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Simple Summary 

Jingyuan chicken is a distinctive local breed known for its tolerance to low-quality feed and robust 
environmental adaptability. However, traditional feeding standards fail to meet its precise 
nutritional requirements. Therefore, this study systematically optimized dietary energy and protein 
levels and investigated their regulatory mechanisms governing growth. Results demonstrated that a 
medium-energy (11.70 MJ/kg) and -protein (15.5%) diet improved intestinal development and 
microbial composition, significantly enhancing growth performance. These findings provide a 
practical and efficient feeding regimen for Jingyuan chicken farming. 

Abstract 

The effects of varying dietary metabolizable energy (ME) and crude protein (CP) levels, along with 
their interactive effects, on the apparent nutrient metabolism, development of digestive organs, 
intestinal morphology, and microbial composition in Jingyuan chickens during the growing phase 
were evaluated. A total of 540 seven-week-old male Jingyuan chickens were randomly assigned to 9 
groups, with 6 replicates per group and 10 chickens per replicate. The trial lasted for 11 weeks. A 3×3 
factorial design was adopted, comprising three levels of ME, namely, low (11.28 MJ/kg, LE group), 
medium (11.70 MJ/kg, ME group), and high (12.12 MJ/kg, HE group) and three levels of CP, namely, 
low (14.00%, LP group), medium (15.50%, MP group), and high (17.00%, HP group). The levels of 
ME and CP, along with their interactions, had a significant effect on the average daily gain (ADG), 
average daily feed intake, feed-to-gain ratio (F/G), apparent metabolizable rate of CP, gizzard weight, 
duodenal and cecal lengths, jejunal villus height (VH), crypt depth (CD), and muscle layer thickness 
(MLT) (P<0.05). The combination of medium-level ME (11.70 MJ/kg) and medium-level CP (15.50%) 
(MEMP group) exhibited the best performance and exhibited the highest ADG and the lowest F/G (P 
<0.05). Moreover, this group exhibited significantly higher apparent metabolizable rates of CP, 
gizzard weight, duodenal length, jejunal VH, CD, and MLT compared with those in the other groups 
(P <0.05). Dietary ME and CP levels significantly influenced cecal microbial composition. Chickens 
in the MEMP group exhibited an increased abundance of Erysipelotrichaceae, 
Syntrophomonadaceae, Akkermansia, and Clostridia_vadinBB60_group, and significantly decreased the 
relative abundance of Desulfobacterota (P <0.05). This study demonstrated that dietary ME and CP 
levels, along with their interactions, could significantly influence the growth performance, apparent 
nutrient metabolism, and intestinal development of Jingyuan chickens during the growing phase. 
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Dietary ME and CP levels modulated the cecal microbiota composition, potentially inhibiting the 
abundance of harmful bacteria Desulfobacterota while enriching the abundance of beneficial bacteria, 
thereby enhancing gut development and nutrient absorption. The combination of medium-level ME 
and CP (11.70 MJ/kg ME, 15.50% CP) demonstrated the most favorable outcomes in our study. 

Keywords: crude protein; energy; growing chicken; ileum histomorphometry; gut microbiota 
 

1. Introduction 

Metabolizable energy (ME) and crude protein (CP) are primary factors influencing the 
nutritional quality of poultry diets. These factors not only directly affect the growth performance of 
livestock and poultry but also play a crucial role in intestinal development, microbial community 
composition, and nutrient absorption efficiency [1,2]. Excessive or insufficient energy and protein 
intake typically reduces intestinal villus height, restricts intestinal development, and lowers the rate 
of metabolism of nutrients, consequently retarding growth and weight gain in chickens [3,4]. 
Additionally, inadequate dietary energy restricts the efficient utilization of dietary proteins, leading 
to reduced protein metabolism efficiency and increased ammonia and urea emissions[5]. These 
outcomes extend beyond merely affecting intestinal morphology and nutrient metabolism and 
further include changes in gut microbial composition[6]. When chickens are fed diets characterized 
by imbalanced energy and protein levels, pathogenic bacteria proliferate and beneficial microbial 
populations are suppressed, resulting in gut dysbiosis and metabolic disorders[7]. Shifts in gut 
microbiota composition are closely linked to the intestinal health and growth performance of 
chickens [8]. Appropriate energy and protein levels are essential in enhancing the abundance of 
beneficial bacteria such as Bifidobacteriaceae, Paraprevotella, and Lactobacillus crispatus; promoting 
intestinal development; and improving the efficiency of nutrient absorption [9,10]. Thus, the gut 
microbiota serves as a key mediator in the optimal utilization of the effects of dietary energy and 
protein on chicken growth and development[11,12]. 

