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Dietary supplementation with
Dendrobium officinale leaves
iImproves growth, antioxidant
status, iImmune function, and gut
health in broilers
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Institute of Animal Husbandry and Veterinary, Zhejiang Academy of Agriculture Sciences, Hangzhou,
China, *Key Laboratory of Livestock and Poultry Resources (Poultry) Evaluation and Utilization, Ministry
of Agriculture and Rural Affairs of China, Hangzhou, China, *Zhejiang Xianju Breeding Chicken Farm,
Xianju, China

Background: The Dendrobium officinale leaves (DOL) is an underutilized
by-product with a large biomass, which have been shown to exhibit
immunomodulatory and antioxidant functions. The purpose of this research was
to investigate the effects of DOL on broiler growth performance, antioxidant
status, immune function, and gut health.

Methods: One hundred and ninety-two 1-day-old chicks were selected and
divided into 4 groups at random, 6 replicates for each group and 8 in each. Chicks
were given a basal diet supplemented with different amounts of DOL: 0% (control
group, NC), 1% (LD), 5% (MD), or 10% (HD). During the feeding trial (70 days),
broiler body weight, feed intake, and residual feeding were recorded. On d 70,
12 broilers from each group were sampled for serum antioxidant and immune
indexes measurement, intestinal morphological analysis, as well as 16S rRNA
sequencing of cecal contents and short-chain fatty acid (SCFA) determination.

Results: In comparison to the NC group, the LD group had greater final body
weight and average daily gain, and a lower feed conversion ratio (p < 0.05, d
1 to 70). However, in MD group, no significant change of growth performance
occurred (p > 0.05). Furthermore, DOL supplementation significantly improved
the levels of serum total antioxidant capacity, glutathione peroxidase, superoxide
dismutase, and catalase, but reduced the level of malondialdehyde (p < 0.05).
Higher serum immunoglobulin A (IgA) content and lower cytokine interleukin-2
(IL-2) and IL-6 contents were observed in DOL-fed broilers than in control
chickens (p <0.05). Compared to the NC group, duodenal villus height (VH) and
villus height-to-crypt depth (VH:CD) ratio were considerably higher in three
DOL supplementation groups (p < 0.05). Further, 16S rRNA sequencing analysis
revealed that DOL increased the diversity and the relative abundance of cecal
bacteria, particularly helpful microbes like Faecalibacterium, Lactobacillus, and
Oscillospira, which improved the production of SCFA in cecal content. According
to Spearman correlation analysis, the increased butyric acid and acetic acid
concentrations were positively related to serum antioxidant enzyme activities
(T-AOC and GSH-Px) and immunoglobulin M (IgM) level (p < 0.05).

Conclusion: Overall, the current study demonstrated that supplementing the dies
with DOL in appropriate doses could enhance growth performance, antioxidant
capacity, and immune response, as well as gut health by promoting intestinal
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integrity and modulating the cecal microbiota in broilers. Our research may serve
as a preliminary foundation for the future development and application of DOL as
feed additive in broiler chicken diets.
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Dendrobium officinale leaves, broiler chicken, immune response, antioxidant capacity,

gut microbiota, SCFAs

1. Introduction

Dendrobium is a perennial epiphytic herb belonging to the family
Orchidaceae (Dendrobium Sw.; Ng et al, 2012), among them,
Dendrobium officinale kimura et Migo (D. officinale) is regarded as one
of the most representative Dendrobium species in Southeast Asia and
China, and has been utilized for over 2,000 years in traditional or folk
medicines (Meng et al, 2016). As recorded in the Chinese
pharmacopeia (2020 version), stem is the recognized officially
medicinal part of D. officinale and is usually used for the production
of “Fengdou” Many studies showing that the stem offers a variety of
beneficial effects, including inflammation reduction (Li et al., 2020)
and intestinal barrier function restoration (Liang et al., 2019).
However, a lot of leaves remain on the stems during harvesting, and
these are typically thrown without being used, which results in a great
waste of resources and exacerbating ecological pressure.

Currently, most researches on D. officinale focus on its stems. The
stems are known to be abundant in various bioactive components, which
include polysaccharides with immunomodulatory activities (Liu et al.,
2020), flavonoids with antioxidant effects (Aoi et al., 2021), as well as
alkaloids with anti-tumor properties (Bai et al., 2021). The yield and
active substances of D. officinale leaves (DOL) were reported to
be comparable to those of stems, and the fresh leaves even made up
nearly 50% of the overall biomass (Zhang et al., 2013). Recently, studies
have illustrated that the polysaccharides derived from DOL exhibit
regulatory effects on inflammatory cytokines and intestinal microflora,
and play a potential therapeutic role in several diseases, including
inflammation (Zhong et al., 2022), type II diabetes (Fang et al., 2022), as
well as immune deficiency (Xie et al., 2022). Additionally, leaves contain
higher amounts of flavonoids than stems, which showed excellent
antioxidant activity in vitro (Zhou and Ly, 2012; Zhang et al., 2017).

Since the prolonged utilization of antibiotics in food-borne animal
husbandry has caused the generation of bacteria with drug resistance
that seriously endangered both the ecological environment and human
health, antibiotics have now become a critical issue worldwide and are
considered one of the greatest hazards to humanity, even though
antibiotics enjoyed a golden age from the 1950s to the 1970s (Aminov,
2010). Consequently, the application of antibiotics to promote growth
in livestock has been steadily outlawed, encouraging the evaluation of
alternative solutions. Thenceforth, researchers have attempted to
replace antibiotics with natural bioactive ingredients contained in
plants, aiming to improve animal health and growth performance
(Lillehoj et al., 2018). For the last few years, a variety of extracts or
by-products from plants or traditional Chinese medicine, such as
Acanthopanax senticosus (Long et al., 2021), ginseng residues (Xiao
et al,, 2022), Eucommia ulmoides (Peng et al., 2022), etc., have been
investigated singly or in combination to enhance animal health and
productive performance. Moreover, studies have showed that the usage
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of synthetic molecules was linked to potential hepatotoxicity and
carcinogenicity in animals and human, which has boosted consumer
demand for natural antibiotics in place of synthetic antibiotics
(Mavrommatis et al., 2021).

Considering the content of bioactive substances in DOL and the
proven immunostimulatory and antioxidant activities, we expect to
transfer this abundant resource into the animal production industry
as additives. The object of this experiment was to investigate the effects
of adding varying amounts of DOL to the diet on broiler growth
performance, immune status, antioxidant capacity, and intestinal flora.

2. Materials and methods
2.1. Birds, experimental design and diets

We carried out this experiment at Zhejiang Xianju chicken
breeding farm (Tiantai, Zhejiang, China) from June to August 2022.
Four treatment groups with 6 replicates, each containing 8 chickens,
were created at random from 192 1-day-old healthy male broilers with
comparable performance. The experiment ran for 10weeks. After
3 days of keeping the room temperature at approximately 33°C, it was
gradually reduced to 24°C by a 1°C reduction every other day and
then maintained until the experiment was completed. The
experimental birds were given unlimited access to food and water.

