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The present trial examined the effects of diet supplementation with an extract including Greek oregano, garlic, rock samphire, and camelina, administered either in aqueous form or encapsulated in cyclodextrin, on broiler chickens. The duration of the trial was 35 days. Mixed broiler chicks (Ross-308, 120 individuals, 1 day old) were randomly allocated to one of three groups, each with four replicates. Control group A (CONTROL) was fed a basal diet consisting of maize and soybean. The diet of the AQORGCC and CDORGCC groups was further supplemented with aqueous and cyclodextrin-encapsulated herbal extracts, respectively. Levels of lipid and protein oxidation were determined in breast and thigh meat samples. Furthermore, to address cellular stress and signaling responses, the expression patterns of heat shock proteins (Hsp60, Hsp70, and Hsp90), mitogen-activated protein kinases (P38 and P44/42 MAPKs), and apoptotic-related proteins (Bcl-2/Bad ratio) were investigated in breast and thigh tissues using Western blot analysis. The intestinal morphometry of the duodenum, jejunum, and ileum was also assessed. To investigate ileal and cecal bacterial community diversity, 16S rRNA gene high-throughput amplicon sequencing on the V3–V4 hypervariable region was performed. The results showed that the herbal extract in cyclodextrin delayed meat lipid oxidation. According to the protein expression patterns, the formulated diets elicited tissue-specific cellular responses. Compared with the CONTROL group, dietary supplementation with the encapsulated form resulted in significant Hsp induction and MAPK activation, whereas, in the group whose diet was supplemented with the aqueous form, the expression of most of the examined proteins decreased or was maintained at a constant level. Villus height and lamina propria width were mostly affected by the aqueous herbal extract, whereas the number of goblet cells remained unchanged among the groups. Firmicutes, Proteobacteria, and Bacteroidota were the major phyla in mean relative abundance in all diets in both cecal and ileal samples. Alpha-diversity indices highlighted higher species richness and diversity in the cecum than in the ileum, as well as in chicks treated with the aqueous extract of the herbal mixture, but only in the cecum. Cecal beta-diversity differed between the cyclodextrin and the CONTROL groups, while ileal beta-diversity varied only between the aqueous-treated group and the CONTROL group. In conclusion, the dietary mixtures of herbal extracts (particularly those encapsulated in cyclodextrin) improved protein and lipid oxidation and increased the number of beneficial lactic acid-producing bacteria in the cecum, whereas the aqueous herbal extract mostly affected bacterial activity in the proximal part of the chicken intestine. Similarly, intestinal morphometry in the duodenum, jejunum, and ileum was mostly affected by the aqueous herbal extract, which seems to inhibit proteins associated with stress signaling in meat.
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Introduction

In the last few decades, aromatic and medicinal plants have been exploited in the last few decades as an efficient alternative or ecofriendly and cost-effective solution offering support to the efforts made to reduce the use of in-feed antimicrobial drugs  (Wang et al., 2022). Because of the increased interest in the incorporation of phytobiotics in broiler chickens’ diets, to date both the scientific community and the production industry have explored different herbal feed additives and their mixtures, aiming to improve animal health, and thus performance parameters. Brenes and Roura (2010) suggested that the interactions of herbal mixtures need to be examined because of the complexity resulting from the vast number and variability of their bioactive compounds. It has also been suggested that herbal mixtures should be investigated in depth to identify possible special synergistic effects on chicken performance, which until now have not received much attention (Giannenas et al., 2018). Herbal extracts comprise plants, essential oils, plant extracts, and the by-products of herbal or crop processing. The use of herbal extracts in the feed industry has increased in recent years, as their biologically active compounds (polyphenols and essential oils) exert antimicrobial and antioxidant effects in food-producing animals (Anastasiou et al., 2019; Christaki et al., 2020; Mandalakis et al., 2021).

Previous studies on the antibacterial effects of plant essential oils, including oregano essential oil, suggest that hydrophobic bioactive compounds cause cellular pH disturbance and damage to the cell membrane, increase cell permeability, affect ATP production and protein synthesis, induce cytoplasmic changes, and interfere with quorum sensing (Lambert et al., 2001; Hyldgaard et al., 2012). Greek oregano essential oil (GOEO), extracted mainly from the leaves and inflorescences of Origanum vulgare L, using ecofriendly methods, has been reported to exhibit broad antibacterial activity, showing significant synergistic antibacterial properties with various compounds (Betancourt et al., 2012). In addition, other biological activities, such as antifungal, antiviral, antioxidant, and anticancer activities, have been documented for GOEO (Cervato et al., 2000; Kalemba and Kunicka, 2003; Gautam et al., 2014). Allium sativum L. (garlic) and Crithmum maritimum L. (rock samphire) extracts have also been reported to have beneficial antibacterial, antiviral, antifungal, antioxidant, and immunomodulatory effects, which have been attributed to their bioactive compounds (Meot-Duros and Magné, 2009; Chandran et al., 2022). In addition, Camelina sativa (camelina) seed extract has been reported to have both antioxidant and anti-inflammatory activity and has been proposed as a natural alternative to synthetic drugs (Kumar et al., 2017). Recently, a few high-throughput 16S rRNA sequencing studies have investigated the effect of herbal extracts on the microbial compositions and metabolic profiles of weaned piglets (Li et al., 2018) and chickens (Zhu et al., 2019), revealing that such extracts can be used as antibiotic alternatives to reduce the accumulation of pathogenic bacteria, and hence improve the intestinal health of these animals.

Differences in animals’ dietary regimes can often result in nutrient deficiencies, and the bioavailability of nutrients is susceptible to feed processing techniques (Oliva-Teles, 2012). Deficient dietary intake has been reported to affect chickens at morphological, biochemical, and immunological levels (Uni et al., 2000; Khoso et al., 2019). In addition, alterations in diet may result in oxidative stress induction, as has been previously reported in several animals, including fish (Antonopoulou et al., 2013; Feidantsis et al., 2014; Antonopoulou et al., 2017; Feidantsis et al., 2022), rats (Dhibi et al., 2011), and chickens (Liu et al., 2012). Mitogen-activated protein kinases (MAPKs) are highly conserved modules that mediate extracellular signal transduction to intracellular targets, thus regulating multiple cell responses, such as proliferation, differentiation, and apoptosis, to diverse stimuli including hormones, growth factors, and environmental stresses (e.g., nutritional changes) (Fischer et al., 2009; Kyriakis and Avruch, 2012; Antonopoulou et al., 2017; Feidantsis et al., 2022). Similarly, several stressors induce heat shock proteins (Hsps), a family of intracellular proteins that act as molecular chaperones and are involved in protein homeostasis, the prevention of protein misfolding, and aggregation and cell protection (Jäättelä, 1999; Figueiredo et al., 2007). In addition, apoptotic machinery, a programmed cell death procedure, may be recruited during stress conditions, including nutrient deficiency (Huang et al., 2016), to eliminate damaged or abnormal cells and ensure tissue homeostasis (Watson and Pritchard, 2000).

The gastrointestinal tract of chickens is considerably smaller than that of mammals. Consequently, the physical space available for digestion and absorption (Pan and Yu, 2014); thus, the maintenance of overall gut health is important. Gut health is based on the physical and physiological status of a living organism’s gastrointestinal tract, framed up by a list of different parameters, such as diet, mucosa, microorganisms, and immune system, that together are important in sustaining homeostasis (Wickramasuriya et al., 2022). Intestinal mucus is an adhesive material that is produced by a specific type of enteric cells, the goblet cells, and surrounds the gastrointestinal tract. In broiler chickens, mucus has been found to protect against intestinal colonization by pathogenic microorganisms; thus, the abundance of goblet cells is linked to health benefits for chickens (Broom, 2018).

