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This study investigated the effects of Periplaneta americana residue (PAR) on 
the growth performance and gut health of laying hens during the pre-breeding 
phase. Over an 11-week period, 450 one-month-old Nandan Yao chickens were 
assigned to six dietary groups in which PAR replaced 0%, 10%, 20%, 30%, 40%, 
or 50% of the soybean meal. The results revealed no significant impact of PAR 
on growth performance (p > 0.05). However, PAR supplementation significantly 
elevated duodenal and jejunal immunoglobulin A (IgA) levels, as well as ileal 
immunoglobulin M (IgM) and immunoglobulin G (IgG) levels (p < 0.05). Although 
no overall significant differences were observed in the villus height (VH), width 
(VW), crypt depth (CD), or the villus-to-crypt (V/C) (p > 0.05), ileal VH and V/C 
increased specifically in certain groups (p < 0.05). Additionally, ileal and jejunal 
pH values decreased significantly with increasing PAR levels (p < 0.05), and the 
intestinal microbiota diversity remained stable. Transcriptomic analysis revealed the 
regulatory roles of PAR in RNA biosynthesis, DNA repair, the immune response, and 
metabolic pathways. Overall, PAR incorporation modestly enhanced the growth 
performance and intestinal health in laying hens. These findings support PAR as an 
effective substitute for soybean meal in poultry diets, with a replacement ratio of 
30% to 50%, growth performance, demonstrating optimal efficacy. This approach 
not only alleviates pressure on protein resources but also provides a scientific 
framework for valorizing insect-derived waste within circular  agriculture systems.
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1 Introduction

In the global food security landscape, the protein supply is grappling with the twin 
imperatives of unyielding limitations on arable land and escalating ecological burdens. The 
increasing expenditures and intrinsic ecological vulnerabilities of traditional protein sources 
have constituted a significant impediment to industrial progress, thereby compelling the 
pursuit of transformative alternative approaches (1). Insect proteins, distinguished by their 
remarkable biological conversion efficiency and negligible ecological impact, have the potential 
to become pivotal strategic resources, heralding a profound “protein revolution” (2). Against 
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this backdrop, the consecutive enactment of legislative frameworks 
such as EU Regulation (EU) 2017/893 and China’s “Three-Year Action 
Plan for Reducing and Replacing Soybean Meal in Feed” has imparted 
substantial momentum to the industrial deployment of insect protein, 
thereby underscoring the elevation of sustainable protein resource 
development to a national strategic imperative (3, 4).

The Periplaneta americana (PA) stands as a pre-eminent species 
within the Blattidae family, distinguished by its considerable scientific 
and economic salience. Its utility exceeds that of many conventional 
insect species; it is not only a nutritional paragon, replete with superior 
proteins, meticulously balanced amino acids, and efficacious 
functional lipids but also a veritable fount of natural bioactive 
compounds. Its immunomodulatory and antimicrobial attributes have 
been comprehensively substantiated in the pharmaceutical field (5, 6). 
Well-established pharmaceuticals such as Kangfuxin Liquid and 
Xinmailong Injection serve as illustrative testaments for their 
profound therapeutic efficacy (7, 8). However, this remarkable 
medicinal utility is juxtaposed with the generation of considerable 
pharmaceutical residue after extraction—a largely unappreciated 
resource indicative of a significant “value disparity.” Traditional 
disposal methods, such as incineration, composting, or biodiesel 
production, not only cause secondary ecological contamination but 
also result in substantial squandering of valuable nutrients and 
bioactive constituents (9). Investigations revealed that the crude 
protein content of PAR is as high as 73.41%, that of crude fat is 20.48%, 
that of crude fiber is 10.25%, and that of crude ash is 6.36% (on a dry 
matter basis). Furthermore, the natural antimicrobial peptides and 
other active substances present in PAR present novel avenues for 
inquiry into poultry protein and antibacterial feed. This approach not 
only helps mitigate the dearth of protein resources and curtail 
husbandry expenditures but also confers supplementary ecological 
advantages. Studies have revealed that integrating PAR into feed has 
no deleterious effect on the growth trajectory of juvenile Nile tilapia 
and, to a certain degree, augments murine immunity (10, 11). 
Nevertheless, the extant body of research concerning the practical 
implications and underlying mechanisms of PAR in laying hens, 
especially within their pivotal developmental phase, remains 
conspicuously nascent, highlighting its promise as an innovative 
protein source for feed, potentially rivaling or even eclipsing the 
economic value of soybean meal (approximately 3 RMB/kg).

This study is predicated upon this pivotal “waste-to-resource” 
metamorphosis, employing the esteemed indigenous Chinese breed, 
the Nandan Yao chicken, as the experimental cohort. It specifically 
addresses the nascent rearing phase, recognized as a crucial “nutritional 
aperture” fundamentally dictating lifelong productivity. Intestinal 
development and health during this stage are integral foundations that 
underpin subsequent oviparous capacity and immunological resilience 
(12, 13). To bridge the lacuna in current research concerning the 
deployment of PAR in laying hen husbandry, this study employs the 
Nandan Yao chicken as a representative model. By integrating graded 
concentrations of PAR into the feed regimen as a substitute for 

extruded soybean meal, we  comprehensively investigated its 
multifaceted effects on the growth metrics, intestinal architecture, 
immunoglobulin profiles, luminal pH, microbial community 
composition, and transcriptome dynamics of laying hens during their 
early rearing period. This research transcends the scientific 
corroboration of an alternative feed strategy to embody an innovative 
practical application of a circular economic paradigm. It endeavors to 
forge an integrated industrial continuum spanning “pharmaceutical 
byproduct valorization—premium feed formulation—sustainable 
animal husbandry,” thereby realizing the holistic valorization of PA 
resources. The research findings provide substantive theoretical 
underpinnings and quantifiable directives for the judicious deployment 
of PAR within the avian husbandry sector, pave the way for novel 
strategies for the targeted modulation of avian gut health, and, in 
summary, furnish indispensable scientific acumen and a pragmatic 
framework for fostering the ecological, efficacious, and enduring 
transformation and enhancement of China’s livestock sector.

2 Materials and methods

2.1 Experimental diets

PAR was obtained from Yunnan Teng Pharmaceutical Co. Mature 
PA samples were collected, subsequently desiccated at temperatures 
between 80 and 90 °C, and then pulverized to achieve a particle size 
capable of passing through a 250-μm sieve. This PA was then mixed 
with 95% ethanol at a mass-to-volume ratio of 1:3, allowed to macerate 
for five days with bimodal daily agitation, and thereafter subjected to 
filtration. This extraction procedure was iterated twice, after which the 
PAR was isolated and air-dried at ambient temperature for subsequent 
application. The remaining dietary constituents were meticulously 
blended in accordance with the prescribed feed formulation. Six 
iso-nitrogenous and iso-lipidic diets were meticulously formulated by 
substituting 0%, 10%, 20%, 30%, 40%, and 50% of the expanded 
soybean meal in the foundational diet with PAR (designated diets A, 
B, C, D, E, and F, respectively; refer to Table  1). Ultimately, the 
compounded feeds were hermetically sealed within specialized 
packaging engineered for superior moisture resistance, breathability, 
compressive integrity, and sealing efficacy. These feeds were 
subsequently warehoused in a desiccated, well-ventilated facility 
shielded from direct solar exposure at ambient temperatures between 
15 and 25 °C. The fundamental nutritional profiles, heavy metal 
concentrations, and deleterious microorganism assay outcomes for 
the PA product are delineated in Table 2.

