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Introduction: The study aimed to investigate the potential effects of varying wheat levels in broiler diets on growth performance, intestinal barrier, and cecal microbiota.

Methods: Day-old male broilers were fed the same diet until 10 d of age. Then they were randomly assigned to 1) the low-level wheat group, where inclusion of 15.0% and 25.0% wheat in the grower and finisher diet, respectively, 2) the medium-level wheat group with 30.0% and 40.0% of wheat in the grower and finisher periods; and 3) the high-level wheat dietary group, in which the grower and finisher diets contained 55.77% and 62.38% of wheat, respectively.

Results: Dietary treatments unaffected the body weight at 39 d, whereas incorporating high wheat in diets significantly increased the feed intake and reduced the feed conversion ratio from 10 to 39 d (p < 0.05). Except for increased phosphorus digestibility in the high wheat group, dietary treatments had no significant effect on the apparent digestibility of dry matter, crude protein, and ether extract. Meanwhile, the broilers that consumed the medium and high content of wheat presented a higher villus height and the ratio of villus height to crypt depth than those fed the low-level wheat birds. Feeding the medium-level wheat enhanced ileal integrity and depressed the expression of proinflammatory cytokines in the ileum. The addition of high levels of wheat reduced the Chao1 index and the abundance of Lactobacillaceae, Bacteroidaceae, and Ruminococcacea in cecal content, which probably decreased the metabolism of histidine, sulfur-containing amino acids, and the biosynthesis of lysine.

Discussion: These results support the medium-level wheat diet improved intestinal barrier function and had no deleterious effects on the growth performance of broiler; dietary inclusion of high wheat reduced the feed conversion rate, which might be associated with the disturbed gut microbiota and decreased metabolism of amino acids.
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1 Introduction

The corn-based diet is by far the most used for intensively reared poultry on account of the palatability and high nutritional value of corn (1). In recent decades, because of the rapid development of poultry farming, the shortage of global supply, and the rising price demand to seek the replacement of corn in animal husbandry. The widespread use of wheat as energy feed for livestock in Europe sheds light on substituting corn with wheat. A study on broilers found that adding 40% wheat to the diet had no significant decrease in the body weight (BW) of broilers (2). The data from the growing-finishing pigs also assumed that the diet with 10–60% wheat did not alter the BW and weight gain of pigs (3). However, a compromised BW was noticed in the broilers fed the wheat-based diets when compared to those offered the corn-based diets (4). Moreover, it was pointed out that broilers fed a diet with 42 or 63% wheat possessed increased weight gain relative to the birds receiving corn-based diets (5, 6). These findings highlighted the significance of searching for an appropriate level of wheat in the diets of domestic birds.

From the perspective of nutrients, wheat contains lower starch than corn, but it has higher crude protein and amino acid levels, including lysine, tryptophan, and threonine (7). Of note, the contents of fiber and non-starch polysaccharides (NSP) in wheat are higher than in corn (8), which results in increased viscosity, thereby separating substrates from endogenous enzymes and decreasing nutrient utilization consequently (9). Indeed, the data from broilers who fed either wheat- or corn-soybean diets confirmed that the wheat-based increased approximately 3 times less viscosity of ileal chyme than the corn-based diet (10). The higher fiber could also encapsulate other nutrients to shield from digestive enzymes and thus might reduce their digestibility (11), evidenced by the poor digestibility of crude protein and ether extract in pigs fed the wheat-soybean diet as compared to those the corn-soybean diet (12, 13). Accordingly, the incorporation of exogenous in wheat-based diets has often been used to decrease digesta viscosity and improve utilization of nutrients in poultry (14). This reason why dietary β-glucanase and/or xylanase supplementation notably increased the nutrient utilization and growth performance in wheat-fed birds (4–6). The positive roles exerted by NSP-degrading enzymes in laying performance and feed conversion ratio were also observed in laying hens (15). Nevertheless, the employment of enzymes such as xylanase, cellulase, pectinase, etc., was noticed to fail to promote nutrient digestibility and productive performance in domestic birds (16). In addition to the sources and activities of enzymes, as well as the type of basal diet, the limited hydrolytic capacity of these enzymes may be due to the influent gut environment and the proteolytic stability of enzymes (17). Hence, rationalizing the wheat replacement for corn in the diets of broilers is one of the alternative ways to improve NSP utilization and growth performance.