Indigenous breeds (e.g., Jingyuan chicken) exhibit unique digestive characteristics compared 
with commercial poultry breeds, particularly with respect to their tolerance for coarse feed and 
adaptability to energy and protein requirements[13]. Studies suggest that indigenous chickens have 
relatively lower energy and protein demands, making appropriately reduced dietary energy and 
protein levels more conducive to leveraging their genetic traits[7,14]. For instance, yellow-feathered 
chickens demonstrate distinct nutritional needs, requiring lower energy and protein levels compared 
with white-feathered chickens (commercial breeds), enabling them to sustain growth and maintain 
strong stress resistance under comparatively lower energy and protein conditions[1]. In contrast, 
there are very few studies on the energy and protein requirements of Jingyuan chicken, a high-quality 
indigenous breed in Ningxia. Therefore, clarifying the nutritional demands and growth performance 
of this breed under varying energy and protein levels is crucial to precisely regulate their feed and 
diet. 

An optimal energy and protein ratio maximizes broiler growth while avoiding adverse effects 
on production performance and health resulting from nutrient deficiency or metabolic overload[15]. 
While studies on Jingyuan chickens have focused on genetic and germplasm resources, studies on 
nutritional requirements remain limited, posing a challenge in establishing feed standards and 
precise nutritional management for efficient farming. Thus, there is a pressing need to study optimal 
energy and protein regulation in advancing Jingyuan chicken production. The aim of this study was 
to investigate the effects of diets with varying energy and protein levels on the nutrient metabolism, 
digestive organ indices, intestinal morphology, and microbial structure of male Jingyuan chickens 
aged 7–18 weeks. Our findings will help lay both theoretical and practical foundations in formulating 
nutritional requirements and standards during the growth period of meat-type Jingyuan chickens. 
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2. Materials and Methods 

2.1. Experimental Design and Diets  

A total of 540 seven-week-old healthy male Jingyuan chickens (418.19 ± 1.25 g) with uniform 
body weights were obtained from Ningxia Wansheng Industrial Co. Ltd. (Ningxia, China) and 
randomly divided into 9 groups, with 6 replicates per group and 10 chickens per replicate. Each 
replicate comprised 5 cages, with 2 chickens per cage. A 3×3 factorial experimental design was 
adopted, with three dietary ME levels, namely, 11.28 MJ/kg (low ME, LE), 11.70 MJ/kg (medium ME, 
ME), and 12.12 MJ/kg (high ME, HE), and three dietary CP levels, namely, 14.00% (low CP, LP), 
15.50% (medium CP, MP), and 17.00% (high CP, HP). The following nine diets were formulated in 
total: low ME and low CP (LELP) group, low ME and medium CP (LEMP) group, low ME and high 
CP (LEHP) group, medium ME and low CP (MELP) group, medium ME and medium CP (MEMP) 
group, medium ME and high CP (MEHP) group, high ME and low CP (HELP) group, high ME and 
medium CP (HEMP) group, and high ME and high CP (HEHP) group. ME and CP levels were 
primarily based on China’s Feeding Standard of Chickens (NY/T 33—2004), with appropriate 
adjustments made to the ME and CP settings. The composition and nutritional levels of the 
experimental diets are detailed in Table 1. 

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

Items 
LE ME HE 

LP MP HP LP MP HP LP MP HP 

Ingredients, % 

Corn 47.32 44.00 47.18 47.92 49.02 46.50 50.27 48.40 47.34 

Soybean meal 6.98 11.85 18.10 7.90 13.56 18.78 8.03 12.22 16.10 

Wheat 
middling 

16.70 18.00 11.50 18.00 13.80 14.20 14.50 13.70 12.00 

Soybean oil 1.00 1.00 1.00 2.00 2.00 2.00 3.40 3.40 3.40 

Wheat barn 21.80 19.17 16.60 18.20 15.80 12.90 16.94 14.94 12.90 

Corn protein 
meal 

1.10 1.16 1.00 1.00 1.00 1.00 1.82 2.45 3.50 

Mountain flour 1.72 1.72 1.66 1.64 1.60 1.58 1.60 1.58 1.54 

CaHPO4 1.30 1.26 1.29 1.38 1.40 1.38 1.45 1.44 1.45 

NaCl 0.50 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 

Premix1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Lys 0.34 0.23 0.09 0.33 0.22 0.08 0.35 0.25 0.17 

L-Met 0.24 0.21 0.18 0.23 0.20 0.18 0.24 0.22 0.20 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Analysis results of nutrient level2 

DM, % 94.66 94.06 94.96 94.63 95.24 95.50 96.48 95.60 94.66 

Gross energy,  
MJ/kg 

11.27 11.20 11.20 11.70 11.70 11.70 12.12 12.13 12.13 

CP, % 13.53 15.40 17.26 14.80 15.33 16.71 14.44 15.35 16.93 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 July 2025 doi:10.20944/preprints202507.1087.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.1087.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 19 

 