2.2 Experimental setup and culture 
management

The experimental investigations were conducted in Dali Bai 
Autonomous Prefecture, Yunnan Province, China, specifically within 
the Dianzhong Industrial Park, Dacang Town, Weishan Yi and Hui 
Autonomous Counties. For this study, a cohort of 450 one-month-old 
Nandan Yao chickens, which presented comparable body weights, was 
procured from a local commercial farm, where they had undergone 
comprehensive vaccination according to standard immunization 
protocols. These 450 Nandan Yao chickens were subsequently 

Abbreviations: PAR, Periplaneta american residue; PA, Periplaneta americana; IgA, 

immunoglobulin A; IgM, Immunoglobulin M; IgG, immunoglobulin G; TNF-α, 

Tumor necrosis factor-α; IFN-γ, Interferon-gamma; IL-2, Interleukin-2; VH, Villus 

height; CD, Crypt depth; VW, Villus width; GO, Gene Ontology; KEGG, Kyoto 

Encyclopedia of Genes and Genomes; GAP, Good Agricultural Practice.
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allocated at random into six distinct treatment groups, each 
comprising five replicates of 15 chickens. Analysis of variance 
(ANOVA) confirmed the absence of significant disparities in initial 
body weights across these groups. The experimental phase extended 
over a duration of 11 weeks. Group A, which served as the control, 
received a foundational diet, whereas groups B, C, D, E, and F were 
administered experimental diets in which 10%, 20%, 30%, 40%, and 
50% of the expanded soybean meal, respectively, had been supplanted 
by PAR. During the seven-day acclimatization period preceding the 
commencement of the main experimental phase, six chickens initially 
displayed suboptimal health; however, their condition normalized 
after isolation.

Throughout the experimental duration, cooperative management 
diligently upheld rigorous protocols for disinfection, ventilation, and 
overall sanitation. Photoperiod management was meticulously 
calibrated to align with the developmental requirements of the laying 

hens, commencing with 23 h of illumination during the initial week 
and progressively decreasing by 1 hour weekly until a consistent 
photoperiod of 16 h was attained. The ambient indoor temperature 
was maintained at 32 °C during the initial week and subsequently 
gradually decreased to 2 to 3 °C per week until it stabilized at 
24 °C. The relative humidity was precisely regulated within a range of 
50% to 60%, and ad libitum access to feed and potable water was 
provided to the chickens throughout the feeding period.

2.3 Measurement of growth performance

Upon formal commencement of the experiment, all Nandan Yao 
chickens were subjected to a fasting period before their initial body 
weights were meticulously recorded. Throughout the experimental 
duration, weekly body weight measurements were systematically 
acquired to track the growth trajectory of each treatment cohort 
comprehensively. Three pivotal performance metrics were 
subsequently calculated: the average daily gain (ADG), the average 
daily feed intake (ADFI), and the feed conversion ratio (F/G). These 
indices were derived via the following specific formula: ADG was 
calculated as the difference between the final and initial body weights 
of the hens divided by the total number of feeding days; ADFI 
represented the cumulative feed consumption of the hens divided by 
the duration of the experimental feeding period; and F/G was obtained 
by dividing the ADFI by ADG.

2.4 Sample collection

Prior to the commencement of sampling, each experimental 
cohort underwent a 12-h fasting period, although ad libitum access to 
potable water was maintained. During the eleventh week of the 
experimental phase, one chicken of comparable body weight was 
selected from each replicate and humanely euthanized. Euthanasia 
was performed subsequent to intravenous administration of sodium 
pentobarbital (0.3 mL/kg body weight) to induce anesthesia, followed 
by exsanguination via a cervical incision. Immediately after 
euthanasia, approximately 2 grams of luminal contents were 
aseptically harvested from the duodenum, jejunum, ileum, and cecum 
through an abdominal dissection. These samples were then transferred 

TABLE 1  Experimental base feeds with nutrient levels and nutrient 
composition (air-dried base).

Items (%) A B C D E F

Corn 60.48 62.26 63.92 65.98 68.00 69.5

Wheat bran 1.99 2.00 2.05 1.89 1.77 2.00

Expanded soybean 

meal
24.4 21.96 19.52 17.08 14.64 12.2

Calcium hydrogen 

phosphate
1.82 1.53 1.25 0.96 0.62 0.32

DL- methionine 0.18 0.17 0.16 0.15 0.14 0.13

Vegetable oil 3.87 3.30 2.76 2.11 1.47 0.98

Premix 5.00 5.00 5.00 5.00 5.00 5.00

Salt 0.41 0.37 0.35 0.28 0.23 0.18

Choline chloride 0.20 0.20 0.20 0.20 0.20 0.20

L-Lysine 

hydrochloride
0.27 0.26 0.25 0.24 0.23 0.22

Stone powder 1.38 1.30 1.23 1.15 1.10 1.04

PAR 0 1.65 3.31 4.96 6.60 8.23

Total 100.0 100.0 100.0 100.0 100.0 100.0

Nutritional composition

 � Metabolizable 

energy (MJ/kg)
12.01 12.01 12.01 12.01 12.01 12.01

 � Crude protein (%) 16.0 16.0 16.01 16.01 16.0 16.0

 � Calcium (%) 1.00 1.00 1.00 1.00 1.00 1.00

 � βTotal phosphorus 

(%)
0.63 0.63 0.62 0.62 0.60 0.60

 � Nonphytate 

phosphorus (%)
0.38 0.38 0.39 0.39 0.38 0.38

 � Methionine (%) 0.70 0.70 0.70 0.70 0.70 0.70

 � Lysine (%) 1.00 1.00 1.00 1.00 1.00 1.00

 � Methionine (%) 0.43 0.43 0.43 0.44 0.44 0.44

The premix provides for each kilogram of ration: VA 8,000 IU, VD3 3,000 IU, VE 16 IU, VK3 
2 mg, VB2 8.3 mg, VB6 2.6 mg, VB12 0.015 mg, niacin 43 mg, folic acid 0.92 mg, calcium 
pantothenate 12 mg, biotin 0.12 mg, copper 8 mg, iron 8.0 mg, zinc 8.0 mg, manganese 
60 mg, iodine 0 35 mg, and selenium 0 15 mg. mg, zinc 8 0 mg, manganese 6 0 mg, iodine 
0.35 mg, and selenium 0.15 mg. The metabolizable energy is calculated, and the others are 
measured values.

TABLE 2  The basic nutritional components, heavy metal contents, and 
harmful microorganism test results of the PAR.

Items Test results Safety range

Crude protein content 73.41%

Crude fat 20.48%

Crude fiber 10.25%

Crude ash 6.36%

Mercury (mg/kg) 0.0712 ≤10

Arsenic (mg/kg) Not detected ≤2

Cadmium (mg/kg) Not detected ≤0.5

Chromium (mg/kg) Not detected ≤2

Mucedine (CFU/g) <10 <20,000

Salmonella (CFU/25 g) Not detected
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into sterile cryogenic vials, rapidly cryopreserved in liquid nitrogen, 
and subsequently stored at 80 °C for future analytical procedures. 
Concurrently, the intestinal segments were meticulously irrigated with 
saline solution and carefully blotted dry using filter paper. Precisely 
4 cm in length was excised from the duodenum, jejunum, and ileum. 
Each excised segment was then bisected: One portion was immediately 
immersed in 4% paraformaldehyde for fixation and stored at ambient 
temperature, while the other portion was swiftly transferred into a 
2 mL cryovial, snap-frozen in liquid nitrogen, and stored at −80 °C.