In practice, the 15 and 25% wheat are commonly used in commercial feed formulations of broilers in grower and finisher diets, respectively. Considering the no obvious influence of 40% wheat (2) on BW and the positive roles of the diet with 42 or 63% wheat in weight gain of broilers (5, 6), the dose of 15–63% wheat designed to evaluate the effects of wheat as a replacement for corn on growth performance, intestinal barrier, and cecal microbiota of broilers in the iso-energy and -protein diet, as well as supplying the multienzyme complex. These outcomes might provide valuable insights into the optimal level of wheat substitution for corn in broiler diets, contributing to cost-effective production in the broiler industry and animal welfare.



2 Materials and methods


2.1 Animal, diets, and experimental procedures

All research procedures were proved by the animal care committee of Henan Agricultural University (No. HNND20190306). A total of 480 1-day-old male AA broilers were fed the same starter diets until 10 days, then they were allocated into one of three groups based on the BW, i.e., (1) the low-level wheat group, in which the wheat addition ratios were 15.0 and 25.0% on the grower and finisher periods, respectively; (2) the medium-level wheat group with the 30.0 and 40.0% of wheat in the grower and finisher diets, respectively; and (3) the high-level wheat group, where the grower and finisher diets contained 55.77 and 62.38% of wheat, respectively. Each group included 8 pens with 20 broilers per pen. The diet was formulated to meet the nutrient requirements of AA broilers (18) and were supplied as pellets (Table 1). In addition, the multienzyme complex was supplemented in all diets as shown in Table 2. Birds were raised in floor pens (1.0 m × 0.9 m) and allowed to freely access diets and water during the whole trial. The initial room temperature was set at approximately 34°C and subsequently reduced to 24°C by 20 days. The light program was 23 L:1 D during days 10–39.



TABLE 1 The ingredient and calculated composition of basal starter and finisher diets (dry matter basis).
[image: Table1]



TABLE 2 The exogenous enzymes composition.
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2.2 Data collection and sampling

The broilers were weighed at d 10, 14, 21, 28, 35, and 39 of age, and the feed intake (FI) from 10 to 39 d was recorded on a replicate basis. The weight gain and feed conversion rate indicated as the ratio of feed consumption to weight gain (F: G) were calculated from 10 to 39 days. The number of death and culling birds was registered to determine the survival proportion. The cost of producing meat, which is expressed as Yuan/kg meat, was calculated based on the price of raw ingredients and the feed conversion rate. Feed and fecal samples were collected and stored at −80°C for the test of the apparent digestibility of nutrients. At 39 days, one bird was selected according to the average BW of each pen for sampling. Blood collection from the jugular vein and separating serum. Subsequently, these birds were euthanasia, the gizzard, spleen, thymus, and bursa of Fabricius were weighed for calculating the relative weight. The duodenum, jejunum, ileum, and cecum were dissected, and length and weight were obtained after removing the thyme. Segments of 1 cm length from the middle of the duodenum, ileum, jejunum, and cecum were dissected and immersed in phosphate-buffered formaldehyde for histology analysis. The mid-ileum (removing 1 cm right in the middle for histology analysis) was collected for gathering the mucosa. Cecal contents were obtained for microbiota analysis.



2.3 Apparent digestibility of nutrients

The collected feed and fecal samples were dried in a constant-temperature oven at 65°C before being crushed through a 40-mesh sieve. The apparent digestibility of the nutrients was evaluated using acid-insoluble ash (AIA) as an endogenous indicator. The ether extract of both the diet and the fecal samples was extracted using the Soxhlet method, while the crude protein was determined using the Kjeldahl nitrogen determination method. Calcium and phosphorus were determined by ethylene diamine tetraacetic acid titration and ammonium metavanadate colorimetry, respectively.