Nutrient levels3 

CP, % 14.00 15.52 17.01 14.00 15.50 17.03 14.04 15.50 17.01 

ME, MJ/kg 11.28 11.28 11.29 11.70 11.70 11.69 12.12 12.12 12.13 

Ca, % 1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07 

P, % 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

AP, % 0.35 0.35 0.37 0.37 0.39 0.39 0.39 0.39 0.40 

Ca/P 1.42 1.44 1.44 1.42 1.43 1.43 1.43 1.43 1.43 

Lys, % 0.84 0.84 0.84 0.84 0.85 0.84 0.84 0.84 0.84 

Met, % 0.41 0.41 0.41 0.41 0.40 0.41 0.41 0.41 0.41 

Abbreviations: Low protein (LP), medium protein (MP), high protein (HP), low energy (LE), medium energy 
(ME), high energy (HE). 1 The premix provided the following per kilogram of diet: VA 10,000 IU, VD3 3,125 IU, 
VE 2.5 mg, VK3 2.5 mg, VB1 2.5 mg, VB2 8.75 mg, VB6 3.75 mg, VB12 0.015 mg, D-biotin 0.18 mg, folic acid 0.75 
mg, nicotinamide 37.5 mg, calcium pantothenate 12.5 mg, Fe 100 mg, Cu 8 mg, Mn 120 mg, I 1 mg, Se 0.3 mg. 2 
Analyzed in triplicates. 3 The nutritional levels were calculated based on the measured values of feed 
ingredients, with partial data referenced from the China Feed Composition and Nutritional Value Table (26th 
Edition, 2015). 

2.2. Feeding Management 

Prior to the experiment, a comprehensive cleaning and sterilization protocol was implemented 
to clean the chicken cages and associated equipment. The experiment utilized a three-tier 
semi-stepped cage configuration, with two chickens per cage and a balanced distribution across the 
tiers. The facility was subjected to regular disinfection and ventilation. The temperature was 
maintained between 20 and 25°C, and the chickens were subjected to 16 h of light. The experiment 
included 1 week of the adaptation period followed by 10 weeks of a formal trial. 

2.3. Growth Performance 

The initial and final weights of Jingyuan chickens were recorded at the commencement and 
conclusion of the formal trial, respectively. During the trial, the feed intake was recorded on a weekly 
basis, and the average daily feed intake (ADFI), average daily gain (ADG), and feed-to-weight ratio 
(F/G) were calculated. The number of deceased Jingyuan chickens was recorded on a daily basis, and 
the F/G was corrected based on the mortality data. 

2.4. Apparent Nutrient Metabolism 

One week before the end of the trial, a metabolism experiment was conducted using the total 
fecal-collection method. Feed intake and excreta weight were accurately recorded for each replicate 
over 1 week, and contemporaneous feed samples were collected for subsequent nutrient analysis. 
The collected excreta samples were inspected daily. Foreign matter (e.g., feathers) was removed and 
the samples were sprayed with an appropriate amount of 10% concentrated sulfuric acid for nitrogen 
fixation. The weights of fresh excreta samples were recorded. Subsequently, fresh excreta and feed 
samples were dried, weighed, ground, sieved, and stored. The apparent metabolic rates of dry matter 
(DM), gross energy (GE), and CP were measured and analyzed[16]. 

DM, GE, and CP contents were determined according to GB/T 6435-2014, GB/T 45104-2024, and 
GB/T 6432-1994, respectively. Samples were dried at 105°C for 24 h, and the DM content was 
calculated based on the weight after drying. GE was measured using an adiabatic bomb calorimeter 
(C 5001, IKA, Stuttgart, Germany) and the results are expressed in MJ/kg. CP was analyzed using the 
Kjeldahl nitrogen method, and nitrogen content was determined using a nitrogen analyzer 
(KDN103F, Shanghai Fiber Inspection Instrument Co., Ltd., Shanghai, China). CP content was 
calculated as 6.25× Kjeldahl nitrogen. 
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2.5. Digestive Organ Index  

After 12 h of fasting at the end of the formal trial, six chickens from each group with body 
weights close to the average body weight of the group were randomly selected for slaughter. The 
glandular stomach and gizzard were emptied of their contents and weighed, and the lengths of the 
duodenum, jejunoileum, and cecum were measured[17]. 

2.6. Jejunal Morphology 

A 3–5-cm segment of jejunal tissue (located 5–10 cm below the junction of the duodenum and 
the jejunum) was excised, gently flushed with physiological saline to remove chyme, and fixed in 4% 
formaldehyde solution for 24 h. After dehydration with gradient ethanol and transparentization with 
xylene, the tissues were embedded in paraffin. The trimmed paraffin blocks were sectioned into 4-
μm-thick slices using a microtome and stained with hematoxylin and eosin[18]. Ten well-oriented 
villus and crypt regions were selected for analysis. Villus height (VH), crypt depth (CD), and muscle 
layer thickness (MLT) were determined using a light microscope (NIKON ECLIPSE E100, NIKON, 
Tokyo, Japan) and Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD). 