2.5 Determination of intestinal 
immunoglobulins and cytokines

Immunoglobulin and cytokine concentrations were precisely 
quantified via enzyme-linked immunosorbent assay (ELISA). For the 
initial coating step, the primary antibody was diluted in carbonate 
coating buffer to achieve protein concentrations ranging from 1 to 
10 μg/mL. One hundred microliters of this solution was dispensed 
into each well of a polystyrene microplate, which was then incubated 
overnight at 4 °C. The wells subsequently underwent three successive 
washes, each lasting 3 min, with the designated washing buffer. To 
prevent nonspecific binding, 200 μL of blocking solution was then 
added to each well, and the plate was incubated at 37 °C for a period 
of 12 h. Next, the blocking solution was decanted, and the wells were 
again subjected to three washes with washing buffer. Next, 100 μL of 
appropriately diluted samples, alongside blank control wells and 
serially diluted standards, were added to the respective wells. The plate 
was then incubated at 37 °C for 12 h, sealed with a plate-sealing film, 
and subjected to another three washing cycles. Subsequently, 100 μL 
of a diluted biotinylated antibody working solution was added to each 
well, followed by incubation at 37 °C for 1 h and an additional washing 
step. Thereafter, 100 μL of a diluted enzyme conjugate working 
solution was added, and the plate was incubated for 30 min at 37 °C 
in the dark before one final wash. A chromogenic substrate was then 
introduced by dispensing 100 μL of TMB substrate solution into each 
well, and the plate was incubated at 37 °C and shielded from light for 
10 to 30 min until a distinct color gradient became discernible within 
the standard wells. The enzymatic reaction was terminated by adding 
100 μL of 2 M sulfuric acid to each well, resulting in a characteristic 
color transition from blue to yellow. Finally, within a 10-min window, 
the optical density (OD) of each well was precisely measured at 
450 nm via a microplate reader, with the blank control well serving as 
the zero reference. A standard curve was meticulously constructed 
using the known concentrations of the standards and their 
corresponding OD values, from which the concentrations of the 
experimental samples were subsequently interpolated.

2.6 Determination of intestinal morphology

After dehydration, embedding, and staining of the fixed 
duodenum, ileum, and jejunum with 4% paraformaldehyde, the 
standard operating procedure (SOP) for pathological laboratory 
examination developed by Wuhan Xavier Biotechnology Company 
was followed. A PANNORAMIC panoramic section scanner was 
employed to scan the qualified samples and generate a folder 
containing all the tissue information. Subsequently, CaseViewer 2.4 

software was utilized for 20x imaging, and the height and width of five 
intact villi, as well as the depth of the crypts in each section, were 
measured precisely using Image-Pro Plus 6.0, with millimeters as the 
standardized metric. The villus-to-crypt ratio (V/C) was 
then calculated.

2.7 Determination of intestinal pH

The pH values of the contents of the jejunum, duodenum, and 
cecum were measured directly via a pH B-8 pen pH meter. The 
electrodes were rinsed after each measurement, and the results 
were recorded.

2.8 Analysis of the intestinal flora

The contents of the cecum were frozen in liquid nitrogen and sent 
to Shanghai Meiji Biopharmaceutical Technology Co. All the data were 
analyzed on the Meiji life cloud platform1 as follows: Alpha diversity 
metrics, including the Chao and Shannon indices, were calculated via 
the appropriate software. The Wilcoxon rank-sum test was employed to 
analyze the differences in alpha diversity between groups.

2.9 Analysis of the intestinal transcriptome

Total RNA was successfully extracted from jejunal tissues via a 
dedicated RNA extraction kit supplied by Shanghai Meiji 
Biotechnology Co. The concentration and purity of the isolated RNA 
were precisely determined spectrophotometrically. Furthermore, 
the integrity of the RNA was initially verified through agarose gel 
electrophoresis to confirm the quality of the samples.

Subsequent to these quality evaluations, library construction was 
carried out by Shanghai Meiji Biotechnology Co. For the raw sequencing 
data, rigorous quality control was implemented via fastp software to 
effectively remove impurities and low-quality sequences that could 
compromise downstream analysis. The quality-controlled sequences were 
then accurately aligned to the Gallus gallus reference genome using 
HISAT2, thereby yielding crucial transcript information for subsequent 
transcriptome assembly and quantitative expression analysis.

To precisely quantify the expression levels of genes and transcripts, 
RSEM software, which is known for its efficiency in calculating and 
analyzing gene/transcript expression differences across diverse 
samples, was employed. Differential expression analysis was conducted 
via DESeq2, applying stringent screening criteria: A differential fold 
change (|log2FC|) of greater than or equal to 1 and a false discovery 
rate (FDR) of less than 0.05 (for DESeq2) or less than 0.001 (for 
DEGseq) to identify significantly differentially expressed  
genes.

Moreover, the identified DEGs were subjected to Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment 
analyses. These analyses, which employed the Benjamini–Hochberg 
multiple test correction method, aimed to elucidate the potential roles of 

1  https://cloud.majorbio.com
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these genes in various biological processes. GO functional enrichment 
analyses were performed via the GO database, whereas KEGG pathway 
analyses were conducted via the scipy package in Python, thereby ensuring 
the accuracy and robustness of the analyses.

2.10 Data processing and analysis

All the data were initially organized via Excel 2019 software and 
subsequently analyzed via one-way analysis of variance (ANOVA) 
between groups via SPSS 27.0. All values are expressed as the means ± 
standard deviations. Differences were significant (p < 0.05), and Duncan’s 
multiple comparisons test was performed. Differences were significant 
(p < 0.05), then Duncan’s multiple comparisons were performed.

3 Results

3.1 Growth performance

Table 3 details the impact of PAR supplementation on the growth 
performance of laying hens during their pre-breeding phase. The 
inclusion of varying proportions of PAR as a substitute for soybean 
meal in the diet did not induce any statistically significant differences 
(p > 0.05) in the average growth performance parameters among the 
experimental groups. Nevertheless, the ADG and F/G in Groups B, C, 
E, and F were greater than those recorded for control Group A.

3.2 Intestinal immunoglobulins

The effects of PAR incorporation on the intestinal immunoglobulin 
levels of laying hens during the pre-breeding phase are shown in Table 4. In 
the duodenum, a statistically significant increase in the IgA concentration 
was observed in treatment Groups B through E compared with that in 
control group A (p < 0.05). Furthermore, a significant quadratic relationship 
was identified between duodenal IgA levels and the dietary substitution rate 
of PAR, indicating a progressive and significant increase in IgA 
concentrations with increasing replacement proportions. Conversely, the 
IgG levels in Group A were notably lower than those in Groups C through 
F (p < 0.05). This revealed a significant quadratic increase in the IgG 
concentration in response to increasing PAR substitution ratios (p < 0.05), 
characterized by a distinct secondary increase in the IgG content (p < 0.05). 
Within the ileum, the IgA content in Group A was significantly lower than 
that in Group D (p < 0.05), and a significant quadratic increase was 
observed in association with the increasing proportion of PAR replacement 

(p < 0.05). In the jejunum, the IgA concentration in Group E was notably 
greater than that observed in all the other groups (p < 0.05). Moreover, the 
levels of IgM and IgG in Group B, D, and E were significantly elevated 
compared with those in Group A (p < 0.05), with a significant quadratic 
increase in IgM levels observed as the proportion of PAR substitution 
increased (p < 0.05).