In the context of dietary supplementation with novel herbal mixtures in broiler chickens, the aim of the present study was to evaluate the influence of a special phytobiotic mixture extract containing Origanum vulgare subsp. hirtum, Allium sativum, Crithmum maritimum, and Camelina sativa supplemented in two forms (i.e., aqueous extract or cyclodextrin encapsulation) on meat oxidation, cellular responses, intestinal morphology, abundance of goblet cells, and proximal and hindgut microbiota in broiler chickens.



Materials and methods



Ethics and procedures

Husbandry, euthanasia by electrical stunning prior to slaughter, experimental procedures, and the biosecurity precautions in place were in accordance with Greek legislation governing experimental animals and were approved by the local Public Veterinary Service (Reg. 489181(3254)/07.02.2018) for research experimental facilities. All institutional and national guidelines for the care and use of laboratory animals were followed.



Plant material

Plant material of native Greek Origanum vulgare subsp. hirtum L. [oregano, IPEN (International Plant Exchange Network) accession number GR-1-80 BBGK- 03,2107], and Crithmum maritimum (sea fennel, IPEN accession number GR-1-80 BBGK- 17,5685) are ex-situ maintained at the collection of the Balkan Botanic Garden of Kroussia 84 (41°05′44.3″N 23°06′33.7″E) of the Institute of Plant Breeding and Genetic Resources, Hellenic Agricultural Organization-DEMETER, in Greece. Young plants were produced asexually by cuttings and were cultivated in the fields of the Institute. Leaves and flowers were collected, dried, and then used for the production of the extracts (Vasilopoulos et al., 2022). Allium sativum bulbs of the Greek traditional variety ‘Vyssa’ were kindly provided by the local agricultural cooperation of the village of Vyssa, north-east Greece. Camelina sativa as cultivated in the north-east of Greece, near the river Evros, and the seeds used for experimentation were also provided by the local Union of Agricultural Cooperation. All the plants were submitted to solvent extraction with either β-cyclodextrin aqueous solution or double-distilled water and were used in dried and powdered form. The concentration of Greek oregano, garlic, and rock samphire was 50 g per liter of solvent, whereas the concentration of camelina was 10 g per liter.



Animals, diet composition and experimental design

A total of 120 1-day-old hatched Ross-308 chicks, donated by PINDOS APSI hatchery, were randomly allocated into three equal groups, with four replicates of 10 birds each. The duration of the experimental trial was 35 days. All treatment replicates were housed in separate floor pens, each equipped with an infrared lamp for heating, in a specially designed experimental room at the Research Institute of Animal Science, Hellenic Agricultural Organisation-DEMETER, Paralimni (40°45′N, 22°27′E), Giannitsa, Greece, in which the temperature, relative humidity and lighting conditions were controlled, following the recommendations of the breeding company (Aviagen®, Huntsville, AL, USA), throughout September 2020 and October 2020. The chicks’ health was evaluated twice daily by a veterinarian surgeon. On day 1 in the hatchery, all birds were vaccinated against Newcastle disease (ND) and infectious bronchitis (IB) through spray vaccination, as well as against infectious bursal disease (IBD) through subcutaneous vaccination. The CONTROL diet was formulated in accordance with the breeding company’s recommendations (Aviagen, 2019), and comprised a maize and soybean meal in mash form. After the chicks were fed the basal diet, additional diets were prepared by incorporating Origanum vulgare subsp. hirtum L., Allium sativum L., Crithmum maritimum L., and Camelina sativa L. Crantz either as aqueous extract (AQORGCC group) at a concentration of 0.1% per kg of dry matter (DM) or as cyclodextrin extract (CDORGCC group) at the same concentration. Table 1 provides a detailed composition of the CONTROL group’s diet.


Table 1 | Composition of the basal diets used in the trial.





Preparation of aqueous and cyclodextrin extracts, determination of total phenolic content (TPC), and determination of antiradical activity and tissue sampling

The preparation of herbal extracts was carried out in accordance with the method detailed by Vasilopoulos et al. (2022). We also determined diet oxidative aspects along with total phenolic content, in accordance with the methodology described by Singleton et al. (1999) expressed as gallic acid equivalents (GAEs) in mg/g using the Folin–Ciocalteu assay, while the determination of the antiradical activity was based on the assessment of 2,2-diphenyl-1-picrylhydrazyl (DPPH) reagent.

Two male and two female chickens from each of the four replicates, amounting to 16 birds per treatment, were chosen to meet the mean body weight of the pen, identified by plastic tie-up leg tags and were thereafter slaughtered, at day 35, so that both breast and thigh meat and intestinal samples could be collected.



Determination of breast and thigh meat lipid and protein oxidation

The breast and thigh meat samples of two male and two female birds from each replicate were collected for further analysis regarding their oxidative status on days 1, 3, and 5 of refrigerated storage. Subsequently, meat samples from the same birds were placed in an oven at 90°C for 45 min on day 1 to determine the lipid oxidative stability of the cooked meat. The levels of thiobarbituric acid-reactive substances (TBARS) in broiler chicken meat samples were determined in accordance with the methodology described by Ahn et al. (1999), with minor modifications. To determine protein carbonyl levels, the method of Patsoukis et al. (2004) was applied to the same birds’ meat samples.



Stress protein analysis in breast and thigh meat samples through SDS-PAGE/immunoblot analysis

To investigate chicken cellular responses to dietary changes, the levels of Hsp60, Hsp70, and Hsp90 and of MAPKs (p38, p44/42), and the Bcl-2/Bad ratio were determined through SDS-PAGE/immunoblot analysis in accordance with well-established protocols. The homogenization of tissue samples, collected as described above, for total protein extraction was carried out in cold lysis buffer in accordance with the method described by Antonopoulou et al. (2020). The protein concentration of homogenized samples was measured using the colorimetric BioRad protein assay. Subsequently, equivalent amounts of protein (80 μg) were separated on 10% (w/v) acrylamide and 0.275% (w/v) bisacrylamide slab gels and electrophoretically transferred onto a 0.45-μm-thick nitrocellulose membrane filter (Schleicher & Schuell BioScience GmbH, Keene, NH, USA). Equal protein loading and transfer efficiency were assured by Ponceau staining (data not shown). Following the blocking of non-specific binding sites in 5% (w/v) non-fat milk in Tris-buffered saline–Tween (TBST) [20 mM Tris-HCl, 137 mM NaCl, 0.1% (v/v) Tween 20, pH 7.5], membranes were incubated overnight at 4°C with specific primary antibodies. The antibodies used were as follows: monoclonal rabbit anti-heat shock protein, 60 kDa (Cat. No. 12165, Cell Signaling, Beverly, MA, USA), polyclonal rabbit anti-heat shock protein, 70 kDa (Cat. No. 4872, Cell Signaling, Beverly, MA, USA), polyclonal rabbit anti-heat shock protein, 90 kDa (Cat. No. 4874, Cell Signaling, Beverly, MA, USA), monoclonal rabbit anti-phospho-p44/42 MAPK (Thr202/Tyr204) (Cat. No. 4370, Cell Signaling, Beverly, MA, USA), monoclonal rabbit anti-p44/42 MAPK (Cat. No. 4695, Cell Signaling, Beverly, MA, USA), polyclonal rabbit anti-phospho-p38 MAPK (Thr180/Tyr182) (Cat. No. 9211, Cell Signaling, Beverly, MA, USA), polyclonal rabbit anti-p38 MAPK (Cat. No. 9212, Cell Signaling, Beverly, MA, USA), monoclonal rabbit anti-Bcl2 (Cat. No. 3498, Cell Signaling, Beverly, MA, USA), and polyclonal rabbit anti-Bad (Cat. No. 9292, Cell Signaling, Beverly, MA, USA). Thereafter, blots were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody [anti-rabbit IgG, HRP-linked antibody (Cat. No. 7074, Cell Signaling, Beverly, MA, USA)]. Before and after incubation, blots were washed in TBST (three times, for 5 min each time). The bands were detected through enhanced chemiluminescence (Cat. No. 7003, Cell Signaling, Beverly, MA, USA), with exposure to Fuji Medical X-ray films. Bands quantification was conducted in Image Studio Lite (LI-COR Biosciences, Lincoln, NE, USA).