Provided broiler chickens with the same basal diet that was
formulated in accordance with the nutritional guidelines suggested by
the Agricultural Industry Standards of the People’s Republic of China
(NY/T 3645-2020; nutrient requirements of yellow chickens). The
ingredients, calculated and analyzed nutrient components of basal
diets are showed in Table 1.

The experiment birds were divided into four groups: control
group without any addition (NC), and three experimental groups fed
a basal diet supplemented with 1%(LD), 5% (MD), and 10% (HD) of
Dendrobium Officinale leaf (DOL) powder, respectively. The DOL was
offered by Zhejiang Tiefengtang Bio-technology Co., Ltd. (Wenzhou,
Zhejiang, China) and previously powdered. The feeds were placed in
a dry and well-ventilated storehouse before usage, packaged in sealed
plastic bags.

2.2. Chemical analysis

The contents of dry matter, ether extract, crude protein, and crude
ash in the basal diets and dried powder of DOL were measured
according to standard procedures of the Association of Official
Analytical Chemists (AOAGC; International, 2007). Crude fiber content
in DOL was determined in accordance with the method in GB/T
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TABLE 1 Composition and nutrition level of basal diets (%, as-fed basis).

Items Day 1 to 42 Day 43 to 70
Ingredients (%)

Corn 53.7 35.6
Soybean meal 23 8.2
Extruded soybean 6 2
Rice bran 6.5 6
Soybean oil 0.8 1.4
Corn gluten meal 3 4
Limestone 1.33 13
Premix' 4 3.2
Fermented soybean meal 1.67

Wheat grain 18
Rice bran 6
DDGS (corn)? 10
Wheat red dog 0.3
Total 100 100
Calculated nutrient components

Metabolizable energy(Kcal/ 2,950 2,997
kg)

Crude fat 4.8 5.5
Crude protein 21.1 16.7
Lysine 1.22 0.95
Tryptophan 0.22 0.19
Methionine 0.54 0.40
Threonine 0.85 0.67
Methionine and Cysteine 0.88 0.72
Calcium 0.87 0.70
Total phosphorus 0.63 0.58
Analyzed nutrient components

Crude protein 21.12 16.34
Crude fat 4.89 5.58
Crude ash 5.04 5.53
Dry matter 89.75 90.24

'"Premix provided per kilogram of diet: vitamin A, 1,0001U; vitamin Ds, 250 IU; vitamin E
(DL-a-tocopheryl acetate), 15 mg; vitamin B,, 3.6 mg; vitamin B,, 2.8 mg; vitamin Bg, 4.1 mg;
Cu (as CuSO,-5H,0), 7.5 mg; Fe (as FeSO,-7H,0), 75mg; Zn (as ZnSO,), 51.75mg; Mn (as
MnSO,), 55.65mg; I (as Ca(I0,),), 0.1 mg; Se (as NaSeO,-5H,0), 0.05 mg. 2DDGS, Distillers
dried grains with solubles.

5009.10-2013 (in Chinese). Furthermore, we also measured the
contents of main bioactive compounds in DOL, including
polysaccharides, flavonoids, polyphenols, and alkaloids (Table 2).
Analysis was performed in three duplicates.

2.3. Growth performance
On days 1, 21, 42, and 70 of the experiment, recorded broiler body

weight (BW), feed intake, and residual feeding and calculated the
average daily feed intake (ADFI) and average daily gain (ADG) values.
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TABLE 2 The main bioactive compounds and chemical composition in
dried powder of Dendrobium officinale leaf.

Bioactive Chemical

compound, composition, g/kg

mg/g

Total polysaccharides 85.0 Ether extract 42.01
Total flavonoid 4.57 Crude protein 93.12
Total polyphenol 4.45 Crude ash 109.15
Alkaloids 23.25 Crude fiber 104.00

The ADFI and ADG were used to calculate the feed-to-gain ratio
(F/G) for each trial phase.

2.4. Sample collection

One 12-h-fasted broiler was chosen at random from each cage
(N=6 per group) on day 42. A 2-mL blood sample was obtained from
wing vein and centrifuged at 3,000x g for 15min at 4°C, collected
serum samples and kept at —20°C for subsequent investigation.

On day 70, 12 broilers per group were randomly chosen for
sampling. A blood sample of 5mL was obtained from the jugular vein
of each broiler, and then centrifuged at 3,000 x g for 15min at 4°C, in
order to collect the serum samples, which was then kept at —20°C
until the immune and antioxidant analyses. The chickens were
subsequently euthanized by exsanguination, and their internal
immune organs, including the thymus, liver, spleen, and bursa of
Fabricius, were collected and weighted individually. Eviscerated yield
was defined as the weight after removal of feathers, head, feet,
abdominal fat, as well as all viscera. The yields of the breast and leg
muscle were determined by calculating the ratio of breast or leg
muscle weight to the eviscerated weight.

Within 5-10 min after their sacrifice, the cecal were removed
aseptically, and the fresh content samples (N=12 per group) were
collected into 2-mL sterilized tubes, and immediately froze the
tubes in liquid nitrogen, then kept at —80°C for the investigation of
intestinal microbiota and short chain fatty acid (SCFA) contents.
The small intestinal tissues (duodenum, jejunum, and ileum) were
separated, and samples of approximately 4 cm long were taken from
the mid-section of each segment. These samples were then fixed
with 4% formaldehyde for 15min and preserved at room
temperature for morphological analysis. The remaining segments
were split longitudinally, rinsed with a solution of normal saline
that had been previously cooled, and then placed in cryotubes.
These tubes were frozen instantly in liquid nitrogen and stored at
-80°C before gene expression analysis.

2.5. Serum immune and antioxidant
indexes measurement

The concentrations of immunoglobulin A (IgA), IgG, and
IgM, as well as cytokines interleukin 2 (IL-2) and IL-6 in serum
samples were detected following the instructions using
commercial chicken-specific ELISA kits (Beijing Huaying
Biotechnology Institute, Beijing, China) to assess the status of
immune response.
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Clinical chemistry assay kits (Beijing Huaying Biotechnology
Institute, Beijing, China) were used to measure the superoxide
dismutase (SOD), catalase (CAT), total antioxidant capacity (T-AOC),
glutathione peroxidase (GSH-Px), and malondialdehyde (MDA) levels
in serum samples, in accordance with the manuals.

2.6. Morphological analysis of small
intestinal tissues

The duodenum, jejunum, and ileum segments were embedded in
paraffin wax, sectioned (3pum) and stained with hematoxylin and
eosin. The distance between the tip of villus and the top of the laminate
propria was defined as the villus height (VH), and the distance
between the villus-crypt axis and the tip of the muscular mucosa was
recognized as crypt depth (CD). Utilizing the Image-Pro Plus 6.0
(Media Cybemetics, Inc., MD, United States) in combination with
light microscopy (Eclipse Ci-L, Nikon, Japan), three VH and CD
values were determined for each intestinal sample, and the VH-to-CD
ratio was then calculated.