2.7. 16S rDNA Sequencing and Analysis 

The MELP, MEMP, and MEHP groups were selected based on medium energy levels, and the 
LEMP, MEMP, and HEMP groups were selected based on medium protein levels. At the end of the 
77-day feeding trial, the cecal contents were collected for 16S rDNA sequencing analysis. Total 
genomic DNA from cecal contents was extracted using a soil and fecal genomic DNA extraction kit, 
following the manufacturer’s instructions, and stored at –20°C until further use. The V3–V4 region of 
the bacterial 16S rDNA gene was amplified using PCR using the forward primer 341F (5′-
CCTAYGGGRBGCASCAG-3′) and reverse primer 806R (5′-GGACTACNNGGGTATCTAAT-3′). The 
PCR products were purified using 2% agarose gel electrophoresis and recovered using a DNA 
purification kit. Sequencing was performed on the Illumina NovaSeq 6000 platform. 

2.8. Data Processing and Statistical Analysis 

Statistical analyses were performed using SPSS 23.0. After confirming that the data were 
normally distributed, variance was analyzed using the General Linear Model. Differences between 
groups were compared using Duncan’s multiple range test. Differences were considered significant 
at P <0.05. 

3. Results 

3.1. Growth Performance 

As shown in Table 2, varying levels of ME and CP had significant effects on ADG and F/G, with 
a notable interaction between the two factors (P <0.01). While ME and CP levels did not affect the 
ADFI, their interaction exhibited significant differences. The combination of 11.70 MJ/kg ME and 
15.5% CP resulted in the highest ADG and the lowest F/G among the groups (P <0.05). Additionally, 
when the dietary CP level was 17%, the group receiving 12.12 MJ/kg ME exhibited a significantly 
higher ADFI than the other ME groups (P <0.05). 

Table 2. Effects of dietary ME and CP levels on growth performance of male Jingyuan chickens aged 7-18 
weeks. 

ME, MJ/kg CP, % ADG/g ADFI/g F/G 

11.28 14.0 21.52d 78.99ab 3.67a 
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15.5 21.26d 78.68abc 3.70a 

17.0 21.52d 76.93c 3.58ab 

11.70 14.0 21.66d 78.54abc 3.62ab 

15.5 24.02a 77.66bc 3.23d 

17.0 22.67c 77.00c 3.40c 

12.12 14.0 21.58d 77.59bc 3.60ab 

15.5 22.35c 78.71abc 3.52bc 

17.0 23.34b 79.83a 3.42c 

SEM  0.187 0.240 0.030 

Main effect means 

ME 11.28 21.43b 78.20 3.65a 

11.70 22.78a 77.73 3.42b 

12.12 22.42a 78.71 3.51b 

CP 14.0 21.59b 78.37 3.63a 

15.5 22.54a 78.35 3.49b 

17.0 22.51a 77.92 3.47b 

P-value ME ＜0.001 0.139 ＜0.001 

CP ＜0.001 0.558 ＜0.001 

ME*CP ＜0.001 0.011 ＜0.001 

Abbreviations: Average daily gain (ADG), Average daily feed intake (ADFI), Feed to gain ratio (F/G). Values 
within the same column with no superscripts or identical superscripts indicate no significant difference (P > 
0.05), while different uppercase superscripts indicate a significant difference (P < 0.05). 

3.2. Apparent Nutrient Metabolism 

As shown in Table 3, different levels of ME and CP significantly affected the apparent metabolic 
rates of GE and CP (P <0.01). However, neither ME nor CP levels significantly impacted the apparent 
metabolic rate of DM (P >0.05). A significant interaction between ME and CP levels was observed for 
the apparent metabolic rate of CP (P <0.05). At an ME level of 11.28 MJ/kg, the apparent metabolic 
rate for CP in the 17% CP group was significantly lower than in the other CP groups (P < 0.05); while 
at CP levels of 15.5%, the apparent metabolic rate of CP in the 12.12 MJ/kg ME group was significantly 
lower compared to the other ME groups (P < 0.05). 

Table 3. Effects of ME and CP levels on apparent nutrient metabolism of Jingyuan chickens aged 18 weeks. 

ME, MJ/kg CP, % Dry matter % Gross energy % Crude protein % 
11.28 14.0 64.77 62.47 67.03ab 

15.5 64.50 63.04 67.29a 
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17.0 64.15 65.60 64.63c 

11.70 14.0 64.25 65.37 65.85abc 

15.5 65.01 67.21 66.51ab 

17.0 64.42 67.08 65.56bc 

12.12 14.0 64.38 67.23 62.70d 

15.5 63.95 66.33 64.67c 

17.0 64.19 66.66 64.32c 

SEM  0.089 0.382 0.309 

Main effect means 

ME 11.28 64.47 63.70b 66.32a 

11.70 64.56 66.55a 65.97a 

12.12 64.17 66.74a 63.90b 

CP 14.0 64.46 65.02 65.19b 

15.5 64.49 65.53 66.16a 

17.0 64.25 66.45 64.84b 

P-value ME 0.135 
＜0.001 ＜0.001 

CP 0.418 0.061 0.018 

ME*CP 0.100 0.071 0.021 

Values within the same column with no superscripts or identical superscripts indicate no significant difference 
(P > 0.05), while different uppercase superscripts indicate a significant difference (P < 0.05). 