3.3 Intestinal cytokines

Table 5 shows the effects of PAR on intestinal cytokine levels in 
pre-breeding laying hens. In the duodenum, the concentrations of 
tumor necrosis factor-α TNF-(α) and interleukin-2 (IL-2) were 
significantly greater in the specific treatment group (unidentified in the 
provided text) than in Group A (p < 0.05). Furthermore, interferon-γ 
(INF-γ) levels were significantly elevated in Groups C, D, and F relative 
to those in Group A (p < 0.05), demonstrating a significant quadratic 
relationship with increasing levels of PAR substitution (p < 0.05). In the 
ileum, the IL-2 levels in Group E were significantly greater than those 
in Group A (p < 0.05). Within the jejunum, TNF-α levels were 
significantly greater in Groups B, C, D, and F than in Group A 
(p < 0.05), exhibiting a notable quadratic increase corresponding to 
higher levels of PAR substitution (p < 0.05). Additionally, INF-γ levels 
were significantly higher in Goup E than in all other Groups (p < 0.05).

These findings collectively suggest that the substitution of soybean 
meal with PAR enhances intestinal cytokine levels in pre-breeding 
laying hens, with Groups E and F demonstrating the most 
pronounced effects.

3.4 Intestinal morphology

Table  6 shows the effects of PAR supplementation on the 
intestinal morphology of pre-bred laying hens. In both the 
duodenum and jejunum, no significant differences were observed 
among Groups A to F for intestinal VH, VW, CD, or the V/C ratio 
(p > 0.05). However, in the ileum, the intestinal VH of Group A was 
significantly lower than that of Groups E and F (p < 0.05). Similarly, 
the V/C ratio in Group A was significantly lower than that in Group 
E (p < 0.05). Furthermore, a significant linear and quadratic increase 
was observed in these ileal measurements with increasing 
proportions of PAR replacing soybean meal (p  < 0.05). These 
findings collectively suggest that the incorporation of PAR as a 
substitute for soybean meal promotes the development of intestinal 
morphology to a certain extent, thereby potentially enhancing 
intestinal absorption.

TABLE 3  Effects of PAR on the growth performance of pre-breeding laying hens.

Items Groups p value

A B C D E F SEM Linear Quadratic

ADG/g 19.41 21.00 20.93 18.12 20.58 20.92 0.40 0.685 0.845

ADFI/g 100.27 105.68 110.58 103.03 102.71 105.77 1.82 0.774 0.710

F/G 5.25 5.04 5.28 5.74 4.99 5.09 0.10 0.834 0.604

Data with the same letter or no letter are not significantly different, whereas those with different letters are significantly different (P < 0.05). A: 0% PAR replacing soybean meal; B: 10% PAR 
replacing soybean meal; C: 20% PAR replacing soybean meal; D: 30% PAR replacing soybean meal; E: 40% PAR replacing soybean meal; F: 50% PAR replacing soybean meal. (The following 
table is the same as the previous one).
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3.5 Intestinal pH

Table 7 shows the impact of PAR on the gastrointestinal pH of 
pre-bred laying hens. In the duodenal segment, while no significant 
differences in luminal pH were observed among the individual 

treatment groups (A-F) (p > 0.05), a significant quadratic increase in 
luminal pH was noted in correlation with increasing PAR substitution 
levels (p < 0.05). Conversely, in the ileal compartment, the luminal pH 
of Group A was significantly greater than that of the other 
experimental groups (p < 0.05). Similarly, in the jejunal region, the 

TABLE 4  Effects of PAR on intestinal immunoglobulins in pre-breeding laying hens.

Items Groups P value

A B C D E F SEM Linear Quadratic

Duodeum IGA(mg/L) 704.72c 1091.08ab 1204.46a 935.26b 696.81c 729.84c 50.34 0.208 0.002

IGM(mg/L) 2076.59a 1279.23b 2230.20a 1926.29a 986.27b 1228.53b 118.22 0.020 0.044

IGG (g/L) 12.99c 11.76c 23.15a 23.84a 17.82b 16.31bc 1.18 0.147 0.002

Ileum IGA (mg/L) 791.99bc 638.80cd 898.72b 1306.80a 785.08bc 510.73d 62.13 0.674 0.014

IGM(mg/L) 1946.67a 1916.61ab 1168.92d 2226.64a 1582.13bc 1248.66cd 96.27 0.081 0.199

IGG (g/L) 14.74a 14.47a 12.41ab 9.55b 10.90ab 10.15b 0.57 <0.001 <0.001

Jejunum IGA (mg/L) 1050.52bc 1156.75ab 835.77c 851.63c 1262.35a 913.03c 40.88 0.670 0.766

IGM(mg/L) 1025.50c 1836.62b 1192.61c 2041.95ab 2306.89a 1282.03c 120.90 0.159 0.033

IGG (g/L) 13.85b 21.76a 13.01b 20.02a 19.27a 15.24b 0.86 0.727 0.359

TABLE 5  Effects of PAR on intestinal cytokines in pre-breeding laying hens.

Items Groups P value

A B C D E F SEM Linear Quadratic

Duodenum Tnf-α(ng/L) 49.32b 46.78b 40.97b 42.11b 41.11b 73.15a 2.98 0.091 < 0.001

INF-γ(ng/L) 48.85c 65.16bc 89.52a 89.58a 58.42bc 70.15b 3.96 0.301 < 0.005

1 L-2(ng/L) 139.42b 177.54b 134.53b 131.61b 156.62b 292.2a 14.16 0.011 < 0.001

Ileum Tnf-α(ng/L) 89.07a 76.87ab 42.60c 70.42b 65.22b 71.88b 3.57 0.213 < 0.005

INF-γ(ng/L) 67.19a 43.58bc 72.93a 44.58bc 48.78b 35.94c 3.33 0.008 0.027

1 L-2(ng/L) 151.45bc 185.63bc 176.97bc 115.06c 316.04a 201.22b 16.05 0.078 0.214

Jeunum Tnf-α(ng/L) 37.37c 69.70b 58.12b 62.10b 44.24c 88.85a 4.16 0.020 0.065

INF-γ(ng/L) 66.94b 45.54c 71.39ab 46.98c 81.38a 62.80b 3.29 0.370 0.554

1 L-2(ng/L) 262.02ab 267.43ab 290.47ab 279.13ab 248.07b 304.50a 5.75 0.236 0.485

TABLE 6  Effects of PAR on the intestinal morphology of pre-breeding laying hens.

Items Groups P value

A B C D E F SEM Linear Quadratic

Duodeum VH/mm 1.59 1.72 1.63 1.41 1.51 1.53 0.05 0.234 0.497

VW/mm 0.27 0.26 0.23 0.33 0.31 0.29 0.01 0.218 0.480

CD/mm 0.37 0.29 0.31 0.27 0.33 0.31 001 0.366 0.154

V/C 4.36 6.09 5.25 5.32 4.67 4.96 0.24 0.814 0.510

Ileum VH/mm 1.21bc 1.15bc 1.17bc 1.09c 1.64a 1.50a 0.06 0.009 0.01

VW/mm 0.20 0.23 0.21 0.23 0.18 0.24 0.01 0.657 0.903

CD/mm 0.24 028 0.24 0.26 0.22 0.23 0.01 0.288 0.447

V/C 5.12bc 4.28c 5.02bc 4.11c 7.48a 6.74ab 0.35 0.013 0.012

Jejunum VH/mm 1.30 1.12 0.96 1.07 1.28 1.17 0.40 0.925 0.118

VW/mm 024 0.28 0.29 0.24 0.25 0.23 0.01 0.458 0.459

CD/mm 0.32 0.25 0.29 0.29 0.37 0.26 0.01 0.892 0.980

V/C 4.20 4.54 3.42 3.77 3.51 4.58 0.19 0.831 0.257
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luminal pH in Groups A through C was significantly greater than that 
in Group F (p < 0.05). For both the ileal and jejunal segments, the 
luminal pH significantly decreased in a linear and quadratic manner 
as the substitution rate of PAR increased (p < 0.05).