Intestinal morphometry

On day 35 of the trial, following euthanasia (2–5 min), tissue samples were collected, as described above, from a standard area of duodenum, jejunum, and ileum and fixed in 10% neutral-buffered formalin, embedded in paraffin, cut into 3- to 4-μm-thick sections, and stained with hematoxylin and eosin. Alcian Blue pH 2.5/PAS staining (staining kit Bio-Optica, 04-163802A) was also performed to detect goblet cells. The ImageJ image processing and analysis program (National Institutes of Health, Bethesda, MD, USA, J 1.53k) was used for the histomorphometric analysis (Gava et al., 2015). The histomorphometric features that were evaluated in each image were villus height, crypt depth, lamina propria width, and the number of goblet cells per villus. To determine villus height and crypt depth, three images of favorably orientated sections cut vertically from the villus enterocytes to the muscularis mucosa of each sample were captured. Subsequently, the villus height was assessed by measuring the perpendicular distance from the villus tip to the villus–crypt junction level for 10 villi per section. Accordingly, crypt depth was measured for 10 corresponding crypts per section.



DNA extraction and amplicon sequencing analysis

Approximately 250 mg (wet weight) of homogenized pooled samples of ileal or cecal digesta obtained from 16 broiler chickens in each group (as mentioned above, to provide a satisfactory and representative sample quantity) was analyzed. Thereafter, 12 separate CONTROL group samples (six ileal and six cecal) and 16 separate experimental group samples (eight ileal and eight cecal) were subjected to genomic DNA extraction using the Qiagen DNeasy PowerSoil Pro Kit (Qiagen, Carlsbad, CA, USA), following the manufacturer’s protocol. The quantity and quality of the extracted DNA were measured using a NanoDrop™ spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and agarose gel electrophoresis, respectively, to meet the requirements for subsequent sequencing. DNA samples were stored at −80°C prior to further analysis.

The V3–V4 hypervariable region of the bacterial 16S rRNA was amplified by PCR using the primer pair 341F/806R (341F: 5′-CCTAYGGGRBGCASCAG-3′, 806R: 5′-GGACTACCVGGGTATCTAAT-3′) (Cui et al., 2019). PCR amplification of targeted region was performed by using the above-mentioned primers connecting with individual barcodes. The amplified 16S rRNA amplicons from each sample were paired-end sequenced (2 × 250) on the Illumina NovaSeq 6000 platform in accordance with the standard protocol. The raw sequence data were submitted to the NCBI SRA database (NCBI BioProject PRJNA871958).



Sequencing data processing and operational tax units analysis

The raw paired-end reads were assigned to samples based on their unique barcodes and were truncated by cutting off the barcode and primer sequences. Paired-end reads were merged using FLASH (V1.2.7) (Magoč and Salzberg, 2011). Amplicon reads were filtered to obtain high-quality clean tags using the Quantitative Insights Into Microbial Ecology (QIIME, http://qiime.org/index.html ) software package (V1.7.0) (Caporaso et al., 2010). The tags were then compared with the reference database (SILVA138 database) using the UCHIME algorithm (version 4.2.40) (Edgar et al., 2011) to detect and remove chimera sequences. The remaining high-quality sequences were clustered into operational taxonomic units (OTUs) at 97% sequence identity using the UPARSE (version 7.0.1090, http://drive5.com/uparse/ ) pipeline (Edgar, 2013). Representative sequences for each OTU were screened for further annotation.

For each representative sequence, species annotation was developed using the Mothur method and the SSU rRNA database of SILVA138 (with a threshold of 0.8–1) at each taxonomic rank (Wang et al., 2007; Quast et al., 2012). The abundance information of the OTUs was normalized prior to the alpha- and beta-diversity analyses using a standard of sequence number corresponding to the sample with the least sequences.



Statistical analyses of alpha- and beta-diversity of intestinal microbiota

Alpha-diversity (Chao1 and Shannon) indices were calculated using QIIME software (version 1.7.0) and displayed with the “phyloseq” package (McMurdie and Holmes, 2013) in R software (version 2.15.3). Rarefaction metrics were computed using the alpha_rarefaction.py script in the QIIME software package (Kuczynski et al., 2012). A heatmap based on the relative abundance of OTUs was generated using R software (Ling et al., 2014).

Beta-diversity was also assessed with QIIME using principal coordinates analysis (PCoA) based on weighted (assessment of community structure by considering the abundances of OTUs) and unweighted (assessment of community membership by considering the presence/absence of OTUs) UniFrac distance matrices (Lozupone and Knight, 2005). Analysis of similarities (ANOSIM) was performed to assess the overall similarity among the different groups by testing the significance of spatial separation in PCoA. The R-value indicated the extent to which the groups were separate in terms of their microbial communities (R > 0.75, good separation; R > 0.5, overlapping; and R < 0.25, no separation) (VAN, 1993).

To characterize the microbial differences between the different groups, and to identify potential biomarkers for each diet, linear discriminant analysis (LDA) effect size (LEfSe) analysis was employed (Segata et al., 2011) using Galaxy online tools (http://huttenhower.sph.harvard.edu/lefse/ ). Furthermore, a linear discriminant analysis (LDA) effect size (LEfSe) algorithm was applied to identify the significant microbial difference among the different diets groups, using an LDA score >3.



Statistical analysis of meat oxidation, protein activation, and intestinal evaluation

Prior to the onset of the experiment, the minimum required total sample size was calculated using the “power analysis for one-way ANOVA” methodology with G*Power 3.1.9.2 software and power ≥ 0.80. The basic study design was a random complete block (RCB) design, and the replication (pen) was considered as the experimental unit. Changes in lipid oxidation, the level of protein carbonyls, the activation of MAPKs, the expression patterns of Hsps, and the Bcl-2/bad ratio in response to the dietary treatments were tested for significance at the 5% level using one-way analysis of variance (ANOVA), and post-hoc comparisons were performed using Tukey’s test. Statistical analysis was conducted using the SPSS program (SPSS Statistics 25).




Results and discussion

The idea of supporting the breeding of commercial broiler chickens by avoiding the use of antibiotic growth factors emerged long ago, owing to well-documented concerns about antibiotic resistance, and after public demand for natural products. The capacity of plant extracts to facilitate the achievement of this goal is continuously being investigated, and previous reports have investigated the effects of plant metabolic compounds on broiler chickens’ intestinal microbiota with hortatory results  (Wang et al., 2022). Phytobiotics produced by green technologies may be further exploited as feed additives with enhanced properties either to support growth performance (Vasilopoulos et al., 2022) or to increase antimicrobial potency. The innovative technology of extract encapsulation may serve the aim of rearing broiler chickens in the absence of antibiotics by reaching targets in different directions, as phytobiotics act by various mechanisms. Among the advantages of encapsulation for plant-extracted ingredients are the increased bioavailability and solubility of core compounds, the prevention of ingredient degradation during processing or while in storage, and the masking of undesirable ingredient properties, such as unpleasant odor or flavor (Christaki et al., 2022). In addition, it has been proven that microencapsulation by spray drying has a beneficial effect on oregano essential oil, by enhancing the speed and level of its release of bioactive compounds (Partheniadis et al., 2017).