2.4 Intestinal histological analysis

The formaldehyde-fixed intestinal samples were dehydrated, embedded, and sliced into 5-μm thick sections. These sections were stained with hematoxylin–eosin (H&E). At least 10 well-oriented villi units were used for the measurement of muscular thickness, villus height, and crypt depth. The ratio of villus height to crypt depth was then calculated.



2.5 Ileum gene expression

Total RNA was extracted from the ileal mucosa, and the quantity and quality of RNA were assessed using spectrometry and denaturing agarose gel electrophoresis, respectively. The cDNA was then synthesized using a cDNA reverse transcription kit (Takara, Dalian, China). The obtained cDNA was used for gene expression analysis using SYBR green qPCR master mix (Takara). The amplification conditions consisted of an initial denaturation step at 95°C for 15 s, followed by 40 cycles of amplification at 95°C for 30 s and 60°C for 34 s, with a final melting curve analysis. Primers were designed and listed in Table 3. β-actin was used as the housekeeping gene for normalizing the expressions of the target genes.



TABLE 3 The primers for real-time-PCR.
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2.6 16S rDNA amplicon sequencing of cecal microbiota

The total DNA in cecal content was extracted using a DNA stool mini kit (Qiagen, Valencia, United States). Subsequently, these DNA was subjected to the assessment of the integrity. Primers 515 F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify the hypervariable V3-V4 regions of the 16S rDNA gene. Then, the resulting PCR products were sequenced on an Illumina PE250 platform (BGI, Shenzhen, China). The obtained sequences were processed using FLASH (v1.2.11) and USEARCH (v7.0.1090) for alignment and clustering. All effective reads were clustered into operational taxonomic units (OTUs) with a similarity threshold of 97%. The representative sequence of each OTU was aligned against the Greengene database for taxonomy analysis. The alpha diversity was estimated with the Chao 1, ACE, Simpson, and Shannon indexes, and related function enrichment was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis.



2.7 Serum inflammatory and immunoglobulin

The concentrations of interleukin (IL)-1, IL-6, IL-10, tumor necrosis factor-alpha (TNF-α), and transforming growth factor beta (TGF-β) were determined using commercial kits following the manufacturer’s instructions. Serum immunoglobulin (Ig), including IgG, IgA, and IgM, were analyzed using commercial chicken-specific enzyme-linked immunosorbent assay (ELISA) kits. All kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



2.8 Statistical analysis

Data were analyzed using the JMP software (SAS Institute). The correlation coefficients between microbiota and growth performance were calculated by simple regression analysis. After checking the normal distribution and homogeneity of variance, the significance was detected via a one-way repeated measure analysis of variance (ANOVA) with Tukey’s post hoc comparison. A significant value was set at p < 0.05. Results were expressed as means ± standard deviation.

To define the relationship between the BW and age, von Bertalanffy, logistic, and Gompertz models were selected to assess the coefficient of determination (R2) by the Gauss-Newton algorithm. The logistic model was finally selected as the optimized model for BW as follows:

[image: image]

In which, A is the asymptotic BW, B is a constant of integration without biological interpretation, and K is the maturity rate. The age of maximal growth rate is on (lnB)/K age with A/2 BW.




3 Results


3.1 Growth performance

As shown in Figure 1, there was no obvious difference in terms of survival proportions among the three groups (Figure 1A). Using the logistic model, the medium- and high-level wheat addition failed to affect the age and BW of maximal growth rate, whereas the increased wheat proportion decreased the asymptotic BW of broiler chickens, i.e., 3.24, 3.06, and 3.15 kg in the low-, medium-, high-level wheat groups, respectively (Figures 1B–E). With the increasing wheat levels in diets, both the weight gain from 10 to 39 days and BW at 39 days were decreased (p > 0.05; Figures 1F,G). Of note, the incorporation of high-level wheat in diets significantly increased the FI during 1–39 days (p < 0.05), and thus resulted in higher F: G and the cost of producing meat relative to the low- and medium-level wheat groups (Figures 1H–J).