These findings collectively indicate that PAR exerts a regulatory 
effect on gastrointestinal pH, which could positively influence the 
digestive efficiency, nutrient absorption, and overall health of Nandan 
Yao chickens.

3.6 Analysis of the intestinal flora

To assess the impact of replacing soybean meal with varying 
percentages of PAR on the intestinal microbial community structure 
of pre-bred laying hens, a comprehensive analysis of the intestinal 
flora was conducted via high-throughput sequencing technology. This 
process successfully yielded a total of 1,147,854 optimized sequences 
from the samples. The dilution curve (Figure 1) plateaued, confirming 
that the volume of sequencing data was sufficient to reliably represent 
the composition of the intestinal flora.

To quantify the richness and diversity of the gut microbiota, 
various α diversity indices, including the Ace, Chao, Shannon, 
Simpson, Coverage, and Sobs indices, were utilized. As shown in 
Table 8, the α diversity indices of the intestinal microorganisms across 
Groups A to F did not significantly differ (p > 0.05). These findings 
indicate that the overall diversity of intestinal microorganisms was not 
substantially affected by the different PAR treatment groups.

Figure 2A shows that the predominant phyla included Bacteroidota, 
Firmicutes, Synergistota, Desulfobacterota, and Verrucomicrobiota. 
Furthermore, as shown in Table 9, the differences in relative abundance 
among the various groups at the phylum level were not statistically 
significant (p > 0.05). At the genus level, the dominant taxa, as shown 
in Figure  2B, included Bacteroides, Rikenellaceae_RC9_gut_group, 
Phascolarctobacterium, Synergistes, and unclassified o__Bacteroidales.

3.7 Transcriptome sequencing

To investigate the effects of replacing soybean meal with varying 
percentages of PAR on the pre-breeding intestinal function of laying 
hens, transcriptomic analysis, differential gene expression analysis, 
and functional annotation were performed.

Transcriptomic analysis outcomes: Transcriptome profiling was 
conducted on three samples per group, generating a robust dataset of 
123.36 GB of high-quality sequence data. Each individual sample 
yielded more than 5.97 GB of clean data, with the proportion of Q30 
bases consistently exceeding 94.82%. The analysis identified a total of 
24,145 expressed genes (comprising 23,519 annotated and 626 novel 
genes) and 72,572 expressed transcripts (including 52,161 known and 
20,411 novel transcripts).

Differential gene expression analysis: A total of 2,576 differentially 
expressed genes (DEGs) were identified across the six transcriptomes 
(Figure 3A). The number of DEGs varied significantly among the 
comparisons with the control group A: A vs. B: 22 DEGs (10 

TABLE 7  Effects of PAR on the intestinal pH of pre-adult laying hens.

Items Groups P value

A B C D E F SEM Linear Quadratic

Duodeum 6.43ab 6.40ab 6.45a 6.51a 6.47a 6.34b 0.02 0.581 0.027

Ileum 6.85a 6.48b 6.41b 6.34cd 6.35cd 6.28cd 0.05 <0.001 <0.001

Jejunum 6.43 6.42 6.40 6.32 6.34 6.08 0.08 0.024 0.040

FIGURE 1

Dilution curves. (A) Shannon index dilution curves for each sample. (B) Sobs index dilution curves for each sample. Note: Peer data that share the same 
letter or have no letter indicate that the difference is not significant, whereas different letters indicate a significant difference (p < 0.05). A: 0% PAR 
replacing soybean meal; B: 10% PAR replacing soybean meal; C: 20% PAR replacing soybean meal; D: 30% PAR replacing soybean meal; E: 40% PAR 
replacing soybean meal; and F: 50% PAR replacing soybean meal.
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FIGURE 2

Changes in community composition of cecum microorganisms of the PAR, Blattella americana, on cecum microorganisms of pre-breeding laying 
hens at the phylum and genus levels of water. (A) Changes in species composition at the phylum level. (B) Changes in species composition at the 
genus level. Different colored lines represent different species, and the length of the line represents the size of the proportion of each species. A: 0% 
PAR replacing soybean meal; B: 10% PAR replacing soybean meal; C: 20% PAR replacing soybean meal; D: 30% PAR replacing soybean meal; E: 40% 
PAR replacing soybean meal; and F: 50% PAR replacing soybean meal.

TABLE 8  Effects of PAR on the Alphan diversity indices of the intestinal microorganisms of pre-bred laying hens.

Items Groups P value

A B C D E F SEM Linear Quadratic

ACE 1158.89 807.34 977.63 1163.26 992.57 1009.80 44.90 0.997 0.904

Chao 1134.60 804.03 972.12 1136.20 969.37 987.98 42.67 0.936 0.920

Shannon 5.63 5.20 5.53 5.53 5.34 5.24 0.07 0.325 0.602

Simpson 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.303 0.458

Coverage 0.997 0.999 0.997 0.997 0.998 0.998 0.0004 0.226 0.182

Sobs 1116.33 803.67 970.00 1115.33 955.33 959.67 40.61 0.834 0.939
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upregulated, 11 downregulated). A vs. C: 251 DEGs (149 upregulated, 
102 downregulated). A vs. D: 647 DEGs (350 upregulated, 297 
downregulated). A vs. E: 603 DEGs (369 upregulated, 234 
downregulated). A vs. F: 1,054 DEGs (603 upregulated, 451 
downregulated). Figures  3B,C further illustrate that each group 
comparison (A vs. B, A vs. C, A vs. D, A vs. E, and A vs. F) presented 
unique sets of downregulated DEGs, with 6, 78, 46, and 48 DEGs 
identified for the first four comparisons, respectively. The 
corresponding numbers of unique upregulated DEGs were 5, 71, 46, 
52, and 70, respectively. Importantly, no shared upregulated or 
downregulated DEGs were observed among the treatment groups.

Functional Annotation and Enrichment Analysis of DEGs: To 
elucidate the biological impact of PAR substitution, functional 
annotation via Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analyses, along with enrichment 
analysis, were performed. The general GO and KEGG annotations 
(Figures 4A,B) revealed that the upregulated genes were predominantly 
involved in biological processes such as cell proliferation and DNA 
repair, were linked to ribosomal and mitochondrial functions at the 
CC level, and were associated with protein binding and enzymatic 
activity at the MF level. The downregulated genes were associated with 
biological processes such as apoptosis and the immune response, 
pertained to the cell membrane structure at the cellular component 
level, and were linked to signaling functions at the molecular 
function level.

KEGG pathway analysis (Figures  5A,B) revealed that the 
upregulated genes were involved mainly in pathways related to the 
immune response, endocrine regulation, material transport and 
metabolism, and cell proliferation and apoptosis. The downregulated 
genes were involved in pathways related to material transport and 
metabolism, the immune response, the endocrine system, and 
cellular motility.

GO and KEGG enrichment analyses revealed enrichment of 
upregulated genes (Figures 6A,B) and the results highlighted their 
pivotal roles in biological processes, particularly RNA biosynthesis, 
DNA repair, and transcriptional activation. At the molecular 
functional level, gene products exhibit ribonuclease activity and 
nucleic acid binding capacity. KEGG pathway analysis revealed 
significant enrichment in various biological pathways, including viral 
infection pathways (e.g., human herpesvirus and flavivirus infection), 
cellular immune response pathways (e.g., Toll-like receptor and 
NOD-like receptor signaling pathways), and pathways related to cell 
adhesion molecule biology and metabolism.