In the present study, a mixture of herbs, including oregano, garlic, rock samphire, and camelina, was chosen, and these herbs were extracted either with cyclodextrin or with water to be used as phytobiotic solution; subsequently, their effect as feed supplements in the diet of broiler chickens was evaluated by determining the levels of lipid and protein oxidation and the expression of stress-related and apoptosis proteins in breast meat, as well as changes in the chickens’ intestinal morphology and microbiota. It has been hypothesized that feed supplementation with plant extracts could impact the gastrointestinal function of chickens, and may also positively influence protein and lipid oxidation of chickens. For this reason, several indicators commonly applied at the experimental and industrial levels were evaluated. Furthermore, the nutrient profile of broiler chicken meat was assessed, focusing primarily on protein and lipid oxidation in both raw and cooked samples of breast meat. Our study results indicate that the tested extracts’ combination could be used as a feed supplement to improve the quality of broiler chicken meat. However, as poultry meat quality can also be affected by other dietary factors, further research is needed regarding the effect of tested phytobiotics. For example, phytobiotics should be incorporated in diets alongside other ingredients to evaluate the possible interactions between different ingredient components, as well as in diets with ingredients of different fat content for the evaluation of antioxidant activity (Vasilopoulos et al., 2022). It has already been stated that the same phytobiotic mixture in the cyclodextrin encapsulated form significantly increased the final mean body weight of broiler chickens at day 35 (final mean body weights: CONTROL 2,287.75 g; AQORGCC 2,264.5 g; and CDORGCC: 2,295.2 g), whereas feed intake and the feed conversion ratio were unaffected among the chickens fed either the CONTROL diet or a diet supplemented with the herbal mixture encapsulated in cyclodextrin/in its aqueous form (Dokou et al., 2023).

The total phenolic content of the extracts was 152.5 ± 1.46 mg GAE/g of plant material for the aqueous quadruple extract and 206.6 ± 2.77 mg GAE/g of plant material for the cyclodextrin quadruple extract. A small difference was observed between the extracts regarding their total phenolic content, with the cyclodextrin extract having the highest value. The total phenolic content of the CONTROL feed was 0.51 ± 0.15 mg GAE/g of dry matter. The results regarding the antiradical activity presented a different and interesting pattern. More specifically, the value for the aqueous extract was 690.38 ± 0.68 μmol Trolox equivalent/g of plant material, whereas the value for the cyclodextrin extract was equal to 620.87 ± 0.07 μmol Trolox equivalent/g of plant material. Although the cyclodextrin extract had a slightly higher total phenolic content than the aqueous extract, its antiradical activity was lower. Based on these results, it seems that the yield of components presenting scavenging activity against DPPH· is higher when water, rather than cyclodextrin solution, is used as an extraction solvent. The antiradical activity of the CONTROL feed was 41.5 ± 2.24 μmol Trolox equivalent/g of feed.



Effect of herbal dietary supplementation on levels of lipid and protein oxidation

The effects of herbal dietary supplementation on both lipid and protein oxidation status in breast and thigh meat are presented in Table 2. Regarding breast meat, TBARS values on day 1 of meat preservation in the refrigerator were significantly lower in both herbal supplementation groups than in the CONTROL group (p < 0.001), and the AQORGCC group had the lowest value (p < 0.001). On day 3, the TBARS measurements had similar values among all groups (p = 0.546), while on days 1 and 5, for the cooked samples, both supplemented groups had lower values than the CONTROL (p = 0.005). Similarly, the levels of protein carbonyls in breast meat were found to be significantly lower in the supplemented groups, with the CDORGCC group having the lowest value (p < 0.001). In relation to thigh meat, the CDORGCC and CONTROL groups exhibited the lowest lipid oxidation values on days 3 and 5 (p < 0.001), while on day 1 the results were similar for all groups (p = 169). In terms of protein oxidation, the AQORGCC and CONTROL groups had decreased values (p < 0.001). Several aromatic plants have been identified as potential means to mediate tissue oxidative susceptibility owing to their rich polyphenols content (Mahfuz et al., 2021). An established action mechanism of substances rich in polyphenols is their attachment to free radicals, which is proven to cause tissue oxidation. In our investigation, both herbal supplemented feeds were found to have a significant phenolic content, which we can assume contributed to the lowering of lipid and protein oxidation levels. Similar results have been reported by several researchers (Giannenas et al., 2005; Chamorro et al., 2015; Puvača et al., 2015). These findings are in agreement with levels of antiradical activity being higher in the group receiving the experimental diets than in the group receiving the CONTROL diets.


Table 2 | Effect of herbal dietary supplementation on the lipid and protein oxidation levels in the treated breast and thigh meat of 16 chickens.





Effect of diet on cellular stress response (heat shock response proteins, MAPK pathways, and apoptosis proteins)

The induction of Hsps in response to dietary diversification has been previously reported in several animals (Kotzamanis et al., 2021; Bousdras et al, 2022), including chickens (Liu et al., 2015; Zhao et al., 2016). In this study, the effects of dietary use of herbal extracts in either encapsulated or aqueous form on the expression levels of Hsp60, Hsp70, and Hsp90 in chicken breast and thigh meat are depicted in Figure 1. The results obtained showed distinct tissue-specific patterns in regard to Hsps induction, which is in agreement with previous studies in chickens (Xie et al., 2014; Surai and Kochish, 2017). Compared with the CONTROL group, Hsp60 expression levels in both types of tissue exhibited a significant induction (p < 0.05) in response to the CDORGCC diet. By contrast, the AQORGCC diet resulted in differentiation of Hsp60 expression patterns between the two tissues, that is elevated Hsp60 levels were observed in thigh tissue, whereas a significant reduction in Hsp60 levels was apparent in breast tissue. Differences in the heat shock response between the two types of tissue were also observed in regard to Hsp70 levels. Specifically, Hsp70 expression levels were significantly induced (p < 0.05) in the chicken thigh tissue of the CDORGCC dietary group compared with the CONTROL group, whereas Hsp70 expression levels were increased in the breast tissue of the AQORGCC dietary group. In terms of Hsp90, the CDORGCC diet significantly induced protein levels in breast tissue, while a reduction was apparent in expression levels in thigh tissue. However, no differentiation in Hsp90 levels in both types of tissue was observed in the AQORGCC dietary group compared with the CONTROL group. In accordance with the present results, previous studies have reported that supplementation with plant polyphenolic compounds differentiates the expression of Hsps in a tissue-specific manner (Liu et al., 2014; Shirai et al., 2021). Dietary resveratrol supplements attenuated the heat stress-induced Hsps upregulation in the bursa of Fabricius and spleen of black-boned chickens, while elevated Hsp27 and Hsp90 mRNA expression was apparent in the thymus (Liu et al., 2014). Similarly, Shirai et al. (2021) observed the in vitro induction of Hsps in murine liver hepatoma cells incubated with zerumbone, a Zingiber zerumbet Smith rhizome extract. However, mice fed a diet containing the latter phytochemical displayed differentiation in Hsps expression pattern in the liver and the soleus muscle, whereas zerumbone seems to facilitate thermotolerance via Hsp70 expression (Shirai et al., 2021). The recruitment of Hsps is vital for the reversal or inhibition of protein denaturation or unfolding during stress conditions (Jäättelä, 1999; Surai and Kochish, 2017), including nutritional deficiencies. For instance, previous studies in chickens have shown that dietary selenium deficiency leads to an increase in Hsps mRNA and protein levels (Liu et al., 2015; Zhao et al., 2016). However, the induction of Hsps may occur as a response to variations in nutrient composition, mediating several protein metabolic processes, including protein synthesis (Hendrick and Hartl, 1993). In the present study, supplementation with phytobiotic extract in the aqueous form resulted in fewer detrimental effects in regard to Hsps recruitment than didCDORGCC treatment, which can perhaps be attributed to the antioxidant activity of herbal compounds, including radical scavenging.