2.7. RNA extraction and quantitative
real-time PCR

Followed the manufacturer’s instruction of RNAsimple Total RNA
Kit (Tiangen Biotech, Co. Ltd., Beijing, China), we extracted the total
RNA of small intestinal tissue samples, which were measured the
concentrations spectrophotometrically and uniformly diluted to
1,000ng/pL. Subsequently, after the removing of contaminated
genomic DNA, the reverse transcription of 1 pg RNA was conducted
for each sample (N=3 per group) using FastKing RT Kit (With
gDNase; Tiangen Biotech, Co. Ltd., Beijing, China). The total volume
of quantitative real-time polymerase chain reaction (RT-qPCR)
reaction mixture was 10 pL, containing 5pL of TB Green® Premix Ex
Taq™ II (T1i RNAseH Plus; TaKaRa Biotechnology Inc., Japan), 2.2 L
of ddH,0, 2 puL of template cDNA, and 0.4 puL of each forward and
reverse primer. We performed qRT-PCR reactions on a LightCycler96
real-time PCR system (Roche Applied Science, Indianapolis, IN,
United States) with the following amplification procedure: 95°C for
30s, 95°C for 5s, and 60°C for 20s. Steps 2-3 were repeated for
40cycles. There were three duplicates of each reaction. The gene
expression level in the same group was normalized to that of the

housekeeping gene—p-actin, and 2744

method was applied to
calculated the relative expression of mRNA (Livak and Schmittgen,
2001). We utilized Primer Premier 5.0 software' to design the
qRT-PCR primers for this experiment based on the genes of Gallus
gallus, and synthesized them at Generay Biotechnology Co., Ltd.

(Shanghai, China). Table 3 presents the primer information.

1 www.PremierBiosoft.com
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2.8. Microbiota profiling by 16S rRNA
sequencing

2.8.1. Microbial genomic DNA extraction

The cecum contents of 12 chickens per group were taken to
extract total microbial DNA via the OMEGA Soil DNA kit (OMEGA
Bio-Tek, Norcross, GA, United States), as directed by the manual.
Thermo Fisher Scientific NanoDrop NC2000 spectrophotometer and
agarose gel electrophoresis were employed, respectively, to evaluate
the quantity and quality of the isolated DNA, which was then kept at
—20°C for subsequent analysis.

2.8.2. PCR amplification and sequencing

PCR amplification of the V3-V4 region of the bacterial 16S rRNA
gene was conducted using the universal primers: the forward (338F
5-ACTCCTACGGGAGGCAGCA-3") and the reverse (806R
5-GGACTACHVGGGTWTCTAAT-3"). The PCR procedures
employed here contained an initial denaturation (98°C for 5min),
followed by 25cycles consisting of denaturation (98°C for 30s),
annealing (53°C for 30s), and extension (72°C for 45s), with a final
extension at 72°C for 5 min. Subsequently, performed the purification
and quantification of PCR amplicons using Vazyme VAHTSTM DNA
Clean Beads (Vazyme, Nanjing, China) and Quant-iT PicoGreen
dsDNA Assay Kit (Invitrogen, Carlsbad, CA, United States),
respectively. Following the separate quantification step, these
amplicons were pooled in equal amounts and sequenced on the
Ilumina NovaSeq platform for paired end reads of 250 base pairs (bp)
with NovaSeq 6000 SP Reagent Kit (500 cycles), which were conducted
at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).

2.8.3. Bioinformatics analysis of sequencing data
The QIIME2 2019.4 (Bolyen et al., 2019) was applied to conduct the
microbiome bioinformatics analyses after slight modifications and
refinements to the process according to the official tutorials.? In brief,
following the demultiplexing of the raw sequence data with the demux
plugin, primer excision was carried out with the cutadapt plugin
(Martin, 2011). Then, DATA2 plugin (Callahan et al., 2016) was utilized
to quality filter, denoise, merge, and remove chimera from the
sequences. To obtain abundance data, non-singleton amplicon sequence
variations (ASVs) were matched with Mafft (Katoh et al., 2002). ASV's
taxonomic classification was achieved by the classify-sklearn naive
Bayes taxonomy classifier in feature-classifier plugin (Bokulich et al.,
2018) against the SILVA Release 132 Database (Koljalg et al., 2013).
Sequence data analyses were mostly processed using QIIME2 and
R package (v3.2.0). Alpha diversity (a-diversity) indexes, including
Chaol richness estimator, Shannon diversity index, Simpson index,
Pielou’s evenness, observed species, and Good’s coverage, were
calculated in QIIME2 and displayed as box plots to reflect the richness
and uniformity of cecal microbial communities. The structural
variation of microbial communities among samples was investigated
by beta diversity (p-diversity) analysis, which was carried out using
UniFrac distance metrics (Lozupone and Knight, 2005; Lozupone
et al.,, 2007), and the results were illustrated via principal coordinate
analysis (PCoA; Ramette, 2007). Applying QIIME2, using

2 https://docs.giime2.org/2019.4/tutorials/
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Gene name Forward primer (5’-3) Reverse primer (5'-3) PCR product (bp)
p-actin CTGGCACCTAGCACAATGAA ACATCTGCTGGAAGGTGGAC 109
20-1 CTTCAGGTGTTTCTCTTCCTCCIC CTGTGGTTTCATGGCTGGATC 131
20-2 CTCCGTCAGCAGGGAACAA TTGGGCGTGACGTATAGCTG 80
OCLN GTCTGTGGGTTCCTCATCGT GTTCTTCACCCACTCCTCCA 156
CLDNI CATACTCCTGGGTCTGGTTGGT GACAGCCATCCGCATCTTCT 100
CLDN2 CTGCTCACCCTCATTGGA AACTCACTCTTGGGCTTCIG 140
CLDN3 CTTCATCGGCAACAACATCGTGAC CCAGCATGGAGTCGTACACCTTG 131
SODI ACCAAAAGATGCAGATAGGCAC GGTACGGCCAATGATGCAGT 127
SoD2 GGAGGGGAGCCTAAAGGAGAAT CCCAGCAATGGAATGAGACCT 215
CAT CGCATGTCCGTTTCAGGAGA AGATAGAAGTCTCGCACCTGAG 80
GPx AATTCGGGCACCAGGAGAA TCACCTCGCACTTCTCGAAC 114
Nif2 GATAGTGACCCAGTCTTCATTTC CTTGGTTTCAGGGCTCGT 201

CAT, catalase; CLDN, Claudin; GPx, glutathione peroxidase; Nrf2, Nuclear factor erythroid 2-related factor 2; OCLN, Occludin; SOD, superoxide dismutase; ZO, Zonula occludens.

Permutational multivariate analysis of variance (PERMANOVA;
McArdle and Anderson, 2001) to examine the significance of
variations in microbiota structure across groups. Moreover, to further
differentiate the bacteria between all of the groups, a combination of
the linear discriminate analysis (LDA) with a score > 2.5 and the effect
size measurements (LEfSe) was employed in this study.

All raw sequences were submitted to the National Center for
Biotechnology Information (https://www.ncbinlm.nih.gov/sra,
NCBI) Sequence Read Archive with the deposit number of
BioProject PRINA942368.