3.3. Digestive Organ Index 

It can be seen in Table 4 that varying levels of ME significantly affected the weights of the 
proventriculus and gizzard and the lengths of the duodenum and cecum (P <0.05). In contrast, 
varying CP levels led to significant changes in the lengths of the jejunoileum and cecum (P <0.05). A 
significant interaction between ME and CP levels (P <0.05) was observed with respect to gizzard 
weight and duodenum length. Specifically, when the CP level was 17%, the group of chickens 
receiving 12.12 MJ/kg ME exhibited significantly higher gizzard weights and duodenum length 
compared with chickens in the other ME groups. When CP was 15.5%, the duodenum length in 
chickens in the 11.70 MJ/kg ME group was significantly higher than that in the other CP groups of 
chickens (P <0.05). 

Table 4. Effects of ME and CP levels on digestive organ index of Jingyuan chickens aged 18 weeks. 

ME, MJ/kg CP, % Proventriculus/g Gizzard/g Duodenum/cm Jejunoileum/cm Cecum/cm 

11.28 14.0 5.37 39.30ab 22.20b 107.75 36.00 

15.5 5.33 36.85bc 21.00b 113.50 38.00 

17.0 5.20 33.39c 23.20b 114.20 39.00 
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11.70 14.0 4.98 35.96bc 22.23b 97.50 32.60 

15.5 5.91 38.35ab 27.20a 121.25 33.80 

17.0 5.52 34.34c 21.50b 112.40 35.40 

12.12 14.0 5.57 39.05ab 22.20b 108.20 36.20 

15.5 6.02 39.64ab 21.80b 121.00 38.00 

17.0 6.53 40.96a 26.25a 119.20 42.75 

SEM  0.114 0.521 0.386 1.746 0.643 

Main effect means 

ME 11.28 5.30b 36.54b 22.21b 112.00 37.54a 

11.70 5.38b 36.07b 23.80a 110.54 33.93b 

12.12 6.00a 39.77a 23.21ab 115.79 38.77a 

CP 14.0 5.30 38.10 22.21 104.48b 34.93b 

15.5 5.75 38.28 23.50 118.58a 36.60ab 

17.0 5.75 36.23 23.62 115.27a 38.77a 

P-value ME 0.011 0.002 0.039 0.283 
＜0.001 

CP 0.100 0.099 0.055 0.002 0.011 

ME*CP 0.223 0.034 
＜0.001 

0.471 0.699 

Values within the same column with no superscripts or identical superscripts indicate no significant difference 
(P > 0.05), while different uppercase superscripts indicate a significant difference (P < 0.05). 

3.4. Jejunal Morphology 

As seen in Table 5, ME levels significantly influenced VH, MLT, and VH/CD, whereas CP levels 
significantly affected CD, VH, and MLT (P <0.05). A significant interaction between ME and CP levels 
was observed for the morphological parameters in the jejunum, including CD and VH (P <0.01). 
Specifically, when the CP level was 15.5%, the group with 12.12 MJ/kg ME exhibited significantly 
lower CD, VH, and MLT values (P <0.05) compared with those in the other ME groups. When the ME 
was 11.70 MJ/kg, the 15.5% CP group showed significantly higher VH, VH/CD, and MLT values (P 
<0.05) compared with those in the other CP groups; however, the CD was not significantly different 
between groups (P >0.05). 

Table 5. Effects of ME and CP levels on intestinal morphology of Jingyuan chickens aged 18 weeks. 

ME, MJ/kg CP, % 
Crypt Depth, 

CD/µm 
Villus Height, 

VH/µm 
VH/CD 

Muscle Layer Thickness, 
MLT/µm 

11.28 

14.0 128.19de 702.44c 5.33bc 271.45ab 

15.5 131.10cd 699.45c 5.08cd 276.10ab 

17.0 135.15abc 628.31d 4.62de 279.55a 
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11.70 

14.0 132.51bcd 744.55b 4.98cd 182.95d 

15.5 131.83bcd 799.02a 6.24a 280.55a 

17.0 130.32cd 684.28c 5.15bc 246.30c 

12.12 

14.0 139.53a 679.58c 5.11bcd 273.67ab 

15.5 123.68e 629.25d 4.39e 247.85c 

17.0 136.84ab 753.82b 5.60b 256.47bc 

SEM  0.626 4.854 0.063 3.050 

Main effect means 

ME 

11.28 132.25 675.89b 4.97b 275.79a 

11.70 131.41 737.09a 5.44a 220.62c 

12.12 134.05 688.12b 5.12b 261.28b 

CP 

14.0 134.58a 703.63ab 5.12 227.78b 

15.5 129.38b 714.03a 5.33 270.05a 

17.0 133.65a 681.29b 5.10 259.74a 

P-value 

ME 0.359 ＜0.001 ＜0.001 ＜0.001 

CP ＜0.001 0.043 0.624 ＜0.001 

ME*CP ＜0.001 ＜0.001 ＜0.001 ＜0.001 

Values within the same column with no superscripts or identical superscripts indicate no significant difference 
(P > 0.05), while different uppercase superscripts indicate a significant difference (P < 0.05). 

