid deficiencies in low-protein
diets impacted the gut microbiota composition of laying hens,
16S rDNA sequencing was used. Eventually, after size filtering,
quality control, and chimera removal, 2,714,438 valid

sequences were obtained with an average of 60,320.8 ±
8579.8 sequences per sample. At the 97% similarity, 1188
distinct OTUS were matched, and among them, 16 phyla, 31
class, and 189 genera of gut microbes were annotated. Based
on the alpha diversity of the gut microbiota analysis in five
groups, it was found that the Thr-group had higher (P < 0.05)
Sobs index, Ace index, and Chao index compared to the PC
group (Figure 1A−C). However, no difference was observed in
the Shannon index between any two treatments (Figure 1D).
The relative abundance at phylum and genus levels was

studied. At the phylum level, Bacteroidetes and Firmicutes were
the two major bacteria in the cecum of laying hens, accounting
for more than 90% of the total cecum bacterial community
(Figure 2A). Additionally, the Thr-group had lower Firmicute/
Bacteroidetes ratios and higher Bacteroidetes than the other
groups. At the genus level, main genera in the PC group and
four amino acid-deficiency groups were accounted by such as
Bacteroids, Rikenellaceae_RC9_gut_group, Lactobacillus, and
Parabacteroides (Figure 2B). The Thr-group held the highest
Rikenellaceae_RC9_gut_group and the PC group held the
lowest Lactobacillus (Figure 2B, Supporting Information Table
S1). The five experiment treatments had different proportions
of Bacteroides, PC group (20.51%), Ile-group (17.81%), Lys-
group (21.72%), Met-group (20.22%), and Thr-group
(20.00%). Principal coordinate analysis (PCoA), a multivariate
statistical analysis method suitable for high-dimensional data,

Table 2. Effects of Amino Acid Deficiency in Low-Protein Diets on Growth and Laying Performance of 38−50 Weeks Laying
Hensa

groups IBW (g) FBW (g) ADG (g/d) EP (%) EW (g) EM (g/d) ADFI (g/d) FER AFY (%)

PC group 1512.0 1652.9a 1.72a 86.9a 61.7a 53.5a 110.7a 2.07c 3.08a

Met- 1507.3 1509.9b 0.03c 68.1c 56.4c 38.4c 97.4c 2.54a 1.32c

Lys- 1534.8 1626.7a 1.12ab 81.3ab 59.0b 48.0b 107.8ab 2.25b 2.17abc

Ile- 1533.3 1631.7a 1.20ab 87.1a 59.5b 51.8a 107.6ab 2.08c 2.00bc

Thr- 1545.3 1600.3a 0.67bc 79.7b 60.0ab 47.9b 103.3b 2.16bc 2.46ab

SEb 16.35 19.86 0.20 1.62 0.45 0.98 1.45 0.04 0.25
P value 0.327 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

aabcMeans within a row with no common superscripts differ (P < 0.05). bPooled standard error of the mean.

Table 3. Effects of Amino Acid Deficiency in Low-Protein Diets on Egg Quality of 38−50 Weeks Laying Hensa

groups shell thickness (mm) shell strength (N) haugh unit yolk color shell color egg weight (g) yolk (%) albumen (%) shell (%)

PC group 0.44 36.57 82.53 4.70 54.53a 61.61a 26.01 63.62 10.37
Met- 0.46 38.25 82.23 4.73 51.61ab 56.48b 27.82 61.37 10.80
Lys- 0.46 40.63 83.90 4.83 52.12ab 60.51a 26.67 62.72 10.62
Ile- 0.47 38.69 80.63 4.93 53.97ab 61.01a 26.34 62.97 10.68
Thr- 0.46 40.15 85.50 5.13 50.93b 62.46a 26.47 63.07 10.45
SEb 0.01 1.46 1.83 0.14 0.99 0.76 0.65 0.17 0.19
P value 0.08 0.30 0.41 0.21 0.047 <0.001 0.35 0.66 0.48

aabMeans within a row with no common superscripts differ (P < 0.05). bPooled standard error of the mean.