Enrichment of downregulated genes (Figures  7A,B) GO 
enrichment revealed their involvement primarily in the metabolism 
of small molecules and organic acids in biological processes, with 
cellular component associations related to extracellular region 
activities and molecular functions linked to the binding of transition 
metal ions. KEGG analysis revealed crucial roles in diverse metabolic 
pathways, such as the phagosomal pathway, biotin metabolism, 
coenzyme A biosynthesis, and the PPAR signaling pathway.

4 Discussion

4.1 The viability of PAR for avian husbandry

PAR, sourced from a supply chain adhering to stringent Good 
Agricultural Practice standards, exhibits an exceptional baseline 
safety profile because of its rigorous front-end control over critical 
risk factors such as microbial loads and heavy metals (14). With a 
high crude protein content of 73.41%, PAR shows significant 
potential as a substitute for conventional protein sources such as 
soybean meal and fishmeal, pioneering a “pharma-feed” circular 

TABLE 9  Effects of PAR on the cecal intestinal flora of pre-bred laying hens.

Items Groups P value

A B C D E F SEM Linear Quadratic

Bacteroidota 43.50 62.93 49.65 45.83 54.21 49.00 2.12 0.957 0.765

Firmicutes 36.12 25.83 35.56 34.08 311.17 37.03 1.59 0.574 0.613

Synergistota 8.30 2.74 2.84 6.59 4.00 5.00 0.99 0.672 0.587

Desulfobacterota 4.36 2.06 4.00 4.20 3.34 3.23 0.29 0.779 0.962

Verrucomicrobiota 1.37 0.74 2.53 2.41 1.28 1.34 0.32 0.845 0.549

Spirochaetota 0.90 1.62 0.68 0.65 1.43 1.74 0.20 0.403 0.421

Campilobacterota 0.81 1.05 1.25 1.92 0.30 0.19 0.29 0.446 0.295

Proteobacteria 1.46 0.82 0.64 1.31 0.66 0.53 0.13 0.099 0.261

WPS-2 0.58 0.44 0.44 0.75 1.46 0.11 0.13 0.705 0.527

Deferribacterota 0.84 0.48 0.47 0.56 0.64 0.23 0.15 0.425 0.735

Unclassified_k__

norank_d__Bacteria

0.29 0.27 1.09 0.39 0.30 0.35 0.13 0.908 0.529

Actinobacteriota 0.21 0.29 0.15 0.56 0.52 0.66 0.09 0.054 0.154

Elusimicrobiota 0.33 0.33 0.42 0.35 0.46 0.45 0.07 0.520 0.818

Cyanobacteria 0.36 0.20 0.20 0.35 0.19 0.12 0.05 0.275 0.553

Fusobacteriota 0.56 0.19 0.003 0.06 0.03 0.02 0.10 0.096 0.123

Patescibacteria 0.013 0.003 0.090 0 0.010 0 0.013 0.631 0.550
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economy model that bridges the biomedical and modern 
agricultural sectors.

Its application value is particularly high in poultry production, as 
its nutritional composition meets poultry’s inherent demand for high-
protein feed. Additionally, its chitin content offers prebiotic functions, 
aligning with the global trend toward antibiotic-free farming (5). This 
viability is supported by poultry’s natural adaptation to insect protein, 
as their digestive systems are well suited for it, a fact corroborated by 
studies confirming the high digestive capacity of poultry fluids for 
insect protein (15). Consequently, PAR is presented not only as a cost-
effective protein source but also as a functional feed ingredient capable 
of enhancing intestinal health and mitigating farming risks, offering a 
strategic competitive advantage.

However, despite its inherent safety, comprehensive evaluation 
through systematic poultry feeding trials and toxicological studies is 
crucial to address potential risks such as residual allergens (e.g., 
tropomyosin), microbial contamination (e.g., Salmonella) during 
storage and transport, solvent residues, and endogenous toxins (16). 
These investigations are essential for scientific rigor and for securing 
market access from regulatory bodies in major economies such 
as the EU, the US, and China. Demonstrating efficacy through 
comprehensive data will be pivotal for alleviating market concerns and 
ensuring farmer acceptance.

In conclusion, PAR presents a compelling and feasible option for 
poultry farming, offering superior safety, high nutritional value 
comparable to that of fishmeal, and prebiotic functions that support 

FIGURE 3

Effects of different doses of PAR on alterations in the transcriptome of jejunal DEGs in pre-bred laying hens. (A) Bar graphs showing the number of 
up- and downregulated genes in A versus B, A versus C, A versus D, A versus E, and A versus F. The number of upregulated and downregulated genes in 
A versus B is shown in red. Downregulated genes are shown in red, and upregulated genes are shown in blue. (B) Wayne plots showing the number of 
DEGs that were commonly or uniquely downregulated between the test and control groups A. (C) Wayne plots showing the number of DEGs that 
were commonly or uniquely upregulated between the test and control groups A. A: 0% PAR replacing soybean meal; B: PAR replacing soybean meal; 
C: 20% PAR replacing soybean meal; D: 30% PAR replacing soybean meal; E: 40% PAR replacing soybean meal; and F: 50% PAR replacing soybean 
meal.
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antibiotic-free production. Its potential is further bolstered by 
poultry’s natural feeding behavior and scientific validation. 
Nevertheless, its full realization is contingent upon systematic risk 
assessment and stringent regulatory approval. Successfully 
navigating these hurdles would position PAR as an innovative 
protein source and a key driver for the green and efficient 
development of the poultry industry, providing substantial economic 
and social value.

4.2 PAR improved the growth performance 
of laying hens in the pre-breeding period

Insect protein powder has been strategically incorporated into 
poultry feed formulations as an innovative and sustainable 
alternative to conventional animal protein sources (17). Recent 
scientific evidence indicates that integrating insect protein powder 
can not only maintain but also surpass the performance of 
traditional protein feeds, providing essential amino acids, 
exceptional nutrient digestibility, and high feed acceptability (10, 
18). Moreover, insect protein powder is rich in bioactive compounds 
such as antimicrobial peptides and chitosan, which significantly 
enhance digestion, optimize intestinal physiological functions, 
rebalance the gut microbiota, and bolster immune defenses (19).

In poultry production, critical metrics such as daily weight 
gain, daily feed intake, and the feed-to-weight ratio are used to 
evaluate growth efficiency and economic viability (20). Previous 
studies have demonstrated the positive effects of PAR: Long et al. 
reported that supplementing feed with 1% and 2% PAR powder 
improved growth performance and moderately enhanced immune 
responses in mice (11). The same authors reported that substituting 
50% to 75% of traditional fishmeal with PAR did not adversely 
affect feed utilization, antioxidant capacity, or immune function in 
juvenile Nile tilapia (10). Similarly, Al-Salhie et al. (18) revealed 
that PA protein could fully replace conventional protein sources in 
quail without compromising production performance and, under 
specific conditions, even significantly elevated growth 
performance, highlighting its potential in high-quality poultry  
nutrition.

In this study, PAR was employed as a partial substitute for soybean 
meal in the basal diet of pre-bred laying hens. While no statistically 
significant differences in overall growth performance were observed 
between the experimental and control groups, the average daily weight 
gain and feed-to-weight ratio were notably greater in sample groups B, 
C, E, and F than in control group A. These findings align with those of 
Long et al. and suggest that replacing soybean meal with PAR in the 
pre-breeding diet of laying hens did not impair growth performance. 
Specifically, the experimental groups with 10%, 40%, and 50% PAR 

FIGURE 4

(A) GO functional annotation analysis of upregulated DEGs; (B) GO functional annotation analysis of downregulated DEGs.

FIGURE 5

(A) KEGG functional annotation analysis of upregulated DEGs; (B) KEGG functional annotation analysis of downregulated DEGs.
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substitution ratios presented superior performance, underscoring the 
efficacy of PAR as a sustainable protein source in poultry nutrition.