 

Figure 1. Microscopic images of the jejunum (scale bar = 200 μm). Low ME, low CP group (LELP); low ME, 
medium CP group (LEMP); low ME, high CP group (LEHP); medium ME, low CP group (MELP); medium ME, 
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medium CP group (MEMP); medium ME, high CP group (MEHP); high ME, low CP group (HELP); high ME, 
medium CP group (HEMP); high ME, high CP group (HEHP). 

3.5. 16SrDNA Analysis of Cecal Microbiota  

The intestinal microbiota of Jingyuan chickens in the LEMP, MELP, MEMP, MEHP, and HEMP 
groups shared 760 operational taxonomic units (OTUs), as shown in Figure 2A. When the relative 
abundance of OTUs in each group dropped below 10⁻⁴, the rarefaction curves gradually leveled off, 
indicating sufficient sequencing depth and a relatively even species distribution, as illustrated in 
Figure 2B. Figure 2C shows that no significant differences (P >0.05) in the Shannon, Simpson, and 
Chao 1 indices were noted among the groups with respect to cecal microbiota. 

 

Figure 2. Effects of different ME and CP levels on the α-diversity of cecal microbiota in Jingyuan chickens. (A) 
Venn diagram of cecal microbiota OTUs in the LEMP, MELP, MEMP, MEHP, and HEMP groups. (B) Rarefaction 
curves. (C) Shannon and Simpson indices representing microbial community diversity; Chao 1 index 
representing microbial community richness. 

The relative abundance of cecal microbiota in Jingyuan chickens was analyzed at both the 
phylum and genus levels, as presented in Figure 3 and Figure 4. At the phylum level, Bacteroidota, 
Firmicutes, Proteobacteria, and Desulfobacterota were the dominant taxa in the cecum, as shown in 
Figure 3A. The relative abundance of Desulfobacterota was significantly higher in the MELP group 
(2.91% vs. 4.45%) versus that in the MEMP group. Compared with the MELP group, the MEHP group 
exhibited a significant decrease in the abundance of Desulfobacterota (4.45% vs. 2.45%) and 
Synergistota (0.79% vs. 0.48%). Additionally, the LEMP group showed a significant increase in the 
abundance of Fusobacteriota (0.75% vs. 2.0%) and a decrease in the abundance of Synergistota (0.79% 
vs. 0.41%) relative to the MELP group, as demonstrated in Figure 4A. 
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Figure 3. Effects of different ME and CP levels on the composition of cecal microbiota at the phylum and genus 
levels in Jingyuan chickens. (A) Relative abundance of dominant bacterial phyla in each group. (B) Relative 
abundance of dominant bacterial genera in each group. Groups: LEMP (low ME and medium CP), MELP 
(medium ME and low CP), MEMP (medium ME and medium CP), MEHP (medium ME and high CP), and 
HEMP (high ME and medium CP). 

Bacteroides, Romboutsia, Lactobacillus, Rikenellaceae_RC9_gut_group, and Muribaculaceae were 
identified as the dominant genera in the cecum. The relative abundance of Clostridia_vadinBB60_group 
was significantly lower in the MEHP group than that in the MEMP group (0.54% vs. 0.79%), whereas 
the relative abundance of F082 was significantly higher in both the MELP (0.24% vs. 1.62%) and LEMP 
(0.24% vs. 0.84%) groups. The MEHP group exhibited a significant decrease in 
Rikenellaceae_RC9_gut_group (8.60% vs. 4.27%), Clostridia_vadinBB60_group (0.81% vs. 0.54%), and 
Olsenella (0.27% vs. 0.19%) compared with that in the MELP group. Relative to the LEMP group, the 
MEHP group showed a significant decrease in the abundance of Odoribacter (0.62% vs. 0.30%). The 
MELP group had a significantly lower relative abundance of Bacteroides (34.56% vs. 27.95%), 
Fusobacterium (2.0% vs. 0.75%), and Odoribacter (0.62% vs. 0.29%) but a higher relative abundance of 
Rikenellaceae_RC9_gut_group (5.70% vs. 8.60%), Synergistes (0.41% vs. 0.78%), and Escherichia-Shigella 
(0.22% vs. 0.49%) compared with that in the LEMP group. The HEMP group exhibited a significant 
reduction in the relative abundance of F082 (0.84% vs. 0.32%) and Parabacteroides (1.36% vs. 0.94%) 
but an increase in the relative abundance Megasphaera (0.53% vs. 1.06%) compared with that in the 
LEMP group. These differences are illustrated in Figure 4B. 
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Figure 4. Differential cecal microbiota at the phylum and genus levels in Jingyuan chickens under different ME 
and CP levels. (A) Differential bacterial phyla. (B) Differential bacterial genera. Groups: LEMP (low ME and 
medium CP), MELP (medium ME and low CP), MEMP (medium ME and medium CP), MEHP (medium ME 
and high CP), and HEMP (high ME and medium CP). Method: T-test. 