Table 4. Effects of Amino Acid Deficiency in Low-Protein Diets on Serum Biochemical Indices of 38−50 Weeks Laying Hensa

groups TG (mmol/L) UA (μmol/L) urea (mmol/L) TP (g/L) ALB (g/L) SOD (U/mL) GSH (U/mL) IgM (g/L)

PC group 11.54a 64.56b 0.37 39.28 13.00 163.95 687.37 0.89
Met- 7.64b 82.33a 0.31 37.47 12.81 169.36 695.33 0.80
Lys- 8.40b 63.33b 0.31 37.86 12.37 172.15 692.38 0.78
Ile- 8.78b 70.44ab 0.43 39.61 12.99 170.34 720.82 0.82
Thr- 8.41b 72.78ab 0.45 42.24 12.64 169.57 719.00 0.86
SEb 0.48 4.31 0.04 2.15 0.39 2.02 13.12 0.05
P value <0.001 0.025 0.070 0.551 0.765 0.074 0.239 0.570

aabMeans within a row with no common superscripts differ (P < 0.05). bPooled standard error of the mean.
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was performed (Figure 3). The gut microbial community in
these groups clustered separately, suggesting that the gut
microbiota was significantly altered, caused by the four amino
acid deficiencies in low-protein diets. Notably, spots
representing the Met-, Lys-, Ile-, and Thr-groups presented
more dispersed distribution patterns than those of the PC
groups (Figure 3B−E).
In order to further determine which bacterial taxa

contributed to the differences both statistically and bio-

logically, we utilized linear discriminant analysis (LDA) effect
size (LEfSe) analysis. As shown in Figure 4A, a variety of
genera were enriched in the Met-group compared to the PC
group including Parabactero ides , Chri s tensene l la -
ceae_R_7_group, Papillibacter, Candidatus_Soleaferrea, Syner-
gistes, and Erysipelotrichaceae_UCG_003. Parabacteroides,
Christensenellaceae_R_7_group, Ruminococcaceae_UCG_008,
Ruminococcaceae_UCG_013, Ruminococcaceae_UCG_010,
Variibacter, and Candidatus_Saccharimonas were enriched in
the Lys-group compared to the controls (Figure 4B). LEfSe
analysis of the Ile-group further identified genera, including
expansion of Parabacteroides, Pseudomonas, Eubacterium_co-
prostanoligenes_group, Papillibacter, and Ruminococca-
ceae_UCG_009 in the Ile-group (Figure 4C). The relative
abundance of Parabacteroides, Erysipelotrichaceae_UCG_004,
Ruminococcaceae_UCG_010, and Acinetobacter in the Thr-
group was higher than the PC group (Figure 4D).

Relationship between the Differential Bacterial
Community and Main Parameters Related to the
Amino Acid Deficiency. To predict the correlation between
the differential gut microbial community of genera and key
parameters, a Spearman correlation matrix was performed. As
shown in Figure 5A, the AFY level was positively correlated
with Coprococcus_1, Faecalitalea, Erysipelatoclostridium, Brachy-
spira, and Faecalicoccus; it was negatively correlated with the
relative abundance of Parabacteroides. The TG concentration
was positively correlated with genera Coprococcus_1, Erysipe-
latoclostridium, Lachnospiraceae_FCS020_group, and Faecali-
coccus; it was negatively correlated with Elusimicrobium,
Papillibacter, Parabacteroides, Synergistes, and Candidatus_So-
leaferrea. As shown in Figure 5B, the TG level was positively
correlated with the relative abundance of Coprococcus_1,
Megamonas, Treponema_2, Enorma, Shuttleworthia, Lachnospir-
aceae_FCS020_group, and Anaerostipes; it was negatively
correlated with Variibacter, Candidatus_Saccharimonas, Candi-
datus_Soleaferrea, and Parabacteroides. As shown in Figure 5C,
the ADFI level was positively correlated with Coprococcus_1; it
was negatively correlated with the relative abundance of
Parabacteroides and Hydrogenoanaerobacterium. The TG level

Figure 1. Effect of amino acid deficiency on the alpha diversity of the
cecal microbiota in laying hens with low-protein diets. (a) Sobs index
of the community diversity. (b) Ace index of the community richness.
(c) Chao index of the community richness. (d) Shannon index of the
community diversity. Data were presented as means ± SEM (n = 9
per group). Significant differences were tested by student’s t-test. *P
≤ 0.05.