4.3 PAR increased the levels of intestinal 
immune factors in laying hens in the 
pre-breeding period

The intestinal immune barrier, which comprises gut-associated 
lymphoid tissue, resident immune cells, and their secretory products, 
such as immunoglobulins (IgA, IgG, and IgM) and various cytokines, 
serves as a critical first line of defense (21). This system is responsible 
for producing approximately 70% to 80% of the body’s 
immunoglobulins, which are indispensable for preventing pathogen 
invasion, maintaining gut microbiota equilibrium, reinforcing 
intestinal mucosal integrity, modulating immune responses, and 
facilitating nutrient absorption (22, 23).

Previous investigations have provided empirical support for the 
immunomodulatory potential of dietary interventions. For example, 
Zhang et al. reported an elevation in serum immunoglobulin levels in 

dairy goats following specific dietary inclusion (24), and Jiang 
demonstrated that supplementing broiler chicken feed with PA powder 
markedly increased their serum immunoglobulin concentrations (25). 
More recently, Ou et al. (9) established that the strategic incorporation of 
PAR into the diet can effectively enhance both immune function and 
antioxidant capacity in Sanhuang chickens. The findings of this study 
corroborate these earlier observations. In our investigation, a discernible 
trend emerged: as the proportion of PAR substituted for soybean meal 
increased, the levels of IgA and IgG within the duodenum and jejunum, 
along with the IgM in these same intestinal segments, generally tended 
to increase. Furthermore, the relationship between the level of PAR 
substitution and the observed increases in IgA and IgM displayed a 
significant quadratic characteristic, suggesting a potentially nonlinear 
dose–response effect.

These results strongly suggest that the use of PAR as a replacement 
for soybean meal in the diet of Nandan chickens not only preserves the 
integrity of their intestinal immunoglobulin levels but also appears to 
confer a degree of immunostimulatory benefit, thereby enhancing their 
overall immune function. This highlights the potential of insect-based 
proteins such as PAR to positively influence gut immunity in poultry.

FIGURE 7

(A) GO enrichment analysis of downregulated DEGs; (B) KEGG enrichment analysis of downregulated DEGs.

FIGURE 6

(A) GO enrichment analysis of upregulated DEGs; (B) KEGG enrichment analysis of upregulated DEGs.
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4.4 PAR increased the levels of intestinal 
cytokine factors in laying hens in the 
pre-breeding period

Within the intricate regulatory network governing the immune 
system, cytokines such as TNF-α, IFN-γ, IL-2 function as pivotal 
signaling molecules, orchestrating critical immune responses and 
modulating inflammatory processes (26). TNF-α plays a key role in 
acute inflammation and autoimmune diseases (27), IFN-γ amplifies 
cell-mediated immunity by stimulating macrophages and natural 
killer cells (28), and IL-2 is central to immune regulation and 
homeostasis and is synthesized primarily by activated T cells 
(29, 30).

The findings of this study provide compelling evidence that 
substituting soybean meal with PAR in the feed formulation 
significantly elevated the intestinal levels of these key cytokines—
TNF-α, IL-2, and IFN-γ—in growing laying hens. This observed 
increase suggests that PAR supplementation effectively stimulates the 
local intestinal immune environment. Consequently, the utilization of 
PAR as a replacement for soybean meal not only maintains but also 
potentially enhances the intestinal cytokine milieu in pre-breeding 
laying hens. This immunomodulatory effect is posited to contribute 
meaningfully to the overall enhancement of poultry immune 
competence, positioning PAR as a promising feed ingredient for 
bolstering gut health and immunity.

4.5 PAR improved the intestinal 
morphology of laying hens in the 
pre-breeding period

The structural integrity of the gut is paramount for optimal health, 
serving as the primary site for nutrient digestion and absorption and as 
the central hub of the immune defense system in chickens (31, 32). 
Morphological parameters of the intestinal epithelium—VH, CD, VW, 
and the V/C—are the established indicators of nutrient assimilation 
efficiency and gut health (33, 34). A reduced VW often correlates with 
enhanced secretory activity, whereas an elevated V/C ratio indicates 
increased absorptive surface area and improved digestive capacity; 
conversely, a diminished ratio suggests compromised absorption (35, 
36). Therefore, precise measurement of these parameters in laying hens 
provides a valuable metric for assessing intestinal growth and 
development, offering a robust theoretical foundation for optimizing 
feeding strategies (37).

Previous investigations have demonstrated the positive impact of 
insect-based proteins on gut morphology. Ou et  al. reported that 
substituting 40% expanded soybean meal enhanced the intestinal 
morphology of Sanhuang chickens (9). Furthermore, Zhou et  al. 
reported that insect protein powder could repair compromised 
intestinal mucosa and chorioallantoic villi in a murine model of 
pathological damage (38). Based on these findings, Zhang et  al. 
confirmed that incorporating insect protein ingredients bolstered 
intestinal immune cell activity and reduced intestinal inflammation 
(24). Given the intrinsic link between rapid chicken growth and 
digestive tract integrity, evaluating these parameters is critical (38).

In this study, we analyzed the duodenum and jejunum of laying 
hens and found no statistically significant differences in VH, VW, CD, 
or the V/C ratio across different dietary groups in these regions. 

However, a distinct pattern emerged in the ileum. Compared to Groups 
E and F, Group A (the control diet) presented significantly lower ileal 
VH, which likely incorporated higher levels of PAR. This observation is 
significant, as the ileal VH demonstrated a linear and quadratic increase 
that was correlated with a greater proportion of soybean meal being 
replaced by cockroach meal. Additionally, the V/C ratio in Group A was 
significantly lower than that in Group E, which aligns with the results 
reported by Ou et al. (9). Collectively, these results strongly suggest that 
substituting soybean meal with PAR in the basal rations does not 
negatively affect the intestinal morphology of prereading laying hens. 
More specifically, a substitution ratio of 40% appears to confer a 
significant beneficial effect, notably enhancing ileal structural integrity, 
which is likely to positively influence overall gut function and health.

4.6 PAR modulates the intestinal pH of 
laying hens during the pre-breeding period

The gut pH is a crucial physiological indicator of gut health and 
productivity, significantly influencing nutrient absorption, digestive 
enzyme activity, and the balance of microbial communities in laying 
hens (39). An optimal acidic environment fosters beneficial bacteria 
(e.g., Lactobacillus and Bifidobacterium) while inhibiting pathogens 
(e.g., Escherichia coli and Salmonella), thereby promoting digestion, 
absorption, and overall animal health (40). This regulation of the gut 
pH is vital for ensuring healthy growth, improving feed conversion, 
and increasing disease resistance in layer breeding (41, 42).

This study investigated the impact of the substitution of PAR (on 
the gut pH of laying hens). The results revealed a linear and quadratic 
relationship between PAR inclusion and duodenal pH. Notably, the 
ileal pH significantly decreased in all the groups with PAR addition, 
and both the ileal and jejunal pH exhibited linear and quadratic 
reductions with increasing PAR substitution ratios. These lower 
intestinal pH values offer several advantages: enhanced digestive 
enzyme activity; an acidic environment facilitates the operation of 
digestive enzymes (e.g., pepsin and trypsin) at peak efficiency, 
augmenting the digestion and absorption of proteins and 
carbohydrates; and the inhibition of pathogenic microbial growth. The 
acidic milieu suppresses the proliferation of pathogenic 
microorganisms, mitigating the risk of intestinal infections and 
preserving gut health.

Promotion of nutrient absorption: An optimal acidic environment 
aids in the dissolution and absorption of nutrients, including minerals 
and vitamins, thereby increasing nutrient bioavailability.