Figure 5 presents the results of Linear discriminant analysis–effect size was used to identify the 
bacterial taxa in the cecal samples of Jingyuan chickens provided different levels of ME and CP. 
Erysipelotrichaceae, Syntrophomonadaceae, and Akkermansia were notably enriched in the MEMP 
group, whereas F082, Odoribacter, Rikenellaceae, Desulfobulbaceae, and Clostridia_vadinBB60_group 
were enriched in the LEMP and MELP groups. Ruminococcus was predominantly enriched in the 
HEMP and MEHP groups. 
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Figure 5. Identification of significantly different taxa among groups using linear discriminant analysis effect size 
(LEfSe) with default parameters (LDA score = 2). (A) Taxa representing significant differences among LEMP 
(low ME and medium CP), MELP (medium ME and low CP), MEMP (medium ME and medium CP), MEHP 
(medium ME and high CP), and HEMP (high ME and medium CP) groups. (B) Taxa representing significant 
differences among MELP, MEMP, and MEHP groups. (C) Taxa representing significant differences among 
LEMP, MEMP, and HEMP groups. 

4. Discussion 

4.1. Growth Performance and Apparent Nutrient Metabolism  

Energy and protein levels are fundamental components of livestock and poultry diets, with their 
composition and balance playing a crucial role in nutrient utilization and production 
performance[19]. Low levels of ME and CP compromise feed palatability, reduce feed intake, and 
ultimately decrease ADG, thereby limiting production efficiency[20]. Although chickens fed low-
protein diets exhibit reduced ADG, they demonstrate improved nitrogen utilization efficiency[21], a 
trend that was consistent with the findings of our study. However, excessive levels of ME and CP 
may prematurely satisfy the energy requirements of chickens, leading to reduced feed intake and 
impaired feed-conversion efficiency[9]. The combination of excessively high ME and insufficient CP 
leads to constrained growth performance due to protein deficiency. Furthermore, excessive energy 
intake can promote fat deposition and increase feed wastage[6]. Conversely, the combination of high 
CP levels and low ME may increase feed intake, but the surplus protein is inefficiently utilized, as it 
is oxidized to yield energy rather than contributing to muscle accretion[5]. The findings of our study 
confirm that inappropriate dietary energy and protein levels—whether insufficient, excessive, or 
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imbalanced—can negatively affect the growth performance and nutrient metabolism of Jingyuan 
chickens. A significant interaction was observed between ME and CP levels in determining growth 
performance. Therefore, optimizing the ME-to-CP ratio is crucial in improving feed efficiency and 
enhancing nutrient digestion and absorption in chickens[22]. Previous studies have suggested that 
optimal production performance in indigenous chickens can be achieved with dietary ME levels 
ranging from 11.51–12.50 MJ/kg and CP levels ranging from 14%–15%[7,10,23]. Our findings indicate 
that male Jingyuan chickens in the MEMP group (11.70 MJ/kg ME, 15.50% CP) showed higher ADG 
and feed efficiency during the growing period. 

4.2. Digestive Organ Index and Jejunal Morphology  

The proventriculus and gizzard are the primary digestive organs responsible for the grinding of 
food and secretion of gastric acid in chickens. Their development is influenced by dietary ME and CP 
levels[24,25]. In our study, increasing dietary ME levels while maintaining CP levels at 17% resulted 
in an increase in gizzard weights. Our findings aligns with those reported previously[26], wherein 
significant interactive effects between ME and CP levels on the gizzard weight in pigeons were noted. 
Similarly, chickens that were fed diets containing 2550 kcal/kg ME and 17% CP had significantly 
higher gizzard weights than those fed diets containing 3000 kcal/kg ME and 20% CP[15]. These results 
suggest that lower energy-to-protein ratios may enhance the mechanical digestion capacity of the 
gizzard and promote its development. 