2.9. Target metabolites analysis of SCFAs

According to the protocol for SCFAs analysis in a study previously
reported (Zhang S. et al, 2019), the gas chromatography—mass
spectrometry (GC-MS) detection method was utilized to measure the
concentrations of SCFAs in four cecal content samples per group.
Briefly, we firstly prepared the samples as follows: (i) samples were
homogenized in 500 uL water with 100 mg glass beads for 1 min; (ii)
after centrifugation at 12,000 rpm for 10 min at 4°C, collected 200 uL
supernatant and added 100pL 15% phosphoric acid, 20 pL internal
standard solution (375 pug/mL 4-methylvaleric acid), and 280 pL ether,
then conducted vortex for 1 min; (iii) the samples were subsequently
centrifuged at 4°C for 10min at 12,000rpm, and the separated
supernatant was transferred into the vial for GC-MS analysis. Sigma-
Aldrich (Shanghai, China) supplied the SCFA external standards (acetic
acid, butyric acid, isobutyric acid, propionic acid, isovaleric acid, and
valeric acid), as well as internal standard (4-methylvaleric acid). Later,
the GC analysis was conducted on trace 1,300 gas chromatograph
(Thermo Fisher Scientific, United States) with an Agilent
HP-INNOWAX (30m x0.25mm ID x 0.25 pum) capillary column, and
the carrier gas was helium at 1.0mL/min. A 10:1 ratio, a 1 pL injection
volume, and 250°C for injection port temperature were set for the split
mode injection. The ion source and MS transfer line had respective
temperatures of 300°C and 250°C. The chromatographic column
heating program was as follows: (i) set the initial temperature oven
90°C; (ii) increase the temperature to 120°C at a speed of 10°C/min; (jii)
increase the temperature to 150°C with 5°C/min; (iv) increase the
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temperature to 250°C with 25°C/min, and maintain for 2min. The ISQ
7000 mass spectrometer (Thermo Fisher Scientific, United States) was
applied to conduct mass spectrometric detection in electron
bombardment ionization (EI) source mode. With an electron energy of
70eV, single ion monitoring (SIM) was used as the scanning mode.

Finally, injected the standard and samples into the GC-MS
system, and the above program was run to create the unique
calibration curves for each external standard by calculating the
ratio of their peak area to that of the internal standard.
Concentrations of the corresponding metabolites in samples were
then calculated according to their peak area ratio to that of the
internal standard.

2.10. Statistics analysis

The statistical analysis of data was conducted with one-way
analysis of variance (ANOVA) using SPSS statistical software (v.22,
IBM Corp., NY, United States). The difference significance between
the means of experimental groups was determined with Scheffe test at
5% probability level. These results were visualized in GraphPad Prism
7.0 (GraphPad Software Inc., CA, United States). Variation in the data
was expressed as pooled standard error of means (SEM) and the
significance level was set at p <0.05. Spearman correlation analysis was
performed, and a heat map was generated in Origin 2021 (OriginLab,
United States).

3. Results
3.1. Growth performance

Table 4 illustrates the influence of dietary supplementation with DOL
on the growth performance of yellow-feathered broilers. The findings
showed that 1% DOL supplementation significantly improved the ADGs
during d 1-21, d 43-70, and d 1-70, and the final body weight of broilers
(p <0.05), but significantly decreased the ADFI during d 1-21, as well as
the F/G in the periods of d 1-21 and d 1-70 (p <0.05). No significant
difference (p>0.05) between the growth performance of chickens in 5%
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TABLE 4 The effects of DOL supplementation on broiler growth
performance.

Items (\[&} LD MD HD SEM p-
value

Initial BW 32.33 3293 32.99 32.07 0.256 0.053

(8

Final BW 1190.15° | 1257.15° | 1180.82° | 1108.01* | 14.600 = <0.001

()

di1-21

ADFI (g) 18.33 17.16° 18.00° 16.63 0.149 | <0.001

ADG (g) 9.90% 10.65° 10.34% 9.66° 0.142 0.001

F/G 1.85° 1.61° 1.74% 1.73% 0.032 0.001

d22-42

ADFI (g) 40.10° 40.59 39.26% 38.25° 0.481 0.015

ADG (g) 16.92° 16.83 16.49° 15.59° 0.203 0.001

F/G 2.37 2.41 2.38 2.45 0.026 0.150

d 43-70

ADFI (g) 65.76" 66.44° 64.38" 63.64° 0.418 0.002

ADG (g) 21.43° 2326 21.07° 19.69* 0391 | <0.001

F/IG 3.07° 2.87° 3.06® 3.24b 0.052 0.005

d1-70

ADFI (g) 44.58 44.66 43.66% 42.66° 0.244 | <0.001

ADG (g) 16.78 17.74¢ 16.64° 15.59° 0211 | <0.001

FIG 2.66° 2.52° 263" 2.74° 0.029 0.001

BW, body weight; ADFI, average daily feed intake; ADG, average daily gain; F/G, feed to gain
rate. *“Means within same row carrying different superscript letters indicate significant
differences (p <0.05).

TABLE 5 The effects of dietary DOL on carcass traits and relative weights
of organs in broilers.

Items NC LD MD HD SEM p-value
Carcass traits

Carcass yield 83.15%  84.66° | 83.30" | 81.18"  0.40 0.023
(%)

Eviscerated yield | 7320 | 74.63 = 7321 @ 7156 041 0.067
(%)

Breast meat (%) 1110 | 1147 | 1154 | 1140  0.18 0.832
Thigh meat (%) 1825 | 1858 | 18.88 | 19.58 = 0.22 0.187
Relative weights of organs

Liver (%) 1.68 1.74 1.74 1.81 0.03 0.578
Thymus (%) 0.51 0.58 0.61 0.56 | 0.03 0.648
Spleen (%) 0.17° | 0.18° = 0.22® | 025 @ 001 0.005
Bursa of 0.25 0.25 0.25 0.29 0.02 0.782
Fabricius (%)

The spleen, liver, and bursary of Fabricius were expressed as a percentage of final body
weight (g/100 g body weight). **Means within same row carrying different superscript letters
indicate significant differences (p <0.05).

DOL-fed group and the control group. However, supplemented with 10%
DOL showed significantly lower final body weight and ADGs during d
22-42 and d 1-70 than those in the NC group (p<0.05).
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3.2. Carcass traits and relative weights of
organs

Dietary addition with 1% and 5% did not significantly affect
the weights of carcass, liver, thymus, spleen and bursa relative to
the live weight (p>0.05), but the spleen index was significantly
higher in the HD group compared to the NC group (p <0.05), as
shown in Table 5.

3.3. Intestinal morphology analysis of small
intestine

Small intestinal tissues (duodenum, jejunum, and ileum) were
stained with hemotoxin and eosin in order to analyze the effects of
DOL supplementation on internal morphology (Figure 1 and
Table 6). In the duodenum, the significant longer (p <0.05) VH was
observed in three DOL supplemental groups compared to the
control group. Conversely, the duodenal CD of these groups was
all decreased compared with NC group, and the MD and HD
showed a significantly decrease (p <0.05). Thus, the VH:CD was
significantly improved in three experimental groups (p <0.05).
Jejunal VH and VH:CD was significantly higher in MD group than
LD group (p <0.05), but the difference between the control group
and three experimental groups were not significant (p >0.05). In
all three DOL supplementation groups, the ileal VH values were
significantly increased (p <0.05) compared to the control group,
whereas the ileal CD and VH:CD did not undergo any significant
variation (p >0.05).