Figure 1 | Expression levels of (A) Hsp60, (B) Hsp70, and (C) Hsp90 in the thigh and breast tissue of broiler chickens following the three different dietary treatments, i.e., control, basal diet; CDORGCC, diet supplemented with cyclodextrin extract at 0.1% per kg of DM; or AQORGCC, diet supplemented with aqueous extract at 0.1% per kg of DM. Representative protein bands are shown in the bottom right panel. Data represent means ± SD; n = 3 biological replicates. Different letters (a, b, c) denote significant (i.e., p ≤ 0.05) differences between the dietary treatments.



Similarly, supplementation with CDORGCC propelled significant (p ≤ 0.05) activation of p38 MAPK in both types of tissue compared with the CONTROL, while p44/42 MAPK activation was apparent in thigh tissue (Figure 2). By contrast, AQORGCC significantly induced p38 MAPK and p44/42 MAPK activation in breast and thigh tissue, respectively, and a reduction in the latter was observed in breast tissue. The activation of MAPKs due to changes in dietary regime has been little researched in chickens; most studies have focused on the role of MAPK/NF-κB pathway implications in necroptosis  (Jiayong et al., 2020; Liu et al., 2022). The supplementation of rutin, a dietary bioflavonoid, alleviated the cadmium-induced MAPK protein levels in chicken liver due to treatment with cadmium  (Liu et al., 2022). In this study, we found that AQORGCC reduced p44/42 MAPK activation levels in breast tissue, but that no effect was apparent on p38 MAPK activation levels in thigh tissue. Thymol, a natural phenolic compound found in thyme- and oregano-scented plants and which has strong anti-inflammatory properties, has been previously shown to interfere in the activation of the MAPK signaling pathway (Liang et al., 2014). In accordance with the present results, dietary supplementation with oregano essential oil has been reported to inhibit the activation of p44/42 MAPK, but not that of p38, in pig jejunum, while simultaneously improving the integrity of the intestinal barrier (Zou et al., 2016). However, it must be noted that MAPK signaling is involved in several cellular processes, including proliferation, differentiation, and development (Seger and Krebs, 1995); thus, the activation of MAPKs may not be entirely due to nutrient stressors. Nevertheless, phytochemicals seem to activate MAPKs to regulate the antiestrogenic effects of phytochemicals (Collins-Burow et al., 2012), as well as the transcription of genes involved in the response to oxidative stress (Loo, 2003). Thus, with regard to MAPK activation, supplementation with phytobiotic extract in aqueous form seems to improve animal welfare, although further investigation is required because of the variations between the examined tissues.




Figure 2 | Phosphorylation of (A) p38 and (B) p44/42 MAPKs in the thigh and breast of broiler chickens following the three different dietary treatments, i.e., control, basal diet; CDORGCC, diet supplemented with cyclodextrin extract at 0.1% per kg of DM; AQORGCC, diet supplemented with aqueous extract at 0.1% per kg of DM. Representative protein bands are demonstrated in the top panels. Data represent means ± SD; n = 3 biological replicates. Different letters (a, b, c) denote significant (i.e., p ≤ 0.05) differences between the dietary treatments.



In terms of apoptotic machinery, the two types of tissue exhibited contradictory results following the dietary inclusion of herbal extracts (Figure 3). Specifically, the Bcl-2/Bad ratio was significantly reduced (p ≤ 0.05) in thigh tissue in both herbal extract groups compared with the CONTROL group. However, both diets resulted in a significant increase in the Bcl-2/Bad ratio in breast tissue. Cellular anti-apoptotic and pro-apoptotic proteins, including Bcl-2 and Bad, respectively (both members of the Bcl-2 family), are involved in the regulation of apoptosis, in which lessened sensitivity to cell death is indicated by a high Bcl-2/Bad ratio (Levine et al., 2008). The elevation of cytosolic cytochrome c is pivotal in cells undergoing apoptosis, while Bcl-2 overexpression prevents the release of cytochrome c from mitochondria to cytosols and, consequently, cell apoptosis in response to several stimuli, including metabolic stressors (Levine et al., 2008; Liu et al., 2013). For instance, dietary selenium deficiency has been shown to increase the mRNA levels of Bax and induce testicular apoptosis in chickens (Huang et al., 2016). Furthermore, cinnamon extract has been shown to exert antioxidant, anti-inflammatory, and anti-apoptotic effects against copper-induced nephrotoxicity in broiler chickens, restoring the mRNA levels of Bax, another pro-apoptotic member of the Bcl-2 family, and Bcl-2 to normal (Elazab et al., 2021). In accordance with the aforementioned results, the herbal mixture in the present study exhibited anti-apoptotic properties in breast tissue.




Figure 3 | Bcl-2/Bad ratio in the thigh and breast of broiler chickens following the three different dietary treatments, i.e., control, basal diet; CDORGCC, diet supplemented with cyclodextrin extract at 0.1% per kg of DM; AQORGCC, diet supplemented with aqueous extract at 0.1% per kg of DM. Representative protein bands are shown in the top panel. Data represent means ± SD; n = 3 biological replicates. Different letters (a, b, c) denote significant (i.e., p ≤ 0.05) differences between the dietary treatments.





Intestinal histomorphometry

Intestinal morphometry was affected in different ways in different parts of the intestine and depending on the feed additive (Table 3). Villus height in the duodenum was greater in the AQORGCC dietary group than in the CONTROL and CDORGCC groups. Similarly, the lamina propria was wider in the AQORGCC group than in the other two groups. The number of goblet cells remained unaffected in all intestinal tissues. Villus height to crypt depth ratio was higher in the jejunum and ileum of the AQORGCC dietary group than in the other two groups, suggesting more efficient intestinal functionality with less energy demand in this group. In jejunum, villus height did not differ among groups, as the AQORGCC and CDORGCC groups were possibly not more potent in activity compared with the CONTROL diet group. Ileum morphology was however, affected by the dietary supplementation, where CONTROL group presented the highest value (p < 0.001). Crypt depth was also higher in the AQORGCC group, and lamina propria was also increased in this group (p < 0.001).


Table 3 | Effect of dietary extract supplementation on the intestinal morphology and goblet cell number of broiler chickens.