[image: Figure 1]

FIGURE 1
 Effects of the partial replacement of corn with wheat on the growth performance of broilers. (A) Survival from 10 to 39 days. (B–D) Body weight (BW) of birds on different days and modeling on the growth curve in response to the replacement of corn with the logistic model, and (E) the maximal growth rate and asymptotic BW were calculated. (F) BW at 39 days. (G) Weight gain, (H) feed intake, (I) the ratio of feed intake to gain (F: G), (J) cost of producing meat during 10–39 days. Values are means and standard deviation (n  =  8). a,bMean values with different letters are significantly different (p < 0.05).




3.2 Apparent digestibility

Dietary treatments had no significant effect on the apparent digestibility of dry matter, crude protein, ether extract, and calcium (p > 0.05) (Table 4). However, as compared with the low-level wheat group, the dietary addition of high-level wheat notably increased the apparent digestibility of phosphorus (p < 0.05).



TABLE 4 Effects of the partial replacement of corn with wheat on the apparent digestibility of broilers on day 39.
[image: Table4]



3.3 Gizzard and intestinal development

The effect of dietary treatments on digestive organ development is presented in Table 5. The inclusion of wheat in the diets had less influence on the weight of the glandular stomach, gizzard, small intestine, and cecum. Meanwhile, the dietary treatment of wheat did not change the absolute and relative length of the duodenum, jejunum, ileum, and cecum (p > 0.05). Regarding the effect of dietary treatments on intestinal morphology, the trial treatment had notable effects on intestinal morphology, villus height, crypt depth, and their ratio of duodenum. Compared to the low- and medium-level wheat group, the high-level wheat supplementation significantly decreased the crypt depth of jejunum (p < 0.05). Meanwhile, the broilers that consumed the medium and high content of wheat took out a higher villus height and the ratio of villus height to crypt depth than those fed the low-level wheat group in the ileum (p < 0.05) (Table 5). In addition, the outcomes of RT-qPCR showed that the medium level of wheat addition notably upregulated the mRNA expression levels of zonula occludens-1 (ZO-1) as compared to the low wheat diet (Figure 2A). No significant difference was observed regarding the transcription of cadherin 1 (CDH1), claudin-1, and occludin among the three groups (Figures 2B–D).



TABLE 5 Effects of the partial replacement of corn with wheat on the intestinal development of 39-d-old broilers.
[image: Table5]
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FIGURE 2
 Intestinal integrity in response to dietary wheat supplementation. The mRNA level of (A) Zonula occludens-1 (ZO-1), (B) Cadherin 1 (CDH1), (C) Claudin-1, and (D) Occiudin in ileal mucosa. Values are means and standard deviation (n = 6). a,bMean values with different letters are significantly different (p < 0.05).