3.4. Effects of dietary DOL on immune
function

We measured the levels of immunoglobulin and cytokines in
serum to assess the effects of dietary DOL addition on immune
response. Figure 2 shows that the IgG and IgM levels of three DOL
supplementation groups were higher at 42 days and 70 days than NC
group, but did not reach a significant difference level (p>0.05). The
HD group had the highest IgA content, and was significantly different
with that in NC group (p<0.05). On the contrary, IL-2 and IL6
contents were significantly decreased (p <0.05) in the three treatments
than in the NC group.

3.5. Effects of dietary DOL on serum
antioxidant capacity

The serum antioxidant profiles of chicken on day 42 and 70
are presented in Table 7. On d 42, significantly elevated (p <0.05)
concentrations of serum SOD, T-AOC, CAT, and GSH-Px, and
significant lower (p <0.05) MDA level were observed in broilers
fed diets supplemented with 5 and 10% DOL compared to those
of broilers in control group. No significant variation (p>0.05)
was observed in the indexes, except for SOD, between LD and
NC. On d 70, the contents of indexes, including SOD, GSH-Px,
T-AOC, and CAT significantly increased (p<0.05) in three
experimental groups (except for SOD in LD group) than the NC

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1255894
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhao et al.

10.3389/fmicb.2023.1255894

Duodenum

Jejunum

lleum

FIGURE 1

Photomicrograph of the small intestine: hematoxylin and eosin stained duodenum, jejunum, and ileum.

TABLE 6 The effects of DOL on intestinal villus height and crypt depth.

Items NC LD MD HD SEM p-
value
Duodenum
VH,pum | 84549 | 1146.38° | 1169.28" | 1047.53" | 40.696 = <0.001
CD, pm 181.60° | 161.30® | 149.79" 119.19° 6.982 0.009
VH:CD 4.68° 7.13° 7.81% 8.79° 0.468 <0.001
Jejunum
VH,pm | 934.56® | 790.61° | 1065.99" = 836.40" = 38.620 0.022
CD, pm 141.30 123.43 148.53 121.28 5.268 0.179
VH:CD 6.64" 6.43° 7.18° 6.89® 0.104 0.031
lleum
VH,pm | 63574° | 860.98° 823.35° 84273 | 32.984 0.021
CD, pm 119.28 134.62 131.08 134.85 3.060 0.242
VH:CD 5.34 6.39 6.28 6.26 0.177 0.103

VH, villus height; CD, crypt depth; VH:CD, villus height to crypt depth ratio. *“Means
within same row carrying different superscript letters indicate significant differences
(p<0.05).

group. On the contrary, there was a significantly lower (p <0.05)
MDA in the with  the
supplementation of DOL.

concentration  of serum

3.6. Effects of dietary DOL on barrier
function gene expression in small intestine

As illustrated in Figure 3, the expression of ZO-2 and CLDN2 in

duodenum of MD and HD groups was significantly (p<0.05)
elevated, while LD group significantly (p<0.05) increased the

Frontiers in Microbiology

expression of OCLN and CLDN2, compared to the NC group. In
jejunum, the expression of OCLN and CLDN2 was significantly
(p<0.05) improved in MD and HD groups, respectively. In addition,
significant (p <0.05) higher expressions of ZO-1, ZO-2, and CLDN2
were observed in ileum of MD group, and ZO-2 and CLDN2 were
also significantly (p <0.05) higher expressed in the LD and HD group,
respectively, compared to those in control group.

3.7. Effects of dietary DOL on
antioxidant-related gene expression in
small intestine

Antioxidant-related genes expression profile in the small intestine
is displayed in Figure 4. Compared with the control group, the
expression of duodenal SODI and CAT was significantly (p<0.05)
higher in MD and HD groups, respectively, while the expression of
Nrf2 was significantly (p <0.05) decreased. 5% DOL supplementation
(MD) significantly (p <0.05) increased the jejunal SODI, CAT, and
Ner gene expression. Moreover, SOD1, SOD2, and CAT expression in
ileum was significantly (p <0.05) improved in MD and HD groups.

3.8. Effects of DOL supplementation on
cecal microflora

We collected the cecal contents of 48 experimental broiler chickens
and performed 16S rRNA sequencing to investigate the changes of
microbial composition resulted from DOL supplementation. A total
of 3,737,627 tags were acquired, after quality filtering, denoising,
merging, and chimera removal. Each broiler’s cecal sample yielded an
average of 55572.49 tags, and the estimated goods coverage for all cecal
samples was greater than 99.1%. A Venn diagram showed that there
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TABLE 7 The effects of DOL on the serum antioxidant indexes.

Items NC LD MD HD SEM p
value
d42
SOD (U/mL) 4503 | 51.07° | 5591 6518 | 1336 <0.001
T-AOC (U/mL) 4970 5.61%® 6.34° 7.26° 0.165 <0.001
GSH-Px (U/mL) | 370.71° = 384.22° | 41441 466.73°  3.357 <0.001
CAT (U/mL) 2475 | 2669 | 30.97°  3631° | 0.869 <0.001
MDA (nmol/ 6.34° 5.63* | 518 457 0.182 <0.001
mL)
d70
SOD (U/mL) 52.70° | 56.10° = 63.07° = 70.62° = 1207 <0.001
T-AOC (U/mL) 6.42° 7.50 8.13° 891¢ | 0.123 <0.001
GSH-Px (U/mL) | 369.85° 40122 420.56" 461.50° = 4.293 <0.001
CAT (U/mL) 2537° | 2877 | 32.93° 3538 | 0.552 <0.001
MDA (nmol/ 5.13¢ 448> | 414 3.63° | 0.118 0.007
mL)

SOD, superoxide dismutase; CAT, catalase; T-AOC, total antioxidant capacity; GSH-Px,
glutathione peroxidase; MDA, malondialdehyde. **Means within same row carrying
different superscript letters indicate significant differences (p <0.05).

were 1,796 ASVs of cecal microbiota shared among all birds; among
these, the NC, LD, MD, and HD birds possessed 5,801, 4,690, 5,204,
and 5,809 ASVs, respectively (Figure 5A).

At the phylum level, there were 10 phyla identified from four
groups as showed in Figure 5B. With a selection of the relative top 5
(>1% of total ASVs) phyla, Firmicutes (36.95%-62.27%), Bacteroidetes
(32.56%-57.26%), Actinobacteria (0.06%-14.66%), and Proteobacteria
(0.25%-8.59%), and Tenericutes (0.10%-1.87%) dominated the cecum
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microbiota, representing over 99% of the total sequences. DOL dietary
supplementation increased the relative abundances of Firmicutes,
Proteobacteria, and Tenericutes, concurrent with reductions of
Bacteroidetes and Actinobacteria, compared to the NC group. As a
result, the ratio of Bacteroidetes to Firmicutes exhibited a significant
increase in DM and DH groups, compared with the NC group
(Figure 5C). The composition of cecal microflora at the genus level is
presented in Figure 5D. In all groups, Faecalibacterium (1.36%-
16.86%), Phascolarctobacterium (1.77%-9.31%), Bacteroides (1.11%—
7.66%), Oscillosspira (0.79%-4.45%), Ruminococcus (0.53%-3.35%),
and Lactobacillus (0.04%-14.62%) were the most prevalent genera,
and their relative abundances were all higher in three treatment
groups than in the NC group.