In general, the birds fed the CONTROL diet had a shorter villus height, a higher crypt depth, and a lower villus height to crypt depth ratio than birds fed the herbal-enriched diets, and this difference was particularly notable in the small intestine of birds in the aqueous extract dietary group, and in the hindguts of those in the cyclodextrin dietary group. In the present study, we observed an increase in villus height, without a difference in the number of goblet cells, in the groups fed the herbal-enriched diets compared with the CONTROL group. Villus height is an important indicator of the digestive function of chickens because it is correlated with the absorptive efficiency of the intestinal mucous membrane, i.e., a higher villus height is indicative of better absorption in the small intestine (Wickramasuriya et al., 2022). In the absence of disease challenge or stress conditions (as indicated both by the equal numbers of goblet cells and by the fact that the lamina propria was higher in the group with greater villus height), it can be extrapolated that herbal extracts support growth and improve gut functionality, even in healthy chickens that are kept in sterile environments. The presence of toxins, even at low levels, or of bacteria lipopolysaccharides, can severely compromise several crucial intestinal functions and morphology, which is associated with an impairment of growth and performance (Ghareeb et al., 2015; Wang et al., 2015). Goblet cells secrete a sticky protein that has a protective effect on the intestinal epithelium (Antoni et al., 2014). Supplementation with a blend of essential oils (containing 15 mg/kg carvarcol) significantly increased villus length and goblet cells count in broiler chickens (Reisinger et al., 2011). Similarly, a combination of oregano with organic acids and clay minerals improved intestinal villus height, goblet cell counts, and intestinal cell functionality (Tzora et al., 2017).



Sequencing data and microbial composition in the three diets

Microbiota within the intestine contribute to nutrient digestion, fermentation of energy substrates, breakdown of non-starch polysaccharides, and prevention of disease through alternately bacteriostatic and bactericidal activity  (Sergeant et al., 2014). The direct enhancement of broiler chickens’ productivity and health can be the outcome of favorable intestinal microbiota alteration (Sergeant et al., 2014). In this study, in an attempt to elucidate the effect of herbal extracts on the intestinal microbiota of broiler chickens, a high-throughput 16S rRNA amplicon sequencing analysis was performed. A total of 2,420,381 amplicons merged from paired-end reads were obtained from the 28 ileal and cecal samples, with an average of 84,442 sequences per sample. After data trimming and quality filtering, 1,723,713 high-quality sequences were acquired, with an average of 61,561 sequences per sample (Supplementary Table S1). These high-quality sequences for all the samples, after chimera removal, were clustered into 2,132 individual operational taxonomic units (97% identity), representing independent species belonging to 372 genera, 165 families, 99 orders, 39 classes, and 24 phyla (Supplementary Table S2). The cecal samples had a higher number of OTUs than the ileal samples (average numbers for the three diets were 656 and 530, respectively), whereas no statistically significant differences were observed between the different diet groups (Supplementary Table S3). The results pertaining to the number of observed species were similar, with 529 and 423 species identified in the cecum and the ileum, respectively.

In line with previous results (Wang et al., 2015), the two different intestinal tissues, cecum and ileum, seemed to be associated with distinct microbial communities, in terms of composition and richness. Overall, microbial communities in intestinal tissues were dominated by Firmicutes, Bacteroidota, Campilobacterota, and Proteobacteria, with distinct differences in species distribution between the ileum and caecum (Figure 4A; Supplementary Table S2). Firmicutes and Bateroidota are the most dominant bacterial phyla in chickens (Wen et al., 2019), whereas a higher ratio of Firmicutes to Bacteroidota, in terms of relative abundance, has been related to a greater percentage of body fat (Turnbaugh et al., 2006). Dietary supplementation with herbal mixtures resulted in this ratio being increased in cecal samples, whereas, in ileum samples, a decrease was observed, associated with body fat accumulation. Furthermore, Firmicutes made up 41.3% of cecal microbiota, while this proportion was increased to 69.7% in ileum, regardless of the diet. In addition, Euryarchaeota and Bacteroidota were more abundant in the cecum, whereas Campilobacterota, Verrucomicrobiota, and Actinobacteriota were more abundant in the ileum. In recent literature, a significantly lower fat deposition was observed in birds with lower Methanobrevibacter abundance than in birds with a high Methanobrevibacter abundance, despite there being no difference in the body weight of these birds, which is consistent with the results of previous studies (Hyldgaard et al., 2012; Sobral et al., 2014). Methanobrevibacter is a common and important methanogenic archaeon that primarily inhabits the cecum of chickens (Elazab et al., 2021). Methane-producing microorganisms can improve fermentation efficiency by consuming any excess hydrogen and formate in the bowel, which subsequently improves acetate production and allows the body to absorb more nutrients and calories (Salaheen et al., 2017).




Figure 4 | Distribution of the top 10 most abundant taxa of intestinal microbiota in ileum and cecum at the levels of phylum (A) and genus (B). Principal component analysis (PCA) based on OTU level microbiota composition of samples at the levels of phylum (C) and genus (D). The colors denote different groups. Heatmaps illustrate the correlations (purple, positive; green, negative) between phylogenetic groups at the levels of phylum (E) and genus (F).



Major bacterial compositional differences arising as a result of differences in diet were also detected. In cecum, for example, the cyclodextrin herbal mixture increased the abundance of Proteobacteria (3.2-fold), and decreased the abundance of Campilobacterota (5.4-fold), compared with the CONTROL diet (Figures 4A, E; Supplementary Table S2). By contrast, in the ileum, the abundance of Campilobacterota was significantly increased (10.4-fold) in birds fed the aqueous herbal mixture-supplemented diet compared with those fed the CONTROL diet. In addition, in both the aqueous and cyclodextrin herbal mixture groups, the abundances of Bacteroidota (4.2- and 1.9-fold, respectively) and Verrucomicrobiota (15.1- and 8.5-fold, respectively) were increased, whereas the abundance of Actinobacteriota (2.6- and 2.8-fold, respectively) was decreased in those groups compared with the CONTROL group. Several studies have demonstrated that plant extracts can stimulate the relative abundance of Firmicutes (Salaheen et al., 2017), Clostridiales and Lachnospiraceae (Diaz Carrasco et al., 2018), or Bacteroidetes (Wen et al., 2019). The inconsistency in these results clearly suggests that the use of herbal extracts as additives in the broiler diets can have a dominant role in modulating the composition of intestinal microbial communities.

At the genus level, Methanobrevibacter and Bacteroides dominated the cecal microbiota, whereas Lactobacillus was the most prevalent genus governing ileal microbiota (Figure 4B; Supplementary Table S2). Specifically, Methanobrevibacter accounted for 33.2% and 34.5% of cecal microbiota in the CONTROL and the aqueous herbal diet groups, respectively, but this proportion was remarkably enhanced (60.8%) in the cyclodextrin herbal mixture diet group. By contrast, in the cyclodextrin herbal mixture diet group, the abundance of Bacteroides was decreased compared with the CONTROL group (1.5-fold lower) and the aqueous herbal diet group (3.6-fold lower), accounting for less than 7% of the total intestinal microbiota. In the ileum, the aqueous herbal mixture diet increased the abundance of Helicobacter (20.8-fold) and Bacteroides (6.8-fold) compared with the CONTROL group. To date, Bacteroides has been found to be abundant in the cecal microbiota of chickens (Wei et al., 2013) and is known to provide nutrients for the host by metabolizing carbohydrates (Wexler, 2007), or by helping some (facultative) anerobic bacteria, including Escherichia coli, protecting against phagocytosis, to survive (Rotstein et al., 1989). Conversely, some other species of Bacteroides have been implicated in the pathogenesis of severe ulcerative diseases in humans and animals, including ulcerative colitis and Crohn’s disease (Wexler, 2007; Bloom et al., 2011).