Figure 2. Effect of amino acid deficiency on the relative abundance of the cecal microbiota in laying hens with low-protein diets. (a) Relative
abundance of gut microbiota at the phylum level (n = 9 per group). (b) Relative abundance of gut microbiota at the genus level (n = 9 per group).
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was positively correlated with the relative abundance of
Brachyspira, Lachnoclostridium, Sutterella, Succinatimonas, Cop-
rococcus_1, Shuttleworthia, and Faecalicoccus; it was negatively
correlated with Flavonif ractor, Parabacteroides, Ruminococca-
ceae_V9D2013_group, Hydrogenoanaerobacterium, and Papil-
libacter. As shown in Figure 5D, ADFI and TG levels were
positively correlated with the relative abundances of Sub-
doligranulum, Erysipelatoclostridium, Coprococcus_1, Eisenber-
gie l la , Butyric icoccus , Shutt leworthia , Lachnospira-
ceae_FCS020_group, Enorma, Sellimonas, Blautia, Faecalicoccus,
and Eubacterium; it was negatively correlated with Para-
bacteroides and Elusimicrobium. The TG level was positively
correlated with genera Coprococcus_1, Erysipelatoclostridium,
Lachnospiraceae_FCS020_group, and Faecalicoccus, it was
negatively correlated with Candidatus_Soleaferrea, Parabacter-
oides, Oscillospira, and Elusimicrobium.

■ DISCUSSION
Certain exogenic amino acids (e.g., Met, Lys, Thr, and Ile)
have been used in animal feeding for a long time as feed
additives, which play an essential role in the maintenance,
growth, and functioning of farm animals and the human
body.24−26 Therefore, the deficiency of essential amino acids in
a low-protein diet caused different alterations of laying hens:
reduced layer performance and egg quality15 and impaired
immune function.27,28 In this study, the Peking Pink strain was
used as the model of laying hens, to investigate the effects of
four amino acid deficiencies (Met, Lys, Ile, and Thr) in low-
protein diets on laying performance, egg quality, serum
biochemical indices, and gut microbiota. Here, our results
demonstrated that the four amino acid deficiencies (Met, Lys,
Ile, and Thr) in low-protein diets had led to varying degrees of
negative impacts on laying hens.
Notably, the laying performance was significantly decreased

and the level of FER in the Met-group was dramatically
increased compared to the PC group. Compared to other
groups, the Met-deficiency group held the lowest FBW, ADG,

EP, EW, EM, ADFI, and AFY in the experiment period, which
was in agreement with the previous studies which showed that
Met deficiency had significantly decreased laying performance,
especially by the end of the experiment.29,30 Also, a previous
study revealed that the Met plays a crucial role in lipid
metabolism and fat accumulation.26 Compared to the PC
group, Met deficiency produces less fat, similarly, Orentreich et
al. and Richie et al. found that Met restriction limited fat
accumulation of rats.31,32 However, the underlying mecha-
nisms of fat accumulation between adipose tissue and liver
need further investigation in laying hens. Although no
statistical difference was observed, the key parameters of
FBW, ADG, EP, ADFI, and AFY were slightly lower than those
in the PC group, which was similar to the effect of low Lys
concentration in low-protein diets on EW and EM.33 Phuoc et
al. also found that a severe deficiency of dietary Lys resulted in
lower EW compared to normal diets.4 Therefore, our results
demonstrated that the deficiency of Met and Lys in low-
protein diets was concomitant with poor laying performance
and abnormal lipid metabolism, causing substantial economic
losses in the animal husbandry industry. Notably, the levels of
ADG, EP, EM, and ADFI were lower in the Thr-group
compared to the PC group. Our results are in agreement with
the results of the previous study, in which the Thr diet
decreased the ADG of blunt snout bream.34 Moreover, the
low-protein diet supplemented with Thr increased the EP and
EM compared to the control diet,12 suggesting that Thr plays
an important role in laying performance. Interestingly, the level
of EP in the Ile-deficiency group was higher compared to those
groups, suggesting that the lower concentration of Ile did not
influence the EP in the Peking Pink hens. A previous study
showed that at the 0.8−1.0% isoleucine level, the parameter
BW and EM was significantly decreased in hens.15 Our study
found that no difference in the FBW, ADG, EP, EM, ADFI,
and FER was observed in the Ile-group, except the EW and
AFY. Dong et al. uncovered that there were no effects observed
from the different dietary Ile levels on laying performance and