Alpha diversity analysis indicated that the values of Chao 1 and
observed species indexes of groups from high to low were as follows:
HD, MD, NG, and LD group, but the differences among groups were
not statistically significant (Dunn’s test, Figure 6 A; p>0.05).
Compared to the NC and LD groups, the Shannon, Simpson, and
Pielou_e parameters in the HD group were all increased, and
differences were statistically significant (p <0.05). Additionally, the
MD group also presented significantly higher Simpson and Pielou_e
indexes when compared with those of the NC group (p<0.05).
Figure 6B illustrates the results of beta diversity analysis. The PCoA
with Bray Curtis complementary algorithm showed that samples from
the MD and HD groups were concentrated and relatively clustered in
the first and fourth quadrants, while samples from the LD group were
located in the third and fourth quadrants, and samples from NC group
were in the second and third quadrants. This suggested that DOL diet
changed the intestinal microbiota structure and led to a significant
difference in beta-diversity (PERMANOVA test, p <0.001).

Furthermore, the LEfSe analysis was conducted to further identify
the most differentially abundant taxa between groups based on
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The effects of DOL supplementation on tight junction-related genes
expression in the (A) duodenum, (B) jejunum, and (C) ileum of
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LDA. From phylum to genus, a total of 21 phylotypes were detected
as high-dimensional biomarkers with LDA scores > 2.5 (Figure 6C).
Interestingly, genera Lactobacillus, Peptococcus, Coprococcus,
Barnesiella, and Subdoligranulum were biomarkers in HD group,
whereas Clostridium and Adlercreutzia in LD group, Tenericutes,
Anaeroplasma and Sporosarcina in MD group, and Megamonas in NC

group were the predominant bacterial strains.

3.9. Cecal SCFA concentrations and
correlation analysis

SCFAs concentrations in cecal contents were also determined to
assess the effects of DOL addition on SCFA production, which is
displayed in Figure 7. Notably, dietary DOL supplementation
significantly (p <0.05) increased the concentrations of total SCFAs,

acetic acid, and butyric acid in the HD group compared to the control
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group. The concentrations of acetic acid in MD group, and butyric
acid in LD group were also significantly higher (p <0.05) than those
in control group. In addition, the concentrations of isovaleric acid and
isobutyric acid were significantly (p <0.05) lower in MD group than
control group. There were no significant differences in the isobutyric
acid, valeric acid, and caproic acid contents found among groups.

To explore whether the microbiota was associated with SCFAs, a
correlation analysis was carried out. Figure 8A that was generated
based on the Spearman correlation coefficients, showing the
relationships between the top 10 cecal genera and the cecal SCFAs
changed with DOL supplementation. Among them, the relative
abundances of Faecalibacterium and Oscillospira were also positively
correlated with butyric acid and acetic acid (p <0.05); Oscillospira was
also positively associated with total SCFAs and valeric acid (p <0.05);
Ruminococcus was positively associated with acetic acid and propionic
acid (p <0.05); Butyricicoccus was positively associated with acetic acid
and valeric acid (p<0.05); whereas Bacteroides and Blautia were
negatively related to isobutyric acid (p<0.05). The potential
relationships between cecal SCFAs concentrations and antioxidant
indexes, and immune indexes were also studied. It can be seen in
Figure 8B, acetic acid and butyric acid were positively correlated with
T-AOC and GSH, and were inversely related correlated with IL-2 and
IL-6 (p<0.05); butyric acid was also positively correlated with IgM
(p<0.05); moreover, the total SCFAs was positively related with
T-AOC and GSH, while negatively related with IL-2 and IL-6
(p<0.05); isovaleric acid was negatively associated with antioxidant
indexes (p <0.05).

4. Discussion

Although D. officinale leaves (DOL) are not typically considered
to use as a source of medicine, recently, studies have shown that
DOL
immunomodulation and antioxidant. In the current study,

exerts various biological activities, especially
we examined the effects of dietary DOL supplementation on broiler
growth performance, antioxidant status, immune response, intestinal
barrier function, and cecal microbiota. The observed considerable
increase in final BW and ADG, as well as a decrease in F/G,
compared with the NC group, provided evidence for the efficacy of
1% DOL supplementation in increasing nutrient utilization in
broilers. No significant difference was found between the MD and
NC group in terms of growth and feed utilization, indicating that the
5% additive dose did not influence the broiler growth performance.
Since the DOL is usually discarded as a by-product in the “shihu”
processing industry, the application of DOL as a feed additive can
lower the cost of chicken breeding and produce high-quality broilers
on the premise that they have no negative effects on animal growth.
Contrarily, the reduction in daily growth observed in the HD group
was probably due to the higher DOL supplementation rate (10%),
which affected the nutrient levels of the diet and made the diet
unable to satisfy the nutritional needs of broilers. Additionally, the
deterioration of feed palatability caused a decline in feed intake,
further resulting in inadequate nutrition and subpar growth
performance. Little information is available on the effects of using
DOL as a feed additive on animal growth performance. These data
suggested that the appropriate dosage of DOL might be a potential

candidate to enhance the broiler growth.
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The effects of DOL supplementation on antioxidant-related gene
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Intestinal morphology is closely associated with nutrient
absorption in animals. The VH, CD, and their ratio (VH:CD) are
always used as important indicators for assessing the physiological
function and injury degree of intestinal tissue (Kapadia and Baker,
1976; Zhang C. et al,, 2019). Generally, longer intestinal villi and lower
crypt depth represent better intestinal structure and function status,
contributing to greater digestive and absorptive capacity, as well as
resistance to disease (Viveros et al., 2011; Munyaka et al., 2012). In our
experiment, adding appropriate dosages of DOL to the diet had
positive effects on intestinal morphology, as evidenced by increased
VH and decreased CD in the duodenum and elevated VH in the ileum
of supplemented broilers. Similar to our results, Xie et al. found that
oral administration of Dendrobium huoshanense polysaccharide could
significantly increase the VH:CD ratio in the three regions of the small
intestine in mice (Xie et al., 2019). Additionally, the microporous resin
extract of DOL has been demonstrated to reduce the CD, and
markedly elevate the VH and the VH:CD value in the duodenum and
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ileum of hyperuricemia rats, indicating a potential role in maintaining
the structural integrity and function of the intestinal barrier (Li
etal., 2023).