3.4 Cecal microbiome

Originally, 669,181 raw reads were obtained. The raw sequences were quality trimmed and filtered, error models were constructed, amplicon sequence variants and operational taxonomic units (ASVs) were inferred, and forward and reverse reads were merged, and chimeras were removed following default settings or adjusted. It resulted in 606,932 reads (29,250–37,661 per sample) for cecal content. Subsequent bioinformatics was run and shown in Figure 3. When compared to the low-level wheat diet, the high-level wheat group remarkably reduced the Chao1 index (p < 0.05), but it did not change the ACE, Shannon, and Simpson indexes (Figure 3A). Figure 3B shows the trends in species abundance and homogeneity, in which the high wheat group exhibited a smaller horizontal range than the low- and medium-level wheat group, indicating lower abundance. According to the Venn diagram, the low, medium, and high wheat replacement for corn possessed 1.22, 1.11, and 1.13% specific flora in cecal microbiota, respectively (Figure 3C). Cluster analysis revealed that Firmicutes, Bacteroidetes, and Proteobacteria were the dominant bacterial communities in the cecal content of broilers (Figure 3D). At the phylum level, dietary wheat supplementation had little effect on the proportion of Proteobacteria and Firmicutes (Figures 3E,F). The high wheat inclusion significantly decreased the abundance of Bacteroidetes as compared to the low wheat groups, whereas it did not obviously change the ratio of Firmicutes and Bacteroidetes in cecal thyme (Figures 3G,H). With the addition of wheat, the abundances of Bacteroidales, Bacilli, and Clostridia were decreased, accompanied by an increase in the levels of Campylobacteria and Gammaproteobacteria at class level (Figure 3I). Reflecting the order level, an apparent decrease in the abundances of Clostridiales, Bacteroidales, and Lactobacilales was observed in the high-wheat group when compared to the low-wheat group, whereas the levels of Betaproteobacteriale and Campylobacterales were elevated by the high level of wheat supplementation (Figure 3J). Moreover, the high wheat supplementation also decreased the account of Lactobacillaceae, Bacteroidaceae, and Ruminococcacea relative to the low-wheat group at the family level (Figure 3K). At the genus level, the high-level wheat diet decreased the abundance of Ruminococcin, Bacteroidetes, and Lactobacillus, whereas it increased the proportion of Helicobacter and Ralstonia as compared to the low wheat diets group (Figure 3L).

[image: Figure 3]

FIGURE 3
 The alternation in the cecal microbiota of broilers fed the diets contained partial replacement of corn with wheat. (A) Alpha diversity was evaluated via Chao1, ACE, Simpson, and Shannon index. (B) Rank-abundance curve. (C) Venn diagram. (D) The distribution of the microbiota with the high abundance at the phylum level. (E–H) The proportion of Firmicutes, Bacteroidetes, and Proteobacteria, as well as the ratio of Firmicutes to Bacteroidetes. (I–L) The distribution of the microbiota with the high abundance at the class, order, family, and genus level. Values are means and standard deviation (n = 8). a,bMean values with different letters are significantly different (p < 0.05).


We identified a significant correlation between Bacteroidetes (at the phylum level) and the growth performance of broiler chickens. As shown in Figure 4, the proportion of Bacteroidetes was negatively correlated with both FI (r = −0.337, p = 0.072) and the ratio of feed consumption to weight gain (r = −0.484, p = 0.042).

[image: Figure 4]

FIGURE 4
 Correlation between the proportion of Bacteroidetes and both (A) feed intake and (B) the ratio of feed consumption to weight gain. Significance was accepted at p < 0.05.


Furthermore, the predicted KEGG metabolic pathway suggests that the alternations in cecal microbiota might be associated with the environmental adaptation and digestive system (Figure 5A). At the metabolism level, the main influence of microorganisms is linked to the metabolism of carbohydrates and amino acids (Figure 5B). In detail, the supplementation of wheat did not significantly affect the metabolism of alanine, aspartate, glutamate, arginine, proline, glycine, serine, threonine, tyrosine, and tryptophan, but it decreased the histidine and sulfur-containing amino acids, as well as the biosynthesis of lysine (Figures 5C,D).

[image: Figure 5]

FIGURE 5
 The related function enrichment using the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis according to the changed microbiota in (A) organismal system and (B) metabolism level, especially (C,D) amino acid metabolism. a,bMean values with different letters are significantly different (p < 0.05).




3.5 Inflammatory status and immune organ index

Figure 6 presents that the dietary inclusion was unaffected the mRNA level of TNF-α, while the medium- or high-level groups significantly downregulated (p < 0.05) the transcription of IL-1β and IL-6, respectively (Figure 6A). There was no obvious difference (p > 0.05) among the low-, medium-, and high-level wheat groups regarding the relative weight of immune organs, the content of serum inflammatory factors, and the immunoglobulin levels in serum (Figures 6B–E).