Figure 3. Principal coordinates analysis (PCoA, Bray−Curtis distance) plot of the gut microbial community structure between PC group, Met-
group, Lys-group, Ile-group, and Thr-group. n = 9 per group.
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immunomodulation of laying hens.14 Therefore, Ile is not a
limiting amino acid in the low-protein diet on laying hens.
In this study, the four amino acid deficiencies had significant

differences with shell color and EW, which were in contrast to
the previous studies that Met deficiency had negative impacts
on egg quality.29,30 Phuoc et al. found that the increasing level
of dietary total sulphur amino acids significantly increased the
white and yolk index and Haugh unit, whereas eggshell
thickness, yolk color, and egg components were not affected.4

Meanwhile, Karunajeewa et al. found that the levels of dietary
Lys did not affect the egg quality.35 In line with this study,
Abdel-Wareth et al. also found that there were no effects
observed between the lower level of Thr (0.47%) and other
higher level on shell thickness and albumen of laying hens.36

Peganova and Eder found that supplementation of Ile did not

affect the albumen quality (albumen height and Haugh
units).15

As we know, TG is associated with obesity, altered lipid
metabolism, and intestinal inflammation.37 In the present
study, the level of TG in the four amino acid-deficiency groups
was lower than the PC group. According to the previous study,
the levels of UA in low-protein diets supplemented with Ile or
Thr were decreased,38 and we found that the concentrations of
serum UA in the Met-, Ile-, and Thr-deficiency diets were
higher compared to the PC group. As known to all, as a fecal
metabolite of poultry, the higher serum UA level was
significantly associated with the presence of host systemic
inflammation and insulin resistance.39 Therefore, our results
suggested that the Met, Ile, and Thr deficiency in the low-
protein diet could decrease the efficiency of protein utilization
and cause host metabolic dysfunction in hens.

Figure 4. Differentially abundant genera between the PC group and amino acid-deficiency group. Histograms of the linear discriminate analysis
(LDA) score (threshold ≥2) in Met- (a), Lys- (b), Ile- (c), and Thr- (d) are plotted. Linear discriminate analysis effect size (LEfSe) was performed
to determine the difference in abundance (n = 9 per group).
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The gut microbiome is a complex community of hundreds of
diverse microorganisms.40 The gut microbiota influences the
host, playing a role in the modulation of gut health, nutrient
digestion, and regulation of immune function.40,41 Therefore,
the gut microbiota plays a vital role in maintaining gut health
and influences the overall performance of chickens. In this
study, our data showed that as follows: At the phylum level, the
Thr-group had lower Firmicute/Bacteroidetes ratios and higher
Bacteroidetes levels than other groups. Bacteroidetes is known to
be associated with fat accumulation in chickens,42 and the
bacteria are present in obese human individuals,43 which is
consistent with our results. Meanwhile, in the ceca of mature
laying chickens, the representative microbial communities at
the phylum level, in order of their typical abundance, are
Firmicutes, Bacteroidetes, and so on.12 At the genus level, the
relative abundance of Parabacteroides and Ruminococca-
ceae_UCG_009 was higher in the Met-, Lys-, Ile-, and Thr-

groups compared to the PC group. According to the previous
study, the genus Parabacteroides was closely related to
metabolic disorders.44 Of note, the relative abundance of
Lactobacillus was lower in the Thr-group compared to the PC
group. Previous studies indicated that the level of Lactobacillus
was significantly decreased in colorectal cancer and inflamma-
tory bowel disease (IBD),45−47 which strongly supported our
results that a higher proportion of Lactobacillus is present in
the controls compared to the Thr-group. Some studies have
shown that Clostridia is a potentially harmful bacteria species,48

which strongly support our results that the four amino acid-
deficiency groups had a higher abundance of Clostridia
compared to the PC group. Moreover, the abundance of
Bacilli in the four amino acid-deficiency groups was lower than
the PC group, which is in line with the previous study.49 Of
note, our results revealed that the relative abundance of
Parabacteroides was negatively related to AFY, TG, EW, and