The tight junctions (TJs), which can stop bacteria and toxins from
entering the bloodstream, are required to maintain the intestinal
mucosal barrier (Ballard et al., 1995). Additionally, the integrity of
epithelial cells and barrier function of the entire intestine is
determined by the permeability of the cell-connecting T7s, consisting
of several vital proteins like occludin, claudins, and zonula occludens
(ZOs; Fanning et al., 1998; Turner, 2006), indices of which were
assessed in the present study. Claudins (translated from CLDNs)
consists of more than 24 members of a gene family and is considered
to be a critical component of the tight-junction structural skeleton,
involving in barrier formation and paracellular selective permeation
(Fujibe et al,, 2004). Occludin (translated from OCLN) offers
structural integrity and assembly of TJs, and the hurdle functions of
the epithelial barrier depends on its sealing property (Turner, 2009).
It has been reported in the literature that knockdown of occludin may
lead to increased paracellular permeability to macromolecules, and in
intestinal permeability disorders, the expression of occludin was also
markedly reduced (Al-Sadi et al., 2011). ZO-1 and ZO-2 are critical
for junction assembly (McNeil et al, 2006) and permeability
(Hernandez et al., 2007), respectively, and cell could not form the T7Js
in their absence (Umeda et al., 2006). Earlier study had found the
increased intestinal ZO-1 and occludin expression in rats with
macroporous resin extract of DOL administration (Deriaz and
Maroudy, 1986), and D. officinale ultrafine powder had also been
confirmed to markedly enhance the occludin, claudin-1, and ZO-1
gene expression in rat colon (Zheng et al., 2021), suggesting that
D. officinale could enhance the gut epithelial integrity. In line with
these findings, we observed increased ZO-1, ZO-2, OCLN expression
levels, and CLDN in the three segments of broiler’s small intestine,
especially in the duodenum, after adding DOL. Collectively, our
findings and some previous studies revealed that supplementing DOL
to the diet helped to protect and maintain the structural and functional
integrity of the intestinal barrier via regulating the mRNA expressions
of tight junction proteins.

DOL existed helpful role on the immune function of broilers in
our study. The immune organ index is a preliminary indicator
reflecting the status of animal’s immune function. Here, the relative
weight of immune organs, including the thymus, spleen, and bursa of
Fabricius, tended to increase in broilers fed with DOL diets, and
thymus index in HD was significantly increased than NC (p<0.01).
Immunoglobulins and cytokines play an important regulatory role in
immune functions and are always used to evaluate the immune status
of birds (Zhan et al, 2019). According to our results, in DOL
supplementation broilers, the serum contents of IgG, IgA, and IgM
were higher than those in the NC group, and the serum levels of IL-2
and IL-6 were dose-dependently reduced. These results suggested that
DOL had anti-inflammatory and immunomodulatory effects on
broilers. A previous in vitro study reported that D. officinale leaf
(DOLP) reduced the
lipopolysaccharide (LPS) in human gastric epithelium GES-1 cell by

polysaccharide damage caused by
preventing the release of tumor necrosis factor-a (TNF-a) and IL-6
(Yang et al., 2020). Recently, DOLP had also been proven to restore
immune organ atrophy and serum IgA decrease, and to decrease the
expression of TNF-a, IL-6, and IL-1f in immune deficiency mice (Xie
et al, 2022). In light the aforementioned findings, it could

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1255894
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhao et al.

10.3389/fmicb.2023.1255894

100+
90+
80+
70+
60+
50
40+
30+

Relative Abundance (%)

o

Firmicutes : Bacteroidetes

100+
90+
80+
70+
60+
50+
40+
30+
20+
10+
0_

1.5

Ratio value
-
o
:

o
3]
1

Relative Abundance (%)

FIGURE 5

(p<0.05).

M Firmicutes

M Bacteroidetes
W Actinobacteria
M Proteobacteria
W Tenericutes
| Cyanobacteria
M Fusobacteria
W verrucomicrobia
M chiamydiae
M Acidobacteria
M others

Group

B Faecalibacterium

M Phascolarctobacterium

M Bacteroides

| | Oscillospira

M Ruminococcaceae_Ruminococcus
M Lactobacillus

W [Ruminococcus]

M Lachnospiraceae_Clostridium
M Biautia

M Butyricicoccus

W others

Summary of the microbial communities in the cecal contents of broilers on day 70. (A) Venn diagram summarizing the numbers of common and
unique ASVs in the microflora, (B) relative abundances of the top 10 bacterial phyla in each group, (C) the ratio of Firmicutes to Bacteroidetes,
(D) relative abundances of the top 10 bacterial genera in each group. *®Means among groups without the same letter are significantly different

be speculated that the modulation of immune response of broilers
caused by dietary DOL possibly related to the immunomodulatory
function of the polysaccharide compound in leaves.

Within cells, common metabolic activities continuously generate
free radicals, which when in excess can trigger oxidative stress. This is
a detrimental process that severely damages all biomolecules, thereby
affecting cellular activities and even leading to cell death and disease
(Amir Aslani and Ghobadi, 2016). Biological systems are equipped
with highly protective antioxidant systems include both enzymatic
antioxidants and non-enzymatic antioxidants, which are capable of
neutralizing excessive free radicals and defending the cells from their
damaging impacts (Rahman, 2007; Pham-Huy et al., 2008). The
antioxidant enzymes, including superoxide (O,”) scavenger SOD and
hydrogen peroxide (H,O,) scavengers GSH-Px and CAT, are
considered to play a non-negligible defense role in scavenging free
radicals (Zhang et al., 2014). The total antioxidant status is assessed by
T-AOC, while the degree of oxidative stress is reflected by MDA, a
terminal metabolite produced during free radical-induced lipid
peroxidation (Cao et al., 2016; Liu et al., 2021). As displayed in the
current study, slight or significant increments of SOD, T-AOC, and
CAT levels, along with a reduction of MDA content, were observed in
the serum of DOL-fed broilers. Moreover, the DOL also upregulated
the mRNA expressions of antioxidant-related genes (SODI, SOD2,
and CAT) in the small intestine tissues of broilers. Natural flavonols,
flavones, flavanones, and other classes of compounds have been
proven to exhibit strong antioxidant capacities (Goncalves et al.,
2017). Sufficient literature had proved that the extract of DOL

Frontiers in Microbiology

11

contained a high content of flavonoids and had potent antioxidant
activities (Zhang et al., 2017). Additionally, polysaccharides from DOL
have also been confirmed to attenuate ethanol-induced gastric
mucosal injury by drastically lowering ROS generation and increasing
SOD and T-AOC levels (Ke et al., 2020). Therefore, the antioxidant
function of the flavonoids and polysaccharides present in DOL might
be responsible for the enhanced antioxidant status of DOL
supplemented broilers.