[image: Figure 6]

FIGURE 6
 Influence of partial replacement of corn with wheat on (A) the mRNA abundances of pro-inflammatory cytokines in the ileum, (B) the relative weight of the immune organ, (C–E) the content of pro- and anti-inflammatory cytokines, as well as immunoglobulin (Ig) in serum. Values are means and standard deviation (n = 6–8). a,bMean values with different letters are significantly different (p < 0.05). IL, Interleukin; TNF-α, tumor necrosis factor alpha; TGF-β, transforming growth factor beta.





4 Discussion

Corn serving as the energy resource is the primary ingredient in poultry diets, and its shortage and rising price highlight the requirements for substitutes (19, 20). Multiple studies have provided stronger evidence that wheat might be an excellent option to replace corn in poultry diets (21–23). Considering the higher NSPs in wheat than corn, an anti-nutritive factor, the dose of wheat used in broiler diets is very important for optimizing the growth performance, intestinal homeostasis, and health status of birds. In this study, dietary inclusion of 30 and 40% wheat in the grower and finisher diets of broilers, respectively, had no deleterious effects on the growth performance, nutrient digestibility, and gut microbiota, whereas it improved the intestinal development and inflammatory status of broilers. When the supplemented levels of wheat increased to 55.77 and 62.38% in the grower and finisher diets, respectively, resulted in increased feed consumption, decreased feed conversion rate, and disturbed gut microflora.

The data from broilers confirmed that the wheat-based increased approximately 3 times more viscous of ileal digesta than the corn-based diet (10). Whereas the response of BW or weight gain to the wheat diet varies in pigs and birds. It was reported that broilers fed wheat diets possessed higher weight gain relative to the birds receiving corn-based diets (5, 6). Munyaka et al. assumed that it might be attributed to the corporation of insoluble NSP in ingredients or the higher weight mainly derived from the visceral organs (6). In addition, the inclusion of 40% wheat in a diet had no apparent effects on the BW of broilers (2). Feeding contained 10–60% of wheat in a corn-soybean meal-based diet supported that the supplementation of wheat did not significantly change the BW and weight gain in growing-finishing pigs (3). In the present study, the increased wheat levels in the diet led to declined BW, weight gain, and asymptotic weight of broilers according to the logistics analysis. A compromised BW was also observed in the broilers fed the wheat-based diets when compared to those offered the corn-based diets (4). For feed consumption and feed conversion rate, the delayed transit time and gut motility due to higher viscous, combined with the quarantine of substrates from endogenous enzymes, hindering FI is warranted in higher NSP-contained diets including the wheat-based diet (9), which was verified by the current study saying that the supplementation of the high-level wheat diet increased the FI and the F/G ratio from 10 to 39 days in broilers, resulting in higher the cost of producing meat. No significant difference was also noticed in broilers and pigs fed either wheat- or corn-soybean diets (3, 24). Mavromichalis et al. explained that the indistinctive FI in pigs might be a result of the high palatability of wheat to pigs (25). In our study, in accordance with previous research on birds (5), the increased feed consumption in high-level wheat diets suggested that the content of insoluble NSP in the diet of meat-type birds might be relevant, particularly in younger broilers.