Figure 5. Correlation analysis of key parameters and the differential microbes affected by Met deficiency (a), Lys deficiency (b), Ile deficiency (c),
and Thr deficiency (d). Asterisks indicate significant correlations (*P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001). The red represents a significantly
positive correlation (P ≤ 0.05), the blue represents a significantly negative correlation (P ≤ 0.05), and the white represents no significant
correlation (P > 0.05).
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ADFI. Meanwhile, the Parabacteroides was significantly
consistent with human oral and intestinal diseases and
metabolic diseases.44,50 Collectively, the amino acid deficiency
causes several disease states and the alteration of performance.
Also, the interactions between the gut microbiota and amino
acid deficiencies in low-protein diets are still unclear, and more
research studies are needed.

■ CONCLUSIONS

The amino acid deficiencies mainly damaged laying perform-
ance, egg quality, and serum biochemical parameters and then
altered the structure and community of the gut microbiota in
low-protein diets. Of note, our results showed that the relative
abundance of Parabacteroides was significantly enriched in four
amino acid-deficiency groups, and it was negatively correlated
with the level of TG in laying hens. The alteration of the gut
microbiota by amino acid deficiency is closely related to host
performance and lipid metabolism. Our study provides new
insights into amino acid deficiency-induced alterations of
performance, gut microbiota, and host metabolism and
provides a regulation strategy involving modulation of gut
microbiota in the low-protein diet.

■ MATERIALS AND METHODS

Animals and Experimental Design. All experiments
were carried out with the approval of China Agricultural
University Animal Care and Use Committee (AW32301202-2-
1, Beijing, China).
In this study, a total of 300 commercial hens of the Peking

Pink strain (Yukou Poultry Co., Ltd. of Beijing, China) at the
age of 38 weeks with a similar performance were randomly
allotted to five treatment groups, comprising the positive
control and four experimental groups. Each of the groups
consisted of six replicates in five different cages (two birds per
cage). Cages (H45 ×W45 × D45 cm) were equipped with one
nipple drinker and an exterior feed trough that expanded the
length of the cage. Hens were raised in an enclosed, ventilated,
and conventional house with 16 h-light and 55% relative
humidity on average. Feed and water were provided ad libitum
during the entire experimental period. The basal corn-soybean
meal diet was formulated to meet the requirements of Peking
Pink laying hens (NYT33-2004). Birds were adapted to diets
for 1 wk before data collection began. The contents of the PC
group in Met, Lys, Ile, and Thr were 0.46, 0.76, 0.72, and
0.56%; the other four groups were restricted Met, Lys, Ile, and
Thr levels, respectively. The Met-group: Met (0.25%); Lys-
group: Lys (0.56%); Ile-group: Ile (0.54%); and Thr-group:
Thr (0.46%). Ingredients and nutrient content of the diets are
shown in Table 1.
Laying Performance and Egg Quality. Feed intake was

recorded weekly by calculating the difference between full
bucket weights and remaining feed. Hen-day EP and EW were
recorded daily, and BW was recorded weekly on a replication
basis. Egg mass was calculated. The feed conversion ratio was
calculated as grams of feed intake per gram of egg mass
produced. At the end of the experiment, 30 eggs from each
treatment were randomly collected to assess egg quality
parameters. The eggshell strength and eggshell thickness were
measured with a digital egg tester (ESTG-01, Orka
Technology Ltd). Haugh unit, yolks color, and EW were
measured using a multifunctional egg quality tester (EA-01,
Orka Technology Ltd). The eggshell was weighed, and yolks

were separated using a separator and were then weighed to
determine the relative yolk and albumen proportion. Shell
color was measured on the blunt; these losses are often related
to the poor shell quality of the end of the eggs with a QCR
color reflectometer (QCR SPA, TSS England) as previously
described.51,52