These findings suggest that PAR has the potential to modulate the 
intestinal pH of poultry, optimize the gut environment, and increase 
the feed conversion efficiency of livestock and poultry. This discovery 
offers a novel perspective for managing gut health and refining 
feed formulations.

4.7 PAR maintains the balance of the 
intestinal flora in laying hens during the 
pre-breeding period

The gut represents a finely tuned and complex microbial ecological 
habitat, where numerous microbial populations have coevolved 
synergistically with host cells and the immune system (43, 44). Its 
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equilibrium is fundamental to host health, regulating crucial life 
activities such as nutrient digestion, metabolic processes, and immune 
functions (45). Alpha diversity indices, including the Ace, Chao 
(estimating total species richness), Shannon (reflecting diversity and 
evenness), Simpson (focusing on species dominance), Coverage 
(measuring detected species proportion), and Sobs (observed species 
richness) indices, are vital for assessing microbial biodiversity.

In this study, replacing soybean meal with PAR had no significant 
effect on the alpha diversity index in the jejunum of reared laying 
hens. These findings suggest that PAR maintains the biodiversity, 
complexity, and stability of the gut microbial community, ensuring 
nutrient intake and health during a critical growth period.

Analysis of species composition at the phylum level revealed the 
predominant presence of Bacteroidota, Firmicutes, Synergistota, 
Desulfobacterota, and Verrucomicrobiota. Bacteroidetes and Firmicutes 
are core poultry flora (46) that play key roles in nutrient digestion [the 
Bacteroidota facilitates fermentation (47)], the innate immune 
response [Firmicutes synthesizes fatty acids (48, 49)], the regulation of 
intestinal diseases, the inhibition of harmful bacteria, and the 
production of short-chain fatty acids. Synergistota may support 
catabolism of poorly utilized substrates and regulate the gut 
microenvironment, whereas Verrucomicrobiota is associated with gut 
health and anti-inflammatory properties (50). However, 
Desulfobacterota has been linked to harmful effects, including 
obesity (51).

At the genus level, the predominant flora included Bacteroides, 
Rikenellaceae_RC9_gut_group, Phascolarctobacterium, and Synergistes, 
which differed from some other reported chicken gut flora 
compositions (52). Phascolarctobacterium is a beneficial gut bacterium 
that produces propionic acid, contributing to the energy supply, gut 
health, and pathogen suppression. Rikenellaceae_RC9_gut_group is 
involved in structural carbohydrate degradation (53) and has been 
positively correlated with meat fat content in Tan sheep (54, 55).

These findings indicate that the introduction of PAR as a dietary 
ingredient did not adversely affect the abundance or diversity of 
intestinal microorganisms in pre-bred laying hens. Instead, it 
effectively maintains the stability and advanced complexity of the 
intestinal flora, fostering a favorable microbial environment to support 
growth and development. These results further confirm the potential 
application value of PAR in the laying chicken farming industry, 
providing a scientific basis for promoting green and sustainable 
farming techniques.

4.8 Effects of the use of PAR as a substitute 
for soybean meal on the intestinal 
transcriptome of laying hens during the 
pre-breeding period

Transcriptome sequencing (RNA-Seq) was employed to analyze 
jejunal gene expression in pre-breeding laying hens following the 
ingestion of different doses of PAR, identifying a total of 2,576 
differentially expressed genes (DEGs). This approach aimed to 
elucidate the molecular mechanisms by which PAR influences 
intestinal health and function, given the crucial role of the intestine in 
nutrient digestion, absorption, and immune defense (56–58).

KEGG enrichment analysis of the upregulated DEGs revealed 
significant enrichment in pathways related to viral infection (e.g., 

human herpesvirus and flavivirus infection); cellular immune 
responses (involving the Toll-like receptor and NOD-like receptor 
signaling pathways); and the biosynthesis and metabolism of cell 
adhesion molecules.

These findings suggest that PAR significantly impacts pathogen 
defense, immune regulation, and cellular communication, particularly 
by enhancing antiviral and immune signaling. The key upregulated 
genes involved in gut health-related pathways included those 
regulating inflammatory and antiviral responses (IRF9, NFKBIE, and 
STAT1), intestinal barrier function (CLDN23, MID1IP1, and MOBP), 
immune defense against pathogens (LYZ, CYBB, and CD14), 
intestinal metabolic and developmental processes (GFOD1, CECR1, 
and CECR2), immune regulation and inflammation control (TDO2, 
IFI27L2, and CCL19), and immune cell recruitment/activation 
(TNFRSF13C, IL2RA, P2RY2, IL22RA2, CD1G, and CCR8) (59–73).

Conversely, KEGG enrichment analysis indicated that the 
downregulated DEGs play important roles in several metabolic 
pathways, including the phagosomal pathway.

Biotin metabolism; Coenzyme A biosynthesis; PPAR signaling 
pathway. The major downregulated genes included FABP4 (adipocyte 
protein 2, involved in metabolic diseases and interacting with PPARC1A), 
ALDH5A1 (succinate semialdehyde dehydrogenase, linked to oxidative 
stress), TRPA1 and KCNS3 (regulating gut sensory and motor functions), 
MMP13 and HEPACAM2 (involved in extracellular matrix remodeling 
and tissue repair), LMBRD2 and BST1 (associated with mitochondrial 
metabolism, energy production, and lysosomal function), and CIP2A 
(regulating the cell cycle and intestinal regeneration) (74–82).

Collectively, these findings reveal the multifaceted effects of PAR 
on the intestinal health of laying hens, demonstrating its ability to 
modulate immunomodulation, enhance barrier function, and 
influence metabolic homeostasis at the molecular level.

5 Limitations and future perspectives

This study’s experimental design was confined to an 11-week rearing 
period, thereby precluding a comprehensive assessment of the long-term 
impact of PAR on laying performance (e.g., egg production rate and egg 
quality) or meat quality. Furthermore, critical practical considerations 
such as consumer acceptance, palatability, and the environmental 
footprint of large-scale insect farming have not been adequately 
addressed. While safety evaluations encompassed heavy metals and 
microorganisms, they did not delve into allergens or drug residues or 
comply with international standards such as those set by the EU 
EFSA/FDA.

Consequently, future investigations are imperative to extend the 
experimental duration to the laying stage, systematically evaluating 
the effects of PAR on reproductive performance, egg quality, and the 
organoleptic properties of meat. Concurrently, cross-cultural 
consumer surveys and palatability optimization strategies should 
be pursued, alongside the quantification of the PAR supply chain’s 
life cycle environmental benefits and economic viability. Further 
rigorous safety assessments, including allergen thermal stability and 
tissue residue monitoring, are essential to satisfy regulatory 
mandates. Ultimately, exploring its trans-species applicability in 
other poultry or aquaculture systems will facilitate the holistic 
transition of PAR from laboratory inquiry to sustainable 
industrial practice.
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6 Conclusion

This study revealed that an appropriate substitution of PAR for 
soybean meal improved the immune function pH and intestinal 
morphology of laying hens in the pre-breeding period without 
affecting their growth performance or cecum flora composition. 
Transcriptome analysis further revealed the multidimensional effects 
of PAR on intestinal health, including immunomodulation, barrier 
function and metabolic homeostasis. These findings suggest that the 
use of an appropriate amount of PAR to replace soybean meal is 
feasible. This not only alleviates the tension of protein resources but 
also provides a scientific basis for the resourceful treatment of insects 
and other wastes. Nevertheless, the potential effects of this substitution 
method on the nutrient composition and flavor of meat have not been 
explored, which is still an area that needs to be studied in depth.
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