The duodenum and jejunum are intestinal segments that play a crucial role in nutrient 
absorption in chickens. Restricted dietary ME and CP levels are known to significantly reduce 
duodenal and jejunoileal lengths as well as VH and the absorptive surface area[27,28]. VH exhibits a 
quadratic response to dietary protein levels, indicating that both very high and very low nutrient 
densities may impair intestinal development[4,29]. Furthermore, an imbalanced ME-to-CP ratio can 
decrease nutrient metabolism efficiency, interfere with intestinal cell proliferation (e.g., mitosis of 
jejunal cells), and hinder intestinal development ([26,30].Optimizing the dietary ME-to-CP ratio can 
significantly improve intestinal structure and function. For example, adjusting ME and CP levels can 
enhance the VH in the duodenum and ileum, increase the villus height–to–crypt depth (VH/CD) 
ratio, and optimize intestinal morphology[4,31]. In the current study, chickens subjected to a high 
daily-gain diet (MEMP group, 11.70 MJ/kg ME and 15.50% CP) exhibited significantly higher 
duodenal length, jejunal VH, and muscularis thickness. Additionally, the interaction between ME 
and CP levels significantly altered these indices. Overall, an appropriate ME-to-CP ratio can 
contribute to the optimization of intestinal and villus structures, promoting nutrient absorption. 

4.3. Cecal Microbiome 

Bacteroidota, Firmicutes, and Desulfobacterota are the dominant microbial phyla in the cecum 
of chickens that play crucial roles in gut health and energy metabolism. Among them, Bacteroidota 
and Firmicutes are particularly effective in degrading dietary proteins and carbohydrates, providing 
essential energy for chickens, facilitating weight gain, and maintaining intestinal homeostasis[32]. 
Firmicutes can also degrade tryptophan to produce indole compounds, which help prevent intestinal 
tissue damage and pathogen invasion, thereby maintaining the gut barrier function [33,34]. However, 
in our study, an increase in the relative abundance of Desulfobacterota was noted in the ceca of 
chickens fed a low-protein diet, which is consistent with that reported in a previous study[6]. Under 
low-CP conditions, the proliferation of Desulfovibrio leads to the degradation of amino acids and 
other carbon substrates to hydrogen sulfide, a compound known to be toxic to enterocytes. 
Consequently, this process damages the intestinal mucosa and disrupts gut homeostasis [35,36].A 
low-protein diet induced the proliferation of Desulfovibrio spp., impaired the intestinal mucosa and 
microenvironment, and reduced the relative abundances of beneficial bacteria, including 
Bifidobacterium and Clostridium butyricum[37]. 

Organic acids are key metabolites that are produced in the gut during microbial fermentation. 
These acids play a crucial role in supporting the growth and intestinal development of broilers[38]. 
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In the MEMP group, the bacterial families Erysipelotrichaceae, Syntrophomonadaceae, Akkermansia, 
and Clostridia_vadinBB60_group were enriched, and these bacteria are associated with the metabolism 
of acetic acid and propionic acid. Short-chain fatty acids, including acetate and propionate, help 
maintain intestinal barrier function and regulate gut immune responses, thereby promoting the 
growth and health of chickens[39–41]. Although broiler growth performance is suppressed when fed 
diets low in ME and CP, certain microbial groups, such as F082 and Rikenellaceae_RC9_gut_group, can 
still improve gut health and promote the growth and production performance via propionate 
fermentation[42,43]. For example, feeding organic acids can improve gut morphology, effectively 
increasing crypt depth and the VH/CD ratio and enhancing nutrient absorption[44]. 
Erysipelotrichaceae and Akkermansia are closely involved in organic acid production and play crucial 
roles in regulating intestinal immunity and inflammation[45]. The abundance of Odoribacter in the 
cecum was also significantly enriched in the LEMP group. Odoribacter from the Bacteroidota phylum 
inhibits the growth of harmful bacteria by modulating fatty acid metabolism and producing short-
chain fatty acids, effectively enhancing nutrient absorption[46,47]. Based on these findings, 
Erysipelotrichaceae, Syntrophomonadaceae, Akkermansia, Clostridia_vadinBB60_group, and 
Odoribacter may represent a group of bacteria that are potentially beneficial for broiler growth. 

5. Conclusions 

Varying dietary energy and protein levels significantly affected the growth performance, 
apparent nutrient metabolism, digestive organ development, and gut microbiota composition of 
growing Jingyuan chickens, and a significant interaction between the two factors was noted. 
Chickens in the medium energy (11.70 MJ/kg) and medium protein (15.50 %) group exhibited the best 
growth performance and intestinal development. Dietary energy and appropriate protein levels 
could markedly optimize the gut microbiota structure by suppressing the relative abundance of 
Desulfobacterota and increasing the abundances of beneficial bacteria, including Erysipelotrichaceae, 
Syntrophomonadaceae, Akkermansia, the Clostridia_vadinBB60_group, and Odoribacter, thereby 
improving the intestinal environment and promoting nutrient absorption and utilization. 
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Abbreviations 

ME Metabolizable energy 
CP Crude protein 
ADG Average daily gain 
F/G Feed-to-gain ratio 
VH Villus height 
CD Crypt depth 
MLT Muscle layer thickness 
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DM Dry matter 
GE Gross energy 
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