Blood Sampling and Biochemical Analysis. At the end
of the experiment, blood samples were collected from birds via
the wing vein on sampling days as previously described.53 The
serum was centrifuged at 3000 rpm for 15 min at room
temperature. Serum samples were aspirated using a pipette and
stored in 1.5 mL tubes at −20 °C until analyzed. Serum
concentrations of TG, UA, urea, TP, ALB, and IgM were
measured using an automatic biochemical analyzer (7600,
Hitachi, Japan) following the manufacturer’s instructions.
Serum SOD and GSH were measured using a commercial
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the kit instructions.54,55 Hens were
humanely euthanized using an injection of pentobarbital
sodium (0.4 mL kg·BW−1; Sile Biological Technology Co.
LTD, Guangzhou city, China). Abdominal adipose tissue was
weighed to calculate the AFY.

DNA Isolation and 16S rRNA Illumina Sequencing.
Total DNA of the caecum contents was extracted using the
E.Z.N.A. Stool DNA Kit (Omega Bio-tek, Norcross, GA, USA)
according to the manufacturer’s instructions. The extracted
DNA was determined using a NanoDrop spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA) to assess
the quantity and quality of the DNA. Illumina MiSeq
sequencing and general data analyses were performed by a
commercial company (Majorbio Bio-Pharm Technology,
Shanghai, China).
The 16S rRNA gene V3−V4 hypervariable regions were

amplified using the 338F (5′-ACTCCTACGGGAGGCAGCA-
3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′)
primers. PCR was set in a 20 μL volume, with 10 ng of
template DNA, 2.5 Mm dNTPs, 4 μL of fivefold FastPfu buffer
(TransGen Biotech, China), 0.4 μL of FastPfu polymerase
(TransGen Biotech, China), and 0.4 μL (5 μM) of each
primer. The polymerase chain reaction (PCR) was performed
on a MyCyclerTM Thermal Cycler (Bio-Rad Laboratories,
Hercules, CA, USA) set as follows: 94 °C for 4 min, 25 cycles
of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 50 s, and 72 °C for
10 min. The products were extracted from a 2% agarose gel
and further purified using the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) and quantified
using QuantiFluor-ST (Promega, USA) according to the
manufacturer’s protocol. Purified amplicons were sequenced
on the Illumina MiSeq paired-end sequenced (2 × 300)
platform (Majorbio Bio-Pharm Technology Co., Ltd.,
Shanghai, China) and sequencing data were subjected to
bioinformatics analysis.

Statistical Analysis. All data were analyzed with one-way
ANOVA followed by Turkey’s post hoc test (version 9.2, SAS
Institute Inc., Cary, NC, USA) for multiple comparisons.
Differences were considered significant at P < 0.05.
The raw paired-end reads were assembled into longer

sequences and quality-filtered using PANDAseq (version 2.9)
to remove the low-quality reads. The high-quality sequences
were clustered into OTUs with a 97% similarity using
UPARSE (version 7.0) in QIIME (version 1.17), and the
chimeric sequences were removed using UCHIME. Taxonomy
was assigned to OTUs using the RDP classifier. The
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subsequent clean reads were clustered as operational
taxonomic units (OTUs) using UPARSE (version 7.0) and
annotated with the SILVA 16S rRNA gene database using
MOTHUR program (version v.1.30.1). Alpha-diversity (the
Chao index, Ace index, and Sob index) was calculated based
on the profiles of OUT using the MOTHUR program. Bar
plots and heat maps were generated with the “vegan” package
in R (version 3.3.1). PCoA was performed based on the Bray−
Curtis distance using QIIME (version 1.17). ANOSIM was
performed to compare the similarity of bacterial communities
among groups using the “vegan” package of R (version 3.3.1).
LEfSe analysis was performed to identify the bacterial taxa
differentially enriched in different bacterial communities.
Finally, correlations between key parameters and bacterial
communities were assessed by Spearman’s correlation analysis
using the “pheatmap” package in R (version 3.3.1). Data were
expressed as mean values.
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