It has been well established that several strains of lactobacilli exert a beneficial effect on their host’s intestinal health and performance (Huang et al., 2004). In particular, some selected lactobacilli present in the gut microbial communities of several animals, exhibit probiotic properties, including digestion capability, antagonistic activity against pathogenic microbes or the ability to inhibit the activity of pathogens  (Musikasang et al., 2009; Panteli et al., 2021). The cecal abundance of Lactobacillus was slightly increased in the groups fed with aqueous (24.6%) and cyclodextrin (34.7%) herbal-supplemented diets compared with the CONTROL group (Figures 4B, F). This is in agreement with previous reports demonstrating that lactobacilli are more abundant in treatments with plant extracts (Li et al., 2018). Nevertheless, consistent with other studies (Placha et al., 2014; Wen et al., 2019), herbal extracts decreased the abundance of lactobacilli in the ileum studied herein.

The two genera of Akkermansia and Muribaculaceae showed a discernible increase in abundance in the diets with herbal mixture compared with the CONTROL group (Figures 4B, F). Another interesting finding is the fact that the cyclodextrin herbal mixture seemed to diminish the abundance of Campylobacter mostly in the ileum, but to a lesser extent in the caecum. Campylobacter bacteria are very diverse microorganisms, with a small genome size, and are often abundant in the environments surrounding poultry farms (Ellis-Iversen et al., 2012). As there is an urgent need to develop novel strategies to CONTROL the abundance of Campylobacter species across the poultry production chain, the addition of herbal extracts as feed additives for broiler chickens represents a promising approach. On the other hand, the Muribaculaceae family contains Gram-negative health-associated bacteria, initially reported by Lagkouvardos et al. (2019). Thus, diet supplementation with herbal extracts may also exert a beneficial impact on the intestinal microflora of broiler chickens.

Principal coordinates analysis also showed significant differences in microbial composition clusters among the three groups, with a distinct difference between the cecum and ileum (Figures 4C–F). At both the phylum and genus levels, ileal microbiota displayed the highest diversity in the aqueous herbal mixture group, while the lowest diversity was observed in the cyclodextrin herbal mixture group. A hierarchically clustered heatmap depicts the distinct difference in intestinal microbiota between the different groups. It is noteworthy that the aqueous herbal mixture formed a separate group in ileum, while the cyclodextrin herbal mixture in cecum, indicating that aqueous extracts are mainly active at proximal intestinal sites, up to the ileum, whereas cyclodextrin-encapsulated extracts are mostly active in the lower parts of the intestine, such as the cecum. Encapsulation could therefore be an effective form of administering herbal extracts, preventing their rapid breakdown to their metabolites and, consequently, their absorption in the first part of the intestinal tract.



Diversity and richness of broiler intestinal microbiota in the three diets

The alpha-diversity, as indicated by the Chao1 index, the Shannon index, and the rarefaction of the observed species, highlighted greater species richness and diversity in cecal microbiota than in the ileal microbiota (Figure 5; Supplementary Table S3). Among cecal samples, the Chao1 diversity index revealed that community richness was substantially increased by diets containing herbal mixtures, but there was little difference between the groups fed diets supplemented with the two herbal mixtures in terms of the number of bacterial species (Figure 5A). In the ileum, no particular differences were observed in species richness between the different diet groups. Conversely, the Shannon and Simpson indices, which show species diversity within a group, were remarkably lower in the cyclodextrin herbal mixture diet group, indicating a biased community structure, with fewer dominant species present in the cecum (Figure 5B; Supplementary Table 3). This was consistent with previous results, which demonstrated that feeding with plant-derived extracts decreases diversity indices (Yin et al., 2017; Wen et al., 2019). A different pattern was evident regarding the ileum, in which species diversity and evenness were higher in the cyclodextrin herbal mixture diet group, indicating a higher abundance of dominant species.




Figure 5 | Box plots of alpha-diversity of microbiota residing in the ileum and cecum of broiler chickens in the three different dietary groups, i.e., control, AQORGCC, and CDORGCC. (A) Chao1 value, (B) Shannon index, (C) Simpson index. AQORGCC, aqueous herbal extract diet group; CDORGCC, cyclodextrin herbal extract diet group; control, CONTROL group.



Beta-diversity was assessed by unweighted and weighted principal coordinates analysis (PCoA). Unweighted UniFrac considers the presence or absence of OTUs and therefore emphasizes rare or uncommon species, while weighted also weighs up the abundance of OTUs  (Jovel et al., 2016). It was clear that the ileal microbiota clustered together to form a separate group from the cecal microbiota (Figure 6). The separation between the different diet groups was more apparent with regard to weighted UniFrac distances, with PCoA explaining 71.9% of the total variance. In the cecum, in particular, the cyclodextrin herbal mixture group showed distinct clustering, while in the ileum, distance between clusters was greater in the aqueous herbal mixture group than in the other two diet groups. Based on unweighted UniFrac distances, the inter-individual variation in microbial communities was higher in the ileum than in the cecum, suggesting that there is a greater presence of rare or uncommon species in this tissue. That is, while microbial communities were scattered in ileal samples, those of the cecum were relatively closely grouped. These results indicated a clear diversification in the bacterial communities of the cecum and ileum, as well as between the CONTROL group and herbal-supplemented diet groups, signifying that the clustering distances between samples were highly dependent not only on the tissue type, but also on the diet.




Figure 6 | PCoA plots based on unweighted (A) and weighted (B) UniFrac distances of intestinal microbiota in the three different dietary groups, i.e., CONTROL, AQORGCC, and CDORGCC. The UPGMA cluster tree was based on the unweighted (C) and weighted (D) Unifrac distance of the relative abundance of each sample by phylum. The UPGMA cluster tree structure is presented on the left, while species relative abundance distribution at the phylum level for each sample is displayed on the right. C, cecum; I, ileum. AQORGCC, aqueous herbal extract diet group; CDORGCC, cyclodextrin herbal extract diet group; control, CONTROL group; UPGMA, unweighted pair-group method with arithmetic mean.



To investigate the similarity between different samples, we also performed a cluster analysis and constructed a sample cluster tree on the basis of unweighted (C) and weighted (D) UniFrac distances using the UPGMA method (unweighted pair-group method with arithmetic mean). The clustering results were integrated with a species relative abundance column chart at the phylum level for each sample. The phylogenetic tree showed that the bacterial communities were divided into two main clusters in a tissue-specific manner, with each cluster containing samples from all three diets (Figure 6C, D). The relatively small distance between the aqueous herbal mixture and CONTROL diet groups in the cecum, as well as between the cyclodextrin herbal mixture and CONTROL diet groups in the ileum, indicates that these groups have a similar microbial community structure. With regard to weighted UniFrac distances for ileal microbiota, it was obvious that the abundance, primarily of Campilobacterota, and secondly of Verrucomicrobiota, distinguished the aqueous herbal mixture diet group from the cyclodextrin herbal mixture and CONTROL groups, which seemed to be closely related. By contrast, by looking at the abundances of Euryarcheota and Proteobacteria in cecal microbiota, we were able to distinguish the cyclodextrin herbal mixture group from the other two diet groups. Conversely, the aqueous and the cyclodextrin herbal mixture diet groups had the farthest distance, and thus the largest community difference, regardless of the tissue examined.

A one-way analysis of similarity (ANOSIM) was performed to determine the differences in bacterial communities among the different diet groups (Figure 7). An R-value close to 1.0 suggests dissimilarity between groups, while an R-value close to 0 suggests an even distribution of high and low ranks “within” and “between” groups. The results of the ANOSIM test confirmed the structural dissimilarity between the ileal and cecal microbiota. In particular, for all groups, the R-value was very high (R > 0.8), showing that differences “within” groups were significantly greater than differences “between” groups (p-value of < 0.01). Regarding cecal microbiota, the AQORGCC (R = 0.825) or CDORGCC (R = 0.893) groups were both well separated from the CONTROL diet group. The results for ileal microbiota were similar, with R > 0.8, indicating a strong separation of the two herbal supplement groups from the CONTROL group.