Digestibility is defined as the proportion of food nutrients that are absorbed after ingestion, which is closely related to the fiber content and digesta passage rate (11). In addition to being resistant to endogenous enzymes, higher dietary fiber could encapsulate other nutrients and thus might reduce their digestibility (11). Therefore, the higher crude fiber and total NSP contained in wheat was pointed to result in the poor digestibility of crude protein and ether extract in pigs (12). Moreover, a high fiber concentration usually elevates the viscosity of the chyme and affects the passage rate, which might explain why the wheat-based diet exhibited a low digestibility of crude protein (13). On the contrary, a higher ileal digestibility of crude protein was observed in wheat-type diets than that of corn in pigs (12). Data from cattle also found a progressive improvement in the apparent digestibility of dry matter and crude protein with the increasing content of wheat in the diet (26). These discrepancies among studies probably were explained by the feed materials selected and the different fermentation capacities of trial objects. In the present study, dietary treatment did not notably alter the apparent digestibility of dry matter, crude protein, ether extract, and calcium of 39-day-old broilers. Consistent with the current outcomes, dietary inclusion of different levels of wheat unaffected the nutrient digestibility in growing-finishing pigs, including dry matter, crude fat, and crude protein (3). In general, the content of nutrients in a diet is closely linked to their digestibility (27). The comparable digestibility in this study might be attributed to the supplementation of the complex enzymes, especially xylanase and β-glucanase. In this regard, the positive roles of dietary β-glucanase and/or xylanase in nutrient utilization dependent on diet type manner have been multiply proven in birds (4–6). Of note, the release from phytate phosphorus that is rich in wheat due to the utilization of complex enzymes in this study might contribute to the higher digestibility of phosphorus in the high-level wheat diet. This was lined with previous documents assuming that wheat possessed a relatively higher digestibility of phosphorous relative to corn in pigs (28).

The development of the gastrointestinal tract plays a vital role in the nutrient utilization of livestock and poultry. A whole wheat diet was found to promote the enlargement and development of gizzard in broilers (29), which could promote the grinding of feed and improve the bonding of nutrients and enzymes (30). According to the published documents, the wheat diet increased the weight of the cecum, and the length of both the duodenum and ileum as compared to the corn diet (31). However, the varying levels of wheat supplementation failed to change the weight and the length of the intestine. In addition, measurement of intestinal morphology is conducive to assessing the capability of absorption of the gut to nutrients, and longer villi and/or shorter crypts may be linked to lower tissue turnover and excellent absorption function (32). When compared to the corn-based diets, the feeding of wheat-based diets was shown to reduce the villus height and the ratio of villus to crypt size, but it increased the crypt depth in the jejunum of laying hens (7). The wheat-based diet was found to induce a decreased villus width in broilers (2). Nevertheless, a study on growing pigs suggested that the addition of a wheat diet notably increased the villus height and the villus height/crypt depth ratio in the duodenum relative to the corn diet (24). Like these findings, the outcomes of the H&E staining in this study indicated that the high-level wheat diet reduced the crypt depth of the jejunum, and the medium- and high-level wheat diets improved the villus height and its ratio to crypt depth in the ileum. These beneficial effects of the wheat diet on intestinal morphology in this study probably derive from the supplementation of the complex enzyme, because the incorporation of an NSP-degrading enzyme in wheat-based diets remarkably augmented the villus height and reduced the crypt depth of duodenum in broilers (33). The data also implied that increased the length of the jejunum and the ileal absorptive surface area were not enough to reverse the decrease in BW caused by the high-level wheat in broilers.

Within the alternations of intestinal morphology, the medium-level wheat diet was noticed to enhance the ileal barrier function, evidenced by significantly upregulating the mRNA levels of ZO-1. Thus, the increased expression of tight junction proteins can be interpreted as a positive response for strengthening intestinal barrier function and integrity (34), which could improve intestinal resistance to pathogenic bacteria and depress inflammation outbursts (35). This might be explained by the downregulated expressions of pro-inflammatory cytokines, such as TNF-α, IL-6, and IL-1β, in the medium-level wheat group. However, the serum comparable concentrations of pro-inflammatory cytokines and anti-inflammatory factors including TGF-β and IL-10, as well as immunoglobulins indicated that the inhibited effects of the inclusion of medium-level wheat did not extend to systemic inflammation. Neither, in agreement with the previous data in broilers (2), the diet type did not alter the relative weight of immune organs, including the thymus, bursa, and spleen, in the current study.