The gut microbiota has a range of advantageous impacts on their
hosts, including nutrition digestion and defense against pathogen
invasion, and contributes to maintain the normal physiological
processes of the intestine (Chang et al., 2020; Slizewska et al., 2020).
Numerous studies on the gut microbiota of normal broilers have
reported that Firmicutes and Bacteroidetes were the predominant
intestinal phyla (Chen et al., 2020; Das et al., 2020), which was also
observed in the cecal contents of all broilers in our study. Firmicutes and
Bacteroidetes have been confirmed to participate in the degradation and
metabolism of nutrients, such as carbohydrate and indigestible complex
polysaccharides, promoting nutrient absorption and energy capture
from feed ingredients in animals (Liu et al., 2018; Ouyang et al., 2019).
In the current study, these two phyla occupied greater than 95% of the
microbiota in cecum, which is the major microbial fermentative organ
in poultry (Vasai et al., 2014), suggesting their importance in feed
utilization and host metabolism. Additionally, broilers fed with DOL
had an increased abundance of Firmicutes and a decreased abundance
of Bacteroidetes in the comparison with the control group, as well as a
greater Firmicutes to Bacteroidetes ratio that was correlated with a
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FIGURE 6
The effects of DOL on cecal microbial community diversity of the broilers on day 70. (A) The alpha diversity indexes, (B) Principal coordinate analysis
(PCoA) plot using Bray Curtis distance, (C) Histogram shows linear discriminant analysis (LDA) scores of taxa differentially abundant between different
groups. Statistical analyses were performed using linear discriminant analysis effect size (LEfSe).
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bacterial profile with a higher capacity for energy harvesting (Singh

etal, 2012; Bervoets et al,, 2013). At genus level, Faecalibacterium and

Phascolarctobacterium were the main categories in cecum and showed

higher enrichment in DOL-supplemented broilers. Faecalibacterium is

one of the main producers of butyric acid and is considered a very

important bacterial indicator of a health gut (Li et al,, 2019; Ye et al,,

2019). The butyrate-producing bacterium of species Faecalibacterium_

prausnitzii, which is associated with good feed efficiency (Kameyama

and Itoh, 2014), accounted for the largest proportion of bacteria species
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and showed the highest relative abundance in MD group in this study.

It has been demonstrated that Phascolarctobacterium are capable of

synthesizing propionate from sugars. The other predominant genus

detected in cecum was Bacteroides, which helps chickens enhance

weight gain and growth performance (Chang et al., 2016). Thus,

we could conclude that the highest abundance of Bacteroides observed
in LD group might be related to the highest ADG of LD broilers.
Notably, LEfSe’s analysis results further detected the predominance of

Lactobacillus in HD group. Lactobacillus is a beneficial type of bacteria

12

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1255894
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhao et al.

10.3389/fmicb.2023.1255894

Correlation analysis. (A) A correlogram showing association between cecal SCFAs concentrations and the top 15 abundant cecal microbial genera;
(B) Heatmap of Spearman'’s correlation between SCFAs and antioxidant capability, and immune indexes in the serum. The spearman’s correlation
coefficient is denoted by the color of the heatmap, with red indicating a positive correlation and bule indicating a negative correlation. Color depth
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that has a potent ability to adhere to epithelial tissues and prevent the
colonization of undesirable bacteria, which can improve intestinal
health and augment the intestinal barrier effect (Gao et al., 2017; Xue
etal., 2017). It can also ferment carbohydrates to produce lactic acid,
which contributes to maintaining health and regulating immune
functions. Anaeroplasma, a probiotic with anti-inflammatory potential,
may stimulate IgA-secreting plasma cells in the small intestine and
increase the level of mucosal IgA (Beller et al., 2020), was identified as
a biomarker in MD group. On the other hand, in this study, the
Shannon, Simpson, and Pielou_e indexes of the cecal microflora in the
MD and HD groups were significantly higher than control group, but
the Chaol and observed species indexes were not significantly different,
suggesting that the addition of medium- and high-dose DOL could
significantly improve the diversity and evenness of broiler cecal
microflora but had little effect on richness. In accordance with our
results, Zhang et al. also described that the addition of DOP could
obviously improve the diversity of gut microbiota and elevate the
abundance of bacteria, including Bacteroides and Lactobacillus, in
intestine of colitis mice (Zhang et al., 2020). Similarly, D. officinale was
discovered to increase the diversity of intestinal mucosal flora, and
encourage the abundance of Ochrobactrum in mice fed a high-fat diet
(Lietal, 2021). Higher abundance and diversity have been reported to
favor the maintenances of the dynamic balance of microecosystem,
intestinal health, and normal physiological functions (Diaz Carrasco
etal, 2018; Dhillon et al,, 2019). Recent studies also reported that oral
administration of DOL polysaccharides could raise the relative
abundances of total bacteria, especially probiotics (e.g., Bacteroides,
Lactobacillus, and Lachnospiraceae) to improve the gut microbiota in
mice (Fang et al., 2022; Xie et al., 2022). Overall, these results revealed
that dietary DOL supplementation might alter the relative abundances
and structure of cecum microbiota in broilers and, mostly, to promote
the colonization of beneficial bacteria.

As is well known, one of the richest metabolites produced by
microbial fermentation, SCFAs are well established to be crucial for
the maintenance of intestinal barrier function, immune function and
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metabolism (Tan et al., 2014). In the current study, we found that the
broilers supplemented with DOL had higher contents of SCFAs,
particularly acetic acid and butyric acid in the cecal contents than
broilers fed a control diet, suggesting the effects of DOL on modulating
the fermentation characteristics of cecal microbiota. SCFAs are found
to be produced mainly in Firmicutes (Videnska et al, 2014;
Chakraborti, 2015). According to the results of Spearmans rank
correlation analysis, some butyrate-producing flora belonging to
Firmicutes, i.e., Faecalibacterium (Ye et al., 2019) and Oscillospira
(Konikoff and Gophna, 2016; Gophna et al., 2017) that had greater
enrichment in DOL groups were positively correlated with cecal acetic
acid or butyric acid. Previously published literature has stated that
DOLP could improve the SCFAs levels, which might be due to the
change in intestinal flora microstructure in mice (Fang et al., 2022; Xie
et al,, 2022). Taken together, these results further confirmed that the
increase of SCFAs concentrations induced by dietary DOL
supplementation was the result of altered microbiota composition,
e.g., enhanced intestinal colonization of SCFA-producing bacteria.

The importance of SCFAs, especially butyric acid, for gut health is
being recognized more and more, but they may also enter the systemic
circulation and have an impact on peripheral tissue functions or
metabolism (Van den Abbeele et al., 2011). The positive correlations of
acetic acid and butyric acid with the antioxidant enzymes (T-AOC and
GSH-Px) activities and IgM level and negative associations with cytokines
IL-2 and IL-6 displayed in our spearman correlation analysis imply that
this SCFA would be an important contributor to host antioxidant
capability. This is in line with the study of Miao et al. (2022), who also
described the positive relationship between SCFAs and intestinal
antioxidant indexes. Butyric acid is the preferred energy source for
enterocytes and modulates a variety of physiological processes, including
oxidation (Fu et al.,, 2019), inflammation (Onrust et al., 2015), and barrier
integrity (Salvi and Cowles, 2021). Acetic acid is modulator of immunity
and redox signaling. Therefore, the increased production of SCFAs may
contribute to the observed changes in antioxidant and immune indexes,
which enhance host antioxidant capability and immune function.
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5. Conclusion

In summary, the results of the present study indicated that
D. officinale leaves supplementation in broiler diets improved the
activities of antioxidant enzymes (SOD, CAT, and GSH-Px) and IgA
level in serum and showed positive effects on gut health via enhancing
small intestinal antioxidant-related gene expression, improving
intestinal morphology, increasing SCFAs production, and regulating
the cecum microbial communities. Under the experimental conditions,
1% and 5% DOL supplementation to the feed would be more
appropriate because they could maintain the broilers’ growth
performance and reduce feed costs. Our results will provide a scientific
basis for DOLs application as a feed additive in broiler feed in
the future.
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