Figure 7 | ANOSIM analysis of beta distance based on unweighted UniFrac distances of microbial communities in the three different dietary groups, i.e., (A) beta distance of AQORGCC.C and control.C; (B) beta distance of AQORGCC.I and CONTROL.I; (C) beta distance of CDORGCC.C and control.C; and (D) beta distance of CDORGCC.I and control.I “Between” refers to the comparison of the means of ranked dissimilarities between groups with the means of ranked dissimilarities within groups in each graph. The x-axis represents the “between” and “within” grouping information, and the y-axis represents the beta distance of “between” and “within” groups calculated by unweighted Unifrac. The R-value refers to the differences “between” and “within” groups, while the p-value represents the confidence level of the statistical analysis. ANOSIM, a one-way analysis of similarity; AQORGCC, aqueous herbal extract diet group; C, cecum; CDORGCC, cyclodextrin herbal extract diet group; control, CONTROL group; I, ileum.



Ternary plots were used to depict generalist (circles in the middle of the triangle) and group-specific (circles in the vertices) bacterial taxa in the three dietary groups (Supplementary Figure S1). At the genus level, we observed that Lactobacillus and Alistipes were generally present in cecal samples from all groups, and were thus considered as generalists. Both genera are generally considered beneficial to the host gut (Abe et al., 2012). One OTU identified as Bacteroides seemed to be specific for the CONTROL diet, while the abundance of Helicobacter seemed to distinguish the cyclodextrin herbal mixture diet group (very low abundance) from the other two diet groups (high abundance). Furthermore, in the cyclodextrin herbal mixture diet group, we observed high levels of Methanobrevibacter, whereas high levels of Faecalibacterium were observed in the other two diet groups. Members of the genus Faecalibacterium, which contains anerobic Gram-positive bacteria with immunoregulatory properties, are known to be able to produce short-chain fatty acids by fermenting dietary fiber in the host gut (Martín et al., 2017). In the ileum, Lactobacillus was generally abundant in the CONTROL and cyclodextrin herbal mixture diet groups, while Helicobacter seemed to be specific to the aqueous herbal mixture diet group.



Significance analysis of species differences between groups

The analysis of alpha-diversity indices in different dietary groups, as the initial step, revealed significant differences in the overall  bacterial community structure between the various groups. As a further step, species accounting for the observed microbial diversification, thus representing potential group biomarkers, were detected using LefSe analysis. The results were plotted as a histogram of the distribution of LDA values among species (with a threshold of > 4), while a graph depicting phylogenetic distribution in the different groups is also provided (Figure 8). In the cecal microbiota of broiler chickens fed the CONTROL diet, the LDA scores of 10 taxa were greater than 4: the genera Bacteroides and Megamonas, and the species Bacteroides gallinaceum and Bacteroides uniformis. Similarly, based on LefSe analysis, the genera Methanobrevibacter and Streptococcus, and the genera Blautia, Faecalibacterium, Ruminococcus, and Romboutsia were associated with the cyclodextrin herbal mixture and the aqueous herbal mixture diet, respectively. Concerning the ileal microbiota, 37 taxa were found to be enriched in the different diets. In particular, the genera Lactobacillus and Corynebacterium were most abundant in the CONTROL diet, while Clostridium, Trichococcus, Parvibacter, Methanobrevibacter, and Weissella were most abundant in the cyclodextrin herbal mixture diet and, finally, Helicobacter and Campylobacter were most abundant in the aqueous herbal mixture diet and, finally, Helicobacter and Campylobacter most abundant in the aqueous herbal mixture diet. Overall, the number of biomarkers identified was slightly higher in the ileal than in the cecal microbial communities, as well as in the cyclodextrin herbal mixture of the ileum, compared to the other diets. The biomarker abundance comparison chart showing the difference in abundances among the dietary groups is presented in Supplementary Figure S2.




Figure 8 | Significance analysis of species differences between groups. Histogram of LDA value distribution of species with significant differences in abundance between groups in the cecum (A) and in the ileum (B). Phylogenetic clade of species with significant differences in abundance between the different dietary groups in the cecum (C) and in the ileum (D) i.e., control, AQORGCC, and CDORGCC. AQORGCC, aqueous herbal extract diet group; C, cecum; CDORGCC, cyclodextrin herbal extract diet group; control, CONTROL group; I, ileum; LDA, linear discriminant analysis.






Conclusion

The incorporation of an extract derived from a mixture composed of Origanum vulgare subsp. hirtum, Allium sativum, Crithmum maritimum, and Camelina sativa in the diet of broiler chickens beneficially affected the antioxidative status and levels of protein carbonyls in breast meat samples by delaying lipid oxidation in raw and cooked samples, and this was seen at all time points except for day 3. In thigh samples, the CDORGCC extract delayed lipid oxidation only in cooked samples, and the AQORGCC extract resulted in lower protein oxidation than the CDORGCC extract. The dietary mixtures of herbal extracts sustained intestinal morphometry at different segments, which in turn suggests that they facilitate superior nutrient absorption. In addition, the dietary mixtures of herbal extracts increased levels of beneficial lactic acid-producing bacteria in the cecum. The two different intestinal tissues, that is the cecum and ileum, seemed to have distinct microbial communities, in terms of both composition and abundance. In the cecum, the abundance of lactobacilli, which exhibit probiotic properties, was enhanced with both herbal diets. On the other hand, in the ileum, the cyclodextrin herbal mixture decreased the abundance of the pathogenic Campylobacterota, whereas the aqueous herbal mixture decreased the abundance of Lactobacillus and increased the abundance of Helicobacter. Supplementation with herbal mixtures in both forms increased the abundances of the health-associated taxa of Akkermansia and Muribaculaceae, in turn highlighting the positive effect of herbal extract additives in the diets of broiler chickens. Moreover, the herbal mixture modulated Hsp induction and MAPK activation in a tissue-specific manner and displayed anti-apoptotic properties in breast tissue, whereas the herbal extract in the aqueous form exerted fewer detrimental effects with regard to stress proteins.
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Supplementary Table 1 | Sequencing statistics and quality CONTROL of the acquired reads. Raw tags represents tags merged from paired-end reads; clean tags represents tags after filtering; effective tags represents tags after filtering chimera and can be finally used for subsequent analysis; AvgLen represents average length of effective tags; Q20 and Q30 are the percentages of bases whose quality value in effective tags is greater than 20 (sequencing error rate is less than 1%) and 30 (sequencing error rate is less than 0.1%); GC (%) represents GC content in effective tags.

Supplementary Table 2 | OTU identification and abundance table.

Supplementary Table 3 | Number of OTUs, number of observed species, and the alpha-diversity indices (Chao1, Shannon, Simpson) for each of the 28 samples. The total and average number of OTUs and average values of the alpha-diversity estimators are also shown.

Supplementary Figure 1 | Ternary plots reveal the relative abundance of OTUs (dot size) at (A, B) family and (C, D) genus levels among the three diet groups in the cecum and ileum. Generalist taxa are represented by circles in the middle of the triangle, whereas sample-specific bacterial taxa are represented by circles in the summit or along the edges of the triangle.

Supplementary Figure 2 | The relative biomarker abundance comparison chart showing the difference in abundances in the cecum and ileum among the three different diet groups.
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