The composition of the cecal microbiota is closely associated with the digestion and absorption of nutrients, immune status, and intestinal barrier functions of animals, and it is also influenced by the diet type (6, 24). For instance, the crude fiber contained in wheat could be directly fermented by microbiota as an energy material, which further affects the abundance of species of gut microbiota (36). A study on broilers found that the supplementation of wheat-based diets increased the account of Escherichia coli in the ileal thyme (2) and decreased the proportion of Ruminococcus in the caeca microbiota profile (10), compared to corn-based diets. It was also reported that the feeding of wheat-based diets improved the microbiota profile of cecal content in growing pigs as compared to the corn group, instructed by the decreased levels of Escherichia-Shigella, a well-known harmful bacterium, and increased the proportion of beneficial bacteria such as Bifidobacterium and Lactobacillus at the genus level (24). The discrepancy among these researchers may imply that the alterations of microbial composition rely on the dietary components, trial objects, environment, etc. In the present experiment, through 16 s sequencing for cecal microbiota, it was shown that the high substitution of corn with wheat reduced the Chao 1 index, implying that the high-level wheat inclusion decreased the microbial diversity in cecum content. At the phylum level, the abundance of Bacteroidetes was decreased with the supplementation of wheat in broilers. With the addition of wheat, the known beneficial bacterium abundances of Lactobacillaceae, Bacteroidaceae, and Ruminococcacea were decreased at the family level, as well as the proportion of Ruminococcin, Bacteroidetes, and Lactobacillus at the genus level. These data suggest that the high wheat supplementation as feedstuffs may decrease the colonization of profitable bacteria in cecal content, which might be linked with the alteration of growth performance, showed by a significantly negative correlated between the proportion of Bacteroidetes and both FI and the ratio of feed consumption to weight gain. Furthermore, the outcomes of KEGG analysis indicated the alterations in cecal microbiota were tightly associated with the change of organismal systems, especially the digestive system. In this process, the carbohydrates and amino acids were greatly enriched in metabolism levels. Specifically, the influence of microbiota had a slight effect on the metabolism of most amino acids, but it clearly decreased the histidine and sulfur-containing amino acids, as well as the biosynthesis of lysine. This was consistent with the findings of Ghazaghi et al., who observed the average of the standardized ileal digestibility (SID) of lysine, methionine, threonine, arginine, and histidine was reduced in quail chicks fed the wheat diet relative to the corn-based diets (37). A study on growing pigs pointed out that the supplementation of a wheat diet decreased the AID of histidine, leucine, threonine, alanine, and aspartate, but it increased the AID of lysine, phenylalanine, cysteine, and glutamate (12). This literature illustrates that the interaction between microbiota and amino acids probably implicates the nutrient utilization and growth of boilers in the current study.

There are some limitations in this study. The first is the setup of wheat dose, a successive level was required for determining the appropriate dose of wheat. The second is the limitation of parameters. The NSP in diet and viscosity in intestinal content was mentioned to significantly nutrient digestibility (13) and microbiota composition (36), whereas their contents are lacking in this study. In addition, the short-chain fatty acids (SCFAs) produced by microbial fermentation were also proved to play a critical role in intestinal development, but the data on SCFA levels were not shown in this study. The third is the evaluation of amino acids. The results of the KEGG analysis implied the deleterious effects of the high wheat diet might be related to the metabolism of amino acids, which needs to be confirmed in the future. Consequently, the inclusion of this study may overestimate or underestimate the effects of varying wheat levels in the diets of broilers on the growth performance, intestinal barrier, and cecal microbiota.



5 Conclusion

In conclusion, under the condition of supplementing exogenous enzymes, the diet with medium-level wheat (30% for the grower diet and 40% for the finisher diet, respectively) improved ileal morphology and integrity, thereby reducing intestinal inflammation, but it did not notably the growth performance of broiler chickens, whereas when the levels of wheat extended to 55.77 and 62.38% in grower and finisher diets, respectively, the high-level wheat diet significantly increased the feed consumption and decreased the feed conversion rate, which might be associated with the distribution of gut microbiota such as the decreased abundance of Ruminococcin, Bacteroidetes, and Lactobacillus at the genus level. Moreover, a negative correlation between the proportion of Bacteroidetes and both IF and the ratio of feed consumption to weight gain was also identified in this study.
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